; e3ekhr*6” TFJ=WD 02/06905 - 1 ~-_ .t . |,. PCT/EPOL/ 08288 ON- LI NE N
CALI BRATI ON PROCESS The present invention relates to an automatic on-Ij@q"'

cal i brat iwp ¢?fsdogput / out put nodels. It is known in procespcempor/od2ssysteis
to use one or nore so-called Quality Estimaters (herein after referred 5 to
as ) in the real tine prediction of certain, preferably, key process
quality and/or property paraneters (nornmally referred to as outputs) from
readi |y avail abl e raw processoONeasNEelBDISRANTONBPRYCESEerred to as

i nputs). Thus, QE is in essence a mathemati cal 10 i nput/output process
designed at predicting relevant process values. QE's are usually identified

from col | ected proeegspdatant! inoedetohorbayeca usehnl ateanhtgci Bn-eahet i NE
Jnplenmentation a has to ?e,cali?rated using historic 15 quality
measur enents, GATFCRTREACBeCt akBRUGACHEREE0MO8FLFirne depending on the type

of process and/or theitypgorh WBABUEEBEB! cEAYK62U8HstEMs atot AsAI BhEI 8@, Of
.preferably avoid, any drift in the predicted quality. QE are preferably

> P ; q Y.,
used in situatTBAS, SAnFehlgrl BWer-atheEssdmpiPraqiBRTteARJREECHerafegred

nmeasur enents of,ppeduRs gHakhbyredhi ¢ipBYpRegiBEieASErWRERtafAr | NStance,
the amount of tinme needed to produce the neasured value is rather |ong or

when the met hoBTPEeFabayivERY BESEP§S WHaddLyr and/RunbEPPSELH PRFSUl ties to
be faced in thg.ters (normally referred to as outputs) from readily

available raw process measurements (normally referred to
as inputs). Thus, QE is in essence a mathematical

10 input/output process designed at predicting relevant
process values.

QE's are usually identified from collected process
data. In order to have a useful meaning in real time
implementation a QE has to be calibrated using historic

15 quality measurements, which can be taken on-line or off-
line depending on the type of process and/or the type of
measurement envisaged, so as to minimise, or preferably
avoid, any drift in the predicted quality. QE are
preferably used in situations, which allow rather

20 infrequent and/or delayed measurements of product
quality. This may be the case when, for instance, the
amount of time needed to produce the measured value is
rather long or when the method is relatively costly.

There are a number of difficulties to be faced in the

25 process of automatic on-line calibration of QE such as
the occurrence of varying or uncertain process/
measurement deadtimes and dynamics between the QE inputs

R and the measured qualities as well as a phenomenon
normally referred to as changing of the process gains,

30 i.e. a drift in the ratio between inputs and outputs.
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25 process of automatic on-line calibration of QE such as the occurrence of
varying or uncertain process/ neasurenent deadtinmes and dynam cs bet ween

the QE inpetsnavad the neasured qualities as well as a phemormpronoszes nal |y
referred to as changing of the process gaiAs;y 30 i.e. adrift in the ratio
bet ween i nputs and out puts. WO 02/ O0S - 2 - PCT/EPUL/ 08288 In order
to conbat these undanbedesi toatbmbst thess ahushiovadysibugelohsat et QEswhen

t he process fox ich th are, icable, is [p its so-called steady-state,
. P the s\ CHAEPORLIEUnEehi BRELE: BEekbeR| ia  PRORRRS oF it abl: GhcbheY ant
in conpositionarstapplandbvel 0gi iy atst be-eallancetandyasthbe, exit, ofnthe

oper ati on. Although_such,callbraélo i 11 give good results wth respect to
.the systemto bBSnBAFHBFLAN LB VEL1ER| FRecBASFABF e tddpesS sUBSEPIHapEs

dynani csi nf or mebh@Radv¥aihabbfpbsifebnysedatdOafhi schegarseagathbrati on has
to wait until the process has reached a steady operating 50|nt. Mor eover
.t he presence ofNAr3pegdynst atethet 8¥ibrofstheqgopeeatianorfékheegknswchhen

calibration cap,stprhtibh hasingwbegpofovnd,tibatibe dispdyantadese
referred 15 to herein before can be mnimzed or even overcone bé app! yi ng

the process acéwFlPmgteobehBOpLESERE i Alehsi 8h1khi epnaitensdfby hereub-tine
met hod for aUtBBEE?%%E?é|HQHa@§E'thbgﬁﬁtiBnaa989E§B1QHPQGE%BTHSe5bb“St

Quality Estinmator according tc e present invention provi des a
nore adBurate Fhdsrbbgsusguablihrpredhchasntowiich npibvebket heopesfor mance

of any quality n che I I Lt .S ie .n nce, it
i nproves the pgggo%%ghggaog ggF?ﬁzggbﬁgégﬁngr8§?§ fvgogggﬁ?%l é? when t he
process i s suchrehanhcehefsheatlgadyattagai dst@6tandier reheidydaimcsrfisuch as

(e deadt | e) et VAR Lgo EGLEKLaked vk apLeg o e contoll ed qual ity
boundari es. Mreoveér, hat aan hksn lleundedhtd thei Hitatieantaged- kedpreeatr ol
of anylgrocesstgahg%gkg before can be minimized or even overcome by
applying the process according to the present invention
which allows for a real time method for automatic on-line
calibration in a robust manner. The Robust Quality
Estimator (RQE) according to the present invention
20 provides a more accurate and robust quality prediction,
which improves the performance of any quality control
scheme in which it is applied. For instance, it improves
the performance of a lineér model predictive controller
when the process is such that the steady-state gains
25 and/or the dynamics (such as the deadtime) between the
manipulated variables and the controlled quality are
varying in an unpredictable manner within certain
identified boundaries. Moreover, it can also be used to
facilitate closed-loop control of any process variable
30 with a difficult dynamic behaviour.
The present invention therefore relates to a method
for automatic on-line calibration of a process model forx
real-time prediction of process quality from raw process

measurements which method comprises:

