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ABSIRACT

The advanages and disadvantages of hetaogeneous conrrollers. compos.d of mulliplc simplc condollcN.
for rcgulating nonlinear prccesscs r!€ studied. Thcse controllers arc develooad to Dmvlde morE
DbusEEss in tlle face of sizablc di$urberlccs and fau.lrs. eualilaaivc Gasoning rlcimiqucs arc appliad to
rceson with incomplctE kmwledge of tle plu[ and its disturbanccs. The qualitative algorittuD eSIM(Kuipers, 1986) providcs thr ft-amc*ort for dcvcloping and arnlyzing modcls at differcn! lavcts of
atBEaction, basrd on dl. availablc infonnation. Togelher wirh NSM. wNch permiB lhc palamctln aflt
furclions to be bounded. ils cffcctivcrEss for the conslroction of st bility prcofr is dcmonstnrca.
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INTRODUCTION

There is always unc€rtainry whcr| dcsiSning o. opcraling a ch.micd planl The cquatio8 govaming tlc
planl may not bc known cxacdy. tlE disubarrcs may be krcwn only withjn mugh bounds, or faul6 Eay
occtrr. Combinations of simple conl|ollcrs (e.9.. consrent-aclion ard popo(ional conEollen) hava oa€n
demonstrated to guarantee slability (mbusbess) and good pc.formdrce. in the facc of disturbanccs, fo,
simplc linear process€s (Kuipcrs and Asltdm, 1992). Thay cdr bc vicwcd as an extcnsion of grin
sclrcduling (Sharnma er al.. 1990) with $nooth transitions bctwc.n OE dificrlr|t conttDl laws. In ihis
\r!o*. tILEa hatcrogcnaolj conlollcrs aft applicd and axtcodcd for aha conEol of a Droac complct
nordinea! prccess in the face of si?:ble disurrtarr€s. In genenl. thay arr cxFctad lo pcrform wol$c thrtr
Eodcl-based controllers for stnell distrbanccs. but wil bc motE rchrsr in dre facc of laner distulmrx:ls
and ev€n fadlts.

Foltowing KuipeN and AstrdD. qua.litativc rcasoning techniques a.l uscd herEin to verify contrgllcr
behavioa given incomplete tnowledgc of a process and its disorbiDcas. Thcse teclvdqucs arE usefirl for
analysis at different levels of absFaction and lead lo strong conclusiom brs€d upon thc available
info.m.rion. The QSIM algonrhm (Kuipers, 1986) is us.d. It has been used for the modelinS and
simulation of chemical sysrems by Drlle MoIe et al. (19g8. 1990). No numerical infonnauon ls
pDvided. and henc€, their analysis is rEstricted to simple sysl€ms. This appmech is extended bc.Ein to
include numerical inforsratidt.

THE QSIM AI,C,ORITHM

Thc QSIM algorittlm p.Dvides a frsc*ork for developilg models in the form of qualitrtile differcntial
equadoDs (QDES), which alE absEadions of odinary differential cqurid,s (ODE9). whcrE the valucs of
thc variables arE dcscribcd qua.litadvcfy and OE functional rctarionship6 bctwccn the variables tnay b€
lxlown incompletely. E3ch v:riabte. including fte paramer€N, is a rE.l_valucd firncrion of timc wrtn a
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finite number of critical loids (e.9., for lhe cmperature, tlle critical vrlu€s may be tlE melting and boiling
points). lts value at any glvcn goint in time is specified in terms of fts rehtions with an ordered set of
landt urk \^hres. The lardma*s of a vadable may include zero, !*, ard all the known critical values.
In each state, a vanable is chaiaocri?rd by its magninrde (wilh respe{! to ils lardma*s) and tlE direclion
of change (increasing. decrEasing or sleady). The constraints a|E qurlilrtive expressions involving the
common mathematical opeiations ($ch as addito& multiplicatioa diffeisffation and poponionality).

