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TS ERA two pronged O a

i ASE S A
& W - / |
.z,_ SRR ©.. V. Introduction - - . e

The quglnal ObJeCtlves of thls theﬁ?s vere goal or1ented°'w

1) to 1dent1fy ang- ‘solve seme of the practlcal control h

problems encountered in 1ndustr1al processesf

2) to determ1ne how some of the latest control and-'

fcomputer technlques could be applled to practlcal

- 1ndustrlal processes

Some'of the 1ndustr1al control problems that did- not

appear to be adequately handled. by conventfbaal computer"'

control systems (e. g. Honeywell S TDC 2000) were:

1) MIMO processes, i.e. 1nteract1ons and.decoupling;

2) time- delays" ;‘ | ' B | - d
,3) constralnts on man1pulated and controlled var1ables'
%) development and utlllzatlon of process 1nformat10n"

. 5) heur1st1c gu1de11nes and rules used by humans.

There -have Jbeen several 51gn1f1cant developments over

‘the ~past: few years in the area,7of control tneory ang -

computer .techniques.‘ For eiample,‘ some of - the tools,

techniques. and theory that ‘are potent1a11y 'relevant -to,

"problems such as those llsted ‘above are°: .
1) predlctlve control algor1thms such as Shell s DMC;

'2) constralned opt1mlzatlon technlques'

3) 1mproved process "identification and adapt1ve control'

schemes'

- 4)- art1f1c1al 1ntell1gence and expert systems

" The scope and dlrectlon of the thesis has changed as it

progressed but can now be d1v1ded ‘into ihree_sect;ons.,The'
b

f1rst shows how expert systems _can. ~used to 1nclude

-

heurlstlc knowledge ;andA operational experience in the"



},,;cqntrol strategles for industrial processes. The . second
isect1on shows how - non functlonal step response 1nformation
can be 1ncorporated into a practlcal Multlvarlable Optlmal/

'Constralned vControl 'Algorlthm' (MOCCA) and develops ‘an

b"_optimal factorlzatlonf for handl;ng MIMOA systems. with

time- delays aThe‘ last section deals ‘with parameter

estlmatlon and adaptlve control

~

‘EXpeFt7systemS (ES)- Expert'systems are receiving a ‘lot of
ﬁattentlon because they' prov1de a convenient framework to
1ncorporate heurlstlc loglc,'operator experlence etc.,lnto

control systems. The field of Art1f1c1al Intelllgence (AI)

is rather large and a | lot of llterature_ has already'_a

accumulated A selected l1st of annotated references on Al o

and Knowledge Based Systems (KBS) was prepared and is
available as an 1nternal report (Srlpada (1986T7 and may be

/

useful as a start1ng p01nt A br;et 1ntroduct10n -0 - &l ‘and
fKBS was presented in Srlpada et al. (1985) alongkw1th an
outline of p0551ble appl1catlons of these systems in. solylng
problems in 'the process_ 1ndustry7— The ‘real- time and
‘ _sensor based nature of these‘appl1cat1ons was empha51zed In
c‘partlcular two- appl1cat10ns '1n, real-time process control .
were dlSCUSSGd and 1llustrated~witb“eXperimental reSults.

1 - Chapter 2 outllnes a. spec1f1c real time appllcat1on of
_expert systems -for -servo and regulatory control of SISO'r"
‘prOCQSSeS .The servo controller is based on the t1me optlmal_.

bang- bang control strategy an%'fhe objectlve of the expert

system is to learn the sw1tch1ng parameters on- l;ne from

observed response behav1our. The regulatory controller is

“based on "Situation => Actlon" “type 'beUrlstic logic. an



.1-chapter.t . o

L W4
w .‘ :

flmportant feature of the regulatory controller is that'it'
L varles 1ts control actlon 1n the _sense . that it prov1des,
"smooth control act1on4'near ’thex setp01nt (cf "a‘ n01se-':

hvdead—zone)' normal control act1on for typlcal dlsturbance5°'

and v1gorous control actlon to- ensure that a constraint on

" the output 1is not. v1olated It is hard to ach1eve such

control behaviour u51ng 51mple PID controllers and ‘hence: the

ra

‘expert systems approach may have smm;;nact1cal appllcatlons

"although the work '1ntended more as a demonstratlon of

what can be accompllshed u51ng AI , The Al programmlng'

language * PROLOG. was’ used in- 1mplementat10n of these

‘“controllers., Sqﬁe 1mportant characterlstlcs of real t1me

senspr based Al appl;catlonsr are also summarized in,vthlsy'

7.

R

Mi CCAv'and‘time—delay factorizat ion: When process ‘information .

‘'is available it is relatlvely stra1ghtforward to design an :

‘approprlate control system A number of techn1ques have been ‘

developed 1n the 11terature such- as frequency domaxn de51gn“

. technlques ‘based. on transfer funct1on models and optimal
" control de51gn methods based on state space models. However
the'_success of these methods dependS"on m1n1mal o(‘ -

'parametriC) models which. are often hard to develop The'

de51gn procedure becomes espec1ally complicated whenvthere-

are . multlple tlme delays in the system. Therefore attent1onl_'

l‘

-has been g1ven to develop1ng control systems that are based

-on models that can be readlly obtalned from plant data and

“on handllng t1me delays._' - .
The MOCCA scheme. presented 1n Chapter 3 arose from thez

need to develop ‘easy to construct, robust,fand practlcal.



ggmon adaptlve' control schemes “that can be applied to

f'multlvarlable 1ndustr1al'iprocesses. Important features;
requlred in ” such,. a controller are°g robust servo _dl
regulatory performance and the ablllty to handlevcbnstralntsr
" on the process varlables MOCCA achleves these through a .
mult1 step predlctlve control _ trategy Constralnts ;afef"
handled through “on- 11ne opt1m12at1on procedures such as QPi

[

’ and "LR. MOCCA d1rectly u'employs a'  non- par51moelous

vnon?functional' step response of th procesh

whlch may
1nclude mild process non- l1near1t1es and ’1ch 1s ea51ly:
'generated as .a model It uses the same general pr1nc1plesh
.'-has»’lndustrlally successful schemes such as DMC MPHC or
I'DCOM andlMAC 'However the main contrlbutlon of the present
;work relatlve to the orlglnal ‘DMC and ‘MPHC publlcatlons 1s a
more. general formulatxon, use of a forecast ~model 1n~the
.'feedback path to enhance the regulatory performance plus the'
_,development of more eff1c1ent computer solut1on technlques
to solve the n- 11ne opt1m1zatlon problem... oy
Handllng t1me delays in multlvarlable systems requ1res
_a su1table- deflnltlon _of what characterlzes the "delay'
structure" of the sygtem It turns out that the 1nteractor'
d'matrlx 1ntroduced by WOlov1ch and Falb (1976) characterlzes
the‘"delay structure"nln MIMO systems and generallzes the
-SISO concept of delay Once an appropr1ate "delay structure,
—.for MIMO systems " ié defined it _becomes rather easy to.
develop design methods for deveioplng control schemes. In
Chapter 4 - the role of the 1nteractor matrlx in the control
3of dlscrete MIMO processes w1th t1me delays is 1nvestlgated

In part1cu1ar‘ the problems ‘of feedback control with

time-delay compensat1on us1ng the Sm1th predlctor structure



. . .o ..‘_ ) : . R “' -’,‘ ' " " . ._.‘. J
forVYmultivariable systems'= feedforward control; model

follow1ng control and one- step ahead predlctlve control are-'

.c .

dlscussed The multlvarlable Smlth prechtor based on the

: 1nteractor factorlzat)pgg is’ compared w1th the ‘recently
/f(_. 'proposed methods oﬂ: f@aake and Ray (1979),and Jerome aﬂdf(f”‘

‘Ray (1986). The 1@&3

for matrlx approach turns out to be

~
more. formal and optlmal in the sense that it factors out t

m1n1mum number of. delays for each 1nput/output pair.,

T
o

7

Parameter Estimatioh and Adaptivé Control-’hIndustrigl_

processes are "both. complex to model. and are: timefvarying

o ,and/or - non- llnear._.Performance of convzhtlonal"control
_systems based on fixed tlme invariant llnear modé€ls degrades
51gn1f1cantly when the dev1atlons from the nomlnal operatlng
COﬂdlthﬂS around which ‘the models are developed are: large..
Therefore there is a def1n1te need for control systems that
can adapt themselves to changlng operatlng condltlons and to‘y

. - ‘the time- varlatlons in the plant.: Adaptlve (or self- tunlng) -
control is‘ often su§§ested when' ‘plant models are not
avallable a pPIOPl or when the pla"t is non-llnearland/or_h

R

scheme is usuallz based on est1mat1ng n

time- varylng

-

- the parameter of a plant model.pr of ac rol law on—llne.

at each time 1nstant Several self- tunlng control schemes
are 1n exist nce such as GMV, GPB, LQG and GPC. They rang
from methods based on’ m1n1mizatlon of s1mple one- step cos
functlons ’toL multi-step l cost functlons with several
| p0551b111t1es. A ‘lnew' Nult1 step Adapt1ve Pred1ct1ve
5 Controller (MAPC) Has been developed 1n this thes1s based on |
| a. state space model of the process subjected to dlsturbances

andva Kalman fllterkpredlcbron of output. A major dlfference



s

T e

bet&een this apﬁroach and thosegexlstlng in the llterature

‘is thS? the state - space model 1s augmentéd to allow separate

modellnqaof pr0cess dynamlcs and dlsturbances. The Kalman

;. :

fllter predactlon optlmally rejects measurément n01se and is -
a very useful practlcgl feature in 1ndustr1al env1ronments.

The heart ot any@%daptlve control scheme is the model

:r,

1dent1f1cat10n step' "It is now »welﬁ —underetood tﬁ t for

padaptlve control to be successful 1n practlce thld\step must

“

be ‘done very carefuﬂly ThlS gives rise ‘to the development
of . 1mproved ,1dent1f1¢atlon technlques...I( Chapter 5 'an:'
1mproved least squares 1dent1f1catlon algorlthm has been
presented ThlS arose out of problems that are encountered

Y

o A
with standard _recur51ve- least - squares (RBS) eStlmatIQCw}

ialgorlthm. The adaptlve 'control aigorithm (f.e; MAPC)

proposed in thls the51s uses: %-ILS algorlthm for parameter
'estlmatlon The de51gn ‘and formulatlon of \MAPC is preéented

s1n Chapter 6. R _

The overall conclusions and some recommendations for -

possible future work are summarized in Chapter 7.
. . . . 3 N . . n . " L
1 - ¢
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- permits  the .,

‘-knowledge. Al -

. 2. An Al application for process regulation and servo

2.

© control S L

2.1 IntroduCtion

. ; ,Artificial,lntelligence (AI) as. used in this chapter-

' refers to a broad range of tools,'techniques‘and theory that
. : . ® L .

R/ iC. representatlon .and manipulation yofh_i

"makes jity p0551ble to Systematicallyi

grepgzzent~-and'"1mplement - man y' heuristic - (Or' "human") -

proc ures ‘that™ are 51mp1y not practlcal w1th convent10na1

. computer languages and. numerlcal technlques. Because of 1ts

generallty,fpower and flex1b111ty‘ Al 1s hav1ng,~and w1ll.

ontlnue to . ‘have, a. profound effect 1n many areas 1nc1ud1ng

‘ process control(Pessel (1986) and Rajaram (1986)) The basic

techn1ques are~ documented ’in textbooks(e g. Wlnston

(1984)) and maga21nes dedlcated to‘"Expert ﬂystems" (e g.

ey

-‘Experfe Systems User '1EEE Expert and KEEE Transactlons on‘

. Pattern Analy51s and Machine Intelllgence) document some of' "

the current’ develoments and appllcatlons.

o In the_pnocessrcontnol area “theré ° has already been a

a4

vnumber_ of q'mmercially successful Al .process ~control

'h'systems for example on cement kiins (Norman (19857, Tauten

: 4é\_985) and Zadeh (1984)) but most of the papers to date ‘have

oA

been presented at meetlngs rather than 1n w1dely dlstrlbuted

control Jourgels. Some of vthe early work on ‘fuzzy or Al

algorlthms for control of dynamlc plants was done by - Mamdan1 .

A

'.and ‘others (Gupta et al. (1977) ' Mamdani (1974).and”Tom\

L ;.(1977))._.However it 'isa only recently that the process.

A version of this" chapter has been. publlshed ‘N.

_____ ‘_——y.—_'..__—_——

D. G. Fisher and A J Morr1ss 1987, IEE Proceedln
pt’ D 47 251 7 - - ‘ I

: a . e PR : . . . . RO
/ o . - ' ' ’ =
f

Sripada;
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.controL groups 1n 1ndustr1al and academlc 1nst1tutrons have“
,begun ‘to- put a s1gn1f1cant effort lnto Al appllcatlons. The'
,purpose of the work descrlbed ‘in thlS ‘hapter is thereforevv
‘twofold-~ ‘J_ SRR -.]:“ Tl 4'@

1) ‘to. demons%rate how AI»can be applled to a smple

-, ’

: control technlques'

2) to 1dent1fy the‘)armcular features and concepts-'

that characterlze s real- t1me, sensor based ‘Al

appflcatlon in an area such as process control

' An earller overv1ew of AI appllcatlons was . presented 1nf
' Srlpada et al. 01985) The two emperlments dlSCUSSed next
illlustrate the use of AI 1n real tlme control appllcatlons’
-The AI controllers were 1nplemented 1n PROLOG runnlng on an'

. IBM personal computer. The experlmental process used was an

electrlcally heated thermal capac1tance ylth. a  variable

. power supply and a temperature sensor

2 1 1 Descr1pt10n of the experlmental equ1pment

Flgure 2.1 is a schematlc of" the exper1mental'

equipment The output ‘of . the. temperature transm1tter (TT)

condltloned by its assoc1ated ampllfler/fllter is Sent to a

"m1cr0processor based 1ndustr1al PID" control]er from Turnbull ‘

Control Systems (TCS) operatlng ihr DDC mode Then PC

-communlcates w1th the TCS contfoller through the. serlal,l
asynchronous port of the. PC .The varlable power supply is:.
rdrxven by a 4- 20 mA 51gnal from. the controller and regulateS»
‘the power to the electrlcal heater."Th process is

'essentlally first order and self regulatlng but the varlable

, process control problem -and to compare» the '

experlmental perfo;ﬁance versus conventlonal”

s
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'A-power sUpply as- qu1te non llnear anq presents some control

d1ff1cu1t1es The equ1pment is therefore typlcal of a 51mple

-1ndUstr1al appllcatlon that could be used ‘to demonstrate Al

f_technlques.,

©2.1.2 Data acquisition. |
| The7 PC baSed' PRbLOG -system acquires data from the
! process at. succe551ve 1ntervals v1a the - TCS controller The
“llbrary of built-in predlcates used by the PROLO system;was
Qpeﬁtended to perrorm the - I/O operatlons (l.e; ?’

“'measurements : and‘“ sendlng “the.“ control action) more

'ﬁconvenlently The communlcatlon protocol procedures used by

_.the TCS controller- were 1mplemented 1n FORTRAN The data
acqu151t10n ‘takes place at an almost unlform rate, w1th the -

4t1me between the samples belng_determlned by the dec151on‘

time of the AI controllers (typ1cally 2 to 4 seconds)

Z.T}B Knowledge aéqulsltion.' _
The rule base uSed .in  the controllers was developed

1ncrementally from the. experlence of . the ‘authors. It was -

bmod1f4ed 1terat;vely after exper1mental ‘evaluation.

¢

__2 1 4 Experxmental procedure

Two sets of experlments were conducted to demonstrate“

the AT servo and regulatory contrﬂglers. Normally both these -

‘_functlons would be comblned in a single controller However
they . were 1mplemented separately here for convenlence and to

-shorten -the computat1on time.

eading?the3
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'2.2"Servo contro] - » e

The controi ob]ectlve is to'dr1ve ‘the process output

from an rn;tlal steady state to a- flnal stegdy state in‘
minimal time\(i .€. open- loop, optlmal state dr1v1ng).»1f an
"'exact mathematlcal model of the process were avallabl: ,then
thls vobject1ve, could be achleved u51ng optlmal ’control

smethods. The resultin

bang bang control po 18&\ 1nvolves.-sw1tch1ng the control
vlnput alternatryely from ohe extreme to 'another - at
- precalculated switchingitimes, It is a well: known result 1n_a,
f‘optimal »control“_theory that an-'nth -order process would;d
.reduire s.n-switchings 6f the control input (this does notb
: include"the swltchfng -of the input to its final' steady
state) 'to-'drive the~-process ewactly to. 'rest fat the. new
steady state. However the precalculated sw1tch1ng t1mes are
very sen51t1ve to modellng errors, and also would not: work
well if noise or d1sturbances were present Since- an exact1
dmodel is nearly impossible to obtaln in practlce, and Since
noise 'and disturbances are ‘1nvar1ably present in  real
51tuatlons a practical 1mplementat10n of the optlmal control
.polxcy always requ1res‘ some on_llne ‘adjustment_ ot_'the_b
,sw1tch1ng times: "_ & o .

A second order time-opti;al .policy .involving two

control‘ input _sw1tch1ngs between the extremes is ‘often

"fadequate and can handle most pract1ca1 cases. Figure 2.2

lshows a typlcal S1tuat10n when a pos1t1ve setp01nt change'

!.occurs.‘fThe' control 1nput is swltched from its current:ﬂ

dvalue, US, to u | when ‘the setp01nt change is ‘made. and{ kept
i(k)) e%'

dldput 1s then sw1tched to Uy and malntalned there for N

at th*s.value untll the error e(k) (:=y (k) 'The.

. Q

tlme optlmal control ‘policy (called a
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pe’ roop st*& dnvxng of the’ conzrollcd vnrxable, y(k),
(rom one setpomt to. anotheg shoving the. e!tcct of errors in e



'Q'samplzng 1ntervals, at the end of whlch the 1nput is set to'”

its new steady state value U, (correspondlng to the new"

5setp01nt)' If. the sw1tch1ng parameters 'e’4 and N were

-

| correct the output would exactly settle at the new setpo1nt

asl 1nd1cated by the solid curve in Flgure 2.2, If the

 parameters ”-were".wro_g; then  they could “be adjusted L

gheuristically ‘bas .on ‘the' observed response (Nieman
(1971)). 'For.exum /

»would overshoot ‘the setp01nt If e’ vere too large ‘then the
A moutput would undershoot the- setp01nt Slmllarly,.lf N were\’g
Jlncorrect then the, output would Stlll nave some momentum '

Kiier dy/dt * O) by’ the time the lnput 1s returned to 1tspf

¢

new steady state ‘and exhlblt some trans1ent before settllng '

3

down -at the new setp01nt.

Slnce 'the optlmal",‘control pollcy is"sof;ea51ly

deflned 1t is therefore obv1ous that .an Al knowledge basedr

system could be -uSed to 1mplement the control pollcy and to

learn and/or ad]ust the sw1tch1ng parameters on-line.

2 2 1 Knowledge base

An Al controller was used on the experlmental p ocessf
to 1mplement the' second order, open- loop, t1me optlmal‘

.’control pollcy ‘The knowledge base consisted of two sets of.c

‘rules (or two knowledge sources)

1) one set of-rules’ for control 1nput swltchlng,,

7'.2) one set of rules for learnlng and/or adjustlng the ~

swltchlng parameters.

The rules for control swltchlng spec1fy the dlrectlon;

and t;me of swrtchlng For example, for a positive setp01nt

change; the following (1nformally ‘stated) rules apply: '

14

if e’ were too small then the/output”



1) make u(k) gVQ _until e(k) < e‘f“ﬂ

mal
' .2)‘make.U(k)'

Upin for N sampllng 1ntervals,.

3) hake'u(k} - i%s where - u, f is the new steady statei

- ‘ value of the 1nput (u = Kp'Ysp where K, is known
or estlmated) o | ' o

The rules for a. negatlve setp01nt change are 51m11ar

15

' Th1s knowledge source becomes actlve 'whenever a. setpolnt-_”

'changeJ0ccurs. For a pos;tlve setp01nt4change rules'(j),“
jt(2)'and (3)Aabove’are executed (or.fired),1n that order.
'Note ‘that in this Case the time seguence”(or order) 1n whlch
. the'.rules"are fired g'v 1mportant Clearly. this knowledge
source has a procedural 1nterpretatlon because 1t spec1f1es'
a procedpre. (or ‘sequence of actlons) to ~be ~performed.'
rRepreSenting SUCh'procedural-gnowledge using if-then ru1es‘
»15 not stralght forward and the result1ng set of rules loses
‘much of 1ts transparency State tran51t10n d1agrams offe;_
one way of spec1fy1ng the procedural control Flgure 2.3 is
an example of a ~state dlagram wh1ch spec1f1es the sequence

'dofbact;ons tovtake for-a,9051t;ve‘setp01nt,change. When a
new setpoint is recei?ed state 1 becomes'active and u .+ u,

. WhenQe s.e‘ there 1s a. tran51t1on from state 1 to state 2
and'u -+ umn untll the der .vative of y becomes zero (1-e,-the'
response has leveled off) at which p01nt the process changes

' to state 3 and u - u, _ N |
There‘are three paremeters, ef,'N and the prooess gain'

"Kp; that can be learneo and/or adjusted from the observedg

~response .for each dlrectlon of (i.e. poszt1ve or negat1ve)
ffsétgoant : change. ~ The knowleﬁge source for parameter'

‘ _adjustment- which is act1vated for one cycle at the end of

- ‘each 'time_optlmal 1mplementatlon of a' setpoint change,

ShL
s
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spec1f1es how the parameters can be 1mproved based on: th&

vobserved response data. For example,‘the rules for adjustlng.

'e' for a. p051t1ve setp01nt change can be 1nformally stated

as follows (cf. Figure- 2. 2)

1) If y overshoots ysp Then e is.too'large and e'(k) = -

e (k 1) - Ae,l I ~ B d?l/"

e

-2) If y_undershoots Yep Then &' lsﬁtoo small and'e'(k) =

e*(k-1) + le.

»where "y OVershoots Yep" s y undershoots ysp ", ‘"e' is tob -

small” and "e' is too large" are fuzzy- prop051t10ns {cf.

: fuaiyv subsets) and‘~ eh characterlzed by user spec1fied

membership 'functions. ‘These membersh1p functlons and the

actual values of y and ysp are used to determlne the step

"'81ze Ae. For example, if "y overshoots Yep has a membershlp

o valpe of__0.6 then "ef is too large "1s taken to: have-»a

fﬂth1s chapter)

pembership.value.of.o 6 “which can - be converted in to a
.number‘for'Ae for»use in adjustlng e'. (Fuzzy B3ubsets are

l»dlscussed in Mamdan (1974), Zadeh (1984) and section_2.3‘o§,

-;42 2. 2 D1scu55ron of results

AI servo equ

\ Some results obta1ned from the Open loop, optlmal state

‘dr1v1ng experlments are presented in Flgures 2.4 and 2. 5,

'hThesr results consist of a sequence of responses 1n whlch

4 - : e‘ 5

lifne process output y is drlven from one steady state to.
'another. The.same 1n1t1al and f1nal steady states were used

ﬁlln all the runs. These results ba51cally 1llustrate how the

. ‘.'

oL ller learns the correct sw1tch1ng parameters
<R &

i

§

5(1 e. e and N) staqglng from an 1n1t1al set of values.

Y
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1n1t1a1 set of s°&§§h1ng parameters e 0 and N=0 (response

~(b)). The overshoot indicates that. e’ is “too small For the“

next rTun (response (c)) the AI controller uses a larger

~value. of e * (=2, 25)v'and N=0.- The response‘Pls deflnltely":

better ,° but Stlll exhlblts a. sllght overshoot The next run

(responsé (d ), howev!r,'ls almost optlmal and thus the Al

controller has learned the correct swltchlng parameters:in,f

s

three steps

S In Flgure 2.5% " three more time-optimal responses,are

—_

. presented using a different s&t of initial ‘parameters, e'=0

and N=5 (correspondingAto'response (a)). Since the process

is'essentially first order, there is .only one- sw1tch1ng of

Vthe input ftn the time- optlmal pollcy before returnlng the

s

1nput to its new steady state (i.e, N 0, e = 0) ‘The AI'

controlier learnshthls by the thlrd run. At this point, the
'51tuatlon is similar to the one correspondlng to response
(b) 1n Frgure 2.4, i.e. “only e has'tz be adjusted.
A measure of ‘the advantage of the optlmal controller is
obta1ned by comparing the open loop AI response rn Frgure

2.4(d) with  that C\\Ptalned in closed-loop ‘with a

coRwgntional, well- tuned PI(D) controller. Flgure 2.6 shows"

theﬂgesponse obtalned with a PI controller._The controller

gamms were set to relatlvely large values to ensure a fast

setpolnt change However, thlS makes the system sensitive ‘to

nog%e as indicated by the manlpulated variable, u(k) in

Flgure 2.6. The "optimal" response of y (k) 1sxbetter, 1.e;<

faster{and with less overshoot than the PI controller. The -

’bo uﬁfvThe AI controller starts with an,
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‘dncrea51ng the controller galns. However,-thlsrresults‘;n B

Tlncreased overshoot o e T e

disturbences -that'vwouldp tend.jto .cause, ‘the ° controlled_'

’

rlse t: me of the system u51ng PI control could be reduced by

-

0

e

’-'2 3 Regulatory control

"Servo Control" takes a’ process from 1ts 1n1t1al value

T to the_de51red setp01nt condltlons as - 1llustrated in the

precedlng»sectron. "Requlatory Control"= ompensates for any

29

I

'Varieble; to dev1ate from .the de51red setp01nt.v_The_

_ﬁobject1ves of the regulatory controller used 1n thlS study:‘

»

were: ' i @ | : hfiﬁ’
o : A . _ 2

1) to remove any 51gn1f1cant errors in the output y(k)
. 3

by approprlate ad]ustment of u(k)

2) to prevent’ the process output. from exceedlng a user

.

Vk)'-‘, : _,;1','

spet;fled constralnt (i.e. to 4ensure' y(k) <y

3) to produce smooth control actlon near the setp01nt_

(i.e. m1nor fluctuatlons in.the process output are

.‘not passed to the controller outgut)
K.

l_(, Figure 2 7 1llustrates the type ~of control _action

désired when the process output is 1n dlfferent _reglons

:around the;setp01nt ‘Although these control objectlves are

-_tyr.\i‘cal7 of mahyh_ practlcal 1ndustr1al J'appllcatlons,' '

r/$

’\gontroller employ1ng the heuristic- knowledge typlcal of an

convent1onal PID control cannot.” handle all these objectlves,

unless extended by addltlonal logic, An eXper1e3Ced humanﬁ
operator can’ however ea51ly meet all three control'

objectrves Therefore, to achleye these object1Ves, an AIﬁ'

~expert ‘human operator was used. e ‘ ’ji'
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:'fAflblockf,diagram of the process and he, feedback KA
regu1atory 'controller (AI or PID) is presented ih Figure'-

‘1;2 8. A PI controller .uses an analytlcal expre551on of the'

-'followlng Form to compute the control actlon

Bulk) = 8(k) - ulk=1) = K;"'[Ae(k) +AS a1 )

i
'l‘where At 1s the sampllng interval and‘e(k) ='yw(k) - y(k).
The‘ control objectlves listed earlier. would reQuire - a
'.varlable:gain,.hc,'in the COntroller.(e g. a small gain near
~thevs-etpo'int ‘a very large ga1n near “the - constralnt etc)
iThus a sample PI(D) controller 1s 1nherently 1ncapable of
meetlng all the regulatory control objectlves - . ‘
: : The AI controller employs heurlstlc rules of the form;
bA"If <Sltuatron> Then <Act10n>“ plus fuzzy loglc, to deduce
the control actlon ' The <51tuat1on> part of each rule is a
.'conjunctlon of fuzzy prop051tlons, descrlblng a. state of the
process 'ih  which the. rule _appl1es'A the' <Act: on>' part'
spec1f1es an approprlate change 1n ‘the control 1hput (e.g.
“Sm;ll negatlve change) correépondlng to that state.'Zadehp
- (1984) illustrates -how AI can be comblned ‘with fuzzy log1c
. for the COntrol of a* cement k1ln. Francas and‘Leltch (1984)
7descr1be the use of Al for a 51mple level control process.,~'
A 'bThe current state of the process ‘can. be adeguately
des¢ribed from a knowledge of the current setp01nt value of
’-}the constraint (if any) and-a-seguence of urrent and past'
: meaSurements vofv the process output.i The current coritrol
errorée(kl and‘the rate of change of output (i.e. dy/dtl,7

were used 1n/the state descr1pt1on' The slope 1nformat1on

’%-was obtained by f1tt1ng a second order polynomlal to the -
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'three most recent output measurements N

| ,f. In thls stuayh‘51x fuzzy subsets on tbe unlverse ‘of
?,dlscourse of ePPOPS were used error is ‘zero (ZE( y)),}error
isfrsmall» poszt;ve (SPE(y)) - ‘error. isv'small ‘negative

‘(SNE(Y)),'error is ldtrge p051t1ve (LPE(y)) error isblargeh

negative (LNE(y))' and ‘error is fin‘ the constralnt region-,ir

1

(CONSTRAINT(y)) Three fuzzy subsets were used to descrlbe

- the slope: slope is small '(SMALLKdy/dt)),}.slope ’1s laqge

fpositive 't(LP(dy/dt _ and: slope .isVA large vnegative'
LN (dy/dt)). 7 ' | o
“The- lnCPemental control actlon was deflned 1n “terms off

six fuzzy subsets- zero change “in the. 1nput (ZC(u)) ‘small,

v\>p051t1ve change in the 1nput(SPC(u)) small negatlve change

in the 1nput (SNC(u)), large p051}1ve change in the 1nput
(TPC{u)), large negative change 'in 'the 1nput(LNC(u)) and

drastic, change in the”’input (DC(ud) For reasons - of

simplicity "plusv limits of computatlon,,‘ only _ 1inear
'membershlp functlons were'used to deflne all thn dlfferentlb
fuzzy subsets FlguresaZ-Q, .10 and‘2.11 shgthhe fuzzy'
:subsets used-on their‘uniwerSes“bi.discourse (i.e. e, dj/dt'{
iand Au) all of” whlch in thelpresent.case happen tO'he‘the
real> l1ne (R). | These membership functlons are the prime
"tuning varlables" when»the control englneer 1nstalls the AL .
_controller on a new aﬁb&&catlon. ‘Note that the locatlon of .

the. constralnt" membershlp functLon‘ in Flgure},é 9 moves

,.when the value of .y, or Yo 1s’changed ‘

1 2.3.1 Knowledge base
“The knowledge base used 1n the Al regulatory contrOller

‘is'd1v1ded 1nto_two groups of rules:l‘
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1) one group of rules whlch is always actlve (i. e.vthe

’ control actlon determlned from “of these rules

v is. applled every control 1nterval) | | _

'2) one group of rules whzch becomes active only when’,g
the process output 1s Hear the constralnt ‘the_

‘control action from 'thls group is added to or

subtracted from group 1. _ | | | -

This ‘partltlonlng of ithe knowledge_ base 1s necessary to ‘

-minimize the size of the actlve rulebase and thereby ensure,‘

that the executlon t1me is kept to a m1n1mumf\1n control

'applxcatlons the Al algorlthm 1s executed every At and there

15 a max1mum~control 1nterval-wh1ch 1f exceeded, w1ll‘cause\

K N . . gt : - P
. a significant reduct1on ~in control performance. In this

iappllcatlon the de51red At=2 seconds and thlS was exceeded
ajeven w1th the part1t10n1ng of the knowledge base. ,
o The group of rules wh1ch 1s always act1ve is summar1zed
below , _ ' L
TT~If 7E(y) Then zc(u)
2) 1f SPE(y) and'SMALL(dy/dt) Then SPC(u)
3) If SPE(y) and LP(dy/dt) Then zC(u); .
4) 1 SPE(y) and LN(dy/dt) Then SPC(u);
5)‘1f SNEcy),and SMnﬁL(dy/dt):Then SNC(u);
6) 1f SNE(y) and LP(dy/dt) Then SNC(u);
7) 1f SNE(y) and LN(dy/dt) Then zCl(u);
8) If LPE(y) and SMALL(dy/dt) Then ch(u),, 1
o 9) 1f LPE(y) and LP(dy/dt) Then SPC(u); = o
,16) If'LPE(y) and LN(dy/dt) Then LPC(u)
11) 1f LNE(y) and smggL(dy/dt) Then LNC(U)
12) 1f LNE(y) and LP(dy/dt) Then LNC(u)

13) 1t 'LNE(y) and LN(dy/dt) Then SNC(u).
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. There are three rules in the group that becames actlve‘

_ when the constralnt is- approached One ry&q\spec1f1es the

g amount of add1t10nal control action to be added when in. thej

constraint reglon-" 'UQ’ o | ";f"g. -'/" ' | |
S If CONSTRAINT(y) 'rhen DC(u) | ,

The rema1n1ng two rules keep track of when the processr
output approached the constralnt reglon, when 1t left the;
: constralnt reglon and the total control actlon,/generated
_lwhen the. output was ‘in the constralnt reg}on.’These ru;es

.\::).'

can ‘be statéd 1nfo¥ma11y as.follows-

1

If vy (k) eﬁters the constralnt,reglon Then start summlng upff

the constralnt control act1on-_

If y(k) leaves the constralnt reg1on Theg - Su- ki
net control actzon generated gy the constralnt rule %
A rule basQ of - thlS type is necessary to- prevent the
‘strong control actlon taken while the controlled variable y
;was 1n the constralnt reglon from domlnatlng the control‘
actlon 1n the normal" reglon. It is 51m11ar to reset wlndup‘
protectlon _ |
Table 2.1 presents a’ summary of the ’ steps taken by the .
1nference 'englne of the AL controller -at each sampling

1nstance, to compute the control actlon. For example, if the-

~error e(k)=850 units, then: from Flgure 2-9;1t 1s,concludedt

?that‘the erro_gin y(k) is small p051t1ve with‘a membership' "

[Value of 0.5, pose the rate of change of Y, dy/dt. (or. y).
is "small" w1th a membershlp value of 0.6, then;rule-z,ls
used - to deduce - that ‘there should be a "small positive}

‘.change in u w1th a membershlp value of 0.5, Note that thel

_membershlp value of the <Act10n> part of a‘rule is taken as o

. the’ comblned membershlp value of the <Sltuatlon> part. SlnCed
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Table 2.} Summary ol the procedure for teedpatk control using. the

- approach

Q

Al plus fuzzy logic

32

-1:_Réad‘outpu('y(k)‘trOm process
_2.'F;nd“u'ng C¢kbire' S

‘Small ?
.. Large ? :
»Const;ulnt”? )

3. Find - for y-slope. dy/dt
. small 7 '
Large 7.

4. Rules imply &« tor au
’_ieré ' S
.:Small‘

“ndege
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'the_ <S1tuatlon> part COﬂSlStS of a conjuhction"of‘ fuzzy

prop051t10ns, 1ts comblned membershlp value is the m1n1mum;;

'of the membershlp values of the con]uncts Thus each actlve'
:rule in the knOwledge base spec1f1es a control actlon. The
‘flnal control actlon to _be taken is however based on. a
suitahle comb1natron of thesej individual changes. ':For
'simplicity; in this study we have 1mplemented the controli
'1nput change w1th the maximum membershlp value. For example,
among all the Au's spec1f1ed by the actlve rules let Au have’
max1mum ?membershlp in fthe‘ fuzzy subset small p051t1ve
, chan%v_‘u

_Au is small p051t1ve"'w1th M= 0 5 then AU=22 units and thls_

»

h u= 0.5 "Then as 1llustrated by Flgurqu ifr

~value is sent to the. process.

..'2;3f2 ﬁiscussion»of‘resultS‘r ) '
The response of the Al regulatcry controller near. the
"setp01nt is presented in Figure 2.12 2. As de51red the_AI
cOntroller “is _1nsen51t1vef”to'vsmall pnrturbatlons lln the
. output (around the . setpoint) ~and prcduces a .smooth
v(constant)’ control” action;- Examination of _the’-memhgﬁship.
function for ZE(y);in Figure 2.9 shQWS thatlthid/?s/obtalned
‘bytusing‘What'amounts to a ‘deadband around the setpoint. For -
B compariSOh, ‘the response due to a well tuned flxed gain P
.controller is presented 1n Flgure 2. 3. The - PI controller
.employs a high gain to qu1ckly ellmlnate large errors in the
output ~and thereby ensures that the constralnt is. not
_ violated Therefore 1t is very sen51t1ve to even 'small
' perturbatlpns in the output and produces large,\unacceptable

B changes in the contrél 1nput : _ﬁ
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~ The Ai controller can ellmlnate large errors in the |

_outputv u51ng ‘v1gorous control actlon ;'1llustrated ;in.;

Figure 2. A step change 1n ‘load, occurred wh1ch caused the

houtput to move away from. the setp01nt ~The AI controllerj‘

‘generated correctlve changes in the manlpulated varlable»

(k) (cf normal reg1on in. Flgu{e 2.7) and y(k) Yopr

thaw 4 k) did .not’ come close to. the. constralnt yc so the!;?

con tralnt set of. rules" was not actlvated

..

The behaviour of the AI controller when the setp01nt

closer to ~a constraint fis'vshown ‘in Flgure 2.15,

. - G

suff1c1ently large d1sturbance occurs whlch would cal y/_he'

output o exceed the constra1nt 1f spec1al actlon gﬁfe not -

aken 'Thel AL’ controller by employlng large bursts of

:addltional control.actlon »ensures that the-constralnt
”_not exceeded' For comparlson the behaviour of a f1xed ga1n
"PI controller is presented in Flgure 2.16. The PI controller
was slightly. detuned (i.e. lower controller gain 1n equatlonr

(1)) to make'lts performance comparable to that. of the AI'
3controller near the setp01nt and Qn the 1ntermed1ate reglon.
~2The PI"- controller -does not  have any knowledge- of ‘the -
' constraintu'andy'the hAl- controller'vmakes’ rtk7possiblerut9

operate closer . to “a .constraint than a conventional PI

ontroller. In many

;d1rectly 1nto econo ic advantages due to 1mproved quantlty

or qual1ty

“The AI regulatorkgcontroller‘can also handle setpoint

changes. ,However the performanCe ‘of-» the ' AI regulatoryl

controller for setp01nt changes must necessar1ly be worse

"than that of the time- opt1mal servo controller discussed

earller. 'Figure 2.17 shows a_typical'response due to the Al

36
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a1

' 'regulatory controller for ‘a asetpoint 'changei :Figure .2'18
r1llustrates .what happens when a .constralnt reg is7
'approached by the process output durlng a setp01nt t;ange"'
’For comparlson once agaln ‘the response~due to a. well- tuned

v;hlgh gain PI controller is also shown in Figure: 2. 19. Notef

thab even though the controlled varlable responSe is good
the control act1on is unsatlsfactory because of its large

' varlance. The AI controllers (regulatory or servo)'on theu

'other hand use smoother control actlon and g*ve a controlled

- var1able response that 1%3as good or better than that glventf
'by the w1dely used PID algor1thm. A |

N

‘2 4 D1st1ngu1sh1ng character1st1cs of RTSB appl1catlons of

Al ' S . ,A;, ’
k Y ’ \t., »

Based on the work descrlbed 1n thzs chapter plus other.

'appllcat1ons, a number,:of features that characterlke‘

; 1

appllcat1ons of Al in real tlme, sensor based (RTSB) process'
“appllcat1ons have -~ been identified. . Some . of . these
lcharacterlstlcs are summarlzed, here4 for" conyenientid
'reference B _5? | |
-1)1 Data are often sensor based dwn&—varylng, no1sy nd
_ perhaps qualltatlve, subjectggo errors (e1ther b1as orV'
'complete fa1lure) not always avallable on demand",
' i.e. are avallable asynchronously to € e Al system ath
times determ1ned by the brocess' often must be 1nferred5-
from’other data' frequently come from large, on- l1ne
- databases ma1nta1ned by- conventlonal process control‘v
.computers (> 5000 points):
.2)f Response tlmes ‘are- usually 1mportant when calculatlng'

. control 'actlon' respondlng "a' process ,operator;s
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‘_enquiry}-deallng.withJ’atterskof'personnelvorveqUipmeng 3
R safety For example,flﬁ the'. process response (k). is]h;ﬁb
o ”rapldly approachlng a’ constralnt (cf F1gures 2.15 andu- |
18) then the AI controller must respond fast enough -S\-
‘to prevent the constralnt from belng v1olated i L
f3):Execut10n t1mes are 1mportant bECause the AI procedures
arg'executedvat'1ntervals as short as a few seconds
(At= 2 to ¢ seconds in our appllcatlons) Each feedbackl
' *control loop has a cr1t1cal ‘At which: if exceeded wlll ‘
?t cause a 51gn1f1cant detér1oratlon in performance. )
Similarly it is de51reablé to ‘handle several. control ,
'loops at each sampl1ng 1nterval u51ng the ‘same AI- basedp'
procedure. .Thus executlon tlme is. dlrectly related toh_
N the - numb°r of loops that can beahandled and hence to'“
p" economics. e : —;Tﬂg,h |
4)"Many RTSB~YcompUter%,system'imanagersi like controlf"
algorlthms ‘to: be completely a"predlctable" - i.,e. have
the same exe;ut1on timg and actlon for a. glven set of
1nput data (process state) Many Al systems do.not have

“this property S :F-ﬁﬁ;

‘5)“The control actxon/dec1s1on 1%plement ”fd ectl%%oné

'wubje§F to &m“b'f“-

the process and hence is. nof usually _
rev1ew or dlrectly revocable. Furthdxmore, the cost ofo

o

., failures or errors -can - be’ h1gh and 1mmedi&aﬁe e g. -
| offgrade product . damage nto egu;pment, funnecessary
process shutdOwn. , ? ; ‘_’; " _‘ "Av] ,-‘*
6) The order (tlme sequence) of data values, states, ruléﬁ’
_dec151ons and/or act;ons can -be 1mportant e.g they
can be procedural.'rather“ than’ s1mply ~declarat1veﬂ as .

1llustrated herein, -"f‘[ : ' R ) :-{

q ﬂ



'37)f'Different sect1ons of knowledge base ‘may become,
act1ve or 1nact1ve as the process moves to. dlfferent
operat1ng po1nts and/or parts of the phy51cal pr0cess ‘
‘are put .. on llne/off line. Also the <Act10n> (or\Then)gf'
npart of a rule may change for s1m11ar reasons even whenf.
‘the _<Sltuat?gn>.-(or_ If) art of: the rule rema1ns>

tunchanged In thlS example the'results for learn1ng e"
f“and N only became actlve after the completlon of a;f

setp01nt.changeu Also in thevregulatory control, the

fconstraint'rules‘beCame_activekonly/whehky_approachedﬂ
":-?'ch’f T o .. , | | .

8) Knowledge acqu151tlon is a 51gn1f1cant problem. It must
Ioften be obta1ned ‘from a- relatlvely large - number of
and1v1duals (rather ‘than 'a' s;ngle B expert") Cwith -
s;gnlflcantly l,different 'educational ' levels ‘ and}

')understanding 'vof.Vfthe Japplication' e.g. process_
operators,'engineersﬁ management The knowledge base is,
also usually falrly heterogeneous,‘;i.e.f con51sts of.'
i51mp1e facts, heurlst1c' rules, deep or-. theoretlcal'
knowledge and‘%ata der1ved from numerlcal calculatlons

-~ (The Al controller descrlbed _in th1s gchapterb'was

”451mpf1f1ed ‘and relatlvely homogeneous ) e

9) Process parameters and/or models are usualﬂy unknown and”

'must be degprmlned on- Llne in elther qualltatlve‘(e g.
fuzzy) or numerlcal form Thlﬁbappllcatlon 1ncluded the_
,"learn1@g"'of the key parameters e and N. (cf.~FrgureS'

2.4 and 2. 5)



2.5 Practical aspects'of feedback control

.

The AI controller d1scassed 1n thlS chapter was never«

1ntended as a replacement for the ﬁamlllar determlnlst1c,.

'PID controller ‘It was developed to 1llustrate the use~of AI

in real time appllcatlons and to glve control englneers somei:

vldea of its_ performance and. - potentlal prever ' the

. /T
- excellent experlmental performance suggests that an extended

versron “of thls controller ‘could  be useful ~in spGCIal_

appllcatlons, é‘g jwhen constralnts are- present and/or when

' the 1nput data is avallable only 1n qualltative terms.

One mag%& dlfference between 'thlS work and process:df

:control appllcat1ons by other 1nvestlgators (Gupta et~a7.

5

-

-reasoning (1nference) procedure When -implementing fuzzy.

: 1lOglC control appllcatlons (e.g. :Gupta"Ef 'al - (1977) .and

Mamdan1 (1974))'1t is. common'to'use'the‘ comp051t10nal rulev

-

‘of 1nference" for - reasonlng This is a very formal approach

f,but not" necessarlly the ea51est to understand %& 1mp1ement.yp

:The reasonlnglapproach 1mplemented as part of thlS pro;ect

is equxvalent to the."certalnty factor approach" w1de1y used

in. rule based egpert systems gto handle ~uncerta1nty and

) gwprec151on (wlnston (1984)) Takagl and Sugeno (1985) focus

'on the development of a mathemat1ca1 tool to bu1ld fuzzy
models and present thelr own reason1ng procedure. However,

their approach ,does ;not appear to have any 51gn1f1cant

" advantage for our type of application. The demonstration.

‘application presented in this chapter shows' how AI can be

,appliedj;to’ the"servo; fregulatory" and constraint control

problems tamiliaé to all control engineers. Thus it is hoped

that the readers can focus on the AI approach rather than

[X - S

'(1977) Mamdan1 (1974) and Takagl ~(1985))‘ is in the



g7

the spec1f1c appllcatlon

,Aé“ Further work is underway fto evaluate vaj~number of |
\"AQ ' ) .

exten51ons and 1mprovements. 1) an 1mproved knowledge base

@ﬁ7 {rgmes, 2) means for effect1vely comb1n1ng open loop state';
| :}dr1v1ng features w1th the conventional de51%h for feedback‘e”
,fé contréllers' 3) the advantages and dlsadvantages of u51ng AT .
' to do' galn schedullng" on a conventlonal algorlthm such ‘as *" ,
PID rathemfthan u51ng Al to calculate the contrdl actlonb

f4) exten51ons to handle more d1ff1cult processesr

e. gﬁ"underdamped non m1n1mum phase, time- delay .. processesv

) means to reduce the computatlonal effort that must

s.

: ,be done at eachgconbrol 1nterval e.g. bzgfgwrltlng some Al

procedhres 1nto

n equ1va1ent program in PASCAL; .6) handllng'

‘pract1ca1

3 -con entlonal features swﬂb a5 manual/automatlc
5transfer w1ndup protectlon in: cascaded loops, hlgh/low

»select optlons etc ~7) 1nclud1ng a feedback ga1n constant,

e. g “to -multlply the absc1ssa scale on Flgure 2.11, for’r""

on l*ﬂe flne tunlng, and 8) multlvarlable, feedforward and

1nteract10a effects S K ;=, B

\

T It 1§ 1mportant to note that ‘the AI proc.eduresgr,e not
unlque. Theg$are as var1ed as the people who create them
S1m11arly, P;% controllers Aare nbt (usually) based on
theorems and podgﬁpts (such as stablllty) that are famrllar
_to alfatontroiﬂﬁkglneers. Therefore they tend to be user and

vappl1catlon spec1f1c. This is an advantage in the sensesthat
an Al controller can be, ea51ly tallored /forv ‘*‘spec1f1c
appllcat1on problem. Conversely it is unlikely ‘that there

w111 ever be an AI controller as unlversal as -the fam111arh

A_PID algor1thm Neverthe&dss the authors are optlm;stlc about

o
Fe
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o - ‘. "v,""':. ‘\“' 48

the potent1al of Al appllcatlons in the process 1ndusxry and

would like to encourage more-appl;&atlons and comparat;ve_

evaluatlons.

2.6 Conclusions

1) Artificial ~Intelligence.. opens 'up 51gn1f1cant ' new

application areas in the process 1ndustr1es. Some of.f‘

PR

‘the potential benefits are 1llustrated by the AI based f T

controllers descrlbed in thlS chapter o
-4

2) Fuzzy loglc is a very general approach for deallng with

»

heur15t1c or qual1tat1ve relatlonshlps and for handllngf."

uncertalnty, 1ncompleteness-and 1nexactness in datar It
can be advantageously comb1ned with AI as* 1llustrated'

by thlS chapter

' 3) ExperlmEntal results showed that the Al approach.to the,

standard servo, regulatory and, constralnt._control.
problems resulted in performance that;,equalled orh
bettereaathat:ofga simplefhfiXed-gain PID‘controllerf
An eXtension of this' approach could be useful;:for
selected. commercial' appllcatlons,' e. g 'where_ the'

measurement data,<of somethlng 11ke color or- smell .was

qualltatlve. Lo RPN B »
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3.1 Introduction . ;_\f‘) SRS n i v

3.‘Multiva}lab1e; Opt1mal Constra1ned Control Algor1tnm

S y MOCCA)

_ The n~"Molti variable, ~Optimal, | Constralned Controltv
_Algorzthm (MOCCA)" descrlbed in thlS chapLaL,was developed“

to meet two maJor ob]ect1ves- f;rst, a,praotlcal, robusthfm

model-based control algor1thm~?that could be applied to °

N

'mult1var1ablc_ industﬁial~'SErvo and .regulatoly control

3

problems ' second ‘an algorlthm that cou%% be 1mplemented'

: effectlvely on an industrial digital computer.
| | To be practlcal for 1ndustr1al appllcatlons_ it was-

concluded that the control alqorrthm should utxllze ea51ly

’

obtalned 1nput/output 1nformat101 rather than compllcated or

*

theoretlcal models, be able to follow tFaJectOFleS generated,’

by,hlgher 1evels of controlve.g. eptimization: regulate.the.
process despite-measured or unmeasured distUrbances; handle
_ hard constralnts on the process variables; optimize7aIUSer‘

.

‘spec1f1ed performance lndCX': and accommodate. pract1cal ‘
factors such as transducerfaid/or sensor fallures, etc. Ton
be _efficiently, implemented on -a control computer- an’
aloorithm: TShould 'be‘ simple computatlonally, not require
excessive memory for _Storage; be insensitive':%qm‘roundoff
errors gshort‘word.lenéth);luse solution-technidues that*are
nexp11c1t or at léast havejpguaranteed convergence, as-

v opposed to ‘open-ended, iterative calculatlon@;l and :use
_gstablished'pnumerical. technlques that are doCUmented;

A version’ of this chapter Was- presented at an 1nt€§natlonal

conference on . process modeling and. control: N. R ripada

~and D. G. Fisher, 1985, Proc. Intl. Conf. on ‘Industrial
Process Model1ng and Control Hangzhou, China.
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tested, and not appliCation 'SpECific," MOCCA meets_ theSe_

*objectlves plus a number of others as llsted in Table 3.

LI L e
s !

3. 2 A funct1ona1 overview of MocCC

o MOCCA is not the resyf/’of a specific’.area of controli

theory such .as state space systems multlvarlable frequency7

domaln technlques, stablllty analy51s,:etc Rather- is a

- computer-based algorlthm developed to meet practlcal control.

A

‘objectlves _ u51ng ' effectlve numerlcal "and'f software
engineering . techntques A schematlc ’d1agram Showing' the
. D& ) -

'strUCture and 1nformat10n flow of MOCCA 1s shown 1n F1gure

3. The actual phy51cal proce%s has .an output vector, v, a -

-;control vector u,_and measured or. unmeasured dlsturbances

- d. MOCCA can be subd1v1ded 1nto three ma1n parts (cf. Flgure

f3,1);

1) an open- loop forward path for servo control

2) a feedback path for regulatoryﬂlcontrol,‘andi'

: model process mlsmatch

<

3) ’a'.superv1sory system to -generate -the,-desired

S trajectory and constralnts

Forward path for servo control The pred1ct1ve controller_

generates'an 1ncremental control actlon Au(t) at each time

~_1nterval t; such ‘that the output of the process’ "modeﬂ“

{ynl t+1),1e[1 P]} follows o thé ‘ de51red . trajectory}"'
{ya(t+i/t, ) 1e[1 S] S2P,t,<t} and- does not v1olate any of the.
l'user spec1f1ed constralnts, e. g u, < u(t) S U, Vt. Tf the
process representatlon (model) 1s accurate, ‘then the actual_“

pr0cess output trajectory {y(t+1) 1e[1 S]} w1ll equal thewf

de51red trajectory {yd}‘ i.e. servo control w111 ‘be perfect

. The 1ncremental control actlon Au(t), 1s.summed to ppoduce'

L Ll ; S A BN . . »
v . . - .
£ . - R . . . X -
" " . ‘ . ) e
e N . .. . - .
N . . . ., .

51
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e non-aquare.. MINO, ' -
B 4 optntloop .uble .

b4
[} Pboct;l' hpuaemh 1on
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;z'u( ) before belng sent to the process.

'f'Feedback pat for regulatory, contrel: - The feedback path ;'

u:corrects for the effects of unmeasu'ed dlsturbances, d( )

"=yfand model process m1smatch The s1gnal y(t) y(t) ym(t)

L flltered and then sent to a predictor wh1ch produces an

r’,iestlmate of the future values {yF(t+1/t) ief1, P]} where: P is

“'fja user spec1f1ed design parameter e. g. P= 5. An estlmate of

- the future .output trajectory based only on past - (known)

. values {y(t+1 ,1e[1 Pl} is then produced by add1ng {yF} to

the modelvbased predlctlon {ym}. ThlS estlmated trajectory
'H{y}f is: then :fedifback and subtracted from the - desrred
trajectory - {ydl. 4to'-rproduce the = error - trajeCtory
,ie t+1/t),1e[1 P]} at every contrbluinterval rather than a
,scalar varlable such as re{t)= ya(t5 ~y(t). iNote that rthe'f
‘estlmate of the output trajectory {y} could be generated by
a number of dlfferent fllterlng and estlmatlon technlques.

'Superv1sory system ’ fhe supervlsory"_ portlonn of MOCCA

faccepts the se‘p01nt trajectory ‘{ysp(t¥l/t ), iel1, S]} from

the process oparator (or a hlgher level computer control)

. and generates the 51gnal {yd(t+1/t) iel1, P]} ThlS system is

J--optlonal in the sense that Ya could be -~ set equal to'ysp

However,. the vsuperv1sory, system 'can 1also be used to
introduce considerableﬁ'design flex1b111ty 1$ui prov1des a
v means to achleve several practlcal 1ndustr1al objectlves.

The mathematlcal formulatlon for these\maln components

,"'_z. R

‘of MOCCA (the forward -servo path, th“ﬁ jf,b‘ck regulatory

path and the 5uperv1sor system) wlhi ydbesented in the
& S o y . '( % "*:.

neXt' three sections 'Thfs‘ will :be followed by & br1ef
fllterature survey and then by a-: dlscu551onfof an evaporator

appllcatlonuwhlch 1llustrates some of the features;of‘MOCCAv
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3.3 MoCCa: Forward path for servo control

e The "forward path"ﬂlp Flgure 3 could be 1hterpretedA.