35 a) «collecting raw process data,



30 with a difficult dynam c behavi our. The present invention therefore
relates to a nethod for automatic on-line calibration of a process nodel
for real -womopspedi ction of process .quality fromraw procegs/EPeassIsEeMENt S
whi ch nethod conprises: 35 a) collecting raw process data, WO 02/ U6906 -
PCT/ EPOL/ 08288 - 3 b) processing data collected in step a) through the
process nodel K)o @rctgsAmy ettited i@l lefctidie iqualtdy a)C)HHRRESHHY this
predi ction through [
i nt er medi at e TGRS
step c) as a fdmc%;i
real and validate

i mebIRIh AP Bt AR iR BRe IS igh 819nEd Sm the time
period gorrespgndigidb it P AL tREN B ARvd 1ave siegidiLdeadiddm,, whi ch
val ues define the m ni mim and maxi num pr edi cti on possible, f) cal culating

'the devi ati on L& e BITFEr TS Peied ttHe 5, and val i dat ed

urer ¢t hedriedilny SCAUMASSEE Ret eadinedd Riaum-And maxi mum
prediction possible as obtained in step e), g) proceeding wth step i) if

t he absol ute vEagursgmarde afevils i Bralblitai iMestleptfory sheeralysoiyte

«m ni mum and

measurenent a

proceedi ng w

in step f)
10

15

20

25

30

35

is

Egs)/na | ¢, transfer, functiops thus creating two

* BOGRL G H P The RIFHftier e fhatd s i giit oot ai ned in
s ftid i Hsddirdtid) tHtdi@yidighaali d he-dddmeof a
nmeasurenent of the quality fromthe history the absol ute

"t fnd ndLEnAPSAAMIE ot Fud NdaH b AL 20 GRIAL ned

rger than zero,
in the time period corresponding to a minimum and maximum

speci

fied deadtime, which values define the minimum and

maximum prediction possible,

f)y c

betwe

alculating the deviation as being the difference

en the real and validated measurement and the area

encompassed between the minimum and maximum prediction

possible as obtained in step e),

g) p

roceeding with step i) if the absolute value of the

deviation obtained in step f) is zero, or, proceeding

with

step h) if the absolute wvalue of the deviation

obtained in step f) i1s larger than zero,

h) 1

and

ncorporating the deviation into the process model,

i) repeating steps a)-h).

T

he process model, which is calibrated with the

method of the present invention, is suitably a so-called

input

-output parametric model, which has been obtained

off-line from history process data and quality

measurement. Examples of such models are Multiple Linear

Regression as described in for example, Introduction to

linear regression analysis by Montgomery and Peck, John

Wiley & Sons, 1992, Linear Dynamic Model (in the Laplace

trans

form Domain) as for example described in Linear

Systems by Keilath, Prentice-Hall, Information & System

sciences series, 1980 and Radial Bias Function Neural

Network (optionally with Gaussian function) as for



h) incorporating the deviation into the process nodel, and i) repeating
steps a) -h) . The process nodel, which is calibrated wwth the 25 nethod of
the preseRbgrfoy@Rti on, is suitably a so-called input-outpwcTmrPoaosts i c

nmodel , which has been obtained off-1ine frbmhistory process data and

qual ity neasurenent. Exanples of such nodels are Multiple Linear Regression
as descri bed igxdmplexdagte bddtimodictiayyio B0 |F.nearrg=gr ersivariandysi s
by Montgonery and Peck, John Wley & .Sons,.,,19 Li near Dynani.c del (in
the Laplace t rahSiSHRBomd M s FHrM Sl & gpzefsoccrq 9% ‘Tﬁa:?é‘é? rens by
Kei | ath, Prentiges)Hald85414 Dr,nese piendoey St ¥I0 .S D e i Idre S hel 380 wand

Radi al Bi as Function Neural 35 twork (optiopally with Gaussian functi on)
as for WO 09%69 Er%ﬁ%@\%B%?ﬁleﬁ aé%grﬁﬂ% BRI hedY PPy o

and F. 56 rosi .ddief waedefwed apend nati oednd ea nHing.wilie feeaedings of
the | EEE, 78(9):1485- 1497, Septenber 1990. Depending on the natureof the

,process nodel GHRF iYd RERFTHe BFRL oFOr dvi el a 5 it E Gy eS| hose

-

skilled in theragding [{hsed&dethat 1of process nodel for the quality
estimation bestfitting the percei verﬁittgoaI.Use shal | be made of the

fol | owi ng Fi gures 435 I3histy &t made wf e doldmigiefdmuyatdft i on

mor el0cl ear | y. 710148 alr d Scife fEAHIONRE (O Gerhifine: o d st gt dik apref erred
enbodi mrent of the nmethod of the presentinvention.Figure 2 Iis a graph
i1lust¥ting di¥gastlent terns of 15t he nethod of the present invention. Figure
3is asinplifiedd#i ri 1St d at'Q%qgl NG S0 by
means of a quali tyﬁlegg%l%é:nahjiaolrs. I%{g%}rgg%dsiéolmﬂlt e ynann’%g l:lg']'sponsa(raﬂgi‘geae

m ni mumand maxirafe s dieniod eerex pettidte quediliad) of tidre prstspOchange of

t he set point ﬂ}‘vtm&%ocess is perforned. Figure 5 illustrates the inproved
distillationoperation before and after an on-line quality estimatoris

i ncorporated in tHegom rdlid cogrEmurid lhsthawsingy plidtesssmodedrn(sl Jofhavi ng

i nput fxonR5r rogess. d 2).._The ,pr.ocess .model (1) provides

anest ilr%t ed qﬁzgﬁotnﬁ/e erﬁcj ° w%}%h L?%esu%netg 28 S hptt™ forcontrol ler (12), which
may control for ex@implme &3 vid e (niadp st . flkwwhadt aSa shons 1d amidd e
(3) whereinste c) ,and (d re perfqrmed. Further sh is a30validation
ot 6 (5) - i A TR o B R i i L e S Rk o
real and val i dat edrignate t4 nevasiy etfentdyr@mi Baseb s d hef ivputmifrriamarodul e
(3) andthe real and validated quality neasurenent (6) adeyviation is

