APPLI CATI ON OF ABNORVAL EVENT DETECTI ON TECHNOLOGY TO
HYDROCRACKI NG UNI TS BACKGROUND OF THE | NVENTI ON [ 0001]
woherskpdise Desul furizati on and Cracki ng unit (POOUSR®S/032447
an inportant process unit within a petroleumrefinery.
The HDC converts heavy aromati c conpounds, typically a
conbi nation of cycle oil and -coker naptha feeds, into
I i ghter products which can be bl ended into gasoline
and jet fuels. The primary processi ng _equi pment for an
HDC are mul tAHRIeI%EL@NtQéIABN%ME@gEN%& ors (for
hy dDRTBECKION FECHNOL QG ¥4 OddY DRACRAQGKING UNITS
fractionation colums. Due to the fast dynami cs of the
process, the highly exotherm c kinetics of the
BACKGROUND aiiTHEINYENEIONTr ee of interaction between
the process equi pnent of the HDC, abnornmal process
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consequences. These situations can cause catal yst or
congpplinuisetypickd yag epmbisatiqarefdiysia oih and gokeupanthe sgeds, into
em ssions, jhjuries or é‘?aéalitie . A

L e poRSPsT VhIo G terbcadiibote ehfains Rl L Hhsermpry
pro%%q%}@%@éﬁﬁ%@? fcgr{%ﬁaw Al Hlﬁit]iﬁlé %Hﬁﬁélﬁﬁl ?i%dtb‘éd%éétefs”@for

In su Iclent tine to avol
hyd?8&:88kind! dnd ﬁfd&%ﬁ%aﬁﬂ@zﬁmﬁﬁﬁ@ﬁ& fri@ffRkiohh@lemns eDbe to the

I ndustry practice is use a conbi nation of base and
fasediumndies of the prwess the bighip protbermhisrkineibcsol beaeaesionsyand

mtigate mnor process disturbances. The curr.ent
theilsrgasieeeqpp ioteragtion Betwash B PEFoRs RAWERAL of it FIRE:

for der at e abnaor i @ .
sbngfgebBiEy S RRPADOR Lyb aRe At SR HESCR, Bviate from the
norfRd bg&fagﬂ%- sti¥e. ARSERLI opdisticsPthe IDE @irdiaviessignificant
notitied of the onset of" an abnornmal condition through
safgiyendseoabaticeondymeaces. dFhwse aitvationsycrar exiisoicatal ys pr
process neasurenents (tenperatures, pressures, flows,

equipmentdamage dagiaetnei#en, epyEpamental smissigps ARIYTIe or
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are correlated for conplica
sufficient time to avoid potentially severe consequences.

[0002] The current industry practice is to use a combination of base and
advanced process control applications to automatically mitigate minor process
disturbances. The current industry practice also relies on human intervention for
moderate abnormal operations and automated emergency shutdown systems for
severe abnormal operations. At present, the console operator is notified of the

* onset of an abnormal condition through process alarms. These alarms are
triggered when key process measurements (temperatures, pressures, flows, levels
and compositions) violate static operating ranges. This notification technology

is challenged to provide timely alarms while sustaining an acceptable rate of



processes such as an HDC. [0003] For the typical HDC
unit, there are in excess of 550 critical process
woramsersent s. Under the conventional Distri buretus2005/032447
Control System ("DCS') system the operator nust
survey the critical sensors presented in both tabul ar
and trend format, validate.the behavi or agai nst
expected normal operating val ues, and di scover
potential problen(s). [0004] Due to the |arge nunber
falgef nGtEietioss WhearthtiREy mérmsummseits afe edynelried for gopwhicated
easily be overl ooked. Wth the current DCS based
progosses su¢nas aeEHHol ogy, the only aut omat ed detection
assi stance an operator has is the DCS al arm system
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otification is often delivered too late to enabl e
systdif, gengetsoonmsatavey thhenticalsehiars presentadsint both tabular
|dent|fy and take preventive action to.mtigate the

andpirond formarhealishase he behavionagemnsh FERTdRd narRg} eperating
ef fective notif 0 e operator of the HDC.
valagepaag lﬁﬂvﬂ-@o %@E*\ﬁﬁft‘atkf’ 05] The invention is a

nmet hod for detecting an abnorrml event for several
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rations o vera of the process units to a nodel
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SUMMARY OF THE INVENTION

[0005] The invention is a method for detecting an abnormal event for several
process units of an HDC. The method compares the operations of several of the
process units to a model of normal operation for those units. If the difference
between the sensor values and the model for normal operation exceed defined
tolerances, the system alerts the operator of a probable abnormal condition in a
process unit. The system also provides the operator with a hierarchical display of
the sensor values which most deviated from the model for normal operation. The
console operator utilizes this information to diagnose the underlying cause of the
abnormal operation and take corrective action. Multivariate statistical models
and engineering models, such as material and energy balances, are used to -

identify abnormal operations.



[0006] Figure 1 shows how the information in the
online systemflows through the various
wonresgBorsoat i ons, nodel cal cul ations, fuzzy PePCT/US10S/032447
and consolidation to arrive at a summary trend whi ch
i ndicates the normality/abnormality of the process
areas. [0007] Figure 2 shows-a valve flow plot to the
operator as a sinple x-y plot. [0008] Figure 3 shows
t hree di nensi onal redundancy expressed as a PCA nodel.
[ 0009] Figure 4 shows a schematic diagramof a fuzzy
BRH&F W SCREZTION Qi 1 411 | 59%hows a schemati ¢
di agram of the overall process for deve] oping a
[0086hor Figureeshovesdw gag indarmpipen 1) the; ling %S%%ﬁgwas

schemati c. di agr of ..t he anat,0 .3 p :
thr e iogb Ao A Shdue e Sudne A
th n 4 ' i tddttheontrol | er,
con B B Y B am of ¢ he
nor?fg%i{%éﬁnbﬁﬁzﬁﬁ?'ﬁfithé pisdeksrateasof current quality.

Figure 9 shows the KPI analysis of historical
data. [0015] Figure 10 shows a dj agram of si%nal to

[0008] s e Figured. stooo1yalve flawe plat oHBasPsaipTase frpledsy plot

dynam cs can disrupt the correl ati on between the

008y Pl SRl S oER AR ATFR AR sk FEpSitiig o

moh?plS] Figure 13 shows illustration of the press

statistic.[0019] Figure 14 shows the two di nensional
energy bal ance nodel . [0020] Figure 15 shows a typical

[0099] et Fhigw HFilmws ¥athemaisdiagomm ofadupey petwark$eii
data with the | ong period of constant operation.

(00180 g roivs & Ackndtic $Brdm L T o3l b AR 8-
de‘%’g@%g an 093 bl e aﬁélélg{{% a schematic di agram of

Or ‘suppr ession

[0011] Figure 6 shows a schematic diagram of the anatomy of a process

control cascade.

[0012] Figure 7 shows a schematic diagram of the anatomy of a multivariable

constraint controller, MVCC.

[0013] Figure 8 shows a schematic diagram of the on-line inferential estimate

of current quality.
[0014] Figure 9 shows the KPI analysis of historical data.
[0015] Figure 10 shows a diagram of signal to noise ratio.

[0016] Figure 11 shows how the process dynamics can disrupt the correlation

between the current values of two measurements.
[0017] Figure 12 shows the probability distribution of process data.

[0018] Figure 13 shows illustration of the press statistic.



[0024] Figure 19 shows a schematic di agram of event

suppression logic. [0025] Figure 20 shows the setting
wofodsla1dar at i on of event suppression. [0026] PCOWIS2002/032447

1 shows the event suppression and the operator

suppressi on di sabling predefined sets of inputs in the

PCA nodel . [0027] Figure 224shows how desi gn

obj ectives are expressed in the primary interfaces

used by the operator. [0028] Figure 23 shows the

operat or overview of the HDC operation d?conpo§§ﬁ into
[0019] i ndfigureudl shewvs thertwo digmmsional gigrey paladke ROYHat

the R3 Unusual Tags and R3 Extrene Op have a warni ng

lert. .[ 00 Fi gure 25.s I\ir Gk t
(0030 o et Brcy SRRSO By Lt PRsfom, 6] ke

t (N Yol I islyal of sensor

PSRV b AR P ol SRk Q081 Fi gur e

26 shows the trends of the process neasurenent and the
[oomilel Mgedi 1§ siwves otypeve feanysiiseriminatohe Pareto chart

of Figure 25.[0032] Figure 27 shows a Pareto ranking

of the valve-flow mdel s sortep b %ﬂe or.mal i zed
[0023Yi atfiigwreelt ghowy @ Veisys Va VEQ’VEE RE%e details of

t he val ve-fl ow nodel obtained fromthe bar chart of

R s ST

nodel . [0035] Figure 30 shows a schematic diagramof a

[00249r OgF Emleew shigws a BEeshADIREBERIGEBVEN SUppTeqsion logic.
PREFERRED EMBODI MENTS [ 0036] The present invention is

a nmethod to_provide abnormal .event .detectian (AED). o0
(0250 o earectd iy the SegRhal HACHRGRS of BV hupPRRBioHS
refinery hydrocracker unit are not functioning
perd. T | i
o0 E iy SoRiye 1S (RCSEpHiERion sidxhe S6kblar sgppression

disﬁBiiH%?i?&ieﬁfne@*@B@rdfﬁhpﬁﬂstinahé P hivakel.contribute to an
operati onal

[0027] Figure 22 shows how design objectives are expréssed in the primary

interfaces used by the operator.

[0028] Figure 23 shows the operator overview of the HDC operation

decomposed into 15 individual monitors.

[0029] Figure 24 shows that the R3 Unusual Tags and R3 Extreme Op have a

warning alert.

[0030] Figure 25 shows that clicking on the red triangle on the R3 Unusual
Tags display brings up this pareto chart indicating that the residual of sensor

AT092 is outside of its tolerance limit.

[0031] Figure 26 shows the trends of the process measurement and the model

predictions of the sensors for the Pareto chart of Figure 25.



probl em and estimates its probability in realtinme. The
probability is presented in a continuous format to
walbeoeto3i1se operator. This method i ncl udes a sePCDMUS2005/032447
tool s which enable the operator to derive the root
cause of a problemfor focused action. This approach
has been denonstrated to provide the operator with an
advanced war ni ng of the onset of abnornmal operation
that can be mnutes to hours soogner than_ the a A&Z
[0039%t eRigwict27 shivis & Hatato rankang of gheopalvartinw modals goriest by
t ake ctl on soone reventing escal atl on of the event.
theormay k?é%ﬁ successful ly applied to the HDC.

[ 0038] The HDC appl i cation uses specific operational
[Odggg g&reoi flﬁccf‘e?éﬁlé & erRIVRflo@ mddehobtained from the
i cat ons rom Princi pal Conponent Anal ysis nobdel s,
baredhat\ & Fighee opdel s, and rel evant sensor readings. A

fuzzy logic network aggregates the evidence and

i ndi cates the confidence | evel of a al
[008br citgare Z0hehares i Rz Lome aeivarkios e ik Eh Sepititor
her confidence atits early stage and provide
Lew%ﬁéﬂfe@nﬂgﬁoa& the operator to make conpensatory or
corrective actions to avoid an operational incident on
[063'3?? HIpS ulFe°30 ghows 8 seiedrahtiediageat ofptiyaitoofackerzuit.

, see Appendix 1. [0039] The HDC unit is

di vi ded i nto equi pnent ,fp eferred to as ke
DETAKED MES €RIPTHON OErﬂdE R, B&)DIME

equi pnent groups may be dlfferent for di fferent HDC
[0036] t S TieRpgRIEMInoent dsistemetind Bipropidecathormal ovent detection
choosi ng equi pment groups whi ch |nclude speci fic

(ABD() te e ammmrandmang Yt 56¢tRNS g Detreleni FEWEFY ped
endix 1. [0040 1 qure 3 shovvs a schematic
h}’%ﬁoﬁ BFltém??bY CLPB@%LR{ Yn the preferred

enbodi ment for this HDC unit, the present invention
[0637Y! defy ﬁﬁﬂﬂ%&@%ﬁi&%ﬁ (eacHByd belost)i toriapect multiple
sections. A typical unit can be divided as
sufpirtiowevidencd of aBnGmehl Sitagtomethet ooniribRle & APperatignal
t age Reactor (R3) 3. Fractionation_Secti %
prabdemising; estimatesits P],‘lea‘bélﬂy in realtime. The proba ility is presented in

a continuous format to alert the operator. This method includes a set of tools

which enable the operator to derive the root cause of a problem for focused
action. This approach has been demonstrated to provide the operator with an
advanced warning of the onset of abnormal operation that can be minutes to
hours sooner than the alarm system. With additional time, the operator is able to
take action sooner preventing escalation of the event. This method has been

successfully applied to the HDC.