.h‘as an, model 1nverse controller vhlch '1n the 1deal case;

would cancel the dynam1cs of: the process and result in

lperfect'. input tracklng, ’ ne.,, y(t) yd(t) .Vt;' The
htheoretlcal advantages ‘and the practlcal problems of such a

"formulatlon are well. known. MOCCA avoids many of ‘these

practlcal problems -by u51ng a discrete, non functlonal;f

representatlon of the" 1nput/output behav1our of the proceSSj
‘and by formulatlng the ob]ectlve of y 2 yd as a constralned_.‘

"optlmlzat1on problem.' Since eff1c1ent often exp11c1tf

algorlthms ‘exist .for solv1ng the opt1mlzatlon problem the -

'result is a pract1cal control strategy . that can _be® applled

to a btoad class of 1ndustr1a1 problems.- o oA

IR B SRR &?;;', . : R
~3.3.1 Model formulation - B S

| MOCCA ‘i -“based"on a stralghtforward 1n£u1t1ve,

time- domaln representat1on of the process and. the control
,objectlves. S1nce this representatlon is” the key toﬁ~

'understandlng the formulatlon and- 1mplementatlon of QCCA,it

'1s presented in some detall : RN L e gi7 :

3.3+ Model formulation for SISO processes .
©  The relattpnsh1p between the ihput and outputf'
varlables of the process to be~controlled is assumed to;‘
. <’be . avallable in. the 51mple,' dlscrete, step response' B
form 1llustrated in Ff@ure 3. 2 That is, - for .a unit

Y ..

‘stép input at tlme zerg the process output .assum1ng.
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that the process was at zero. steady state prmor to the’3'

appllcatlon of the- step 1nput is given by._;

fr/o-a, v Ty
=8gg i>N o o .
.. . } ..
l'where N and/or At are chosen 50 that a is aCCeptablg'
_close to the final steady state value,-a“;LNote that
in order to have a finite value of N'“and a" _the
: process‘should befopen—loop'stable,di e. ‘no rlght halfl.
plane poles. (MOCCA can be mod1f1ed to handle a pole at

',the or1g1n.) Therefore, unstable processes would have

‘to be- stablllzed e.g. by proportlonal feedback before;ibi

"MOCCA ' could be applled The' requlred processhf’
: informatlon a.l 1e[1 N] can be obtalned by direct step
response : test:ng or f'by ; other methods ‘ such as

Jdeconvolutlon, correlat1on etc. Alternatlvely, the data

. ﬁﬁ; " can be generated by a theoret1cal model or. estlmated
| 'based on experlence and eng1neer1ng Judgement If the'
* input were ‘a step of magnltude, 'K,, then, assuningv
fmultlpllcat1ve scallng,, the. ai‘ and‘nas. values inebw
}equatlon (1) would 51mply be mu1t1p11ed by K,
Did_;ﬁéwal”f;°c For a 51ngle step change of‘hagn1tude Ault-i) in
Tﬂﬁffgiifg;fth>€ 1nput varlable” at tlme t-i the -change in the
‘jﬁiﬁt; ’process reSponSe at tzme t 1s glven by. | |
'k:ﬁ‘Fi?;:,k.’H;x;"f - PRI S, - S |
w\(% Aym(tr/t 1) ym(t/t 1) & -w/—w) y,,,(t/t i) SR I(z_),_‘

= _ oy g
S : PO ‘ .
if it is assumed that ym{IS a;normal1zedvdev1atlonv

varlabge and that at some time in the past (e.g. at



time"t——é) the process ‘was at steady state ‘so that

—m/ m) 0. when u(—m) 0. Thus

t/t 1) =a; Au(t i) for i <N B o : (3)‘
~a Au(t 1) for i>N- E | :

g;If the 1nput is- changed at every- prev1ous t1me 1nterva1 o
t=i, i=1, ... by pu(t- i) where . -
Caubt-i) = ulEtiEE u(e-i-1) ()
“then égsuming snperposition;ithe'total'changeain.the
outp_ugé"Y'(.'t')‘}iis"-giyen by 'equati'o_n (2)",'>or- o
. B . o L | |
: . o e R
Cylt/t1)= Z} a; Au(t=3). + a,, I Aul(t-j). " (5)
. =t S , T . :

)=N+1

£

v'HoﬁeVer“ since»u(-m)to by aSsumptlon the last  term -

can be re written such that

'Y"’(t/t"”. -’ a: Bu(t-j)+ a, _u_(-:' 8 e

t?a

To. predict the ftraject'ory {y'(t‘+’i)' ie[1, P]"ps‘.N} it is’ .
only necessary to shift the t1me index 1n equatlon (6)

-

such that
Yalt+i/tri=1) = |
| (7))

At timé t the past inputs h(t-i), i=1, 2, ... are known
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-and ‘(as .shown - %n the neXt"section)

future values of the control changes Au(t+1—1) xe[J,PI

the present and

can"”befv chosen ~jSo’ that the , output trajectory

- {ya( t+1.,1e[1 P]} has the de51red form

4

The .term in equgkion .(7) involuing,-uu(-) can. he?'

éartitioned into two parts- the first'part 1nvolv1ng
‘past 1nput changes andathe second 1nvolv1ng present and
future changes in the 1nput Then equation (7) can be
rearranged as follows to empha51ze that the predlctedf
values of - the output ‘are calculated as: ‘the sum of two:

e’quantltles. the. contrlbutlon of the past . 1nputs plus-

‘the' contribution from the present and future inputs,

5 . . . . . . [

»{ym(t+1/g+1-1),1e[1 P]} {ymit+1ft—1),le[1 P]} + o
V ' A, {Au(t+1 1)'16[1°t,3"-' S _. (3)‘

A {Au(t N+1) iel1,N- 13 s‘li BEEEENTY

AN AN-] ... @3 i,.

0 .i.o0 ..
0 ap cee Ay - a1 . » N '
Al= ...' - Az"z B i
0 ... .. .apey ' ap-

Note that .the notation. -{z(i), ie[1,P]}. can be



interpreted as a discrete .trajectoryivin,'the t1me
'domafh,' i.eo z(1). 2(2), ‘...,'a(P);' or ‘as a column.
vector defined i (z(1), z(2) _..:,"z(P)) TGO
implement the cc” .rol algOrithm the right-hand side of-
equatior 8 .s set equal to the des1red trajectory.i
{yq( (t+i el P]} and equat1on (8) is used as. a ba51s
for ca‘culatlng the present and future control chahgeSe"
; Au(t+1-1) 1e[1 P] It mlght appear ea51er to &ssume
that the process was at. Steady state prlor to the start-
of the’ de51red trajectory since the contrlbutlon of
"past inputs given by equat1on (9) would then be - zero‘
However, the -above formulatlon makes it p0551b1e to;‘
‘aSSUme a. movzng w1ndow approach to control. Note that
fthe predlctlon of a future value of the output at- t1me,
t, e. g. y(t+P/t), is based on the contrlbutlon of the-
:precedlng N'inputs where P of'them Au(t+1~1) ,1e[1 P]

are the present ot future values and N-P of. them are‘

"5known past values ‘'This allows the arbltrary ch01ce of

l1<P<N and hence 51gn1f1cant reductlons in problem size
" and computatlon time. »

Matrices A, and A’.arelcalled'the‘dynamlc matrices
torrthe internal'model of the controlled system 51nce
they completely dejfne the dynam1c behav1our of the
pro;ess;_irx the actual 1mp1ementat10n of the control
algorithm ,con51derable sav1ngs in computer storage and
computatlon t1me can be achieved because, for example,
it 1s only necessary to.. ston& the vector {aﬂle[1 N]}

han the complete A and A, matrices.

§

R
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33.1.2 Model formulaglon for MIMO pr6cesse

The relatlon ip between thez™ i -output and the.ﬁ

’]'—1nput varlable of a MIMO system can be represented

in the same wg

MIMO system{?.n'be represented (cf. ‘equation (8)) by:

‘ (:(\u } - ( 10 )

_ = ' :
g S M (ke t-ne1) )
v b e '
‘.{"ym } 15;5 Ip ‘l
_ - . ¥ —_—
{ ym'2 J 137% 1 Bt .
P (u? (kK*i=N=Y) )
n 17“ ‘ o
Ay (A ] (Aot (k=N+1) ) _
; I R N I | , oy
E 71, e B I
. . A A "‘ R X ‘
.,.\_, _ 1 . ! 11 (/\u?(k-N*’i) } “
SN - co
-
L 3
A \_ . . ) L 3

)  J

-Note that th1s formulat1on can accommodateimon square

..systems and that the parameters. Pi'.and -Ni.‘can be

F.as for a SISO system For,example a 2x2

dlfferent forr'every' pairbbof “input/output verjables..

et

¥
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5TTWhen ”usiﬁg 'édhatlon (TO}f,to solve for lthel-deﬁired.

contro} action, Au( ) the most 51gn1f1cant dlmen51onium

'15 that of the matrlx A If all “the P are egpal then

T ‘.“ . ’fr@'q .
~QK; 'is n*P)x(n*Pb where n. 1s’ the: dlmen51on of%; he
output vector \‘ RS . e

« i e . » o é\'i.'i g
" . ;_ ‘ ' ﬁr .
$3.341.3 Model formulat1on for tlme delay systems

J

SISO systems with’ a: known t1me delay of k sample?“

perlods are handled 1n ‘the’ same way descrlbed earllemYdﬁt

“for non- delayed systems ‘exCept that hel flrst o K

S ;,ﬁj.coefflclents 1n the step response will 'be zero sfhce a

R affects “the’ output for tlmes greater than’t+k (i.e.

y(t+k+1), 121) Equat1on (8) therefore becomes

’ change Au(t) in the. manlpulated varlable at tlme t only

Ty, ttfk+1/t+k+1—1)‘1e[1 P]} v {y t+k+1/t 1) 1e[1 P]} P

..f;?-l T ata t+1—1>,1e[1 PGy

where;.equation _(9)';15 modified accordingly “and the B

matrices:A fand A, are the dynamic matrlces based " on
‘the flrst N non-zero coeff1c1ents of the step response
to ensure that A, has full rank i.e. contarns_no rows

of Zeros.

1

" For MIMO processes ~ the procedurev is again B

to ensure that A, is of full-rank. A ‘useful rule of
~thumb is, for each output Yir tovchoose'the.horizon of
Jprediction' larger than the,'largest“'time?delay, i.e.

maXJmum{kn,]e[1 m 13 where 1\ is the number of lnput

"vartables u,. Slmllarly the k, used on the rlght hand

‘<analoQOUS to the -delay free case but care must be f%ken
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] C
‘ T

J.fs1de of the delayed vers1on of equatlon (10) should be’

the. m1n1mum{k”,3e[1 m, ]}.‘For example, for a 2x2 system

w1th delays k=2, kw‘3 km—3 and kn-4, 'one"could-Ql»

choose.P?4 (or P;>3 and P >4) \k,=2oand k£=3.'Tnen,

Y
.l{ . 5
“,
.l’"t'r‘. . .
R Y .
L as 0 0 -0 0
al'  al- 20 al o .
no 11 e
a A %3 a;
LT LI | . ! PyoTpy -1
Als RN ) . ‘ . - : L o
. . Ap= . ¥ ‘ . -0 (13)
a0 . -0 -0 .
- “f .
' . 2 .
ai’. all —_— al O
. //I
21 2 . ' > s
a a . . a a
P ? P)"'l.a \ I'; Pp—]
K-f ) :

If a 'oné—step.‘prediction ‘horizon is specified, ile!
 P;M¥T’_then' an vappropriate time4delay"factorization
‘u'SCheme; (see Chapter,4) couidlbe used. ' A’.' | \
BT is~:oovious that a change in any of the
. tlme—delays Ky 4 would change A, and that the rev1sed
"'_'value of A, would have to be used in all subsequent
calculatlons. Note' that- to calcula&e Au(t) it ;is

assumed that all the t1me delays are knOwn at timé t

3. 3 1 4 Model formulatlon -for measured dlsturbances
‘ The effect of a measureddjlsturbance,_d, on thep
controlled varlable(s) y, can be represented us1ng the
same * non- functional, drscrete, " step ) response

relatlonshlp ‘that was descr1bed ear11er f-):;jl._vwcess

T

©
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o
»

‘ (9) and (10)) Future values offthe disturbanceS'are of>
.course not measurable ‘Therefore, td(t+1),le[1 P]} can
;e1ther be set equal to ‘the current value d(t) or-can be'

»,estlmated u51ng ‘one of’ the fi lters .or 51ngle ser1es

pred‘*fots dlscussed A the next sect1 -lon ‘the
feedback of - yt Once- ;the calculated erfect ., of the‘

-

ulsturbance(s) - on ‘xthev' process ,output(s)

_{Ym(ﬁfiﬁ;fe[I,Pl} is avallable 1t can - be sent to the
’“inputr.--of © the . predlctlve = controller v’v1 TR
'rié};{yd}é{§}#{xﬁ} . Thus, 'in effect feedforward control ‘

‘from measured dlsturbances can be handled dlrectly by ~ ﬁ
“ MOCCA. '_(It 'is also necessary to. add ﬂm to the" .

'.calculated"value of -y, in Figure’ 3't so that y . is not:d

1nfluenqed by the feedforward control actlon )

.
v

ol 3 3 2 MOCC% control calCulatlon for servo control

The MOCCA . model” formulat1on presented in the prev1ous

sectlon showed that future values of the output could be

calculated - from an equatlon (cf .equat1onsu(8)-and (JO))-oﬁ

e ' .4'” - ", .3)

TR I VXY R P AT

P
B - t B . ' o M Lo -
/o . . T ] e . . e

The :design ‘ijéctive fofx-ﬁhe'!éontrollerf in-. the-‘"forward A

{yd(t+1/t ) 1eE1 Pl}. Iff the- process has been at steady .,:
state for.at least the last N control 1ntervals then bhe>t
A

des1red control actlon can. be calCulated from equat1on (14)

path" shown in Flgure 3 1s to ensure that the process

3output ',‘ approxlmates ’ rthec' de51rtd - trajectory

.

[

T . : N e

, CoL o ‘ﬂ' O
e ., . . .,‘ . E ] .
R S _ SRR &



| {A_u-} :‘=-':A2‘.‘:{éj" N\

- )

The ftrajéctory fy. b cis simply repl

:trajectorv‘tydf and 51nce A, is square- and} “f@ﬁllfénk it
s possible  to calculate. , the  contfol  action
{A“(t*l"/t)rlﬁfajPJ}'exp11é¥tly= . e
eul= a7 gy T gy
s

) Hodever if the process hasgpot been at . steady state for at
z_least‘N 1ntervals then it is necessary to alPow for the

-effect that the Qas 1nputsg{u(t i) ft[1 N- 11} will have on"'

the future outputs {y(t+1),1e[1 P]} ';his s ‘ddne by

calculatlhg the error slgnal L ) 'hﬁ"ﬁ r1<{ 2
. ‘T : NS ) K K . ! . N ’ : . o | l o - : o .
fe} = {ygd -y} .~ Co(e)

?i'e the d1fference beumeen the de51red trajectory and . theﬂ

calculated changes that wlll occur in the fyture due ‘to past

’1nputs; If»we,con51der pnly the "forward path"'1n Flgure-‘”

“3.1, then {y} ej {Ym‘}u# Thus by u51ng equat1on (16) 'to

‘replace {yg}'inveQUationlCIS), the result is.

\‘\ .v_‘;_:' . : .' -“ ‘
SRR e s g

~

_ LA
As long as’ A 5 1s constant then

;. is calculated a priori

N

ﬂ'and the _on- 11ne f>control' ca culation - is -simply the

e

'multlpllcatLOh deflned by equation (17)1 1f the model is

'perfect and there are no dlsturbances then y(t) yd( )';?t}

k)

. 1.e, the result is perfect model folaow1ng or perfect servo‘

.control “For | P= 1 : thlS is’ equ1valent ftb_ a perfect

+

VR N . . . o . .o ) . N Tt
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:one—Steplahead "bfeaiétivé jv'cohtroller;l.'3Unfortunately,a.
'although the control calculat1on is 51mpl1f1ed the control
. performance‘ i i'often- unsat1sfactory =?or- example, “the
hchanges {Au} are often very large and - severe osc1llatlons,
.or rlngzng in the 1nput are frequently observed‘ | p
- To be ppactlcal for 1ndustr1al appllcatlons the control"
'5cheme shoul%z % , '
,) handle proces -model mismatchf
L"2) correct for pxocess dlsturbances- .
v'3) handle constralnts on the process var1ables,' .
berm1t de51gn' flex1b111ty, ,e.g. permlt dlfferent'.

relatlve we1ght1ng on’ yl,rui{

..

SN e

5) 'be robust .in rthe. presencel,of measurement 'éf:‘:’
| modell%ng errors;'& | | - |

' 6) -allow'lthe ?user‘;to conveniently"Specifv ‘the

' performance de51red : _??‘ EREE

Deslgn tlexlblllty can be 1ntroduced by notlng that the_<

length : of.“: the 3 calculated control | tra]ectory__‘“

{Au(t#i/t),it[1,M1} can be 'shorter than _the horlzon of:

g,prediction for the output, P. Thls means .of course. that when'_~

'calculatlng the control trajectory {Au} it is. not p0551b1e:

L%

to calculate A, ='analyt1cally as 1nd1cated in equat1on (15)

"H The solutlon lS calculated as 1nd1cated by equatlon (17)u““

-where Aq; is tepfaced bxrAg Whlch is .a- pseudo - 1nverse, e -g.
Qr

control system. Also it is typ1cal of MIMO systems thatf

control “of one output jsi more cr1t1ca1 than the other

A A A ) Az. Ch0051ng M<P wllm?glve«a(slower - more robustp'p"

’outputs- and/or that changes, ‘Au, in a. partlcular _1nput L

should be reduced dUe to economlc or. performance'costs. Thé
RS

_ regu;ied desxgn flex1b111ty can be achleved by I“QrOdUClng;ﬁ;;ﬁ



.WeiéhtfnglhOh. the 40utput ;of_ contéﬁl ra]ectofz E-é.fw*"f
rff{y (t+1/t) iel1, P]} welghted by Y?ﬁi 16[1 Pl. For/

'.'general case of M < P 1t 1s not po§51ble to,make y foliow Ya

oji:he' s

: exactly Thus it is. de51rable to introduce -a performance ¢

':1ndex, -J; Thé performance~ 1ndex can be chosen 51mply Qo

:deflne che‘ des1red control performance Howeves}, ~is d“

- recommended that the effect »of the ch01ce of J on -the"

where 3 m1n{1—1 M 1} and yy, 1e[1 P] and yu,’le[l M] are;{

J=%[ ",{,é}e{..AéA‘,u}n;_y?_; Teaui 1 R R o aw

?f'vequatlon (17) Wlth A2 replaced by Az;'where :

d1ff1cuity of calculat1ng Au be carefully evaluated
If ‘the, performance 1ndex 1s formulated to m1n1m1ze ‘the
‘dev1atlons 1n the (estlmated) output y from the de51red

values yd and to m1n1m1ze changes in. the control Varlables,

PR

I=5lZ vy fye (e D)oy (i /e D) E fau(eri-D Yy, 10 0, (18)

vl F—

» -

non- negat1ve welghtlng : factorshll However fv s1nce

the forward path is’ con51dered Awe can use equatlons (16)

and (8) to obtaln the more generaf vector matr1x form

. R
'S

e R I :ljl ‘:_ :
:where ";l*and"Fw dlagonal welghtlng matr1ces,_ e. g
”f drag(yy,le[l,p}) When . feedback 5'31 cons1dered
ff'f_.y(t+1/t 1)=y (t+1/t—1)+y(t+1/t) dlscussed later._}The

. .y(t+1/f*3) ym(t+1/t+3) and y(t+1/t 1) ym(t+1/t-1) when only

ult1ng control law that m1n1mlzes J has the same form as B

-




*

oA =T, e TR, 20y

DN i . : . S . ~°

{

':fW1th this performance 1ndeX',the oroblem'.1s,.a_pstandard

! ? B
;,‘WElghted least squares problem. Note that for most problems,

‘A;"ls t1me invariant and can be calculated off llne. MoCCA

tcan also be: reformulated u51ng a broad range ‘of l1near or]

gt

quadratlc performance 1nd1ces Sl J”/f~-»

'Remark lgf ', : “5]

The numerlcal propertles of ‘the matrlx 1nver51on stepj
'1n equat1ons (17) and (20) can ‘be 1mproved 51gn1f1cantly by
H'rapply1ng optlmal scallng dlscussed in Chapter 5. Essentlally‘

f'thls procedure 1nvolves 1nvertlg§ an optlmally scaled matrix

68

’ﬂrather than the orlglnal matrlk See Chapter 5 for- detalls"

7,=on how to compute an approprlate scal1ng matrlx,.
S B o S . -t

j‘, 3 3 2 1 MOCCA W1th constralnts _}3b‘ ' .z__ oL e
Sy 'I many pract1cal problems .it-‘is' neCeSSarya #5
fplace constralnts of the form z, S' (k? < 22 ‘where z is
;’ %ptput .v‘ ble y):y input varlable.f{j; state or
‘:;:>E.1ntermed1ate varlable, derlvatlve of one of the process

- derlvatlves. The result 1s a constralned opt1m1zatlon

>

’ 'lproblem of the form-

'mlnlmlze J "-('J” ;t.-b -
iﬂfsuch that z, SGZ(t) <Zz o l'_” . *f :
wheren |

_ is an. appropr1ate matrlx.
. t'b;dThe_feal ithm :‘used oip solve  the constralne
"f,optlmlzatlon problem depends en the form of J and. of

".the constra1nts It is. selected gﬁth due con51derat10n
..Io'

'fsg;tiirhltsff numerlcal propertles,v stabrllty, ; memory-

-

g

-‘varlables, or any l1near functlon of u, y and/or thelr"



' po

3.4 MOCCA Feedback path for regulatory control i

. The siggat y(t)=y(t) y,,,(t)

requirements; éi;pﬁiéhi'and on- 11ne computatlon .tine; °r\
tgplus 1ts rate of convergence and robustness..l - hﬁd’
~For most MOCCA .appllcatlons w1th ’ quadratlcv
| 'performance 1ndex (cf eduatlon (19)) 1t is posiﬁble to
:=use ‘a quadratlc programmlng algorlthm such that all. thepf
on- llne calculatlons have guaranteed convergence. With
»l‘some llnear formulatlons the calculatlons ‘are - exp11c1t
QP and exp11C1t -calculatlons are -much fgster thanfi
‘f1terat1ve calculat1ons or general optlmlzatlon schemes
" such as the one OUtllﬂEd by Rlchalet et al. (1978)
lExp11c1t calculatlons have the vadded advantage thatr
:their executlon time 1s relatlvely constant and hence
o the ‘user. can be relatlvely certaln that the control'"

' scan 1nterval w1ll not be v;olated

“

The open loop MOCCA control strategy descrlbed in the

' prev1ous <sect10n would obv1ously not g1ve satlsfactory

control in the presence of dlsturbances or model process

‘,m1smatch Therefore a feedback system is added as -shown 1nzf

Flgure 3. g Assumlng superp051t10n 1s valld ‘the effect of'

dlsturbances such as. d(t) og the’ output y(t)' an- be

o

represented by a 51ngle 51gnal v(t) as shown in- F1gure 3.

~equal jto, the sum . of nthev'

dlsturbance effects ‘v( e'ieffect“'of mode 1- process'

mlsmatcb, Plus other noAV ' es: (However, 1t 1s eas1erf

to understand the deslg'fﬁ

the 1dea1 case of perfect
i tl]’

such that y( )=(1 ) ). ‘;F &

.'-;z," o



3. 4 1 Feedback 1nterpretat1on of regulatory control
‘For feedback control the objectlve 1s gzven “an actual
'measurement of . the process,‘lto construct {an_'accurate |
: estlmate of the future output tra]ectory {y(t+1/t),1e[1 P]}fr
that can . be used to. calculate the error trajectory {e}

T%ere are several f11ter1ng ‘and estlmatlon technlques that

’ could be used ‘to generate {y} 'Perhaps the s’mplest is . topn”'u

:set' y(t+1/t)=y , 1e[1 P] However ' F1gure "3, 1 _shows a
"f1lter" plus a "predlctor" whlch based ohly‘on preﬁent andf'
past values of y y Yo will produce an estlmat@v of the;
future’ values {Y‘t+i/t),1e[1 P]} The des1red estlmate ofﬁ'
{§} is then_ produced by summlng T{y}__an , {ym}. dThe
fllter/predlctor is £§K5cussed more- fullY"l;ter-:inﬂ'thish'
‘section. Note that “far llnear systems "the. orderi»of the
H\-,ffilter-and the\predlctor:could.be interchanoed'in Figure.

3 4 2 Feedforward 1nterpretat10n of regulatory control

, _In conventlonal control- »systems_.that ;usei:only -thee’d

currentb.values of process. 51gnals, 1e g. aft), measuned"'ﬁ
’diSturbances,-'d,.ycan be compensated by. an approprlate.
feedforward controller.,If d 1s not measured then it is, only”

a sllght extens1on to- th1nfﬂbf feedforward control based on_'

an estlmate of the dlsturbance,‘d.'If an estlmate of’v( ) |

f were used in place of d( ) then the feedforward controller.‘

'>VUuld be a’ model inverse controller. Thus "feedback" schemes'

”iori control systems  similar ‘to Flgure ‘3,1v that 1nclude.'

‘_YlnverSe mﬂ@el predlctlve controllers can also be 1nterpretedlh
~as’’ compensat1ng for dlsturbances via. feedforward action

_ based on ‘an __estimated v()=y). Slnce MOCCA"iuses



MK

N 2
e .

e trajectorles rathQr than 51mply the current %alue ‘
.jd(e g y{t)) IS necessary to 1nclude a predxctor 1h the:

_.feedback path whlch w111 produce an estlmate of\ , e

S

{y(t+1/t),1e[1 Pl¥ based on present and past va}ges of gi'f'3n

-

;y( ). ThlS dlsturbance predlctov'ls dlscussed'below;

3 RS " “ -
vﬁ* s o " ..:' RV .
3 ,»-z = o IR

5b3 4 3 Formulatlon of the feedback predlctor
:AQ unlfled approach ’to dlsturbance mode&llng

4“fpred1ctlon- can' be developed (Astrom -1984) by ,u51ng a

""dlsturbance generator"Aof the form ‘&7_7ﬁ ;‘?e{- S
v(t)Ci‘L—)—d(t) Do e e )
. B ':‘& -/:,' H “ e s . .

o uhere g is the» backWards Shlft operator ‘ A and C are

:fpolynom1als Jdegree C < degree A, and C 1s assumed stable)

.'iand d(t) is an’ 1ndependent“.zero mean whlte n01se sequence

. ior:.a 'sequenca of 'well 1solated pulses. (A d;screte, ..‘f

p1ece w1se determ1nlst1c sxgnal can,.ea51ly be atrahsformed

5mls falrly generai) Dependlng on C and A ’v(t) may be a
fstep, ramp, 51nu501d or a more compllcated 51gnal Note that"

“this. representatlonﬂls unlque and s ‘a - co%vennent means GOf

* . 'k

, handllng both det\§m1nlstic and stochast1c d1sturbances. C

eand A can be determ:ned 1n a number of ways 1nclud1ng from

”open loop step response data as used for the MOCCA process

“ A

1nput/output modé€l, in:f" s lfv~57-

» .. B o

Predlctlon JS achleved by defzniqgsunque polynoqlals F p

and G such that \.»1T~xfr ¢g35.f?;gdfa;
v " g . : ’ B Lo e ‘_ ,1‘, ‘ a0
.. o '.,‘:d' . ‘_(:, .

i B

‘“blnto the requ1red pulse form so that the representatlon o£ d_,

A

. *..
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R SR T
949:¥—d<t+m> F(q Jatm) +Gi9——L—d(t> S ey
Alg ) _ _A(qi) ,v B

where T % e

CF(qT)= 1+fg Tl HEg
1

E G‘(q-])?go""giqﬂ"" -- . _f"g.nt’hq—m ‘r‘ : n:deg(A.);
| | ' : v‘v,fJ/fﬁ'f 3:' |
The . m-step ahead"prediction"of v 1s obtalned by sett1ng

) S d(t+m)= O and using equatlon (21) to substltut° for the left

CF

,hand side of equatlon (22) S “  "'g;_ . ,"‘~‘f K

o —

Seeem) SOy . L (23
- Aalg) S e T

or by:again'using‘equation’(ZJ),' . o - B

A

v;c<q )v(t+m/t) G(q ey T ey
' ) ' ‘ ”“”a'f S e
In MOCCA vi(-)is xeplaced by y(-) SO that model process ;

’mlsmatch and other ngn4ﬁdea11t1es can be 1ncluded Equatlonﬁ"

(%}) can be modafled accordlngly and re expressé&tas

’§¥t+m/t)=péac%“q”19(e) L (25) 4y

R

4 Q,where Z ca "= 1 and ensures that the steady state galn of the

feedback path }is unlty Hére the ‘coefficients {w,"} afe -
-deflned for an 'm~step-ahead p:edlctibnlfof §-x Thus ‘fof
me[],R]’we»wouldthave P sets of suchvcoefficients._Note'that _'

w o



L

'the predlctor for both determ1n15t1c and stochastlc systems:fv

is an r' —order polynomlal Also note that ‘the dlstuzbance

'_'d(t) is not predlcted d1rectly and that equatlon (25) is a
"Single serles forecaster". rather than “an 1nput/OUtput
model .The coeff1c1ents {w.} can be obtalned from - the
"open loop response data or estlmated on-line. D. Man (1984)
- has  ‘shown - that- a 51ngle 4 serles . forecaster"” v can
51gn1f1cantly 1mprove the performance of pred1ct1ve control
systems such as MOCCA ’

3.4.4 Feedback fxlter formulatlon

HIn"most MOCCA appllcatlons 'the. filter 'iS' 51mp1y.

'selected as un1ty or a low pass fllter to reduce no1se ‘and

41a11asaﬁg. However bt can be des1gned to enhance closed loop -

-;stability’(cf Garc1a and Morarl 1982) or to 1nfluence ‘how

strongly and qu1ck1y the controller reacts ‘to dlsturbancesr

vd*v»y The user also has the optlon of mov1ng the feedback

h'fllter1ng 1nto the superv1sory.system" as described beloy.

'>3 5 Mocca Superv1sory system

In the most general case the superv1sory" calculatxons

}

_can be based on 1nput from the process operators or from-g}
'hlgher level control programs plus feedback of. 1nformat10n'" -

[}

such 'as yj y,, y etc. Calculatlons can range fromwpomplex;j

'optlmlzatlon f or - constralnt ‘ 1dent1f1catlon " to 51mple,;

ks

:fllterlng of the setp01nt ysp Typlcal appllcatlons are to.

calculate the t1me—vary1ng galns and/or constralnts used by
"the MOCCA controller or to 1mprove the performance of

non mlnlmum phase processes..

.-
o
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"One-option whlch resembles the. approach used in MAC is to-"

filter step 1nputs 1n setp01nts (which could be generated by
a 'steady ,'state opt1mlzatlon : program) : such thatj‘
'{ya(t+1/t),1e[1,.,} exh1b1ts the de51red dynamics and y,(t)
.always equals bthe current measured output, y(t).‘ For

,example, assum1ng first order dynamlcs.’!

Yole+) =By, (t+i-1) + (1-Bly, (), i>1 (26)

LT et

- The cho1ce of Be[O ]' 1nfluences the proceSS- response to

both setp01nt or load changes and’ 1nfluences the clbsed loop.a

e ;stab111ty -and robustness.

3.6 MOCCA, DMC and MAC: Literaturé;shtvéy -
. MOCCA ' may 7beb‘considered as a formallzat1on and
exten51on of the "Dynamlc Matrlx Controller (DMC)™ developed‘
by Shell 0il in the USA; Many of the de51gn concepts are’
. also ' similar. to those’ fused . -thé‘ "Model Pred1ct1ve_
Heurlstlc Controla\MPHC)"‘or the "Model Algorlthmlc Control'
_(MAC) . For 'example, all "of ‘these schemes used’ pred1ct1ve'
controllers based on non- parametrlc step or 1mpulse response
representatlons of the process 1nput/output behav1our and
use ‘'some - type of optlmlzat1on algorlthm to calculate controlf
'actlon such that’ {yl- {Yw} However - there are also‘
1mportant dlfferences. Some of the. s1m1lar1t1es, dlfferentes'
and their ‘1mp11catlons for ,1ndustr1al appllcat1ons are

- diScussed below.



]
"rev1sed verslon of DMC- based on t

b=l

Mot1vated by Bros1low s (1979) ‘1nterpretatlon Cofw

"Inferential Control" Garc1a and - Morar1 (1982)-developed'

thelr'"Internal Model Control (IMC)" structure wh1ch showed

the relatlonshlp between, and generallzed the concepts of a

‘wide range of control systems 1nclud1ng, "Sm1th predlctorsl

and "determlnlstlc; model based predlctlve control schemes"

such as DMC. ThlS paper is excellent for the perspectlve 1t o

o1s

offers but does not -deal w1th the practlcal detalls of'l”'

algor1thms such as: DMC

3 6.1 Dynamlc Matrlx Control (DMC)

<',

" DMC has been - used for over a decade by SHEll 011 USA,V.
but it was f1rst presented in 1979 by Cu;ler and Ramaker "1t
'vwas this paper \that motlvated the MOCCA project at the.

Un1vers1ty oj
catalytic c

a‘re :

The DMC 1ncluded some process constralnts and

’the 1mplementat10n .was - more ad hoc ~than

formal. Cﬁgler (1982) showed that DMC could be apglied to

‘q-

1mbalanced heat or materlal balance systems"‘“e;i; topan
/open loop unstable liquid ‘level control process (

1ntegrator) DMC " was also shown to/compare very favorablyf

with convent10nal PID and. other controllers. In a very short

conference - paper - Garcia and Migjhedl. (1984) dxscuss a

more formal qmadratlc programm1ng=approach 'Unfortunately,
very few detalls are g1ven S ﬁ%’
-‘S& . ' g ..,‘y'
SR o . A

‘a,

",;rta.:Prett and Glllette (1979) descrlbe a’
”appl1catlon in whlch the setp01nts for DMC'

{;steady state (llnear programmlng),

'Le; an.

pr1nc1p1es of IMC and a.
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‘he + theoretical-

'formulation and solutlon @lgorlthm ratn.

3.6.2 Model Algor1thm1c Control (MAC) - ot

The f1rst paper presented by. Rlchalet ot al fin'1977'
and publlshed in- ‘1978 ‘ descr1bed j‘several successful

'1ndustr1al appllcatlons of MAC. Later papers by Mehra et al

'fﬁ*:-i';“lisjr'

sad

(1979, 1980a .-and 1980b) and Reid et al. -(1982) focused

mainly -on ° theoreticatl . considerations ~$he' 'various

vpublzcat1ons used several different names to refer to thlS‘
.class of algorlthms e.g. Model 'Predlctlve‘ Heurlstlc

Control. MAC is based on three main pr1nc1ples.

1) the process is modelled by its d1screte impulse

response and outputs are ci&culated by di screte
convolutmn, Co ' X

) the desired. closed loop behav1our is spec1f1ed\by a

trajectory, for setp01nt changes the trajectory 1s_

normally. generated by the 1nput ‘of a step cha“ge,'.

into a user speclrled model

"3) ‘the control algorlthm ranges‘;'-v:‘: 3
| problem Ltormulation;_ from 51mple least squares
estimates tora heuristic,'three—level iterative,
.constrained:loptimization.rscheme? detalls of the
formu1ation>fiand -solution algorlthm | are ' not

gublishedr"

" redults, gre dlfflcult to summarize

onCisely. Usually _they ‘apply to. a'fspec1f1cb'problem

generallzed MAC system Mehra et al. .{1979) show that.the

robustness and stablllty of MAC Is due to: the redundancy'
\ :

hﬂ% m1n1ma1 representatlon) of the prbcess regresentatlon,

the closed loop updatlng of the reference trajectory,,and

/ the characterlstlcsl of fhp F1lfpr 'ncoﬂ" tA Aemoratra Fha

~than to 'the’

;dependlng on . the . .



77

- -
..

‘lbreference trajectory" iS“also'shOWn'that'it is possible

o Mehra and 'Rouhani (1980) COnsider' the theoret1cal 'ana,-’

J‘

to use MAC to obtaln a state dead- beat - controller to

achleve arbltrary pole placement/elgen structure a551gnmentv

practlcal problems that arlse w1th non=m1n1mum phase. (NMP)

‘systems.'Ba51cally, the process - zeros that lle out51de &heh

. un1t .circle cause instablllty durlng the 1nverse' model

vcalculatlons" dqne by the control algorlthm. They suggest

overcomlng thls problem by mod1fy1ng the - 1mpulse response;

pole placement ‘u51ng constant 1nputs over the NMP oortlon

—

of the response- output. welght1ng, etc.,

v -

-1

3.6.3 Other approaches ’

There is. . a grOW1ng number \of people‘[}prklng .on

' as DMC, MAC, and MOCCA. Ogunnalke (1983) pointed. out the

‘fresemblance of- DMC features to some statlst1cal concepts

such as - Baye51an sequentlal declslons, Levenberngar%Pardt

'developlng or applylng algorlthms of the same general- typev'

fyaz,f .

-non=- llnear regression, etc. Marchettl et al. (1983)°

.developed their:‘own algorlthm . compared 1t ‘with other

controllers and obtained both s1mulat10n and exuerlmental
'results for a stlrred tank heater.'~>m5.
e
Re

3.6.4 Industrial applications ‘ S

e N

« b

FJDMC vwas developed by Shell USA,‘ and has been

successfully applled tp a number of* pgocess -applications

in¢luding distlllatlon | columns, ‘catalytlc ',reactors

l
‘turn@ces Q@tc. The most 51gn1f1cant 1nd1cator of the merits

ok . ; :
i@ DMC 1§‘hth"' “dedade “of experlence Shell‘ is

&
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»beeﬁ_con

cont1nu1ng to develop and appiy DMC 1n new .and ex1st1ng
1nstallatlons.‘R1chalet et al (1978) report that MAC has;‘ _

."}lY and SUCCessfully afplled to a dozen large

”sc'alé'f;_in 38 processes for more than' year 5 tlmei‘

Thelr pa.

A

poly v1nyl chlor1de (PVC) plant a d15t1llatzon column and -

‘ the steam generatqon port1on of a 250 MW power plant

~
o

- Lo i . : PR S

3. 7 MOCCA Evaporator appllcat1on pd”

The pllot plant evaporator at the Unlver51ty of Albefta

has been the. object of a number of modell1ng, 1dent1f1cat1on

.and control studles over ‘the ‘past 20 years. It therefore

"f~'providesi_a' convenlent means“ofVVevaluatlng MOCCA paha

comparlng ;t w1th other Controllers The evaporator (whﬁch

7; 1s shown schematlcally in: Flgure 3. 3) has been descrlbed 1&

8

;: descrlbes‘ appllcatlons 'to~i;af complete_'f*

a number of prev1ous publ1cat10ns, e. g Flsher and Seborg,-*’

1976 The objectlve 15 to. keep the outlet concentratlon, C2

| ,equal to 1ts de51red. value desplte dlsturbances such as o

S ‘changes 1n feed flow rate It is also necessary to control

———

Yo linearized. flfth—ofder’vlinear‘ state- space ‘model . Can, be

.« derived 'from basic'~materia1 ~and'-energy balances and

oF constraln ‘the’ 111u1d levels in the ﬂwo effects so that
they stay’withln operatlng limits. The levels W1, and W2 are’
usually tontrolled by manlpulatlng the outlet flows B1. and

BZ frOm egch effect The concentratlon can be controlled by

]manlpulatlng the steam .leWr S; to ‘the f1rst effect' .A;

e

represents the output behaV1our reasonably well A sxmpler

thlrd-order model. was used to generate the step response -
'isequences requ1red by MOCCA However, din the s1mulat10n

stud1es the flfth order model was used to represent the:

£ ; v,

N
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'-‘-actual process._ Thus there was sagn1f1cant model process
'.‘;'m{smatch in all of the evaporator runs@escrlbed below. T)ce
5.evapomator ! models L contaln";two'. open- %LApv" unstable

s(1ntegrator) modes corréspondlng to the two evels. These

‘were’ stablllzed By low galn, proport1on3l\feedback control

'before MOCCA was appl1ed - All runs - wer done- using a, 20%

' 'fchange 1n the feed flow rate,_F; to the flrst effect

" ~ Lo [
a . ' .

3.7. 1 MOCCA parametershvipf’ f_f"v', e

v

For MOCCA appllcatlons‘lt 1s dbcessary to spec1fy the-

A

?,follow1ng de51gn parameters; the control 1nterva1 -At; the~5
'”'length of the -open= loop step response sequence -fﬁff thé?”
hor1zoﬁiof predlctlon for the output P;-the number, M, of
fcontroli -values {Au(t+1) 1e[1 M1} calculated Cat each
‘flinterval the output we1ght1ng, F}f the control welghting,
‘ Fu;': the : feedback f11ter paramete‘s) Aka-. and 1f ‘they are .
-used, the parameters “for i feedback pred1ct1on, {w "},
-constralnts, and the superv1sory system,_e g. B. Itﬁshould
~ be' noted .that when. MOCCA 1s, used ~a” process mod (s pl
response data) is necessary and hence is ava11:i22\7i25
",process 51mulat10n and parameter evaluatlon. R o ;‘ .

vl-“‘," &'\,/.‘“"

- The - control 1nterval 1s chosen using the usual gu1de11nes f
hfor dlscretl21ng contlnuous systems (However, At should not
',bgktoo small since ‘this. would requ’re a large value of N and

could :resultb inf‘smallf“values_ of ‘the step qmgsponse-.
| coeff1c1entS< {a;} :”vhich i could . lead fo,p'numqéical.
diff1cult1es l For these runs At was set to 64 seconds wh1ch
is the value used ‘in ‘most “of -the. prev1ous evaporator

i

JStudies. N= 40 gave a reasonable truncatlon error (cf, Fig.

R o
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3'2) The rest of the parameters?were set equal to typicalftf
Lo : 2\ R
. ’"default" values and then tuned JJi-asserbes of 51mulat1on .
“”'runs. Typlcai default values are P 10 M 5 vF_-I F =0, a 0
3.no constralnts fllter, predlctlon or- superv1sory actlon ';‘-;;w
. . - B . - R .“-“..’ ..‘ .. .
v3.7.2 Evaporator run #1 . L
B . . : b _
The p?%dlctlon hor1zons,_ P 5 and M—3 were chosen bo

phow that 'long predlctlonz horlzons fare_ not’ requ1red‘

F d1ag(0 I, 0»_»,; 101) to we1ght the concentratlon\ 1OOV
B t1mes more than 'the levels, F d1ag(0 751 0. 251 0. 751)tff
because steam was a dlrect expense and B, was ‘more cr1t1calt
.23}\ than B]V from f an —operatlng p01nt, of. view, »‘e.g.»-large;
| fluctuatlons iﬁ the product flow . are _unde51rab1etr Thesep
welghts follow dfrectly from operatlng experlence and the”i
control : objectlves: ; (The - relat1ve weightlng ingV more .
'1mportant than the actual numer1cal values*)’vtfv'ﬂtiyei'fh.
-The setp01nt change in Figure 3 4a shows a good C2 setp01nt:ih
response w1th 51gn1f1cant dev1at10ns ip the le;lls.’ (Alix
f varlables are,normal1zed perturbatlon var1ables '
z={2- ZSs /Z55 so they start at'zero ) The. control actlon“ini;'
F1gure 3. 4b shows relatlvely 1arge dev1d&10ns. In fact BZ»*?
- goes’ below - 0 whlch 1nd1cates a negatlve flow. From a

L s

physfgal p01nt of v1ew it can be seen that a step change 1nd
-setp01nt, c2, reshlts in: an 1ncrease in. steam flow,.S, to
'ebaporate;_more water;aaa reductlon: in . (and hence can
‘:7vincrease~iniw1) to reduce-“dilutﬁon"geffect on C2‘ and a

' reduction‘ int BZ Vto ‘reduce the productlon' of offgrade "
.uprOductv~(W2 decreases because the effect of g;,and S is

stronger than the effect of reduc1ngk BZ) "~ Note thatv the
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oscyllatlons 1n C2 are- probably due to 1nteractcbns from B1t»fa

f than too hlgh a ga1n (welght) on C2 A. s1m1lar#

"'1nterpretat10n could be glven for" each ryn but w111 be o

omltted 51nce the ma1n 1ntenest 1n thas paper 1s ‘on control.c

‘performance, The magnltude of the overshoot and osc1llat1ong'

1n C2 heypressed 1n phy51cal terms -1is approxlmately 0 1%

.‘I

glycol compared ‘to a- steady state value of 10. 0

The responses of the output varlables t a- 20% change in -
L .

feedrate F aré plotted in Flgure 3. Sa. The overshoot -in the

control var1ables (Flgure 3 Sb) is smaller than»vfor :the"3

.
LT

setp01nt . change _:an_» does_'.notA v1olate .‘any '\phySical

constralnts. o T R O

ihEVaporator run #2 A 1 ')?. SR v‘;;.;ftt%J

vh : v

3p”{To generate better level control the werghtlng on w1l

: and W2 was 1ncreased from 0. 1 to 1.0. A comparlson of. Flgure

3. 4c w1th 3 4a shows that the de51red objectlve was obtalned';:;

.,1at the cost of sllghtly 1ncreased osc1llat10n in c2. Flgure\;jt

3 4a ¥ shows tha‘t the g max1mum value of -stea‘mv fl_,ow, : was" .

— -

approx1mately 0. 75 as compared to 0 5 in'Figure 334b':i.e.
tlghter control spec;flcatlons cause stronger actlon.

e . . . v L.
: B { . . ST

Iy %

- For the 20% load change in F F1gure 3. 5c shows that the

level dev1at10ns are 51gn1f1cantly smaller than run’ #1 but |
the dev1atlon in CZ is sllghtly larger; Thms was expected'a
because of the hzgher we1ght1ng on the levels relatlve to C2
and to. the control actlon. The control/actlon 1n Flguge 3.5d

1s also stronger than-in 3 5b. o L,
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3 7 4 EVaporator run #3 S N g- .»h;ﬂ«-' fﬁ- Co
. , -

‘and\Acontrol _constralnts-i magnltude .oﬁ W1<0 15 - W250, 15,

-_650.75, 1<0 5 and Bz<0 5 To compensate fq; the expect!ﬁv':

‘,Ql,decrease 1n control qual1ty on the output varlabres the

8 .relatlve we1ght1ng of ‘the output fversus‘ﬂthe‘ controio
: hvarlables was 1ncreaseé by a factor of'10 i e.'i'=(1’ TQ)?;h
; Thef resultlng c2 response showp '1n Flgure 3.4é 'weryg*i
.v51m11ar to run #; but the dev1at10ns 1n the led’i .are
r;£'£<ilarger (w2 actually h1ts the constralnt at —0 15). .Thehf"
s e

:quali three manlpulated varlables ‘hit. thelr constralnts -and

SQons

o, a 2&% change in: F‘(F1gure 3. 5e) shows better
g& than in Flgure 3:5c because nelther B1 nor S

\ \,control of

fthelr constralnts'SFlgure 3, Sf),vand the welght1ng

h'the.output varlables is hlgher than run #2. aThe 1n1t1al

o

T \if?that fllter _w1th B O 8 was put _in  the
N “\swem (cf. equat1on (26)) ' This has the effect

”;:zyw\or v would reach e ‘as an exponentlal The c2 response in

‘§;-hFagure 3x49‘ oilows7

‘ bhe flltered setp01nt almost exactly and
s ,vf,j,.,;,the\ \levre/& eon 1
\ ‘ . ‘_c U
R ',runs. S nce .t

1
in the’ prev1ous

s more slugglsh than

ThlS run lilustrates the’efgect of t followlng outputﬂ

ﬂ:hence i\ﬁerI of the output var1ables was not tlght The'

grun all the parameters are the - ‘same as in run

<

#demand for change,:&.e; a ‘step change in'

oo

! N _
reason for thls is clear from Flgure 3 4f wh1ch shows that«h-
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MOCCA has 'a ndmber of featurés t'h‘at e’re' 1mportant in'v

.

it dustrlal appllcations as showrt by Table 3.

‘_2) The dlSC ete, non patipetrlc, step reSponse data are a:

3.

Lo convenlent asy .to obta:in process representatlon. -

ég':-The. ccntr l objectlves such s‘as 6551red ' output

trajectOfles, constra' th, etc. aré spec1f1ed dﬂrectlyf”
_ih the, -tlme domain and hence, follow ‘directly yfroﬁ

operatlng goals and exper ence. :;;

4) Efficient algorlthms .are ‘ava1lable ’te:"solye ,tﬁef'l

1.l’éonstfained 'opt1mlzat10n problem :and'.generate1 ‘the.

required control’ action. .=

5) MOCCA grves excellent results when apglled to‘practlcal‘

problems. e f" SN )

A - .
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'.usuaTIy cannot be eas1lv removed or 1gnored

;compensate for the1r effect on controllers.

~ .

T R S g e

tontrol of dlscrete MIMO systems w1th t1me-de1ays us1ng T

A “Q, ) s - the 1nteractor matrlx

.A, ) "_ (\ ) . . R ‘ ' A.' “ :‘ . ' .;’ iy
4.1 Introductxon : _.f'-' : - T ’?

Tlme de

ys are very common .in' process systems"ar‘

there are nu' rTous. examples in~ the llterature and textbooks

, 1llustrat1ng ‘]he d1ff1cult1es they cause, part1cularly

3the des1gn of- controllers.~'Thé' t1me delays are often

S

1nherent‘1n the process, the measurement transducers, ﬁhgﬂ
- ,

‘Aflnal control element and/or the dlscrete controlleé*and

~

o0

In SISO 'ﬁ?stems where »the tlme delay is',easilyf;

“"factored out"- 1ts effect is- easy to understand and its'

|
effect can be readlly dlstlngurshed from the.dynamlc effects

3and galn.effects. De51gn technlques, e, g frequency domaln,

.,can\}easily- aCCommodate' time—delays' and/,sev\nal- spec1aI

vcontrollers, such as thé Sm1th predlctor (Sm1th (1957)) andv
_Dah]*n 'algor1thm (Dahlln (1967)) have been developed ‘to

t\fr .

In MIMO systems Wi t1me delays ‘the des1gn of delay

) compensatlng contro@ sys ems is more dlfflqult For. example,

1f a-step response j

. A
1nputs of a MIMO sysfem then in general “each output woula

ethb1t a delay but it 1s not obv1ous,hQ\Jto predlct or:
"factor.out"‘the numeric v;lue of the delays. The 1nteractor

R R o . [ . . . ;'_'
factorlzatlon presented~ 1 this chapter provides a

'systematlc des:gn me thod for calculatlng the mlnlmum delay

~J

zthat must be factored out for- each output.
Many 'of "the cla551cal SISO de51gn techniques. for

'\t1me delay systems have been g\tended to the MIMO‘casel}For

e ,"/

89

e

1ntroduced into one or alL.of theug“



Cla

fexample,_Og'unnaik’e\"‘and Ray (19/9) generallzed the Smlth

‘.\predlctor approach so that all the ‘time- dela@s could be

vremoved from characterlstlc. equatlon (cf. contmuous time’

Al

-J a

case) The1r examples showed that thlS approachjgave better

-closed- loop ’ performance . than 51m11ar ﬁdeack. control

"schemes w1thout t1me~delay compensatlon. H)owever,‘removmg

o g ST Co.gp
- . . . [ o s o R d
EPPEN L . . B Ve e e

1

'all the time- dela‘ys is ‘not always the best ap{:roacr? _THe w ..

‘ j__}1nteractor factorlzatn,on .gsed in th1s chapter re&lts qn Y
: Y.

’. *

-better performance for the same examp’lens used by Ogu,x;n a1ke s
\ ’

,and Ray and can also be tshown to be "optmal" f@; a

e R
,51gn1f1cant c]:ass of problems ) ) o

'that 1mproves the Ogunna1ke and Ray (OR) compensator Rather-

r i
. .

v In a recent paper by Jerome and’“&ay (3986 a ‘,neiw"'

_generallzed multi- delay compensator &GMDC) was presented

Tthan trying to remOVe all the('%elays from the closed loop

"characterlstlc equat1on as 1s done". 1n the OR compensator-

g /

| __Jerome f andz . Ray' - (1986) 'try‘ " to_~;. extend ' dlfferent

'1nterpretat10ns of the SISO Sm1th predlctor separately to,

~“the MIMO case. A delay free characte};lstlc equatwn 1s one

"-’consequence of the SISO Smlth predlctor wh1ch unproves the»'

o

closed- loop stab111ty and wh1ch makes the cpntrc?her de51gn _

‘easier (espec1ally for contlnuous t1me systems5 However

theee are other 1nte'ispretat1ons that can ‘be extended to the

: MIMO ‘case, such as:_ the SISO Smlth predlctor prov1des‘ ap:

~of ‘t_he. MIMO transfer - functlon \a{t}rx,‘ much’ like - in the.,

1mmed1ate pred1ct1on:of the effect of ° the control act1on on
* (

‘;\he process output to -the controller- and '1t factors the_,ﬂf

process model 1nto a delay term%and a delay fr‘ee =dynam»1c

R ’..

transfer funct1on. 'I‘hese extensmns lead to a’ factorlzatlon'“"‘f’

c e,

interactor ~factorization con51dqred here. ‘However, the



; Tl

l Ve o . . -

“"delay structure" deflned by them 1s not general in scope'

————

hnd‘ls based on’ the usa of a. pr —compensator and)heurlstlc'

‘Targuments The advantages of the 1nteractor factorlzatlon

.are that -1t 1s formal and that 1t .applles 1n many other’d

"'Sltuatlons .\ot Just feedback control “wath " time- delaxn‘

"compenSatlon ?or example, the 1nteractor factorlzatlon is

-also shown to a551st with the 1nterpretat10n - ‘and . prov1de a’

imore SYstematlc de51gn methOd for apply1ng technlques SUChz:f

? :
as feedforward and one step ahead pred1ct1vé control methods

n'also be »oompared to the T,T.- factorlzatlon propos;d by

.(IMC) but is. again more general.