cal cul ated in 3% ™31 RHL %t?%%ﬁl%ﬁﬁ?eéﬁeg a‘tWTfZE}ler Y fethShed in
step (Z) the dedrjd @y MO O FBort RETIHHROY828%E 1S pedBrried.used for
calibration of the process npdel (1@2@1‘ erably by making use of the Kal man
Filter (9).The colTBt5%r ofl YU\ i Y Eyed rfhsst‘é]gu(a%lctrbbe used in
the nmethod accspehadid® BEoiy egeNta fovendn Wibcaimdd anear 11 b Duimddb et hods
known in the art., It is,customary in process control technology to

measur edat a (25 atPCPIRAERICDI Lo LUl IRGR0d of tine. Forinstance,
in refining operatgiQfire OPeSIRdWNth RF BRI LIERUCh @S URMPEIALHS It RIRRSUr e
and flow are normal | ylOnmeasured at frequent intervals, or even in a

cont i rAUSMRNMEY REPETFEY R bE2 st ot RERFHTDOAAR (W RIEVidSAsaD i s

known to those sikihdesh i qud Dec@r 11, Ghfiesn 4% Affed 4 edigld op0f the
quality (11) outof the raw process data (2) collected the above
referredl5to protesslimme(14))) which peayisentsplstiqr (@Ransiep (WI%e t hus
the quality predictd { epp (€)a9 i epsy et hod
forautomatic oﬁ%?née%r?)i b&aﬁlg% frhﬁis%aﬂ%h%ﬁﬁg@i%%s%): Pﬂl{a&f}geoﬂ:ﬁe
illustrated bysteiké nteusndf (¢ qre periguidestusthas shewrealcw ati on of

the m4y mum and ymxi it ' ts [ h J,..and
val i das':bedneasurenent s; of C"t; ef%ua |'F3§r|§is£{p§? olr&ngl}%é &“e?epq%%%l f%"{sﬁlttaxgl y
perfornmed by apgEsurepentd Hhadd cohtaisfaerfamlctdrmhsvysicdatzd exhalnider t ai n

d ' tot LGl f | |
L/ me)  Ehus. or ARG T 1 ko) ot Sre 0 gt rebly (el R TE oAl

i ndependent dytrtzari xeat amsd eva ¥ it ¢ rguak et vppda st dyarani €6 ) ransf er

functions are eHanP ys‘ éeﬁ%%@%??af i {:ﬂd- iﬁttqie%lac?évjl A .grge.gor exanpl e

descri bed i n30Li near rent’ice- ormetion &System
sci enc¥s seri epredi980.than steypo (a ddeseibedriredadre &j)gnabls @ at2ilgn ar e
stored as a function oftine in history. This will result in essence in

an(uncertainty) area (22) in which the actual process35response should be
pl aced and which will becone very



VWO 02/ 0690s PCT/ EP01/ 08288 - 6 narrow when reaching the steady-state
situation (23, 24). It is also possible that the uncertainty area (22), in
a non-st agdwstest e situation, is reduced to a |ine corresponaiPmgosss t he
event in which the independent 5 dynami c~tPansfer functions are identical
(this situation is not shown in Figure 2). The so-called m ni rum and
naxinun1predic(Bpnlsosséblanreabbbﬁhnﬁdnbyfcah@upﬁb&@gsfm@@élhelhjstory

t he absolute mni and X1l mum valLue 8) of these t i nt er nedi at e
signal's (20, 2&§e %%thth B%r?%ﬁ Ror @% %ﬂ%?%@ %bfseﬁi fum (25) and
maxi mum (26) specithedcdeadttien Jherdeagibo®ss sdacd upefi pn ofep heayi¢dual

| ocati on of the quallt¥ egglnato relatlvg to the | ocation where the rea
quality is nealtredcdtife SrmFF O 3FCQEAF TPy TP ot B PERSER B AP EECRT her

processscondi t ¢é@Ashef 8arexadpbetfbowneahedantnbirguidl fiRkdapp, Thejgeadtinme
can be easily determ ned by one skilled in the art. Fromthis input a

vmaxi mum ( 26)  afds RPRRRYNL P 2By oaRadt FARLTSL dEPFHRALPEVr ERSREFFGTE he ti e

period of the gregess) hhﬁtnguMBeﬁthh bingsedvét) a2Pebhsarsdl t 4R, ror
val idated quality neasurenent % is compared with the predicted

qual ity area (22§t%ﬂ@ethénsﬁééiﬂiﬁgnpﬁ?ﬁﬁﬁi@a$) AREr AR EURR Y ZRITPBS S| bl e
quality val ueseuBelgker bRBERLRA,LNCyPLERMYE 2R LWL EO oL igna'ets 25 (22)

can be very w de e sta rt systens alibrate
duringl€t eady-measered Ahvérepuentsknbermaksngon ¢E¢@elnaa|©¢atl@womﬂ case

the real 2nd vakifabedniPeAU(CRERIRL QLoEDE GHAI LEYcLesuh I indlly gbove

menti oned are cording to the pres ' Avent1 o
is speC|f|caIIgsdES|gneﬁntbocahobeasblbhéy mhehheh@rteal and val i dat ed

measur enment s) (29) ?f%£$8{? n c?oé ggiégggntgg Hﬁger n{y ﬁ%fﬁ é22),

t hus preventing ins Advantag ous
calibration nebﬁoﬂhac&awdpngcessthetpregentolhaenedonhe Hﬁbﬁalﬁéﬁﬁﬁred