Civen a QDE and a qualitative description of an initial state, QSIM derives a tree of qualitative state
descriptiom, wherE dE p6d$ fiom drc rDo! to the leaves of dE EE€ iEpr€scnt tlE possible behaviors of lh€
system- This set of behavio$ is guorantced to i'jclude th€ solutions ofevery ODE consisteni with th€
QDE and its initial statc (soudnesr) but it trrry inclu{ie spurious aphysicel behavio.s (incompleteness).
With purcly qualitativc models, rhc rlsdting bchavior ure is usually t@ largc to be useful. especially for
hig y coupled sysrems. This limihrion may be overcome by irEorpo.ating quanhtativ€ informalion irno
lhe qualiGlive model.

Usu.lly funcional relationships and paraheter velues are known with some uncertainty. In NSIM
(Kuipen. 1989; Kay ct al.. 1993), an.xtcnsion ofQSIM, paranete.s may be assigned lowe. and uppet
bounds and funclions may bc bourdcd by lo*er and uppcr cnvelopcs. Thcse permit NSIM to aliminac
behaviors $at are irEonsistcnt with lhc numerical lnJomadon. whil€ desc.ibing the remaining behaviors
morr quantitatively. NSIM produccs bounds on the trajectorics of 0|e state variables lhal are grarantacd
lo include a/l of the bchaviors corsisrcnt with the appmximar. modcl. lt Eaistorms &e QDES to a set of
ODES. that ar€ guarar ecd to irrclude any b€havior consistent wi0r dle QDES. and perfoms numerical
simulations to deleaminc lo$ca and up,pcr bounds on thc stalr vrrirblcs. Thesa tounds, howcva( arc
usua.lly conservative. Thc addition of numedcal info.matron a.llows thc simulation of more compl€x
chcmical systems (vinson et al., 192).

TIETEROGENEOUS CONTROLLERS

A het€mgeneous controller (Kuipan and Astrdm. 192) combines simplc conuol elem€nls across rtgions
(usualy ov€rlapping) of statc space. *ih a smooth lransillon betwccn tlE different regions. h offers dE
advantage th.t each componcnt (usualy a P or PI contsoller) has vrcll known and theoElically prcven
pDpenies and is implem€nrcd easily. The global control law, u{x}. isdefined as $e weighted averaSe of
the local conEol la*s ui { x ) :
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u{x }  = : c  { x }u  i t x l Eo, lx l  =  t ( l )

whele x is llle slat! v€cloa .td ai I r } is e monotonic (nor ncccssarily lincar) funcdon of x. &a! may bc
rEgalded as a measurE oI tE apprcp atan ssof applying $e local control law it in other wods. of
descaibing the systcm wilh tlrc conEoller assoaiated wi$ rcgion i. Sudr hctcDgeneous conEolleF can
thus be viewed as an cxtansion of gain scheduling, rvhcE a spccific contol law is selected for a givcn
oper'dting r€gion and snoolh transitions atE madc bet*een conuollers.

Contmllers that opcrete on differEnt time scales may also bc combincd- For exarnple, a pmpoitronal
corlloller

u = k t ( x - r J + u ,  ( 2 ,

mry be desigrEd to rcspond quiclly to r disurbancc, bringing thc sy$cm closc to fte seQoinl xs. Thcn.
a s€cond, much slowe( contoller may control lhe bias term

u , . = _ k 2 ( r _ x J
wirh k2<<k1. thus prcvidrng zem-offset (PI-t)?e conEol).