"to MIMO t1me delay systems. The 1nteractor factorlzatlon can‘

Note that the' timecdelay compensators suggegted‘ﬂbYP

@gunnalke and Ray (1979) and>Jerome ‘and Ray (1986) can be

applled to contlnuous as well ‘as dlscrete t1me systems. The'

‘v'unteractor factorlzatlon is deflned only for dlscrete t1me
systems and hence this method does not apply to contlnuous

tlme systemsp>-However most t1me delay compensators are

1mplemented in' dlscrete Jtime u51ng dlgltal computer

- eventually and thggefore 1t is not ag, drawback Ln con51der1ng

¥

‘ only the dlscrete tlme case

The theory and propert1es of interactor. factorizatiOn

were presented by Wolov1ch and Falb (1976) ‘and Wolovich ancv

S

g
”Garcia'and‘Morari (1983):in,the1g<lnternal Model Control =~

'Elllott ,(19833 who showed vthat - a .rat1onal causal and”’ .
“full—rank sysbem'-tranSferp function vmatrlx T(q ) .the -
backward Shlft operator q”) can always fbe factored such

LT that T(q =t.(q )RT(q ) where £.(q" ) «called the “inverse

1nteractor ﬁmatrlxh"ofa T(q" ), contalns the' ba51c d?lay

: structure;yof ,T(qﬂ);y This; chapter ”does,_not' extend heg,c
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'".system transfer_ function or the system

. \ 3 :.H;,' ‘ P DU : - R - : R
_ap . ‘ T :..h:;HT\‘ L ﬁf -‘i‘>“ ' f‘A.Ai. }92

'\théoretlcal results of Wo]ov1d& and Falb (1976) and WOlov1ch

S

’compensatzng control systems.-‘ L "}Aﬁ'f'

"~ and Elllott (1983) but ‘rather “Shows h%w and why 1t can be;’

used :in Ath .analy51s .and de51gn @‘f MIMO time- deTay\V»

4, 2 Propertles of tzme-delay systems' _ 'fif ‘

The dynamlcal behavlour of dlscrete t1me systems is

!

expressed in terms of dlfference equa‘lons,~somet1mes us1ng_

250

_forward sh1ft notatlon or somet1me7\\gs1ng backward Shlft'tg_

notatlon. Alternatlvely, fqr conc1seness of representatlon;

: \the' dynamlcal behav1our’-;s' often expressed as rat;onal

: transfer' fUﬂCthﬂS'i( the "$1S0 case) or @as~ ratfonal'

"transfer funct dn. matrlces (1n the MIMO case) egther in thei'

L forward Shlft operator ~q,‘or the backward Shlft %perator,v ; -

-1

q u-' These dlfferent o representatlons ~fare : often

A1nterchangeable and equ1va1ent valthough 1nvolve same svbtley

.consequences (see Wolov1ch and Elllott (1983) for a»deta;led

H
\

exposltlon) B - A

Causallty 'is jan 3 1mportant property in ‘ﬁpstem

 desc rrvtlon ‘and its 1nterpretatlon is sllghtly,dlfferent in

each representatlon _ Control systems are irequ1red to be
\

_causal for reallzab111ty reasons and hence rtets 1nstruct1ve_»‘

to deflne thlS term rlgorously before proceedlng) 1n forward

Shlft operator notatlon va system is said to be_causal.lf'

f‘and ~on1y' if - the system transfe? funct1on . or :the- system g

transfer functlon matr1x 1s proper (1 e.vflntte at q=w)

LF\x

backward Shlft operator notat1on,“wh1ch 15 used in the rest

o of thls chapter a system 1s~'causal if and. only 1f the

)

transfer function
matrix is:finite'ateqﬂ=oy(or at g==).

. N . E : . E -
- R ' . . v ‘ . P : )

. .\: )
SN



SISO systems are\d1scussed f1rst because they prov1de a
4

:21f .ba51s for 1llustrat1ng and genera1121ng the concht for ﬁTMOLe‘
| systems._h‘L» - & ' Y ' ' '

h 4. 2.1 Slsoasystems L -
1/5 - In SISO Systems the concept of delay is s&ralghtforward.‘
e ,and easy to mnderstand The delay can’ be eaS\ly separatedfm
from dynamlc effects.: Con51der a' dlscrete SISO system

}represented by a transfrr functlon model ‘as glven below.

y(t) = a % (q " ult) |
o = “dB(g 1) t t . ) E . .‘. B
~ o g q A‘("q:l> _“(—"z__ . ‘ , .
e e | ‘
SR _ md il _ . R B ! 1

. ]
!

'.where O(QJW:'is a rational*transfer fulft‘On'or'an element

of -4 rational transfer functlon matrlx T(q ); Here d= k+1

\~-__ REEN

- yrepresents the system delay 1n number of sampllng 1ntervals,¥_

where k- 1s the pure time- delay of the phyS1cal system and_i
‘the extra unit. delay 1s due to d1screte sampllng and zero

forder hold From thlS relatlon one can observe the follow1ngr‘

facts , .

lim 6(q ) = pim B b, %0
e~ ' g-= A(g ) ' L ' '
In. other words b, can be interpreted as the high

[ 2

frequency galn of the system°

2 y®) = 6(1) ule), where o(1)- MRLLILC L
steady state gain; ‘ ;o N

3) 6(q"') is-bicausal (i;e. it haS'nelther;poles,nor zZeros

~ . ) : R .
M
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N oL 7
at infy n1ty, whlch means 1t can be 1nverted wlthout any'~
predlctlve termer/ o

4) the system has d‘;eros at g==

}Thus the delays in a- dxscrete SISO system are characteglzed'
V:by zeros at 1nf1n1ty When the delgﬁ is removed the system
~model, G(qh), becomes causally invertible 'i,e; Gq(q”) is
iflnlte,atzg;m) Perfect setp01nt t{}ck1ng can therefore be

: ,obtained 1n’an open- loop or feedforward conf1gurat1on u51ng.

the 1nverse of G(q ). as the controller as’ shown 1n Flgure

4. 1(a) The outpyt follows the setp01nt exactly but : wlth a .

.delay of d sampl ng 1ntervals.r

4.2.2 MIMO systems,' o
U51ng the SISO <ilscu5510n &s a. ba51s it‘tis' easy to

understand or generallze +the concept of delay to MIMO

;systemsL However : in' the MIMO ‘tase, the delay is

characterlzed by a polynomlal matrlx. Suppose that a. system"

"w1th»l,1nputs‘and_p outputs is represented by-a-transfer

© function matrix which,has_the-form:“\\;éj'

-q“’.d’,;al.l(q-:‘) o'-'o‘ q-d‘lell(q-‘ﬂ-

'—_;v _ 7. R Lg-dé‘ep1(qfr)' e q‘deQpl(q"). :

-

.

dNote that d;; = k; j+1 where=kU isAdhe to the pure time-delay

'between pth -output and" i*"~input. T(q ) is assumed to be

causal and full rank (or“when T(q") 1s square,.k.e. 1l=p,

,T(q__)f eXIStS although it may not be causal)} -implying
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itragé%kbrles.'

the (1 jfm palr ha& a delay of d»

-111ty . This means that all- the systemi"

‘]de' to track thelr"respectlve .reference

o

';\"

One can eas;ly see from the above SISO dlscu551on that

130

fthat Bu(q "y :causally 1nvert1b1e -However it eLS— not

: 1mmed1ately obv1ous how to factor th1s MIMO relatlon into a

forward sh1ftwo

~ left-triargu)ar

_';Eiz'rkq) T(Q) = K

' "delay structure" multlplled by a dynamlc relatlon as jn‘the'

.'S1S0 case. .

~

R T

' WOlov1ch and Falb (1976) showed that for every pxl;

proper rat1onal transfer 'fUnctiqn 'matrix ’ T‘(q)' in. the

rator g, there exlsts ‘a un1que pxp} lower .

‘,polYnomlal matrlx{ E' (q)hf~called»'the.f

interactor

v

atrig'of~T'(d)'such:tbat det{gfr(q)3=d¢jand

.
e

which”feva finite}'fu11+rank'K¥min{l,p}) real matrix. Here'

a is"the number of Tinfinite zeros Jdno the multlvarlable_

‘Associated with every T(q

- the form

system. Lt &

"As in Wolovich' and E111 tt L1983 a similar-observation -

can be madeAEegard1ng a caus l full rank .ratlonal transfer

’functlon matrlx,-T(q ) in the backward shlft operator q .

T(q") = £,(q7) Ry(q™) )

where - o

sampllng 1ntervals and o

there EXIStS a factorlzatlon of



4 .

1) %g(q ) 1s a3 pxp,, polynomlal matrzx that ex1sts is unique
g *,and 1s non 51ngular and which 1s called the 1nverse"

1ﬁteractor matr1x of T(q ) (to d15t1ngu1sh the fact :

’

that 1t is assoc1ated w1th q notatlonvasvopposed : q‘

™

notatlon) IR .

u )lth £, (q ) _T(d_1)~#-lim; Ry(q ) KT 1s ‘a f1n1te, full rank

’ constant matrix’ (R tepresents the hlgh frequency galn
m?frlx of the systqﬂ) L |

l&) det{ )}—q ,‘where d is the number of 1nf1n1te ze"os

in the system

| 4)»£5(q'5" E'W(q) and ET(Q”)'1'is a. stable operator;

- 5) Ry k; ). is b1causa1 which . means that it has only finite

'poles and zeros and wh;ch as 1n_the'SlSO.case heans'
'that R (g ") 1sfcausally 1nvert1b1é (when thelnumber of
‘._Vlnputs is equal to the number "of outputs or R (q )
‘square) ' ‘ '_ ‘ u ‘, _
- The: 1nverse’ 1nteractor E (@), can be deflned and
determlned dlrectly from T(q ) and Wolodfch and Falb (1976)
-prov1de a method for performlng the factor1zat10n for any
‘arbltrary_ rat10na1 transafer function matr1x ~in q »ThlS
vproeedure 1s~summar1zed in an;appendlx tO‘thIS chapter'and.d
oah be applied 'to arb1trary ratlonal 'transfer .function
dmatriceS»in‘q: with little dlfflCUlty '
The 1nversel1nteractor, E (q ) deflnes a left d1v1sor;
of the transfer functlon matrlx, T(q "), faqtorlng out all
the 1nf1n te 22ros (or tHe time- delays) of the MIM® system.‘
. From' the prev1ous 4d15eu551on “on SISO 'systems it .is
| 1mmed1ately . ‘obvious . that ‘the‘ ~ 1nverse:f_vinteractor
| characteriZeShdthq; "delay structure" of a diScretej;MIMOi"

system. Rfﬁjr) is referred to as a "residual"r To satisfy



;! ap&th , : .
A e

facti‘f2)e'in'ﬂthe SISO dlscu551on..one3'can‘ntedefine the

-.:; ' RS AR : . ) s -
R.,(q f»--{(ﬂR,(q ) (4)
| - 'YV:A: |
. so that one has ' 5 ‘51
- 6) y(w) = 'r(1) u(e) = R (1) u(m{ v

."'
o 3 o Tce

~As in the SISO case perfect setp01nt trackingican'be

achleved 1n an open loop with RTh; )"\ as a. controller as’

shown “in Flgure 4.1(b). In thls case, y= E (q )yup wh1ch_

means that the system output tracks the. s@tp01nt wlth &gﬁaysz."

'present 1n £r (q ).

The 1nverse 1nteractor may be a: left or rlght factor of'

vthe system transfer functlon matr1x and may be lower or

iupper tr1angular in the most 3618fc1 case wlth polynomlal.
Uelements. But for the’ chosen factor1zat10n and structure 1t~

is un1que. ‘Since a left factor represents the delays as

~
i

occurrlng at the output wh1ch naturally leads to predlctlve'ﬁ

_ c_ontro‘l, 1_t 1_s‘§sed throughout 15\ the rest of the chapter.
It is given by: . - | | | |

ﬁhere ‘
e . P
LI =0 ... 0
- o hate™y ... 0
Hvr(q..")‘ = cel R L .
hpl(q ) hpz‘(q ) 1 L‘



Y
¢y

- with H _unlmodular di>1 Vl and {hu(q )} are polynomlals

\w1~h real coeff1c1ents (note that Zd;=:d is the number of .

Yl A

'1nf1n1te zeros in: ‘the system). then HT(q );I and}when this

is the case,;then -each 4, represents ‘the natural

betweeh‘thé i>—output and the system inputr(wold ¢h and

Elliott (1983)). .o

‘The . above interpretation of the inVerse‘interaCtor as’

e

representlng the ?delay structure" in ‘MIMO systems is. the

'bas1s for the use -of the interactor factorlzatlon given by

equatlon (3) in. the follow1ng sectlons.‘IQ partlcular its

lirole jin',{eedbacka control w1th time- delay -compensatlon,

‘feedforward"control' model follow1ng vand-'multiyariable

. -

“predlctlve controlrare con51dered T .

“The Smith pred1ctorl(SP) proposed by Sm1th (1957) was one ofy“,

l.4 3 Time delay compensat1on in feedback systems S

It”’is well known. that"satlsfactory 'control Jof -

time—delay syStems 'is“'yery d1ff1cu1t to achleve but' can

“bften be 1mproved by u51ng some form of delay compensatlon ;7*4'

tN

et

"the:.earliest 't1me delay compensators proposed for.-SISO

4

L

idelayed:systems Employlng a pxocess model Smith,showed‘

that' the closed loop . characterlst1c equation in the

contgnuous t1me case can .be made delay free' whlch allows

h1gher galns to be used and also Whlch makes the controller

i}

ea51er ‘to, de51gn.>Essent1ally the Smlth pred1ctor nulllfles

'the effett of the t1me delays on the closed loop system by

‘-delay-free process model | Alev1sak15 and Seborg (1973).

extended Smith's idea to mult1var1§.ﬁe systems hav1ng ‘a

.

‘single common. delay (1.e. “the_ syg)ems with the 1nver§ef'

v e
R e

'prov1d1ng‘ phase advance through predlctlon using theg';.



1nteractor g1ven by Er (q ) =q a, .where d 1s the delay in
';‘ékﬁfelement) Ogunnalke and Ray (1979) then general1zed ‘the’

. sp technlque to mult1var1able systems havzng mult1ple delaysp’

-

jby remov1ng all delays from the c105ed loop characterlstlc
‘.equat1on using essentlally the transfer function matrix of
—dthe plant with the delays 1n all ( ,l)lmlnors removed ‘as a -
predlctor jUSt as ‘i _the. SISO SP- Although thlS scheme‘
results 1n better’clos%d loop performance as compared to the
performance w1thout any, delay compensatlon in general

does’ no: lead to an optlmal design., 'S ) .gglr_ . |

h-DQ | R

i'4,3 1'General formulation. o
A general SP scheme ig\shown in Flgure 4, 2 lt?applles
_tov SISO well as MIMO systems ~which  may be either
'contlnuous or sampled ) The :"delay factored"' plant model :'
' lteiﬁthe plant model “with "the approprlate "delay structure” |
, .ﬁactéred out, As referred* to as';the‘b.predlctor"_:and:4
: deslgnated as P The controller T, is normally designedftor
the feedback control of ‘the’ delay factored plant ‘model, P;l:,
(not the: plant T or model T ). In: the case of perfecti-
fmodellng where .T =T then _ye=v ”andt‘the feedback, 1bcp‘“
'eftectively 1nvolves~only TC ‘and P. L : ‘_‘ _
' when P 'approx1mates ‘the actual plant T except foriv
delays in the plant output varlables then the actual plant:'
'outputs y(t) w1ll slmply ‘be delayed ver51ons _of the
‘predlctor outputs yp(t) and the '"best" control of P w1ll
fﬁhve thei"best" control of T More generally the relatlon.
be&:een the actual plant outputs y and the predlctor outputs ;7’
¥y, can be used to analyze the predlctor scheme represented

,by Flgure 4 2 The followlng expre551ons can be obtalned
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from Figure 4.2, .. . =
Ly =Ture ;- i; S ». T e

s

f (I+Tcp)'f(Tcysp—T'cv) ) ‘ "~v.ﬂ"'.(..; B
. ~ ; - ) »r.‘{‘&’é i ol

Yp. = p(I+T¢P)-T(TCysp—ch) , : o (9)

o

d"y‘é,T(I+Tcp)fqﬂysp,+4L;—T(1+T;P)”1¥}y e - Qo)

-

For the case of no disturbance, i.e. v=0, LS
LN % _ ‘ ',

" - . g o q k4
~1 ’ )

y = TP y,
14.3.2 SISO, Smith-predictor |
In the orlglnal scheme of Smlth . for contihpous SISO"
_systems, the,plant 6(5), is givemcby: | .
L 6(s) = e 6,(s) R | S - - (12)

~ where 6,{s) is a rational scalar transfer funct Qr and d is

the delay. The planf: odel ‘assuming. perfect modellng~ iy’

Gh(s);= ﬁks} and ‘the pred1ctor P = 9‘(s) (delay factored or -

delay-free). The. controller 6. (s) is typ1cally fa_‘PI(D) :

.'controilerl'Equatlon.ij) can then beVWritten as: \ '
_ o

B(Bk= (8,(s)e™)6,(5) 'y, (s)

. .
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'Thus when the dlsturbance v(s) 0 *then y(s) =e
;pepformance d? the plant is. the same as that of yP exceptj_°
~ for the delay do ' o

.4 3.3.MIMO time- delay compen@ators

-ds

- =e Yuls) o " A('1v3)_f'

ne: 5y (s) and the

. J;‘.‘
1

r
Extendlng the SP technldﬂ%to the MIMO case requ1res an

\1nterpretat10n of what characterlzes the delay structure of

‘\'the system and what 1s an approprlate predictor.l,Seva{al

MIMO 'sp - technlques have been. proposed 3fn the scheme ,ch

Ogungalke and . Ray (1979). (from now- on referred to as OR X

’ compensator for brevity) the plant_is-a MIMO cont1nuous or
' s

sampled data system with multlple delays. It 1s represented

r

by a. pxl, ratlonal transfer functlon nmtrlx 'r( ) where x

' represents s (contlnuous case) or q (sampled data case)

. The’ plant model is” T =T (assumlng perfect modellng) The

predictor in th1s case -is the plant model with the ‘delays of .

all-the ‘(1,1l~m1nors removed and "is denoted knr T,n (1 e.

<

P=T,'sT'). _The controller T. is typlcally a claSSICal,

'f edback controller de51gned for the model P (or T ) ]USt as

y =:T ™y, vl-; R e - (1)

1) gives for thlS case'

=1

iIn'genenalithe phoduCt TT" has no specra] fonm and y is. not

Jjust a delayed venszon of Yy, and® hence thls IS not a. tnue

MIMO extens:on oF the SP ‘Note that in thevcontlnuous case

- fgr the’ SISO SP When there 1s no dlsturbance then eguatlon

‘@,,'
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-y -
«

“thgyclosed loop characterlstlc polynom1al (i. e numerator “of

| det{I+T.T }) d,% s not contain any delay terms. Th1s makeszv"‘fij"{
the de51cn of e controller T based on. yP ea51er as well
as 1mproves the stablllty of the closed loop - (1.e.1allows'
'higherrgains to be,used in T, ) but yp'lsynot the;actuali

varlable of 1nterest

An 1mprovement of thls 51mple multl delay compensator ‘§'
he generalized multl-delay compegsator (G Z&C) proposed l
rJerome:yand Ray (l9869: hhichi-agasn';app,ies—.toi>bothh.
continuous as'well*as‘discrete'MIMO processés' Their'deslgn E
‘ls_ based on fextending dlfferent | pPopePtles or
IntePpFetatlons of the SP for the SISO case to the MIMO caseV -
-u51ng heurlstlc arguments The exact form whlch the GMDC X _
| assumei depends on which of the propertles of the SISO SP Jlﬂ;
scheme is belng extended to the MIMO case.vT\ese propert1es" f
may be summarlzed for dlscrete systems as follows f7;f f'*;..
PPopePty 7: SISO SPV el1m1nates the t1me delay »from"the
closed loop characterlstlc equat1bn ThlS gaves mhe OR"

compensator whlch 1s ‘a spec1al case of GMDC

AS

.Property 2: For setp01nt changes the SISO SP prbyidesyannl
1mmed1ate pred1ct1on: of the eﬁiec&s of 'ts control'd
"actlon on the system.output forecast a t1me 1ntervals.v
into .the fhture where d is the process t1me delay
the MIMO cése. this property 'leads to ch0051ngg”
s 8 (t+d ) for the.i -output where d;:= minimum (w1th‘
_respect . j) {d ;4. Alternatlvely stated thts-
implies 'the usef o; a dlagonal "delay structdre“y

b .

' diag(q_'H,%.a; q—%ﬁ

~

PPopePty 3 The SISO SP factors the plant model into two

partS' a non- 1nvert1ble part (; e. a deljyi\and a part.f

e . < f—w iy " s . . .
N P ) LN W, R . T
- W A TN S . - : ~
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71£td“‘"”»,j {“ R
e whldh is 1nvert1ble w1thout oredlctlve terms. To extend

thlS concept to MIMO systems a. precompensator, D(q )

is added to the plant ,T(q ), and. T hq ) 1s factored y"

- :terms Note'~that _ff(qﬁw N is'laf rlght d1v1sor of

m A

addltlonal delayp to the open loo' plant., Also note

t at thlS dofh not automatlcally fac or ‘the or1glna-

D\

nt-1nto.a, delay structure mult1p11ed by a~dynam1c

s

lw;i,relationship' They' outllne a heurlstlc procedure forr

2

~'select1ng T‘(q ) ‘and D(q ) 'J

4. 3 4 Interactor factorlzat1on 1=-vp~9'ff' L A -

_ For dlSCFefé MIMO processes w1th (multlple) delays theA
'?;1nteractor factorlzatlon prov1des an: alternative, method for.
de51gn1ng t1me delay compensators,‘ essentla{ly ach1ev1ng
propértles (2) and (3) above..The advantage of u51ng the

- «1nteractor factorlzat;on is that 1t 1s based on more formal

arguments .and” applxes in many other 51tuat10ns as well as

: mak1ng the Varl%’F 1nterpretat10ns 51mpler Suppose that thei‘

- plant is glven by . (cf eguatlon (3)),,

where £ (q\Q 1s the inverse 1nteractor of T(q 5;’If-perfect

v modellng rs assumed then the plant model 1s?'

T(g) =T

l"out from T‘(q )D(q ) to be used as . the predlctor suchft

VcJ R ~;~that ‘both T (q ) and T, (q 'X”5 contaln ‘no. predlctlvef

(g )D(q ) - The’ precompensator, ng™h, “‘.QY -add .

T<€“> - mq )R (q S o g

(1 6)

e
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"Then:a.naturalgchoice'oftthe predictor~shown ianigpre'4;271r

Cis

~B(@) '=.“£T'm;f_(_ fm;;(qf')' : 'Rg.n;(clj_'"),_';% R(g) ;f_‘ (17).

1where'£%§1) ensures that the steady state ga1ns of P(q " ,
‘and T’fqﬂ)“ are 5the - same (1.e (1) T ) T(1) _ The”'bf
- controller T, (q ) can be a class1cal PID type controller orj

. a 1nverse model (pIEdlCth ) controller) based on. P(q BN

»»
:From equatlon (11) for the case of no dlsturbance 1t follows

. that R .~_é_‘

| ,Y(t) £r (q )R"fz (vq"‘)'—“yp'(t).»' L

=g, (q VEa (1)’ yp(t) o e

r

-If-fT(Qﬂ):isldiagonal“KwhiCh.ls'quité»common),thenj;"”

() = @tagl@®, Lol @) yle) 1)

_The performance of the plant is the same ‘as yp except for:'

the t1me delays and hence thIS appr'oach can Dé/ rntenpneted

as a MIMO extens:on of the SISO Smlth pnedlctor (cf

-equat/on (13)) If the contr'oller' T(q ) IS des:gned such

that the per'fonmance of y,,(t) is optlmal then y(t) w:ll

i'--'_‘also be optxmal in the same sense smce it IS ldentlcal

_except for~ the delays which can be shown to. be mmfmal
»However the des1gn of the controller is. based on P(q )
‘lyh;ch fin ,the general case, may -contaln delays in some

elements. ‘This may compllcate ‘the. deszgn ‘of T (g ) but does

-
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;nOtQ ehanée' the »basze 1dea. The OR compensator and 3the-
'1nteractor factorlzat1on results in the same Smlth predlctor-
-only when each row. of T(q ") has a common. delay and "§.(g"")
>;IS dlagonal , When t.(q ") is dlagonal the Sm1th predlctor -
pbased on interactor factorlzatlon satlsfles pPopePty (2) OF
_"_'k'der'omer and Ray sGMDC.

. Thus the 1nteractor factoriZatlon leads'tO_aflbgjcalvf
eXtenS1on of " the SISO- 'SP scheme to‘ MIMO.'systems Somef
-’51mu1ated examples are presented later to 1llustrate .some, of )
the p01nts made ‘here, | | o . . .

F dlscrete systems -the-NCOntroller“Te(qq) 'can“be}
de51gned in several ways. If the controllert is dlagonalt‘
(i.ei multl-loop) then pa1r1ng may be 1mportant. The
mtenacton factomzatlon pPovrdes na{ur'al palr'lng in that_
case because ther'e is at Ieast ‘one input ?or* each output
R havmg a delay Fnee tr'ansmlttance (cf.. fact (_2_) ‘in sectlon,"
“v4 2 2) .In general the questlonl7f pa1r;ng~applies'td,many'

nmethods and should ‘not “be .the vasis-for cheosing betwe%n_

.them : o . e : } L S : L
Slnce yp depends -on C;fi,i}éged loop performance of the
vsystem 1nvolv1ng P(g™) T.(q ') in Flgure 4 2, it is not -

"_tobylous which controller will- yield ‘the best results.

”Snppose_ﬁg(qﬂ):is a&inverSe model type -of (or. m-gain,]i.e.nf
| Tell+e) controller'(ef.lFigure‘4’3) so that the ‘output’ of
the"predictorb reaehes _the setp01nt‘-1mmed1ately in. a;

"dead:heat mannerl‘Then

and where' y;(t)”is'_the plant.'output ‘Akfore }he',inverSe‘_

K . N . P o LoAE .
. ; ] : d
) L . . R » . co- -
‘ . . : . . ; B .
. N . . 4 i .
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. c '
interactor 'as shown in Figure 4.1. g
Cy(e) = T(g Dult) -z (q )R (q )[z (1)R '?)]»"'_y,éf(_t)* o~
s -}gT(‘q_])ET,(,T:)-‘IY,GA['(t) R o 3 o _ '(21)"'
1f ihefinvéréé-in;eradtdr”matfi' is diégonal,
'y(t) =;diag(qﬂ1’ fhg, q?p)ng(t) { (22).
or
Sy (0) =y (emd), ish, o, p T (23)

‘That é{is; .each output : of : ﬁhe: process reaches’ ifs
}cofteépohding_ réference 1nput exaétI&A‘after a nhmbe; ibf
sampling  intervals équal to ' its minimél-‘time&ﬂelay'yas
,[défined by théviﬁvérsebintefaétor matrix. This is the best

.ﬁoséible.vfor discrete .systems:r"A simiiar ‘;e1atibn‘-can'.be

obtained for the'OR'compénSato; (for the dead-beat control.

: éase) which is givén by ' o S
s &

B TC R o G R 2 I ¢ 708

FPO/ﬁ 'equat ionv (24)- CIéébly the OR cbmpénsafor“ does not
guarantee optlmahty in the sense that each plant output
Hvdoes not . track the cor*r"espondmg setpomt wrth only a -
'mlmmal delay. as in ‘the mtenactor factor'lzatlon scheme.

Note also ~that Smith predictor scheme with a d;agonal'



o -

: inyerse 1nteractor matrlx 'is equ1valent to that of Jeromel.'

.and Ray (1986) satlsfylng property 2. y_ |

So far ‘the dlscusslon has been llmlted to the dlagonal,;:
-interactor .case, whlch results ;1ny'opt1mal t1me*de1ayf
Jcompensatidn; In- the general case,:the‘interactpr is lowerx
.r‘fleft trlangular and ‘the- relatlon between y and Y, can beh?

' expressed (for v= O) as

Cy(t) =TH(g) diagl@®, ..., @) BT y () (25)
Except for* the Flr-st ourput the others are 1nteract1ng and"‘
a general : result regardlng optlgallty i dlfflcult toh?'
deduce However, all the delays 1n the 1nverse 1nteractor ET'n
'are m1n1mal and 1f yP 1s optlmal in’ some sense then Y w111-
'follow YPF with m1n1mum delays bnt’ with perhaps someh
'1nteract10n. By a Peorderlng of: the output vector,_y,‘before
carry1ng out the factorlzatlon “any s;ngle‘des1red outpugy

$‘,

can be made non- 1nteract1ng

4.3.4.1 Decoupled response when thefinverse interactor
is triangular . | '

g/;f ~ .The class of systems ‘Qﬂr ~which .. the jnverSe

».&  interactor is dlagonal- and ‘leads to &. closedfldop

.idecoUpled vsystem, ‘e.g. "when a- high “gain” or inverse
‘model controller is used, is usually large. However,
. N N ' .

- systems with‘»triangular "inverse’ interactor ‘are ‘not "

’uneommon. If a decoﬁpled respo;se‘ts"désired when'the_
v_rnteraétor is tr;angular, theanhe‘apprbach is the use
pf a pré;. énd/orx’post cqmpensator ;as 111ustrated by
'::Figurei4.4t SUEh‘ahcompensatddggﬁds,eXtra delays to the'
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”' plant at the 1nput or at the output as the case maybeb
-‘50 that the compensated plént model has a. ~d1agonal‘i
"1nteractorr Singh- ‘and. Narendrag (1984\ <present,'al
~;.pre—compensatorﬂdesign' Shah~et al. (1986} consider the
des1gn of. both pre- and post compensators Note that
hiadd:ng a pre compensaton to dzagonal:Ze the lnvense
'Intenactor makes the lntenactor Factor;zatlon appnoach’ ,
equ:valent ‘to the GMDC of derome and Ray (cf. Propertyi
:In _’general | a compensatorv:_may'. 1ntrodUcet,'
farb1trar11y large delays 1nto ‘the closed loop system'lll/-
‘and. may not be de51rable.‘ In .such a case it may be |
_better to ,tolerate some 1nteract10ns as deflned by'
“equatién (25). Whether to use a decoupl1ng compensator}
.or not ‘'is best dec1ded after some 51mulatlons The GMDC

desjgn apﬁfoach,doesvnot pnov:de thzs choice. *j'r~ S

4 3 4 2 Compar1son w1th T.T. factorlzatlon of IMC .
v G&rc;a and Morar1 (1983) showed that the Smith -
ipred1ctor is a subset.of a_general model‘basedgcontrol
scheme‘which they'called IMC'(Internal Model.Control)f
In the1r analy51s the Sm1th predlctor (Flgure 4.2) is
_rearréhged as- shown in Flgure 4.3 w1th the controller
T‘(q ) chosen as the 1nverse of ‘the plant model to
‘ach1eve perfect control for setpo1nt changes. However a;
'"causal controller T (g ) equal to the exact 1nverse"* B
model cannot be 1mplemented 1f “the. plant model T (q ) R

‘contains t1me delays or unstable Zeros (zeros outs;de_’

“thei unit’ vc1rcle) : They -.therefore ‘proposed a



" Model

'rj’(q”)ﬁT(qﬂ) (perfect model1ng)

’the factorlzatlon of the delays and~other flnlte zeros

For the case | when B E (q ) ns d1agbnal,“. bothﬁf

. R

~factorizations arne

inte actor is trianm ular Oon thed other hand ET (g~ )“
y extracts only minimum delays requ1red but may result 1n
' some. 1nteractlons between -the_'j-—setp01nt and. the'

1 -output‘ (1¢j). ‘The\'fact' that T. decouples"the

113

A

‘..f’ac,t-or.»iza-t'ion Cof th‘e f»'orm'» T, (q'-‘)’—T-(q'-’)T (g™') where. -
:ﬁt(qﬂ) is causal, w1th stable and ‘well damped\poles._

‘The”IMé.scheme (Flgure 4.3) 1s characterlzed by

Plant © T(q'") (includes delays)

ot

. . ~ '; ’ . s ' T
( F— R R . X . 96'9..@',;

In general T, (q ) factors out the t1me delays plus-’

/.the unstable and poorly damped zeros -of . T‘(q . Sdnce

A\Tcan be done\ 1ndependently, assume f r7 51mpl1c1ty, 'Lﬁa

1dent1cal and lead to. optrmal*

design'~Howe€er:i general T‘(q ) factors'out larger' ’

have. larger delays than- necessary) when the 1nverse‘:'

th

o LR

L .

Ccontroller To(g e (@I I 2y

A

Q- .
.l‘f .

T,(q ) factorg out only delays. The rnmerSe 1nteracto?°f L

_ B .o
ET(q ) can be telated to T‘(q ) whose de51gn is based €. 73
";on ac\&ezlng de oupllng and extractlng mlnimum”de18y$ }ﬁéé

'jdel_ys ‘than - necess‘ry .(i.e. closedfloop system W111:‘;fﬁ




N fclosed loop relatlon ’ -
LT )y ()= dlagla®, @y (e) T (28
: h@ ‘The inverse.interactor for' this example .is
‘ 7."'" 7o "Z ] . _ ) Sl ) . v
Te ® g () i={q” ol (29)
L;;ig;g “and ;he‘,.interaotorl rizationh leads. ”to._‘the'

‘closed loop may be an advantage but 1t can 1ntroduce¢

:arbltrarlly large extra delays 1nto the loop, wh1cﬁ‘1s‘

unde51rab1e.'f

To 111ustrate, cohsider Example 1. in- Table 4 1.

The - IMC de51gn - (T ) results - in théh' followlng

:.blosedfloop_relatibn‘“

y(t)

ﬁnteractOr de51gn has m1n1mal delays in both outputsd

n

l'q-g.. '. R | y;et(t)“:_‘.,f .
'l_.‘Sq"(-I-q'_z) q° o

.~ The " IMC design 1ntroduced 2 sample perxods of»d

{iextra delay in output B to achleve decouplxng vTheﬂ

"but shows some 1nteract1on in the 2" output.

Note that the% T,T. .factorazat1on_ is a. specxﬁ1c

<Adeszgn tool for, IMC. It 1s ndt'a general factorizatfoh'

,“‘ scheme, e}g ‘ Eor use in ‘a Smxth pred1ctor,3 because

. ' } ©w y - . ‘ " .
E: .-r_,(q -‘-) .in gehsg 1;« may not be causal Also the ‘IMC

E@ D (D v (0) L Go)

2
Y
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design ﬁe{hoa? for ach*ev1ng decoupllng s - ‘not
+

e equ1valent to’ the pre compensator method suggested by

'Singh and Narendra (1982).

4 3. 5 A b1nary dlstlllatlon colhmn example
b. ' Dlstlllatlon columng‘ have ~been. recogniZed as - very
wcompleg systems to control satlsfactorlly becausé of strong
1nteract10ns and the " presence of dead, tlmes. The present'
\ example 1s a methanol water pllot scale blnary d15t111at1on

column, whlch is_ cha[Acter1zed by large multlple delays

(wOod and Berry (1973)) "It has been con51dered extens1ve1y

‘in the-rllterature, partlcularly ’1n connectlon, w1th delay

fcompensat1on studles, 1nclud1ng Ogunnalke and Ray (1979)

The tw0'outputs “to be. controlled are top and bottom-

e

~'ct compos1t10ns, w1th'%eflux and steam flow ‘rates as

respectlvely) ~The feed flow rate and compos1t10n are the

disturbances ~in ‘the column_l (varlables _-V‘ ‘and r v,

B4

; anlpulated 1nputs (varlables y;; ;y;,f‘u1,_and' uzf

reg ctlvely) A1l ‘the variables are fepfesentéd"anvl

dev1atxons-'from ‘their corresoondingllsteady' state valpes,
lwhlch can be found in Wood and Berry‘(197§);'In’the.same
'referegpe, ‘ udynamlc wnodel of the column as a contlnuous'
transfer fUﬂCthﬂ matrix 1is glven A discrete Qersion‘withuar
.sampllng t1me145-1 m1nute 1s glven Table‘4 li(Example @).
'For”v,_-this: :‘example,. ‘the - inverse - iinteractor.
.E%(dﬂ)?diag(qq,q;” In- Ta;le 4.2 the predlctors used in
‘the OR and IF. schemes are presented (51nce the cznverse
?interactor 15 dlagonal the Smith predlctors of. Jerome and’

w,e
\

- 'Ray (1986) ‘and IF are equ1valent)

L
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“ and longer settllng tlmes. ' fr‘ ‘a}

e _f‘m L '7\“f'f"t'7*;f:k47§ ,@::’—];j" 'h'llﬁ"f’

When ‘the contrbller 1s an’ 1nverse model controllek

Y

~1e'g IMC then the structurerln Flgure 4. 3 1s used w}th»pf
" ﬁ'(q ) P(q )7T. Slnce’;théﬁvlnverse 1nteractor- for"thls»
: example 1s dlagonal opt1m§l performanoe of the actual plant'

;_should be obtalned w1th“the IF schemer Flgure 4 5 shows the

o

51mulated column responses,for setp01nt changes of 0 5 and
-0 5 1n top and bottom comp051t10ns~respectlvely,.for both

the schemes Note that the dlscrete transfer functlon moder:r

'_of the dlstlllatlon 1s used in the s1mulatlons The IF’ B
":approach results in deag beat response after m1n1mum delaysg

of. 2. and 4 sample 1ntervals in. y, and yzlrespectlvely.;As..va

compared Wlth this, the OR scheme exhlblts large overshootsﬁ
‘&__.

The Smlth predlctor ’(FigUre 4 2) wag also evaluated'

‘with. the coﬂtroller T‘Kq ) as .a- dlagonal PI controller (1 e.

T‘(q )= dlag((qo+q, )/(1 q M. f'controller‘ parameters o

’ were tuned based on the performance of the pred1c¢or output.rg'"

y The controller parameters presented in Table 4, 3 weref

.used wh1ch _ resulted 1n,/~approx1mately 51m11ar , servo_%'

‘, performance for yP 1h both ‘OR.. and schemes. (Sllghtly-

hlgher ga1ns were used w1th OR scheme dellberately ) With

these controller parameters, the closed loop response of the -

simulated plant are shown in Flgures~4 6 to 4.9, for both'
setp01nt and dlsturbance changes. For setpo1nt changes,'the'
I? approach gives 51mulated plant output responses whlch are'*

1dent1caI ‘to*'.yp‘: (except for’ delays) and | qmte'

. '-sat1sfactory The responses of the 51mulated plant w1th OR"“

delay 'compensator , are : character1zed by. con51derable y

| overshoot for setp01nt changes (because of the 1nteract1on53

-1 P B

-1n ™ ). The IF approach aga1n shows better performance
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"over'.the"§R~ approaCh in the presence' of d1sturbances._{
=rHonever, _by 'designing'fthe controller based on -the plant_:
outpnt y'(instead of ypl a better control performance may~f
be obtalned for ‘the plant with OR compensator But. then the‘-
_des1gn advantage of be1ng able to work w1th a- delay free

model in the OR scheme 1s los

yFor compar1son, the 'close —1oop 'Eespgnseé ~of  the.
‘.simulated. plant without 'any delay compensation underl
‘multi~ loop PI control were obtalned and are shown in Flgures
4.6 and 4.8. The controller parameters correspond to a'
vwell tuned contlnuous PI. controller’:reported' in Wood and“
Berry (1973) and are presented in Table 4 3. The responses
hare qu1te osc1llatory even at the low galn values used -and
"entlrely unsatlsfactory As' compared w1th thlS, - the 1IF-
‘approach results in s1gn1f1cantly better performance" The OR
,dapproach generally gives . better performance, “but because&of‘
eunpredlctable 1nteract10ns_caused.by removing all the delays
it.may sometimés give worSe'performance‘than‘ordlnary.Pl'

:control-as,in'the present case fcf. Figure 4.6)-

4.3.6 A recycle reactor example»
_ ; - A two’ stage,‘recycle themical reactor tra1n in wh1ch a'
VSimple 1°° order reactlon A-B is carr1ed out was descrlbedh'
l'in Ogunnalke and - Ray (1979). A schematLC' diagram of the.
‘reactor ~is shown. in -Figure' 4.10, All jthe \flow"rates are.
fixed and only the compositions are assumed to vary;'The
compositionsA of the feed. to the two ‘reactors are "the
manlpulated var1ables.‘There 1s a separate drstarbance feed
“to the first stage;and ;ts compos1t1on i's the dlsturbancef

‘variable. The controlled outputs are the compositions of the



- Fresh food A v ‘

rGe o e

. ' s Disturbance ‘

L NG S S ~ Interstage feed '
3 . o ~ : ‘ i

l_ : — = / Fz | .
T = G
Fprr &

< : v, |
’ . : . : 2 . S
Recycle - Product stream, 1 o

..
>

Fopr G

. . e . A ‘ o ‘ Product stream, 2

'l
v
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-produgyostream from the two reactors.

Ogunnalke and Ray (1979) der1ved a dynamlc model of the

:_systenl as- a contlnuogs transfer functlon nmtrlx assumlng'
'delays 1n the recycle stream In the. present example only‘

. measurement (output) and‘ control (1nput) delays are

cons1dered to obtaln a transfer functlon matrlx 1n the form

of equatlon (2) This does. not; result in. any " loss of, :

'.generallty as the transfer functlon matr1ces are usually

‘derived from 1nput/output daﬁa in pract1ce.

From the: contlnuous t1me ‘model in Ogunnalke and Ray,

‘(1979) with a sample per1od .0—0 5 units and the follow1ng

parameters
u=0.3, 9 =6, =0. 5 v,=vy,=0, A
n,1=D,2-o.5-, 2;=0.5 and A,=0.2

- plus a measurement delay of 2 and :3 samplepintervais in thef

two outputs and a delay of 'l and 2 sample-intervals_inlthe"

“two ‘inputs, a -discrete time model is obtained. This is

.presented in Table 4. 1 (Example 5).

‘The inverse 1nteractor matrix for -this example is

triangular and is given by

ETm(q-]) :;'- .307q-.5- q-G :l . | | (31)

o T o
The predictors in the OR and IF approach -are given in Table

.4.2. Since the plant is'characterized”by'1ow9interaCtions'

both schemes result in'apprOXimately the same performance as

shown by F1gure 4. 11 for a d1sturbance step change of v=5.

1 "y

_The‘ controller T(g') is a. dlagonal PI ntroller w1th;.

: parameters givén'as in Tab1e14.4' The responses of the plantf.

)
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{b) Output 2 (i.e. y,)

.multi-loop PI control ‘and tor a disturbance change:

¢ontinuous, OR: small dashes; IF: large dashes

4

A " “Figure &.11. Simulated, re‘spovns'es of "the chemical reacter for delay compensated

- no compesation:



Tma

“and is

'so that uF = T

- disturbance model also ,hasv*delayaﬁrthen. the feedforward
.controller will be 'causal (realizable) - if the delayél

T, (g™") cancel the predlc lve terms in T (q ) ; In general

e
TN

: u51ng PI controllers wlthout any t1me delay compenSatlon are”'

very osc1llatory even at the relatlvely low. galns used

4.4‘Feedforward control , ,

: The effect of me45urable dlsturbances on the plant is
often reduced by u51ng a feedforward controller Usnally the
configuration shownff?;_fglaare, 4,12, is ‘used thlch *is

independent of any feedback scheme,that may.simultaneously'

~ be acting"on. the ;plant.-)r is the measurable  disturbance

vector and T;(qﬁ) is the transfer matrix between r and the

»‘disturbance process output v. If the plant model 'is given

’,r

tHen - the"ldeal feedquward

q

TG = (e Ty R o 32)

LICRrS

If the plant 'mddel~me(q”)"conéains. delays then‘bits

inverse and hence . the ‘feedforward controller contalns

predictive _terms and will be non-realizable. If the

‘the plant model and dlsturbance model .may- both conta1n

multlple delays- and 1t is often not 1mmed1ately clear ‘if the

s —

ieedforward'tontroller glven by equat1on (32) w1ll be cauqal

~or not Also if the feedforward controller is non causal

w . -

then ‘the best desxgn method Afor e11m1nat1on of:’ the

predictive terms is still unanswered..

-
-

oo
ERt I
e




o)
~
\
L 4 —_—— .
R N
’ ' 2
- : R
i
- . QY D’\QH Do
. 4 N
s
E)
Lo L LYV . ] )
- . . A tance
~ -
) I
" control ler I Disturvance
: § . e
N
. ulQ .
1
’ ,
Figure 4.12 Feedforvard controller )
N
Q
~
A
-
§
(-]
v ’
.



| 132

'Eqr‘ d15crete time lsystenf,. the inverse }interactor

',factor1zat1on “once again ,provides"tnes'mOSt' approprxate

' solut1on to ,the .feedforwara 'controller desxgn vproblem..'

Eduation'(letcan be written as ' . e
Te _(q\)‘ = ‘-—,_'R,Tm(q [E., ET (q )]R.r (q _ o (33)

7|The feedforward controller deflned by equatlon (33) wlll be
causal if and only if [ET( T 13 (q )] is f1n1te at. g=e. Ifll
'[ET(q )_‘&r(q )1 1s\Not f1n1te at q == then the best (in the
,_sense that only a m1n1mum number of predlctlve terms need to-
tbe con51dered to. achleve reallzablllty) causal feedforward

’controller is obtalned by settlng the predlctlve terms ofﬂ

[Rr\q ). ET(q )] to. unlty, ThlS is. equ1valent to sett1ng”

-zany future predlctlon of the measured d1sturbance to its

.current value (i.e. r(t+1/t) r(t)) in Flgure 4. 12.

A phy51cal 1nterpretatlop'of th1s des1gn 1s thd“51nce.”

\

" the 1nverse 1nteract25 E,(q -} extracts the minimum delays

n7vonly minimum pred1ct10n 1s requ1red 1n the feedforward

controller or equ1valently max1mum dynamlc effects of the'
measured dlsturbances are compens\\ed by:T (q‘).

. .
. Some examples w1ll ,1llustrate_.these points  more

]vclearly Con51der Example 2 1h Table 4.1, Slnce both T‘(q )
- and T (q ) conta1n multlple delays, unless (q h) _is’
.computed it is dlfflcult to see if it will be causal or not.

- The 1nverse-1nteractor'matrlces for thls;example are,

ETm(qj]»)l :’= q-3 ‘ 0 ' | ‘ " | .:_‘v' 2 . (34)



- Sincé'”

*,[z., ) z.r (q " ol (3e)

i To 1llustrate the fact\ that tfe
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;E%‘Qﬂ)h¢= q ’;pbfi‘eph . '_.p:pﬁ B ._a'; '{;K35)f

-~ 33q— 75 1

is 1“ . f1n1te' at g=e=  (cf. g 1 (2 l element) : the gJ

'feedforward controller 'will ‘not 7»be causal AV causg}L

N

_feedforward controller is - obtalned by settlng q 1 in- all the

htspredlct1ve terms in [ET(q ) &r(q )] whjxh‘results 1n.7d

o] T T an

pSubStitutinghequation (37) ‘into equation_(33).giVes,

1@ = [-(2/30)07 (pog-32gTy/as | 38y

-39/45  |(-40-26q')/45

'1nteractor factorization

leads to compensatlng ‘the -&am umy ynam1c effects of the‘

' measured dlsturbance, con51der the same example, but w1th
'the dlsthrbance model T (q ) as given in Example 3 of Table'

4,] The IF approach in thlS case . (note ET(q ) q '1) leads



- S(GT") e=f3qT'e3g "l3fst‘0'ﬂ RN FEE St q39)

© where.d := (1-.8q7)

'ykt) = (1/A) 45q -32q —13q 30 q'-8q-22¢* | . . (42)

o.ide51gn (cf. equat;on (41)) for this example compensates only -

""and ‘the plant-tesponse'isQéiveneby_

‘>and7the-plant respfnse is

3

| -aq'+9g*-5q" -8 '+3q +5q70 |

ytt) a= (1/A) 34 -3q e ey )

-4q +9q fSQf éad?+3Q?+sq*

A .standard de51gn would proceed by des1gn1ng T (q
'accordlng to equatlon (32) and settlng the predlctlve terms

to un1ty as before Thls de51gn leads to

TSy e[ Ste/15 —a1s L T @

-13/15 -22/18| S

o -15q -—24q +39q 560q-1f5q-°+66q-§‘;

S

VAR

_whete‘Avﬁe 15(1+18q“)' o : tl S Js,,_{d': 3:'1 e

I"

i~

A

Clearly the teedfofﬁard 'oontroller ﬁin the standardti"

the steady state effects of the measured dlstufbance.oxhevAf,d
‘ s1mulabed plant responses (cf. equatlonsv(40) and (42)),ate'

" shown "in’ Fi@ures- 4.13 .and 4{J4aufThe'.iF"design“fofoceere
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Figure 4,13 Simulated responses in the f{eedforvard tontrol example (or a measured |

digturbance of v.(1,0) ; IF: continugys’. 'standard design: dashes.




5

O B e S, TUICHD SR A "

1,6

i

0.0 0,1

~e1, 8 !

-10.00

o

P

(b) OutpuY,? Cie. y,} . o f : = 'ﬂ P
0 ! ; : S . ‘Ww

Figure 4.14. S:mulated responscs in the teed(orvard COntrol gnnmple lor .a mtasured

dls(urbance of v={0, : 1F: contlnuous. standard desxgnz dashes
- ‘. * , ; .
. SN 4 . . D
‘ '.- - 5 »A
[ h .




:.‘1._37 .

-resultsfln the nmx1mum amount, of dynamlc compensatlon by?
-TC"(qA) The responses are therefore superlor in the IF'
“fde519n procedure.;'v | ‘ R
‘4 5 Model follow1ng L e
Knowledge of the pqrtlonﬁm of dynamlcal systems whlch f
f,remaln 1nvar1ant under a part1cular form" of compensatlon 1sd
‘:flmportant in control systems analy51s and synthe51s, as for
‘example 1n model followlng. Wolov1ch and Falb (1976) showed '
that %the; inverse - 1nteradt6r matrlxv?§5' 1nvar1ant under
dynam1clcompensat10n.w(For a pxl proper transfer functlon,

matr1x T any proper l1xm ﬂtansfer functlon matrix T iS'

'r hcalled a dynam1c-compensator of the’system TT or T, T, N

; In a model follow1ng control system the objectlve is to -~

pmake the plant output track the output of a reference model
o drlven by a 'reference 1ngpt” Feedback is. applled to the
_Eplant so that ‘the ou@put of the closed loop system when
h;dtlven by the: reference 1nput is equal to the output of theb
tmodel drlven by the*;ame reference 1nput, i.','e(t)*qlin

“Flgurdgﬁ 15, Such model followlng systemsdoccur,in,nhny'”

\pract1cal 51§uatlonsqu e, g .nf plac1ng :the poles fof‘.a
o i | | e
‘_,closed loop system at- de51red locatlons; There are several

*A

‘ways in whlcb~a model follow1ng system can be de51gned (e. g.

l{see Goodwln and Sln (1984)) -

1

Thef 1nverse 1nteracbor iS"anb-inwariant in- a: model}
followlng System For dlscrete MIMO . systems, the- inverse
1nteractor generaﬁlzes the concept of SISO delay The model "
£OILOW1ng dr model ma;chxhg questlon tries to answer whether

: or nog there ex1sts a,sausal compensator T h; ) such that'

; the c&hpensated plant v?(q\)\ﬁio”)} follows_ a specified

n
“
b

JV : ‘
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'*_model re,(q . Ancausal”compensator T, (q "y, (Which;in.thef'
dlscrete 1case -1mp11es 'that it does-fnoth contaln any
fﬁoredictiye terms) ex1sts such that a glven plant - T(g” "y,

-matches or, follows a spec1f1ed model reE(q Yy, if and only

"1f the model is of the form Tut(q e =£r . (q )Tref (@, for a. -
'spec1f1c tradsfer functlon matrlx Tnf(q-vf or equ1valently_r

CLgatg

A

Eym[ )] is 1n1te at g== ' h\y . |
ThlS~ dlscu551on once agaln supports the role. of' the
:ilnverse 1nteractor as the most appropr1ate generallzatlon of‘~“'

"dlscrete t1me SIS0 system delay For a delayed SISO plant 1n4'ﬂ%g¢

‘closed loop wlth ;a causal controller ‘the~ delay ‘ an ‘if?
:alnvariantv(l.e the closed loop mG;t contaln at least the _
‘-:plant delayl@ILLkewlse, for MIMO" systems in closed—loop ylthff'

‘ancausal,controller,.theéinverse interactor is an'invariant.

4;6,MIMO'predictiveicontrol‘ S ;?é{ #M‘f? nz;’?%)'v figv'
 Predic; 1ve control schemes};?%g as thﬁsé ba%gdiéﬁ tHa ‘;

minimization of one- step and mult1 2 Btep cost fUnctlons fogmg
© a ba51s for aﬂlarge class of adaptlve pred1ct1ve controll i?;
..;strategles Most pred1ct1ve control schemes requ1re and/or ;
~are based on‘a. knowﬂedge of the system 1nverse 1nteractor
1matr1x 1n the MIMO case. A lot of llterature 1s avallable on o, g
'thlg topic, e. gl see Goodwm and Sln (1984) 'Shah et al jb‘:;;‘f
(1986) Mohtadi et al . (1986) and Elllott and - WOQOW1ch
(1984). | | v | '
 For example, Goodwln and Sin (1984) ‘discuss;Thom to
_obta1n a s1mple one- step ahead control scheme'.for ~a MIMO
| system._ Suppose_ that a MIMO system _1F charactprized' by’.
equat1on (3). Then a  filtered reference output Yret . is4é 5

vdefined using



‘ym(t) ch@DTye) G

Then the control signal u(t)'is'chosen'SO-as-to_make L

. i’r‘e.fi(tv) = ;(t) . _{/ . | _. - . .- B ' ." (4’4/)/

.~ where y(t}, is a‘filtered_or predicted system output given by .
’79<t>.=5%$qzif yle) - L (45) e

SinoerET(qq) is the "delayEStrucgure“ﬂof the MIMO.system,.
ET(qf)-‘y(t) deflnes the' appropriate 5prediction of Ithe'
‘;outpnt in - analogy w1th the one- step ahead SISO case 'fo.{.
assumlng that the system transfer functlon matrlx,_T(q ),n~
| is given by T(q "Y=a(q" ) 'B(@™"), 1t can be. shown that y(t)
'_;15 related to {u(t)} and {y(t)} by a model of the form |
| “f‘ o | ‘L,‘.v . | , 4}@ _ B .
9 = al@) gy ¢ B we) T (ae)

‘where, °

-a(q—W ',i + a, qf’ +,;1f + a).qfé' R .‘-5,‘?
BlaT) = By * it tBr @, R
By is non- 31ngulaf (follows from fact (2)qof sectlon A 2 2)

'Th proof requires solv1ng a multlvar1able dlophantlne
1dent1ty (see Goodw1n and Sin (19&A) for detalls)

The control—law is then obtalned by setting -

Ve (O)=(0)=a(@hy(e) + @ ue) T @)

Ty



.

o : e \ : S
el B [yre,(t) - a(q )y(t) (,B"q )Bo)u(t)] B O )

.;}. , R L ' ‘ |

l5Such;a>controller',assumlng perfect model1ng -of the planth"
and no dlsturbances essentlally achleves perfect open- loop
setpomt tracklng‘s 1llustrated by Flgure 4.1(b). "> |

o In SIS0 adaptive predlctlve control ;t 1s commonly
"assnmed that_-the. system delay Esv known An%l gously. by
»aSSum}ng‘ a 'knowledge of te inverse Rlnteractogg,aseveral“

‘,people (e g. Goodw1n et ‘al. (1980)f>Dogard et al':ﬂ1983,

. 1984) Elllott and Wolovich (1984) jand Johansson (1982))
have developed globally stable adaptlve control schemes,’
both ‘implicit .and exp11c1t' The assumptlon that E (q ) is

. known 23 prfoni is reasonable if E (q Y= q °T or. £y (a’h s;e;

"dlag(qg‘,hQ,r; qﬂbl But in general the 1nverse 1nteractor:“

dls a lower trlangular polynomlal matrlx and may contaln real
’coeff1c1ents It is therefore unreasonable to expect 1t to‘
‘be known a pFlOPl as the’ knowledge of the 1nverse 1nteractor.V

is tantamount_ __to»_the'knowledgegof full system transfer

Ifnnction- matria-“ Some. recently proposed schemes ‘such . as
those based on the m1n1m1zat10n of multtbstep cost. ct1ons ,

~‘avo1d the requ1rement for compleﬁé knowledge of the mgérse G&j
;1nteract0(3matr1x see e.g. Shah et al (198%)ﬂ%ﬂﬁ"€h:Eter 3 —%ﬂ

/

. on MOCCK and" Chapter 6 on MAPC.