PCT/EP?%108288 5 p Eor. g nder steady,_and, n f ead tate
condi t |ntgt550%g§8,ﬂ0 R ﬁé h%gf c%ﬁrﬁ?% t9 %B %gEngt ﬁ?gntion
part of the caisbtﬂtsoaharqoesstySpeaﬁibedonustépby calculatlng the
devi ation (30) (thﬁ al l ed gredlctl o@% gelﬂﬂ Q st ance
bet ween the real He9a Flat-8d Heﬁgﬁ?a 5 )l%n ey %
enconpassed beiueenathe BhRILAW® (:aiibaadwnm This (280 puetheti Qﬂep@ssi bl e
as obt ai ned fron1£h ear]ier %0 calculablon
will also be illustrated by making use of Figure 2. In
20 these steps the calculation of the minimum, and maximum
prediction possible at the time of the real and validated
measurement (s) of the quality is performed. Step (c) is
suitably performed by applying two dynamic transfer
functions (so-called uncertain dynamics) to the
25 prediction of the quality (11) (the undelayed real time),
thus creating two intermediate signals. Suitably two or
more independent dynamic transfer functions are applied.
Dynamic transfer functions are well known tools to one
skilled in the art and are for example described in
30 Linear Systems by Keilath, Prentice-Hall, Information &
System sciences series, 1980. In step (d) these
intermediate signals (20, 21) are stored as a function of
time in history. This will result in essence in an
(uncertainty) area (22) in which the actual process

35 response should be placed and which will become very



The real and | ater validated neasurenment (29) of the quality can be an
on-line or off-line neasurenent of the quality. The quality to be neasured
can be pnogebbésas of process streans or products, |ike fopcexeropisess
viscosity, 15 viscosity index, vapour pressure, boiling points, free and

cl oud points, density, octane nunber and cetane nunber, and conpositional
information |ikerf®r wXENPr&aSh i UEhe Ot €y - S D@L § CiSuLOIS N33 pbenzene
content and olefip content can al so be measured at, frequent intervals 20 or
even conti nuoust mehn@tShyPPRRIILE U orthi runestpinn-25er Bal yiita

appar at uses. SUSH- PPAGRL $188Se NBYr BESHE £ {heriepestyo diregdd y meking use
of for exanple on-line visconetric analysers, GL.C or NVR anal ysers. The

quality may alSrFRSPRRILRBJ-? e RYFTT b ikl 7y e brdome Linfrared
predi ction net 28 £ Pin SFQIPEEn sS4 bedk | &R Ao 2852001 4 o ¢BASUEA NY

octane nunber. 1n step (g) the useful ness for calibration purposes of the
.real and val i db$ e FreakeenEnt Foutie? qual e ysscafbl ed mhedmuroRnd

measurenent s (R, 3 98@1. Y, i r i inty
area (22), can ein&‘g[gd&ft%? ca ?Itﬁr%?%@oinﬁ%? 3%1% (?r%g%#%(?ﬁo%t e#%%@?gi f the
cal cul ation offrére theilkisorry 30he axbsebetrs bethiewre (2 Aboved stwsnumat t he
absol ute valu e Vi agi t.al ned. . i h t .

val i dat ed ande‘f%%ﬁléQS(%ﬁésﬁﬁr e%genggo élh%l%%gﬁ?%ﬁa?gegmf%ﬂ?lnét eO ’u%e)rt%ﬁ1 nty
area 1O\ 02/ 03905t BeF/ &P01d08288respond{12®)tora noieipueci3%), ded ween t he

m ni mum (27) and._ nexi 28 0ssi bl ality | ues, ,the deviation (30)
found w ||l nofn%ﬁlﬂ%%gygéff%%?%%fl?ﬁp ?§¢#FT%E %@ i%?%??%%ep$%é%ss but the
systemw | | cofiihctitohyob tlepeat tigal heosdepsn caf riled quiliipy tedtinmoroas
there is no need to,refjne the s%/stem ver dfyi atjon (30) as

lf, ho he
cal cul at et ShoAB T HATS He HiS of SYat Vb JISFS L TAS QhoR bt 1o ¥90)15s larger
than zero, as mdawiréd, FOnE efdr the eyl adhoni€B0)o obé aheeshivéd | ae

incorporated into the 10 process, npdel ip ste h)y apd the previ ous steps
w11 DES Fepeat SHIEE BEOFTEE TR Lyetul Foku THoRLS HELTBNERER | T of

nodi fied, norelpgeciisRel @Fefil CthyedPsQeens ontlebe dhsLhy Wibtethbnegasye as
the basis for further_podifications degending on,the | evel of deviations

bei ng 15 obser?®® 3t+ihgdthe Blovr3et of "YPR i $ piBRYhg? pRotERE Br@¥ erabl y

step (h) is peéﬁ@rﬁ?ﬁim&ﬂcb%ha&eécﬂ‘@ﬂﬁ@o:[éltél@ﬂiﬁédtP@;ﬁ(ﬁ@yé@ﬁi_ {1 into
t he process nodel (1) is performed with the use of a Kalman filter (9)(See
Figure 1). ThetiBaupPerypdpef ity REeSeep hhIterY stehwhaioh RantfeePwif) be

that thg devi afhon gan Beql PSoIRLEEY eguk D Oy 182 DL PERSSE MRsle! - by2 ) USET ng
its linear paraneters thereby updating the prediction band and i nproving

the process noeerpaypd wiehothe Keedbated| gealisywereakhdhh andtteeart of
process control,opeEati ANSimfRT €5 ¢NCENH SmARIARAC (£8) L hb8siBBPEGkaT Pr

"Stochastic Processes and Filtering Theory" by Jazw nski (Académ c Press,
Mat hemat i cs an#a&aednce and Engi neering, Vol. 64, 1970). Since Kal man

filters axe in essgoeeropbgehishochastiadyliste Lhevaplan, fHALetrayt. of

even elimnate,
25 (22) can be very wide. The state of the art systems will

elther only calibrate during steady-state or have the
risk of making a false calibration in case the real and
validated measurement (s) of the guality is within the
above mentioned area. The method according to the present
30 invention, however, is specifically designed to calibrate
only when the real and validated measurement(s) (29) of
the quality are outside the uncertainty area (22), thus
preventing instabilities in closed-loop. Advantageously

the calibration method according to the present invention



30 noi se on the neasured quality, which nmakes them very suitable for use in
the nmethod according to the present invention. It should be noted that the
use of Kalowpoédokters is not limted to calibration operavcemppindsgh are
carried 35 out under non steady-state conditt+ons, as it is equally WD