[0038] The HDC application uses specific operational knowledge of the
process in combination with indications from Principal Component Analysis
models, engineering models, and relevant sensor readings. A fuzzy logic
network aggregates the evidence and indicates the confidence level of a potential

problem. Therefore, the network can detect a problem with higher confidence at



[0041] Besides nonitoring these functional areas, this
i nvention al so checks for consistency between the
woabdemairsg: 1. Fl ow neasurenents and val ve posPCT@IS2006/032447
key control valves 2. Redundant |evel sensors in the
hi gh & | ow pressure hydrogen recovery units 3.
Fractionation purity anal yzgets and engi neeri ng nodel s
4. Product quality |ab data and engi neeri ng nodel s The
i nvention al so enabl es the operator to selectively
its é2IPYR gsendqrevideomludbde tintefos theopératarte makhepmpenrsatory
sensor is out of service and alsoq provigs %?&gession
or afrrentidel actining t0 aVOiGraN eRSTAeRAl ARgidCRT eg%i% RELS PR
speci.al capse erations,A Operator knterface [0042]
det?ﬁ%g desiniien ‘%fo'uﬁi‘)é RGBS S&F@W@”&Ber ator a view of
the probability that there is an abnornal event

[ooggie‘?ti‘ﬁ@}ﬂi@ uRft9€ 8pAdétlirito Fh@%nt irgupL(reéferadioosasties

rator overview display of the HDC unit. The
furR¥iehNl S8tidns prayperatiamirpedtions).oThesd ¢qpuipmentrarapsiteay be
plots (or nonitors). For each nonitor the i s at
differestt foo i ferese HQC nigitsgpendiag ondis (%%wgri-v{{ﬁP Frpcedure for

tatistical del . i ' . i
chaasaFRRIPERT Sou SBKBGar AR g RS AgRe £ ©f
| : t k (d I bed
by GEERRI I Bhis3t SFRCAIRERRPOTEY 2T one. Based upon

speci fic know edge about the normal operation the
[00493us Figaas3@skowsacthanatic diageam of o typiopal TP Gomit. \iasthe
devel oped to take the input from sensors and

; el
prefesed enthodiment/for dhisd IPRauyt dhaBrasentinyentian wag%he HDC
t. T ti ted .obabj Lit. , PP
opgoan PG pcipraeBloR. o brigHdIPE waR ah BB divided as

fol Oq{;g,i nuous time series plot to indicate the
ondition's evolution over tine, as illustrated in

Figure 23, \Whke& 2hdSageRgetas fRibamR)i ty reaches a
prescribed trigger Ige. g. 0.6)* the problemindicator
turns yell owrdwhags Regct Phe indicator turns red

g:l. ;rt )0 ) ? rggt(leo a&i%%?échbh%st%gﬁfz%? and sﬁﬁ&&r}d trigger
[0041] Besides monitoring these functional areas, this invention also checks
for consistency between the following:

1. Flow measurements and valve position for key control valves

2. Redundant level sensors in the high & low pressure hydrogen

recovery units
3. Fractionation purity analyzers and engineering models
4. Product quality lab data and engineering models
The invention also enables the operator to selectively remove sensors from the

models in the event that the sensor is out of service and also provides

suppression of model calculations to eliminate false positives on special cause

operations.



[0044] This invention contains three Principle

Conponent Anal ysis (PCA) nodel s and nunerous
wengieraersi ng nodel s (described in nore detail BerT@a)005/032447

characterize nornmal operation of the HDC. The

boundaries for each of the PCA nodels was derived to

account for heat and energy’integration between units

rather than functional boundaries. To illustrate this

poi nt, the three sequential fixed bed reactors, R

A. (Op¢ratordaderfare R2 (hydrocracki ng) and R3

(hydrocracking), were nodel ed using 2 PCA nodels. The
[0042} st Thealispldelis iriendesogive fie oprraie a(vad eidbe probabulity

units). The second PCA.nodel. contains R3 (and
thatthsgrisancabngsmal pyeny affecide B BrosH a8t nto a singl e

PCA nodel due to the recycle of recovered hydrogren

Weel | it. The

(003317 e b B S me Per by ety WigHay ONRITIDE pait Th
ovdfﬁie&gdﬁpﬁdyﬁg lcontpeeteddiftien tirnetserbs pkote(@ymonitors). For each

integration (i.e. direct contact heat exchangers) . .
moh#bnthere ismttlsast alnhemdeﬂaings@pdclaﬁéh@muﬂﬂ)w?%l@ statistiea

IS el PSLT BSr S0, b oL s mhl e,
. f f i nal ' .
sofPL oL T R0t o

116 abRGhMahdi B oRs. BAsed Ripbnspeeifid ladowledge about the

B
ag%;rr ctionation section was nore robust and better
nor®@d) topeeationothedbcupaeas amdh furfctionel greas.esBi1zzFmetsoriowas

detai |l ed description of the nodel partifionjin
devedeprsldel taks thesaputinege sansers @&ld mede} Tas aﬁfe@o‘?qf?é“ate the

" Devel opi ng, PCA npdel i on"
g Mt L e S
cordiliod ibedigﬁﬁ?f_@h %o BREEGHsBIe HRIrhRE B AchMtifiRiusAmé p@tdésaplot to

cause operations, such as feed rate changes and recip
indéanp ttesconditith s esclativgever tamyae ildistraged in Figuse 23n¥éien the

inventories or to steer the HDC to a prgjerred {ate.

aggragaje pspleability weaghes apeaserbeshiiggari(egr § ctélerﬁfaﬁ em

. fesiduals to sone sensors.in affect I

indigafuasptustin” (Nauane, srd e pficeffuil e @RGH ahen the
[ 60plodi Ns suppr essi on

Prdr?gpﬂicggg?%&eég Stégbll(i}iétﬁ%gc%e??%g gtr?zet of special cause

operations and to prevent notification of the ]
[00ader atTiiis irfiention cdatahottset Rentiple Conyponent dnadysis (R(FA)

the first . . .
models and numerous engineering models (described in more detail below) to

éharacterize normal operation of the HDC. The boundaries for each of the PCA
models was derived to account for heat and energy integration between units
rather than functional boundaries. To illustrate this point, the three sequential
fixed bed reactors, R1 (hydrotreating), R2 (hydrocracking) and R3 (hydrocrack-
ing), were modeled using 2 PCA models. The first PCA model encompasses R1
and R2 (and associated units). The second PCA model contains R3 (and
associated units). R1 & R2 were lumped into a single PCA model due to the
recycle of recovered hydrogren between the units. Similérly, the fractionation

section (stabilizer and splitter towers) was modeled using a single PCA model



stage | ow pressure separator nonitor. For a nore

detai |l ed description of PCA nodel inplenentation, see
waubs@stison | under the headi ng "Depl oyi ng PCAPaDASR®S/032447

and Sinpl e Engi neering Mdels for Abnormal Event

Det ection" of Appendix 1. [0046] The consol e operator

receives notification of thg-onset of an abnornal

condition when the triangle icon for a nonitor turns

yellow or red (fromgreen), as shown in Figure 24. The
dueatoptigintaiergy jnteprates (& cmhrq@e cantact bgatiexehangsss) hatyeep units

further |nvest ate t.he probl em by

rath ik sopsRo TR Topdalh CoBdPERdna e FrOnTaey ditign.

t he ato cei.y
sepeia b ot e f e iRt G ieR WRKFRLd jn favor
of ¥ Sinl ?é"P@At %@)ﬂépfdr%g bR eerrdetidriatidn k¥ ebn. MMolevalidation
provi des e operator with ability to investigate each
studidhphdibhemthadht sinple PO atodeh faretheffradiienabonseetian yas
det ect ed bﬁ the application. This functl onal i tFy IS
m0|r¢ rm: ané bettsr qapglmed mpsmaf-pperatiopf daeBrRceshiior apere

entation qf a of . sensors
dethipabtoriptionalhE caodel pRpi 1HHBE oo faREd et Dt Btion LA
Q@ "
R i Lo P e R Recriomf
Ap g@mqiﬁel.operator As an exanple, Figure 27 denonstrates
Pareto ranking of the valve-flow nodels based on

nor mal i zed- proj ecti on- deV| ati on error 1y? conventi Q
Gse

[00453 vdpurang Bormel-eneretiemet e HBIS GRSSRLOT performs a
devi a f I t

w2 5T RRET P e

cofAGh L SHEHE SRR OTARS, RAOSLEIRShA R st 0

HDO téh tprél@h‘éd@taié “Dlaésefslpemﬂ bausetruperaticisi Wﬂbpﬂ]dalbﬁ tiigh
w |l typically generate either a custom displa

resmhmﬂsaﬁommn%e mnfsprqomeaffwf@d PEA mpdsisot 3inge SP‘PFéalc?a}“tSP ORPra-
. sensors of a t f

tiofs konsgle herdtar s, i€ BniaonroRrss SENEsSiGh )
me@ocﬁaﬁ@gg Yo dbi& [?lgon O\?‘@Fﬁ)e%fal Chise bpeRbhOMd rpredent

eConpos| entire oper at | on into
no@RYAIGH of the Dpeddftdr. MgiteqBstows tipduary togic ety otkafor ¢he first

stage low pressure separator monitor. For a more detailed description of PCA

model implementation, see Subsection I under the heading "Deploying PCA
models and Simple Engineering Models for Abnormal Event Detection” of

Appendix 1.

[0046] The console operator receives notification of the onset of an abnormal
condition when the triangle icon for a monitor turns yellow or red (from green),
as shown in Figure 24. The application provides the operator with the ability to
further investigate the problem by viewing a prioritiied list of the associated
subpfoblems.Once the operator receives an indication of an abnormal condition,
such as the warning alert indicated by the yellow triangle in Figure 2, this novel

method provides the operator with ability to investigate each subproblem to



2. Operator notification of abnormal operation of the

entire HDC through several (e.g. 15) nonitors 3. The
weChermdBbs provide predictions of a | arge nunber/ustoos/032447

sensors (greater than 300) in the HDC 4. The abnor nal

devi ati ons of these | arge nunber of sensors are

sunmari zed by the alerts de?+ved fromthe Sum of

Square Error of the PCA nodels. 5. Events resulting

from speci al cause operation are sup ress?,d t.0

detetming neetecatiat 98 troahnarmedity Hhisctaddry the applicgdpp; This
A ey R
r QGr r - Thi i ' .
of {18 SCRRHELrABRAS] iRl BRIl Rt cbOliAE
corfd8leeserabpor mal operation in an HDC. The overall
devel opnent net hodol ogy of these nodels is generally

descri bed in Appendix 1. The devel ogmsnt of npdels for,
[004FHr odhicapmisationtireqgieaty asehBarche FoHTS FhefgaBEe 1REprmation

rorma el S90S LGSR, PRB RO bt
rnfh g M LA 1908y B S rEassi Sl

err6U By enS6Raha Vasihble, Fivasefgndirer isegscewehichtmost delvies
i ncl"'uded an eval uation of worst case scenarios for HDC
fronpeoratal operationss plavedsn the teft-mast pesitionoWhsy) thg root cause of

general caqncl usions: _ The reactor ench system h
an Sy CARRelRe detpemed framithe RAEY EPAtLHE OBRAGH FHhCsPt o

he. HDC. Clyl t +TokMa!
fu.r{hqg _frévﬁlsrégggi’t‘g’a‘%%cz(gngéﬁpagﬁg?ﬁ?@%?g pr es st,lzér gﬁrﬁ e
op2ation HAfl 't%’(ﬁ@al'li‘ gbhrafeeditlic?’a RS idispley vontathinghanigipie

In feed quality (e.g. the percentage of coker naptha .
timeetibeploted) theraitiiag sedsornof a dpsetionabratiasfithe AHa6s shown in

_which 1 npact the hydrogen consunption and the reactor

Figuggperatan & ymplet shaw gUreas for instrumentation

and base control system

[0048] In summary, the advantages of this invention include:
1. The decomposition of the entire HDC operation into several (e.g. 15)

monitors for operator surveillance

2. Operator notification of abnormal operation of the entire HDC through

several (e.g. ‘15) monitors

3. The PCA models provide predictions of a large number of sensors (greater

than 300) in the HDC

4. The abnormal deviations of these large number of sensors are summarized

by the alerts derived from the Sum of Square Error of the PCA models.

5. Events resulting from special cause operation are suppressed to eliminate
false positives. The high false positive rate of a single sensor alarm is

resolved by the PCA modeling.



Quench and hydrogen fl ow neasurenent integrity HP/LP
separator operation Product quality analyzers
wohmiectoarismg conpressors desireabl e but better PCT/US2005/032447

acconpl i shed wi th hi gher frequency diagnostic

systens[ 0051] To address the conclusions fromthe

engi neering assessnent, thggf.ol | ow ng engi neeri ng

nodel s were devel oped for the exanple HDC AED

application: Flow/ valve position consistency
B. "DévitleopenerusfnCEDAveledk frata Fhtdrooradkerer ent i al

est Iant es of product quality analyzers nC4 in

l HPC | dnldzeigigoeeTiea
00D g o B b m
(an@fheﬁﬁfsﬁ@sl’)&o Rleqstu abnéruadlidperdtidn meas HD&Oehhs ovikealb
| ash point tenperature Kero freeze_ point tepperatur

devlthplﬁelstetpaﬁmdologymﬁ th@?es,mopk@uuﬁ @én@ral wﬂ@pcm@p C%X L.