[ ¥

3 \g X ‘W%

4.7 Conclus1ons :- N v
The main conclu51on of this work is that interactor “f%
'“Jfactorlzation 1s an 1mportant and valuable technique that-gwf

‘can be w1de1y applled to the' analy51s and design of control;
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schemes for- MIMO systenﬁ' w1th t1me-delays _More_ specific."

- 2)

W3)

‘results are:

1)

When the factorlzatlon T(q ) E (q )R hq ) resultsf'fla :

'dlagona] 1nverse interactor matrix, kg (q ) then the

' delays deflned by the _'ff"_ 1nverse' 1nteractor

4

They are obv1ou%}y the delay between the open loop
/
response of R, k; ) versus T(q ) but are also the delay

"between the closed -loop response of a Smlth predlctor

‘h type .of feedback control system based on R, (q ) versus

the - response ‘o’f T(q ). For‘ example,rlif* explicd"
predlctlon were . used iJer estlmate y, (t+3;) at’ time t,
then the 1nteractor factor1zat10n prov1des the set . of
v'mlnlmal values..of 'di; _Inf tn;s ‘sense, 1nteractor'
.,factOrization proyides~ a’ natural”eXtehsion of SISO
_concepts._ : ;”“ : | _ bv.“
Interactor factorlzat1on clar1f1es and extends feedback
t1me -delay vcompensatlon. techn1ques such as those
1presented hy‘Smith»(T9Sll' Ogunnalke .and Ray (1979)
Jerome and Ray (1986) etc. .For a 51gn1f1cant class of

problems, 1t can ~be shown to prov1de the op.,lmal"

_SOlUthﬂv andr 51mulat10n | results show .that ~ the .

et

lmpfoVement“ 'over Aprevlous_v_methods - can i'heii veryh;
51gn1f1cant - | R | " | | R '
For . feedforward t’control . applicatibns; “Hhteractor _
factorlzatlon:.provides”a formal. basis for determiniggp
the causal1ty of the controller--ii pred1ctlon r(t+1/t)

of the mea%ured dlsturbance,y-r, }is_ to bev used it

;:results 1n ‘the m1n1mum pred1ct1ons, i; ensures~that if

.‘~the,controller is non_causal,iand it the controller is .

L}
-

- matrix are the natural delays 1nherent in the processs“ﬂ



5)

vaor a‘ causal model f

el

des1gned based on “the "assumptlon that r(t+1/t) r(t)
i1, then ‘RT(q ) prov1des the. maX1mum dynamlcs fof
inclusioh in the' controller.u These aduentages ;were
conflrmed by 51mulated results.e#> | . N

lowing system,  the time-delays

: e = - _ :
.def1ned by * the inverse 'in eractor . matrlx ~are  am

1nvar1ant" of the system i the sense\that the output
of the system Wlll lag e reference 1nput(s)%‘,."at
least™ these values. o o |
The' role of thef 1nverSe“iﬁterectot matrlx"in MiMO
predlctlve control and MIMO adaptlve predlctlve control—

hlsbpolnted out but not trdg;ed in deta11 7

. >
"%‘u
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Pr0cedure for

obtalnlng the interactor matrix = " W

" the
Yim £ (q)6(q) = K,
R .

-where Ky is

£ (q) =H (q)dlag(q

1s the 1

G1ven an mxm, proper ‘transfer functlon matrlx, G(q) in

forward shift operator, 'q,

'interacbor'matrix, Ec(q)fsuch'that'

[
N .
[}

T
tinite
,.§.,qf“); and
1 0 |
hy Q) e
CHg(g)= ha,(q) hn(q) 0

. s eaccee s s e0as e s
-
® o 0 08 0 0 6o ® e 0 s 0 00

0t

-

.Lha(q).:........f.f1

One canaalways wrlte G(q) R(q)P(q)
relatlvely prlme polyn0m1al matrlces

‘.the degree of the determlnant of R(q)

*"-column degree of‘P(q)f
- o 5 -

S 146,

and n::E 4, where d,
et

.

'un1que -

et

there ex;sts a
.
8
and. non-singular;

where R(q)_ahe P(Q):are'
‘Let r:=3(det{R(q)}) be o

v



 sothat lim ko(q),G(Q)=f,=7,.
RR S Q"".' e
o Steg‘g' '

-,
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§£EE 1 'ﬁ!: R s
There are untque 1ntegers o ,yi=1[ 2, ..., msuch that-
llm q lG (q) 1 .=.1' ’.2’ .‘. .:' m . ‘ ,' : : . R .'.:‘0_ -
q-~ T N SRR o
- where G,{g) is. the i*" row of G(qg) and 7, is both finite and

"-a;non*tetet”Then the,ﬁirst TOW, E (q)P of Ec(q) 1s deflned by

If rz is- l1nearly 1ndependent of E, then one sets

ola), = (0, 0, . 0) .

o so that 11n1£ (q) G(q) Ez—fz. Otherwlse (1 e. if 1, and E, are -

-

llnea;ly dependent) let 7,= &121 Wlth a, '#0. Then'; s

'EG]"(q)z : ‘q,\uz ((Or qnz‘, : 0 ’ . .oy 0) - _“al"izc(q‘)..r)‘ )

vwhere u; is a. unlque 1nteger such that 11m £G(q)2G(q) Ez is

‘ both f1n1te and non- zero. If Ez 1s not llnearly dependent.
N

on E then .1 R '-j,:f".‘ , ‘. 'tf-i v..:
LEs(@), = £ (q), N .o
e - o _ | |

and rim E(Q)zG(q) Ez 52- £, is llnearly 1ndependent of £y -

.'if Ezf’ls not llnearly 1ndependent of iw then Ez-a,s, and

therexoreﬂlett.-



A.'~Therefore, E (q) =(q"", 0) (q 0) and llﬂlE (q) G(q) 5\‘71-(1 1)

12—a E,-(Z 2) wlth a.‘ -2

T 148
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'where u2 1s a unlque 1nteger such that lxnlsc(q)zG(q) Ezl.
qe= . K

both f1n1te and non zero.

The above procedurem~ is _‘repeated until kinear

"’_1ndependence 1s observed or“h +u;€h4t If H +u2-n r,,then1 a
‘set f —fd_ »—f O and the correspondlng h (q) 0. ) | h‘v
- The - rema1n1ng rows’ oﬁ £ (q) are deflned recur51vely 1n“
;an entlrely analogous manner. So- flnally one gets elther 1)

'Uthe complete 1nteractor' or 11) E (@), E(q)g, N (q)“

. rSm such that 11n1£ (q) G(q) £, fpr jsr,. w1th 51; Ez,
'llnearly 1ndependent -and 21 f,=n-r. In case (ii) one sets
, BRI -
' fﬁ,— «.=f,=0 and the correspondlng h; (q) 0 to obtaln e (q)

| 1f r= m then ,‘

11n1£ (q)GQq) (E,.u E;W?=Kgiis finitefgndvnoh;Singulaf.a
g ' A R .

. some examples to illustrate the abdve_pfocedufe

Example 1' Con51der o , o Ll .
vG(q) g3 5:75-_= : , S . R S
Voo
) q .13 q-' 4 s E o i PSR - . AN -
fclearly =1 ~and" ‘“2?1"59x that, .7 ~(1 1) and (2 2)

B Slnce f E, ré_oare l 11nearly dependent ~ one takes “

s (q)‘2=.'q“2_:( (0,9)-2(q,0)).

Here u,'=1 so £;'(a), —q( 2q,q) = (- 2q ,qi_";' '
1 11m EG (q)zG(q) 52 -(o 4,0.4)

_fOnce agam,_z2 and E, are l1nearly dependent andlfél=af{,’-A:



. . B ) _:."_ . "" ,. .
Lo SRR JEPR AP S
with a,’=0.4; so let = ~" PP

. ‘ .EGZ‘V(q’)}‘,:q“z“ (l(,_znqz 'qz ) —9.4((; 0,)) iWhere u_22= 1%

¢ Therefore, - "‘dfr'x‘,-‘-~*

.("%"j-zq -0. 4q ,q) and S

, LY

£G (q),z q( 2q .49, q )-‘.'

m &;(q)zciq)a( ;12=@¥16) 52 15’11nearly fndependenb of £1._"
q‘-. ‘ *' ‘ ‘-: L ‘ ) PR . .
,;]Therefore, iR }fﬁiif i

rfso gh&%
E (q) = j,.l s
r/ :
}nd, and llanc(qﬁG(q) K = W |
S 12 16,

.- 'X“u . ("“";‘ . :
-*’fas fmxte and non;mgular.

i Example 2-'Con§§der
“ i 1 »1 EE SR '2

G( = ~ - — :
q) | ‘-"':_'-'19..*’4@% . .q‘.'—o'-,scf’

. +1q~aq+08q. ‘ |
Clearr‘ —&. 4, 1 —(1 0) and .(3 0)
?ﬁ Fmdy T g

So sglq) -(q ,0)= (q 0)

,ﬁ* '.' 4*\.:@_,- .

5 ny :

i ﬁirand 11m £G(q) G(q) E,-r,-(l 0)

S1nce E, and 1, are 11nearly dependent fzeaf£,lWhere a, =3..
- One therefore takes

o L o PR -
esg(q):=q“z((qud)'3(q3,0)) =qf2(t3q3 q4);
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Here u2‘=1'§b EG‘Cq)zé(—3q‘,q§)'

.

1im £.'(q),6(q)=(0.9° -7) is linearly independent
Qe . . . . . R

'Therefore,.£G(Q)2¥Eg1(q);=("3qq_qs)

and the interactor is given by f.(q) =

. is both finite and non-singular:

,.f(

. . e
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5 1 Introduct1on -

v

‘ Parameter i_estlmatlon techniques ,are ‘widely used ‘in .

‘lopen loop appllcatzons such as process mode11ng and in -

'qclosed loop env1ronments such as adaptlve control. Several

-:ekcellent rev1ew artlcles and textbooks have bgen wr1tten

'over the pase few decades (for example, Astrom,and Eykhoff.q

.‘(1971) Nleman (1971) *Iserman (1980) Strejc (1980, 1981)

"Q‘Ljung and Soderstrom (1983) and Slnha and Kuszta (1983))

Numerous dlfferent parameter est1mat1on technlques have

_been developed and they each have advantagea dlsadvantages‘

and’ part1cular target areas for appllcatlon, but there is

vllttle doubt that the most w1dely used estlmatlon technlque

1s least squares. However 1nsp1te of 1ts w1de spread ‘use,

the ba51c least squares algorlthm has a number of potent1al

1problems some of wh1ch are dealt w1th 1n thls chapter..The =
_.rest of th1s Introductlon Sectlon 1nd1cates what some of the -

'maln problems are and very briefly 1nd1cates»why and. when "

y

-they occur. Sectlon 5.2 contalns a step by step descr1pt10n-

) of the proposed Improved Least Squares (ILS) algorlthm whlch
',‘lS de51gned to deal w1th these problems. The . theoretlcal

‘.propertles of ILS are. deflned 1n Sectlon 5.3 and this 1is.

l;zfollowed by a llterature rev1ew plus dlscuss!%n of ILS‘

fpropert1es and performance. Slmulated examples are presented

Tto demonstrate the varlous problems with ' the standard RLS‘

Lo

va

algorxthm and the solutlons proposed 1n IL s

. A version of thls chapter was presented a&ithev.mﬁrlcan ,
Control Conference (received 'best presentation’in session'
award): N. R, Srlpada and.D. G. Fisher, 1987, Proc. ACC,
Minnesota; and -has also been publlshed 1987, Int. J.
Control 46, 6, 1889. : R
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are summarlzed in Appendlx 5 2 and dlscussed in. the chapter

where apprqprlate.

5.1. 1 Turn off . : 3 ik

With standard least squares (cf ‘eQUations (6)' (7)_ana,[

(8) with X(t)-l Vt) estlmatlon starts w1th the initial B

values of. the parameter estlmates 0(0) and covarlance P(O)

As estlmatlon roceeds, assumlng 5 ff1c1ent exc1tat10n,’the'
P &

covarlance,",P(t),  decreases until parameter ' updatlng‘

(equation (6)). turns off.g'A poOr. ch01ce _of 1n1t;al”

condltlons ‘could mean that estlmatlon stops - before ‘the -

) parameter estlmates converge. Selectlng a forgett1ng factor

St less than 1 in equatlon (8) will prevent P(t) =40 and;

avoid. "turn off" Example'-*ln Appendlx 5.2 111ustrates the

turn off phenomenon.' R »g. e R : T s

5. 1 2. Covar1ance blowup o -f : 'v_v i a

. : o q
'ﬁg L If the forgettlng factor h(t) No< 1 in equatlon (8)

4

then P(g) can become very large,-l e.'covarlance "blowup" or |

e

w1ndup" occurs. Thls is ea51est to see for the spec1al casel'“

-

‘~-where the’_process vis operatlng at steady state and all

;"elementS‘of the regressor vector are . Z€ro. Equatlonu(B) then"

' vreduces tO'Yﬂt) = P(t 1)/k(t) and 1t‘ is obviouS{that-the

'magn1tude of P(t) w1ll 1ncrease w1th tlme. Authors-such”as

D

Fortescue et al. (1981). have proposed a varlable forgett1ngd

'factor whlch avoids this problem 1n determ1nlst1c systems;
Note however that covariahce blowup may - ‘still occur in. |

stochastlc systems durlng per1ods of steady state operatlon.'

A large covariance matrlx makes the algorlthm very sen51t1ve

to even small perturbat1on5’ 1p,?the regressor vector and
; s o [SITERSE ‘ .

Fol
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hencejcan'cause large changes in'the estimated:parameters
':andfin.system performance Covarlance ‘blowup is demonstrated
by,Exapple5j2, 3 and. 4 in Append1x 5 2. S '
. :‘ - o .
5 1 3 Parameter dr1ft and burst1ng o g

If cond1t10ns arise such that the covarlaﬁre matrix in
equatlon (6) becomes falrly large and the regressor vector
o(t), is dom1nated by (random) n01se then it is- obv1ous that
vthehparameter estlmates, 6(t), are unllkely to move in a;r
directlon that .improves> the 1nput/output ‘model;»vTheset'.
.parameter changes are referred to as. drlft It has' been

" observed in adaptlve control appl1cat10ns and 51mulatlon :

»Jstudles (e. g Anderson‘(1985)) that the parameters can dr1ft

. into ‘an unstable-reglon-_The,result is large perturbatlons

or - "burstlng" in. the process 1nput/output var1ables ,The‘5'
r1ch exc1tatlon caused by ‘the burst1ng usually results,in75
1mproved purameter estlmatlon- so. thatl, the burstlng 1s‘
se '_correcthQ. Note that covarlance blowup 1ncreases the
-probab111ty oF parameter drlft and hence of burst1ﬂg but by
'1tself 1is not the problem. Parameter dr1ft1ng ‘and burstlng
‘are demonstrated 1n Examples 3, 4 -and 9 in Appendlx 5 2
5 1.4 Exc1tat1on _

, Bxc1tat1on 1s“requ1red for parameter estlmaflon. Ifhau‘
strong, pers1stently exc1t1ng 1nput 51gnal 1s present then'
(as} dlscussed " later) | the result is norma ly : rapld o

convergence. 1n the absence of excxtatlon stochast1c systems
- . L
may exh1b1t parameter dr1ft (Anderson (1985)) - and/or

:covarlance blowup as dlscussed above. Some authors recommend

V'.Vaddlng an - external excltatlon, s1gnal but th1s is Qoftenv7'
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}'f¢°nvenfent An alternatlve 1s to turn off_ :

parameter estlmatlon when exc1tat1on 1s 1nsuff1c1ent

;algorlthm proposed in.this chapter empha51ses the Latter

permits both. Example (9) in Appendrg 5.2
1llustrate @%\

- OHN

e*prpblems.assoclated with lack,offexcitation.

- Blased parameter estlmates can arlse, for example, when'p
the process odtput elements in the 'regressor vector are ;-
b1ased due to the presence . of anm‘external s1gnal The
jexternal s1gnal may be a. constant or slowly changlng b1as or'
'anl 1ndependent external 51gnal such as n01se or process

.‘dlsturbances. Technlques ‘such extended 1east squares

" (ELS)- have been developed to handle such 51tuat10ns but are-ﬁ

i‘generally computatlonally more demandlng and glve slower'
parameter convergence than ba51c least squares. The proposedv
ialgorxthm focuses ‘on remov1ng the 'slowly changlng (d C.)

fﬂb1as but 1s wrltten so that 1t can also be used for ELS

N Con51derat1on is also glven to model process m1smatch (MPM)_;

y caused by process non llnearltles and/or .reduced order o

';_models.v,Theh effect of a - d. c. blas, on. the:_est1mated

B "parameters and- the ‘effect of MPM due to reduced ~order

,Jf'model1ng are 111ustrated by Examples 5 and 8 of the Appe”dlx

%, ‘yﬁ5 2 ..f}y;‘f f_“?.- :’;v;‘ .',afli.;_ ‘ _ d’@

" S ; :
* §31 6 Theoretxcal propert1es S o
. mln general a good est1mat10n method should have provenl

..< tﬁeetet1oal _propert1es r.(e g. l,anj' exponent1al rate of'

\J
..t' é@vvergencé to the true parameter values) the ab111ty to

track slowly changlng process parameters,prestr1ct1on of the o

e
c ~ - EY ‘\*.ll

LY T . . -
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parameter estlmates to a. pPlOPl known convex reqions~etc;

Many proposed mod1f1cat1ons to “the - hasic least 7squares
algorlthm (such as’ covarlance reSettlng) alter the geometryiﬁ
and convergence due to the true least squares property . The
proposed ILS algor1thm retalns the theoretlcal propertles of

least (gquares.The most 1mportant propert1es _of_,ILS are_

_Summarized in Theorems'l.and,Z;and_proven-lnlAppendix'5,1

FU

5 1.7 Numer1ca1 propertles '
Est1mat10n-‘algor1thm9§ are normally ‘1mp1emented

dlgltal computers .and  hence - there is the p0551b111ty of

numerlcal 111 condltlonlng Examples (6) and (7) in Appendlx":

'5:2: 1llustrate typlcal numerlcal problems caused by

1ll cond1t1oned covarlance matrlx 1n the RLS algorlthm andﬂl
ILS w1th constant trace. .The proposed algorlthm uses data

preproce551ng plus 1nternal checks on numerlcag cond1t1on1ng;

-k

| to '1mprove_.the performance 'of5vthe algorlthm w1thout,tp-

destroylng the de51rable theoret1cal propert;es.

Many other problems and propertles of least squaresd

: ha%5 been dlscussed ‘in the llterature but the above shouldry'

be. suff1c1ent to 1nd1cate the mot1vat10n and d1rectlons for'”

1t10na1 p01nts are.

1mprov1ng least squares estlmatlon. Adc

brought out durlng the development of ﬁﬁe 1mprovec algbrlthm

and/or 1n.the-dlscu551on of the l;terature.1n,Sectlon»5.4,

5. 2 Improved least squares est1mat1on : R R ’d%il’
After presentlng the assumed process representat1on andvh
summarlzlng the ba51c least squares algorlthm the proposed

1mproved least squares estlmatlon algorlthm 1s deflned and

' d;scussed in a StePWISe fashlon. It should Ix: empha51zed5'”
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that the’ 1ntegrat10n and 1nteract10n of the d1fferent steps

<rs as 1mportant as any 51ngle feature taken 1nd1V1dually

>

.}
),

5 2, 1 Process representatxon
For purposes of: thlS presentat1on it is'assumed,that

the process can be represented 1n(the form:

» s )
e - . m

CYE) B G U(E) 46, (k) v A(E) g () (1)
Where:U, Y, , 'dd"and E'-are;thetplant input output a
"vseoondf‘ external : perturbatlon“ 'input (e. g ~noise),

determlnlstlc dlsturbances or bias, and plant modellng error

respect1vely ' The plant 1nput/output //elat1onsh1p G, and
perturbatlon transfer funct1on G, are assumed to be ratlonal

funct1ons of the form

6 ;;%13“deG1‘=

>0
A
s«"_;i
%:"".Ai -

'-yhéfe. A, ffB and C ‘dre polynomials i 'Qhéﬁﬁ
:”operatop q . Note that. for applylng (reééﬁiﬁ'!‘

lznear in. ‘the’ parameters is requ1red. A com:
is’ assumed w1thout loss of generallty g The
assumed to be a constant or a slowly t1me vary1‘
: Multlplylng both 51des of (1) by A glves

v

AY(t) =B um - ce'(t)f+-“jA ae) +ae) (2

" or



SR Y(E) - B U(t) + C el(t) + ac) ¥ 28 - (3)
- ~ _ o . - . ‘
Age n for 51mp11c1ty it is*assumed that'C = 1. If, C # 1,

the- ELS (Extended ‘Least Squeres) or GLS (Generallzed Least
Squsres) can be used The same ILS algorlthm can. be used for f’
'ELS by proper reformulath g, of the regressor and parameter
vectors. :__

'lfheed,c. les Jd can be ellmlnated from equatlon (3) by.
using . tne rerC; mean: dev1atlons y(.):*(x( ) Y¢c_l. andﬂx
u(ﬁj;(U(n)—U;L) of ¥(-) and U(-) where.ch' and.Udii aré
the meanbvalues'of Yk*).and U(‘l The d c.” (or mean) values
may be known a pFlOPI, calculated as a. functlon of measured

process values, or_ estlmated on-line as d1scussed later. ‘

Then equatlon (3) becomes o

AV )

‘.A’Y(t) =‘B u(t);+‘e(t) +~g(t) d‘ ‘r (4).:

The el(t) and £(t) terms, both of whlch usually represent
high- frequency S1gnals, can be lumped together ‘into one

verror term n{t). If A: 7J+Z a. q and ‘B: -(Z t>q )q o where n -

'_and m are assumed or known upperbounds on the orders of the-

A and B polynom1als, and 7 is the known process delay in |
number' of sample__lntervals, _then the .model of 'the"real-ff

process becomes:
y(£) = 67 e(t) + a(t) N -

"w1th the true parameter values 6 ‘:sqﬁa,, ..;, a

b)
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~and ¢(E§}== (=y(t- 1), 7‘:. —y(t n) 'u(t 7—1) oo ult-7- m)L"ﬁﬁ

. ’ i
- Note that wlthout loss of generality it .is p0551b1e @b use
) A:"'; . ! ) Q J\& ) '.. '

£ VAR e TEE
¢ . ) . ’ g s o
. : [ . o il o

5.2. 2 Basxc least squares algor1thm
J .

'n-m.

':‘-

The ba51c recur51§J least squares algor1thm to estimate

JF;’

| ['theyparametegs of eogf-lon (5) 15 g1ven by

CB(e) = B(en) wR(E(y(0) - Be-DTle)) (e
CR(t) = P(t)glt) R O
(8) = ¢ o Rte-Dele)et)T . plesny -
R NPT PS LTy PYTS R Y (2 R AL
| A o

where 9(0); is ‘%re spec1f1ed ahd P(O) ‘is.‘ény' p051t1vé»v

deflnlte matr1x ThlS algorithm minimizes. 'the' followxng

uadraticy,oss functlon
q . > .ﬁ . )
L . - | i t ‘ ks - _'. N : S »_.. 2,‘ L A. 1 _ | . -
- v(8) :=.Z° [H X(3)] (y(i) - 68°¢(i))° + v (8) . .
L i=0° g=ier _ o ' _ c

N
~

3 w1th the convention that [H k(])] is "equal to the, prpdd¢t 
' k(l)k(1+1) - k(t) when . i s t and to 1 when ?52; t‘-Héte
v(6) =®6 - 8(0))™P(0)7(5 - 8(0)) and is due to the effect
of the”'ihitial cenditlons,. K proof of this - statement is
‘given in.(Goodwin and Sin (1984)). In the standard recur51ve
ieast squares algqrithm, A(t)=1 vt, If k(t)-k € (O 1) then_
| the algorlthm becomes; an exponentlally 'we1ghted least

.squares algor»thm and“k(t) 1s referred to as an exponent1al

i
I . P

forgettlng-factor.‘ ]

N
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5 2 3 Formulat1on of the 1mproved lea?t E&ﬁares algoﬁ&thm

Each step of the proposed algorythm is dlscussed bslow.
It is_. assumed that the follow1ng:1nformatlon is paSSed to
the ILS ‘algor1thm at tlme,. t.' G(t-l) , {Y(t)} {U(t)}
dc(t 1, Udc(t—1) P(t—1 P(t—l) S(t—1) plus the ‘user ﬁ'

spec1£1ed parameters. K, k (a scalar multlpller of the rfghtw A

hand side~ of equatlon (8) ¥ (t) and X, (t) TR _»; iﬁ'
“Step 1, d c. value el1m1nat1on or, hlgh pass .. fllteging-*The

o . ) foe A

d.c. values of {U( )} nd {Y( SR beh.estlmated

1ndependently of theF process parameters using h least

squares procedure (e g see Young (1984)). The slmpdlfled L

equatlons for estlmatlng the d.c. values are. L. ‘}_E’@
Ty (B A (el R, (e 1) T (1 = A (e)) YE)  (9)
Oy (t)e= A (e O o (£-1) + (1 ="ag(e)) w(e=1). -~ . (10) .

o . ] : ] . ,«

- These Aequations- can also ‘be ‘infeapféﬁéd- as '"exponentlal
{filters“( vhich t exponentlally forget\' old ‘ data xfor,
3fequivalently, dﬁtermlne the - contrlbutlon of past data (cf.
‘window) to . h f1ltered value. Settlng 'the forgetting
;factors A (t) and A () toivvalues~'less than__unity_'allows(
.'tracking of‘slowly‘t1metvarYlng mean'values and therefore a
slowly time-varying d.c. Blas; One option'is to selecth (t)

. =~k (t) = A(t) which means that the parameter est1mat10n and
mean value estlmatlon are done approx1mately over the ‘same -
wlndow of data. However, it is recommended that A and A ba/
specified separately Note that as A, () or Xu(t) -5 1 the
vestimated/ mean becomes constant e.g. the inftial"value.'

However, it is pos51ble or even de51rable in some 1nstances
. . "I,'.

o
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to .make the forgetting factors}'lw and X;,.a,functionbof
plant conditions_teﬁg U and Y). It is also .conceivable to-
use a‘CUSUM'teSt'(e'g see Gllchrlst (1977) wOodall (1986)

and Chapter 6) to. deeect sudden level changes in U and" 4 and

" to set the values of A and k approprlately The effect of Co

~d.c. bias e11 1n$t10n is demonstrated by - Example 10 in'uﬂ

”Appendlx 5
the 4. c.i bf-s‘}fnto account results in Lan-ioffset’\in .theu;,ﬁ

estlmated p'rameters.

ro

'Step L3w- pass fllterlng The plant modellng error, £(t)
usually contalns hlgh frequency modes and its effect can be_'
’reduced by low-pass f11ter1ng of the data'(iie. both {U( )}
and {Y( )T to o, get {U (-)} and {Y, ( V3. ~This low- paSS‘
“pfilterlng mayﬂbe 1n addltlon to any anti- allas1ng,-analog .
' pre- fllterlng ‘used on the output prior to sampling. 'Note'l
that the sampllng operat1on 11m1ts ,the hlgh frequency
*'contenB.appearlng }D the sampled;output 'Thevband width‘of"
athe low—passv-fllter used ‘for fllterlng the data must be’
large enough to permit accurate estlmatlon (tracklng) of theld
actual .varlatlons in “the process parameters. S If the
'bandw1dth of the. low-pass fllter is too low, then'in.the,

~limit, only varlatlons in the process galn are tracked.,The_

\

' problems caused by model process mlsmatch 1llustrated in -

Example 8 of Appendlx 5.2 are to some extent ellmlnated by

. 'X .- L
low- pass f11ter1ng of the -data as shown by Example 13.

Low pass f11ter1ng can also be used to e11m1nate the"

Structure Ln‘the noise in equatlon (3) t bta1n unblased
estimates of A and B. Thus if C#1 then a user 'specxfled

approximation of C can.be-used.tO'filter the input/Output{
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S

data (e a.v7<if, 'T is »anff'approximation . of__ Q, ; then

'Y()

T

S convergence of the estlmatlon scheme (cf Theorem 2, Sectlon

'cemputatlons.

b

L W

[

1

T(
elrmlnated on. the est1mated A and B The parameters of T can
‘*‘\

¥( ). Ii T=C . the noise" effect is completely

adopt&&wmquLS‘nNote ‘that™ the use of the T fllter is an

alternatlve to. ELS o

Step 3 o ization: The regressor vector plt) of low- pass

a

flltered zero- mean dev1at10ns, i.e

'u(?) U (- ) UdC and y(:) = Y, (- y- ch , are normallzed by

{u( )} and. {y( )1 where;

.. also be estlmated 1n a separate step ThlS procedure .is;;'l5

n(t) ?Lmax(1 "¢(t)" “s0. that all the . elements of ¢ (t) =

¢(t /n(t)‘are < 1. Normallzatlon is requ1red 1n prov1ng the

-5, 3) It also 1mproves .the ‘numerlcal 'quallty_ of the

" D

Steg givData:5calinqrfIt lslwell'known'that in practlcal‘

appllcatlons of least squares eatlmatlon poor data often_
lead to numer1cal problems. Thls 1s espec1ally true 1f thef

excltatlon of - the process 1s poor. One way to make the'~

. algor1thm numerlcully more robust is to use a scheme such as

square root f1lter1ng Dr UDU factorlratlon (e g see . Ljungff-

and Soderstrom 1983) in the updatlng of P CAn, alternatlve 1s

proposed here based on the 1dea of scaling wh1ch appears to

have certa1n advantages The proposed scallng procedure can,b

also be used in. conjunctlon w1th_if

the algorlthmr Thls can save some computatlon because the'

square rodgt ver51on of.

.3

scallng matrlx rs comruted on the ba51s of a square root Of,~

g as dlscussed below ‘;i . ,i,;??jﬁ. ‘E;'s ",,};uf;'“;i“

Con51der the problem of solv1ng thew set of: «11near

equatlons Ax=b; A robust way ot do1ng thls is to solwe the_"

. T e . o U
g . R . : AN

.:o : .. St —‘;'
’ : o S

‘. . . Y

. » h . . P
- . -
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Jtransformed set of equatlons, A'x'—b'

o ,Q x and b'p}éerT and recover the or1g1na1 sb}
- ngx
'advantage of thlS approach is that the transformed set of

,equatlons may be numerlcally better cond1tloned than the_

-porlglnal set of equatlons,'i. the condltlon number C{A B

.'og the transformed matrlx A'_may be,less than or equal - to

the ‘condltlon number C{A} of. *the orlglnal matrlx.fAf

'JTherefore the computed solutlonﬁ’x—Qx by u51ng_

obtalj
the scallng transformatlon would ‘be fl

"‘(numerlcal) errors ‘1n b and/or ",“'In_ fact, the ‘scaling]-f

*,_en51t1ve to -

fmatrlces P and Q can be calculat :“oble ‘1969)) such thata~r‘

2

Vﬁthe condltlon number of A‘ C{A } 1s mlnlmlzed Sﬁnce the‘w

uleast squares method 1s essentlally solv1ng a set of 11near'.’

,equatlons of the above type where A 1= ¢(t) @(t x*;= 0 and

"lb‘ (0¥ (6) with #(8) “i= (9(0), ..., T9(2))7 and ¥() i
‘(Y(O) ce Y(t)) : thlS methdd of scallng can 1mprove the h
numerlcal accuracy of the leastvsquares calculation v'
o When scallng :used f recur51ve ,least squares'

vvestlmatlon,-uthe regressor yector 'is transformed by

_dldgonai sca11ng matrlx before use in- the estimator.’ The:

-

‘ ~i-saa11n tr1x can be chosen to 1ve m1n1mum cond1t1on N
9 ma 9

',’number for the covarlance matrlx P 'n some sense. Suppose

v,fthat Ttheh;estlmate of G(t) u51n lthe unscaled (buthf

normallzed) regressor is glven by equ tlon (6) wlth y(t) and”::pf

(f) replaced by the1r normallzed ve s1ons, y (t) and . (t) -

iﬁrespect1Vely.\Now 1f S(t) 1s the. schl1ng matr1x, chosen top'
minimize C{S(t)Q(t)} (see Theorem 3. in Sect1on 5 3) where
Q(t)Q(t) v; P(t) then the estlmatlon withﬁ'the scaled

»

-‘regressor, w(d(t) 715 glven by




U Ber=b(e-1)+s(e)”] {'-Ps(;,.(-t')‘¢,,s‘t;,.( £) (v (¢ );‘é_(;;:_"?-‘)‘.rtﬁnj(‘t‘ ):-)»'}"f:‘ BNEED

"".@}hér)e',i'és(t,'(‘t)..‘;; S(6)P(E)S() and ¢,,s(t,<t> = S'(u o, (t) "
The scallng matr1x _1s computed to m1n1m1ze. C{S(t)Q(t)}_ ‘
4m(rather than C{S(t P(t)} because of the need to preserve then/
Eusymmetry of P after scallng

“.LIU. off llﬂé& o* batch ‘least squares -estimation),'the:

‘w

"“scal1ng matr1x 1s a ébnstant matrix and 1ts value depends on

‘

jthe data.AHowever, ;or recur51ve 1dent1f1catlon it is more
1

o loglcal to ‘use a “time- varylng scallng matrlx S(t) wneret

(t) is chosen at. ‘every ‘time to’. ‘minimize .C{PSH)(t)} ‘
"dlSCUSSed above However if changlng S(t)- at every tlme t{
u"fs nULlLQQU ed or advisable (e g to reduce computatlonal.
load) then S(t) -may. ‘be changed whenever C{PS“,(t)} exceeds a
user specified bound Ko }v. | S o ‘4.
- ‘The condltlon number, C{Ps“,(t)} is ‘an 1mportantf
’factor 1n TLS|est1matlon._F1rst the asymp@otlc uncertalnty'
in" the parameter estlmates (measured by thelr var1ance)?
'depends on the measurement and structural_ (or ,modellngf:
’Terrors and the. condltlon number of P‘amplifieshthe effect of -

,these'errors N1eder11nsk1 (1984) Proves thlS result for the<7

R:foffﬂdlné or batch case. Thls result also holds true for thejﬁ

recursive case and is stated rn-the'formgofuTheoreth fn':'
vSectlon 5 3 and proven “in AppendiX‘éfi-when the“equationp
errom term conslszs of wh1tg'nblse' Clearly 1t is de51rab1e_-
%or B 4s 'possible.’ The -

‘to have as sméﬂl a condltlon number
' data scallng and the on/off feature (dlscussed subsequently)'
ensure that this. 1s so w1thout alterlng the ba51c propertles’.
'iof P." An alternatlve 1s matrlx regularlzatlon whlch ensures‘
that the elgenvalues of P are bounded (equ;va;entlj, that

. a
o



/ IO

the condltlon number of P 1s bounded) byi%od1fy1ng the P (

%
matrlx. Thls may generate a dlfferent {6(&?} sequence,'and

¥ ' o
e perhaps parameter drlftlng when the system exc1tatlon Cige s T
. o : _ T SRR

poor.” . } T R W PO Y
Secondly, the cond1tlon numbernof PS“,(t) can also be ,;,5

'used in"lieu of the deflnltlon of pers1stence of exc1tat10n..d-“:

hA formal deflnltlon of per51stency of exc1tat1on is jlven
below in equatlon (13) CIf the condltlon numberfns large and '

iﬂziappllcatlon of the; scallng ' matr1x,., S(t) does ~'not'

,:_51gn1f1cantly reduce C{PS“,(t)} then- it can’ be concluded

‘that. Ps“,(t) is almost 51ngular -and. hence that the 1nput
"data are not per51stently exczt1ng ‘vy' 'lw ‘}wv:j:
Th1rdly, . reducmg‘ the : cond1t1on : numbe;r’ l,of" the -

_covarxance matrix 1mproves ‘the. numerlcal performance of the_"
> >ILS alcorlthm as discus sed earller.-" ' . ‘ 'V_‘ - w_:

" The effect of data scaang is demonstrated by uxamples

‘11rand 12 in Append1x 5 2 Compare these w1th Examples 6 and'
:7 where no scallng was employed Scallng can 1mprovthhe_
-loarametér ést1mates 51gn1f1cant1y

Note.that 1n the 1mplementat10n of the proposed ILS'

.'-jal,crlthm and‘"its testing 'the’ sqdare root of - P(t) 'is -

'computed ~us1ng a Cholesky factorlzatlon.v However*- thls
factorlzatlon was found to be very sen51t1ve to truncatlon
'Lherrors.' Therefore, as dlscussed ear11er the ‘recur51ve
Esquare~root approach used by standard RLS to calculate the
Usquare root can -also be used ILS. Th1s automat1cally
’gzves a square- root of P(t) ‘as well as ensur1ng p(t)ao Vt.‘
U51ng scallng further ensures~that C{Psu>} is- m1n1m1zed |

: Ste.: 54; Var1able forgettlng, factor- The trace of P 1s a

'»fmeasure of the magnltude of P and hence of. the magn1tude of

......



“fthe estlmator ga1n 1n equatlon (7), The covarlance blowupf

[;exper1enced in least squares algorlthms w1th a constantil"’

'forgettlng factor, k(t) A '<:_J; f ay belle11m1nated by”
caldhlat1ng a forgett1ng factor as given below to maintain- a“f

constant trace for P- f-- “‘_:f*

:"‘, o o ' v

e s T L 16,5y (£) R
AE) = 1=l lr(e) - el - ”tsrmPs(t,(t f()t)j "“ - '}]/-2;]/2@

—-— e e

where r(t)54=‘1 + ¢nﬂ:)(t) Ps“,(t 1)¢nqt)(t) This'equatlonfis{

eas1ly derlved from equatlon (&) (1n which- ¢(t) and P(-) are;l‘j
.fzreplaced by ¢ﬁ(”(t) and Pﬁtﬂ ) respectlvely) by taklng thef‘
trace of both' 51des ‘and settlng trﬁﬁsu)(t) =_tr Pgm)(t 1), A
.Mchange 1n the spec1f;ed value of tr P, e.g. to. 1ncrease tr P ]
B and hence galn K(t) durlng perlods of r1ch exc1tat10n, can
v:be 1mp1emented,by multlplylng the rlght 51de of equatlon (8)t:h
fby ) scalar The' use : cof constant trace and the resultlnglffw
?flmprovements in the behav1our oT the paramete~kest1mates 1sj"
_1llustrated by Examples 7, »9% 12*—14 and 15 1n Appendlx 5y 2»
'lFor ~example,ﬂa compsgggon “of the parameter estlmates in
lgure 5 26 versus 5 28 shows that spec1fy1ng tr P=1 results
'1n slower‘ (smoother) parameter changes than ‘tr P= 4 The
";feffect is 51m11ar to f1lter1ng but does not alter the least
tsquares propert1es._1t follows dlrectly from equatlon (6) ;
Note that by calculatlng xtt) ‘to’ keep tr Pﬁtﬂt)

Py (t-1) one ensures that the trace of the orlgznal (..e;

the,

unScaled) covar1ance ‘matrlx_.i kept constant Thus

- _scallng does. not affect the effectlve galn of the estlmator.
"“But whenever the scallng matr1x 19 changed the trace. -of the;
escaled matrxx changes (i.e. &m Ps“,(t)¢tr %sh,”(t)#trvp(t))r‘,‘Q

e



“

‘:15 to verlfy eguatlon (13) a

'isﬁ,-too cumbarsome

Step 6 On/off cr*terlon-'One requ1rement of all estxmators

:-1s that there must be suff1c1ent exc1tat10n durlng perlods

of 1dent1f1cat10n to exc1te all the relevant (or domlnant)

modes of the process. If there are relatlvely long perlods-

durlng whlch the parameter est1mat10n 1s actlve,'but t@;re

-

1s 1nsuff1c1ent exc1tatlon the est1mator may g1ve dr1ft1ng

parameter estlmates due to n01se etc. Many authors suggest

the B add1t1on ot per51stent exc1tat10n" { durlng ‘the”“

A

estlmatlon, but although thlS solves the problem, 1t’ﬁs not

' always_ pract1cal An alternat1ve approach - to stop

vestlmatlon when the data are not. per51stently exc1t1ng

Loosely speaklng, a system is sa1d to be pers1stent1y

exc1ted wheneVer there ~*are a’ suff1c1ent number of

frequenc1es in the system 1nput 51gnal to exc1te all the S

relevaht modes of ‘the process and hence enable accurate

,' estlmatlon of all the de51red plant parameters rather than

a restr1cted number of llnear functlonals of the‘parameters.

Mathematlcally,_{@ﬁ“)(t)} is said to be per51stently

exc1t1ng (Astrom and Bohl1n (1971)) whenever there exlsts

a,,-a; >0 shch that

e
il

1st-

a, 1 z ¢m,(1)¢ns(t)<1> z'a';z‘y. R R € D

Vt and for some p 2 d1m(¢n“t,( )) n+m. .

A r1gorous way of testlng fp“fper51stency of excztatlon

'ntlme 1nstant. S1nce thlS

W t
R FAN

RN 1 . L x
.. . PP
e & )

B . .
. - v
R A

7?7;_ .

L. a“f‘

" measunes-':such as’



~ place ufnp'the hdirebtion offgthe7fgain vector K(t) ”
gty(t)¢ns“)(t) as can"be observed in equatlon (6) (w1th-
. approprzate notatlonal changes made due to normallzat1on and
vﬁccallng) Sm(t) 1s essentxally a- progectlon operator that.'

_'prOJects the regressor vector ,1n dlrectlon useful for:f

:parameter updat1ng The P matrlx enhances the d1rect1ons 1n;__j»

-whlch lattle*lnfory'

Ay

1to lange ergenvalues

o

.of dlrectlons in- wh1: much 1nformat10n is already present

.(correspondlng to small elgenvalues of PS“,(t)) ThlS can be
‘Q{obserVed by taklng ¢ﬁ(”(t) along the elgenvectors of P%§,(t)>
r.e; by expandlng Psh>(t)¢nyt)(t) ‘ '

cas Loou, {PS“)(t)}w it ¢ngt)(t) where u {Ps“)(t)} is ;‘thej
: l-- :
i :

'i,—elgenvalue Cof . s<u(??5 ,.;“ rtheyf correspondzng”:’

elgenvector “ and ﬁp ntm: Thus IIPs<t>(t)¢ns<t>(t)|l or.

t1on is already at hand (correspondlnggg»

,f Psu)(t)) and reduces the 1nfluence[ffj

‘vhe?ulvalently ”P(t-1)¢ (t)H) can be thought of as a: rough;;hf

measure- of . new 1nformat10n e terlng the est1mat1on schemeyY"

' and-hence 1s “an excellent ); 51s for an on/bff crlterlon,y

Therefore the estlmatlon is stopped whenever HP(t-1)¢ (t)"<t,'

h’where.t 1s a user spec1f1ed number and the algorlthm jumpsf:

‘3to step 6 5 B , ‘ R |
'It may be noted 1n equat1on (13) that a1 _"{

,».'?_ .

_-.l‘lmax{ Z ¢nS(t>(t) nS(t)(t) } and a2 “mxn{ ? ¢ns(t)(t)¢ns(t)(t) } e

':yThus the ratlo e /a2 =: C{Z ¢n“*‘(t)¢n“t)(t) 3 may be used as,~_:‘

'"ﬂa good measure of exc1tatlon. When the exc1tat10n 1s r1ch azi.v'f

s 9) and C{I - ¢ns(t,(t)¢ns(”(t) 3 will be well bounded. yhen tige

xtp

"1'exc1tat1on is poor a2I-> O and C{E ¢w(”(t)¢ﬁ(”(t) I3 may be .. -

Vfarbltrarlly large (or even unbounded) Slnce Ps“)(t) 2_-'

Do
L ngm(t)cpnm(t) when a forgettlng factor 1s USed

N : .
o C{Z ¢nut,(t)¢s(ﬂ(t) } may be approxlmated by C{Psh,(t) 3 (orv5

. V

PR

RN o



B ..:.'_ A .. : ! ’_; B - . . ‘, ; '. -

e “_- AN

':1=equ1va1ent1y c{putﬂt}}) 'The estlmatlon can be stopped 1f

‘"’jﬁ68j577.

“=C{Py”(t)} > K. for. some\user spec1£1ed upperbound x. Note ”55

'”lfthat large C{Ps“)(t)} may alSoA occur,-due‘._ poorly

ﬂ

,x_cond1t1oned data (e g : magn1tudes of- LB and y are 'w1de1y

A3

applylng thlS test. Also note that 1t 13 relat1vely{;asy to

‘%p'fcompute an upper bound for C{PS“,(t)} 'whlch is. 51mply

. max{pS(t)(t)}
mxn{PdS(t)(t)}

1‘f"p5“)(t)"°' npS“)(t’* “ (C{pSh)(t)}

IR (O npsmm"m sfupsm(*t)u upsm(tf‘i because |1',|L:;;.-**
of a matrlx 1s ea51er to compute than a’ ﬂz.“ 5“,(t) ' =
lf oupaated recur51vefy.. 'h addltlonal ‘steps requ1:ed to )
 (Q‘1mp1ement the ILS algorlthm are as follows.x,,‘; ' o

'x

"pStep 6.2: Compute SO L
R . . PS(t 1)(*t 1)¢n5(t")(t)¢n5(t-1)(t)

R )\(tr) + ¢nS(t"1)(t) PS(t 1)(t 1)¢n5'(t 1)(t)

o -

L o 7\(t5 TR ST
.‘p'v .= )\(t) P (t 1)(t 1) + ¢ns(: 1)(t) nS(t~1)(t)

oy fvl,'_“i,,j Lo -'xfézfuif:i;j
C{P } = - I HP '1l E‘f'Tv_4f-v;i',ii‘f?'g IR

If C{P } > K. go to step 6.4 f?'dﬁilfg?f'flf'ff-yifﬁj

[fﬂpStep 6.3t Update 8, esh ,),'1?5(,;,)5l and s(t-1); fk7jmi!5*43{}“m
| sn)(t) = p', Péu)(t) S(t) s<t~1) :wieji; B
e(t) e(t 1>+s<t? PS“)(t)¢ﬁ(”(t}(y (t) e(t T) "5 (t));w.,aff

”Go to step 7. f'j;.nq *;. ‘=-;i .y“;,]%s‘é‘i~
W ' .:1-, . K

",'Step 6 q: Obtaln the mew s¢a11ng matrﬁx Sn“,thptcfi

‘:t'f‘." o

ol

“{1m1n1m1zes C{SDWQE\where:Q 1s a Cholesky factor of P'

Fy

: i.é."QQTvv=:; vy and cquute Ps”,
o _.-'..',_4)' 8 ul

Pg(e) ) := S ‘P' $n

6. 6.4_ '_»'” i ;'JﬁgﬁlG*‘i;;fu;gi

. n'-_ K ”.‘-; ‘.V. . N . . :
; Step 6 5: stop estlmat’lon, fé’. “» ‘ 'j £ _4;‘v ‘A . /‘v' P E J Lo
L ,Ps(t)(t) PS(tY)(t 1)” . S(t)(t) i

ev “' k

SMVP S, and_ﬁ
C{Pg“,_} < x then go to step-{'

' s(e)=s(e-1),

”;::dlfferent) Hence appropfzate scallngnshould be used beforegg




(t) 9(t—1)' Return to step 1 at next sample 1nstant

1 £

e.Step 6 6: Update 9 Ps“.”, Pg:,,‘; and S(t—1) _1 e ;_'Hf°.~51-:w
S(L,(t\ psm, o S(t,(t) -Ps(t) ",‘ . ,': S(t) s(t 1)5,,“,
b (B)=S(6) s, (t) ' R RO
6(t)= e(t—1) + S(t)] PSt)(t)d:nS(t)(t)(y (t) - 9(t 1) 6, (t))
:Example.(14)‘ 1n’}ppend1x 5. 2 demonstrates thk use of the <
;on/off crlteria' and shows that the1r use g1ves -r;seiuto..‘
:smoother parameter estlmates w1th less drlft (e. g compare'f;
”tplgure 5. 17 versus 5. 23) S FER :‘:"'-' _p.hfég o

A ) . FT

Step Z;h'Use of prlor knowledge It seems'»1ntu1t1velyi h

eplau51ble that the estlmatlon scheme w1ll be more robust and

.efflcrent if prlor knowledge about the model structure or

'»‘{ﬂmodel parameters can be employed :For example,, if prlor{

"1nformat1on spec1fy1ng ‘a . known~ region.;in Whichs' the
parameters lie is avallable thenpthe parameter estlmatlon’“"’
'7procedure may be 1mproved by progectlng them to 11e 1n51de1
“this reglon Usually knowledge regard1ng the dom1nant t1me
7pconstant damplng factor,y steady state ga1n etc. of theu

"contxnuous plant are known and 1t,1s not too d1ff1cult to-"’~

- map this 1nformat10n~1nto knowledge regandlng the d1screte
t@me model parameters belng estlmated In 1mp11c1t adapt1vel.
.“control appllcat1ons the dstlmated contrdllet parametersf'

_ b :
,could“be constra1ned (or prOJected) into an a pﬁldr

'stable reg1on.
l

ke Several ways of prOJectlng (or ’Constraihingl"the-'

. parameter estlmates have ‘been suggested (e g;aGoodwinFand'

d".fSID (1984 pssman and Kamen (1986) Praly (1983)) but the

. 1mplest 'one (due to Praly) is based the  idea of

*p'ogectlng “‘the parameters 1nto a sphere of known centre, ;)



"~ and radius, R:

' .sectlon that summarlze the convergonce behav1our of Qhe.'

-

where 9 (t) ie 5( Y‘};ec. Thus 1f the new estlmate 6(t) is?
J.out51de the sphere it is- replaced by 1ts pr03ect1on (t)
One feature -of. thlS progectlon scheme 1s that 1t alters the.;‘
convergence : propert1es of :_the'[ estlmator.'” Parameter

pro;ectlon is partlcularly useful when large,' unexpected‘f‘*'

\

load type dlsturbances frequently(upset the plant and cause = o
parameter estlmates to move s1gn1f1cantly. After parameter

pro;ectlon the ILS algorlthm returns to step 1. at the next,

sampllng 1nstant

Other types of pr1or 1nformat10n that can profltably ‘be
v used to. 1mprove the parameter 1dent1f1cat10n 1nclude known
non 11near1t1es (e g. a known non llnear stat1c ga1n as ‘in a4

”? Hammerste1n model Anbuman1 et al (1981)) and known system.‘”

poles and/or zeros (Ba1 and Sastry (1986))

e ‘ 4‘ . . .

K 17Qt'

.v.ép(tiré-9;_flﬁin(17.g/ug;(t)nypﬁn(?):;;ppn;.;l.f;.-;e_:;:£(i4}"»a

5.3'1Convergence _behaéiour,'qf. the,fimproved least SQuaresg”’

't
1

estimator

_Theoretical = converyence analysis of an .estimator

prov1des 1n51ght into how»the paraméter ‘estimates behave and

s an. 1mp°r“a“t step in the proof ldf stability of an.,’

- -adaptlve control scheme. Two theorems are presented 1n thlS

proposed ILS algorlthm in the determ1n15t1c and stochastlc

P

'cases assumlng*that the plant is tlmerlnvar1ant and ‘that

v'.upperbounds n and m on the orders of the A and B polynom1als

in the plant model are known In the stochast1c Case, the;*

"p'



COﬂdlthn number of the P matrlx has a 51gn1f1cant effect onfii

”the parameter estlmates and the theorem. brlngs out thlsf

"'ffact A thxrd theorem spec1f1es how the scallng matrlx :

Csi(t), dlscussed in sectlon 5.2. 3 can be computed S

Ao
0.,

'-Theorem A The constant trace least squares algorlthm glven'

by equatlons (6), (7)qand (8) with Y(t) and ¢(t)_replaced by

'thelr approprlateiy normalized versions y”(t) _énd ¢ (t)e
'respectlvely and with k(t) as given by equatlon (13) applled“_

to the*determlnlstlc (perturbatlon free) plant

Poswt s

’ :where 6 is'a constant vector has_the:following propertiesg:

B 1 L(lt):’ - A(E) P(e-1)7 + (816, (£

R

KT '0<x(t)<1
5. v(t) = k(t)v(t 1)

o(e) = o(t-1) - PlE)e(tete)
‘where 9(t)4;= 6, f:O{t)’.‘ |
~ and e(t)u:=-yﬁ(t) - ¢, (£)76(t=1)
3.5 P(E) M0 () = A()P(t-1)""6(t-1)
”x(”t’)'e(t)

} x(t) + ¢, (t) P(t-1)¢ (t) -
where'v(t) s= 6(t)TR(E)” G(t) 'is a Lyapunov functlon'

6 I8CE) | < klem Do e- i R
W s n(o)ne(o I? R
vhere k(t) clp(t)] ix g 1AL BN 4 p{B(t))
. r = ¢ )
ere « R mm{P(t)}‘ an “mn t)} o

mln{P(t)}) is the maximum (m1n1mum) eigenvalue’ of. P(t),}"

7. lim (8(t) - O(t k)) = 0 for any finite 1nteger k R

teem

8. lim e(t) =.0

Lo -

- Note that, properties (8) 'and (9) imply asimptotic‘
-'parameter convergence to constant values such that y(t)

G(t) 9. (t) -> y (t)

171 s



) -/
8 <N
Lo, i=1 - L

If § = 0 then lim ble)

t-o:- .

A

9. . Let & = lim [ .x(i)li'o"

Lt 5 #°0 then as © -> e-ff‘f B
(1) A(t) o
(11) JB(t-1)9,(£)] -> 0

C(111)*P(£) ->

> 1

l B

iv) Be) > 8.