021 06905 PCTI EPO1/ 08288 _ g _ capabl e of providing useful information when

a process i s heifmgpOpssat Eeneddefdst eaeya sy aded Condl it O0$y stat@s been
found that by combjning the Kalman filter with the process according to the

pr esent inv_ent‘?%‘ﬁdja?ll%n%ven nore robust control nethod is obtained. The use
of Kalman filter has ihspaddjtipnale afvané@adectdading ¥ |{h&espsd&pr ovi ng

the accuracy of the quality estimation process. In the event that no real
.and val i dat ed HeRRFepRnPabE hetlRafdtibratiercpieaeseal s brakFbedaguto

definedsin steps €a1fubdifyi 8nd0deehifiod O86) [PEeSYSIEMM4! repeat
steps a-d until” a further real and validated neasurenment of the quality is
recei ved. The RE®HEFEIPONEPrOELs3S dac g civedismnte hrlvdesn theeneabn can

be extrapolatqgn305a19@%§équééé fg&%i#eFé§,pr &c{ﬁgeafg$égféjers to cover

uncertain dynamcs 1n the control no or all the trans unctions
bet ween t he nesnpohpeesedapétites tnel mheinant (27] ezndandabhes. (28f urt her

advant age of t is.th by- pr o t cal i bration
process (the §$€%§{§€f§%s§§%%g%l%b%%eég%%g?%?n%ﬁgﬁyg#%ee%% %%% of the
presentOi nvent¢ahculdieiomal tine accuracy of the prediction is exactly

Kk t ti i , cul d iCli deyiati 30)).
kpoun et a0V 11 fyhaLle o5 o el 1 EOLEL) O LA Sln S St 4B 30

val i dati on 25 guapbse asnrlequar eonwi ihe conveff+bhad f@@asntymest i oAt OhS.
Exanpl es of aQE&éfPE&?”fhéO&uéfftﬁrggﬁgé %Qgggéé ncgﬁeée properties of
process streams or products, like for example viscosity,
15 viscosity index, vapour pressure, boiling points, free
and cloud points, density, octane number and cetane
number, and compositional information like for example
sulphur content, aromatics content, benzene content and
olefin content can also be measured at frequent intervals
20 or even continuous manner by making use of off-line or
on—-line analytical apparatuses. Such apparatuses may
measure the property directly making use of for example
on—-line viscometric analysers, GLC or NMR analysers. The
quality may also be measured indirectly by making use of
25 near infrared prediction methods as for example described
in EP-A-285251 for measuring octane number.

In step (g) the usefulness for calibration purposes
of the real and validated measurement of the quality is
determined. Only measurements (29’) of the quality, which

30 are outside the uncertainty area (22), can be used for
calibration of the model. In other words, if the
calculation of the deviation (30) as described herein
above shows that the absolute value of the deviation
obtained is zero, meaning that the validated and real

35 measurement of the quality is within the uncertainty area



Distillation processes, wherein the quality to be estimated by the quality
estimator is for exanple the 30 quality, for exanple conposition,

vi scosi t wodeh®oty or boiling point, of the fractions obtacnesoi/es2she
distillation. The raw process data as cotl&cted in step (a) may be the flow
rates, feed and product tenperature, tray tenperatures, overhead

tenperatures, @& )Syst aibiemesdtss ehetwddn X Hatnihingid cWAt igmreflux WO
U2/ U690S PCTI EP01108288 - 10 dut%? and the reboiler duty. Exenplar
éﬁ ) ends

distillation protidsdes(Zfle ROSRAEPH T3 ers, V%ﬂé%ﬁﬁrmfd}estqulértsloﬂ i

splitters as fofugxamle &&c%@amé&rés ﬂﬁ:&h&rwtsefrﬁ +ife- but ani sers,
et hane-et hane splitters, pr opene- propane splitters, butene-butane

splitters. Corﬁ%#@%ﬁﬁ%ﬁfbdé@%%%ssvmé i he tHES R A (el azg ibtat ed by t he
qual i tys esti Mt QiedSiPreexaiplSs therfuah idh o1 eramle Lonpesid ion or

yield, viscosity, density, boiling point, octane nunber, cetane nunber, 10
mel t index of Q%@%ﬁ%dﬁfétr%@%tﬁme‘ﬂﬁﬁﬁmhé%meﬁ% thfe dewialrbeess

data as col | ectag idy SELPd P SBYsHGwd h&ﬁté Oe’}/}é a1 /P4 LA LD,

density, catalyst age, or_ tenperatures. conver si on processes are
pol yneri sati ordqrrl:ﬁ:fels@es(3(h>yd1©c1m¢mgthdm LﬁQrQ)at@ yathiaovn Sire rRiokingy, 2,

hydrotreat | ”ga%rbeydcié)ng 6r9” ﬁ%yed&% 153d %{ha#ﬁ’o‘&raoéedo?% % he

hydr oi soneri sati on orm n I'ng. I"Ng processes,
wherei0t he quatodess andidelesin nﬁﬂ;@i Dy) tdred qued idnewistusrettorpsrayi be bhae
oct ane 20 nunber Vi SCOSI t i.ndex, boi,li

cetan Vi S I n
poi nt or corrpo%?lf‘?%%egTﬁ%&?%v&r%’r oc}éeé t%eél%lt(:ow %eo‘]itb ﬁ}he sqééb ]iaoﬁ ?fgy be
t enper at ur es afft&encddifm@ntma%ﬁ@cbsémm wredionpioss tpaned sdatad@l, t he
buffer tanks Ire 5 ,The a Ilcatl nd adv es .of the Robust
Qual ity Esti ma vg:qojrjzd Wberfos ‘é pre @?ﬁ Hreht %aﬁbrﬁiqemstrat ed by the
foll owi ng nor m&ﬁiﬂié&ﬂlmwé;ﬁ)&mﬁh@for& ﬁ@é\tIé}}eDfoﬂ B v 1 drv-Iseting
splitt as shown in Figure 3. This Flgkgres aé herratlc re resentatlon

of 30 ]ag di sti 19850 Lot ihtg B%J}e PTOVF TR P i t oP° product

outlet conduit (3lprafshiel$ ont it [1ef f@mﬁoﬁxﬁeﬂ sthzsh btrnattis further
equi pped with a condenser (36 a over head drum 38) and a reboil er