EXAMPLE

(3)

The performance of a hctcrogcneous
(Economou et al.. 1986). Thc process

contmller was tested on a
conskts of .n ideal CSTR

simple, yet nontrivial. problcm
wbcre th€ rEv€rsibl€ exothermic
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is carried oui (FigurE I ). Th€ fouowing equations model fte prccess:

S= | ,o , -n , - * , o ' * - , *
$= ft* - *l * *,o -* r*

(4 )

(5 )

n  - A H ,  I

* = { ; , r . , n - t - , r r * { t r , - r )  
( 6 )

wherc kl=Clexp{ -Q l/RT} and t-l=C- lepxt-Q- lnT } The lanables A R atd T represenr tle state

variablejol tfre iystem. and alt tlre concentrations of the sp€cres atd the tcmpe

respectively. Th; i et tempe.alure is select€d as dre maflpulated vanable A conrol oDjecltve rs to

ot'rat" tir"?""tot "" "fo." lo t" o6i."l point "t possible- vNle mainlaining rhe-srability oflh€ doscd-

lip system in thc facc of sizabk aisturbances The equilibrium conversion increases wrlh ue reacor

r.p"in* "t to*", l"tpcratures and decrcascs a! high€r temper'lri€s (TigurE 2a) Thus' thc gain of dE

plant changes sign as a_furrction of thc reactor temp€raorc, whlch makcs it impossible to ulilize a

congoller desigrEd with a tincatized dodel ard a fixed gairr

To verify this. the process wa-s linearized amund T = 43OK and a PID conuoler was luled with Int€mal

uoa"iconuor t[''iC - x"=-l6m.tr=60,tD=60.tF=60 - trwin 'lal' 1988) since dle coturon€r

gain ii n"gariu", rf'" sy.i"m trecomis unstabile when ; state disturbance (ir$tial condilion change) lhat

p6hes tle rEacbr beyond Topi ls r mduced fFrgurc 3,

A hctercgencous controller. having thrce regions. was lmPlemented and lested ll-consisls of a

pFponio;al c. touer having a neg.lve gain in dr low'tcmPeraorcs reClgn l Pl*l::1-:"'*n*
ilaving a posi'ive gain in tha high_tempcnture regton, and a 2lD-aclion^(dlaGbandj conto.Iler in the

tegioriarJuna rfre itoimum oft]re convenion'cmperatuc curve rFiSuIt 2b) Flgures,4 and-s-show the

beiavior of or system for disturbanccs that bring the reactor cmperalure above and below ToPt'

res!€cdvely. Stability is achicved in tofi casas.

NSIM was used to verify tiis r€sult for a mrEe ofdisrurbances ln lhis case' lhc diffcrcntial equation

model of the process was prcvidcd. wift no paremetcr unccnainty' but dre magniote of $e disbrrbance

*"a ap""in"A *irf,in " orige- For disturbances that bring Ue rcactor tcmFrrJuc into.the.rang€ zg5-

450K: dle NSIM bounds sliow that the sBbility of dlc Gsponse 's $nranleed (Figlre 6) Note ihat the

bounds on R appcar ao dcviatc aflcr approximalely I 50 seconds This may b' auibukd to two rEasons:

lhe conservatis; of tre NslM pouds and mund;tf enor (rhe distarEe betwem lhe upr€r and thc lowef

envelopc is on the oderof lO-).

CONCI-USIONS

l. CombinalioN of simPl€ conuollers arc sho\rfl lo pmvldc sarisfacbry contml of a nonl,intar process'

Ahough they a!€ rroi expected to perform as well as a modrl-based colnmllcr for small dlsnlntances'

tlley p;vide' satisfactory contml and are morc robust in respotrsc to larger disturbances Morc

e*tlniive te"ting is undirway for processes with parameter and functioral bounds (i e ' varying

degl€es of Pmcestmodel mlsmaEh). as well as mor€ complex re&lor models -- --
Z. ffr! QStltfoSIv atgodthm is us€d for contmller verificiuon lt allows rcasoning witl mperfecdy

tnorir functions aic parameer tatues' providing bounds that guarantee lo Include.all possible

betraviors of tlle s,s1€m. Th|ls. it can bc used for prmf consutcootl However' fie rcsuldng bounds

arc often oo corsertarive, leading to arnbiguiti;s tha! rcsult in conservative Focess desiSns and

opemtions.
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