The @oerlonBest panEcR or Prargiicking B 1%?‘8%#@""5%&0““

nmeasurenent detection Reactor stability nonitor

thg’meqmlsigmet ection Bed tenperature cycle
ection Total quench flow cycle detection Reactor

o A A e

determined by: performing an engineering evaluation of historical process data

from the HDC and interviews with console operators and equipment specialists.
The engineering evaluation also included an evaluation of worst case scenarios

for HDC operation. This process generated the following general conclusions:
e The reactor quench system has a significant effect on safe and reliable
operation of the HDC

e Detection of the onset of both stable and unstable sustained

temperature and pressure oscillations in the reactor beds is required

e Changes in feed quality (e.g. the percentage of coker naptha in the
feed) are significant upstream disturbances which impact the hydrogen

- consumption and the reactor temperature profile
e Focus areas for instrumentation and base control system:
e Quench and hydrogen flow measurement integrity
e HP/LP separator operation
e Product quality analyzers

e Monitoring compressors desireable but better accomplished with

higher frequency diagnostic systems



conpari son of the neasured flow (conpensated for the
pressure drop across the valve) with a nodel estimte
wofodsla1Sbow. The nodel estimate of the flow i BCT/US2005/032447
obtained fromhistorical data by fitting coefficients
to the valve curve equation (assuned to be either
i near or parabolic). In the-initial application, 37
fl ow val ve position consistency nodel s were devel oped.
This type of nodel was devel opedfor individual quench
[0051pw donddrkss theenclakions dexin dhel epgindeing AieasOERG s
| ogps, hydragen recovery flqw control | oops,
follppabe FBEHEPBRE TR9qaIs WER SF YAIOP fr the el DG AR
%gtéons flow control |oops. Several nodels were also
aPPYEG P ¥ped for control |oops which historically
exh] bi ' : : : re detail ed
devtlg%ﬁg%ﬁg%ﬁi?ﬁ%&f@gﬁggg%gﬁgﬁg?gﬁggnnnnitors, see

Subge%ﬁémhldgnpjndtéggrﬁaﬁdﬁpl e Engi neering Mdels for
Abnormal Event Detection” section of Appendix 1.

[ 008 3InAréntir eaiatad®fProfictt aﬂ@t%ﬂ@ﬁal&déhsd to the
nodel estimate to conpensate Tor |ong term sensor
drift. erhaCdpearstdhilizerggasalisedraguest a reset of the
drift termafter a sensor recalibration or when a-
manual <ypEs & \sdbibzdraavepleend changed. This

nodi fication to the flow estimator significantly

i nproved PA% peoibl T HYFerosane gpfenent ati on within an

ort ¢ Salsreina) SRBERIS) QT iogHt A R ERE ARG

contr valve i s full pened or closed. For a nore
det %i ﬁ@ogkégrﬂoﬁti%ﬂlpéfa%&@npensati on for

non- stat | [ r.ati see Subsection |IV.F of the
"DeVe %P%geaeﬁ&%&gﬂh?&%g?r%bnor mal Event Detection”
secy i ?ﬁ’/ﬁ%ehb%a%f@loﬁﬁ@%ndi x 1. [0054] The inferential

nodel s for the product analyzers and | ab neasure nents
are si npl Reliunaait 18R ehsashitdrhest ¢tdbchdqkr domparisdast
squares (PLS) regression. To inprove the fit of the
nmodel s,e alieusim@easyiremeht ragewhetleuri stics were

enpl oyed including: log transformati on of conposition
anal yzer sLawel measvmenteyading getessomes, dynami c
conpensati on of the nodel inputs, conver sion of flows
to di nensFeoncadevelancasyiremant dgipeiothg pressure

conpensation taq.. .
nP Reactor stability monitor

e Quench flow cycle detection
e Bed temperature cycle detection
e Total quench flow cycle detection

e Reactor offgas oscillation detection

[0052] The flow/valve position consistency monitor was derived from a
comparison of the measured flow (compensated for the pressure drop across the
valve) with a model estimate of the flow. The model estimate of the flow is
obtained from historical data by fitting coefficients to the valve curve equation
(assumed to be either linear or parabolic). In the initial application, 37 flow/valve

position consistency models were developed. This type of model was developed



tray tenperatures under VLE. The notivation for using
these types of transformations is summarized in
waubs@stison |V.D in the "Devel opi ng PCA nodel sPEDS2005/032447
Abnor mal Event Detection” section of Appendix 1.
[ 0055] Loss of level inthe HP / LP separators would
cause a nunber of significant issues for the exanple
HDC unit, including trigger of the safetysystens. As a
result, a fuzzy network was devel oped to nonitor
forlindjuridhal euehcti flowheorsep doepsorll deedrand praduchéloskeerira loops,
HDC unit, the following fouyr conditio are itoreda
hydregen rernysry HABNEOMTA APPPS, E?n?%%ﬁr%ﬁ%a fieps, an
ctive (jnot frgzen i g0 £ ' ' '
frafliapabionaitireh T Com R, SERerad Bt eR0ud gk Reoped
for B3RERF 14y RRE i diBrieRRPLXIABRE Snfailiele pdbininice) A e
first t conditions.can be detected uslng _
detgided esddlopalens ofiflalv/val ¢ datsisteney gumitonsysee Bubbectiogd. A of
This application_incorporates additional criteria,
thei "Sainpts }%ggimci‘ing Modals fert Abnownal Evens Dsjpeiton'rection of
oper.ator with nore robust detection of abnornal
APBﬁ'éﬁql

&tl-on of the HP/LP separators. A summary of a
representative configuration strategy for HP/LP

[o%?,gi t O iR b S-SR VAT tBrm aPdseadle [t ABE IndAee etimhfeao

hly exot hermT nature of the hydrocracking
cohPasdatedfis, lofg adthesaper dtiftoThefopettof carealsb eelquashareses of
Is a significant concern for the process _ operator,.
the@brifk tarmn affer hsensercecahibrmiion oswhe ¢iaarnab PygassHvalve has

besirnaed: TosgyouTanb i AP SHERt bRl mprovsd the
roﬂlugtn%ssc‘ f(glq#r?%le AnGRdn i HE9sn SAIMeAAbHIGh ApotihBl TRES

n-sever a s or reactors. The anplitude of the

floRFedlvé 8bhaseaay nivmirrphlsdinetily dresperaamid ke evenirtbaict

transport effects. For the exanple HDC unit, effectjve
comtialgrabes is follytapeped ar alasednidony Bwse detabledideseplépis oht

the onset_.  can praovide the eratoro.wWth.a nity
compeRsHEmeh BoBBIEIEE R AP HALEES e S B R PE €
" 4 : ' ' i fided i
DYEHGp e G HAER T ABRGnAR AR IAeAfl ARG tRded in
Ap?gﬂlﬁ'quti on uses a novel application of fuzzy networks

o nmonitor nultiple tenperature and flow indicators
for oscillations to assess reactor stﬁbility /thin

[00543 r eaFhoinferembial modglsdienitheprodust enalyesrs anddab measure-

ments are simple linear models fitted using partial least squares (PLS)
regression. To improve the fit of the models, a number of well known heuristics
were employed including: log transformation of composition analyzers and
tower overhead pressures, dynamic compensation of the model inputs, conver-
sion of flows to dimensionless ratios, and applying pressure compensation to
tray temperatures under VLE. The motivation for using these types of
transformations is summarized in Subsection IV.D in the "Developing PCA

models for Abnormal Event Detection" section of Appendix 1.

[0055] Loss of level in the HP / LP separators would cause a number of

significant issues for the example HDC unit, including trigger of the safety



i nspected to determine if the anplitude exceeds a

certain threshold or the anplitude is increasing
wounmwtoamseal | y over a specified tine horizon. RCTAIS200RA32447

are nonitored jointly due to common supply of recycled

hydrogen. R3 is treated i ndependently. This is

consistent with the partit-ilered treatnent of the

reactors in the PCA nodels. The anplitude triggers for

each substituent neasurenent wereobtai ned by offline_.
systemad. s srasfiltha Suzsy Retvodkvens develaped iy maenifor liquid level in

SRS Bos e S A RS Spbrions
o P TR, BOQ L R BISIRAT bBETLRPo

frozdd) NG bR cakPBRANSHSS i fHe)le Wl iBasak@mbnt)@ad the primary level
conbi Rations of the original variables. The PCA nodel

mesdureintnt gzress stibvisackruEmeasirements (wheneavakabie)obbe dirsitwo
t hat the underlying, process has a nynber of degrees af
ok GenscrAnvi @eicr EEBHEFOTeBLgRR BT VAldapen dlsfrithms in the
ffects that. influence the.. e . ' -Ant:
DS dBfirmtiialion Fact BOGe ATy I RARARerif JE St bEliHon
detP&RIE 3G ptAfié ﬁ@g%erEf&%@iﬁ% nMARE rghis? Ae &R 0RO AR0HAal
|nteﬁt|8nal changes, such as feed rate changes, or ]
opeaticr 6fthedAR/L R ssparstoas e sumsearh ois raptrisentative configuration
tenperature variation. PQ=2 S Au * X1+ Ai 2 * X2+ A
strategy for M 3R/LP monitquiagiis shawpaoI@blefich princi pal
conponent captures a unique portion of the process

iability, caused b i fa :
10083 T R1BY SRpuA8RE oL 6F B pOEAERHccions.
staBESperd S ale fikdd e dfedlordis AfshiFRahDBomieds €665the process
varration. Each subsequent princrpal conponent ]
opezalok LCesli siel reactpobedois provided tyoquencprigelesgen. Since the
variability. The major principal conponents shoul d

quensphydeegensis gypicrl ¥ providad 19 Py deospmprdsader, 3nyessge

vari at.ion.. an, ex le..the fij LAG]
oseliisiiont sipeR A T LReRt Vs bfF DsRlgORER, soveral beds or
reablofd a0 %l‘i"l%d% rHfsthi:1 SsiifHBbA Yak BE ah@IHRSE dSWAGt&m due to
source o rocess changes. [0059] For an individual
produtinearspertadfgues dir, the brampkf DG enit seffiéctivet dieghesigeft
magni tude are indicative of the neasurenents with the .
tempesattessancpressugtaselations ap e onsgl 6an PROVids e ersrateg with

an %)gggrtr{len%y tc(:)ejll?ltetl)'\e’ellljet {aelztlo%g et uops\é{ S\rlg)pogates to multiple beds (in

which case more aggressive actions may be required of the operator to mitigate
the upset). This application uses a novel application of fuzzy networks to
monitor multiple temperature and flow indicators for oscillations to assess
reactor stability. Within the reactor stabillity monitor, instrumentation is
inspected to determine if the amplitude exceeds a certain threshold or the
amplitude is increasing monotonically over a specified time horizon. R1 and R2
are monitored jointly due to common supply of recycled hydrogen. R3 is treated
independently. This is consistent with the partitioned treatment of the reactors in

the PCA models. The amplitude triggers for each substituent measurement were



each group of variables which are the major

contributors to a PC and assign a nane indicating
woamsd3(m0g. feed rate effect) to that PC For Par/US2005/032447

further discussion of PCA nodels, see Subsections |-V

of the "Devel opi ng PCA nodel s for Abnormal Event

Det ection" section of Appemti x 1. HDC MODEL DEVELOPMENT

[0060] The initial application design involves two

significant decisions: how to partition the exang

|
bt bypfiTinoranpaisekestatsabasnarIBHANIE! 8IRPRECARBIE set
of Ao RO BT O SRS T A0IP g Fop A B iy 18ble 5 for R3.

devel opnent can have a significant inpact on the data

PCAWHF,FD@QQBS. and the ability to adequately represent
normal” opefation of the plant. The rationale for

rtitiqning.the | ' '
00§ el RO it B TR B NE b Inl et dependent
Vst R T e s o O e
origifalamtiabks alTheRC Anhbdé] smtire id phoeasn Heation 1. It has been

sel ection and 2) data pre-processing (to re e .
obseuel thatshe rderyiae [raresas AGMmAE Olaflssisss ?3? freggom which

foll ow n t hodol o ndepsed £ r i.on f
repreRent A DO M RERIHET s Bt AUToG THED eSS These
. " f 1 | t . t. )
aiffERHE FdBnadt et o BB 3 Wcprbeepdalip pRuess variation
ProédRvafiatibe @an beeluveab iatentional chanlzes, sBvh as $8edraaa dhanges, or
'Q,I_t puts for streams which cross the boundarjes of the
unimeptongrdistessinags, such 9s @abientde@PEFAIICOVAERIY: of | er s,
stabilizer bottoms flow rate, ...) |Incorporate
congi(glzlgaA iF;\AsXI $PASI’% aq@zm put X,hor..i nt er nBEquaticiedns

useI yf}o position The ynit’(e.g. t ower punparounds,

u ows, .. . or t .