37).
Various cont r ol RCRFROHR ek@mt© atlll%v‘%‘?v%%?&?fbl V3Rt thy HEoGeTHareEet e
control (40), @&ieﬂ@'p@ff%fﬁ%d(ﬁﬂﬂhaﬂﬁeause of a Kalman filter (9) (See

Figure 1). The result of performing step (h) in such a

20 manner will be that the deviation can be incorporated
into the process model by adjusting its linear parameters
thereby updating the prediction band and improving the
process model. The use of a Kalman filter is well known
in the art of process control operations. Reference is

25 made in this respect to "Stochastic Processes and
Filtering Theory"” by Jazwinski (Academic Press,
Mathematics and Science and Engineering, Vol. 64, 1870).
Since Kalman filters are in essence optimal stochastic
filters they also filter out, or even eliminate, the

30 noise on the measured gquality, which makes them very
suitable for use in the method according to the present
invention.

It should be noted that the use of Kalman filters is

not limited to calibration operations, which are carried

35 out under non steady-state conditions, as it is equally



WO 02/ 0690S PCT/ EP01/08288 _ 11 reboil control (42). The real quality of
the top product (31) is neasured by a continuous analyzer (32). This

qual ity oRp @Redogr |1 nstance a final boiling point or inpurpctyErogogent
(amount of heavy product in the top 5 proeddict). Such a distillation process

will act as follows on for exanple a step test on the top tenperature by

changi ng the seipfwlatoofptbeiioRgt @5REEAL ik £o LAt 16h | Wheh 49) pRsténg 08 the
reflux valve (42). The quality 10 neasured by the anal yzer (32) will
exhi bit some fPeLRIoPRIRFAEGHaRRERT WPt RadEadtd B, Cam@lbar®i ne ori gi nates

fromtransportatione frompent epuRd €RAUBY (EhpiQidde RhakyaRin Sﬁ_ﬂ?{ LY

point (32). This deadtinme depends on how much product is nade and w vary
.accordi ngly 15v{tkstihe¢i PEOrasanaanesfing ntechie i peepiehobevienionfanow we

| ook atgthe dygag p S ] i LA C Lquid
hoId-up50f t he over %g% g§%§$%3%§ﬂ?g¥£ﬁg%fﬁ?%g%%eggg%%?%g't%ﬁg *%ﬁ/%gvel)
and vi ce versakglmawl fihgernhan theeaddi piedynhndcaptryenenon)it Thel 20

dynam c respon in i h e j i S i nf | t he
evel cont ol IEee Py Panb EadCaCkhERAY of IRUSRREH Oy, ¢REREEE DN 10

m ni mum and nmeRteoasseadni hieecanebe teatrnd necal Rgdrealiddbed possi bl e
responses to thi ep.2 n .1op:Le e oller (40). On
the y-axis theﬁgﬁ%ﬁf%@egé ﬁ%agﬁgegﬁggl% a%éz%?g%g%%éisg%g%%ﬁé%%é? B the
x-axi s10i nme i sdpfopedt ed. sGapsiap {tdndtheis enperadurcdtepti sThper f ormed as

shown by line (51). Between a nmnipum (52) dead{ine_and a nmaxijum (53)
Goadti me tho b7 aHaR 0ol Eerndath, shER: (£58) SRR LTefthd CRanaThom
steady state qualidyté86hetouncment Sfedldy ghaletqgubsitycébved. Bet ween

steady state quality neasurenent (56) and (57) the,qualjty as measured at
55y am viry bt wbe ERDLREAE M BEAS S an e hr (50 L4 RS (SE SR eRt ot | on
35 possible. | ndestivat o8N BS SROMBpbDatbgUrSrdrapdst ML 0208F 2905

PCT/EP?%/O8288 - &2 irrespective of the type of controller type (e. g, a
model predictive controllers to coVver uncertain dynamics in the
control model for all the transfer functions between the
manipulated variables and the controlled variables.
A further advantage of the present method is that as
a by-product of the calibration process (the steps
20 described above) performed by the method of the present
invention, the real time accuracy of the prediction is
exactly known at any time (via the calculated prediction
error or deviation (30)). This avoids costly and
extensive quality measurement campaign for validation
25 purpose as required with conventional Quality Estimators.
Examples of applications for the present invention
are:
Distillation processes, wherein the quality to be
estimated by the quality estimator is for example the
30 quality, for example composition, viscosity, density or
boiling point, of the fractions obtained in the
distillation. The raw process data as collected in
step (a) may be the flow rates, feed and product
temperature, tray temperatures, overhead temperatures,

35 system temperatures, reflux ratio, circulation reflux



predictive controller), it will be very tough for the controller to achieve
tight quality control when the controlled variable is the neasured quality
fromthe ywwoapgkywger (32). This because of the varyi ng dea@CirEroaosiss
uncertain dynam cs between the top tenperadture and the quality neasured by
t he anal yzer as expl ai ned above and shown in Figure 4. The above

di sadvant age i&u@¥eéﬁ@nﬁhQYr§§biH§£|6@t§heEﬁ@hﬂyéiytﬂlﬁilibﬁtiQH section of
the colum with the Robust Quality Estinmator (RQE) (43 in Figure 3) which

i s calibrated BPRRFERECACREPAFRYIE oI RBLHEPROd VRCHWR BietbhicravehidBh. The
predictive progess &poetc8fst BhSrBREL SmbBé Nde LAVL PR PSESS, NBASUr ement s such
as key tenperatures 15 in the colum, pressures and flow rates. By