‘Proof (see Appendlx 5. L v _

 Note: Property (9) is. due to Lozano and Goodw1n (1985) )
RemaPk 1 Note that data preproce551ng operatlons such’ as_p
:d c.,value e11m1natlon and scallng do not change the results_t
of the above theorem as. long as the’ true parameter vector 8,
is 1nterpreted approprlately The effect of modellng errors:’

is not con51dered in thlS analy51s. o 4;‘
| RemaPk 2: When the parameter pro;ectlon sch;me outlined in

__sectlon 5. 2 3 is u; ed V(t) ceases to be a Lyapunov funct1on'

and propert;es ( 8) -do not dlrectly follow. However,

'.assuming'that th ‘rﬁe pqrameter vector, 6o lles 1n51de the

ey
t%w& sphere it can be ww>that the convergence property (6)
“wstill holds. TELT g /
Remé?R* 8, T ieast. sqﬁares algorlthm haS' exponential :ft,
convergencei 'ohnstone etﬁal (1982)) when ‘the forgettingh'

factor X(t) X< and the data are per51stently exc1t1ng, 1nv

" the sense that there ex1sts a S&nstant A > 0 such. that

K . ‘ . . " N ‘ C . A 5;;\":
Sletey)Fs S (18)

3 The equ1valent result in the varlable grorgettlng factor case

is stated by the property (9} In thls}case 1t can be shown
o that R '
e L e , oo

. Y
™ ( =

ta



1 7_3

J6Ce)® s AT A(1)] o L 4. ,(1?7.)‘
 Since A(t) 'is 'variahle-’an exponential ’convergence result
s1m11ar to equatlon (16) can only be speclfled in terms of:

*an upper bounc,,k'; on the sequence {R(t)} asr

et st e

T~ N
. \

If the data are per51stently exc1t1ng then HP(t—1)¢ (t)” >0
.iand A(t) <. 1 Vt and hence there exlsts A< T such that the
convergence rate rs»exponentlal«ln the varlable.forgett1ng‘
factor-case. L C _-\\:" : '; S S
hRemaPk 4: Most identification algorlthms e§§1b1t exponentﬁb:'”
‘convergence to the true parameter values unéer condltlons
rich excrtatlon.. The least squares - algorlthm wh1ch lis
essentiallyt a Newton algorithm} uses ;hthe, curvature
information"of' the 'sum of »sduares error jsurfaCe“andb
;itherefore ~exhibits i'faster' (quadratic) convergence;

particularly’ when' the éstimated paramete%ﬁufa{e close to .

A

‘their true values (i.e. the covarlance matr1xuéanvtherefore
be thought of a including 1nclud1ng"second order . or
"curvature 1nfofﬁation);;The propoSed ILS algorithn‘preSerwes

. this property as- it uses -a true (welghted) least squares
'step at each - parameter update wh1ch is an 1mportantpfeature?f
in’ practlcal appllcatlons. ' _‘.' S hhw ‘v'
Theonem 2: oThe improvead least ‘sQUares' algorlthm with °
‘normallzatlon and constant trace features has;the”follow1ng -

'propertles when applled to the system'-



—— ' L - Y .
yhere 6, is a constant vector and {n t)} is a white noise

,Sequence of variance ¥ and mean zero U

*1". - mln{p(t) } ‘vpmm<2 O

2 max{P(t) } < ‘.pmax:": ) 1/6"' . : . :
3. BLO(E)/F(t-1)) = 0 ‘j'. o A,
o ESEI/F(eN] St S

where. F(t-1) are the 1ncrea51ng subszgma algebras generated

'pby the plant 1nputs and outputs avallable up: to Eﬁme —1)
M. 1s ‘an upper bound on the condltlon number of P(t) (or.-
_ ”equ1valently P(t)). I1f 8 and’ € are constants SULh that 0 < &
< ANE) S 1 e Vt (evZ 0) then pmn'—’a 5pf t2p. Wwhere a2'1s,'
‘the lower bound in equat1dn (13) ' o ' |
"Proof (see Appendix 5. 1y -

Note:> Lozano (1983) obtains a similar result by assumlng A

that {¢ {t)} s per51stently exc1t1ng‘ THis . assumptlon is

"not needed in the present case.f

1Remaﬁk 5: If data are per51stently exc1t1ng then a,>0 and e

"?>‘0 and hence M < ®, The on/off cr1ter10n makes ‘sure’ that

»bdurlng the perlods 1n whlchuest1matlon‘1s actlve - In. the
proposed ILS »algorlthm "P(t—1)¢ (£)] and the condition\‘

number of . P after m1n1mlzat10n are. usedj?s the basls for the ;

.

. on/off dec151on. . " A IR ’

Q-
Remark 6: The trace of the covarlance matrlx also has an

effect on the varlance of the parameter estlmates. 1t cangpe‘
i shown that E{e(t)e(t) } = P(t)y? and therefore E{]6(t) I

E tr P(t)y whlch means that a larger tracevior P ‘also leadsﬁ

. , .

T L

" there is enough exc1tatlon and hence M pis well bouné@d::,g



-pto_fa. larger

t'trade ofﬁ between 1ncrea51ng the tracklng ab111ty (1 e. galn
L 1n equatlogv(

-“parameters.'

;-trow sums of SA are then all equal

pS 4 L:terﬁture review

- ”ﬂ_:.-.»

rfzselect1on of the user spec1f1ed value for tr P Ln f""'

reduc1ng the‘varlance-of the estima ed ,fd

p:ple,' when good exc1tatlon 'such as a

‘.___5setp01nt change 1' expected a larger ‘trace for P may bev:‘if

fused When parameter estlmates seent to have converged or

B when the process 1s at steady state a smaller trace for'?

7may be used Note that a small trace for P results

~ A
‘smaller var1at;ons in 9( 2) and therefore has a f11ter1ng

."geffect on 9( ) However, qnllke adhoc fllterlng schemes forf:;‘

‘5( ),.specnf1cat1on of a small tr P preserves the*prdpertzes

'“of the least squares est1matlon. o , _ e
‘_QTheOPem 3’(Comput1ng the scalxng matr1x S) A dxagonal S
'7;fthat m1n1mlzes C{SA}, =‘"SAH“A”S’W- is glven by choos1ng 1

ffz;-1/ri where r; 1s the 1 absolute row-sum “(i.e.. sum of‘the |

fpabsolute values of the elements of theli'“row):ofahr-Thef'”

Prohf' (See Noble 1969) ;;"f']" ':1f\:f”“*f ’ffjiffi;_ﬂﬂ

In this sé&tion solut1ons proposed 1n the lzteratu.e to

[some of tﬁe problems 1n 1east squares parameter est1matzon

s;’are brzefly réhlewed and compared w1th the features of the

“ijLS algorlthm presented in thls chapter.

" E : '.'

o
g :°,

;:5 4‘1 Non-zero mean data j»l;ﬂff.ﬂl}l-l),r7‘~y L?f;‘"9—,‘g._df

el

-;uThe d c. blas 1n the process,.whlch typxcally leads to

‘jfparameter offset 1f not properly taken 1nto account, has

rece;ved a lot of attentzon 1n the literature. The bias 18




B typlcally generated by non zero mean dfsturbancaﬂ_or when a
- Y Ny
-tﬂnear model 1s fltted to a non l1near process around a

e

"*3315 ‘1es ‘of new operat1ng po1nts hav1ng dlfferent non zerof“ :

mean values (for U and Y) “The method suggested 1n th1s1f“

\ R

Ce ) S .
5( . chapter to solve %he bras problem 1nvolves estlmatlng thej

d c.,values

_:::,y51ng the z‘

. .estlmated d c.: values 1n theh parameter eitimatlon. rThls" Co

-method has the advantage tbat the paramete imation cam\

- be frozen w1thout advqpsely affectlng the tracklng of the;f'

f”d c. blas. Other methods suggested 1n the llterature 1nc1ude‘

4

aif and ch»'of the 1npﬁt/output 51gnals andpg,f

' mean dev1at10ns HT ) and y( ) from thesevg;?

' vﬂz.est1m t1ng a blasﬁtenn as: a part of the?parameter Vectori»‘

¥»T(wh1ch is called a. "1—1n the -re essor ve4tor method) a

“lestlmatlon based on 1ncrementa1 (or dszerehced) data (Tu4£si
‘and Clarke (1985)). f;f';Q_: - w~ R N <

B

"1 -in- the regressor vector method Flrst/ the method works‘

‘“level - st1matro

N

P offsets, Thl:d,\ tralghtforward to constra1n the

:isindt-

parameterw\ s to known eg1ons w1th~thls methodz;'

'-~f7t.- CIn '1the'c 1ncremental . est1mat1on ' approach the 'i

1

Therefvare' several problems asso 1ated vith the‘

welL only for a constant or slowly t1me+vat¢ung &, c. blas.ﬁ

%§econd if parameter *estlmatlon .1s fﬁbzen then the d. c.~f,;

is. 'a so frozen, leadlng -to pred1ct10npﬁ'

‘cvlnput/output data ‘are - f1rst dlfferenced before the dynamlcf

"”-H“‘plant parameters are est1mated An advantage of estlmatzng’

on the ba51s of d1fferenced data 1s that there is-no need toj -

4 4 T
' exp11c1tly 1nclude a d C.. level 1n ,the plant model

"‘.v‘__'idlsadvantageﬁls that the effect&s of hlghnfrequency no1se are._"4

‘{lamp11f1ed because of the d1fferenc1ng (the varlance of thehi

L A v'_ LTl N . N

At e
" L.

%‘vdlfferenced data 1s tw1ce \the varlance of the orlgynalj{ ;



jf—~7—e11m1nate the effect>o£ dynamlc dlsturbances.-An extendedq}fﬂ

'7h“5 4 2'Modef'Process’M1smatch v;}ﬁ-;ﬁfcb

i

e

=~

The method proposed 1n thzs chapter wqus well when theﬁ;ftf

.j \. LR e

‘ﬂ*bd c.-. bzas ;is constant ? and h1gh freqq g no;se 7Qi§?r,ﬁ

iifs;gn1f1cant.:8y a careful ch01ce of the for ettxng factorsflj”

o gslowly varylng. Note that the approach reco:“e“ded heTe 1s;fff

fproposed scheme may ,be used even when the d.c. blas 1s?f"

'fc} h (t) and X (t) :in the . c.‘ value est1mat10n step thei"*

?,fdes1gned to el:mlnate the effeCt of a: constant (or steadyﬂfft

o state) b1as on -the eStlmated parameters and does tﬁiii

least squares apprcgch us1ng the propﬁsed ILS algorxthm;f;f

'Lacould be used to deal wgth dynamxc d1sturbances.;;3«%ﬂ"'

”-ireduced order ’ mOdellng (ROM)
.;,'Proposed tO ﬁandle MPM bas"‘

AU PR

A"heur1st1c consideratlonﬁ 1Thesj

V- “ ; T e . . PRGN B . ¥ o )

Although model process masmatkh MPM, may exlst for:;ﬁf

"hfigmany reasons,\the most commonly stated cause is that due tof;f

solutzons weretﬁf?

1gclude. (1) normal1zat1gn{{fj

]of the regressor vector'plus the use of a dead-zone in’ thefff
"est1mator (Cluett et al (1986)),v(2) regressor £11ter1ngfhl
.(Astrom (1983)) (3) use of a smaller est1mator gaxn (Rohrs5}ﬂ5

et al. “(1984)), (8) use of a perslsteﬁ‘“i’ e"““"g ‘"put":fy

'“5:ns1gnal ﬁ1th approprlate frequency content (W1ttenmark andfﬂﬁ

. - _% it
Astrom (1984)) and (5) the method of averag 9 and slow{;nh
zfsampllng (Rohgs et al 1984 Astrom (1983)) .

A dead-zone was also suggested for handl1ng boundedtif

“mhfn01se (Goodwxhv-and S1n (1984) ‘and Martzn Sanchez et al iil;

:-S»JK1982))w The 1dea of a dead-zone where parametor estimatiomfr”

i"ffhf*is sw1tched off\\ls'°

basllally motxvayedl by stabilzty’




‘fffﬁgest1mat1on may be stopped even when contlnued estlmatlon

- foundr.ta work well 1n practite.‘ However,_ thete are few

‘?'“Vbe used to g1ve the 51gnals appropr1ate frequency contenb

consTderat1ons and 1s not 1ntu1t1ve1y appeallng.‘®ecause the

1-.>.. - R

wouid 1mprove the parameter est;mates.lfﬂ~'

"

.- \ e

Regressor fllterlnq 1s a heur15t1c fl& that has been

.t"-'

gu1dei1nes for the des1gn of the fllter. Fllterlng canaalso

'374f¢ The addltlon of per51stently exc1trng 51gnals ensures”:$t

‘;that‘the estlmatlon scheme is exponentlally convergent Wthh

','g;ves a measure o_frobustness to the adaptlve system ;n the

; presence of small ‘amounts-. of -mea5urement and modellng

-_errors. 'Fv,<~*4 ;z"uz f:ﬂ“'-,3§ - Lff'Eﬂ-r"th

Tt has- been shown by "Rohrs et .al (1985)*athat the

N —QLmodeled (hlgh frequency) effects ;c' be _removed by

sampllng the system slowly enough The method of averaglng

~

Y

B S A

‘ :;'whlch is based on ‘the | idea of estlmatlng only once En a few‘{f

.”H_f'sampllng 1ntervals 1nstead of at every samplntyznterval has ]p

ﬁ .

essentaally the same effect ah;slow samp11ng.a,»' ‘ ,
B The proposed ILS algorlthm accommodates most of the

. above mentloned methods. Fo

”Qexample, t 1s act1ve only

durlng perlods hfof_: perslsbent . exc;tat;on, i 1ncludes"

’ ‘normallzatlon plus a’ lmeans for user spec1f1cat1on qf the o

e~
est1mator ga1n (V1a tr P) and allows the use of f11ter1ng,

»

the add1t1on of excmtatlon and averagtng or’ st%w sampl1ng

R : ” _ SRR B
t"fh 5 4 3 Track1ng t1me van&xng parameters f_' o f’n,,32.'.'

2

5

Trackzng of t1me vary1ng parameters requ1res a non- zero RO

ga1n 1n the estlmator._ Several mod1f1cat}9as have been

isi&j' proposed 1n the 11terature to the least squares est1mator to‘,

prevent turn off. Most of the mod1f1cat1ons are adhoc and

e O e Ty, s N
ot oo
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W] *

.‘i

B ,‘\

'-’-‘-'»-'_‘1'931) Ldzano and Goodwm (4985)

3 , sugge'st pemodlc or ‘re ular"f'f-
f the covarfa (4 matr&x to umintaln estvmah

'squares 1dent1f1cat10n schemes., In stochast:.c s:tmulatxon_"" j'_:"

g c0var1ance - resettmg - step J*-‘
algonthm has o f faﬂed to ' deflne the cause
COndltlons ﬁthat lead t° thls Probiem. . One advantage of""'

. L ,
'covarla ce ?risettmg 1s tﬁat the cond;t;on number of P 13,_,
automatxcal*ly bounded., However, wlth reSettmg the C{P} cani.‘ﬁ"""-"'
no longer be used as a measure of p;?smtent exc1tation as'f‘;.--‘;f:

suggested herem., It appears %that reducmg C{P} thtough'l;\"




St

is” obta1ned from an exact weughted least squares estamator,{;

".,v';‘ab111ty of the aalgorrthm at - a. user \?pec1f1e"f

“g

SOme comparzsoﬁs gbffﬁthe? proposed constant traceﬁ,iﬁ

' happroach w1th that of Goodw1n s, methodg are' presented ;nff E

e

jlfproperties of the alggrrthm are 1mproved by scal&ng eachi}ff
_§e1ement of the regressor vector, ¢(é7} by the norm “of ¢(t)hgf7
”Also, ¢(t) stscaled by a. d1agona1 scallng matr1x, SCt)’
‘fiselected ”7 to m1n1m1ze E C{PS“,(t)} ‘ ’where ('Ps“y(t)

/

'?‘S(t)P(t)S(t).A51mulat10ns show that the effect of the datat;fi

'prescallng can be very 51gn1f1cant. It has 'not beenlf?'

recommi ded prev:ously' for adaptlve control applncat1oni ;7

”fThzs sca11ng 1s applicable to other estlmatlon schemes ands}ff

: to technlques such as Kalman f11ter1ng "-»”[ Al}ﬁ_iff "'“Q;f';

. "%\«,t"’

-PiConstantf§g£~[§;.;z' varylng the forgettlng factorzh Thls*?t

PR

'%pg%vents covar1ance blowup wh1ch i turn could 1ead toh_ -

-f"burstlng of U(t) and th) and als° ma1nta1ns the tracking;

value.;.Ther5

~fformula suggested for computlng the forgett1ng‘factor X(t)h‘

(i e..; o s1mp11f1cat10ns'_are. used) and ,ﬂijl”ddt] been;_,f

/

ESuggested prev1ously _ih’ t€ 11terature._ Th1s~«var1ablei‘:‘

‘forgett1ng factor, approach iS' super1or: to .covariance;e”

;QAresettlng technlques (e g. Goodw;n e; a]. 1985) whgch changeif*<

'_the parameter updat1ng d1rect1od from’ dhat of the grue leastQ}f

'*,fjsquaresc’algor1thm ‘and make'Jthe ;algorlthm more .np1se,lf'

'_QsehSitive._ Slnce the - qovarzahce mattlx, , (or P ) 1s a

. P o e e Vo e T ‘ ;““:- [ T
T T S oA, T e T o

numer1cal cond1t10n1ng.;__?h_ numer1cal'ﬂ*r



fzstlll perm1tt1ng ?at1sfactory trac)
'varled on- llne by %ultip1y1ng P(t 1f

i‘setpo1nt change.if‘;'

'p‘"jOn/off cr1ter1a~i QQnt1nued estlmé'

s

"'.f:lshown thai ||Ps‘t,(t;)¢p_s(t,(t'
 *usefu1 new 1n£or gtkgn.ln é%ga
"'._',',hence 15 an app Opr:igath on/off'
':conditlon number C{Ps“,(t)Q |




T LN : o e - w
'eiT_7means._Thls approach is an alternat1ve’to methquxsuch as

—

"""one in- th;gregressor-vector : [ method ‘or’ 1ncrementar
“ 9 g

1dent1f1catlon. When the forgettlng fect;fs are equah‘and

;_. constant 1t can’ be shown to be eqth

&

,,‘..'.

,V{}\H Af \'

”fperformance of

‘regressor w1th T(q ), .

- E;ch of" the: above features 1mproves th

T

o fi@;er1ng_ the ';J

the ILS algorlthm under spec1f1c’cond1t1ons._Bowever,ftheﬁxnl

key contrlbutlons are the selectlon bnd 1ntegrat1on of all:

nmaln theoretlcal propert1es of ‘least sdhares estlmatron‘are

s o~ L <

reta;ned. L e : o T . . ,-,rv

<

S 4
determln!d/;bx\ 1ts performance on pract1ca1 appl1catrons.

\*the:pérformanceuof anY‘estimation scheme?is

'the“ proposed by 51mp1y

few examples. However,_ several s1mUlated

ILS .@lgorlthm

1presented 1n Append1x 5.2 wh1ch prov1de a good

uvarlous probl!ﬁs assoc1ated w1th ordanary

-The' ultlmate wortﬁ of .any estlmatlon algor1thm 13 $ -

featuresvlnto a ‘single ILS algor1thm plus. the fact that%the - .

{
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'.A;Mult1ply1ng both 51des by[P(t)_; we get L

'fPart (1 yﬁ;}"cf 'TJfﬁ;f;Vil7f*e;‘f.LfT*\lffa*“" .

< ;';slnce p(t)"_"- L MJ)M (1)¢ ‘

'fpaftf(ii),eEQ;lqw

aFrom part (110, not1n§‘that e(t) ¢ (t) G(t 1) ve. have B
et - “ole- 1) = BlE)e, (), (5170 (¢ 1) ‘ja.;;t?,{i;iffaa?g

;{Qﬂg;b_zfﬁﬁ{~;1*ti_;;g?5“!t:g;jﬂ";,ftfggt_itﬁg;ina“#f\
R Appendix; 51 T s TN

L
PSS . L 3
R -_ — R

’T;Proof f theorem 1 (Note that :some of the steps are

fffava;lable‘ the l1terature but are '1nc1uded gere fof

» R

S 1:0 J=1+

L 62 R V1 x(:)]¢ (1)¢ (1)* + 8, (t)¢ (t)T} .
| “',*-Mt)P(\: 1) +o, (t)¢ (w7

dlnectly bY Subtsactlng equatlon (6) from

\

,--(I o P(t)¢ (t7¢ (t)* )e(t 1)

t¢pgt) "0ty = (P(t) - & (t)¢(t) )G(t AL fﬁﬁ'?{;ffif*i’

'xmglpaft (1V) PFQOfilS heur1st1&
t_.part (v) ‘. T -
-".,'e(t._)_ p.(/,t\) e(t)

g ..)\(t)P(t 1) e(t 1) from part (1) h “ :,_-:‘;:, e

b

¢

2418, (t)e(t)) ,ﬁ';~- S
1) e(t 1) -:2e(t) B

(G(t 1) - p(’>¢ﬁ(t)e(t)) P(t) Mole=n)

n
Q,'
| -
T
-3

'.. -G(t 1)(k(t)P(t 0N e ¢(t)¢ (t))%(t 1)
c ____2 ( 32 o ealt) "p (- 15¢ (t) .- -.’.(_.t')é"‘._'
o RS Mt) + 9, (t) P(t 1)¢ (t)




‘ v 1v_-‘:-nf.:;?i:._x(t)e(t 1) p‘-ﬂ _a

PR T ‘(’ ',;
Mt) R (tJ "Blt- l)qbn(t) e t STk IR
oonmMuetEREENZ eI L s
B A TR Mt)e(', BIRT
_ e "'}\(t) + ¢ (tf) pﬁ; 1)¢ t) 1"1 :

_’—.-

= = um,n{P(t) } ||9(t)|| < )\(t)ﬂ,,.x{P(t '1) 1 Ilé(t 1)|I /
”J:Q;LBut from part (1) umn{7(t)q} 2 l(t) ”mn{P(t 1):f  ' o
m{P(t-1)"} ﬂa(t)ll < )\(«t)u.,..,{p(t: 1)'"} Ilf’(t ”“ L

‘:7~7f—> "G(t)ﬂ s x(t 1) “G(t 1)n   'f“ff’;_;‘f3ff»;lf;‘;;'f_Af 
- ,,,,,,{P(t 1) } {' SR R A
*?e(t) P(t) e(t)‘z M) e(t- 1) P(t 1)° G(t o

'*uiifprom part (v) G(t) p(t)”a(t) < x(t)e(t 1)'P(t 1) e(t—fy ~f- o

' n,ﬁiwhere x(t 1)

s)\(t)k(t 1)6(t 2) P(t 2) 9(‘t-2) J LT

s{n Ml)] e(o) p(o>“o(0~)
i ff*# B e IR

_Slm1larly from part (1) *x{y;}f;ﬁ m; f,“ﬁgi,;fffzf

um,,{p(t)“} 2 Mt) um,,{j’(t 1) }

e Y [n}x(l)] umm{p(O)”}'“'Fij;*;*l ff{;g;?,._;;f';,{;
L & o

, [n x(l)i u,,i,,{P%o)"} ||e(t)|| s [n Ml)] u,,.,fP(O) }.«v
o ' - $13fv HO(O)H ﬁk_z S

7Nf<ff;=s~“e(£)“ < x(0) ue(o)u (o) ij‘“A e Lij5?};{_:;{{:*
" “'-- art ( 111) _:(A o ,._;fQ fg [ ”*lJ"-fo;wﬁi jj;; ”;T¥;ﬂ_
,p : e : *3{ S e e

From part (v) Lo L """r;{g, ¢ff,W~g¢¢_§vef
- k( ) ( ) ’ k(t)e(t)z e
| V(t) ) _t V - 1 Mt) *+ ¢ (t) P(t 1)¢ (t‘)

. iy

Cs




U o v T E ‘[1.1* A )I] - él45? )
4,=£§;;: 1?1,Y,o,: RN 135 ) - ¢ (1) p(1 1)¢ (1)

.fsince‘V(t) > 0* \\: | R A PR
—_ IS e(1) S
'z [H R(j)] [H k(l)]V(O)

I I SRR ) + ¢ (1)P(i- 1)¢ (1) - =t

f}_;part (v11)

.;‘S1nce v(0)- 1s bounded taklng 11m1ts as t5~> m'and uslng'
“ifresult (9) (whlch 1s proved Iater) we can conclude Ehat ;': -

'ﬂvl1m ext)

RrSsaN

.nl?From (v111) ‘we ‘can. §a¥ that’ f; St
 lim % . ‘ e(1) S Ty
_.’1:‘3“.'.-1.1' A #0100 "B (i-1)9, (1) R

@t

g [Ml) (i) " i- 1)¢ (1)]e(1)

L =s-lim I - < _.}'(§;2)=“.f

tem in1 [X(1) + ¢ (1) P(1 1)¢5£})]

P(t 1)¢ (t)

"'-',._vfj.i,e<t) T (e 1) ’ g(g-_). o

e 6. (6)7B(t- 1%, (£)ett)?

B >{§inoé"tf P(f)‘='con5tah£th, Tet tr, P(t)

x(t) +- ¢ (t) P(t 1)¢ (t)

' ¢ (t) P(t 1TP(t 1)w (t)

[m) *9,(€) "Bt~ ne, (t)]2 "( )

||9(t) - G(t 1>|| |
9, (t) 9(9{3)¢ (t)e(t)
[X(t) + ¢ (t) P(t 1)¢n(t)]

2 #max{P(t 1)}

[k(t) + ¢, (t) p(t 1)¢ (t)] tr P(t 1)‘ . (A.,?)

'71  By (1) P(l 1?¢ (1)e(1) tr P(t 1)
,gt | [k(l) % ¢ (1) P(1 T)¢ (1)]

y ,.1 ||9(1) - 9(1 1)||

(A 4)

;t;. Then from

°nf(A;J) (A 2) and (A, 4) it follows that R "fifvff'?n

g L
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e et e you |
lim £ 180y - Ba-nf* - lim B &) 1)4%4})e(1) tr

e _*t’*: E | SR ) ’ to--:,-'l [\(1) + ¢ (1) P(l 1)‘¢ (1)]

A SE s e R (A 5)
S - &;.1,:4_-‘,,-_,w:;_:,3;; |
‘:ii’> 11m :(O(t) - 9(t 1)) ;_Q;fl aao-ii7'ﬂ"'&%”

t“- . Lo .
R

'*~daThe resultt stated 1n the _theorem can now. bez proved as
',"follows f'd} ?..."' d_b--?:;‘eﬁfﬁ“;jf;ffiffii d%
R - e(t k) H(G(t) Ble=1)) + (e(t - e(t 27) »

'(e(t k+1) 5(¢- k))II

o < ue(t) 6(t~ 1)" Ey "g(t k+1) e(t k)“ .dwf,ekde5?~??7”

Q

trom the Schvarz inequality g RN

B R i=1

at He(l) - 8- k)“ s £ jat) - bGs 1)uJL\\#j*,é_E;A'”-;f_:*j~ :

. 1='I

| '»i,..‘+ EoJBinks1) - Bm0 | AT
'.Taklng 11m1ts as t*-> "o - and notlng (A 5) we get B ‘
Clim I “9(1) - Bii-k k32 < -

tn. 1:1

'-aj which implies lim (8(t) = O(t k)) = o f* _~f*dﬂ_r¢j;3ﬁ§ve;~

tom ™

epart (ix).  v_ .f_'}j”', ;
lFrom patt (v) we note that va .
'»3;."V(t) < k(t)V(t NS s [n R(l)]V(O)

l1m V(t) - v s 5v(0) IR

tea . : "'Q' .‘ " : j

J1f 1im e(aa 9 and 11m P(t) p then PR

o ’ t‘-.‘ teas t . o ‘ | o
'“o s 8, P -9 s SV(O) _,“,‘ﬁx'_i_z;,“ S .
-V,If 5= o then 0.7p. e =0. ',“_*.-f;‘*fv 1i._*' _ '§%n;;»

e_lS1nce 1n the proposed algorlthm tr P(t) 1s ma1nﬁa1ned at a

'tconstant, bounded value P, >0 S0 thatqe =0 (or equ1va1ent1y
B Ve

t-‘-

f"fod]xf 520 then ,;;;l

lﬁi'i(t) > 1 as t ~> ®, otherwlse 6=0 ”?;jfifite"ffefdik"Vdm.

ffﬂzxf x(t) -5 1 then “P(t 1)¢ (t)u = o "*rj*j‘f”

e
B d\) . ‘.
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Slnce HP(t 1)¢ (t)H -> 0 (1 e. é;tlmatlon stops)

- i

'h’as t-> o (9 may or may not be equal to 8,).

'.-ﬁ;so P(t) => P as t => =,

.”Proof of theorem 2 "v"xg R, “.;T)'“ R

- ,]
i

part (1) R, : 'f \
- We know that P(t) ’= ‘/\(t)P(t 1)? * 9 (t)¢ (t)"

._Note that umn{P(t) }>0 s1nce um"{P(t)} is bounded

'fa”p(t) k(t) F(t 1) L+ I/p—#'

'"’fr}feri' W

i~part (11)

?’ pgt) [Il‘f)(l)]P(O) + ):i 411 xlg)]¢n(1)¢ (1)

j=i*

{P(t) b2 u,,,,n{Z I AG) 1, (1')¢ (1) }

:11

m{ o[ m)]¢ (1)¢, (1) }

A=t- p+1 jeivr
e 5p = pmm>_0

mm

2 u

Con51der the matr1x seQUence {F(t) } definad-by

gith F(0)7 = P(O) SR \ NPT

;;kén tr F(t) = x(t)tr F(t- 1)

Also note that P(t) k(t) P(t- 1) 1+ 9, (t)¢ (t)'r

=> tr P(t) < k(t)tr P}t 1) v H¢ (t)"

pp———— .

'3

Since. H¢ (t)"

Cer B(0)7 S x(t) tr P(t DRI

.=> tr P(t) < tr F()™ LR }';( Q'v

-

fWe now want to establ1sh an upperbound on tr F(t)

[n x(l)]tr F(O) z [n X(J)]

x-\ L 1-1 J:u-ﬂ :

It can be shown that

.__.._.

\'tr F(t) S =+ [l'l R(l)]t ) . f-p;i;x +[l§11 ')\(,i‘);]‘!'-'r_ FVI(FO)T"

1-1
L

g where pmax .,‘= 1/5 R ' . i R o . N

Coq90.

0 LR

_ %»5/'_ - o



”1‘f ‘But tr. F(t) = x(t)tr F(t—1) + 1>}fﬁA7 f

SRR ¢ X(;)lfé Posi

|  v'part (111)

. \’4 :
: ,h"na ';'

: _Lvsinéé ¢, 1s 1ndependent of n (1) and s1nq;\P(t) ilS F(t 1{1; :'

o .part (1v)

s ¥ -
o e R

“»_;-'—,[n LG F(O) +£ e M])] ”

I ).

- “ﬂ ]’l+ e \/\/ v i '*G s B -. o ,'
‘Also since u,"iA} 5 tr A for any matrlx A e CRR
m"{P(t) } s Pras. / A R

" We know that b‘t) G(t 1) - m—)cp (t)e(t) | ‘
gy {\)Since e(t),.,,= y(t) - ¢, (t) G(t 1 = ¢,,(t)j(t 1) + 7 (t)

e(t) G(t 1) P(t)¢ (t)¢ (t) o(t- n ' p(m (t)n (t)',

L4

= )0 = ARl o1 [-"¢,;‘<‘.t,>,=n".ft"i* e

.f‘_[n x(l)]p(or‘e(o) I 5 _MJ)IM (1)

=it

o ’measurable

. ','E{p(t) G(t)/F(t 0= p(t5—13{9(t)/F(t 1)} S

h‘[H‘}(l)]P(O) e(o)

' Ff'Slnce k(t) is’ computed at each 1nterva1 to ma1nta1n tr P(t);kf"

constant, P(t) 15 bounded

lin E{O(t)/F(t 1)} lim P(t)[l‘l _M1)]P(0)"0(0) -0 a. s, R

g : ‘*a _ n

\'From (A 7) and (A 8)

:‘e(t) P(t) o(t) " (o(:; 1)’ . o(t,1) o (tM (t) p(c)

| "-n (£)4, ()7 P(t))(Mt)P(t 1 G(t 1)
,_  f“] + ¢n(t)n (t)) ' :
=x(t)6(t 1) P(t 1) o(t 1)

C s ' »".

: -x(t)¢ (t) P(t)P(t 1) O(t 1)(¢ (t)"g(t 1)),.‘_,_-_.1:__._‘ i

& N -
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NP SR

JZf.where Z(t 1) contalns -all tﬁe terms‘,F(t ]) ~measurable '

1?:t51nce P(t)¢ (t) =

‘Jp(t)?p(txie(gi

] Qé;ﬁ?é(;)”e<t)'s;i(t)é(t-H)*é(:;1)”9(5:1)ﬂ"

‘multlplylng n (t) .-" 'r e .";_rj;,_"l

P(t 1)¢ (t)

k(t) + ¢ (t) P(t 1)¢ (t)
we have - IR SR S S R

X(t)e(t 1) P(t 1) e(t 1)
=A(t) (9, (t)" 8 (t- 1))

e i- k(t) * o, (EB(E- g, (8

¢ (t) P(t 1)¢ (t)

'x(t) + 9. (t)“p(t 1}¢'(t)
oo Z(t 1)n (t) o

. ()T (E=16,(t).
",X(t)j# ¢ﬁ(t)TP(t;1)¢n(t), e

et
0,
2.

Ly

. ¢ (u) P(t)¢ (t)n (t) + Z(t 1)n (t) |

— "(g)?

' Hence B(8(t) p(t)”e(t)} < k(t)E{G(t DEICTINICE v

“ From part (i) therefore 1t follows that

”muemu poePm e

',‘-> E{G(t) ()" G(t)} < [n x(l)]E{e(o) P(o>"e(0)}

+ 72 [n )\(J)]

R LA NGLIRA R

.JFrpﬁﬁpart (11),qumn{P(t) '} E{ﬂe(t)ﬂ } S 42 F%u L

»

min~ P

A

: q“(t)i2 + Z(t“T)nn(t) |
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prpbiems. The 51mulatlon examples are presented 1n sequence,

f1rst to demqnstrate the problems and second to 1lkustrate;»

-ijtﬁ§  soldt1ons 1ncorporated 1n ILS An overv1ew of the

s1mulatxon examples is presented in Table 5 1 Table 5 2 and

Table 5 3 contaln a. 11st of process models and contrpllers

used in. the s1mu1at1ons.

t
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Table 5 2 A _Aaot ot prq

TRl
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- Nb.Proccll -odcl-',

'«""v _A(.gn's. n}.(‘ u . C’(q)( LN

f2 A-qﬂp«.s, u-o 1,
’ c-o d-o '

¥

47 Aeq=0.9, B0.1;
- Ccage0.8, d=0.

“5  A=q-0.9, Be0.1,

C~0,° d;l.o w :

© *6 A=g-0.9, 3<0.01,

’ C-q-OJ d-o

g A-qut 2, 39q“302 sslq-oz 1. 966q+o 6703,

e c-qo'oz_-l‘_.f‘;qoo.?‘,'_

3._";-@..’2-1',{5«5'.7, Bege0.5, -

c-0, a0

c-q-,z-qoo 2. d=0.
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e
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., Table 5.3 A list bt control

\

lers: w

: Controller: | .. . Examples 'v)here"t.he
EEER _ "7 . controller is used  -

" Dead=-beat ééncxo&lér ol ‘ 3,9,

Pole-placement controller e 2 - o

‘Minimum.variance controller 6, 6, 7, W, 12
N . M ” ~ . -

L [ «




5!\\\\Examp1e 1 A_ivotA,'

,\f

| Descrlptlon fz ” -"H~i.i-?'mgljly‘gilﬂh :k7;"#i} fi; \f.a

:fip flf Th1s example 1llustrates the prob&em-of turn- -off. | ié
_t Qgglgéaéfﬂ ?_‘ | e T | l | ‘_v_

']M”' .Model: 1st order plant model #1 (Table 5 2) o,

"4‘ Identlflcatxon Method"RLS w1th k(t) 1 Vt ;(,feﬁf l

B‘\,, - Inl.tlal Condlt»lons 9(0) (0 0),_P(0) 101 (tr p(0) 20)

A . Exc1tatlon"open loop, PRBS 1nput of amplltude +0 5
k@ ) length 127 S o '4 —-—— |

Spec1f1c po1ntq one parameter of each of the A ahd B

-

polynom1als ;fwas est1mated '{thefi B polynom1a1

DQ " parameter was changed from 0 1 to 0 5 at t 401.

e

In1t1a11y P was large.4 So the parameter est1mates

converged qu1ck1y to values close to true valuesr

- o v ,
R _However, as t1me 1ncrnased,»P*0 (Fxghre 5 2) and

>

Qfa

fthe estlmator slowly turned off._For example'”:hép?v_m

bestlmator was not ablé to track the parameter
fchange at t=401 (F1gure 5 1) The trace of the
covar1ance matrix 15 shown 1n F1gurer5 2. If P(O)
jwere smaller, _the 1dent1f1catxon could turn-off

e -',fsz before the parameters converged. f¢¢_4
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- JDescriptionfgi"

fample 2. .

. -
3 T

Thls example -1llustrates the"proﬁiem 'oi"eova%}aneef

w1ndup (or blowup)

Def1n1t1on o TR .

) td Model 1st order plant #2 GTable 5. 2)

. L v p T ' o
Controller' pole placement ylth ';tne closed loop

s - z- IR e
relatlon s ”.v[-'; R R .ﬁV
y(e)y - 0. éy(t 1) = 0. 3y,,f< £) ‘

v Ident1f1cat10n Method RLS w £h k(t) 0. 95 vt

In1t1al Condituons..e(m) (0., 1}%3' P(0)= 201 (tr P(0)= 40)

ExC1tat1on;'closed loop, changes 1n y,ef (1n thlS case.

Yiet was ‘a square wave of amplltude,t and- perlod“

;vjsoA,:where A is the sampl;ng interval)

S -
Results - » o
| The system output 1s shown 1n”Flgure 5 3 and 1nd1cates:°'

: good control performance. ~The covarlance matrle

. . ;tgrew exponentlally (Flgure 5 %&gwhen there was no-

exc1tat10n 1n the system (1n the present case thlsd
s qccurned between/tye reterenee 1nput-cnanges)fl
- N
A\ -
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De5c:1pt1on '¥7gb"kff}"
Ce

drlfting and burst1ng (1n closed 1oop) caused by
b, covarlance w1ndup. i """

Def1n1tlon5'

Model 2nd order osc1llatory process~ #5 (Table 5. 2)

‘}.

_Ident1f1cat10n Method'~RLS w1th h(t) 0 9 Vt o
- ¥

b11n1t1al Cond1t10n5°' 9(0) (0" 0. 1 0), P(O) I '(trff:

f P(O) 4) ,Vfii;g.,

’*Exc1tat10n-zclosed loop, step changes 1n the referenceﬂfﬂfj

Th1s example 1llustrates the problems of parameter;'f;

'l'-"v‘ &

;fontroller‘ dead beat fd[:f-ig‘;‘; v%?f,yjq. S

51gnal whlch are obv1ous 1n Fxgure 5 5 no1se 134‘7

;.'Spec1£1c po1nts"on1y the parameters of the A and B_b;

polynomlals (two pofq: each polynomlal) . wertht

"'7_" estlmated .var{£(t)} 0 0004

Results

1) After each setp01nt change the parameter est1matesj177‘

converged rap1dly to some reasonable values,‘butru'”;

then covar1ance w1ndup occurred due'fto_ poor
exc1tat1on in the system (F1gure 5 7) '

' 2) The n01se 1n the system then caused parameter

dr1£t1ng (Fzgure 5. 6) ﬂﬂ“IVﬁ;j:ﬁﬂ’~a?'fofiflkiiff

y 3) When the parameter est1mates dn1fted 1n to regions

' 1n wh1ch the closed 1o0p became unstable, bursting

occurred (F1gure 5 5 at t=700 880 and 1020)

. j‘ i
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Descr1ptlon »'1d‘f‘

mxample s

De£1n1t1on

Results o B :_f,'p L g

ThlS example 3iilustrates~7that‘*bOvariance w1ndup,ﬁ,;

b. parameter dr1ft1ng and burst1ng can occur when the
"f< varxable ﬁorgettxng factor due to Fortescue et al

‘).. e

(1981) 1s used 1n the stochastlc case.‘h; .

Model-'1st order plant- #3 (Table 5 2)

-,Controller m1n1mum var1ance'.r -;["»_ﬁ‘ o ;4' T_~'”

'Idsntrfltatxon Method' RLSﬂw1th k(t) due to Fortescue S

et al (1981)

f*In1t1al Condltlons. 9(0) (0 1, ) P(0)=301 (tr P(0)=90)

L Excitatlon-'closed—loop,'exc1tat1on via no1se enterlng

the system 7

LT R
s ..gr_

]Spec1f1c poxnts- one each of the A B and C polynom1a1

parameters was - est1mated

1) No1se 1n the process caused \(t)<1 Vt wh1ch resulted

“in. covar1ance wlndup (F1gure 5 10)

f2) Consequent parameter drlftlng (Flgure 5 9) caused

‘”;:ggx h burstlng in Y (F1gure 5, 8 at t:?GOO)

B) Tendency to wlndup was howeven much reduced cbmpared

: B I
‘ﬂgf to a fxxedek g ff’ﬂy.f AT

4) Note that P had no upper or lover bounds. The latter
'»1mp11es that the algorlthm could potentially

turn-off°»tr P decreased shaégly due to bursting

cat tefed e
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‘-EXampieJS

',hDescr1pt10n h }ﬂf L_f ;}"7-f o ﬁf. e 3

Results.

s

Thls example 111ustrates the problen1 of b1as 1n the fvi&

' . r

. parameter est1mat10n caused by the presence of an'3
£ N .
tv1ndependent, external 51gnaI (spec1f1cally a d. c.
offset or blas) I
Def1n1t10n

'Model: 1st order plant'i#4 (kable 5. 2)

‘“t Ident1f1cat10n Method: RLS w1th k(t) 0. QB'Vt

-A} : In:tlal Condltlons-Ae(O) (0, 0) P(0)= 1OI E%f P(O) 20)

«Excztataon- open loop, PRBS 1nput.of amp 1tude 10.5,

length 127

-

’Spedlflc po1nts. ‘one A and one B polynom1a1 parameter_v
-.were,estlmated _ J' _1

1) The output was non zero. (i. e.w10) for aﬂZérO inputi

due to d‘ . blas. e ],' S ‘]3»‘.3"

2) The b1as in. the outpuﬁ 51gna1 caused a b1as 1n the
estlmated parameters (Flgure 5. 12) ‘. .vdj |

3) Compare thls example Wlth example 10 where the bias |

;g'ln the parameters was e11m1nated through the use -

"of zero mean dev1at10ns 1n the est1mat10n.
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B T N R A SR ERE - L
A TR e e 2
Example 6 ‘ < ) :
Descr1ptlon .rf —‘? :_?1;f _' :‘ .-_.;ffk,d}ft', -
Th1s example demonstrates numer1ca1 problems caused by -
poor data in RLS est1mat1on.»
) Det:nrtlon . ;"j . f{ ’d};;n o .
aModel 1st order planfgxﬁg'jTable 5. 2)
;Controller. m1n1mum&va;¥§::-“i'ﬁﬂv ) ‘
! 'Ident1facat1on Metho:;il th k(g) 0 95 Vt :
":Inxtlal Condxt10ns~ ¢b(ﬂ§“a : ;f ,0),' P(0)~1OI (
\ P(OI=30) . © T L \ |
) '-Exc1tat1on' closed 1oop, in- the present case ym 0' Vt-‘“_jb
| exc1tatlon {hJ the form* of noise’ enterlng the
system .~ | | | |
-Spec1f1c p01nts- one parameter of each of the A, B and
‘C pol§Bom1als was estlmated, var{E(t)} 0-251:-
Results "f; . ft ,.'}f\hr |

C1) var(U)>>var(Y) due to the small b parameter and the

dead beat controller used- Asv a'-result the P

- 2) _~The" parameter estlmates exh1b1ted _ incréased

matrlx was poorly condltloned

. 11 o var1at10ns (Fﬁg%re 5. 13) partlcularly for t>400._(

3) Compare ‘this example w1th example 11, where sca11ngf-

was used to m1n1mlze C{P} R

-




Figure 5.13 Effect of an ill-conditio
P - . . .
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. Bxample 7° .
”ﬁbe5cription.fhi ,;‘:iiﬁi'-  4"§' 2 fily"} e
. "This example demonstrates ﬁfth‘.j effect 'fofgr.an..e R

-fdlll condltloned pP"matr1X' w1th -p; algorlthm

_(constant trace w1thout data pr@broce551ng andh"‘

; on/off features whlch means that 1t 15 51mply RLss..hh

_1V1th a constant trace) 1h hlg; &
Deflnltlon ;f'flr "f"o7:’“"iv
| Model 1st order plant #6 (Table 5. 2)

Controller- m1n1mum varlance

Ident1flcat10n Method. ILS (constant trace) w1th tr . P 3<.»-h

.’_:\.

h”In1t1al Cond1t1ons .GK@) (0 1 0)

i 4’ '

'ExC1tat10n -closed loop; nolse enteﬁgng the system
; : iy -

7Spec1f1c p01nts- one parameter of each of the A B and"'
C polynomlals was estlmated v“;”' |

Results ' j' L - > ST P ‘

- s .
. B . . g o

,'a 1) The small b parameter resulted in var(U)>>var(¥),fp'ij

As a’ result the P matrlx was badly cond1tloned and -i7A

,"lﬁthe parameter. estlmates 1exh1b1ted ;1§t.;5:1gf

, 2) Compare thls example w1th example 12 where the same
R \"f o run was repeated w1th optlmal scallng whlch g1ves’

'_mlﬁlmum C{Ps“)} .7f=;v;“;jd‘. ; Lv-u -Qi“;;,,s

Ly .

- undes1red varlatlon (Flgure 5 14) ;~W“-[ - g,ff,;”;ff~
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Example 8

g95c§igtlon .‘_ v;‘fbﬁh‘h°b.'5;-r¥f :;iw'il;

Thzs example 111ustrates what happens when a reduced;:"'

order model ;s fit to the data from a hlgher orderfd

plant.v G T T e J Y
Def1n1tlon L | - 'A‘.' ' R _. ’
‘ Model 4th order pl/nt #7 (Table 5 2) »-"h_h | ':.h
. o T S
i ID Method RLS w1th k(t) 0. 98 Vt _ , - ,
In1t1a1 - Cond1t}ons.- 9(0) (0, 0 0, 0) :P(O)#TOI, (tr
Coe=s0) L
j'_~Exc1tat10n: open loopr PRBS 1nput of amplltude +0. 5 and i'td
S length 127 i‘/"; = -
'Spec1f1c po1nts. 2 parameters of eaoh'of’the3A'andr§r
polynomlal were estlmated The plant has poles ‘at -
» 0 81, 0 9987 12903+10 8594 and 0 2903 10 8594'H1 d
};f i - 'ffj_' The last two are.. resonant (or fast) modes o -
g N Results i,'; | _' R :}pf “‘Qri;;f~

1) The fast modes when exc1ted by the -inpot7'oaused_'

. dr1ft1ng of the parameter estlmateS'thgure 5.15); |

notlce thersikn1f1cant var1atlons in the parameterflq
’estlmates even though there 1s no no1se 1n uthe‘

plant.v_ph“Qf

.')

2) The poles OL the est1mated reduced order model dldK‘“'

- not correspond to any of the actual poles..kr

3) Compare thls example w1th example 13 where f11@er1ng,’:'

"_”of~‘ the#» data " was employed v:to;_ cut- of f the»h?*r

e . Lo s B ~~

| _2ii 8 o
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&

' Descr1pt1on

.rResults

Thzs example demonstrates the problem caused by lack of

- per51stency of exc1tatlon.,

Definition, =
- Modél 2nd order plant- #3 (Table 5. 2)
Controller' dead beat R "13; L e

;_Ident1f1cat10n Method-, 1LS (constant “trace) Qlthout"l
; on/off-’tr P= 4 vt - : '.‘i-_” '7'7 S 'v p |
lnit1al _fCondrtlons:- 5&0);(0,0,0,1;0);i jP(U?%I‘ _(tr;hi
hEicitatlonft closed loop,' changes in by,& .(cf. ;Fignremv

5, 16) no1se enter1ng the system |

';‘%i Spec1f1c p01nts' 2 parameters of each of the A and B

£

polynomlals was est1mated~ Var{E(t)} 0 0004 o
1) Constant_trace for/f/solved tb_ problem of turn- off

andiéovar1ance wxndup- o R : "f '

-

‘",a,hen,,the' 1nput/output data wers not
persistently eXcitlng vthel parameter estimates
could" exh1b1t driftﬁngh' (F1gure 5.17);, 'thlsi‘

.-phenomena- 1s ev1dent as can be seen from the

j'£1gure in the 1nterva1 (400 1150)

) 3) Cont1nued estlmatlor gg
o long perlods, could cause4 clos -loop burstrng,.

Note that thlS problem althoughﬂw

uch condltlons over verym@~‘




dlfferent orlgln; the system output 15 shown 15@#
v '
Flgure 5 16. R

4) Compare th1s example w1th example 14 wh1ch IncludeSlV

on/off 1174E?§~(f

-~
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t) %?h;ple 10 - ’f SR TR o B
v DeSCIthlOn . _b ' " | | : ' o /
ThlS example 111ustrates thé‘jeffeot} ofo'd.c;.'Valoe
| e11m1natlon. .‘ - fo\ P
iirbefinition 'i,vl’ f. , v‘oﬁ f?’ o
- ModeI st order plant # 5 (Table 5. 2) LKA - "Q
; Ident1f1cat1on Method' RLS w1th k(t) 0. 95 vt u51ng the *
-~

- zero -mean dev1at1ons obtalned by subtractlng ‘the

-

_ d c. values from the 51gnals

" Initial Condltlons' 5(0)= (o 0); P(Q =101 (tr. p(b)-zo)

€§w é flExc1tat10n ”open loop, PRBS 1nput of amplltude + 0 5

coo and length 127 . ' ’ |
';Spéc1f1c-p01nts: one A and one B polynom1a1 parémeterv

| .wascegtimafed ' | |

.0 ’ o

K Results

e ) The bias in ‘the estimated parameters disappeared

(F1gure 5.18).

o 2) Compare tfls example w1th example 5. -
.
Ny B
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- Example 11

| Descr1pt 1on

-Th;s exaﬁlpilluStrates' the effect’ .o‘f' déta‘"scaLing on

RLS est thn .

Def1n1t1on -

Model 1st order plant, #6 (Table 5 2) “”F

Controller' m1n1mum varlance o T

Ident1f1cat10n‘ Method;, RLS with A(t)=0.90" Wy andj_‘.

opt1ma1 scal1ng _ _
Initial Cond1vt10ns.>6(0) (0,1, 0) p(o) 101 (tr P(0)= 30)
%Jt1dn. closed loop, noise entérlng the system

Spec1f1c points: one parameter of each of ‘the A B and

c polynem;gl was est1mated,

‘are shown in Flgure 5.19.

pare th1s example with example 6 for t > 400

‘which\ shows that scaling - resulted infhsmoother'

stimates (i.e. less variation).

1) The scallng 1mproved the parameter est1mates whlch c

CeeA
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Example 12 - o h Qi i" I(“” o '§§§ o - ';_"

'-t1on E‘v SRV “; o wd B P

-\
is’ example 1llustrates the effect of scalnng 1n LS.

(w1th constant tr and w1thout any other data
preprocess1ng or- on/off) L *p; =.h““: : sm;'
'5~. Def1n1t10n ; : ,5-_h-} . : ) . 3;_‘ i
e s e - T e
Model: . 1st order plant"#G (Table 5.2) o Lo
™ ' T 'w'j B ' “' .'
"Controller- mlnlmumd\ar1ance L .ifv -ﬁ”,r,vu ﬁm},J"

._~ . . 5

Ident1f1cat10n Method: ILS (w1th constant tr and, data .

. .,sca 1ng) e o L oA
"In1t1al Condltlons' 9(0) (0 1 0) .‘; 51l i ‘aff*‘
¢ “Exc1tat10n° closed loop, ‘noise entering the system !{'jf

o
Vi

Spec1f1c po1nts' one parameter bf - each of the A, B and

) ' C polynom1als was estr;ated;btru2'=_%' : ﬁ? ﬁ :.}*
,Results* " \‘ ‘ : o .da{” ??R 2 1'5" ;f
1) The-scaling_matrix yasjrﬁéoméééedﬁéhenevé}°c{p;“;l >b:”
| 2) After the 1n1t1a1 tran51ent the parameter estlmates ,.a.
@ N

converged to near constant values (Flgure 5 20)
3) Compare thlS example wlth example 7 whlch shows

scallng ‘in ILS results in S1gn1f1cantly 1mproved

(i.e. smoother) parameter est1mates.. , ;
° L 2, t
" . _— - . . -, ‘.D-. ‘ . ‘:.‘ ';.' - . -‘ . - tiad
. - 4 - . -
t a R J -. - . o
L g C
. 3 0 o
ST S . .
v A .
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"*;'Examplé 13':f:’

h_Th;s example 111ustrates “the effect of low pass»'

”t? ‘vcfw».n f11ter1ng of the data j\?,u;’e 1ﬁx7

4§¢v Def1n1t1on e v S
Model-'4th order plant* #7 (Table 5. 2) _ o
Ident1f1cat1on Methdd RLS w1th 1ow pass f1lter1ng o?;h
V'.Vthedata and)\(t)OQBVt P S
Inltlal Cond1tlons 6(0) (0 0, 0 0) i,é(d)slbl:i_(tr:d
- Exc1tat10n. open 1oop, PRBS 1nput of amplltude +0 5 and*-

length 127" _:’ . #;f_ ' ‘"*__vff ';;t"f' “ ;ﬁi
. : L ﬁ

..Spec1f1c p01nts the low pass f1lter had the transfer
'd functzon 0 4q/(q+0 6) f"~';- . '\L : '
| l"l1)€'The' dr1ft1ng diﬁ;gfhe_ est1mated parameters -yasdj
v ‘_14h 51gn1f1cant1y reduced (See F1gure 5 21) j :
| ;:”fé)-.The poles of - the estlmated reduced order model

:corresponded very closely w1th the domlnant poles

°

of the process

3) Compare vefsus Exa ple 8. S ‘”; l?
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Descr1ptlon

Thls' example 1llustrates the_ effect of ‘”h'; an/aff”;
cr1ter1a. ) e . S R
Deflnltlon ‘ ' | : _‘p‘ vh
'Model: 2nd order plant, #3 (Table 5 2)
hController- dead beat; | S
dedentlflcatlon %ethod ILS , i _
itial Condlt;_ons.'_ (0= (o 0,01, 0 U (tr

P(O) 4)

‘4

\QC1tatxon- closed- 1oop,'changes 1n Yn:f noiSé”inlthet
system 1p'_ﬂﬁm..p?ufv . ’d _"" ' }_‘
fSpec1f1c p01nts' two parameters of each of the A and Bw
' polynomlals were estjmated d= 2- tr. P-constant 4'f”
the scallng matr1x was changed whenever C{PS“,} Sid

15-’est1mat10n was stopped whenever C{P } ﬁ§15 t-f

was set to 0; var{E(t)} 0. 0004 .
_'\‘.