100581 + FaritPrifcinal fofeler seblprsy & o RS ck b Briss
vari'ﬁBﬂitg QeGP irese Hglgé‘lteh%) thdepBa@i Al enced dirt therprbeess. The

measurenment s’ regarded by process experts
principal components are extracted in the order of decreasing process variation.

Each subsequent principal component captures a smaller portion of the total
process variability. The major principal components should represent significant
underlying sources of process variation. As an example, the first principal
component often represents the effect of feed rate changes since this is usually

the largest single source of process changes.

[0059] For an individual principle component, the coefficients with the
largest magnitude are indicative of the measurements with the greatest
contibution to a particular PC. Engineering judgment can be utilized to view
each group of variables which are the major contributors to a PC and assign a
name indicating cause (e.g. feed rate effect) to that PC. For a further discussion
of PCA models, see Subsections I-V of the "Developing PCA models for

Abnormal Event Detection" section of Appendix 1.



as essential to nonitor process operation Wen
avai |l abl e, incorporate: Any upstream neasurenents of
wobeewriat®) feed tenperature,or indicators of feewus2005032447

qual ity changes Any redundant mneasurenents of

critical instrunmentation Any external meaurenents of

a measured di sturbance (e-@5-anbient tenperature)

Sel ect additional neaurenments that nmay be required to

perform nonlinear tranformtions Any neasurenents that
HDEVORBEODWENVEILPVENT abl e or exhibit erratic

behavi or were al so renoved fromthe list. Application
[0066] t hThe seitiat dpplicativhidedgnigy olvepitwal 511gzn1f1@sn|ﬂ derisiang: H@W

eli m nati on of approxi nat el 60%of thgtotal gecf\%
to pastitian fhecasampe pllaqtumibfor Redd! deaGIOPERAAL AN etimina-

S 0SS AT CSHUEL R, L AL
for g@@;;gbgﬁ d%ﬁéﬂﬁ%ﬁf ER e ?lgnh@@e@@]i %Meélpﬂi&[&ta edquire-

I'terative procedure e approach

meits 'ahﬂ 386 abWityl @y el @ualtin 3@@8&1& ffarmalBPeiationi afl thg plant. The
produces a very rough no usi ng all_ candi date

ratiogals doepatitionites heerkampe EDCtopezaty fte g Cpgnodels
initiall renove outller |nce itial
(lumped Rllr@y%%fe%%‘)féghb éP%Pt%@n ﬁ @J‘ beengigcussed

|n|t1 al nodel was used to eval uate the training data
Preyi®UsY mi nat e additi onal outliers using the subsequent
procedure. [0063] Using the operating |ogs, data

[0061?]‘t aRPEA thbdelvdoveper makls kwowritical decskuwnsl tomgive at the
abnornal operation were renoved. Each candid (E
intinkamdek lengasweemensrsetactionaadt? dia E?eni)’i%essmg to remove

outBble arkle gt anbiee Srau B cherele Fr it B, Ry
ol O, SIRERRTILBLETSFEIEEA mosaeest ot
EviRSGEEh" S&EHonUT Appdntiendivas Bmployed to select the initial

measurement set for this application:

e Select all controller PV’s, SP’s and Outputs for streams which
cross the boundaries of the major processing units (e.g. quench
flow controllers, stabilizer bottoms flow rate, ...)

e Incorporate controller PV’s, SP’s and Outputs for internal streams
used by to position the unit (e.g. tower pumparounds, reflux
flows,...) or monitor the process

e Incorporate additional measurements used by contact engineers

to monitor process operation

e Incorporate additional measurements regarded by process experts

as essential to monitor process operation

e When available, incorporate:



Long periods of time which the historian has | abel ed

the data as "BAD PV' Cccupy excessive periods of tine
watowiosiiso t he EUH gh or EULow val ue Show unusaaiuiso05/032447

| ow variability (except measurenments which are tightly

controlled to a setpoint) Excessive noise or high

variability relative to thesr operating range

Measurenments which exhibited | ow signal to noise ratio

or poor correlation with other rel ated neasurenents

wer e oni té edAnisupsgreangineasuiengntsudffeedrate | Bed 4gmpetagire, or

buil ding the initial rough PCA nodel, a final

i nspect i on andicperyaf feeddualigs clpaigesr ned to el i mi nate

brief time periods where the neasurenents_ contained

"BAD PV' er Awy redpadgeidnessuremientsrafssiioal sUROpEAIQR

EULow | imts. [0065] For a nunmber of reasons

(summari zed Ay Stbmmed menurdtdefisiof a ieasubed distpibagcPEAg.

nmodel s for Abnormal Event Detection" section of

Appendi x 1) ,anvent tRApEFAtEFANST or nat i ons were appl i ed

to individual neasurenents. Since one of the

assunpt i oms Selede@dditionghateatireaments thesinagy be reqiradoige |

are linearly correlated, sigpificant process or
equi prent  nasrioF@Rqnlinear Hflagam@&mst his correlation
structure and show up as a deviation fromthe nodel.

Anyg %ie%%g%?@%ﬁ?ﬁg‘f eI gﬁ&iwﬁgm%%ﬁﬁﬁéﬁ?&k dAfe t& en&&t btkavior

nt and process chemstry, no

werBUMd RERGVId BEm thelRRe ApPlEesRVETthis selersionr methodbibgy
i ncluded in the nodel. anpl es of well known

typicallyiressdts inrthe stiminatiomef aproximmeelug0%oc0f the dotahmegsure-
distillation colums

bed differ i al
mente fsgn b it W@A@g@?& 5o velonient AHTuST rBsFRE Y
) t | t
reafifiogt ot mad Rl R LB ey P AERE o E AP RIAA R A mofel

is thﬁH@d.at ure [0066] The raw data fromthe data
Istorian was nonstationary. The data contai ned
operati ng poi nt changes perforned by the console
DAdpe PRIEPROGESSINGt t hese changes from appearing as
abnormal events, the data was converted to deviation
[0062] i abeveldpmenthf nREAmgodélds endtenativé praogdee. ileapproach
val ue .
utilized to develop PCA models for AED initially produces a very rough model
using all candidate measurements defined above. It is difficult to initially remove
all outliers since the initial training set to contain 100,000+ data points. The
initial model was used to evaluate the training data to eliminate additional

outliers using the subsequent procedure.

[0063] Using the operating logs, data contained within windows with known
unit shutdowns or abnormal operation were removed. Each candidate measure-
ment was scrutinized to determine appropriateness for inclusion in the training
data set. Measurements which were excluded exhibited the following
characteristics (described in Subsection IIL.A of the "Developing PCA models
for Abnormal Event Detection" section of Appendix 1):

e Long periods of time which the historian has labeled the data as "BAD PV"



of a measurenment fromits raw value and using this
difference in the nodel. The tinme constant for the
wexpwamsoal filter should be large (on the or #er/ust00s/032447
the domi nant process tinme constant). For the exanple
HDC unit, a 60 mnute tinme constant was utilized. For
a nore detail ed descriptien7ef AED applications for
nonst ati onary processes, see Subsection IV.F of the
"Devel opi ng PCA nodel s for Abnormal Event Detection”
o Bectpypoxadssitppendids of tinjoassiiher deaEUHighms BYhPH Yalue
data set should characterize all normal excitation and
o dhewuikanses 1dwatrinbitp(©ceps nexperciemntewhicthirs tightiybe
frequently acconplished by gathering data over a
soiftfoldécktut 4 yetpoim) peri od of time (several nonths or a
year). |If a single type of disturbance dom nates the
o Ek8éRiVONGI8E 8r hiphhefriabilitgsretitivertothsis oppeatiaigirangevi | |
be underrepresented and the resultant nodels will not
achi eve the desired performance. |t may be necessar .
Metsuremenisevhichexhitiiad by $1g8aIHOMRPIEETAOPTRQOF SOFT ei?ﬁ}%l with
situation fromoccuring. .BU LD NG AN | NI TlI. L
ot eTAsHRFe BiFaBURRAT B Pk e augL ey Ok E
selected and the training data set has been built, the

[006% el Beforeltmilding theduitth ryugls PUA stcadetica finaldakpection of the
inmplicit assunption is that each neasurenent will be

datas set|veas perfomied tpealimingte briehiimepesindsivierg hameapiements
coefficients, Many of the standard tool et
congnrabBeD it rarveatossd 1) raper S EUHE S lfrow
li fgr t he devel oper to scrutinize the nunber of
m‘B inciple conmponents in the initial nodel. Typically
the nodel devel oper can specify a default nunmber of
[0085] nciFpk a meeiRe e réssons (Yumihapized dh SubsetiopdVebr infthe

every 20 neasurenents in the data set) gnd atteppt to..
"Déwtoping PCA maxtisls farad bysrsal dbent hetertinnngecien ngéapendlx
ertor fromt trai ning data. set .. i.0iti .
1), fstiginavist Fauelopy-Ers Heverafist PpdRidhal iskghtdy. gipee
[ [ ) : i Ign ,
one e PR
corfdlated] éignifsant ?ﬂj‘cese{ S0FGulipdient aonisedritiss bireak dawa thist s

are typrcally Targe (1 m nute data sanpl es
correlation structure and show up as a deviation from the model. Based upon an

engineering assessment of the specific process equiment and process chemistry,

known nonlinearities in the process were transformed and included in the model.

Examples of well known nonlinear transforms include:

e Reflux to feed ratio in distillation columns

e Reactor bed differential temperatures and pressures

e Log of composition in high purity distillation columns
e Pressure compensated temperature measurements

e Reaction rate to exponential temperature

[0066] The raw data from the data historian was nonstationary. The data

contained operating point changes performed by the console operator. To



for up to 1 year), it is unlikely that all outliers

wWll be elimnated fromthe train ing data in the data
woReEroc®esi ng step. Regions with | arge nodel RCTaR@mE032447

between the training data and the prediction fromthe

initial nodel should be identified and conpared with

operating |logs to detern nel8i-f an abnormal opera tion

was occuring in the process at that tinme. The training

data set should be nodified to excl ude retggo S in
prevpnichesshehanags fispe APPRATINE, 52RO RRh 6 FRiS: 2 Was

' . D ti { I
RO BRSO e S 8 e
o EEASHERn A L A RUTBSD s SR, model. The

timAyoasmmt févibelexpeh@tial diiter skowldde laf geAfwmetheiorddr. of the
[0072] The measurenent selection process typically .
dompiead peecess sorpeatseants er hetexample fE $nifha 00, minnte fime

b S B S £ S N RS0 L0 o
nor&sézftgﬂ%?g gf’(%els%%r,‘ gLD8REd M oh FIATBR thesS O o : gﬁﬁ th8dels

measurenents to elimnate he

fortA Bt BiehaDeaictioRERbM MGTAIpMidkL] .[ 0073] The
objective is to identify a PCA nodel which suitably

represents the training data with the mnipal nu

nber
[0067] c odilealty, dhe training Hata 356 showld phatacierizegall Rormel cxcitation
i1 t hat " fitting" t traini t i
and s BB R Eihe afse rrbeirhesin b cpih e d Bitntay | "
sc PSS TP s Sl | Bl ofdme v

montify Gd yearprie @%dmgle tygsofidiethrbande deiniratemtiie|teiming dada,
sui tabl e nunber of principle conponents. The iterative
othpr oweles 0f provess opewtionrwilbbepupdersiprosanted pag thiotgspkiant

modbla ik Bocii e Re s et Brlpan Rk JGorY drai e g fafomove
' . [ f ul
R4 7 eip B30 TR T Rl O]t itie o< v

conmbi nation of accurate nodels, a well designed user
BUINDING2N aNITRXbp4ODEL

[0068] Once the specific measurements have been selected and the training
data set has been built, the model can be built quickly using standard tools. An
jmplicit assumption is that each measurement will be scaled to unit variance
prior to obtaining the model coefficients. Many of the standard tools scale the

variables automatically.