.control ling therepaebserdasea-bAtERESaTAl i ehhare T elare byl heterst ual

anal yzeg (RQE) f apaf L mena, such
as vary?ng dea%%?%%?%?%gnggggdﬁ%b§gﬁgﬁé oca%%%hbgﬁén% gggﬁ% ?ﬁg poi nt
and/ or phenonena §&@%VQDSa@anr9CﬁgSgarnW@@EeI@ thangeal htypee abéng point,
have been renp t p | - an z its turn
provi des the r%a l%%g $2r8§§I| é%%gyn%%gﬁﬁgﬁgﬁt o?éy %ggélt Fation of
t he predictivedprbtiesgs ﬁDdeEXampbedcﬂgpbﬁlth@np@ESEH@lngEDSCOHltYhUS 25
the RQE (43) Vi 1 |1 h ear | nd ace

prediction ofm$%esg# Hug l%gg g@lﬁg Sc %%% n@ﬁ%od’h%sg een’ %%gféd in
practite to a mebtetcdak béntheeproﬁueneaspbbtaﬁmedInnthhs dostekkabhon
unit benzene agﬁ tol uene are racgvered fifn1€n extract bi go means g%
distillation. The PFBIREPFERSoBFERt F¥eCPSIET RBi hEaf heP hé2 AnBa¥t P6f P61 uene
inpurity in thelbenzgbespefFoudsosrpuppeioh] niénsien thtsluppeagkj nbk is
exceeded, the groduct nmust nﬁére-irocessed | eading tot a reduction in
product i on capathr§aFHESE onfrEPBPaf LY oF GBHBF 5381 pRA2ERESEHI aFFer was known

to be a difficgbly@etrusattien pyﬁb@aéébcﬁﬂﬁaEEHf£££&ﬁ9828§uld1§at§mptﬁ@
The colunn had a non-1inear, response. An on-line analyzer such as shomed in

Fi gurel8 neasu?Eﬂckﬁ%gtOBYSFBHEEPthQP|Pydr?gﬁPQEFPQ' t he conti nuous

anal yzer took geupbabsAlpHLESsheida] e¢chyehangesakinghe quality of the 5
product. The response tinme of this analyzer was al so dependent upon the

production rat@verebegReEhaatspomrefArsingant dndevedecakangzer was sl ower
to reflect changespidn@ifRgust-oguakbky QH@k@QD'@M@rq9£9999tt8nbéates The

original Miultivariable Prédictive Controll (MPC) was not robust
agai nst | arge efbhgetefdnbdebbet pralahy 9$5é@§§0ﬁo%aY|h§thﬁl@@tane
20 number or cetane number, viscosity, viscosity index,

boiling point or composition. The raw process data as
collected in step (a) may be temperatures of the
different feed streams or compositional data of the
buffer tanks upstream.

25 The application and advantages of the Robust Quality
Estimator according to the present invention is
illustrated by the following more detailed description of
a control of a simple two-cut splitter as shown in
Figure 3. This Figure shows a schematic representation of

30 a distillation column (33) provided with a feed (34) and
top product outlet conduit (31) and bottom ocutlet conduit
(35). The unit is further equipped with a condenser (36),
a overhead drum (38) and a reboiler (37). Various
controls are present: a level control (39), a top

35 temperature control (40), a level control (41) and a



The MPC controller was subsequently nodified to control the predictive
quality, i.e. the virtual analyzer or analyzer predictor (43) instead of

t he real wpabyemes 15 (32) (see Figure 3). The RQE al |l ows fecTaropasnis
predi ction of the Benzene quality w thouw Hawing to wait for the
transportation delay in the overhead line as well as the neasurenent del ay

due to the anakypelilii k&atkolTha2ROErwasregli gdhtatlyogathbr abgdpasaardi ng
to the present 20 invention fromthe on-|ine anal yzer neasurenent to adjust

to any process Adh- EFnB&RSYEYLEI BYuRbGARBINEPYEr 8NBlYAALCABES - t RBls

i nprovement ingpglifieymAgebe EbghtR5+SABLT 8l finalt 851 REgWRS1hRCGYLPOr at ed
in the control loop at day "155". On the y-axis the zero value refers to

the 25 desirediBpusétypephtensl 4amoTnt 9&rhaevenPsadude §nakhe tept he

nor mal i Zed var%gghgetQt the anal yzer (32) output. Figure 5 clearly shows
that the variation when the control was perfornmed on the quality (32) alone
.was much greater tHanhadtdistaylatssn, puheasshei RDEa¢R33swasllsed G0 to

control the auabLluabypeoduet ol3t)e | Dyerd ULguceReLbg fLomali co ol ant

had been producing approxi na enzene:
i ncor por ati on chahbénRQEhnsehepodntrof tbeptbhrstempkiratdra sohuabildarwhere

Thi s has | ed 1008 rEeRATLPhababy 5RE P o0t Boona) - PRt/ BLLT bk2es - 14
year, déspite medZuday phabheshutdigwarf ¢§B2jrapollpkahnbdtnabneefanse wor k
and Later 10 ¢ AeUeehy Bng Lol educs, LadurhLon SaUBIaL due,Lcine | ack
PCT/ EPOL/ 08288 froh5transportation from the top of column (33) to the
analyzer sampling point (32). This deadtime depends on
how much product is made and will vary accordingly
15 {resulting in an uncertain deadtime phenomenon). If now
we look at the dynamic response, slow dynamics will occur
in case the liquid hold~up of the overhead drum (38) is
small (corresponding to a low level) and vice versa
(resulting in an uncertain dynamics phenomenon). The
20 dynamic response including the deadtime will thus be
influenced by the level controller LC (39) on the
overhead drum (38). From the above the minimum and
maximum deadtime can be determined.
Figure 4 shows possible responses to this test step
25 on the top temperature controller (40). On the y-axis the
quality as measured by analyzer (32) is projected. On the
x—-axis time is projected. On time (tl) the temperature
step is performed as shown by line (51). Between a
minimum (52) deadtime and a maximum (53) deadtime the
30 gquality as measured at (32) will start to change from
steady state quality (56) to a next steady state quality
(57). Between steady state quality measurement (56) and
(57) the quality as measured at (32) can vary between the
minimum (55) and maximum (56) quality prediction