“Results. 'fz‘7» R

‘fi)prhe. parameter drifting ;waéV almost . 'vpletely E

- e11m1nated ,Flgure 5 23) ‘the. system output

shown 1n Flgure 5 21 }{7j:
o e e
. 2) Compare thls éxample wzth‘examples 3 4 and 9

V

37 The dots in" the 'bottom portlon- of Flgure 5 23

1nd1cate when est1mat1on was on.
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© Example 15

~ﬂDescription.

'“_@1 thxs é*aﬁpie lth.» Performance 'Of*fﬁﬁeliyafiaglé i
| :forgettlng factor approach o -constantditraCe?pj
dtproposed ‘in ILS algor1thm 1s comparedi w1th the~;
| 'ﬂresetting approach to constant trace proposed bytf
uztr,' 5] _Goodw1n, Also the the effect of tr P and scallngpi
| 'are demonstrated B j. ' p' |
a'_Deflnltlon ;[h’ ,f . f,ﬂ.t'_.."_ o %_ﬁ\t

o Model 2nd order plant-'#B (Table 5. 2) |

H Ident1f1cat1on Method-‘constantttrace (ILS and GoodW1n)'i’
}"In1t1a1 Condlt&on5° 6(0) (0 0 0, I) P(O) 0 251 (or I)

‘

i.ex tr P-1 (or 4)

Exc1tatlon- open loop, PRBS 1nput of amplltude +0 5 ando"

length 127

' Spec1f1c p01nts- 4 parameters (2 for each of the A and

ik &K { -i’Qo‘ o%‘.r-"“"’f ri

£32
B polyhom1als) ‘were: estfmated- stamgﬁrd“dev1a%3pn

% s L ,
Of {E(t)} was 0. 25 WV&’? AR e-' : éw&
_ N TR

1) Smaller tr P has a fllterxng ‘ “ooth1ng effeot on .*

the parameter estamates (¢$ Flgu ‘5.25 Versfs
- F1gure 5.27). fh[.i '.}. v~"‘ L
‘X Effect of scal1ng 1s not 51gn1ficant when tr P 15_;

] small but becomes very s1gn1f1cant when tg P 5

T.‘1ncreases,'(cf. F'gures 5.25 and 5 27 versus :

Flgures 5 26 and 5. 8) :



Togeie s esims U

5.25. versus 5 27 or s za)
'.hé); Goodwxn s const. 't”g~ algorlthm f_[ more n01set"

*],fr sen51t1ve than ILS (cf Flgure 5 25 versus §\2.) S

-P:S) Goodw1n s algor;thm was found to d1verge
‘ l, S1mulatlon studles when a larger value for tr P,;i
\.was used~ in the present case Goodw1n 's algor1thmjf
Lgave d1ver91ng pa;\meter estlmates for even a?;f
‘”relatlvely smalll trace of 4 where as the IhSh:
vfapproach resulted 1n good parameter est1mates asd
ish0wn in’. Fxgures 5 27 and 5. 28° the ILS apprqachpi
5 ‘was tested w1th larger values of tr P, and all ther"
t"'runs y1elded converglng estlmates except of course".
s ;-vnlth 1ncreased var1ance due to larger values of trif

. P.. .

somei“'
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6. 1 Introduct1on_“&"

P ’

re

Adaptlve ‘or self tunang control 1s a sblut1on propqsed ';

'hto handle the follow1ng problems 1n process control'

1) poorly known process models* s

2) process t1me var1at10n5°f_ f\.g-c;'_f-_-‘l"' @il‘

3) process non- 11near1t1es..~r S RN ]_ Th .

LA Self tun1ng controller ‘is s1mply a, comb1nat10n of a-
".control law der1ved by assumlng that a model of the process
”cis‘ known,- and - parameter ' stlmator ito=vest1mate jther

'{parameters of ‘the process model (expl1crt self tuner) or ‘the

parameters "'og,, the control law : d1rectly (1mpl1c1t——

_self tuner) The idea is that if the parameters converge to’

}'ﬂthe';correct values (e1ther :of the process or of the
_control-law)' then the -performance "of' theifcontrolv system :

' approaches that when the true (process) paramtets are known.,

This 1s referned to as the certalnty equ1valence prlnclple.

'rSuch a control system though apparently s1mple presents
' f;several problems, ~¢he ch1e£ one ‘be1ng to ensure 0verall
stablllty. The varlous- problems and: several d1f£erent'i

_approaches t&_adaptlve control have been summar1zed 1n a

number of excellent review artlcles (e g.. see Seborg ét al

" (1986), oAstrom‘ ' (1983a), Goodwin et al. (1984), Gcodw1n
(19se)). & LT :

SN The, maJor:’issuesF to'|be contended w1th '”thef-

.:applxcatzon of adapt1ve control to 1ndustr1a1 processes are'-

hand11ng of: ﬂf*'“‘g_"

1) process tlme-delavs,;nlﬂ"" ;f;,’? ;é
. 243} . - : : ) ;—--~i 1—'-_.:.,':-‘ | .



Ly

NN

(forecastlng) of the process 51gnals makes it poss1ble to‘

hfltz) n01sa g“ |
" 3) load- d1sturbances, R L
,f;a parameter estimatlon..: o r .,t,v,: - |
;3}5) ach1ev1ng user spec1f1ed control Performance.”:“”“

These and ~other 1mportant 1ssues '1n the de51gn of .éﬂ‘

adaptlve <controller 3are3 br1ef1 = d1scussed “below before”

present1ng an overV1ew of the MAPC prOposed 1n thlS chapter.

-—

4

Process tlme-delays

Time- delays are common n_ process ‘systems and are
S

j‘”assoc1ated w1th flows and vary 51gn1f1cant1y Therefore they
”9§are d1ff1cult to. spec1fy If advance and cadge' controll

'Luperformance . to deterlorate. 1{Cne aSproach '_to“' controlf

-— E

| 'processes w1th t1me delays is. to- USe pr d1ct1ve control The‘

”fﬂsngth pred1ctor (Sm1th (1957)) 1s one such algor1thm for

cesses. w1th known delays. Exp11c1t t1me domaln predlctlon'

‘7ltconstruct ' phys1cally reallzable controller 5 whlch

jcompensates for the ex1stence of the process t1me delays. In’

“the Sm1th predlctor th1s 1s done u51ng a delay-free process

'fmodel. Self tun1ng control algorlthms based on pred1ctlon,

,such as the self tunlng controller of Clarke and Gawthrop

(1979) also follow th1s approach a”"can be 1nterpreted as

opt1ma1 : Smxth predlctors . (Gawt rop : (1977)) Hogever,

.sangle step predlctzve control methods are’ ver sens:tlve to
- i

[errors in’ the a pPiOPI estzmate of the t1me delay and hence

ycontroi detun1ng is often requ1red An alternat1ve is“to use

/

: predlctlve control based on, Jthegﬁ m1n1m1zat10n loflala_

"7lfmu1t1 stage cost functlon.,'”"

e

.



'5_:Process dxsturbance mode11ng "f,;'?yfwvﬁ~>7
= S . . L
Offset free rejectlon of load-dlsturbances w1th good?

- -

'7;~dynam1c:’ behav1our requlres fthef,ﬁuse;..of: proper

-

- 1oad dlsturbance 1nterna1 model '“(cf**_ 1nternal smodel.

zl.lzprlnc1p1e) Often the: load d1sturbances are' assumed° to:

°'fchange as: random steps at random tlmes and although thls;

"fnfglves good. results,- it '1s not enough to handle' more;

:comp11cated dlsturbances such as random exponentlal r1ses orp
,;load dlsturbances that iaffect the process 'output via - af
'tload dlsturbance transfer functlon. The m1n1mum varlance:
7st{ategy handles: no1se, opt1mally f 'thed correct no1sel
fstructure is employed 1n pred1ct10n. However, the use of a‘
"flxed nozse model is often unreallst1c as the spectral‘
,characterlstlcs of the no1se vary sq@n1f1cantly wzth t1me
{'since the n01se results from Several dlsturbance sources.
On 11ne 1dent1f1cat1on of ‘a’ no;se model 1s usually done in
self tun1ng control but 1s assocmated w1th convergence%
d1£f1cult1es and often gzves poor results.‘A Kalman £1lter
= can also be used to generate mznzmum var1ance est1mates of
the process output and has the followlng advantages: | o
R the state space model used by the’ .Kalman flltEt
B ':iallows separate model1ng and treatment of process
dynamxcs n01se and load-dzsturbances'ffrf e

j); the Kalman f11ter ﬂi easy to tune on 11ne by
N chang1ng the n01se'covar1ances. L_QT'”""':l f i

‘ How the dlsturbances are modelled can influence both

'fdmodel parameter est:matxon as well as subsequent controller

"tf;frsynthe51s. The ph1losophy adopted here 1s that servo and




Sosl a6

:1-de51gn leads to unnecessary compromlses.; Good setpo;nt
tracklng can be ach1eved V1a/the Open~loop kor feedfongprg)%

i-:p“ 'path 1£ an exact‘model of the process dynamlcs 1s avallablﬁ,
g, gp by ‘using - an nverse of the process model _as@ a
3Fcontroller._Dlsturbances and unmodelled eféects canjﬁﬁen bef
}°,compensated 1n a feedback path u51ng the same. 1n%gréevmodel

~.as a controller or. a dlfferent controller.;Th&ﬂtwo paths

~'comp1ement each other o‘gglve_ asymptot1cal§§ ofﬁset free,

_ L SR
-tracklng and dlstutbangeg rejectlon. ?he 1nverse model

o controller can qbe’ﬁzmplemented as a pred1ct1ve controller
j-j.(e g. See MOCCA, dlscussed 1n Chapter 3) ' The ‘scheme
ﬂ'.proposed here'eségntrally uses thls,pranc1ple by separately
‘hpredjotrgg the output of a process modei;and the comb1naton
‘v‘of ak& ther unmodelled effects Qﬁ;ng“a re51dual model and‘

| 'gcalCulatlng thewcontrol actlon gs%ng a pred1ct1ve control
.. :3' 9y

j><:tl[strategy such.that the' redicted future outputs are as close
T ey 3

O j3f‘{tC) a préstrrbed refer_nde trajectory as p0551b1e 1n some
5%' user defxned sense. Th advantage of th1s approach 1s that'

vgme ‘
. i&-alloﬁs eas1er mpdellng arx est1mat1on of d1sturbances,
S comparéd w1th eﬁ?stlng schemes.-" P

el e ¥

."hModé§~1dent1ﬁ1catlon and parameter estxmatxon ?f

: ; & Sy
gﬂ,ﬁ"f§ Model ;dentlfroatlon is an 1mportant step 1n adaptlve

'controﬁ as cruc1al ‘to its sess. ’I'he 1dent1f1cat10n

_ scheme‘used depends on the end use'gf the model and assumed
? o K‘?‘ ky .

A Emwémeterlzatlon of the process ~and '1ts- dlsturbances.
N

.3?‘_1Recur51ve equatlon error methods are often used 1n on l1ne

»

lparameter estlmatlon and. one such algorlthm wh1ch is: w1de1y
'used ‘is “the recurs1ve least squares (RLS) or 1ts var1ant,

\‘Lf"the‘recurs1ve extended least squares (RELS) A number of



i

_adapt1ve control g'[_ﬁ»;a.i~¢jv.r__;;ﬁ:_ . j;t'“'?y;

e The 1dent1f1catlon scheme requlres 1:”“

.vaelfetuning_control; t't;fﬁ5f,ffiv i -ﬂ;;*'iﬁ

‘7;_and subject to dlsturbanceé and 15 descrzbed by thg locally

- 511near1zed model".ffTﬁg‘t,ffjft""

x"-,_.-;f_'A(q )y(t) =q

L | “ 1) data preprocesslng (normal1zat10n,. scalxng aﬁ&.ff"

fllterlng)

‘_2)[d1sabl1ng est1mat10n dur1ng control saturatlon andii

ne

“ per1ods of lack of exc1tat1on-5p

.3) control of the estxmator gaxn-[:pf_;}_ ':'?7_ iiﬁfaff”i

L4 use of test s1gnals'_‘;' f,”ff-7 ,fﬂt.ﬁl"_:”;’é-7

f5) use of mult1ple models (Lam (1985))

*Shah and Cluett (1987) rev1ew a number of modlfred least

»

’squares estzmatlon schemes. It. is proposed 1n th1s work to

"’use the 1mproved least squares (ILS) algorithm developed 1n

I

- 1) seIectlon of an approprlate model structure' “ R

‘

S,

‘ﬂadhoc as well as theoret1ca1 mod1f1cat1ons are added to theﬁ;f
‘.‘standard parameter 'est1matlon' methods Lfo{ enhance thexrkffi

"3_performance in the self tun1ng context. These 1nclude'; f;-"‘

i

. Chapter 5 as 1t has many de51rab1e features for use n-éfi

Ty

2) est1mat1on of selected model parameters._'t :tﬁ:htdhéif

A number of models have been proposed and used in the

:pllterature and a rev1ew of these 1s useful and w111 gzve ‘an

- 6. 101 A r‘e'vxew of models used in self-tunmg control JQ%

l_ Most of the self tunxng 11terature starts ?%ﬁh‘ the

"4‘_assumpt1on that the process 1s under sampled-data control

') . T - ' S ; ) ‘;ﬁ -
-X ‘I

B(q )u(t) + x(t) SR

,inslght' ;nto_ the;r»‘advantages and d1sadvantages :iotff”

]




- where, A and B are polynom1als in the backwardshlft operator
'7_q k 1s an assumed or known pure dead t1me of the process, :C;
y(t) and u(t) are the absolute, measured values of the.r :
process output and the process 1nput respect1vely, and x(t) n
models the d1sturbances and other effects (e.g. measured or
o unmeasured dzsturhances,,unmodelled dynam1ts -and d. c. blas)
o on the process output. - " e o
1) Posxtxonal or CARMA model | , S
_‘ In the self tun1ng work of Astrom and W1ttenmark (1973)
the pr1nc1pa1 assumptlon was that” the process could ‘be-
reptesented as in equatlon (1) and that the dlsturbance x(t)
' was statlonary w1th a ratlonal spectral dens1ty, v‘» -

o e x(t) c(q )e(t) ’, @

b-~where” c. is a polynom1al . in qq’“and'l{e(t)}' is. boundedl
_'zero mean,‘white n01se sequence. ‘This leads to the CARMA f
| ;l (Controlled Auto Regre551ve, Mov1ng Average) model '
'.~‘_>\;,A_(.q';‘)y'(t)-_%_r'-q"‘,“'mq")'u'(-t)~"+'c<q“')e<t'_) U & ) I
: The abovev model underlles the development of many other
'f methods such as the general1zed m1n1mum varlance controller'u
(GMV) of Clarke and Gawthrop (1979) the ‘pole: 1’lacement )
method of ellstead et al (1979) and the llnear quadratlc
gaussaan (LQG) controller of Lam (1982). ‘

{y(t)} ‘and’ {u(t)} are of non zero:f ea

| .f;.f’he'n R
S 11near model 1s wrltten down 1n terms of E?; ‘

Ty . . R N

ptions of

>



'-the input/output S1gnals from thexr mean or gd”

-[process)

AT )y(t) "'*"a(q yute) + C(q )e(t) sar T s

‘wyvalues ¥
U _

~'7fdand T (whlch represent thecpurrent operat1ng po1nt of the‘faf

. Loed
Tas et b
. Ea

e A0 *’=-'q B(q )(u(t) T+ el )e<t> <4>

fqa’ \i~a._'
or_eqnlvalently;»

. . . *'--',. .
e ’ - ’ - B

R

'The d c. b1as term, :dl;r'ls usually non—zero and ar1ses:fa
7wheﬁever a lznea: model 1s f1t to a- non‘llnear process:;
_around an operatzng p01nt where {y(t)} or {u(t)} or both?l*

2 have non- zero mean values. It 1s often assumed constant butf n

_ 50 =
_ 1n practlce 1t changes whenever the operatlng po1nt changq5f-ij

v (e.g. | jstep—llke changes ffinj»* gh Setp01nt }hj**r
vﬁload dlstutbance) _.;‘:*_~f'f7f.j.1fj}ﬁ)=‘;g,‘q nz”, f ?i?m
Equat1on (5) 1s often used 1n place oi equatxon (3) fnff
- estlmatlon and controller synthes1s. uote that x(ﬁ) r:,

j]Cﬁh )e(t) pe ar in thlS case.;If the?disturbance {x(t)} 1s@j;

»g_that a constant d c. b1as does not cause any problems 1n.the v
:7e5t1mat1°" °f A B BDG’C 1n equatxon (5).:}3d SO .

1non~statlbnary (cf.-_ load d1sturbances) then the
:?non-statlonar1ty ;s accounted for by d', when 1t 1s taken to
'll‘be t1me vary1ng. However, mode11ng load-dzsturbances us1ng
'ahg»d' 1s very art1fic1al. Also a txme varyzng d'lxs d1ffzcu1t
: to estxmate along w1th the parameters of A,T B and C

= polynom1als as d“ can somet1mes vary faster than these

:‘*fparameters (e.g.'when the load-dlsturbance changes) Note




Loy

,-::2) Incremental or CARIMA model

' Recently Tuffs et al (1984) proposed a model where the"ff'

o200 -

1‘ad1sturbance ’ process,' {x(t)} is postulated to - have“ ‘

."’\‘

'-A'stat1onary 1ncrements, i. e.,‘: ;

ax() = c(@e(t) T R L : c )

e X(t) - cla ’e‘t’/A I S G2 I

A

"where A (1 q ') is the d1fferenc1ng operator.vThereforelfi

"comblnlng equat1ons (7) and (1) g1ves the model

- \jA(q )Y(t) ‘*”B(Q”)u(t) + C(q”)e(t)/A B ;fiil'ai- :f:(a)3l;

.«2

‘' or eQUivalently; R o ff¥p“'

;:quﬂ)dy(t);e gﬂ”ﬁlqﬂ)Auit),+lciqﬁ)e(t)?‘.'eg.,*x._i'-‘(Q)jpﬂ

: Forja'conStant d. o{_bias; d“ -Ad':ls 1dent1cally Zero andv"

¥
dlsturbances is. adequate to model

\hence. dlsappears from theq model Thls model ofgvthefv"

1) random steps at random tlmeS',;,  ;'

2) brown1an mot1on (or random—walk) type of dlsturbance?-'

o such as a drzft1ng stochastlc process. o

Several self tunlng controllers have been developed based on"‘

PR

thls 1ncremental or CARIMA (Controlled - ‘Auto- Regre551ve,f‘ :

a,Integrated Mov1ng~Average) model (equatlon (9)) N
'-(Clarke et a’ (1987C'i'1937d))- and GPC (Clarkg‘;'”,
_;(1987a, 1937b))i~ ‘ JECRE ST el




The major advantage of thls model are°"-cfhf*}

1) there 1s*=— ’eed to est1mate a a. c. bias‘7s'in

-

*gcontrol- thet:fcremental data amp11f1es the effect of nozse"

qdln the

"'c?1ncremen s is tw1ce that of the orlglnal SLgnal) B ‘:f

‘fAis

4,load dlsturbances (e g. 1nstead of - random steps at - random,ff

_tlmes, random exponentlal rlses ‘or per1odlc d1stutbances),iif

?In th1s case .a- more general model such as x(t)

,C(q )e(t)/N(q ) 1s needed where N 1s a load dlsturbancel;}

: ST
g .1nternal model polynom1al ‘in q . A spec1a1 case of th1s W

'jfw1th N(q ), A 1s the CARIMA model

| "23) Model used by M Saad et a7 (1986)

M Saad et al (1986) assume in the development of thelrtdh

'adaptlve LQG controller that d1sturbance process,d;‘

'd;f{x(t)} 1s g1Ven by'

qz._'
PR

. .-s,--:

yhms‘model ls mO'.;:

géto 1ntegra1 actlon 1n the - controller{‘"

onatuta ‘.%g:(cflnf 1nternal model pr1nc1p1e ~;fo:ifgt

x(t) i= C(q )e(t)/A cannot model more compllcated o

: ‘-ti-f,.vfﬁ;-u(q )x(t) F(q )e(t)/G(q ) RN &

‘h:;;'fN F and G are user chosen polynomzals in q Whlch are

'cluded to represent 1n equat:on (1) unnpdelleé]responsej,



[ . o .

; 4) Model used by GoodW1n (1986) L
’i" Goodwln (1986) proposes a model of the followlng fqgm” ‘
- .

A1n the development of an adaptlve robust controller-f g ;v v@:;
AN () =‘--“q-'-.‘;-‘18($1-f')N(q.".:)"uit)_v’.jf cl@nGgelt) (1)
wheremN(g'W is an ann1h11at1ng or nulllng polynom1al for»
_determlnstlc or load d1sturbances w1th zeros on the'b0undary3'
of the’ un1t C1rcle. 1f e(t) 0 the dﬁsturbances are purelyffo
determlnstlc and 1f N(q ) 1 then the dlsturbances ared'
]purely stochast1c. Furthermore Goodw1n shggests the use of a
: ‘f1xed N polynomlal and a: low pass fllter to fllter out the."
4 noise ;nstead of est1mat1ngﬂ% and C although these can behzf
'est1mated along wzth the parameters of A and B.»» d ' "

B Iﬁ summary the above rewlew suggests that approprlateA ;
'modellng of dlsturbances is 1mportant ﬁor estlmatloni thehf:
polynom1als assoczated w1th the dlsturbance model are rarelyf“
estlmated in; practzce' 1nstead | flxed :user _chosenu"‘

.approxlmatlons are used ’ £ | i hd
dTheT 1dent1f1catlon' used .in the proposed adaptiveffﬁ
.‘control scheme is based on the 1dea of mult1p&e models (arbi
_d'process model and a re51dual d1sturbance model). Flrst theefl

paréatters ot/,thea process model are estlmated u51ng aagh

‘s1mp11f1ed 1nput/output model (e g

eguatxon '(5)) / w1th ft
. adequate precautlons to g1ve good, unb1ﬁ7 . p,, . th
~parameters of A and B polynom1als. Then& ,es1dual sequence’:;
f{x(t)} is calculated u51ng equat1on (1) that contalns theﬁf:
‘ unmodelled process response. A re51dua1 model 1s 1dent1f1ed
--fby f1tt1ng a 51ngle series model to’ {x(t)} These two models

- _can then be d1rectly substltuted into a state space model



: _..:‘?.

%;polynomlal and prov1des a way of 1nclud1ng these

'fseparate res1dual mode1° It also avo1ds

~-est1mated in a. 51ngle step

f Process constralnts

S SR

'fwhlch 1s used 1n'the controller synthe51s. Th1s two-stage;?gh
"f1dent1f1catlon av01ds the need for assumlng a fxxed n01se"'n

‘~observer polynom1al of a load dlsturbance' 1nternal modelf'

in 4

f{d1ff1cult1es assoc1ated w1th a 51ng1e stage 1dent1f1cat10ng"

;Qwhere all the model polynomlals (A, ‘B, c, eN»hetc.) ‘are--

S e

.'\\4

' Constralnts ‘are 1mportant 1n process control and whenihjf
vpresent they may cause problems-un the 1dent1f1catlon part:” _
*fof an adaptlve controller. The proposed control algorlthm,h.
"o_can eas1ly be extended to 1ncludefkpnstra1nts, although 1nf'”f
{tthe multlvar1able case these may requ1re on l1ne Lteratlyefir,
calculatlons as the control problem then becomes one ofppif

~_constra1ned opt1mlzat1on.: Constralnts are: handled in; thep_t'

.

'jproposed scheme v1a the superv1sony system,'whlch adjusts

ffhe“,reference 1nput 'o sat;sfy t’hev constra1nts._5The-5

. superv1sory system can also be used to gen te other typeSjEj

£

on the reference trajectory, and second the

U51ng 5 the superV1sory ; system jt @h -
0y et AR N e
censtra1n}s has --h ' advantage of diVidi the .control
problem into- two consecutxve tasks* £1rst th glculations.

a3

»convergence,m-.



-,gtrajectory,‘and m1n'

P e ?’v‘ s

[

| the feedbaqk signal (1 e." res1dual forecast) is’ also used in

'j;theg calculatg&nS, gkg: unmeasured dlsturbances Tand -or_

Awéhmodelled aynamzcs could result in. some of the- constralnts
'f,belng v101ated . _ - r .

T Al egggutive 2 ; "'~'~'“E

L 4087

The two-stage identificat*on7 method prOposed in th1s o
; ,

work *elxes on a set’ of heurlst1c rules for 1ts success. The

expert systems approach 1s s useful tool to 1mp1ement such g

;rules. _An Al based elequlve :is therefore 'suggested to

superv1se parameter estlmat1on and to dzrect ‘the overall

’

comm1ss1on1ng and to ensure a satlsfactory pefformance and

v 1
vstab111ty 1n abnormal 51tuat10ns of the- adaptlve controller.

‘16 1. 2 An. overvxew of proposed MAPC o

“The :control algorlthm proposed here 1s based on a.

state space model of  the’ process and dlsturbances (the

drsturbance,- model;.rstates‘ correspond 'to “anfj assumed'

¥

PO

I

| 7;usefu1 as an- easy to use operator ‘ 1nterface dhrlng ﬂ

I
B

goperat1on of the adapt1ve ‘controller. The AI execut1ve 1s fﬁ

_Vload-distUrbance 'internal-:model or an. on- 11ne estimated_. |

tgenerate predlctlons of the process output a number of tlme

'steps 1nto the future. The Kalman fllter predlctor generates

‘»._,resrdual'”model) }'A“ Kalman fllter predlctoru is. used . .tof"

"_asymptotlcally offset free predlctlons of the output if the.,'

| d1sturbance model is approprlately chosen. Then a set of;fif

;that the predlcted output matches a pre spec1f1ed referencef

'zThe control ho_’ n_is less than or - equal to ‘the. outpu

RV

f-_control act1ons over a control - horxzon 1s calculated suchV"

izes a. user spedif1ed cost funct1on.



" . ‘ . ‘ 4 : = _" Y . ﬂ\ '.‘.. | . '.‘."‘ ’ .’:.7.“,: . : . N .
oL MQD. “with . the - cont’rol' ‘act ion mc rements beyond the"-f .

e A

'_control horlzon assumed to be ‘zero., 'rhxs gweg "a lot off~
: 9%

'A_A},.b-f;flex1b111ty to the control algonthmr 'I‘htn‘f f’hst controlv'

‘ . _f-:‘lactlon m the control hor*zon 1s~-1,xqplemented and 311 the

controlﬂ calcul,ptmns -are repeated at the next samplsm
- &(; . ~¢ﬁ

.;z(’: __1nterva1 ‘in a,é recedlng horlzon @r movmg wlndow ;ti«ategy; |

."The algorlthm can be shownﬁﬁ reduce to a numbe:‘ of~useful‘

: var1ance, Sm1th predictor,_extended hor1zon, adaptWe control-;

etc.w The advantages /.-the proposed control scheme are,

1mproved robustness handlmg t1me delays,, ab111ty to_

follow operator spec1 1ed setp01nt or reference trajectorles

- Ny

fand 1mproved dlsturbance rejectlon. A self tunmg vers1on<of,
the control algor;thm is obtalped by separately 1dent1fy1ng o

- an’ on- l1ne model of the process dynamlcs plus a. re51dua1”

e
o .

) ’dlsturbance ‘model. ) o '

“In add1tlon to the problems .of t1me delays ;a'n‘d-
’dlsturbances, a praﬁtlcal adaptwe control sche'me must be
'able to"

v7v1) overcome the problems caused by NMP or* unstablef;-“

"'.Z.

o in the process' ; . 'z';f s o
""-'._‘-2_“) handle unstable and poorly damped ,procqsses'
. -ialthough most process systems are characterxzed by -

7'..stable well damped dead-t1me domnated dynam1cs,1‘_‘:""
”vpﬁnstable and/ot complex poles are not uncommon"'v

" _._(e g. reactor control) and can present s1gn1£1cant'---_.

“contrgl d1ff1cult1es.

u" %

j‘ .
: spec1a1 cases such as minimum varlance, gene,rahzed m1n1mum_"-

:"s, whlch arlse ,m dlscrete time control due to

g _"'t samplmg or Whlch may be. present 1nherentlyb': "
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s

The proposed control algorqthm performs sat1sfactor11y

'1n the - above ‘two cases as well as w:‘n; e process model is

. A
:over",or under parameternzed (cf_'jgl'_:_edlcglve’s control)

4

lxnear quadrat1c gauss1an baSed controllers are: sen51t1vg to

L ?Expr5c1t adapt1ve control schemes sdéansngmde placement and
| . o 4 - SO
over parameterzzat1on of';the pfdcess< model " since .tpe;u
. &) A W
'est1mated model may then contaln pole zero cancellat1ons.'V4
) '1/4 . ” :
‘However,’ predlctlve control methods do not suffer from thzs

.“

problem.. Under parameterlzatlon of the process model cg,nw}ml
Y iidh

result ;n s1gn1f1cant unmodelled dynamlcs and the proposed %m

;scheme handles these via the re51dual model . CabnE

- .‘

" The , proposed control algor1thm is presented for* the'

Ty :

SlSO case w1th a pre11m1nary set of s1mulat10n examples.vlts

[

extens19n to the mult1var1able case 1s left as future work

'e'The de51gn -of MAPC 1nvolVes the followlng steps'

W

qu“h 1) process representatlon (or model selectlon, ‘foriy -

;esxlmatlon and" controller synthe31s),

2) model 1dent1f1cat1on and parameter est1mat10n-~.
3) predlctlon of " the process output"j‘ f o

e - a) mod;l_based predact1on d‘bng measured 1nput and

output sxgna15°

. b). feedback and predlctlonﬁov hearesfdualsinf;l’;
) dlsturbances) _fx.,~ i- @‘:‘_‘[;~.f ’.;» B
4) cdntrol calculat1ons'»: T
-——————-—5+~the—superv1sory system calculat1ons'
'ﬁ:j 6) the execut1ve system-
_ A list of the featur'es of MAPC IS pr'esented in Tab]e
6 1 and and can be used as a summary “A high- Ievel schemat ic
block dlagr-am of MAPC Is . shown in Figure 61 ‘and. the
‘ stnuctur'e of the nest of the chapter closely follows this

.\/,

‘.‘..,\,'..' ) ,l

w{



‘Table s;l-mc Features O P R
_;Actull Erocesa SRR e B R

SISO/HIMO (non-square)
'f-open-loop stable/unatlble
* non“minimum phase
23 txne-varying gain and/or’ dyn-nica
o '_ !rknOvn tine-delnya (cln hlndle unkovn or vlrying del:y) L
. S emild non-linearities ""‘f L S e Sy
. o noise e e T LT e .
U loud~disﬂnrblncea - ‘ ‘
) Process repreuen:a:ion S
le models tor identi!icntxon‘f
easpace model (in. oblervlble canonxcnl torn) tor controller syn:he'is
. (ormulttion uses absoclute, measured ‘values of the sanals directly as- opponed to
. incremental vnlueu .
U conatraints on. process variables (i.e.'u, y etc. )
_Model identification and parameter eéstimation

e

. process model (ARMA) . - _ . »; . _
. tesxdunl model . (single. seriea) ¢ ' N _:f"‘
-u.s . o . S §
" - datapreprocessing ‘ v * _ N
- . mean elimination o e |
. <. low-pass filtering ' '
_morma}ization .. o : oo
' data acaling ' o . »
~-wvariable torgetting tactor - Constant trace. :
" ~onfoff criteria (bused on measures of- excitntion)
Lo "'-parunqaer pro]ection ob conltraxnts
Kl Outpyt prediction ‘ I . e o ‘
: .- nulti-step-.head Knlnan tilter predICtion D e e

'Controller : . : S - T

" * nultiste predictnve control oo o

Y full regE!\;; (disturbance). nqdelinq .. - -

L recedinq-ho zon {or, novinq-vindov) strlteqy )

_ e veighted, qundt.txc cost -index
,Supervisory s,hten. « :

.. genératea the neterence-input trl)ectory for.use in the predictive controllir
© ... ¢ implements hard consirainta by chanqing :he reterence trljectory,
Al sxecut!! : T : N

b lturtup/conmxnaioning
. mode switching =~ = .

.. . rewsrtup o , a e s
‘~emergency
. 1nproved operltion'.~ ) s
_-supervision of identiticntion (e g. dettctton ot 10|d-d£|turbnncci) f;

_-selection of parameters fxns. Krp, controllér)
~d£scountinq the rcsiduaa nodo! ’
Other praccical aspects . el : : :
. ® gignal conditioning -nd vnlidacion, e. g. dctoction o! outliero &y -oaluroncnts ,
.. nunertcnlly robust inpleaentution through- tho use o! optlnll cclling in ILS. KFP. -
- and’ controller calculctions B . :

3

PP P

PR . . Ce% . P " . L. : -:.’ « - Lo «1.
Features narked:vbth i ipdicagq'gbo goot’tgportnnt~§9ltur¢!;_,' e e

' : L coL oo e T T L
X o T AR . o R
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_ . Systevn data-.

““System parameters
© ‘Performance Objectives
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o \
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~
\‘s

——3" Al executive

PR

'The

,.' _Rules

Aux. mea_su"r.e,d T

input, r

N

i

disturbances -

Measurement . - -

_‘Process.
nofse - -

e—~ Non-stationary

é——v———— noisé

- ‘Sdperjvi'sor"y_ i
Sub-system

_ Comstraints .~ -

e

~
>

Process .

Loy

Sub-system .~

’ v'!'igu‘re‘ 6.1 A

high-level, schematic,block diagramof MARC

1 (output prediction)

| system output



'f7§gfIQUPe The next 51x sect1ons of the chapter dlSCUSS the sxx'

L:maln Steps of the proposed scheme.;Thls 1s £ollowed by a

'ffdd1scu551on of the convergence and stabllty 1ssues

?];;br1efﬂ lrterature rev1ew- and flnally some SISO fgg

'y{?ffollow1ng locally lineatlzed modeLg

*:.examples to demonstrate 1ts varlous features..,

?g,'6 2 Process representatlon

For the purpose ‘of thls presentatzon”’“"

fﬁﬁ the process plus the dasturbances can be

f R

A Dyl = -_Ci-"'B»‘.(QI'?“,-“:'.’:-* 'x“-at’«t T AL S

,:.\

’“iwhere as usual y(t) and u(t) are the process output and the

'cprocess 1nput nespect1vely, k 1s an assumed or known pure

’.t1me delay of the process 1n number of sampllng 1ntervals':ﬁid

."?u(the extra delay 1s due to d1screte-sampl1ng and zer —order




'ﬂ‘process model {X(t)J is a’ sequence that repreSents the;fzg”~

"-%unmodelled process - reSponse:'; i. e. 7ithe;i effects '$9£l'

”';1load d1sturbances, no1se Iand unmodelled dynamrcs.ffTﬁefjd”;

'5;follow1ng model 1s assumed for' the descrapt1on of th15-=35dr

'iﬂfdlsturbance sequence- ff‘.f- 'd "i;.*llftV - o '.kl;i -lf;‘;
;“'_-F(q )x(t) = c (q )e(t)/G(q ) Sl 4. F’,-('1‘4")’
ut o e T |

”'fQWhere {e(t)} 1s a. Bbgﬁded ‘zero- mean, wh1te n01se sequence,_‘

fF;' C' and' G are mon1c polynomlals 1n q ; cr and G are-; dff

”assumed to be stable (1 e. thelr zeros are str1ct1y outs1def’f

,1the unzt c1rcle in the q doma1n)_ They are 1ntroduced for -

fiparameter est1matlon purpose and to model colored process“fif'

",nolse. ?Fi‘1s the load- dlsturbance 1nternal model posslblyf.*

‘fiwlth zeros on the boundary of %he un1t C1rcle.11t can modeldf
-Tanythlng from a 51mple d c.v b1as 7ton: more -generall

‘{dlsturbance 1nc1ud1ng perlodlc dlsturbances. Note that whenl'

i _{X(t)} ; is }pq,f purely determlnstlc" laad dlsturbance,];

tJiF(q )x(t) 0 w1th F(q ) 0 at q {x(t)} jls ‘a- purely}i:;j

‘Qiistochastlc process when F(q Y= 1 Usually F(q ) AD(q N
.,_;jwhere A :‘=. H-q ) and D(q )\g . + f‘l1 WJ.th D(q )’f"

"stable F is requ1red for offset free pred1ct1on and hence]

;f%offsgt f;eeaload-dlsturbance re3ect1on.vf;f

The model g1ven by equat1ons (12) and (13) 1s moreVﬁffl

':su1table for 1ndustr1al_process d1sturbance descrlptlon than"‘

”4-the usual CARMA or CARIMA mdﬁeﬁs. Th1s model has also been:fﬁ

. used by M' Saad .et al. (1986) hfote sthét the: CARIMA model is

o .a speczal case when F(q J=4. ~ The complete process model;,ﬁdfﬁ

s then b°comes ;#j;ff~y'nj_g;*-7'gf,"f: g



- Cross multiplying by G and defining new polynomials, . ' %!

A= atee@ )y = v Eagt

Bl =B (@6 = T by

e ¥

. .

"'+ where ni=n'+n,, the model given by equation (14) becomes

= ?_iFd,}r“ simp11c1ty" one ~-_"c_'a'

contro@ler syntheszs in, whxch the states cortksponding 'tov :

~ _A_(q",) y( t) 2 d FR

n assume G(q\ )=1.
,wntmg down an’ equxvaler‘ state space model _foff.:,

‘_-;j-i'putﬁin’eo the followmg form- ’.'-:-';_-;’-_-_._._- T ';"‘_b

e .',‘._.",OV 3(t)

Y ét) T 13(%’)_"“) ‘ Mcé%“) N e(t’



load dlsturbance 1s cons1dered as add1t1ve at t -; 0utp!
'f;:f Also note that the polynom1a1 C (q 'y 1n equation~~5hhﬁ'
.h‘ defrned only for the purpose of representatzon._It 1s hever)?dif
.7.”'irequ1red 1n actual 1mplementatxpn of the proposed adipt1vel”

: ficontroller. There is no need to actually compute C and E-Tf.f
. . ,n
B from C' The polynomlals C' F. and G are abosorbed in the} o

_ res1dual model whlch models the res1duals {x(t)} »

fjﬂ%fff?l From equat1on 18y “one can vrite . down the follow1ngf b
:tdd_CARMA model for est1mat1on of parameters of A and B-“«iV-’f*
L A@Dy(e) = aMB@ Yule) + cl@e(s) + ded) o (19)
1*?ff'where d (t) 1= A(q )d(t) can be 1nterpreted as a d c. bxast*f
;Tlﬁ and e11m1nated asymptotlcally from the above.equatlon us1ngw.jﬁl
']ﬁzi mean dev1at1onal data. Note that'}wnly the 3susta1ned -or S

_ steady state part of d’ 15 e11m1nated by u51ng est1mates of;ff

For wr1t1n§ down the state space model the polynomlal'ﬁi;ﬁﬁ"

e Yo
'C-, E and F must be defmed One can take f slmpllc" 3

E(q ) 1 or alternat1vely thlnk of it as belng 1ncluded 1n F%juﬁf

truncat1on.' Thls means that thefJaT*

A4
2l
o

after long dm@tsmn 0

load d1sturbancev i . modelled an'a{ s1ngle ser1es (cf.ﬁ
' auto regress1ve) model Assume,f.tnfﬂfa, ‘ ;

s

AVﬂ,-to here f"t?ﬁ sxmpl1c1ty., oTh state space | mode5* o

N -

correspondxng to equat1on (18) An observable candnlcal form;iifg

a1s then ngen b ‘ :Q“i~5;j“_;fv¥ﬁy'u



e s e

E(Ee) = k()

- ,.b‘:yf:('}t ) %':‘H";( t) +

+ Te(e)

ot

+Aute) free)

?ﬁfjt)ffig‘tilTT

Cam

ory (t‘) = yalt) + &l ) selt)
.wheré’uj;j__--  ~;‘_§‘ L S | T R
ghu)=nxu) _ﬁ;f :‘1}&-;¢c1ffﬁj ‘gQ;;3;

aled = mece); : RS o e
?‘.*';E(t)  (E (t), e E (t))T is the dlsturbance state vector-;’;€f f
| q>,= o o 00 7 TR e

(% (t). ---.,x (t)) is. the process state vector, ﬁgf'ff{flﬁ

R ST TPRE B TS A

ST B2y - . L
e e e e b0 e 0 s
PR




) 'f'}».f}i:,ff [o o 0 1]

P

by | e T
C . ‘QJ e o Sl ] o
R :-q, - e B -
e % a, C, R 3 S " e
: R R ’ Co oo gt S
oo AL SOt N
1.

l rz p ) and Hz are ; Freds

The dxmensmns of <l>,, .-V<l> 2 A,, Az,‘, -
respectwely (n+k)x(n+k),[ n xn,#\ ( k)x1 n,x1, (n+k)x1
ny x1 ‘Ix(n+k) and ‘Ixnf. _ The complete process model ¥ in "

state*-space form can be vr1tten more compactly a5° s

e,

o



.'ffRemark

- " the Process output (cf.:vmeasurement tn01se“'tln::‘

‘”“ffxnterpretat1on 1s neeessary sznce the reszduals;

7Ljand Ho= (H,, H,)

Y}“ffj If C(q ) ﬁéq ) then the noase 1s sxmpiy add1f

R

'1':Strucguted or process nolse whxch can be pred1cted to obta1nf;ﬁ_ﬁ

ffmxnxmum Varlance controL can be thought of'as 1nc1uded zn e ﬂf
e;ﬂth d1sturbance model' (1'e.,:gﬁgg 51g"al;ﬁ SRS 'l

-"f}cannot be separated 1nto n01se and loed dxsturbances.ﬁrf_

I s N
[ O, g
T o .
. ‘ ' o 'ifﬁ.-e- ok
Eeedforward fnput ¢ |

If there is. a“ a“xlllafY measured disturbancej.swe

r(t) 1t can be 1nc1udeﬁ 1n the model (1 e,



" where

g }zf a__7;_
| :dl:""a.f J ax

_ | W |
 w1th the d1mens1on of AfJae'thk)xi Then equatlons (26)1&y'f
,(27) and- (28) c . be. used as a baSIS ,fo parameter}f,fif
~fest1mat1on and for output pred1et1on. Note that 1n thzs case{f,:;'

the L polynom1al can also ‘be estlmated. For Slmp11c1ty 1nfﬁ5
the, rest of t e chaptér such a feedforward 1nput 1s not-"_

'5used

].f1) If the parameters of A B C an}:’ are known then one can%ﬁy:ff
;;-ff" ,vest1mate the process and ’d1stu:bance state vecmors;i,_;
‘ lf ;3f(1 e. x(t) and E(t) respect1ve1y) us1ng a xalman £11terfek7ff
;)Z"i?‘and thelr contrxbutxon to the pracess output can bearfef
vélff_‘jobtaxned by summat1on. A s1ngLe Kagman fxlter or two"'{'
;f;~;€?f;5eparate Kalman filters can b{; used. ‘Note that thev
:97“ ;efS$ate coeffxcxent matr1x, iQ;L 1s blockeaxagonal and}fl
’,fffff ‘hence the - proceSS- aynaqus, an_' d1sturbaa;§g ‘can’ be;f 
'2.5A§:ft;eated separately-I _ q . Kalman ;fxltarg Uﬁ;aél
f:??}f;_numerxcally more. robust and‘also reduces the coMpugét{jgia
%f; f;‘; : ' '_ " ame ;: 5$uch”#tuo~stage estxmataon “'hfﬁe  
f ﬂl¥‘€Khlman leterzng is not uncommon uhere the bxas xn fheﬁ;:f;
53;%i?:fpf°ﬁe88 lsfsgparahéf; estzmqted (see Frexdland (1978)).}fa73}



The beas estlmatlon 1s equ1valent to load d1sturbancefi:e,;

- estlmat1on here.r' f ': ""t vt B o |
2) Slnce c 1s not usually ava1lable ‘a pﬁiori and ig: practxcefjf'[;
.;ﬁilt can be 1ncluded 1n the re51dua1 model, one COUIq'use;'if;f
'i%%the followlng stochastlc state space model

PR

'fs,ﬁ-z(t+1) éz(t) + Au(t) + w(t) r[,r.L_ff“f]7? f..féé)drdﬂff

‘vwhere {w(t)} and {v(t)} are bounded zero-mean, Whlteiff:?
Jrgn01se sequences w1th cov{w(t)}-=E{w(t)w(t) }zRv :ﬁt_vv
;;COV{V(t)} E{V(t) '} Rv {w(t)} ‘and {V(t)} can - then be;}t-d.
4‘€used to represent n01se 1% the measured 51gnals.»A150i;tg[
.Q,'when the Kalman fxlter equat1ons are wr;tten down for’. o
o the State SPace m°del glven by equatlons (29) and (30)1ffﬁd
dfthe covar1ance of the state est1mat1on etror vector a"ds{ﬂ:?
;‘-ffthe Kalman ga1n are exp11c1t1y avaxlable 1n terMS o£ R;;;:fi
Lfeand R{l and need ~be" deduced from the no1seiif;?
;;dpolynomxal C.:Also note that by a su;table cho1ce oftjiii

“;wtgthe “noise COVafKances, measurement noase bgjf;éd
mf,[;regected ‘in the Kalman fxlter.;The structured pr°°’88Tg7ﬁ
"?5“0139 isfhowever 1nc1uded in’ the resxdual disturbanc'*?‘%i

‘emodel f°f Pre61ctxon";il"”il;«ﬁv:‘r*‘f'*

3) From the stochastxc state—space model given by equation.
(29);andf“' |

30):jone couldfvdeducef the_ model_,gaven by;.
' '7idkthe Kalman filter._ft‘,ﬁﬁyf' L




T :_ﬁ"fé"(_.tﬂ/t)- = ea(t/e-1) ‘%,‘/‘,\;u"(";)_-& r{(t;);ef(‘}:';)'f G

'“ xnformat1on avallable upto and 1nc1ud1ng tzme . Furtherf%—jf

6 2 1 One—step—ahead Kalman £11ter pred1ctor

S oL s 268

A Kalman fllter can be used to estlmate the states ofhf

' the stochast1c state space model g1ven by equat1ons (29) and

f fllter, (whlch' referred . thlS work - as’ theV

(30) The one step-ahead state predlctor form of the Kalman]e“'

| one step ahead Kalman fllter predlctor) is glven by (Godfrey_'“l"

- when the Kalman galn, K(t) 1s found from‘,f‘fA. ,‘_f,~',,ja;v77u

' 1s the 1nnovat1ons sequence

.
|
NE
l

and Jones (1986) Kumar and Varalya (1986))

whlch is opt1mal 1n the sense of m1n1mum varlance estlmatlon -

-~

such that P(O/-1) 2 0. The

IS The equatxons (31) and (32)

g1ve an pne-step—ahead estlmate of the state, z(t+1/t) from

future predxctlons of the state and the output can be

simxlarly obta1ned as dzscussed 1n sectxon 6 4

. .o'..‘-"'

;U:'Y‘t}_a H;(t/t+iih+ie(t)j:d'”,';ﬂ“v“3~bu'r's;.A ‘1 h:: e(32)1_4>

K(t) s»p(t/t mx (HP(t/t 1>H +R) o ey
f*uheiefthexadyatianeefnat;in{’é(t/taj);'issupdatedﬂaecbtdingh',{?
. p(t+1/t) ¢p(t/t 1)<1> --"-R:(:_t)HB'(»tv/tQ,'1.),<1>T-_t,"ﬁa;,""_ S T

Here P(O/—1) 1s the 1n1tlal CGVarlance matr1x and 1s chosen’

fequence {€7t)'=y(t) Hz(t/t 1)}d

-



S R computed sofisli

T S A s e 2bY
e e o
1) If the matrlCeSpAQ A By and H are constant then the ;%“"

steady state Kalman fllter predlctor can be used -wh1ch
S R A
g1ves the sameb asymptotxc error covar1ance of the

d estlmated state vector as the t1me varylng, opt1malv~.

2

predlctor.nghe steady state Kalman gaxn,;fﬁ,fgis"”

alculated u51ng L

s

“Ko:= @PHT(HPH™+R,)™ - .. (35)

vhere B isathejsteady state valueacf the covariance -
matrix ,and fis comPUted by s6lving- the algebralc\f{ib
R1ccatt1 equat1on°‘-' R
B = #P¢T - SPHT(MBH'+R,)HBE" + R, - . - (36) L

B )'

oS L .

Note that K and P can be computed a priorl and’thereby

".} reduce computatxon. 1 R ;~*',»‘W1, g 3‘f'fghfif”L;{35ﬂvﬁT'f§¥

%, A and P are tame-varylng as they
A'_

2) In the adapt1ve

‘use the est""' B . and F polynom;als defmed 1nm.

o equat1on (1 7“‘1 %ence the Kalman gazn has to be L

-

Thé‘ numer1ca1 propertzes of hpff i
r pred1ct¢r can be f1mproved us1ng the
.m;edure d1scussed 1n cbapter 5 for ILS by
"_mmm;zmg C{P (t/t 1)} where B, (t/t f)'-SP(t/t 1)s ds
'the scaled covar1ance mat ix and s, 1s a’ d1agonal and
z‘posszbly tzme—varyzng scallng matr1x., Ere eguatxons

"(33) and (34) then become--- ”5"j -5;,’. R f.fﬂz'?ﬁ'?F‘}




CR(E) = 957, (t/8-1)8TH (HS7'P, (£ /-1 )STHHR) T (37)

| P (t+1/t) 4>s 'B, (t/t 1)s K 3 K(t)HS P (t/t 1)5 q; S

.\\ .

-{slnce's-'is:diagonal 1ts 1nverse is. eas1ly computed o

‘BecauseiﬁC{P,(t41/t)} is m1n1m1zed equatlons (37) and
.(38)V‘Fare. ‘numerlcally - more robust ) for‘s,computer
'1mplementat10n than equations (33) . andg ‘(34)‘
Alternatlvely a square root form of- the predlctor canp
| be used wlfh or: w1thout scal;ng..The square root method
"_only ensures that P(t+1/t)20 vt - whene as u51ng sca11ng~
| add1tlonally m1n1mlzes C{P (t+1/t)1 L
3) For some appllcatlons the load dlsturbance 1nternal ‘model
) F 1s approx1mated as F(q ) Ap(l q ) ﬁ@hls means thjL\
' [}the load d1sturbances are approx1mated as a sequence of

! random steps at random tlmes or as a random—walk '1,e.f

.:.d(t)~e(t)/A The ‘reconstructed d1sturbance"ls pthenj_'!

-v51mply a summat1on of the residuals-._théf'fate'-of

' ~summat1on .or 1ntegrat1on can -be contzolled by usxng‘

_~F(q )=k A where k; is. a user spec1t1ed cqn%tant. Note o

ffthat th1s s1mp11f1cat1on makes the scheme equ;valent “to.

qus1ng a CARIMA model, but the output predlctlon“és?;'tf

‘still done using pos1t10nal or abSolute values of

f~{y(t)ﬁ and". {u(t)} and’ hence does not suffer - frOm the( a

";'noise ampl1f1cat10n problem. -

« S
L5 " - .

. S . et . R . - © '. . '. . . ;
,
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6 3 Model 1dent1f1catxon and parameter est;matxon

a."

process dynam1cs and a model of the d1sturbances. For.

The overall process model 1s composed of a model ofqgfj‘;"f'

'adaptfve* control h parameters ) f these models ire,“.gf

'~est1mated on 11ne from the measured data, {y(t)} and {u(t)} ‘
.;Such a model 1dent1f1cat1on step forms an-amportant part off.'
fhithe proposed adapt1ve control scheme and 1s shown a§'the

afparameter est1mat1qn block 1n,Flgure 6 1 The 1mproved 1east

f'squares algorlthm is” used in the parameter estlmatlon asq""-”‘

7fr*opposed to standard RLS.

e, ot

»

»ﬂ‘Thef 1dent1f1catlon - step 1nvolves est1mat1ng hez~-?

'parameter of two models- the f1rst model represents the

'process dynam1cs and 1s 51mply called the process model. Its.u‘u"

) 1dent1£1cat1on 1nvolves the est1mat1on of - the Pafameters dff"“

‘5A and B polynomlals and opt1ona1ly C.,The second model 15-'

'fthe res1dual model whose ident1f1cat1on 1nvolves fzttxng a
.slnule ser1es (auto regre551ve) model ato' the;,re51dualf[z
’ ‘sequence tx(t)} ."‘]V ' B

f:6 3 1 Est1matlon o£ the process model parameters :_-

': The parameters of the process modél are est1mated from;Ft

1equat10n (19) wh1ch for use w1th the. ILS algbrlthm is;*“Q:

i 'wrztten 1n terms of zero-mean dev1at1ons of {y(t)} .andf""
- {u(t)} as-'f~, o | o

O G D s e G

ZEC 13 assumed to be 1 for szmpl1c1ty ahd-iLS can be d1rectly
r,fused rf C#1 then extended ‘least squares 15 used with the
-‘_;j-mprovements suggesbed m \.kQ\pter 5 to obtain unbiaud



estlmates of A(t) and B(t) (the’eStimate'of'C proaooed byt

ELS, 1s not used dlrectly in. MAPC) Another alternat1ve when
- C#l 1s to use a fixed n01se-%olynom1al T and fllter the data’;
- USL\S the low- pass f11ter 1/T(q ) to e11m1nate the n01se. |

Slnce ILS uses- low- pass f11ter1ng of data the T f1lter’can

—_—

- be - included 1n thlS step The est1mat1on model then become5°
v e . ,
. . B ' K § . ) ‘ o ) » ‘ R ) (S . ‘,‘,. ’

; ){y(t)/T(q Yy - y} B(q ){u(t)/T(q ) - U} +

C(q )e(t)/%%q ) L TS (40)+_-

.AT(q )= C(q ) then only . e(t) appears in the ?above-
equatlon, wh1ch means unblased estlmaEes of A and B can be

obtalned The above equatlon can be wr1tten as..
CAl@ Dy (8- F) = g B ) lug(e) = W+ ale) e (ard
°. o P o » . ’ X ‘. = ‘ ‘ s .~ ) : :
where n(t) 1s a perturbatlon term. Note that the empha51s 1nl _
th1s step is on obta1n1ng unblased estlmates,_A(t) -and B(t)

Eather than on est1mat1ng the n01se structure 1Hence the use -

. ~ of ‘a fixed, user ¢hosen - approx1matlon fop-e 4%e n01se is
°.f‘;t"hand;ed in the Kalman filter predlctor ‘via the"re51dual
\' model.* and: by q»ad]ustlng the ' n01se ' covarlances. For
gi?‘h _ applicaéion of ILS equation»“(39)~ 1s~‘wr1tten down in ‘the:

"; following regression form:

\Lt) e ¢(t) + n(t) C, R T (42)
v . : o T Yy
1ﬁhere59,:=(a,, covy 84, by el b,,)"r is the process parameter

)

" vector to be estimatéd; ¢(t): (y(t 1) SRRy

- .