[0069] It is not important for the developér to scrutinize the number of
principle components in the initial model. Typically the model developer can
specify a default number of principle components (e.g. 1 principle component
for every 20 measurements in the data set) and attempt to identify a model that

produces the minimal residual error from the training data set.



trigger points. Engineering Mdel Deploynent [0075]
The procedure for inplenenting the engi neering nodels
woizodsioa17A4ED i s fairly straightforward. For therPaoask®s/032447
whi ch identify specific known types of behavior within
the unit (e.g. sustained oscillation of reactor bed
tenperature & pressure, LPAHP separator operation),
the trigger points for notification were determ ned
fromthe analysis of historical data_in conbinatiaqn
[0076} h Thesmitiel opelehisonsedriputhe developpe fardmpupEPRsesall) to
flow val ve position inferre

del . q. del
o Sk e B S IR LS
tificati . deri t he standard
unneAsry e S i B g higfBE dupesey T L1 St ATAAT S

nmont hs of operation, known AED indications were

[007EY 1 EBRtkeWhé fraifing Qe §toard ypRuadlyrlerden@t mithze tataggenples
pol nts were appropriate and nodi fi ed as necessary.

for P @3 6] yeany érisamiikelynthei ab wuslicrs sal, ber lemingierirppbihe train-
_ -diagnostics could provide g%egg%)er gﬁgr W t hd rledunde%nkt1
ingdetd i thadpthPIeRBRRESSIGHHR SR ED AR TR JIERAC

val ve/ f | aw. di agnost;i .k QV] I '
beck g Al ARG 65 kB IpanRpRIAGAD ok B
ide%@ﬁ'@d a¥ %ﬁ%ﬁ?&i Yvﬁtg at¥aY lodt it® deiepmimeifncatamsmahbpera-

oes not typically have a normal or gaussian

tiorthvas bbbuingdm thaspracesssatithat tithe The ggming dataget sleouldde

an abnormal event cannot be derived fromthe

mouifiadapiexcludeqegions ipahigh she deyelpperdealieves, AR abpprpg fnt
have been.devel oped for AED t N L
wap rOUEHg. LHSGEEPE TR e Sy SPuoB © sl kRS
IS i i [ 24 difmsontiaprotided i
Val%)ile)t @e%%/&%x%@ lg?t%ltt% tg ?cl ? %n%sﬁf‘?dg ;A?ioclfgl?? ne was Sd ev e1 I gp eé -
Subsechb®Yl. Ao rthas ddesleping G Alanodels hart Abhermaidvin
operator will be alerted to true abnornal events
DetactibnUsedtionref Appenisllaed by fal se al arns. For
additional details, refer to Subsection VI of the

"Deve i ng. PCA model r r WaTaly -
025 TR RO RARCR 2o 8o plefyghbafBkoELppichen
siv@5etidflsenS9! RaGlysPof $Rlsealet Rfoddl@befficients was used to
eliminate approximately 20% of the measurements from the training set.

Engineering judgment should be used to determine which measurements to

eliminate from the training data set.

REFINING THE MODEL

[0073] The objective is to identify a PCA model which suitably represents the
training data with the minimal number of coefficients. It has been demonstrated
in the literature that "overfitting" the training data (using more principle
coinponents or sensors than required) can produce a model that is not suitable
for application in an online system such as AED. An iterative procedure was
used to produce models with a suitable number of principle components. The

iterative procedure considered the amount of variation modeled by successive



necessary to i nprove one of the nodels. Either the
process conditions have changed or the nodel is
wonraesiodi?sg a fal se indication. In this event, PO®US2005/032447

training data set could be augnented with additiona
process data and i nproved nodel coefficients could be
obt ai ned. The trigger poi A2&-can be recal cul ated usi ng
the sane rules of thunb nentioned previously. A d data
that no | onger adequately represents process

princjBe abinposestsdcalgulsied byrdsianderd piatipdcal rsafwaﬁa pagkage) and
set. If. ?articular type of operation is no |onger

the gdghresdl al | data from that operation shoul d be
renmoved. After a mmjor process nodification, the

C. tmﬁ@jmpﬁgﬂ@@ﬁnﬁED nodel may need to be rebuilt

rom Scr at cn. | X 1 [0079] Events and di st urbances

1 vag| ' g/ff?e‘yt%mm%taa cksPfhieedduifespaoCess
[Oogéger agpgérﬁsﬁgg#b the tine theglteCJ event s a%d
conthightipansasrae anbdelsl ewellylesizmednseraserface aml proper

system However, the operator is required to nmake an
triggempantsed i ntervention in the process operations

whenever the process control system cannot adequately

handl.e t t. We define this situation as
En%ﬁeg%ﬁg}%gfig%%gﬁa irﬁc;%lﬁgnd the cause defined as an

orpal event. [0080], A nE 0

r00fLn §B5 ervseties cpnlpRelh i eied: SYRLR VI ARD
is £ HiforYfi 8 FGH e HAGSLIS kA REIAPBSSIIAL known types of

opgratl ns and help the operator isolate the |ocation
behatiok ke tinake anitge.g. bustainpd ebeitlatidn efieatitoebed temhperature &

nodel s enpl oy principle component anal ysis (PCA).
pressnes, I s saparator eperatipn), depésssy pornty é@hn%fisgw@n were

detciiRing Fiodh o SEIOR A i SRt B af AL atote
opeﬁz?@{ g@:ﬁg; %tgggggglgﬁi#ﬁg WS dRs ﬁé’.‘g.tﬂ@éﬁv%‘lvé’\péiitlﬂn models,

results”fromthese many
infdFRIEANIYAeE ¢batpasRen )y the origder pethts fivonatificatidn wereisitialty
summary tinme trends that allow the process operator to
derivedifromthe stadanshdeviation pbthermedelgesiduah dorthg figst several

mone it vReragi s hieHE AP aiceiofl e siiEVRa hth Mifoperator o

ensure that the trigger points were appropriate and modified as necessary.

[0076] Under certain circumstances, the valve/flow diagnostics could provide
the operator with redundant notification. Model suppression was applied to the
valve/flow diagnostics to provide the operator with a single alert to a problem

with a valve/flow pair.

PCA Model Deployment

[0077] Variation in the process data does not typically have a normal or
gaussian distribution. As a result, the trigger for detecting an abnormal event
cannot be derived from the variability of the residual error. Some rules of thumb
have been developed for AED to obtain initial values for the triggers from the

SPE, statistic for the training data set (also referred to as the Q statistic or the



t hrough the various transformati ons, nodel
cal cul ations, fuzzy Petri nets and consolidations to
wanrnioa1ab a sumary trend which i ndi cates t hePCT/US2005/032447

normality / abnormality of the process areas. The

heart of this systemis the various nodels used to

moni tor the normality of the.process operations.

[ 0082] The PCA nodels described in this invention are

i ntended to broadly nonitor continuous refining and
DMehB[k@aEktie) Thesgedekme was deaplogiey toeredde teasenalpleng

equl pnment and process problens.. The inte

n
confiideuceithab ﬂmmso}ﬁo@pﬁtr@w iglldre alerted i e @%’eglémal events

T M N SN e LS LT
Subgh&ti cA lfrﬂP{é’"ﬂév ?A ﬁl%ﬁgﬁ'fBQA%oﬁﬁﬁﬁEGéﬁt Detection”

¥t operatlng uni stillation towers,
secfi6ReF A ﬁg,enggnpressors heat exchange trains, etc. )
whi ch ve hundreds to thousands of process
nmeasurenents. The nonitoring is deS|gnea to det
[0088bb| Ever dimics theidealoperodr AlergneiRess 1y AgfgrEIne t Sitis

BT I AR P -
chaﬂggﬁi R}é ﬂlebﬁofi?lelg é&bﬁggg 5 o488 grgﬁcatﬂﬁ Sl thid EveaR ﬂh&&ﬁﬁmng

use o s cit in the literature which

dat& E& c%ﬁﬂ&' Bt Wi ehehRddeitk addiicing prddess datpamidaniprpved exslel
probl em and to cover a nuch smaller portion of the

coefficienssconpd bapbtaised. [IEaBizernpaintoadl bareaatgulated using the
objectlve t he net hod for PCA nodel devel opnent and

samfeinles et nﬂh%ﬁﬂ@%%e PHYAPEYof novel extensions

required for their application to continuous refining

seit®Brocess bpéatidné Soyld be
Ok? %ﬁgﬁﬁ H%ég§£££§EU|b%eﬂ?gscopgngf th% SCAFHD éls

renﬁf\ﬂeﬁfffcblﬁ the raffihf dd deor If separtitalag rypene qizemtg;)n tsmap longer
transform ng neasurenent i nputs_ _devel opin

being dohe,zall date fmmﬂh@mn@aau%@tylg tbﬁgéﬂloaﬁda%féﬁﬁ ALY

ool BEREE R 0 R L0 B
qﬁ:&ﬂﬁturlng the associated statistical indices

'&OE¥ rocessing the on-line data to provi de exception
cal cul ati ons and continuous on-line nodel updating



using fuzzy Petri nets to interpret nodel indices as

normal or abnormal using fuzzy Petri nets to conbine
woubdeiopiBo nodel out puts into a single conti NUOBET/US2005/032447

summary indication of normality / abnormality for a

process area design of operator interactions with the

nmodel s and fuzzy Petri net-22to reflect operations and

mai nt enance activities [0084] These extensions are

necessary to handl e the_characteristics of continuous

refining and chenical APPENBAX/htions and the

correspondi ng data characteristics so that PCA and

[00?9]fp| Evengl Aedibtugbamede bs vaaoubmagatidéés actdonstantly
These extensions provide the advantage of preventing

affemlglg mbcedseopbygions. MdstRfpbe timethese Svenid agdidiytarbances are
in t f ab

hangigd by, a%e°£q%@3$s£m3r%é SHUPR) THARRYT O P RELABES Toajred to
ma%% a%‘ung adegﬁn@%ﬁh&ger I éuo%g ?g@%ﬂ@ﬁguﬁh% £P9ake iﬁf‘@&ss

r'1Nci pa Conpone
conﬁrﬂﬁ 'si&bﬁle an%})t aﬁ&ﬁﬁ@élyﬂ&ﬁd}é’ B8 ro@dss Beént. e¢bdefiue this

atistical assunptions all of
situafiba s ameabhiopinal @pbranon and thiegause definetl@sdatapnormal event.
generated from normal continuous refining and chem cal
pl ant process operations: 1. The process is
[0080ht i dnatephodalogeand aystemdidsdrecn %ﬂvekxp@déo graategnd to
time. 2. The cross _corre| ation vari abl e

deploy earlinsy é¢tsm@9@§évw 766 g &D egtsab&agalaf?éﬁgﬁens and

P
help g pavrabnisoale attal P G ToR Ay S s plefermed
emB&ﬁ t €Bieinfolt cHPUSBHALDIL LotipoR@ftidnalyis (PCA). These

efinite 5. "The data are scal ed "appropriately”
sets( bflﬂlo‘alblsruia mdnqioaded of bothl simpie oemielbdbiahtepresent knewno

unit variance). 6. There are no (unconpens
eng@nwagreé@t 30g mm%lr@%ﬁrﬁnéﬁn éﬁ@éﬁ) 1pRdels that
e B AR D P i
froftOfhb§d gdah?fino&:l cl.{tb%léiiadxﬁ e ¢8ribindt ity A'sn@IPni@bERbE
I Stributton
summary time trends that allow the process operator to easily monitor whether

the process is entering an abnormal operation.

[0081] Figure 1 shows how the information in the online system flows
through the various transformations, model calculations, fuzzy Petri nets and
consolidations to arrive at a summary trend which indicates the normality /
abnormality of the process areas. The heart of this system is the various models

used to monitor the normality of the process operations.

[0082] The PCA models described in this invention are intended to broadly
monitor continuous refining and chemical processes and to rapidly detect
developing equipment and process problems. The intent is to provide blanket
monitoring of all the process equipment and process operations uﬁder the span of

responsibility of a particular console operator post. This can involve many



[0087] Consequently, in the selection, analysis and
transformati on of inputs and the subsequent in
wouabdeddgot he PCA nodel, various adj ustnments aPETBDS/032447
to eval uate and conpensate for the degree of
violation. [0088] Once these PCA nodel s are depl oyed
on-iine the nodel calcul ati,gns require specific
exception processing to renove the effect of known
oper ati onand nmai ntenance activities, to disable failed
major refddighgasitdnegiicalnotess dperaid omithe. o phstall asronotoser e
and acknowl edge the propagation of an_event thro&gh
reattoss, poogEessoan dieabexahange faps, Bie. ) whick averwndredsto

thoﬁ%'gné%ﬂo B0 TS B SRR e By o0 Bt
t . . .
propE] ARG Pt Sp RS PR kLA s Eppuseanoiion

tenﬁﬁﬁi-ﬁﬁit%‘i‘l%e d@%%ti@ﬁ.ﬂl‘lb@pﬁﬁ:e% sl equipnene pkoblgms do not need
physi cal Iy redundant neasurenents, or as conplex a

S, ;
to bendpetifidd befdremgidn®hisiis gn behaasiée the 0ge] PChemeidals cdted in

form of redundancy checks are sinple 2x2 checks, e.d.
thetliepbHE OYFEh Bre STEHBERLO SIS 2 JACGH TADQELRIHIOCesS problem

haracteristic curve 1. (v I\ mat eri al
an ogRR ek e sme e fordio B (g ploaF bppRfibns ™ ¢

process unit 1 [0091] These are shown to the operator
[0083] S "R é‘cc)ém‘%[&hothﬁs- olsjBetiveashd hethad fe FCAwnpdeltdeivelopment

Figure 2. Each plot has an area of normal operations,
andeployment hicdudesat nimbethef mrve) eatensionsyequired Fay their

outside this area are si | ed. as_abnor nal .. [.0092]

apNigatipp|te Cpéauh%ﬁ@n@% 316618%9 HE%"I?&%@SHHF’&E‘ ‘a
single mul tidinensional nodel. Exanples of o

o Nufiteridi foe esiablishing¢hieiaguipmenaseope of teR(CA models criteria and
pressure 2 = .... = pressure n terial flowinto
imatlsess foniseleeting nalyaing, AARRIPTBIE PERRLEIGR] Pyt
... = material flowinto process unit 2 [0093] .