35 possible. In a situation as shown in Figure 4 and



CLAI MS1. Anmethod for automatic on-line calibration of a process
nodel for real-tinme prediction of process quality fromraw process

measur enefiigoabggh net hod conprises a) collecting raw progessERsessS b)
processing data collected in step a) through-he process nodel to obtain a
prediction of the quality, c) processing this prediction through dynam c

transfer funCtinésﬁ@H§i9ée§E!BHetMQpén5§r88H£§6flé£9?ﬂﬁé’(9)g§t9r$§&e%ge

two internediate signals obtained in 10 step c) as a function of tine
history, e) reP¥Fe@ifhgvatconbreiherdf htrebllabel verydeewsh neesutleeent of

the quality frea&%fslb'fteaya&n§eegsekgﬁe L4 (LN G0k PRI i, vl e of the

two internediate signals in the time period corresponding to a m ni mum and
maxi mum 15 speephtrdlieddvaneabhpi th Vheuesadefedequabl by nfrom dne nmaxi num

redi ctkon possj C ' eviati | n i f ence
Eetm;enstheprzg+ggﬁée%;fsggfg%ﬁ%%ggﬁégﬁ%%tggﬁ%ﬁgﬂgg§¥£§éé%%%%%%g%eégﬁetmeen
the m ni num andneaxtaim gyedntts opeOeposehd| topst amparaiadre nasd ephe), Q)

oroceed g o3, e Lybi8 BUSPLYSoeLverols LG Vil Lompot agec
devi ati on obt ashe#ni insregut¢ #s |arger than zero, 25 h) incorporating the
doviat] on 1110, hept OEsseael o B 4) 1EPERLING, SRS A e 120 A hod
Regressoon nodghalstysed. tBO BopAssethod afcbhdi agltutn o i dhe i Rowhseh as
process nmodel g L) pearg DY0am S a8k ' $a458S rigure 3) which is
calibrated on-line according to the method of the present
invention. The predictive process model of this RQE is
using raw process measurements such as key temperatures
15 in the column, pressures and flow rates. By controlling
the process based on the quality estimated by the virtual
analyzer (RQE) (43) instead of the real analyzer all
tough phenomena, such as varying deadtime/dynamics due to
the location of the sampling point and/or'phenomena such
20 as varying gain due to change in operating point, have
been removed from the control loop. The real-analyzer
(32) in its turn provides the real and later validated
measurement for robust calibration of the predictive
process model according to the present invention. Thus
25 the RQE (43) will provide the controller with an early
and accurate prediction of the product quality.

The above method has been applied in practice to a
commercial benzene-toluene splitter. In this distillation
unit benzene and toluene are recovered from an extract by

30 means of distillation. The production objective is to
maintain the amount of toluene impurity in the benzene
below some upper limit. When this upper limit is
exceeded, the product must be re-processed leading tot a
reduction in production capacity. The commercial toluene/

35 benzene splitter was known to be a difficult column to



WO 02/ 06905 PCT/ EP01/08288 - 16 4. A nethod according to claim11, in which
as process nodel a Radial Basis Function Neural Network is used. 5. A

met hod acgey@iwganst 0 one or nore of clains 1-4, in which i pcavER1A2s8 Kal man
filter method is used to 5 incorporate thexeviation into the process nodel
by adjusting its linear parameters thereby upgrading the prediction and

i mproving the BOREESS. r&gﬁs' cex8a§: f.aaeérnbﬂgi Beaf Esgﬁﬁg s@cc ﬁdbﬂgliﬁe

claimb5, in whic man 1 ter is use In step
st eady- st at e condiyeenssveht he ph@\\z@@s;n?Fl@\unetaomeasuoedl hlget’oolany one of

claims 1-6, “hﬁESEHCEhgﬁgggg&Ctkg@;gﬁéi§?pt£8)cBﬁtBﬁSSSé5§9a£9589990Bﬂ0

i ndependent dynamc tr fun
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0%R&& () - *'$10%&'(%hé'ﬁ@@w@oﬁir01§é9@$@5£sﬁ%se uently modified
109& () - 3910%& () - g$1£wU6+$10%3&'()-flA+$10%} +f&'g§ fl+$10%kk&'(1 f1G$10%
99&' ()-*! *"$109RRREEPL*LBE10YQSDSRITS- GPRL Ao 1-e+ 18BE1VIRERFL) analyzer

83(10% ()-L'! 30%&nk) yZe+0p+8ale @ 10%% (1hz8L9%R0E) tnM real analyzer
15 (32) (see Figure 3). The RQE allows for an early
prediction of the Benzene quality without having to wait
for the transportation delay in the overhead line as well
as the measurement delay due to the analyzer itself. The
RQE was periodically calibrated according to the present
20 invention from the on-line analyzer measurement to adjust
to any process non-linearity/disturbance. Figure 5
indicates the improvement in performance - tighter
control - after RQE was incorporated in the control loop
at day “155”. On the y-axis the zero value refers to the
25 desired or set-point value. The variation on the y-axis
is the normalized variation of the analyzer (32) output.
Figure 5 clearly shows that the variation when the
~control was performed on the quality (32) alone was much
greater than after day 155”7, when the RQE (43) was used
30 to control the quality of product (31l). In hard figures
the Aromatics plant had been producing approximately
640 t/d (200 ktpa) of Benzene. The incorporation of the
RQE in the control loop has realized a situation where
the plant now has a capability to produce at least
35 850 t/d (287 ktpa). This has led to a record production
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. which in step h) a Kalman filter method is used to

5 incorporate the deviation into the process model by
adjusting its linear parameters thereby upgrading the
prediction and improving the process model by self
learning.
6. A method according to claim 5, in which the Kalman
10 filter is used in step h) under non steady-state

conditions of the process.
7. A method according to any one of claims 1-6, wherein
the prediction in step (c¢) is processed through two

independent dynamic transfer functions.