\



) ir(‘t’—*n:)_,z..'\-G(t.—;k-w)ﬁ,v '.:.’,':i.i_("t-'k—'.n)»)‘ wltky( ): -(yf( ) D
0= Cugh =Ty yel-) ey (/TG and | u () :=80-) /(g )
| ’e'~Chapterf 5vffor the- actual sfeps in vILS‘,parameter‘

N . o
estimation. ;j i .
.b“‘.'. ) S ‘ * ’ .
6. 3 2 Est1mat10n of the resrdual model Yarameters - - .
N <, - .
The re51duals deflned by J
» ' v
o x(£) := Aa(t)y(t) - g B{t)ult) . A (43)

] .

?_J/‘ *ontaln the unmod led‘ process response such as n01se,

| ':load dlsturbances and unmodelled dynamlcs A(t) and B(t) are., -
found from the\process model parameters, G(t) 'estlmated at
time t. ASince the d1sturbances are con51dered additive- at
the ogtput, for 1dent1fy1ng the re51dua1 model the follow1ng o

rquduals are used rather than those def1ned by equatlon

(43): ‘ jf

1
Alt)

woBlt) oy C(48)

X (t) 1= $(t) = y(e) - gL
- R N

-A'single series model is then fit-to the~sequence'{i‘(t)1
for use 1n the dlsturbance part of the staut space model.

- The parameters of thls model are denoted by( 6. (t). @‘rom )

s cg;on 6.2 it is known that (ef. equation (17) and (18)): ¢ -

S vty -1 . -1y .
Fio) = e (e C——q—l—e(t) B ety o (g5) -

q IF(q) ") F(g ),

~+ so that x'(t) contains_noiSe’as well as load-disturbances.

It must therefore be noted: that noise is.modelled'in the



1«!d! . B ". ' AR

resultlng state- spacewmodel 1n two ways-'\) noise exp11c1t1y' ,
bh’added to the states and the output and wh1ch is optzmally?rh:;
"7re3ected by the Kalman f}lter pred1ctor w1th an approprlate"ff..

_ch01ce of the noise covarxances- and 2) noise lncluded in

‘“v_the re51dual model and wh1ch is pred1cted ‘for use in the,,

~_uvpred1ct1ve controller. The net effect in «the’ Kalman fllter‘f

'predlctor is that the measurement no1se is rejected whereas
: structured process noise 1s§$red1cted for m1n1mum var1ance~

control Note' that the re51duals contain al?k unmodelled

C A
process effects» and cannot be ‘separated "For para&eter
_ b o : o _ S s
estimation the-fOllowing‘equatﬁpn'1s‘used.
- : B . : ) - . o . . h L .
) —le(t) « —le(t) o tas)
. F(gl) ~ " ablg ) L o : o

1
4. -

‘where F can be con51dered to 1nc1ude C' and A, Slnce {x (t)}
may ~ be non- stat1onary | due r'to ~ the presence ,iof’

“load- d1sturbances F is assumed to be g1ven by Flq )°-AD(q )

| '.-w1th D stable and equal to:

1=1

(g™ ==fi +5: Cagt - P
The re51dua1 m del par‘ters are therefore estl'mated usmg .
‘the regvessor :luatlon- ‘ o .ﬁ e ' ’Ti‘
ax(t) = B (e)Te (E) +ele) T R -

B
Iy v

where»'a,(t):=(d{(t)' .;,,v, ,,t,(t))'r and ¢ (t)'=(-Ax (t),
.Q.,WfAi'(t-ng))T. Then F(t) .is found from D(t) ‘for use in
“the stateéspacehmodelA(l.e equatlons J27) and (28)) Note{“

,"1’,



. /{ .
s
4“

Remark

two models may in eract w1th each other, espec1aliy dur1ng
closed- loop
‘delineate

estimated.

-

 (1967)).-

6.4 Output pred1ct10n . _ ,
The MAPC uses an output pred1ctlon block as. shown £
z(t+1/t)).‘

that 6 (t) is also estlmated u51ng ILS. r;:

Figure 6.1.

timates of the state vector can be obtalned using 'a Kalman"

- filte

But it is also p0551bie to obtain z(t+i/t) and hencef_

. y(t+1/t)

. k. . N -t . Al B N v ° . 3 .
I EN o e . . s>
o GH . - . PR, - . L
. . N
ek . . .

Lorers

.

4

v -

‘conditions"under which each mbdel

There is a p0551b111ty that the'xdentlflcatlon of the:

operation. Therefore ~'i¢ is necessary to

be

This 1is dlscussed in section. 6. 7 1. Note that

Flltered (z(t/t)) or Qne step ahead (

this two- stage 1dent1frcat10n oan be compared to GLS . (Clarke~

-

i

for i > 1 uslng -the Kalman- fllter,_ from

-

measurements ,avallable up to and 1nclud1ng time

partlcular estlmator is referred to in thlS wor

multi- step-ahead Kalman _fllter predlctor.' It

one- step ahead \qgtlmate,g z(t+1/t) discussed in

6.2.1 to glve m1n1mum varlance estlmates of

states and 1s glven by (Godfrey and Jones (1986))

o "v‘ '

F(e+i/t) = $3(6/e-1) + #TR(Ee(t) + T 87 9Au()
."\\l o ) Ty

and

y(t+1/t) = - Hz(t+i/t) A

/

/

i

j

Hb'z (t/t- 1) + H@"x(t)e(t) + z o"Au(J)

t.‘ This.

k aS' the

uses the
sectioni

the future}

(49)

" (50)



. ; o .-

%yflmatrlx,;é, ls»block dlagonal Qy def1n1t1on, Just llke in: the

'Wfone'step-ahead Kalman filter predlctor. a lot of. computatlonr

for process dynamlcs and  the other for d1sturbances. The:
éoverall process output can then be obta ed by summlng the'
outputs of each sub system, i,e., u'. ,' L
\.;(fﬂ/t-) e x(t/t N+ q>= 1x (t)e(t) i z q>‘ i w3 (s
A“2(£‘+‘if/féf")"j,,=__'bz"'é;(_it/t—_d) + 4>2"‘x2(t')e(t), S s
v ; . BRI s . C o"\‘, A' : [‘//’_, o

% e , * , Co

v';y(t+1/t) f A (t+1/t) ¥ d(t+1/t) . '(53)1

4 'where ’i/t) H»x(t+1/t) d(t+1/t)=H3E(t+i/u),‘ and

r“k

'5q.can be saved by consaderlng ‘two separate sub—systems'vone

‘ K(t) (K (t)T’ K?(t)) W1th a little algebra#one can write

down the follow1ng equat1on u51ng vector‘matrlx notat1on“

i ;‘ o ‘_ ' .7fﬁ”u-’-- ) ’4%

._{y(t+1/t) 1e[1 N]} = {H<I> z(t/t 1)+H<1>‘ ‘K(t)e(t) 1e[1 N1}

' =for 121 and where‘ t t+1 1 S1nce the state‘ ooefficieht':

Rres

.;’:2-‘ ST A {u(t+1 1) 1e[1 N1} 'y*i o - .(54)£

C

~

.where {x(1) ief, N]} denotes the vector 4«41) Q;; 1N))

Here A"ls a 1ower trlangular patr1x w1th aif--HQ A fbr

jsi and’ a =0 otherwxse. f the process has 'k samplzng*

1ntervals of pure dead t1me then the f1fst k rows -of - A’ will

N be zero. Equat1on (52) can be wr1tten 1n terms ofy the

1ncrements of u as’ follows'

g



‘Alternatively one can wf&te;.

"process xresponse (cf feedfo

Remarks

Ca T - T t:'- -2
{y(t+1/t) 46[1 N]} = {y (t+1/tx,1e[1 N]} R ) \;’F]?g “

ST ¥ {Au(t+1 el NI} - ._7‘ S (s5).

i
. ) - P o . SN ? T . . ) .
. [ D S
R . B : . N N .
~ o N . T . L .
~ R . . . . ?
P . . . . 3 .o l}*\ ) N . <
i : ! v Kd

- L SR

{y (t+1/t) 1e[1 N]} 2= {HQ z(tft‘1T?H¢"K(t)e(t) 1e[1 ,N1} .
T ¥ {(: a;;" Jult- 1) ie[1,N1} - (ss)
,"". : . o J”\ '

\\

s ,"

.

anhere ym(t+1/t) =H®, x(t t- 1)+H¢‘ H((t)e(t)+-(Z a; ')u(t 1)

is the process model based 2§en loop pred1ct10n of - the
ard- path) 9S1ng measured

51gnalsf and d(t+1/t) is the predlctlon of the unmodelled

outputs, {y(t+1) 1e[1 N1}, con51st - of 'tvo pagts.

{y' (t+i/t), 1e[1 N1} calculated from past “inputs ”plus' past\”-
and present outputs' and A' {A(t+1 1) 1e[1 N]} due to presenm ?.

‘and future control actiors. P e ; ,z.

.,/-_r . -

-‘ —-»x, 1)

1) The proposed control scheme uses a control horlzon,-N’;"

ur.

beyond wh1ch the control 1ncrements are set to zero,

i. e.v; Au(t+1 1)=0 '_fof; N2i>N,. This means that

u(tei-1)= u(t+N -1) ‘for ~i>N and the A' . matrix- in

3

(geri/e), 1el1, NI = (g, (eFT7E), 11 NI} {&0ewi/8) L1, NI} (5T)

.process response (cf. feedback path) - Thus from eguatlon L,

o (55) one can see that the future pred1ct10ns of the process~

N,

equatron'(sg) is' replaced by A:=A'S so that eguation

i



- yfhicrh -are "_ A j‘_"%bmputatmnalx s e
" RS S ' i -l »'-“'.' v i aMe "\
- act’ual-_,qompj 3 Y ‘_%' SR "jwbmplxhed byb notmg fh%

£

IRl cad ~
fact tﬁ t mé“‘f; ‘o " ists of. '8 rsé
sce that SEgiETHGE e ot visa /\‘

matncesj{ «w_‘;;- :

oy




. - AP R R ESE . :
o 3) If ah aux111ary measured 1" t,zm is ava11ab1e Ehen.lt

ge. tneated Just llke the- control 1nput 1n “the
';'ﬁf pred1ctor and can be dompensated in“”a¥ feedfowardj'

;:'manner. S1nce the future values of the measured 1nput,
"%;??' "r(t+1), are unkown, they are: set to -the’. current value,5i7?
BRI (t+1) r(t) 1>1 v'f}irs':f\eans the’mea%ured input is -
RS _ assumed not to change ove; the t1me 1nterval $t+1) to

.

A
~

.frs_r The detalls of. the Kalﬁan fllter;predlctor are’ schemat;cally
_sho@n in Flgures 6 % and 6. 3 foisthe_time invarlant\case and
'lln Flgures 6. 4 and 6. 5 for tﬁe self- tun1ng or. t1me-vary1ng'
‘case. Note that the feedforward path and feedback path are
1ndlcated by dashed l1nes 1n Pigure 6.2. "} : . ﬁn.'”
f(“ {_. '!- ; e ; 7 e
6 5 The ‘multi- step pred1ct1ve controller'“h
The. ~multi= ste;> pred1ct1Ve controller,'shown An: _Figure -
6.1 genérates a trajectory of future control actions such}__
that"the' predlcted outputv trajectory produged by the, f
o fh mu%tiistep’ahead Kalman fllter .prediction.is as close to the
| reference trajectory as p0551b1e (in- the sense that a user
SpECIfIEd cost funct1on .is' m1n1m1zed) _The superv1sdry |
‘ system, aiso 'shown J; Flgure 6. 1 . su pl1es the reference; |

;?;§5q trajectory, {ynt(t+1) iel1, N]} at’ time t. The reference

trajectory may Ppe a fixed or flltered setp01nt, computed by
fﬂsome other means or- 51mply spec1f1ed a pPloPI. Thé control a/

-strategy is .based on the m1n1m1zat1on of- the following ’ .

S . . .
mult1 step,- weighted, quadratic cost -functlon whlch is

‘gu;f 51m1lar to the cost functlons used in GPC, DMC, MOCCA etc.,
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where {y(t+1/t) 1eLN,,N ]} are the predlctlons of the future

procgss -outpBts from. mea/u ements avallable up to and

‘including t1me t‘ Note ‘that - the Kalman f11ter pz’edlctor
generates {y(t+1/t) iel1, N ]} so that N= N2 1/1\.;ect10n 6 4.

. Here N, >N 21 —N2 N +1 1s ‘a f1n1te output horlzon° N, is a

' J(N,,NZ,N ) f({ynf(t 1) 1e[N,,N ]} {y (t%é/t) 1e[N,,N2]} -

u.

o
1

E— 4 (+1)- y(m/m o) 5
. ¢ : =N, g - . ‘_ o : .
+.4 Z.{{Au(;wi-{)-}zwu,(t)l_ T (s

+

1n1te control horlzon ‘with N,SNJ; and {Yw} and {ym}/{“} g
" \‘he

non- negatly)e and p0551b1y t1me—vary1ng weights on

trackmg error and control action. respectwely.

-

<

-Substa;:_utmg for {y(t+1/t) 1e[N,,N 1} tx’smg equatien

*(58) and de'fivriih.g'l‘zzédiag(yw ?nd r --dlag(yui) one gets-

’.

. . . \
' : _ ‘ ” ;A‘-;‘ '9,' ¢

| A{Au(t+z!-1) 1e1~ N, <{y,,r t+1) u[N,,Nz]} -

’ .
. i 4 T

Ayt (e+i/) ,ieNIN,]Y - A‘{Aﬁ(t*i-}')‘.feﬂ,Nu]}) +
4 {Au(tﬁ#u)*ie['1,Nu1}Tﬁu{Au(t+i“-1),'1e[:1_,NL,]}] (60)

-

4

[
.

\ e
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'aqg;'is fOund by taking the rows N, 'tO”wN24 of . the .
vector- matrrx equatlon (58) . o

Remarks
vy T I :
1) If N =(k+1) ‘then a ;>0 for 1d1 2, ... and the ¥ matrix is’
' .non-singular. ' ' ' o7

2) {aw, 3z, il defines the unit: step response of the
| _process. P EEE |
The . control- law is ~ obtained by Jsetting

. aJ -
a{Au(t+1—1) iel1, N 1}

O)whlch g1ves' o - _ -é'_

{Au(tfi-1),i'e[1_\,N’u]'}-.-(A"'t‘yA_+ru)"A"r‘y{ym(t+i)—y'(t+i/‘t),i‘e'[N,,N'z]'_}

.*’ : ' ‘ : o ’ Lok
. ‘ . - - ) 4 \‘7 . - \.‘
= A" {y (tri)-y (£+i/t),ie[N, N, H (61)
i . ,
vhere
L] e <4 T' ) ) B . . . . . L
A :é(AI}Afrg) AT, o L (62)

A .h{gh-lgvel block diagram va the basit, non-adaptive’

controller is presentedv in..Figure. 622,' This .diagram is



redrawn  in Figure 6‘3“ with further details added to -the
'Kalman f11ter predlctlon part of the d1agram.,j -

themarks -

13 Control offset usually results when absolute ‘values of

the control slgnal, u, are used in the cost functlon, J

(cf. equatlon (59)). Therefore 1ncreme8ts? of u( )

Aul( x), J "are penallzed wh1ch then 1ntroduces integral
| action into the controfier.z_' IR : ;tf. | '

9-

2) »The numer1cal robustness of the - matrlx inversiop in
' computlng At " by equatlon (Gzlqpan be signific;E;ly
1mproved by using the optlmal scallng discussed in
Chapter 5. Essentlally thlS 1nvolves 1nvert1ng a scaled
(AI‘A+F ) rather than 1nvert1ng 1t d1rectly A d1agonal
_scal1ng matrix, *S, can be computed as. 1n—Chapter 5 (cf.
Theorem 3) ‘to" mim,én\z\e c{s(ArA+r)s} Theri A' is
computed from R 4 '

A = STIS(A'T A+T,)s™17's AT, 7 T (63)

)

- El

which is significantly more robust nunericellyl:than
| equation (60)- | . o

The control-law glven by equation (61) involves very
llttle computat1on; when the process model paramesers are
flxed,‘ since A’ .pan then be computed a priori. In the
self4tuninglcase:tsinde'the'oaramifers: ange on;line,'ﬁ’
needs tofhe‘recelculated Et‘every timefinstant;,Notelthat
”‘the calculat1on G6f A* involves a. atrix inVersion which is a
‘computat1onally 51gn1f1cant step. The d1mens1on of A is
N xN, and A' is N, XN, but the d1menszon of the matr1x to be

inverted 'is only N'xN Because of - the mov1ng—w1ndow



»

'3 or

only
¥

:formulatlo? 1t 1s generally posslble to choose N, as. low as

5 and N .as low ‘as 1 or 2. Thus- A: 1s usually a small

of the order of 2x2. ,'.fp

Pl

' matrlx of'the order of 5x2 and the matr1x to be"lnverted 1s

The ‘ con?gol law ic" usually .1mplemenﬁ§d -“in'f a[.

receding- honzzon sense, i,e. only the flrst control actlon,

au(t),

is 1mplemented and the. calculatlons are repeated at

the next-sampl1ng imterval. Th1s meaq; that ‘only the product
@ . >

of ‘the first lrow,, g, o of A . and -
{yrﬁ(t4i)-,’(t¥i/t),ie[N,,N2]} needs to be’computed,( -
3", . vs | 4 | ’
o ile. Ault; = Qfiy, . (t+i)=y'(t+i/e), ielN, N1} (64)
Remarks . - | \;
) The reced1ng horizon’ approach makes the control algorlthm
time-invariant, i.e. the same control 1aw (cf. equation
'(64)) is used at' each time Q;nstant, unllke;'in- a .
flxed horlzon LQG policy. | ) :
‘2) when the complete reference trajectory is known ahead ofx
time and when the - process model, i$ relatively
| ltimeffhvariant‘ﬁith good parameters it is some times

" and repeat the calculgtions every N, intervals. This

_and 6.5 show the detalls of the adaptive controller-

ipoSSible to implegent thegiyhole control vector,
th

{au(t+i-1),iel1,N]1}, pver control horizon of N

saves some computatlon. B

“~

estimated'process and residual models (i.e. 6(t) and

3) The control scheme is made self tuning by using the

6_(t) respectlvely) at each time in the Kalman filter -

pred1ctor and pred1ct1ve controller blocks. Figures 6.4

schemat1cally
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T 4) It is common practicefin'control syStem deSign to include

>~

“using the 1nternal model pr1nc1ple to achxeve proper

_dlsturbance rejectlon‘(cf..lntegral actlon to get r1d
of step load-disturbances). In the present scheme'the ;‘
.éf'f‘; controller is essentially an openrloop‘linyerse model
V;L R °°ntroller and therefore the ' diSturhances'f are
ellmryated via’ the feedback path u51ng the same inverse

model .controller: This is equ1valent to e11m1nat1rzi]

v
N\,

dlsturbances using feedforward control based‘ on
predicted (forecast) dlsturbance or re51dual Hdwever;_~
for good. pred1ct1on of the dlsturbance a .proper'
'a_ s internal model. ofLJthe d1sturbance or a good on-line
estlmated re51dua1 model 1s requ1red
_ T -
:"6.5. ‘Choice of the controller parameters
| The parameters N,, N, N, ‘and the welght1ng matr1ces r, v
and . T, _allow one to Shape the dynamic response of the
o controlled process as well as to stab111ze NMP processes “or’
processes w1th open loop unstable or poorly damped dynamics.

If the output horizon and the control horizon are equal, the

control problem is essentlally solv1ng a set of 1inear
‘algebraic equations for the control vector. By choosing the

control horlzon less than the output horizon in the problem

formulatlon one then has to -solve an over- determ1ned set of

linear algebraxc equatlons for the control 'vector. The'

}proposed?method solves this problem us1ng ‘the we:ghted least_
| squares. -approach. Thus by assum1ng that pthe control

‘1ncrements beyond - the control hor1zon to be alro 1nstead of

llow1ng them to be free, the method der1ves ‘a lot of'



Y
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'flex1b111ty as well as reduces computatlon. In particular;'

thlS metrgd allows one to stab111ze NMP processes. Ch0051ng

Au(t+1—1) 0 for i>Nu can also be interpreted as- u51ng

o= we1ght1ng on {Au(t+1 1), 1e[N +1,N,1} in the cost functlon.

Output horizon (Nl, N,)

It has already been p01nted out that u51ng predlctlon

over a range of p01nts in ‘the: controller cost function

_.rather than a single p01nt makes the controller robust to

: 1ncorrect 5pec1f1cat10n of the process dead time. If the

- poor. Single-step cost functions - do not

-trme-delay,-k,,of the process is exactly known then one can
take N,=(k+1), since in that case the first future output

‘that .is directly affected by the current control action is

at t+k+1, Thus using y(t+1/t) to y(t+k¢t) in the ~cost
function is redundant and hence by omlttnng these some
omputatlon can be saved If the time-delay 1s expected to .

vary or is’ not known with certalnty then one can set N,-1

‘In that case, even though A 1s s1ngu1ar a solutlon can be

forced to exist by a proper ch01ce of the we1ght1ng matrlcesv
(e.g. choose T,=I). This is possible because of ‘the

over-determined set of equations for Ehfi solut1on of the

control vector. Thus the proposed controller can’ p rform

well even if the vknowledge ~of the process. timeﬁdelvy is

flexibility and controllers based on these may fail or
perform poorly if the time-delay is not exactly'known:.For

NMP processes, N, can be'set beyond the initial wrong way

-response in the pgtcess step response so that only the

points that approach the setpo1nt in the rlght direction are

included in the controller cost functlon.

-

289
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érizon, Ny; can: be chosen equal to the rise t1me of
y ,?7 % .

jflptocess step response and N2 1s then set apprbpr1ate1y.

fsladequate in most cases. 1f the process is open-loop
;or has complex poles, then obvxously more poxnts

}includad in the'output’horizon. One approachifor

‘ of N is through a s1mulat1on study u51ng a rough'“5
{“.:;_modelfgggthg process. SRSV DU U S o , fwu?ﬁ

v’r

‘As a defauLt N, can be set to 1- and N2 can be ‘set to
‘10 Most processes glve stable response and good performance»
':¢w1th these sett1ngs , L& ‘more consefbatlve performance isf“
desired, N2 can be 1ncreased to cover the entlre open- loop

step response. - . -
Control hor1zon (N,) ¢

Usually there is no advahtagebln taking N >n where n 1s
the order of theﬁprocess. 1f there is no we1qpt1ng then for
N, Zn the controller gives output dead-beat control In most 3
cases.Nu can’ be set to 1 or 2. ' |
') Fa)_.. o .
k//> The weidhting vuatnices (r,- and T,) are especially

useful in the multivariable case because they can -be used to

o R weiﬁhting matrices (T

specify that any part1cular -output (1nput) is more.or less.
important th n- the other outputs - (inpits) (i.e. telatlve

weighting a ong outputs ‘and .or inputs). The weighting.

| matrices cang also be used to penalize the control action'or
“_to ensure that soft constra1nts on the process var1ables are::
: not v1olat d. In numerlcal terms, the ‘wei tzng matrices are
v;‘very help ul to fo;ze a stable solutién to the control
| ‘v-problem..'or example, ‘when A 19 poorly condltloned ot almostv

‘s1ngular then in the absence of any welghting equat1on (61)



. : &

- can g1ve ”poor solutions. This may result in excessioe‘h
o!@ﬁllat1ons or ringino in the control input or even
closed loop 1nstab1lzty Byy;h0051ng the welghtlng matr1ces
approprlately the matrix 1nver51on in equatlon (62) can be
done more robustly f(i. e. C{A™T A } can- be 51gn1f1cantly

: reduced). Thi&scan be done from a knowledge of thefprocess

fft&me scale (1.e. sampllng 1nterval) a rough step response

of the process and the desired closed loop performance. In \/

The SISO cese 1t is slmpler to choose ry=1. ‘and r, XI A>0,
"so that \, ; N 7 . o
. | BN

A= (ATaean) AT ,‘ (65)

in equatlon (61) There is only one tun1ng parameter, A, to
bé adjusted /n -line. If X\=0 then there is no we1ght1ng on '
the control-act;on. If A is large then the control action is
heavily penalized. | y -

-~

-

6.5.2 SpeC1a1 cases of - the proposed controller'

The proposed controller (cf. eguation (61)). reduces to
several spec1al cases ‘which are p01nted out in this section.
As these spec1al cases ‘are 51mple and wldely used they help .
to understand the.proposed scheme.

Minimum variance requlator

' When‘ N,=N,=(k+1), T N=1, ¥y=1 and v,=0 the control-law |
glven by equation (61) reduces to the one-step-ahead (output
dead—beat) controller. Slnce the Kalman fllter predictor
'generates minimum. variance estimates of the output - the
result is af minimum variance regulator. Thus ° Astrom's

- minimum variance regulator-(Astrom‘(1970))'is a special case



‘?Jkﬁ&t;: W
gl

S

l»tdﬁ theyglﬁ%orporatnﬁgx%? -an’ ;nternal' model of. the

. il g}
.load- dlsturbances..fAsﬁ X*"'%mgg%&dﬁn‘variance regulator is

. ,.,\
- based on the assd }jén» tha ‘ the- noise structure is

P

characterlz
!

#Posed sch@heilb t the latter is more - general du¢'

¢

eguby»a 3 ¥ §§3h5erver ‘polynomial, C;‘in-a,CARMA,

292

‘ -

_ model ,va_hlhf l;i, £ 15 ‘generated by eolving a
}; d¥gphantfﬁ€}‘ 081 4. hat - uses C.. The"Kalman; filter
’ predictor %ﬁ»’ f*{f%édgh!n653§e§ the n01se covar1ances and
i '; ' the res1dual model to generate m1n1mum variance pred1ct10ns.

mﬁg two approaches can be made equ1va1ent if- one notes that
’ “ﬁa\

L

A“B& the Kalman fllter predxq,?*'

.60 C(q7) = 1+ (a,+k,(t‘))q“,+ +(a,,+"ik,,(',t')\)q'“ ', - (66)
nhere K,(t);(k,(t) “es kn(t))T'igrthe Kalman.gain Qector'(cg:
section 6.2) However, the Kalman filter”predictorvis easier
to tune on- 11ne using the no;se covarlances wh1ch prov1de ‘a
dlrect characterlzat1on of the n01se.,Th€ c polynom1al is

. d1ff1cult'nto spec1fy .and to change when the -n01se

‘estlmate on-line.

.Generalized minimum varianCe'controller :

.

The genera ized m1n1mum varzance (GMV) controller of
Clarke and Gawthrop (1979) can also be seen to be a spec1al
control actlon is wexghted (e.g. 1,-1 and yu>07

Extended horlzon adaptxve controller

If =N2=d>(k+1) and N, =1 with '77'1 and- yu-o thea

proposed .controllerA becomes ;Ydst1e~s. extended horxzonj‘

oy

Q)'Q' 'Cq can’ be der1ved from the 1n&hVatlons ‘state-space modelr

_case. of the proposedk controller when N =Nz-(k+1), “and ‘the

charactér1st1cs of the process vary 51nce C is- d1fflcult to .



J'cost function.
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‘ . - ot 1*

' adaptlve controller (Ydst1e (1984)). Ydstie's'controller‘hasl‘

[ ]

been shown theoretlcally to be a stab111z1ng controller for.

‘a stable, NMP process. However, it has not been shown to

@ﬁ S e el
stab1112e open-loop unstable processes. Also for processes

ERCR w1th poorly damped poles 51mulat10n experience shows that
<4

the - extended horlzon method is unstable,_unl1ke the proposed

’scheme wh1ch uses more than one output point  in the cost
- (
',functlon. ThlS 1s because when . the process . has complex poles

more than ‘one future output needs to be accounted for in the

<

Smxth pred1ctor'

The Sm1th predlctor (Smith (1957)) is widely used in
process control for dead- t1me compensation. Its structure is

shown in Figure 6.6. ‘The proposed scheme can be compared to

" a Smith predlctor when. the pred1ct1ve controller is replaced

by an error driven feedback controller ‘based on y(t+k+1/t)
as shown in Flgure 6.7, S1nce the Kalman f1lter effectlvely

filters out high- frequency noise and unmodelled dynamlcs on

- the. process output, 1t decreases the effect of these on the

closed- loop and 1mproves the'.robustness of the Smith-

.predlctor. 'Feedback control us1ng Kalman fllter predlctlon

can therefore be interpreted as a Smith predictor with a

low¥pass filter as shown in Figure 6.8 (this factg,wasi

'theoretically shqwn by walgama;(1986)). The low-pass filter

can be a simple exponent131 tor first order) filter'whichwm

filters out high-freguency components (such as n01se) of the

's1gnal going to the controller. The Kalman filter*predlctor

has the same filtering effect/\on the proposed mult1 -step
predictive controller wh1ch 1mproves its robustness (this

has been verified in simulations, e.g. Example 5 in the
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Internal model controller R T ;.' ' o

a

The feedback controller using Kalman fllter pred1ct1on
can also be compared to the 1nternal model controller (IMC) -
of Garcia and Morari - (1982) which is shown in. Flgure 6.9.
The IMC scheme uses a’ low- pass filter in its feedback path
-lto reduce the effect of the model- process mlsmatch on the‘

closed loop. It has been shown theoretlcally that the fllter'

in the feedback path'kan be used to ;mprove the robustness
~of the controller (i.e. to trade off performance for -

robustness) and hence supports the .intuitive ‘observation
"\ made aboée::' - |

o ‘ *

6 .65 The supe%visory;system ) |

| " The MAPC assumes tbat theﬁ‘reference trajectory,
;{yr“(t+1) 1e[N,,N 1} is available at time t. The supervisory

system which 1s.§@pwn in Figure 6.1 generates these values.

The referénce 1npﬁ€‘may be constant and equal to a setpo1nt

"over - the output ~horizon or 'may vary. FO{ example, 'the
supervisory system ‘can be ~used  ‘to generate ‘a smoothed
'setp01nt tra]ectory as in IDCOM (1978) where it is
considered that a smoothed approach to the. current setpo1nt,-
-yﬁ is required ffom the current output. In thlS case~the l
supervisory system can calculate -the reference traJectory‘

fromithe following flrst order lag model: bl

Yeor(t) =.y(t) O P _7(67)_\

.

-

Yree(E4i) = ey (t+i-1) + (1-a)y,(t), i=1, 2, ..., N, (68)

.'.7%:

v

3
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‘or eguivalentdy yeg(tiga‘;%iiffyﬁxtj T L (69)

- -

| P \\;géT for a smoothed tran51t10n from ‘current output to the

! |
v time-invariant reference lnpUts.- nOther case 1s that the .
-3 M 4 .

refereﬁce' trajectory may . be. speclfled a pnzon: by thep!

.setpo;nta MAPC is thus capable “of both tlme vary1ng and'e

’processl operator, This ability tp follow prespec€f1ed !
reference;; trdjectoties ‘isv‘ very useful in practlcald
appl1cat10hs and there are a number of real,examples where

such an ab111ty 1s needed Some examples are robot motlon

. and batch reactor control where the temperature of the batch

"‘may have t follow a spec1f1ed trajectory.'

‘ Handlr_g cjzztga1nts : ‘ S Y

The reference inputs ‘gan also be adjusted on-line_ to

o

/_satisfy ,,process constralnts. Constralnts “on 'pprocess
",.L%variables (e.q .U and y), are very 1mportant in practicale
= appl1cat10ns and are usually lgnored ln the adaptlve control
| 11terature Ampl1tude constralnts on the control 51gna1 u,.
are espec1a11y important. Saturatlon of the control 51gna1<
may appear in an adapt1ve scheme, e.g. ‘ |
1) durlng start up or after parameters gfve converged-
'e2) due to .bad 1n1t1allzat10n,_ o |

3) due to unattalnable ‘desired performance (i.e. Yiet)
| When.‘saturatgon of “the input 51gnal occurs the processv
L  ceases  to be - llnear - and its, effect is partxcularly
deleteryg ous on ‘the parameter estlmatlon,_as the est‘matbr

then té‘ds to 1dent1fy a zero-galn process. The process can
.f\ch be forced to rema1n ;n in. the l1near region by 1mp051ngs
| 'q~smoother reference chanées””or caicuiating"the. reference
‘v51gnal such that" the llmltS on u are never v1olated The
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supervisory System can be used to achieve this task.

- The procedure ds odtlined for the SISO caée..First/the.
control signaligis’-calchlated using the dlntrol-law‘ (i.e.
equation?(éﬂ)) assuning-norm 1 referencettraiectdgy. If the
calcﬁlatedvcontrol'signal g;iisfles ‘the constralnts over the'
control horizon;t tneﬁ the current 'control actlonl is

oo

”mplemented.n Otherw1se ~a - new reference _trajectory

';j{yuf(t+1) 1e[N,J¢]} m,ié; calcul ted by ol@ing; the

opt1m1zat1on problem:

minimize (w.r.t. (Fid) 21{Trecd={Feeed I

snbject_tO'{Au} = a' {yuf uf}'

where gg‘ and u 'are the lower and' npper“ limits on the;

u(t)e[u Fu ] for all £

control 51gna1 Thls problem can be restated as:

+

minimize (w.r.t,;{§¥£})f%ﬂ{inf}f{ytﬁyﬂz A

L0

subject to h'SA'{§u£}éhf

,where-}f-=u'-u(t-1)+SAf{y'}\and‘If'=u‘+u(t-1)+SA'{y'} with S

as deflned earlier in sectlon 6.4.

L4

"The 1nterpretat1on is . that the new reference trajectory

. is calculated “with m1n1mum dev1at10n _from the or1g1n31‘

’reference trajectory 5o that the control sxgnal calculated

by the pred1ct1ve controller u51ng jthe’eney ‘reference

. trajectory sat1sf1es the 1nput»amplitdde”constraznts. The

h. ﬁ-' : .e _-' n n: . ;737
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solution is tterative because of the inequality constraints.
"~ Note- that.the combutaticn’can be‘significantly reduced
1f the reference trajectory is time- 1nvar1ant and is equal
to.a constant setpo1nt. In this case if the calculated input
signal, u(t) satlsf1es " the constralnts ~then it is
1mplemented Otherwlse the: calculatlons are repeated with a
new setp01nt,v Yepr which is  computed = e.g. by .
y% yp—651gn(u(t)) where & is a small positive -number. The
procedure is repeated until u(t) lles in the linear reglon.
At the next sampling interval or more approprlately after N,
1ntervals the control calculat1ons can be resumed with the
’ or1g1nal setpoint or reﬁerence trajectory. Also note that‘
‘the controller and supervlsory blocks ‘interacc and . the
executive sub-system can be used to control the interaction
as shown schematlcally in Flgure 6.1. _' '

The constraints can also ‘be handled by the pred1ct1ve.
controller d1rect1y The advantage of u51ng the superv1soryv
system 1is that it admits more flex1b1l1ty

. ‘)
6.7 The Al execurive \

‘One of the requirements of a practical - adaptive
controller’ is tnat, it should be 'easy to commission and
operate. It 1is cbmmdn in adaptive ccntrol practice to use
heuristic fixes —or safety djackets (é.g. in barameter
'estlmatlon) so that the adaptive controller will .work
smoothly over a broader range of conditionms. To do this 1t
S is ‘usually- suggested -(Iserman and Lachmann- (1985), Schumann
et al. (1982) and Astrom (1983a)) that anothé? block be

- added to direct the overall openatron of the. adaptlveg
- contr'oller as shown in Figure 6.1. The functions of such a
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'block in the proposed controller can be man1fold e.g.
1) to start-up or commission the adaptive controller-
: 2) to perform.mode sw1tch1ng-' |
‘start- up(non adaptlve) - adapt1ve-‘
emergency (adaptive) = sutdown/a backup, flxed e
parameter controller-
3) to supervise:t
_ Model”identification;; »
—switch  on/off identification of process
model;‘ | . .
-selectron of the parameters‘(;; k, tr) in
ILS for each of the ‘two identification steps-
Kalman fllter prediction: ‘
| -selectlon of the noise covarlances (R, R )3
-dlscpuntxng the re51dua1 model (i.e. 6, (t)Y
MAPC:’ v ¥

~selection of the control‘r parameters Ny,

e "Ny, F; and ~Pu to obtain satisfactory

. - performance.“
‘The . khowledgev Based Systems " (A1) provide §a sultable |
framework to implement these ‘functlons. An example
. application of Al 1n real t1me control of a simple: process
is dlscussed in Chapter 2. The discussion here is focused on
the - functwnal aspects of an AI based executwe for MAPCv
_.rather ‘than its complete design and 1mp1ementat1on. Note
that the development of the complete executlve subrsystem is
vhot the objective of the work reported here. However,ifor
demonstrat1on purposes selected fundtions (e.g. superbision
of the model 1dent1£1catlon step) ajt\xmplemented and\tested-

in a convent1onal programmrng framework. This. work is
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discussed in the next section.
»Start-ﬁg‘r | , ‘ ‘

To start the adaptive <¢ontroller, initial estimates
. 8(0) and 5;(0) and a knowledge of the delay k ereﬁneeded,
These can be generated in several ways,"e»d : under
closed loop using an "existing non- adapt1ve controller or in
open-loop operation. Two methods: open-loop step response
testing and Astrom's on/off regulator (Astrom (1986))- look
" very appealing. Any, of these can *be used to oenerate
suitable estimates of k‘and 6(0). The latter approéch'has
the advantage that 'it can be- applleé\b w1th an existing
‘feedback controller: w1thout upsettlng normal ogprat1on too
much. It 'is also safer. Arzen (1986) discusses how to
incorporate thevstart~up procedure of AStrom in a rule based
system. | |

Mode-switching

This function performs the’task of switching bumplessly
during _start-up (from the existing controller to the
adaptive controller) and during an emergency (from . the
adaptive "controller to a back-up' controller or 'to"é\
shut-down procedure). A typical emergency situation.is-when
‘the control system becomes unstable for some reason. This
part of the executive’ sub—system has to recogn1se such
emergency situations in real-time. 'A Jnethod for detectingx
unstable signals is presented inl(Gertler and‘Changl(1986))
and may be used here. . ~ '

Smooth or improved operation

The main objectiVe of th1s part of the executive
sub system is to sgperv1se the performance of the proposed

adaptive controller. For example it is . necessary to,ensure
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that' the parameter : estimates, especially,. ’é(t) . - are.

‘.reasonable for all t, that the controller" performance 1sA

satisfactory etc. Several rules of thumb can’ _be readily

identified to achieve these things, Some typical rules that . -

are used to supervise the model identification step _are

vdlscussed 1n the next section.

 Note that the Al based executlve sub- system has to make -
its decisions cin' real-time based on sensor- data (1 e. .
measurements), performance spec1f1cat1ons etc. The structure

and inference (dec151on) time of such a system can be very

‘crucial. Some characterlstlcs,of such RTSB AI,appllcatlons

were summarized in Chapter 2. S . A

6.7.1 Some example rules used in the. supervision of the

model identification step oftMAPC o R

A two-stage identification"scheme is used'in MAPC%to
separately estlmate the parameters of the process model and
the dlsturbance model The decomp051t1on of the total
process” response 1nto these two models is a key feature of
the proposed control algor1thm and 1s an alternatxve to the
use of a 51ngle model,_ e.g. CARMA model The two-stage'
scheme allows . bettér estimation and prediction'* of
dlsturbances. The dlsturbance model is estimatEd’ from' a
residual sequence %p1ch represents the unmodelled process

response such as process ‘noise, load dlsturbances ~and

unmodelled. dynamics not 1nc1uded in -the process modeI

'Usually these various effects 1n the residuals cannot be .

' d1st1ngulshed in pract1ce. These must however be 1nc1uded in:

)

the pred1ct1on' of ~ the process outpﬁt for' offsetrfree

' regulation;- The stabllxty 'of MAPC -depends only on theA
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process model. Therefore, the processfmodel must represent
the dom1nant dynamics’ of the process which can result in a
stable and satlsfactory closed loop behav1our. The residual
model is a fast higher- order, 51ngle series (cf. AR type)
model that represents the unmpdelled response. \

| The 1dent1f1cat1on of the process model should be done

under carefully controlled cond1t1ons where as ‘the res1dual

‘model can. be estlmated all the t1me to track the fast-.

‘variations- in the re51duals _that are assoc1ated vwith
dlsturbances. Note that the most 1mportant detriment to thev
process model is the occurrence of a 1oad dlsturhance which
can generate strong-exc1tat10n in the closed- loop. If the
estimation of the process'modei is'continued, its parameters
w111 be corrupted Although the load-disturbance may be
e11m1nated the resulting procesg model can cause 'poor. or
even unstable closed-loop behav1or subsequently. Hence the
, estlmatlon of the process model must be stopped when a
load-disturbance occurs. The : 1oad dlsturbance j usually-
results in a shift in 'the‘ mean-level of. the re51dua1
seduence and - can be detected easily. Homever,_ process
parameter variations can allso cause: a shift in  the
mean-level of the residual sequence but inlthis case the
estimatdon of the procéssrmodel must'be,alloved‘tgigo on to.
‘track theseivariations; The advantage of the proposed scheme -
'is that the unmodelled -dynamics resulting'from the parameter_,
variationsrare‘temporarily 1nc1uded in the resldual model
and _hence. in¢luded in the pred1ct1ye' control. When_.
) estimation of the process model' is 'turned-on again ’(e 9.
when the setpoint changes) the parameter var1at1ons are

pxcked up by the process model and the res1dual model
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adested approprlately. ~The following informaily- stated.‘.

rules can be used in-the control of the 1dent1f1cat1on ‘step.

Ident1£1cat1on of the process model

1) Swltch. the parameter estimation on 1if the setpoint
j‘changes (or the‘referehce'trajectory is t'me—varyiné);

":2) Switch the parameter estimation on if_ekbé;ial excitation

is added to_‘improye identification of the process

model. - ; | L T

3) Switch the parameter estlmatlon off 1f a load- d1sturbance
is- detected. The detectlon is done using a CUSUM test

on the residual sequence and nis d1scussed..below.-
However,. the estimation of the mean values of u and y
must'go'oh'with suitable forgetting factors (ku'and Ay)

'in_the'ILS procedure to track the resulting change in_p

the ‘d.c. bias of the process model equation so that.

when the estlmatlon of the process model is resumed the
effect of the b1as on the process model parameters is

minimized, . .

'4) select the parameters ‘ih the- ILS procedure. Thesei'

, parameters are discussed ‘in Chapter '5.and. simple rules :
can also be specified for their selectlon. Note that

| ILS has its own crfteria (cf. ¢ and k)-for turning the
parameter estimatien off. But -this is not the same as

the rules specified above. R '

Ident1£1catxon of the res:dual model

1) The parameter est1matlon is on all ‘the time except -when
. the ILS procedure for th1s part of the 1dent1f1cat1on
turns off due to poor ‘excitation (cf c.and k).
f<,ﬁ

A
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- 29 Dlscount the re51dual model if the pred1ct1on or forecast
' generated by the residual model is poor and use a '
szmpie’default model (e.g. an integrator). ‘The quality 5
of the forecast can be monitored using the mean squared
- error (MSE) in the forecasts. For. example, the forecast
is poor if the MSE exceeds a user’ spec1f1ed value
(expected. noise variance on the controlled process
output). o |
3) Selecé the: parameters (L, k and tr) in ILS.
4) Change the order of the re51dual model. Note that the
residual model is a 51ngle serles ‘model” and efficient
techniques (cf. lattice methods) are_avallable for its
identification, that are recursive in time as well as
modeIJQtder. Therefore it .easy to increase/decrease the
, otder of the mcdel on-line. . '
CUSUM test ' . o » Q@E
 Load- dlsturbances result in a sh1ft in the mean of the~
/“_res1duals and can be detected reasonably fast u51ng a CUSUM':
test. The CUSUM test s a stat1st1ca1 methpd mhat is wzdely’
used in quality control appllcatlons to detect small changeS“
. in the d1str1butlon (e. g. mean) of a . quality charapter%str

&
,- .

andT maintain a tlght control over. a procééb ETt‘;15
discussed, e.g., in Gilchrist (1977) and WOodall (1886)' o

taken success1ve1y and sample means (x 1St} ace caLc%;aV q”,é

It is’ assumed that the sampre méans are mutualky Lndep&ndent
and are normally d1str1buted i. ea,xi N(u,,a ) uhere ﬁ gﬁ -
assumed to be known and to remaan constant,, ASSUme that-

u=p, ist and the cond1t10n u=u, is. to be“ma1nta1ned ThIé%

’6
.

d . . ‘o ¢

PR
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“can be :be‘-interpreted in the present context as -the
detection .of the situation where thenmean-levellof'{i'(t}}.
"has shlfted up is an estimate of the current nean-level of
the re51dua1 sequence and since this is unknown a p;$OPI a
reasonable estimate of this value for use 1n the test can be
obtained by using the moving -average of all the sample
| means, i.e "Wigiuxl' Then ‘define. the cumulat1ve‘sums (or"
CUSUMs) as: -.

‘max(0, S, ,+Z;-K) ' o /

wn
L}

3
"

min(0, T, ,+Z,+K), i=1, 2, ...

>

“where Z;:=(X,.;.1"#o)/0, K20, Spi=w, Tos="W and (0swsh). The
two-sided CUSUM procedure signals an "oUt-of-contrbl"7
. situation (i.e. the mean-level has shifted) at the first

stage N vhere Sy2h or Tys-h. If the current t1me 1s t, thenl

this means that the sh1ft 1n ‘the mean -level has occurreﬂ,atv:

'”(t—N+1). {Usually w=0 but it is ' recommended to use a
head—start value ‘w=h/2 for Qquick detection of »initiall

"out-of- control” conditions.'The CUSUMs (e.qg. S,,‘Sz,.;al)v
may - be’ calculated at each tlme t or one can uge. the CUBUMs

calculated at time (t 1) and only compute thed latest CUSUM

recursively. The latter requires a slight ‘chanige of notetion;

Yo indicate the moving time index. The ref _enCe value K is
'usually chosen to ‘be 8 /2 vhere 6 is e smalleSt-shift'

that 1s con51dered 1mportant enough’fo e detected qu1ckly.

The values ny K_and h must be selected to suzt the needs. of
a part1cu1ar app11cat1on and can be done us1ng a few
' simulations. ‘Since the procedure also 1nd1cates ‘the ‘time

«
L4
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(t-N+1) where the disturbance occurred,‘the igocessfmodel_
parameters could be reset to their .valueS‘vbeforev the
d1sturbance has had any - effect on them, i.e. O(t) 1s set to
6(t-N). Note that the estimation of theCprocess model goes
-on for N 1ntervals after the disturbance has occurred._ °
*Two major cr1t1c1sms of the CUSUM test must be noted
regardlng ts sens1t1v1ty in tracking the shift in the
underlying mean of a proce;s. 1) CUSUM nayrbe too sensitive
to small shifts-in the mean ; 2) it does not detect large -
shifts 1n the mean as Quickly as the Shewhart-chart (see’
_Gzlchrlst (1977)). One can handle the second criticism -by
combining a VShewhart-chart "with the CUSUM procedure. The
combined,proceaure:produces;an.out-of-controi signal if a
 single values Zq.exceeds a spe;ified control limit,. even if
the-CUSUM‘procedure does not produce a ‘signal.
 Note that the rules steted above for controlling the
two-stage 1dent1f1catlon are#ntirely heuristic and are
based on stability and performance considerations. The CUSUM
procedure was »tested‘ in simulations to give excellent:
results. Since the.,rules are so !imple, ‘they _were
implemented using FORTRAN code. ~However, in" a practical
commercial control system the rule base would be much larger

and an expert system would be desirable to fac111tate‘

development, testing and maintenance of the knowledge base.

6. 8 Convergence propertxes of MAPC o L N
The stability and’ performance of” MAPC depend in. a

complicated way 'on the convergence of the Kalman filter

predictor and the stability of the pred1ct1ve controller

plus ‘the parameter estlmates. If the Kalman filter predictor
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‘converges .and glves asymptot1cally offset-free pred1ct1onsv

. of the output then the predlctxve controller ensures that
thereﬁfls 'no steady state control offset. The dynamic
performance of the controller depends on its parametérs’
’~’Le g.»N,,'Nz, N, and the weighting matrices'r and T,). The
;9 dynamrc behav1our of the pred1ctor depends on the initial.
‘;_condltlons (i.es P(O/-1))‘ and the noise covariances. No
.concrete results regarding the stability of the:composite.4

“sys}em are avallable at th1s stage. - However, some remarks

that are helpful in understandlng the overall stab111ty may

be made as follows.
: s , . ‘
The _convergence properttes of the Kalman filter are

‘discussed’ih‘Goodﬁin and Sin_(1984) and Kumar and Varaiya
(i986) Essenti&lly the asymptotic' behaviour . (i.e.
'.convergenceqand boundedness of the state- pred1ct10n error
- covartiance matrlx, P(t+1/t) and 1ts dependence on its
initial value,_P(O/ 1)) oﬁ the Kalman filter pred1ctor when
) the state- space model is time- 1nvar1ant 1s 1mportagz The:

boundednefs depends on the observability of the. pazr (o, H)

. The needed result is summarlzed in the follow1ng theorem.

k J
p— ’
~

Theorem (due to Kumar end Varaiyé (1986))

. Let Q be a sqogre -root of R, (i. e.‘QQ =R,) .
Suppose (@ Q) is reachable, (&,H) is observable and §'>0
Then -IJﬂLP(t+1/t) =P and P 'is the un1que, non- negat1ve
deflnrte solution of. the steady state or algebra:c R1ccatt1~
equat1onf__ 7 o o T
P=¢{P-PH' (HPH"+R,) 'HP}#"+R,
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In: partlcular‘-ﬁ is .independent “ofv the initial covariance'::
P(0/=1). . ks RN
| Thus. }f the cond1t1ons of . the theorem hold:_whlch is .
‘. not hard to verlfy, then the Kalman fllter predlctor‘w
onverges to a time- invariant predlctor with the steady@

)
state. covarlance g1ven by«? and the . steady state gain K

given by equatlon-(35) B o | N .

o In the t1me varylng or self- tuning case it 1is oh/f:us
vthat in order to give proper estlmates of the states {or
predlct1ons of the output) the estimates o; the parameters

- of the process and disturbance models should converge to”

those of the., actual process subjected to d1sturbances _in’f

some senséﬁgée g. in frequency domain terms) In the

self- tuﬁingaémge thp.kalman filter predictor gain matrlxrls v

'computed o&ﬁgh%‘t351s ©f the latest parameter estimates and

the covarlangg B ) .available from- the previous time step.

If the paramter estlmates converge, the Kalman galn:
converges. to some steady state value ai.t-*°°

| S1nce the adapt1ve controller is expllc1t at least a

local stability result can be roughly stated as follows- 1f

the Kalman fllter ‘predlctor converges and the basic

COntroller is stable with initial estimates of the parametes

of the. process and disturbance models, i.e. 6(0) and 6 (0),

and the converged (or 'steady state) predictor, then it is

reasonable__to expect that the' timefvarying adaptive

controller' would be stable. provided that -5(t)i lies in a

~stable region around' 6(0). Note that.ég(t) influences only

_the forecastﬁof the disturbances“and hence the disturbanceh
rejectIQ% "and does not affect the stability. The stabi}ity

of the controller depends only on the process model i.e.
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‘é(ti.hThefpa er pro:ectlon feature of ILS can be used to.

-~

:men ure that 9(t) stays in" a stable reg1on around 6(0) or

‘some other nom1na1 model for which rthei-séheme is 7found v

’for all time. For/sxgple processes (e. g. 1%t op” 2™

- < X e R

6 9“L1terature review - - coT. )

—~ .

A number of self- tunlng controllers are 1n'existence
and a few of ‘the most popular ver51ons are bﬁ&efly rev1ewed
“below to- empha51ze the advantages of MAPC. 2 o

Interest'in'selfatuning control really ;tarted with the
ingroduction gof:the.selfjtuning reoulator (STR):hy‘Astrom_¢
and wlttenmark (1973). ~The 'STR asymptotically provides__
minimum varlahce performance, and although it is a very
useful technlque for a wide varlety of processes, it suffers“
from the. 'fo,llowmg drawbacks" it is sen51t1ve to a wrong

-,assumptlon of the’ process dead- t1me-'1t results in excessive
control adtlon (i.e. no control we1ght1ng) it has
performance flexibility or tun1ng knobs;- it does-not’have
setpoint. tracklng ab111ty, and 1t cannot handle general.

'load dlsturbances. It is-algo non} dlrectly appl1cable to)ny/

processes as thépcontrol law would then have- unstable pofes

X

wh1ch would make the closed-loop unstable.lNote that. the

_ m1n1mum variance control law cancels the process poles and

zeros.: . : , - \4“ ' Lo ‘ i i e 1
'sTC | | |
" :
The self tuglng co%;roller (STC) proposed by Clar e and
' Gawthrop\(1979) 1mproves the STR by the 1ntroduct1on of a:

more _general ‘controller - cost funct;on. Th1s leads ’to
- . . . : - . . L 1

’

”,
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rsetp01nt tracklng ab111ty, performance flexibilitY- (i'e.v

’control actlon can be penallzed) as well as the ablllty to

"stab111ze NMP processes through the use of P, Q and R:‘

E welghtlng transfer funct1ons 'in the cost funct1on. But this
method also suffers from sens1t1v1ty to a wrong assumptlon'
about the process dead t1me. However, the way - it 1s normallyr"w.'
.‘formulated it’is not very easy to tune on- 11ne and also 1t"'l

does not handle general load- dlsturbances, although 1t glves;-

asymptotlcally offset free(rcgulatlon if 1ncrements of u are
b

penalized by an approprlate choice of Q. Note that in STC

over- " or under- parameterlzatlon of the process model is

usually ‘not a ‘problems Because of the more general cost

~function used by sTC, it is also referred to . as a -

generallzed m1n1mum _variance. (GMV) controller. Various
1nterpretatlons of the GMV ;controller can be foUnd in

"Gawthrép:(1977). o S | .

‘GPP ; B S - R

B S0 AN B Cea
Anoth&r popular*ﬁ approach 1s the pole. placement.