o Mib¥dlopimensti mnkivaciatecitstistical nepsieds baseddnn vAriatiemof
l'i ke" nodels. In Figure 3, there are three independent
apnncl@&ﬁ@@ﬁpn%dﬁgg@ PO X2, and X3. Whenever X3

changes by one, Xl changes by a 3 and X2 changes by .
e adaveldping models based on simple engineering relationships restructuring

the associated statistical indices

o preprocessing the on-line data to provide exception calculations and
continuous on-line model updating

e using fuzzy Petri nets to interpret model indices as normal or abnormal

e using fuzzy Petri nets to combine multiple model outputs into a single

continuous summary indication of normality / abnormality for a process area

e design of operator interactions with the models and fuzzy Petri nets to

reflect operations and maintenance activities

[0084] These extensions are necessary to handle the characteristics of
continuous refining and chemical plant operations and the corresponding data

characteristics so that PCA and simple engineering models can be used



set of relationships is expressed as a PCA nodel with

a single principle conponent direction, P. This type
wohoosmdelsoi s presented to the operator in a MBRAEMUS2005/032447

simlar to the broad PCA nodels. As with the two

di mensi onal r edundancy checks the gray area shows the

area of normal operations.-2#ke princi pl e conponent

| oadings of P are directly calculated fromthe

engi neering equations, not _in the trégltlonal manner
eff&m‘tlvdbt eFhesel axgemsionoprovkie e ndyanigse of g7 watpgmany of the

I 0094], The, ch
Bobwi [areLepRebafigRigaioat PGB st oce”®
reI ationshi ps accurate over the normal range of

[oogﬁg Ceq%i QP& WilPn oR}Rie@%xﬂerﬂ shek@rbiien PChar@asthat,

mai nt enance activities anpl es of exception
rea@BRsAbulNEfar © a stapdaidrgxtbbobypets as Falaaksonisddnts¢nolmuide
meters conpensating for_ upstreanf downstream pressure
to IéhaageéCorremenbAaﬂg’éﬁ &)-fiel d neasurenents
redirecting process flows based on operating nodes

oM S SRS G D By
asshﬁ@uﬁ%ﬁg GR%T \?Hi%h%@ R/ldl’alteﬁ 18 s6RRLdpYEs By SheTdmapenerated from

cation e nornmal ity of the process operations

noriMl ontihBoeordfirohg Gfid ghemict) pldnd @o6iesmaperasions:
statistical indi ces are created from each PCA nodel so

1. LHRE &&geyggggtaﬁ [ 1§ RRAH ahd VatRneeatd scusintaiventithe.

hi"er ocess equip nent that the process

hand| h
> SRSl BP0
%Xéag?«%ét i6h€ati ng subset indices, which only

contribution to the SPE index for the
3. Ecbqteéf Boi5p padam Bl 3a: BRhAY RRlpRAime ) | "Each
41 Er%é&%éé%@%%%%%‘&?e%ﬁéq“ﬁﬁws el gefeneants -6
ggs (‘:’gléglg’ﬂ';\g%f@ﬂ Sontl nuously indicates the range from

val ue of zero) to abnormal operation
(val ue of

5. " The data are scaled "appropriately” (the standard statistical approach being

to scale to unit variance).

6. There are no (uncompensated) process dynamics (a standard partial

compensation for this being the inclusion of lag variables in the model)
7.  All variables have some degree of cross correlation.
8. The data have a multivariate normal distribution
[0087] Consequently, in the selection, analysis and transformation of inputs

and the subsequent in building the PCA model, various adjustments are made to

evaluate and compensate for the degree of violation.

[0088] Once these PCA models are deployed on-line the model calculations

require specific exception processing to remove the effect of known operation



one).[0097] Each redundancy check is also converted to
a conti nuous normal - abnormal indication using fuzzy
woevm/03Tisere are two di fferent indices used foPCTISS®S/032447
nodel s to indicate abnormality; deviation fromthe
nodel and devi ation outside the operating range (shown
on Figure 3). These deviathens are equivalent to the
sum of the square of the error and the Hotelling T
square indices for PCA nodels. For checks with
anddh BRI 00 46€vites, tolhsatlabaildd or bagassing|' énpuss, toewlov the
whi ch input has a problem In Figure 3, sinc th%
ope¥@oXabsavatndnskigwledgs the progiegaiion phan syppiiirough the

envel ope, the proplemis with i.nput Xl . C ihatll on
proneis Ao IB AN Do loye ecalguiafOne Phoe RTORES S

zero to one scale that will continuously indicate the
Te“FHﬁ@EOP?%H%nor mal operation (value of zero) to

abnormal operation (value of one). [0098] For each

[00BOPC e SReRITFC ARAGdels hiesuppldinentest byf sitipée opkmaaney chdvks

applicable set of normal - abnormal indicators is .
thacamfiiasedion knowea engiggesingoietationshimsiBriaust briitgdyFing
This is done_by using fuzzy Petri l.0ogic.to.
o operaiees: AGFELERLIE O SERRG ArehetR B SiriRy TElwi e
way t he, opera S We: | the
megTEERER PhpC AR s dacril o CheBRCHRE balineBl | 110,
provi de a general background to fuzzy Petri nets. For

[0000Rt , THRAGK@IPpFess hah of refradahey Casckosie sienplal2x2rhegls, .g.
Petri Nets: An Overview (1) [0099] The overall process

for devel opi an.ah vent application is shown
in Fi f_ﬁfPBe%H}%t%e_tgg; %rageveﬁeopnent strategy is

I i\ 16516 e RSB RIRREVS | AVAISeVH pdsilonpugh
nodel ,” then successively inproves that nodel's

capabiphitbdalAsRAnfpResy Miing -hmatoskdl flavh eutrofiprocess unit 1
represents the actual process operations during both

normal operations and abnornmal operati og)z(.) The rmgtﬁl S
[0091% t Fhese ext shoov teetheonerater A& PRI Fa¥ dUOENSY e valve

lomealotin Bisore 2. B BaRAIE BcehahaprpaCoRAaaRTby i s
plog ‘ég I&@% lg};a%f\?\fri{a%.n éﬂ)g:g% ot Sutdife (RisQA¥é£I8rel di8n 416899 hBnormal.

I nuous status (nornal vs.

)

[0092] Multiple redundancy can also be checked through a single

multidimensional model. Examples of multidimensional redundancy are:

e pressure 1 = pressure 2 = .... = pressure n
e material flow into process unit 1 = material flow out of process

unit 1 = ... = material flow into process unit 2

[0093] Multidimensional checks are represented with "PCA like" models. In
Figure 3, there are three independent and redundant measures, X1, X2, and X3.
Whenever X3 changes by one, X1 changes by 2;3 and X2 changes by azs. This
set of relationships is expressed as a PCA model with a single principle
component direction, P. This type of model is presented to the operator in a

manner similar to the broad PCA models. As with the two dimensional



abnormal ) of process operations for all of the process

units under his operating authority provide himwth
wanowasiipo det ecti on of a rapidly devel opi ng ( nMPOQUAUSS005/032447

hours) abnormal event within his operating authority

provide himw th only the key process information

needed to di agnose the rootscause of the abnornal

event. [00101] Actual root cause diagnosis is outside

the scope of this invention. The consol e operator is
redengantyahetks theagap sien thvovpihecess opnoBnamisaaiiensont M s

_process know edge and. trainin 010 Vi a _broad
priggiplecsompanspblaasings ik ar dl[f%cg[bhéaqek%‘éﬁ]é% *Flgght@gé@&“‘cﬁmng
ahnor nmal .oper at i-on ni ' . 10
e Tt S PO Mahfin i ptintalp RS EHE Hirkion of
greﬁﬁ:gwﬁﬁlﬂliffe. the system Since specific abnornal
events occur infrequently, abnormal operations
moni toring of a small portion of the process woul d be
[00941 r e Jlerdhayactesrestich pf the pugpesaoperatiph keqwire eXeEPHENt he
operator to disregard the systemwhen it fi{1all

opefatiens © kaspdherseiationships acywiale gYeiAie 1058 Fang®, pf process
1t t,to t . blish i i S
opeiBottid aSm ety Bt ich: TRARR PPl defivides,
oder™ eeti g t D e
B O B e F s B ands of process
measureﬁeaggrgpﬁgﬁoﬁgﬁgaggevm%mnwd@ meteer a single

consol e op perating authority. Continuous

refining ReRine¥or Rpegeas LT vaishicahd presgite fchaagds
tinme dyna?n&glggamn‘ggaﬁohege rreasurerrents,pv\hi ch breg:f(
t he cr ossr&Rlibaltiin sifieldangasubrementsa. This requires
di viding the process equi pment into separate PCA
nodel s whesdirdctiag prossss dhowebaseidom oparatieg madesai ned.
[ 00104] Conceptual nodel design is conposed of four
maj or deci sions:5 035447 - 29 - Subdivi di nﬂ tkhe

[00983 o ShedefSAgesiels ARf she GaeReripe Srasiangy fHecks are

combined using fuzzy Petri nets to provide the process operator with a
continuous summary indication of the normality of the process operations under

his control (Figure 4).

[0096] Multiple statistical indices are created from each PCA model so that
the indices correspond to the configuration and hierarchy of the process equip-
ment that the process operator handles. The sensitivity of the traditional sum of
Squared Prediction Error, SPE, index is improved by creating subset indices,
which only contain the contribution to the SPE index for the inputs which come
from designated portions of the complete process area covered by the PCA
model. Each statistical index from the PCA models is fed into a fuzzy Petri net
to convert the index into a zero to one scale, which continuously indicates the

range from normal operation (value of zero) to abnormal operation (value of

one).



correspondi ng PCA nodel s Subdivi di ng process

operating tinme periods into process operating nodes
woeosiosirsg di fferent PCA nodels Identifying WRCThS2005/032447

measurenents within an equi pment group should be

designated as inputs to each PCA nodel Identifying

whi ch neasurenents w thin-an-equi pnent group should

act as flags for suppressing known events or other

exception operations A Process Unit Cover_a%e %001051
[009Tk i Each s¢dundaney ehecksis adsoceaitiestog i @O ngRuaut RpTRH: -

sbn e FrbesgRBaBRu ATy B aHEh® St REEl s wsed o
' f d < s i . L.
e ) 88 s O SRR i

out§i88%hd 8pdthtif PR qsﬁéwntdiﬂ:fg@lw gar Yhede ddvéatR@hs aredel
shoul d enconpass all significant process interactions
equivedeitey thp stmexithasquatowishe emor and ithatosAling I gHusEess

indigee lacBa A Boteb o bF A kwih danpsivararegre MR Kb S5,
Equi . ' ' .udi

posiie P Ehufy S BbGn e 5 Biotnh, LIERAS, dhce BRX3-X2

rela”[ﬁ)‘ﬁl{ﬁig)% still WilginSREBoRAN] &méga rtRel problémtib evift rpes X1.
uses mul tivari abl e constraint controller, the

Eachodévigtidremeanutelis vonverteddhy thet fugzy detri netingta zero to one

I nteraction points anpong the process uni Ls. Qﬁhervvilse ;
scalethat wilk ceptinumslisicats theerangereminogmaf PgigHog { value o

ngi neeri ng anal.ysi.s .of the process. [00108] P
Zer@r%’uag?o ﬂpaerabx&(mlggaffé){le. poi nt V\,Lere t]her[eoicgsg

m nimal interaction between the process equi prment

[ootgﬁPu P¥For ERéh PRiTbsOkh andefling Aitherigodithe apetttor, then

e only interaction cones through a s_i;g[ e pipe
applicabki set Dfnoteali-eduiormat helicaters i eamhined it 8 singlemormal -
this case the tenperature,  pr ssurfg, 1 aw, ag]g ¢
abnesmebiidicaser. o his e dpae BY Aising Hzy Foi 1921 ip SEERL e Bars
t he..downst r eam equli t _gr : [
casp {6 OLBRRL AL oRRRonT RSBy IFotiay 458 o High Revel
1 SRR IRGKE RABRA (8 Brivesd BRACTRIS s¥tiyn iwilll natpeevide
Sun&nlggrxggérents shoul d be ingilzal}ded in both the upstream
a gé@ntal background to fuzzy Petri nets. For that, readers should refer to

Cardoso, et al, Fuzzy Petri Nets: An Overview (1)

[0099] The overall process for developing an abnormal event application is
shown in Figure 5. The basic development strategy is iterative where the
developer starts with a rough model, then successively improves that model’s
capability based on observing how well the model represents the actual process
operations during both normal operations and abnormal operations. The models

are then restructured and retrained based on these observations.

Developing PCA models for Abnormal Event Detection
I.  Conceptual PCA Model Design

[00100] The overall design goals are to:



downst ream equi pnent group PCA nodels. [00109] I nclude

the influence of the process control applications
woebosarsupst ream and downst r eam equi pnent gr oRrOE/USTI06/032447

process control applications provide additiona

i nfl uence pat hs between upstream and downstream

equi pnment groups. Both feedg§orward and feedback paths

can exi st. Wiere such paths exi st the neasurenents

whi ch drive these paths need to be included in both

equi PRt @ adPthe cdhsbieiperatbr With Prosesousctns (normal vs.
applications will indicate the najor interactions

anong t healmraroed)sofupriocsss qaoarie]s for il thgpresashimits under
groups wherever there are significant tine dynamcs (
e.g. storbi§OneEHIRE aUBAFHI pel i nes etc.). The PCA

{ose. i provode Jim o0 s LY Felecln it A7RBSTY deHOaroE
wpcks To RHANES @ IO BRER! PRy uRBS o BB hutority
oot DI BRGNS Ko s s SRS RSN
got thei r dBEpats fha: SPRERTAR: B ARRRRC 0 R, °

process neasurenents (see the di scussion of dynamc

[00&91‘? ensgtth fNYoot BaudRr digesssisanatide ghdbetgse ¢f0Bislihlention.

rocess operating nodes are defined as specific tine _.
Theesrisottsopdratce it kepented tsdiagabsiy it piosess prablemdased on his
di fferent. Exanples of these are production of
progessfknoariedgg avd §aBngr oduct (e.g. pol ymer production),
significant process transitions (e.g. startups,

do i ' i8 B8 @ Rferall success of
(00312 e 0P SHPPEPIEY AL prpRagE) 08 Horell success
ab At Bperafibli Shoibstingt Reneiopegdtef ionfeap deusyisicon pnd gnain-
Ifferent configurations of the process equi pnent
tair( Wisfskiliso e needs tofegplastyrse thaisysienynfingg)sppoidiciahpormal
Where these signifjcant operating nodes exist. i |
VeI I ARREAUSE APBOTPRSA SRS PP g Oof § sl pdrion of
devel oped QL. : i i el d BNEth
R R A b S S
opdrBRdt 16 diResdrlithe Ffsterimuiién R ditladlycdutects anmbharmal event. This
oper ati ng nhodes. This assunption nust o )
broad scope is in contrast to the published modeling goal which is to design the
model based on detecting a specific process problem of significant economic

interest (see Kourti, 2004).

[00103]  There are thousands of process measurements within the process
units under a single console operator’s operating authority. Continuous refining
and chemical processes exhibit significant time dynamics among these
measurements, which break the cross correlation among the data. This requires

dividing the process equipment into separate PCA models where the cross

correlation can be maintained.

[00104] Conceptual mode] design is composed of four major decisions:



be tested by running new data from each operating node

through the nodel to see if it behaves correctly. C
weoli2etemBisal Process Probl enms [00113] I n order PoOT/UShmds®©32447

to be organi zational interest in devel oping an

abnormal event detection system there should be an

hi stori cal process probl empyef significant econom c

i npact. However, these significant problens nust be

anal yzed to identify the best approach for attacilililng

tge i 'IF%% fdcBardquepthait intdequipueind geoupshatih d

mgkzﬁ% elQ#a(IIJ OV\e/iI?]g cheﬁsmgefore t?y?ng to build an

abnagorpdspeuéite RIéAanbdes application: 1. Can the

probl em ge permanently fixed? Often a problem exists

bgcagisisdisidife pesceen bperatiag¢imepetiads B Predash OPETARBEL o

i nvestigate and permanently solve the problem Once

t he mbdentréquring diffiercot Bed madebn is focused on the

problem a permanent solution is often found. Thi% ils

t ke hRsitif@pgrwkich mesufanenthavifio BNaGUEMENT FOUPPIou d be

measured? A nore reliable way tqQ detect a problemis

t 0 i detighdted @p sRPFUS iQ}ﬁQChc%gAdlinPa@:]t |y ‘measure the

problemin the process. This can al so be used to \h 1d act

preev Rientif i gpwhichareashirameis avighis GAIURIRERbgroup should ac

application. This is the second best, appr.oa¢ -
an i ¥ HeshforupREsSIEdRATD BECHR OEP é&%%??ﬁgﬂ’ &ﬁ?rf‘gaﬂs
measure the approach to the abnormal operation?

I pferentia enments are usual ly devel oped using
A. F‘f‘ieﬁ‘funéég?s%z &res, PLS, nodels which are very

o7, ST RSP g o
coﬁ%ﬂé Pg %%lé P& 6@ NEHE 8pedifit praceds unite dmclnded easplings an

the data exists which can be used

undebtaaling ofeths precdsh éntagratioadintesagtinn. p‘smwp&ﬁ% desigpefa
b e or R S G g
endgnis Al BRI SRORerT AT ool SR AR bhg abpaSeam
ind%#ﬂt{)o?lg &? mogég,ﬁgﬂﬁﬁges d0diddkbBaleb. di rect neasurements

Itions and i nferenti al

[00106] The following rules are used to determined these equipment groups:

[001071  Equipment groups are defined by including all the major material
and energy integrations and quick recycles in the same equipment group. If the
process uses a multivariable constraint controller, the controller model will
explicitly identify the interaction points among the process units. Otherwise the

interactions need to be identified through an engineering analysis of the process.

[00108]  Process groups should be divided at a point where there is a
minimal interaction between the process equipment groups. The most obvious
dividing point occurs when the only interaction comes through a single pipe
containing the feed to the next downstream unit. In this case the temperature,
pressure, flow, and composition of the feed are the primary influences on thg

downstream equipment group and the pressure in the immediate downstream



measurenents of these conditions can be easily

integrated into the overall network of abnornal
wdebeaBisn nodels. 1. Input Data and Operati ngCRaISY®5/032447

Sel ection [00115] Wthin an equi prent group, there

wi Il be thousands of process neasurenents. For the

prelimnary design: Selecggall cascade secondary

controll er nmeasurenents, and especially ultimate

secondary outputs (signals to field control valves) on
unif 8 Qﬁ@})ﬁﬁi&? infhedRetork@y upsasanemiymensgoupy Tiese primary
~console operator to nmoni tor the process (e.g. those .
influbicermepneaments shosldpe neludeg indashile uRyireagepedt any

nmeasur enents used by_the cqntact engineer to neasure
dOWWeB@@FWlEﬁWBEgWPt}#e‘AdP a%és Sel ect any upstream

nealsy{errent of feedrate, feed tenperature or feed

[ . t dowRsiL | bé

(00T Yol T LRRALE BLPR pF Ry LML LBRITLEROAR) permen

upsBeBRSMEGownIBL A legRipnicur igediyyd dile preesssroaminod applications
nmeasurenents that are inportant Select npeasurenents

proviataddityorisé imecte tathchetwigen ppswerm|andglawnstream equipment
transformations. = Sel.ec t l .
sroumes B Bt i saeeee AT P B Rl s B
ot her neasur n ' t
the RSB P Ean oy e S Bl RO SRS nEren 2 bR 2y fprent
groﬁgg ”Ahﬂy%is! dfSthe Hboksh Reht#EEapPIRtHOAS WA indkhehthbangjor
the foll'ow ng characteristics: The nmeasurenment does

inter@dtions \eenenghibetproyessfuretsr at i ¢ or probl em perfornance
The neasurenent has a satisfactory signal to noise

OORERLr R s P AR M R
dynZz%g{'E% %%ﬂ gtfo%ggpc{n%s,t 0B phPehids &b§ THEPCAIOAB]S HikBtiLy
handle quick process changes (e.g. those which occur over a period of minutes to
hours). Influences, which take several hours, days or even weeks to have their
effect on the process, are not suitable for PCA models. Where these influences
are important to the normal data patterns, measurements of these effects need to
be dynamically compensated to get their effect time synchronized with the other

process measurements (see the discussion of dynamic compensation).

B. Process Operating Modes

[00111]  Process operating modes are defined as specific time periods where
the process behavior is significantly different. Examples of these are production
of different grades of product (e.g. polymer production), significant process
transitions (e.g. startups, shutdowns, feedstock switches), processing of
dramatically different feedstock (e.g. cracking naphtha rather than ethane in
olefins production), or different configurations of the process equipment

(different sets of process units running).



The neasurenent is not tightly controlled to a fixed

setpoint, which rarely changes (the ultimate primry
woho@/csonibr ol hi erarchy). The nmeasurenent doeBCT@S2005/032447

have | ong stretches of "Bad Val ue" operation or

saturated against transmtter limts. The neasurenent

does not go across a range=qf. values, which is known

to be highly non-linear The measurenment is not a

redundant cal cul ation fromthe raw neasurenents The
[00312hal sWherefthedecsignifitcant opahting nasdesrexistsdtisilikelydhbor

nore_than 10% of the tinme A _Evaluations for Sel ecting

seprsde PO/ piadsly Wi negd trmbe devalepediipraagh maaipg gperating mode.
ok SighiocianeRiEiersheRDale Elbisher WA RRAE
spedftit PEASFOAEE IR RbY A simtlar & @fﬁing‘x%?&@;. SehikestuhPfion must

signal to noise ratio is a neasur the i nformation
be et runnitgeew daty fretrgeah. operatisg givale throupdi the maddlao
is calculated as follows: 1. The raw signal is
seefif itthehavesuirregtiah exponential filter with an
approxi mate dynami c tinme constant equivalent to that
c © .the pr Cess; rForeconti nuousr ef i ni ng and cheni cal
: nstant is usually in the range
f .30 m s.to . O.her | ass.filters, can

2 h
m"i@hdﬂ%&éﬁ therg .tg yﬁi’%@éﬁéﬁ%‘?ﬁ% gpt%?qsr tréfierﬁepmg an

' ‘. = P * Yn- 1+ * - i
sbupHEL R Bl Eind Bufiatn. et shobiEd pn B R RS Problem
of SO cconbAt Ahpast, BHiAlviedthdsdighFical P pidifieod it be

fTltered value Yn-1 the previous frltered value Xn the
anatyreddatiderdify th¢ best approach for attacking these problems. In
particular, the developer should make the following checks before trying to build

an abnormal event detection application:

1. Can the problem be permanently fixed? Often a problem exists because
site personnel have not had sufficient time to investigate and permanently
solve the problem. Once the attention of the organization is focused on the

problem, a permanent solution is often found. This is the best approach.

2. Can the problem be directly measured? A more reliable way to detect a
problem is to install sensors that can directly measure the problem in the
process. This can also be used to prevent the problem through a process

control application. This is the second best approach.

3. Can an inferential measurement be developed which will measure the
approach to the abnormal operation? Inferential measurements are usually
developed using partial least squares, PLS, models which are very close
relatives to PCA abnormal event models. Other common alternatives for
developing inferential measurements include Neural Nets and linear
regression models. If the data exists which can be used to reliably measure

the approach to the problem condition (e.g. tower flooding using delta



P the exponential filter constant Ts the sanple tine

of the nmeasurenent Tf the filter time constant 2. A
woesisthagdso si gnal is created by subtracting thepEriusernsds2447

signal fromthe raw signal Rn = Xn - Yn Equation 3 3.

The signal to noise ratio is the ratio of the standard

-deviation of the filteredssignal divided by the

standard deviation of the residual signal s / N=s g /

s R Equation 4 [00118] It is preferable to have all

| pRedsEreX Hiibtin thel/td wdeidab rcs ogtyedétect whamthe condition exists

predeterm ned mnimum such as 4. Those inputs with

S/t blsesastthabasehfor agaritral mppbeatiomigi prieyeall thecanlitian gam

to determ ne whether they should be included in the

mOEWIT D 1 hiap 157 @gﬁpﬂ@éﬁhto cal culate the S/N

shoul d exclude any | ong periods of steady-state

[ooggﬂ gt i?&?%%z{é@?gfe%ﬂreﬂén‘ts 8@@@%}%& eofidf i')dﬁga%df iAferbM$al

{
conte e excessl y large.?2 0SS

me4Riéabatsi o thdRdondARYan e 3199 atepodted iatoi the overadl
nmeasure of the information redundancy the input data

netwetk offilenarnud detestioamedals bet ween any two signals is
calculated as: 1. Calculate the co-vari ance, Sik,

between_each input pair, I a k.Sik = N S (X *X -
1I. (sfﬂ@ytpa(@axhﬁz%qg%p'gﬁa@q\ﬁ%ﬁmﬁg_ cal cul gate tﬁ)e

[00FRAT CoJHi R Gbeq BBRIeTL £5 i, (it e DB CoRTOGESE
T ] ' t , which fl t hat
medghhcns HOMEPRIIRaR B SNons: B0 Tl Tohe

first circunstance occurs en there is no (fi ni f i cant

o cpleenall sasRadretanoBraty GRITEGHSE MATASIFRIREN BRN] FRPCF of
R e b S R BORopu PG 6BL5h i

e Select key measurements used by the console operator to monitor the
process (e.g. those which appear on his operating schematics)

e Select any measurements used by the contact engineer to measure the
performance of the process | |

e Select any upstream measurement of feedrate, feed temperature or feed
quality

e Select measurements of downstream conditions which affect the process
operating area, particularly pressures.

o Select extra redundant measurements for measurements that are important

e Select measurements that may be needed to calculate non-linear
transformations.