"controller Qe g. see ‘zahker and Wellstead (1979), Astrom and//
'thtenmark (1980) ‘and Puthenpura‘and MacGregor (1986)) which

| ‘allows the - poles of the cloSed loop system to be plaCed at - -
7 arbltrary locatlons. The zeros of‘the process may or may not'u

_be cancelled In this approach the process model 1s usuallyf;

1dent1f1ed ‘explicitly. lhe ma1n :advantage"of"gthef pole

-'placement approach is~ the" S1mpl c1ty w1th which de51red
£ |
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closed-loop servo performance can’be obtalned All that is i

*

i_needed is g.the.-,spec1f1cat10n ~of  the - closed loop

characterlstlc ' polynom1a1 The pole . placement-v methodl

overcomes ‘the problem of a wrong specaflcatlon of"the :

‘process déad ~time’ (by over- parameteri21ng the B- polynom1al)

4



but needs an exact knowledge of the process model order. If}ﬂ;
A and B are both over- parameter1zed_ then th1s leads to'i
problems ‘in 1dent1f1catlon% The" est1mated A '\and - B
polynomlals may then conta1n pole-zero cancellatlons wh1ch
cause problems in control.. Recently - a generallzed
poleplacement algor1thm was proposed by Lelia et al. (1987)
which “belongs “to a class of multi- step predlct1ve :
controllers based on opt1m1zat1on approach Here closed loop_
pole placement is. achleved via a%mult1 -step cost funct1on.
Its advantages are improved control performance and - easier
tuning. Note: that the pol.e placemeﬁ\t_\’_ﬂgnethod is not.__well
suited for regulatory control applicatlons.-
ggé R _ ; r B
The GPC proposed by Clarke. et al. v(1987a,'1987b) is

based on ‘a long-range predlctlon of the process output and

“can be conS1dered a generallzat1on of the GMV

control law. It is robust in the. face of  an incorrect
spec1f1cat10n of process dg!d—tlme (due to the ‘multi- step,
cost functlon it uses) and -can work even when the process»'
model is over- or under- parameterlzed It has simple’ tun1ngm
knobs that can be used to obtain de51red control performance'
‘or_-to stablllze processes wlth complex dynamlcs (cf.
‘unstable zeros) waever,.it‘xs based on a CARIMA model of
the process subjected to dlsturbances,_whlch amp11f1es ther_:

effect of n01se in the measured 51gnals 1n both est1mat1on

and control Also it approx1mates load dlsturbances u51ng a,fg_

random-walk model and does ‘not model load d1sturbances that'*”

have‘a_more_general_structure,
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The . adaptxve LQG is qu1te popular and 1t also l1ke GPC'

b'vls based on a multi- stage cost functlon. It is a very. robust'

controller w1th well proven theoretlcal stability results.
‘It can handle 1ncorrect1y spec1f1ed process dead- -t ime but' is
sensitive to a wrong parameterlzatlon of the process - model

just like ‘the pole placement method A very general LQG
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(i.e. based on a general model) was developed by M'Saad et'v

al. (1986). Clarke et al. (1987c, 1987d) have developed an

' LOG controller based on a CARIMA model of the process.
~IDCOM and DMC

The ideas of u51ng long range pred1ct1ve control and
~the ability to follow operator, spec1f1ed reference
,trajectories first'originated'in the indu rially successful
non-adaptive control schemes like ID'COMS&ichalet et al.
v(1§38))_and DMC (Cutler and Ramaker'(1980)).'The idea of

receding-horizon control is also due to these methods. Their

isuccess in the 1ndustry has lead to. the incorporation of .

these ideas 1nto adaptive . control One example is GPC. The
MAPC presented 4n this chapter is mot}vated by the desire to
develop an adaptlve version of MOCCA whlch is 51m11ar to

IDCOM or *DMC- and which is presented in Chapter 3

| | N
6.10 Simulated, single-input, single-output applicationS'
slmulated examples are discussed in this section which

1llustrate selected features of the proposed scheme. The

‘discussion of the examples. 1is organlzed in terms of "

features. Where appropriate, comparisons with. GPC are

included, The details of the examples,vare _presented in

Appendix 1 to permit easier,comparison and reference.
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Handl1gg n01se° Process measurements are typ1cally noisy. 1f

F

the measurement noise 1s not taken into account_ in any
practical control scheme the control" signal may . exh1b1t
‘excessive 1nput/output var1at10n wh1ch ‘is not desirable. The
Kalman - fllter predlctlon uSed in MAPC optlmally rejects

measurement n01se and passes the m1n1mum variance estlmates-

of hev output to the "controller. Example f]‘ shows the

—

perfo mance of the basic proposed controller (i. e;

- non- advptlve) and that of. basic GPC.. The GPG is based on a

.9

i) :‘"’,4

CARIMA_'odel of - the procéss subjected t@ disturbances and

‘because of" the 1ncrementa1 formulat1on, 1t is very sen51t1ve

to noise!

in the measured, 51gnals. However, GPC models
structured noise through the C—polynomial for minimum

varlance predlctlon and hence by an app&oprlate cho1ce of C

it can be made +0 ré&ject the measurement noise. But this is -

more dltf1cult to do in GPC than in MAPC as the Kalﬁ);;.';':-

fllter pred;ctor prov1des ai@lrect dharacterlzat1§? of the'“

.measurement n01sefthrough the n01se covarlances. The results

P \.l,» :
pr%ﬁ%&teﬂ #h the example show that the proposed scheme

performs 51gn1f1cantb¥ better (1 e. both u and Y var1atlons'
are con51derably less) .AS p&lntéd out,‘the performance of
GPC can be 1mproved by u51ng a. nolse obserVer polynom1a1
The Kalman f11ter pwed1ctlon based MAPC on the other hand'

ngves s1gn1f1cantly 1mproved performance w1th almost no

J

i 3
v, Y
.l

effort. o C AR ol

The adapt1ve ‘Ease 1s 1llustrated by example 3 ;Tﬁe o

;performance 1s once aga1n s1m1lar to. the non adaptxve case

PN

fNote however that the parameter est1mates are smoother in

MAPC, presumably because u and y show‘ less variation,fi

SR
R S
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Handllng load- d sturbances If ‘an ‘exact 1nternal model of the»-'

'load dlsturbances is used, then the proposed controller can
.reject these disturbances 1n a dead- beat manneéer. GPC models
dlsturbances as random steps at random times (i.e. uses a
simple random-walk model) andlhence if the disturbances have
structure »(i.e. vary more slowly than can be modelled
adequatelya‘by a . sequence of .steps) can ~show. poor
performance. This is illustrated in example 2 for 'the
non-adaptive case. A comparison of Figures 6.12 and 6.13
shows -that the use of a complete disturbance internal model
hls much better than the use of a 51mp1e 1ntegrator in MAPC.
fFor example use of the exact internal; model of the
load- d1sturbance could result in a dead beat. cancellation of
the dlsturbance (k+1) t1me steps after 1ts{occurrence where
k is the process pure dead- t1me. Note -that the magnitudes of
the spikes in y(t) u51ng MAPC is determlned by the form of
the disturbance and the dead time. ?

| The adaptlve case is a bit more compllcated When a
dlsturbance occurs, if the process model 1dent1f1catlon 1sf
not stopped then assuming that the d1sturbances have a -
different frequency content than the process dynamrcs, the
process‘model would.be corrupted and the subseduent control
) performance may -deteriorate or may 'be-:unstable. Hence

detecting the occurrence of a load-disturbance and switching

’i,_off the process model identification and/or resettingvthe.'

proceSS model parameters. to the previous best set is 'very"
t1mportant. A CUSUM test on the re51dual sequence is used to
| detect the occurrence of a load dlsturbance in MAPC Example

4 1llustrates the performance of MAPC in the presence of
| load-d1sturbances. - When the re51dual model_' is poor

FS
. N




initially, the rejection .of load'disturbances"is-;also'
-correspondlng§§ p&or. However, as the 1dent1f1cat10n of the
residual model improves the dlsturbance rejectlon also

- improves.

Setpoint tracking: The setpoint itracking ability of. the

‘proposed controller depends on ‘the process model as well as -
" ‘the re51dual forecast and thdicontroller parameters. All the
examples demonstrate ‘the excellent servo performance of the-l
proposed scheme. For egample, dead-beat tracklng_1s obtagned.

when N,=N,, T,=I and TI;=0. As the output horizon increases

the response becomes slower.,Ablllty to use a trajectory for
"~ the reference input is a special feature of the controller.

This is possible due to the multi-step cost function.

v

Handling unmodelled dyngmlcs' The proposed method offers a

way toitreat or 1nclude unmodelled effects exp11c1tly 1nto'
the predlctlon via: the residual model 1f the process model'. 6
gives stable control then ‘the: unmodelled dynam1cs arg plcked
up by the res1dual model and 1ncluded in the pred1ctlon of
(- ). By u51ng .a »sufflc1ent1y h1gh order residual model
dynamlcs of the process pcan be letely modelled and
“compensated. Example.B 1llustrates the performance of theel
proposed scheme"when there, are ;319n1f1cant unmodelled'.
dynamxcs due to the use of a reduced order pfocess model., -
GPC failed to give stable control 1n th1s case for the sa‘
e1n1t1al cond1t1ons-5and'*theh controller cost"funct1on |
lparameters, and thlS 1ndxcates a lack of robustness.,5 .
‘In summary, the %Amulat1on examples presented here show"e

| that MAPC performs as. expecped ‘and can give excellentﬁ

4

e ST e 4 R
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resnlts. Further simulation ;study::is required te fully
evaluate MAPC vis a vis GPC and other related schemes.
. » N ) . A

PN
L 4
.

”~

6 11 Conclu51ons

The proposed Multi step Adaptive Predictive Controller

A(MAPC) is based on the 1ntegration of the follow1ng key_~b

ideas: 1) use of a long range prediction over a -finite

output horizon, normally beyond the . process dead—time, 2)

‘s

‘choice of a control horizon beyond which the . control acbion

3

1ncrements are assumed to be zero; 3) con51deration of

weighting on tracking error and control action; 4) ability
to follow operator spec1f1ed reference trajectories, 5) use':
of a state-space model in controller synthe51s, 6) use of
multiple models in estimation; and 7) use of a two-stage
1dent1f1cation scheme.

The use of an output horizon makes the controller less

sensitive to the specification of the process dead-time and
allows .processes with complex dynamics (cf. NMP zeros,

unstable or complex poles) to be controlled satisfactorily.

The output horizon, the control horizon and the weighting

.matrices provide simple tuning parameters that can stabilize
:any process and achieve fany user specified control(
performance. In most cases default settings can be used for’V
these parameters.

The use of a state space model 1n controller synthe51s
is a key feature of the proposed scheme. The state- spacefh
model is used to divide the total process response into two’

.parts: an input/output response (or process dynamics) part
and_ a residual part. The -residual mode 1 represents the

unmodelled residuals in the process response such as



tructured noise, ‘load- d1sturbances and}unpodelled dynamlcs

which can be predlcted and e11m1nated ‘using the pred1ct1ve7

controller "to give- ,asymptot1cally offset-free regulation.

The advantage is that these models can be estimated
separately and substituted separately into "the state space
model to g1ve a complete characterization of the process

response. In addition the state-space model allows explicit

'model1ng of measurement noise wthh is optlmally rejected
: -

——

using a Kalman filter..

In most self tu‘ing control schemes a dlsturbance model
is estimated on-line along “with process model parameters.
Successful identification of ‘a. d1sturbance model in such a
single- -stage - identification method .is usually d1f£1cult
because the dlsturbance characterlstlcs vary with time and:
most estimation. methods suffer from an 1nherent weakness of
slow convergence of the est1mated d1sturbance ‘model.

The proposed method is an alternatlve where- a process
model and a residual model are estimated separately and
';provlae a great deal. of,flex1b111ty. The~resldual model is

usually a fast or h1gher ~order. model and rs1nce 1t is

1dent1f1ed separately from the process model it overcomes'

,Athe_ problem - of slow convergence ‘ assoc1ated , w1th . a

single~-stage 1dent1f1cat1on scheme. Also there is no need to

use f1xed, a pPIOFI chosen polynomxals in the dlsturbancev-

model.

A 51mple rule base was derzved to 1dent1fy cond1t1ons"

under ‘which: each model can be estimated and was tested in’ a

convent1onal. programm1ng framework. In a real appl1cat10n

‘these rules are best 1mlemented as an expert system._ I

‘nv., . . 320
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A set of prellmlnary SISO simulation examples 1naqcate
excellent performanee and justify further evaluat1ons and

‘extension to the multivariable case.

P
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SIS0 Slmulatxdﬁ.examples

A;: The follow1ng tgo process models ‘were' used. in the
: v('/ . * co - D

. simu]_atlons_,. o . e, . 7 .v ‘_

. {.sz i R

’ Lo e ST

: . Systeng~(4)~fﬁmh§ sinput/output. relation: of the' precess. is.
glven by,-,‘ :._};1'TT 3:. _ .

ST

.

S y(;) ! 0 7y(t-15 = ult- 4)

I .
Theéloaﬁ dlsturbances are assumed ‘to be random exponentlals

Vel glven by, ' ' , T

%f,'ﬁt o v1, , ‘:, ,
t = ( —e(t

d( )= 1195q '10. 9sq2‘,? )(1' ,)(1095q 5] y ) .

where {e(t)} 1s non zego only at. Lsolated 1nstants of t1me.'

The state space model for thls system has the form: -

e

e

A.I- 3 /

e e

y(t) Hz(t) + v(t)

where, »

Q""=r0 (’)?:_.-0 0-597 R oy O | o
tooo [ s
ogo00 | " | |
(0 1,95 ¢ e e

_1 -.95 l,'/kfzg ' '{v"f_w Tl:g_f't('; t'i":ﬂ ';; ,1jx_

L
[N
n
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S ol |
A, =,'"o']
e
“H.'= [0 o 0 0 10 11
'_."..w = [w 0 0 0 0 E]T ‘ / »

"k{e(t)} is zero except at . 1solated 1nstants of t1me

~ system (2): A(q ') y(e)

{w (t)} and {v(t)} areIfZero—mean, whlte n01se seqigb

Where,

A@™h)
' ﬁ(qﬂ)_

b;

B(q ) u(t- 1)

y-2. 39q +2 691q -1, 966q +o 6703q
o. 6785+6 322q72+5. 831q +o 5334q
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o _ .
Summq;g of Examples-’

(1) Handllng no1se°‘
 non adaptlve case (example 1)

li;iadaptlve case (example 3)

(ii) Handling. diSturbanceS°
“non- adaptlve case (example 2)

S adaptlve case (example 1)

(111) Model process m15match~

adapt1ve case (example 5)

-



' EXample 1 o : , S
\k;\ N " : v ) ‘. ’ e R
>Ob]ect1ve' To show how the b351c, non- adaptxve MAPC performs

\ . :
in the presence of proCess and measurement n01se and to -

compare it w1th the basic GPC

sttem° (1)

,;System forcing or dlsturbances' {w, (t)} and {v(t)} have a

standard dev1at1on of 0.1 {wz(t)} is 0 vt (i.e. no
lbad -disturbances). |

. KE parameters. P(0/- 1= o 11- R, 20.11 and R =0.1

~ Controller parameters: N1 =4, N2—5,'Nuf1, F =1 and I, 0 (for' f
- MAPC); ‘ | _
. -5 -1 and k 0 (for GPC)

' Results/observat1ons-v

f—\f*;‘”_;na. 4 Both u. and y are 31gn1f1cantly better tn the oase"
o | of the proposed scheme than with GPC (see Flgures
6.10 and 6.11)." |
b. This‘exa.ple shows;the adVantage of_using'Kalman‘
filter red1ct10n in -the proposed scheme. Since .
}\.v"_ "~ the Kaiman f11ter predﬁctlon ptlmally ,rejectss:_
o v‘anise, in the s;gnals. 901ng,ltg. the ‘predictive ,
controiler( the .controiierhtiSV-not sensittme-‘to-
* .measurement noise. ThesinCrementai model-employedf

' ;w;;,in GEC 'amplifies:'the 'effect"of noise on the

.;j{u géygnals used by the controllen\ and ‘as a‘ resultvﬁ_
R S e
0 *1-'913%5 very poor results compared Wlth MAPC Note

v

that by 051ng an appropr1ate C. polynom1a1 GPC can.i

o

T
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be made eqmvalent to  MAPC, butx __ i’t‘_" i

T o . . Lo PR

R

m s~ ow

fnot

correct C In the present case, ~C 1s taken to be |,
1. MAPC on the other hand glves a satlsﬁactory'

performance w1th almost no effort (1 e. requ1res

only the spec1f1catlon of the noise. covarlanCes) g
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the basic, non?ndaptiﬁe MAPC in the presence of noise
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Example 2
Ob]ectlve. To show the advantage of us1ng an 1nternal modell_

:ofvthe lOad—d1sturbances in MAPC.

Qo

System forc1ng or, dlsturbances. {w,(t)=0} and'{v(t)=0} (i.e.

" no noise)
w,#0 only = at - isolated instants of . time  (i.e.
disturbances occur randomly but well isolated); the

‘disturbances are assumed to bé random exponentials.

KF | garameters: P(0/-1)=R,=0.1I and R,=0.1

‘_Controllerlparametérs: N,=4, N,=5, N=1, r,=1 and r,=0 (for
'MAPC); ‘ . |
N, =4, N,=5, N-—1 and A= 0 (for GPC).

‘Results/observatlons' o o o

’ a;_ 1f a correct internal'model of 1oad-disturbances
.'1s used then the load- d1sturbances cap%ﬁﬁ exactly
cancelled ﬁn a dead beat manner one step after the
process dead time, if the controller 1s dead beat

In the present case,'51nce N¥=2,vthe controller 1sf~
not dead—beat,' but ‘almost close to it. Tnel

‘resultangjpemfonmance &g,shown inﬁrlgure 6.12. If

% o 51mp1e 1ntegra%65 .1s uséﬁ? t steady state,
Vi,
ofﬁset is e11m1nated 'But .the’ d na ic B&performance
, ythe dinagic
is poor (see F1gure 6. 13) ff, : ‘nL

S ) %

b, GPC uses a srmple lntegnator in the control law so

that it is able “to el1m1nate the‘ steady state

S ‘
Affeat (Fieanre 6_ 14) in a manner snmllgﬁ‘r to that



]

\

a

of MAPC using a ?simple' integrétor; model of the

| dlsturbances (Cf;j Figure ~6 13)v' Heéever,’ the'

dynamlc performance of GPC is not as satlsfactory-
-as when an exact: 1nternal model is - employed (cf

Flgures 6.12 and " 6f14) In sectlon 6.10 it was‘
poihted out 'thet a dlsturbazje/ model “can  be
1ncorporated into GPC by a proper- spec1f1cat10n of

the C polynom1a1 Howevet, in general thls 15 more .

.dlfflcult to do than with MAPC.

AR
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S Emample3

L2

Ob]ectlve. To show the performance oF the adaptlve version:
¥

of MAPC and to compare 1t w1¥h that of adaptlve GPC in

- - the presence of noise. "
System‘»(f) S é_i '%ﬂl e S
_sttem forc1ng or dgsturbances~liw(t) =0}, 1i.e. no process
noise éor sustiined dlsturbances' {v(t)L ‘a ;whlte
_ o

. nbiSé sequence' of standard de%;atlon 0;1 (i.e. only

“‘measurement noise is present)

€

' KE parameters' P(O/ 1)= R,=0,11; R,=0.1. . \

u

Controller parameters. N,=4, N, 5 N =1;.TY=I and”Fu=0 (for -

 MAPC )

'.:.jN,4 N,=5, N,=1 and)\O (for. GPC)

.ﬁh : Parameter estlma¥1on' ILS (with extended lééstj'sguaresﬁ'
(1+a,q )y(t) = bu(t 4)+(1+C1%)e(t)+d (t) AN ¢

PSR irpé,, b, and ¢, are estlmated. ‘i; _:vf ,~1_ .ph S

| " '-"-"'*'x-‘w 0, »n-o 1, tr=3 (P(0)= s(0) PO 'eI. .

~

g o« .
R ”~norma11zed) _
AR RNy s e

there are no load dlsturb ces.

varlous covarlances. SR 1', _.f
s AT o
Results%observat1ons'

Y

- TR MAPC performs 51gn1f1cantly better than GPC (cf
D A T Sy .

B(0)= (.5, s, o) (= (L7413, .1'.-57,' 7 0.) when

9 (0) (s ) the residual model is not estimated as
“'«ﬁKF ga1n isf calculated ‘ each time. w1th 1at¢§t;‘

'; estlmates of the paﬂamgters and old values of the
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7;Figupes'6.15 and 6.17). Note thatvon;y'measnremehtt‘

‘noise is presént., The performance of GPC can

perhaps be :improved_ by dsing. C=A, but in -the

>preseht case C |is téken fo'be 1.
b, f‘gbe parameter gstimateé beha?éd”better'in the case
of MAPC aé,théy depend on the input/outpdt_data’
»' '.]’ : whiéh was less ihfluenced by npise iﬁ"MAPC thén,in

GPC.
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Ob]ect1ve° 1llustrate the performance of yAPC\Qan.‘the:

‘ presence of load dlsturbances. NoteA»that a re51dual.,?

”;model_ is 1dent1f1ed after the 1dent1f1cat1on of a;f»

”;érbéess o model. v' Thl# example also- ‘shows @:tleﬁ
'effectlveness of  the AL rules u¢ed o Idetect the"'

‘»-d1sturbances and sw1tch off the 1dent1f1cat1on of whe -
;process ‘model. a »
sttem' (1) |

System forc1ng or dlsturbances' {_ ’*‘ 0} and {v(t) 0} '1 e.

no - nolse' w #0 only at 1solated 1nstants of t1me° thejl

+load- d1sturbances occur as random exponentlals.

KE parameters/’P(O/ 1) =R,(0)= 0 11, Rvéa,j. -f'rjfg ;a;vf
Controller parameters- R _}- "_‘ |
Case (1) N,=B, N —1 Fu=1;-r =1 and F =0 5(? o R
' Case.(al) N,=2, N,-1 Adu=i; r, =1 and r=9 ‘rf;f‘;G;;;i'r
Parameter est1mat1on-" . ddt _f A .'" #.5:v"' R |

3 process model: (ARMA) w1th one A and one B polynomlal

parameters~‘ : : ,_' .4..;j
. (\

ILS; k= 10 = o tr= 24and e(o) (-. 55,.45)

o\ N
e

Re51dua1 m°del'}(51n91e serles) Wlth 3 parameters~ ILS--;
'x 10 ’ ‘ | ‘ ' | p i ,' :
c-o tre3 and 8, (0) (0., Lo S

Results/observat1ons. e . d L o ,;}la-_,fjf;

"a; ‘ Setpo1nt trackfng was good and d1d not. deter1orate,i

after _;th_e:__ mtx;,pductmn ' oﬁoﬁgisturbances (see

Fxgures 6 19 and 6. 20 ;jhhere un1t step changes;

s



"f .“

,were 1ntr9duced at t=10, 40 30, 140 390, 440)

-

“'when dlsturbances»' occur '(at i approx1mately

. £=160, 210 280,350,405, 480), a 'CUSUM test based on

the re51duals was used to detect the1r occurrence

and to sw1tch of f process model 1dent1f1cat10n and

'to reset process model parameters to the values
"fbefore the onset of the d1sturbance.

' The'resxdual modél 1dent1f1cat10n was ‘on all the»

t1me..:_

" As can be seen from the F1gures 6. 19 and 6 20‘

1n1t1ally (t<400) dlsturbance rejectlon was poor

(only offset was el1m1nated at steady state) but

s its structure was 1dentff;ed _the performance.

'1mproved (£>450) .

The dlsturbﬂnces used in thlS example (1 e.vrandom ‘

exponentlals) were too severe and changed too fast

for the1r structlre to be 1dent1f1ed in a few

load changes._ More slowly varylng dlsturbances”‘

- (e.g. h1gher order than flrst) would be e11m1nated

B

dbetter.

Y

wmen theﬂ‘output horlzon, NyviS‘ decreased 'thé

'performance 1mproved (i. e.‘responses 6§}e faster)
sxnce the controller became more 11ke ‘a dead beat

dESIgn. '. B . o . '. Y
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ﬁx'ample- 5;".,. | - | ' | ‘ . J @ ;
Objective:e To 'iiiustrate _the' perfOrmance‘ of"MAPC. in theu
_presence of unmodelled' _dynamicsr ’(no' noise. ”or;
' load d1sturb$kces)
'“System' (2); A order

KF parameters' P(O/ 1)= Rv 0.11, R'=0.1.-[ L —

-10 N, -j N1, Ty=I and [,=0.

. process model (2"§'order' ARMA) ; - ILSG k=1000; teo;
tr=4 1nput/output data are passed through a low pass'

;filter__ (0 4q /(1 0 6q ")) -‘to "get' rid of Thigher o

'frequencaes;.G(O)e( 1. 8,.9,.6 6 )
'Residual model: Single—ser1es with 3 parameters; ILS;
res

x‘1oob"z-o tr= 15 (0)=(0.,0 0.,0.)

Results/observat1ons o ‘; R

Toa. Since MAPC is‘explicit;:the stab111ty is local
'ud}te._ depends fona'thef§1n1t1al parameters._"l‘he~
non- adapt1ve case. vas stable w1ﬁh 6(0) and 8, (0)
b. ”The performance was excellent as i1l strated. Thel
basetp01nt changes were tracked excel ently (qee
”_‘F1gure 6 21) eventhough the MPM was consxderable.;_
e, For the case when the ~res1dua1 model was ‘not
‘ _estlmated (1 e. a 51u‘Pe 1ntegrator), th% setpoxnt
.-follow1ng vas very poor w1th large var1at10ns. The
Aresults are’ not 1nc1uded o rf“w‘h";_;'

Ca. The " GPC was found ‘to be unstable w1th the same

9(0) as. for MAPC even after a large number of

B T N
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tr1al§ WIth d1fferent values of the controllerf'

hparameters. Thls shows that the GPC is less robust ‘

' compared WIth» MAPC. Thls is perhaps due to the

.Kalman fllter.; '1ct10n employed by ! MAPC whlch
effectlvely fllters outf the. MPM and prov1des'
stable ,control » Thls' point' was dlSCUSSed in

Chapter 6. - o ”r e

A hlgher order res1dual model (eig. A order) cano”

completely capture the unmodelled dynamlcs and 1n_

,'comb1natlon with the reduced order process model

» £ - . :
can result in‘evenvbetter‘setpoint tracking (note
‘that the residual model - used was not - of

suffiCiently 'high order "50“that its estimates

"drifted con51derably tendihgv to give_ypoorer.

controi as time progressed (cf. t>350)).

A

g - =_r - ddu h: c

Y £
A&

b
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7. Conclhsionswandvrecommendatio:} for'future work . °

I7.1>Conc1usions )

1)  The most :Zgnificant'contribution of thls‘thesis:is thef&ﬂ
M. ti-step Adapt1ve Predlctlve Controller (MAPC) It

. was developed .to solve several practical problems'
| encount»red in the appllcatlon of -adaptlve control
echnlques to 1ndustr1al processes such-as time- delays,
dlsturbances, noise and on- 11ne parameter est1mat1on.p'
MAPC .czmh be compared to GPC in structure but, is
formulated differently  and handles 5‘n01se ~and,
disti. bances differently; The advantages are. 1mproveda
esthation,' prediction and rejectlon" of the
dlsturbances and other unmodelled effects. 'MAPaﬁvcanh

‘ also be thought of as an adaptlve versfon of MOCCA ;he
non- functlonal step response model gbased predlctrve
controller developed in Chapter 3'5 but MAPC uses a
m1n1mal parametrlc model so that it can be estimated
on-line. In MAPC a process model and a re51dual model

" are estimated separately on line and. are 1ncorporated
into a state space model for subsequent use 'in
‘controller synthe51s. The process model represents the
dom1nant dynamlcs of the process ‘and’ is requ1red to
-give a étable and reasonable control of the process.
o Thep re51dual model represents all other unmodelled
»effects such as n01se, load dlsturbances and MPM. which
can be pred1cted and e11m1nated uS1ng ‘the predlctlvef

~controller. The’two-stage_ldentaflcatlon used in MAPC

351
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ST

. a . . R
s an(éliernatlve to a 51ngle stage 1dent1f1catlon used

in almost all adaptlve control algornthms where thelf”

parameters of the process and dlsturbance models are»

"estlmated 1n a 51ngle step . Most est1mat1on schemes:?;}ﬁ
suffer from an 1nherent weakness of slow convergence of:“'
vthe estlmated d1stUrbance model and as a result fzxedabb

;'user sgpciﬁaed approxlmatlng polynom1als 1a often )

*'_employed in pract1c§. :’@he proposed two stage method
av01ds the problem &Y slow convergence ahd does notd

-.requ1re_any pb1or knowléﬁge about tﬁ%ﬁ&ﬁsturbances, and

'is_ found to work.
' predi ?tzve contrOller

51mulatlons.. Thef"

on ba"long-range
pred ctlon-_of the foutput'_using a Kalman filterf'

. pred1ctor, and m1n1m1zes a user spec1f1ed perf ancei o

ifdex. The cost funct1on used provzdes a set of 51mple
ftunlng knobs wh1ch can be used to stablllze any glven/
;f process and wh1ch can glve de51red control performance.tw'.b
An expert system 1s proposed to drggct the overallﬂ‘d
" control algor1thm and a . 51mp1e rule base was proposedf
and tested us1ng FORTRAN for controlllng the two stagedl

. 1dent1f1cat10n.

2) The second most s1gn1f1cant contrlbutlon of the’ the51s 1sf

the - development of an 1mproved least squares (or ILS).
2 4'recur51ve parameter est;matlon algorlthm.rThe standard’k
~ RLS. algorithm Whlch "isf'wxdely used -i process
-1dent1f1cat1on and adaptlve control 'suffers from a
number of problems such asl d.c. b1as,: turnoff"'
:covar1ance blowup{. parameter . driftxng, lack //Gf\
r'exc1tat1on and numeracal problems.‘ In ILS these;‘

problems were solved u51hg the follow:ng steps' data

.:o-- :
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preprocessing- such as méanfielimination, low- pass.

filtering, ,normal1zat1on and scallng,- constant trace

S

orgettlng factor- ~on/off criteria to

via a 'var'i‘,'abl’g
- stop estimationt ther exc1tat10n i§ opoor and a
_parameter projectioh cdlity to cOnStrain' the
fparameters to known regrons.‘A notable feature of the
1LS is that most of the proposed steps are general in
scope and ag@ re 1r£d7rn 'some, form or the other in any
relﬁable paraﬁet r est1mathon scheme. The ILS algorlthm_
's used 1nﬁf~. ”ﬁﬁodel ;deqtlflcatxon step’ -0of ‘the
proposed adaptyve control scheme.“‘ : Y
}) The th1rd 51gn1f1cant contrlbutlon of the thesis is the
o development’ of MOCCA a non- funct1on§1 step response
-;'“V” ’ mddel based multl step predlctlue ‘control algor1thmf~«’)
| B that'bcan; be applled to non- s@uarem multivariable
>1ndustr1al processes in the presence o%mionstralnts. It
“is based on the same gehera% pr1nc1ples as DMC MPHC'
and MAC but the major empha51s of the work 1s on a
;more general formulatlon, on developlng computatlonally o
4f efficient . technlques to solve the varlousropb1m1zat10n |

'»A

'problems- and on the use of feedback predlctign for'

"1mproved d1sturbance rejectlon. S1ncé:the step responsel

'-f}”m" 'data can be ea51ly generated the algor1thm can . be

| brought on-—l1ne with a minimuim of effort. Also step'
response data obtalned d1rectly from ‘ther plant can.

)

- 1nc1ude m11d ‘Un l1near1t1es of . the process and glves

1mproved :o more robust performance compared with
. schemes based ‘on m1n1mal (or parametrlc) llnear models. ‘
GVlNote that the superv1sory system in . t& proposed"

adaptlve controller:.generateS"the ,reference_‘signal



<

! j.ia'sc.

"wh1ch ensuces that system constralnts are satlsf1ed by

solving an on- -line . o't1m1zat10n proHTem. Slnce MOCCA |

employs a 'constral ed optlmlzatlo

- sof

4) The

- str

the

.8yS
mul

ll'lV

© . Smith pred1ctor typq-controlxschemes) and feedforward'"

con

subsystem of MAPC

tware can be dirgetly: ul in .

inverse 1nteractor matr1x chara
ucture '1n dlscrete MIMO systems

control techn1ques developed £

- : v
n procedure its‘

~the superv1sory

erizes the “delay'

nd hence allows

tems w1th t1me delays -to " be generallzed to athe

t1variable case._ 1In part1cular

erse interactor matrlx in designi

trollers for MIMO systemS hag,

’ knowledge of the inverse interactor

des

"~ con

igning ' onetstep and/or' multi-

trollers :and also contains-fthe

needed . in designing MIMO adaptive

L3N

the _role of the

& .
ng_feedback'(e.g;

dlscrete SISO ~

-~
= T
r

been stud1ed JA_1.

1s requ1red for

step predlctlve

prior -knowledge»o'

controllers. The

inverse 1nteractor plays .a natural " role in a:

'multivarlable exten51on of proposed'MAPC.'

'5) AI and knowledge based systemsfare'currentlyphot‘areas;'

They "haVe‘ great potential for applications in’ the__t

process 1ndd§try in general and for developing control

%:;:systems in part1cular. The role of

demonstrated by using AI and fuzzy

Al and KBS was

»logxc to obtain

. ,'tlme optlmal ‘servo control and’ regulatory control in

the presence of constra1nts of a S1mp1e process unit.,

“w o

the

results obta1ned us;ng these controllers are 1nc1uded. ] L

The AI controllers were 1mplemented on ‘an IBM PC

Al programmlng language PROLOG.

"‘. ’
et

The exper1menta1

Emphas1s was g1ven to- RTSB appllcat1ons of AI..A 115t



'qu characterlstlcs ‘that fare ‘1mportant i- RTSB QAI‘.

’1,'appl1cat1ons was presented Expert systems prov1de a‘

"convenlent and approprlate tool to 1mplement ~the =~

74‘} ’f;h-executave system_:inh MAPC “to d*rect its overall
;‘_operatlon. o ) - .

As a f1nal note Lt must be po1nted out that MAPC was

Qdeveloped 1ncrementarly, startlng w1th MOCCA 1nvest1 tion
‘ of the role ‘of the 1nverse inter study of the use. of
“AI and deve ‘pment of ILS" .and’ MAPC 1ntegrates these

a

- = 1nd1v1dual p1eces of the work 1nto a: 51ngle adaptlve proceSS’

‘@ s
1

‘control system.” . . o

. - N N . . .
. .. . . . )
s T s S

'7.2.Recommendations for future work = - " >

'1) The adaptlve control algorlthm,.MAPC, proposed 1n thlsbd'
: thégls was’ presented only for the SISO case.. A few;
f'prellmlnary s1mu1at10ns were presented whlch show the

mfpotent1al nofv MAPC in solv1ng the 'major problems:

assoc1ated w1th the appllcatlon of adaptlve control to

1ndustr1alé processes. | More ' 51mulat;ons ':and ' even[
texperimental ‘evaluatlons. are; -however,‘ requ1red to}
: fully . understand 1ts'utility'. A detalled comparltlve.:
':study with a related class of algorlthms such as GPC'
'may be‘ fru1tfu1 The pre11m1naty evaluatlon also‘;‘
]UStlfleS 1ts exten51on to the multlvarlable caser | »
2) The major 1ssues that may crop up in emtendlng MAPC to;,
the mudtlvarlable case are the handllng f t1me de!bys,
mu1t1varlable 4 1nteractlé?

problem ;oijf

; ) a d the1r;d

decoupl1ng,» and of course the .1dent1f;cat1on ofr the;7

- . Lo el
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fmultlvarlable process. Each of these problems is'_a_
separate top1c of research by 1tse1f The multlvarlablecf
‘case reqU1res a knowledge' of ‘the7 process - “delay'b
'_structure“'and.the results presented'ln Chapter 4 on
" the interactor . factorlzat1on ‘may - be' ‘used here ‘as - Ka.ff

_ startlng point. ‘Since MAPC is. based on 'a';l

"predlctlon of the process outputs, 1ts

1nverse 1nteractor matrlx; OneAneeds to know only the:
delay and the steady state ga1n of eéch of the (1, 1)
'm1nors 1n the process transfer functlon matr1x. If the
flnverse 1nteractor 1s d1agona1 wh1ch fact can ea51ly
:be deduced from thlS 1nformatlon, it 1s stra1ghtforward

'a'to_'extend MAPC o the | MIMO case. Otherw1se, as
- -

i g1scussed in Chapter 4 a pre-compensator can be added

':;:_to the p#ocess so. that the compensated process model

»

has' d1agona1 1nverse :1nteractor._ Note that Lthe7
: pre compensator may 1ntroduce extra delaysl 1nto the
”closed loop. ‘The 1dent1f1cat1on of the process can be
';done by decomp051ng a pxmr MIMO process into p-MISO
'lfsystems,"F each of these p-MISO systems, MVMAPC

"-requireSn a’ process model and a res1dual model
-

-

";'diagonal Inverse 1nteractqr automat1ca11y leads tQ

complete decoupl1ng when the controller 1s dead beat¢=-

o However, complete decoupl1ng 1s often not neededﬂor may

.even be undes1rable (cf ‘ requxres' severe control

actlon) The trade offs 1nvolved depend on the problem,.

A,‘and the controller parameters in MAPC: can be used to

5‘,ach1eve a de51red degree of* decoup11ng. Note that

c,MVMAPC formulat1onf and 1ts complete evaluat1on 1s a -




"aaj'z‘ff‘: 387

major plece of work

4

3) No thé%ret1cal stab111ty results are avallable for MAPC‘

- at the present 'stage. and obta1n1ng some concrete.‘

L1nk1ng MAPC w1th the pole placement approach may be

'ltheoretlcal results for MAPC.‘

~4) An AI executlve for MAPC was, outllned and only a part of

results can be another 1mportant area for future work -

'the system (1 e, to control the'ldentlflcatlon-step)g

\v;was 1mp1emented and tested Developing a complete Al

execut1ve system along the 11nes presented in Chapter 6

a]'v'

: ;; Q% development of thls system requ1res a soph15t1cated Al

work statlon and ‘a good knowledge of Al tools and
a.’ technlques. The HP/9000 LISP based Al work stat1on in
. the Department is an excellent fac111ty for this work
, 5) The supervlsory system for MAPC was presented but not
.evaluated, especially in the-presence of_constraznts.
Thev advantage of the supervisory system 'may not be
| appreczated in the SISO case but 1n the MIMO case 1t 1s

‘ekpected to play a 51gn1f1cant role.

‘is. another area - for future work A rea11st1c

ifru1tful and ‘can_ “help _ing obta1n1ng the .neededfﬁﬁ

6) The complete software development of MAPC (i.e. all the .

'sub—systems presented in Flgure 6. 1) and 1ts evaluat1on-

ts again, another 51gn1f1cant area for future work. It

w1th the computer and exper1mental fac111t1és avallable

in the Department.

: control algorlthms is another key area for future work

]

[ - . . :
PR X RS . DR - . “
IR W AR : o . . . -

is concelvable to develop a commerc1al scale system».'

7) The stab111ty and robustness progert1es of MOCCA type_”

-ﬁ@é Comb%pxng a Kalman f;lter with MOCCA (i.e. for feedback
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predlctlon to reject d?sturbances, MPM etc ) canm be

very useful e - ,';;g i’j;wvu,5

o o ™oy .-

’8‘) '-.The, 1LS algorlthm presented ‘ m‘ thls thesmt is ,.aa{;’
51gn1f1cant 1mprovement over standard RL§ for parambterf;f:
estlmatlon, espec1ally 1n the self tunmg contef:et It"‘;"i'v.-.
however, opens up a whole grea of fufther sgudy as to_’._.i"'
what is the best. paraleter estmatwn scheﬁte 1n process".,‘
_ 1dent1f1catlon., It @5 also 1m§brtant *to ' mvestlgate‘j
ther related areas such ass .use d’f models» w1th a__..‘-‘
'balanced real12£t10n m process 1dent1fxcatlon (V1s¥ 5
vis scalmg) : dlrectlonal forgettlng, . and varzouslvj:‘
1nterpretat10ns of the covar1ance matrq’nc (,1._e.... th_ev”

D

covarlance elllpso1ds) in RLS S"

,.,,‘

*

Al :



8. 1 Technxcal abbrevxat1ons

- MoCCA

N

DMC

. . MAPC

MVMAPC  ~-

-LOG:
GMV
. L)

' Mu‘tlvarlable;

.Dynamlc Matrlx Control

TvSelf Tun1ng egulator

: Generallzed Pole Placement

-8;-ﬂomenclature

antrol ilgoé@%hm :

Improved Leastﬂ#qﬂares/ o

Qe

Al \— ‘
Mult1 step Adaptlve : :

Pred1ct1ve Controller

'Mult1var1ab1e Mult1 step Adaptlve Pred1ct1ve‘

Controller 3
Generallzed Predlctlve Controller

Slngle Input Slngle Output

| Mult1 Input Mult1 Output o S

Art1f1c1a1 I telllgence _

Expert System . - t SR . ‘.',u,
Knowledge Based System . - ‘ {_ ‘ T
Model Pred1ct1ve Heuristic Control | ‘

Ident1f1cat1on and Command o

Ifﬁﬁdel Algorlthmac ‘Control o : e

Smlth Predlctor -

'L1near Quadratlc Gausstan o _ c W

_General1zed M1n1mum Varlancev R

jSe]f Tun1ng Control

| Recurs1ve ‘Least - Squpres o

5 .
RO

Recursive Extended Least'Squares' c

‘Turnbull Control Systems

'?”pprrect D1g1ta1 Control

“"1359'.



TT e ..Temperature Transmltter'_
“PC .- L 'Personal Computer .

'NMP '_ | _""Non M1n1mum Phase
rLva“' ;;: vLeast Squares B _

- BLS é'»t ’ .Ektended Least Squares--fa:ft:? S
‘MPM Model-Process Mismatch . '1’..{{jq '
»IGLS_: o  ; _ Generalized Eeaet Squares S

iQCUSUM - - Cumulatlve Sum : |

v _BOM'n e Reduced Order Modellng ;-;°'» e

o

"APCS'f n'>:' ", daptlve Predlctlve Control System “*}ffﬁo

IF eInteractor Factorlzatlon

" OR. | C Ogunnalke and Ray: - Q

AGMDC‘ - .mGenerallzed Mult1 Delay Compensator.
QIMC' | ~Internal Model Control

,VQﬁf' : e Quadratlc Program

L - - L1near Program o v

tCARMA _ o 'f;Controlled Auto Regress1ve Mov1ng Average_

- CARIMA ' 'Controlled Auto*RegreSS1ve Integrated

Mov1ng Average 1-5~o

3ARMA1 - S Auto Regre551ve Mov1ng Average ﬂf gj"1v{ o

v AR,“, '_fbu’Auto Regre551ve,. R ',WL

s .
o L 3
) -~ i

8 2 Nomenclature for Chapter Two -
Alghabet1c ' |

,-Y¢'~f"”' .;_*process-output

o 4,5:'ff t*;'control 1nput | ,

1qun5e”"if_ o 1n1t1a1 steady state xnput kn the optzmal
| control pollcy » L

”E'Wﬁ;;; ~t'1,ﬁ.'fmax1mum control 1nput in the optunal°

"ﬁwf- control pollcy

IR 0 IR NEPO S
S S I S A ¥
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Wid

m1n1mum control 1nput 1n the optlmal 5f-’hfﬁf

min -

: | ‘ control pollcy . .

Q” steady state control 1nput in. the opt1mal
B ‘control pollcy ' éf_;'»_;; '
‘tygﬁ_' ) | ‘setp01nt j:;‘;' |
e | - tracklng error (ys;-y) _.fi )
e N : sw1tch1ng parameters 1n “the optlmal

‘ | - control policy o R ?:"

Cdy/dt - - - rate of change of 'y |

kp. L "process‘galn : jﬁ-u}\

y . ' derivative_of y \,

'YC.. S constraint on y .nnb»u' ' | f,lh R
‘ d‘kc _ 'dv, feedback controllen gain o - h' 'av,lrx,F
Ty 1ntegra1 galn in the feedback controller e

E_ee_k_' ’ . ' o
u iyl - ,membership_valae‘of tge.fuizy_set'fy isoiia. )
A ' ,'differenéing operator B S 8;?.
Ax:he vd. o increment of x - | A
L
s

d8;3§bmenc§2tﬁre‘for Chapté}bfhree e ’*‘fﬂ'h,'\ff" 4.
_ Alghabet;c - f d A o : hm.i -’.-"

[x(1),iel1,N]} vector (x(1), ..., x(N)% shé‘mﬁ;s:hea”t’g;j fx}
{ym(t+1/]) je[1 P]} model bas‘d predlctlon of y based on. 7

1nputs

ptm and 1nc1ud1ng 3 _;
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{YaCffi/j)}' reference traj?ctory spec1f1ed at t1me 3

e L

measured process output

4
e

absolute value of process 1nput

LW
™
~ e g 2
v

Yep 0 i setpo1nt 5“: .1_ o

R N V-

lym';f'ﬁ;' - model output .

'yg,?' ‘l',- o desired output t'f?':‘:?fk_'_j,
I oy o model1ng erﬁ%r (y- Ym), e :
a.‘y;‘%i.fv. g | model based predlctlon'of output u51ng.

measured 1nputs

A

ey tracklng error (yd y) e
'*4.{a;15¢[1;Nj} process un1t step response _ 't‘:‘. .fdp'
., 'gpjing;‘ steady state value of L "w'd |
dv, .i~_‘ | N un1t process step respg;se' t"firﬂ?-;',ff:~
"NH - s ".:;i length of the sﬁép response d' ' e
E gt"j':ga-" _ . 1n numbe? of‘sampl1ng 1ntervals€¥;’
A‘igz'_l[” | dynamlc matrices 3}£“-'"7 i |
- R éélﬁfffi‘f‘i' controller matr1x ;t?:f::;i; i '} ‘fflf.
p o output horlzon | ) B
M control hor1zon ffi53f;e3}kr.= '”'ﬂ_.gb!'1'1¢Jﬁ
i. ‘Ji~;1'v-AA process pure dead t1me _‘ . L
m, e ;;;Jl’ffif number of process.1nputs o ; _ :ff,fgﬂf-'{';f;
'1yga ;;jstw 'qf} effept of measured d1sturbance at the output |
'v{i . &"dj.fff effect of unmeasured dlsturbanCe at‘[:fﬁffn. '
P "-7-~4'l‘f' . the. output "f,ff?}fff flﬁif.ff “?7fq}v3 “i%

a dxsturbance xnput R e

[ o 8 B P
ERC ‘ X EAE 5 LA

"'fciA,fjcfe;j'- polynomzals in q ;f,*yg‘,g;; I »
ljca‘_ﬁj"fV*’_} evaporator outlet concehttatxon ,i~'.aL1;ﬁJT‘
' frrst eﬁfect level o ’

"wzlw»‘fl:jVig second effect level | _.1"ﬁ"jﬁf'_;;gpvﬁjf;f
By .0 first effect bq&toms B R R




Greek

r.,r,

Y'U

Superscripts

¢ 3&3;
- ‘ ? J’ o )

, - second effect bottoms ,
feed floy rate ;
steam flow rate o

narbiffary matrix v
,'arbffrary vector v
, | e
weighting matrices B
d1fferenc1ng operator : v ’

e reference trajectory fllter parameters N
feedback fllter parameters
feedback parameters for predlctlon -at t+m .’.,
we1ght1ng ébnstants_' <

.. XD o |
s | y .
~transpgse‘
';setpoint LT . ' xg&
Cmodel L, N
3§;fiitere8 | -
.‘}deslred R ff
"steady sta%e R
'”measured dlsturbance
‘“output or trackxng ertorl‘,;
input “"\V.s»‘_‘t' |
AT |




e v .3 > o a
T _

‘

Alphabetic

~
" .
il

& < K
L)

1
-

<
-
-

y;.t

. -8.4 Nomenclature for_ChaptertFeurb

scalar process output R
scalar process input

scalar reference input

‘scalar prediCtor output (cf. Figure 4.2)

““scalar dlsturbance 1nput

-~ multivariable refei@ée input

Il

?-: controller ﬁi (//“T

"multivariable'pred

© . process dead -time (= k+1)

process pure dead-time

:'backwérdushift dperetor

‘laplace operafor B
scalar polynomials in g

degrees of polynomials

“multivariable process output

multivariabléfproeess“input

tor“output'
multlvarlable d1sturbance 1nput

f11tered y

.f11tered yuf,

transfer functlon matrlx in q

transfer function matrxx in q )

_resxdual matrzx in IF

f res1dua1 matrlx thh R,(1)-T(1)

h1gh frequency ga1n matr1x of - T(q )

a unxmodular matrxx - o ;("

process model

pred1ctor (cf.\Fxgur

JL“m,
- Qe
hx b
v
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p

- .Tp(g:w

T
(g
T4a)
- plg™"

T, T

ret’ “ref,

A(q”),B(q”)“

Greek
8,6,,6.
alg™), Bla
E iT"‘«

Er

SuPerScripts

FF

- Subscripts
‘ref

m 0 o 3

365

T with’deiays of all (1,1),minors'removed_.

number of process inputs
‘niumber of process outputs _
factbréd-transfer{functiopvmatrix in GMDC

(

factors of T ingIﬁC design

,feEdfOfWérdvcontrbllepft

load transfer function matrix

pre-compensator used in GMDC

- reference model,transfervfuncfipn matrices

pblynomial'matrices in g

scalar transfer functions

“polynomial matrices in q ' = <

interactor -of T'

inverse interactor of T
feedforward

‘reference
modgl"‘
‘load

| cont:bllef

. factored o

0

X PR
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- 8. 5 Nomenclature for. Chapter F1ve
. Alghabetxc '
._P(t) . ~ covariance matrix
¥ o f,‘ measured process output : _
RS | B ' absolute value of cont:ol input
}'e - 'v.fperturbation input o
“a,a © dee. bias
G, L : blant.transfer function,‘ | | |
'GL P perturbatlon transfet runct1on:
A,B,C :pofynomlals in g
Y .. | - "d.c.:value_of-Y :
U d.c. value of U
y ‘: " mean- deviation of flltered output
u -, mean-deviation of flltered input
| orders of A and B-~Q
estimator gain
estlmator loss functlon
’ - scaling matr1x o =

f11teredvU
filtered Y

‘normalizatioh'factorg

, 'scallng matrlces

x,%x',b o varbltrary vectoqg

A,A" | arbltrary‘Fatrlces o

| condition number- of A |

measurement vector 1n batch least - squares
pormalized y - | '
csquaré—toet of‘P(t)f”l"

P(t) scaled by S(t)

trace of P

e » ..}o_j . . L oo ° -



r ,_'.. o a scalar constaht o S T
dim(x) '_.l ~ Qimension of x o
Izl ' Qeuclldeaq:norm;ofjrfa ‘ - -
";,i; IR ___identity’matriX" _"
_»Q;.' S ‘ —elgenvector .
W], - 2- norm or euclldean norm of x .
=l . - e-normof x | _, ;l
Jel, © .~ induced 2-norm of matrix P . SRy
."p"; ' . '_ 1nduced °°—norm of matrlx p .‘ |
vty 5; Lyapunov ‘function : \'\\>', o ) ;o
elt) a priori equation error -ﬂ\
| R.‘. - } radlus of the. parameter progectﬁon regioh :
F(t) . 1ncrea51ng sub s1gma algebras ' |
Prax r Pmin . scalar constants
M o o scalar constant

A o ,scalar constant and also a matrix or

‘a polynom1al in q

Greek
LN ' - fbrgetting'factor
T .‘ v,,process pure dead tlmev

est 1mate@ parameter vector
regressor vector ' '
modelihgrerror

( : pertUrbation termq "

true paraméter vector

parameteerrror vector'(e -8}
»forgett1ng¢fa§tor in the estxmatlon of Ug c.

’“forgett1ng factor in the esthatlon of Y.,




£

Superscripts

T

n

fSubscripts

d-C".
£ J
S .

nsS

[

parameter vector,-

batch least sq ?

2

normallzed regress¢ .

normallzed and scale-.

essor vectdr

- data matrlx in batchlleast squares

scalar constants -

thfeig_en value of matrix A

scalar constants

prejected pafameter vector - ©

center of parameter projection region

transpose .

normalized

' d1rect current or Mmean
flltered
scaled

. normalized

normalized and scaled

8.6 Nowenclature for Chapter S1x

'_A1ghabet1c

absolute measured value of process output

'absolute Value of process 1np?c.*f_

. process pure dead t;r

i

L
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_ e 'ia an aux111ary measured 1nput .ﬁ’tfvjf€?§\_
) sl (for feedforward e11m1nat1on) o
X ' . '1. d1sturbance or re51dua1 51gnal .
'Iefl perturbatxon 1nput R S
T © mean-value of u
_Y_.. *- ’ .,lu_e ofy ) .
. ,. < P . S Bt
.ra',d 1'iasvor_1Qad—disturbance | "
A,:B,C‘:,"AYY_,BV','C';,”' : o ’.v'._ SR PR e
D,E,F,G;L;N,T_ polynomiais in qﬁn | a : B
A‘ha',‘,ﬂ'b_'\,nc,vf.lq, : ‘ | e, ,
; n‘;hf)naﬂ-j o orders of var1ous polynom1als
X o process state - vector ’ | L
3 dlsturbance state vector .’:1; S jp.Ll
z. - complete state vector ‘ ‘;ji 3 | » .7_
"H,,H,,H d - .ma€:1ces in' the state- space model
:‘Xm RN | process model based pred1ct10n of outputv"
. R',R; : | o n019eccovar;ances- I :
Ko ‘Kalmanigaiﬁ".:wv |
K steady state Kalman ga1n‘
P | _'state predlct1on error co&arlance_
| §\d ) ®  steady stafe state predzct1on error N
B . - | covarlance ' '
S.’ scal1ng matrix o
*j; o ) !mean dev1at1on of flltered y ' !
u » mean- dev1at10n of flltered u
X T est1ﬁate of x
z . 'estlmate of z - ',' BRI
.§ o total pred1ct10n of process output
Ym“ f | N open loop ptocess model based pred1ct10n

of y us1qgﬂmeasured values
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. : #, e
' closed loop predlctlon of ¥ using measured -
| P L values (1 e. ym+d) L .;gf :
ooan e - 'estlmate of d = ;" R
y"#-.fﬁﬁg),ie[JiN]}I;veqtor (x(1) Ceeey x(N))  shortened to §x}
. AALS Lo _constgnt matrlces ST &'_'(" S
NNy N Ny constant 1ntegers | .
g S : controller performance 1ndex
T ¥ reference 1nput SR e {
- Yep MpOIDt. o S . o
9. . ,' . constant vector;“ G IR (
Vier o mod1f1ed referenqe 1nput .
u,u” - limits ‘on:icontrol 51gnal
. . ) SR |
h™,h" jl . _constant vectors’ ]
" s, T, CUSUMS | |
Fe ) C . . » T
e j
‘Greek '
4’1,¢2,A,,A2, ) ) . . . .
i
A F,J},@ A, F matrlces in the state space deel "
D ' scalar . constant o _ v'_' -
£ , dlsturbance state vector ' : 'ai»‘-"ﬁi
S R estlmate‘of £ ' )
ry,T, ” iagopal welghtlngqmatrlces
- q .pe turbatlon term '
. . ) . i
6 / 1mated process model parameters '
6, B ' “est1mated re51dual model parameters
¢ 'regressor for process model est1mat1on
¢, - S 'regressor for . re51dua1 model estxmat1onf-""'”
L s . i .
#Yy 1 Yy, : welght1ng consants
A C . " -d1»ffer-enc1ng» operator
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©sp ‘ v4-  :" *Sétpoint

W © . pertaining to w

r . residual

Superscripts” .

Lo
.

o

"
e
- B S
v

" reference

 pe{téiﬁingffowy,

fpertaining]to‘hj

' . o _ pert&ining to'V;,b