e Select any external measurement of a disturbance (e.g. ambient temperature)

e Select any other measurements, which the process experts regard as

important measures of the process condition



significant correlation coefficient, such as 0. 4.
[00122] The second circunstance occurs when the sane
wOonpsto3izsb or mat i on has been (accidental ly) i nchauas2005/032447
twi ce, often through sonme cal cul ati on, which has a
different identifier. Any input pairs that exhibit
correlation coefficients ngar one (for exanple above
0.95) need individual exam nation to determ ne whet her
both inputs should be included in the nodel. If the
[001h§ut s Fapm thityHstamlly yndlndepeasersmentt whagi bavd the following
redundant (i.e., two independent thernocouples are
charasispdirdent | y neasuring the sane process tenperature)
then both these inputs should be included in the
o NpEeneab@@E3k dbés horhdvephistoay efteratisfarrprablenm pedbrmance
each other (i.e., tenperature and pressure conpensated

o UERPRIALMeRent R8s REAGHERSE sighal ® hoigk ¥ateo t he

measur enent that the operator is fanmliar with, unless

& ﬁleia§m%n§én?ﬁ‘§t %}foﬁ?—%fr&aité@me&héf fARasaehRngd in0fe ﬁlé‘ta set

t
between one o ese neasurenents and the rest of t

taset. Then. .t 0 ' [ : :
» CORFERGvs R Ko RReToh Bord FAF L0 SPthe time during
ligp8radfiddr ated Variables [00124] Refining and
chem cal" processes often run agai nst hard and soft
% 1
+ VERE BB EE R s b e ROl O KR8 SEpBTt WHRT: rarcly
| i HSTRRE difidAsbiiary bf geoardl hievarchyyes, anal yzer
ranges, maxi mum and m ni nrum control val ve positions, :
o 2k R GRAEShoPRAe 168] st tchiel Ut BallW4lae" bpautien or
can tall into several categories with regard to
sqinavagsd Hraindtiteansnyer limitspeci al handl i ng when
pre-processing the inputs, both for nodel building and
o [Phe hitas@@ndnteoss foofo hireseananigd of valads, Vehichds kBown to
[00125] For standard anal og instrunments (e.g., 4-20
nbd highfpnehduteavni ¢ transnitters), bad val ues can
occur because of two separate reasons: The actual
e Prhe asmsu@nbnt ionot sreundautecaltrdation deom the raw measgrements
transmtter The connection with the field has been
o bTRKERMals to field control valves are not saturated for more than 10% of the

time

A.  Evaluations for Selecting Model Inputs

[00117]  There are two statistical criteria for prioritizing potential inputs into
the PCA Abnormal Detection Model, Signal to Noise Ratio and Cross-

Correlation.

1) Signal to Noise Test

The signal to noise ratio is a measure of the information content in

the input signal.

The signal to noise ratio is calculated as follows:

1. The raw signal is filtered using an exponential filter with an approximate

dynamic time constant equivalent to that of the process. For continuous



[00126] When either of these conditions occur, the
process control system could be configured on an
wondicsdisal nmeasurenment basis to either assi gnrPar/us2005/032447
special code to the value for that nmeasurenment to
i ndicate that the neasurenent is a Bad Value, or to
mai ntain the | ast good val_gg_of t he nmeasurenent. These
values will then propagate throughout any cal cul ati ons
performed on the process control system Wen the
"reAfn0ARHCHahi¢al pritksses thigsinke esnaant ik gisneldly i thesrangmof
| ead to erroneous cal culations that are difficult to
) mdnutan tb 2sholos eOthey pow glaby filthesncanhee ugshasaelie For the
code is _propagated through the system all
cxponeriialdhlieniRe AU Con t he bad neasurenment wil |
be flagged bad as well. [00127] Regardl ess of tﬁa tion 1
oY ,i-oR *c¥Rfi+uPed Xn tHrpopentigsiltengequagionsyst em Phose
time periods, which include Bad Val ues should not be
included in trainingor _test data sets. The devel oper,
ndeds BxpGilaém i fy whi dfiltepeonstam £aladaio onf i guEgnatign 2
the process control system and then configure data
filters for excluding sanples, which are Bad Val ues.
Fovhereie on-1ine i npl ement ati on, inputs nust be

pre-pr écr\e/sseg[gg%}lggggir%ﬁggg i ues are fl agged as

m ssi n al u whi ch option had been

sel ect od on tfg pPEAGRSHIERA Vadhe System [00128] Those
I nputs, which are normally Bad Val ue for extensive

time péfj ods thhcutm@nbmvexaliaded from t he nodel .
Constrai ned Variables [00129] Constrai ned vari abl es
are on&s whertbeerpongdE fidiseON3tankt some linit, and

this surengnt natche ess condition
(as ogglgsed th e\Rﬂ‘é’nPie Bﬂ% %gpggéef%glsnegé%gul ted to the
mexi murp.or - m @i R o8 Eodtadthe transmitter range -
covered'in the Bad Val ue section). This process
situation can occur for several reasons:  Portions of
2. tAecgidoglesgnalris createdhby yubtrectingtbe §iltarpd signabfrogpiieiraw
override conditions, for exanple pressure relief flow
t9g8de flare system Tine periods where these override

cqpdi tio are active should be excluded fromt :
tﬁgﬁ'_nxﬁ‘gnghd val i dati on data set by setting up ggtugtmnli
filters. For the on-line

3. The signal to noise ratio is the ratio of the standard deviation of the filtered

signal divided by the standard deviation of the residual signal
S/N=Oy/ Ox Equation 4
[00118] It is preferable to have all inputs exhibit a S/N which is greater than
a predetermined minimum, such as 4. Those inputs with S/N less than this
minimum need individual examination to determine whether they should be

included in the model

[00119] The data set used to calculate the S/N should exclude any long
periods of steady-state operation since that will cause the estimate for the noise

content to be excessively large.



I mpl ementation these override events are trigger
events for automatic suppression of sel ected nodel
weneieiistises The process control systemis desPgmnas206/032447
drive the process agai nst process operating limts,
for exanple product spec limts. These constraints
typically fall into two caBgegories: - those, which are
occasionally saturated and those, which are normally
saturated. Those inputs, which are normally saturated,
shoul d_be excl yded fromthe nodel. Those inputs, which
2) AeEOSSAIQITHEEQEISSE| |y saturated (for exanple |ess than
10% of the tinme) can be included in the nodel however,
[0012@} s Hdhel dokecarelhtion ins swaswret ¢fche illﬁ@f@@ﬂp@d@dmcy the
they are not saturated.B. Inputfrom Process. Cont 0l )
inpuidite set i Hrrscoss coBplating b&mg%% any. bye F{ﬂnaisp‘& ‘iag%{l?%ﬂ?&
have a very significant effect on the correlation
SEI 0 0&eS . ; \Grliahd k The
Y R e e e e r s M
reduceds so Nphat (reyeyept X0 #dexXgpnt rol I ed vari Hojuation S
is pri mari| y Nol Sﬁ*@plgpt for those brief tinme periods
when the process 'haS beéen hit wth a significant
process di sturbance or the operator has intentionally
2. NOYRUI4E theopREEhiion cpeffitiernfor basigpaig ok eypuse from thesco-
The normal variation in the controlled variables is
t vanfcer red by the control systemto the mani pul at ed
vari abl e ltinptely the signals sent to the c
va(I:G&fiik/é#iékgﬁ eld). [00131] The normal operati & (())fn6
refinery and chem cal processes are usually controlled
[003?1 o 'ﬂ?é‘ré SFERbo E#PESRsRhcEQRiNiBh fRiprthat A Bfut sheuld not be
classi cal control cascades (shown in Figure 6) and the
incli¥led ih e6€ftodelll The firstadiccutstanceadoriirs wilien shereris noMVCC

h in Fi 7). 1) Sel ect.i del i f
sigeifivaatieoselation beEAdTOO PERCUER OPE: GGG Pt g U data
! . trol | ' ' i
setc ERREALBI-ORot Pt i & AR dnksrthout il 8 dea Sot it a
sigﬁffﬁ:%ﬁf’é&?elation coefficient, such as 0.4.

[00122]  The second circumstance occurs when the same input information
has been (accidentally) included twice, often through some calculation, which
has a different identifier. Any input pairs that exhibit correlation coefficients
near one (for example above 0.95) need individual examination to determine
whether both inputs should be included in the model. If the inputs are physically
independent but logically redundant (i.e., two independent thermocouples are
independently measuring the same process temperature) then both these inputs

should be included in the model.

[00123]  If two inputs are transformations of each other (i.e., temperature and
pressure compensated temperature) the preference is to include the measurement

that the operator is familiar with, unless there is a significantly improved cross



Al t hough there are many potential nodel inputs from
such an application, the only ones that are candi dates
woaoostodersmodel are the raw process measur ement BCTUS2005/032447
"PVs" in this figure ) and the final output to the
field valve. [00133] Although it is a very inportant
measurenment, the PV of thesyltimate primary of the
cascade control structure is a poor candidate for
inclusion in the nodel. This neasurenent usually has
coreiityord hetweer ofiB e TEeke hbiiRembAs@Ridabe Fést of dhe Hi@set. Then
control structure is to keep this neasurenent at the
the 96t patinthe hipkerecroscdreclativr showldibe inhkidey. of t he
ultimate primary if its setpoint is changed but this
uspal.l.y i | frug,} h B\legatterns from

o EEEI G Bndel % will usually not have
(008 4L 1,5 K 358 e

n the training. dataset .fonr t I
Smight priele e i S finekd Snd PR
e diffi o i N ¢ .
conplfi{exhlifid dpahRafaVRELCH B VRRISTHS: MEVHSAS inputs.
CoRbldiPéohstrafifdaiteh enstpgh@ttaranyakiasr highansdbporanigestanalyzer
it is likely to cause a significant increase in the
rangmﬂrmmﬁxismuaamﬂnﬁnmlilmtdqmmg vabie, pSHENS;, ARG pregess gentrol
nodel . Consequently, an ange in the setpoint of the
appicER s OB Ty TRRt Cab feh ap et GRrEpaR withRepi o
event suppr .Qn’. ... .
sanf PR 2P fEREe PPssial BRARILEY e RO Rr SR EinE 1R UR5uR Yot
for SRR B83ERR anld¥Bk thebh linkUiserartthes! hwdglenove its
effect fromthe SPE cal cul ati on. [00135] Should the
devel oper include the PV of the ultimate primary into
Bad Naluesdel , t his neasurenment shoul d be scal ed based on
13 those brief tinme periods during which the operator has
changed the setpoint and until the process has_ noved
[00825ke tHorstaadoed analeg insiruTaents é¢-goidnt0 mribiareR ghgstronic
w t.hin_95% of the new set poi nt change thus if the
transglifeTsih bAdnE a8 9GYh, fgaqsg oﬁtwcw%gﬁr PRLCBON eaches
10.95) [00136] There may al so be nmeasurenents that are
o VEhgacthalprgtesscondigicn shoytside thx amgesfghe dicld transimitteys
correlation coefficient) with the PV of the Utimte
e Prheraennection wifnthe ldelddms heshbreld nocoupl es | ocat ed

near a tenperature
[00126] When ecither of these conditions occur, the process control system

could be configured on an individual measurement basis to either assign a
special code to the value for that measurement to indicate that the measurement
is a Bad Value, or to maintain the last good value of the measurement. These
values will then propagate throughout any calculations performed on the process
control system. When the "last good value" option has been configured, this can
lead to ‘erroneous calculations that are difficult to detect and exclude. Typically
when the "Bad Value" code is propagated.through the system, all calculations

which depend on the bad measurement will be flagged bad as well.

[00127] Regardless of the option configured on the process control system,

those time periods, which include Bad Values should not be included in training



measurenent used as a PV for an Utimate Primary.

These redundant neasure nents should be treated in the
wodenstoiscab nmanner that is chosen for the PV of PCAIS2005/032447

Utimate Primary. [00137] Cascade structures can have

setpoint limts on each secondary and can have out put

limts on the signal to thegyfield control valve. It is

i mportant to check the status of these potentially

constrai ned operations to see whether the neasurenent

or t8sishta séed Thietdevalopet peddst tohdsnﬂv@ewhin:;he)miomdlasrbwn
constrai nedmanner or whether the signal to_t h$ e{t
configuved haﬂnen:eeﬂes(sm@trphsy\sé@lm @alttéea ¢PRHgerdate filters Tor

exc 'lgtg[s%'p% d 3 er at og%wgg q%:ﬁ}? gn Sen;l]mpzlzamentauon

inpiH YA 381 i) Fal ARIARE val

ool s S A e

regéﬂl?éés“&%ﬁ@h opfiofhaldshedn \telet terDoindie prostssadomitol sybtene
for refining and chem cal processes. An MVCC uses a
dynam ¢ mat hemati cal nodel to predict how changes |

[00428] pulBhase inputs awhish arpmermally Bad Yalpg) tos efsts:@ﬁtvedﬁ@e
t poj nts uI a ntrol |oops) wll change
PeftQﬂﬁtSF‘B}lﬁi{/‘é?P’&gP@%‘f Ll"let‘%‘tfé?glglependent t enper at ur es,
pressures, conpositions and flows whi ch neasure the
CoRltPSE vahabg): An MVCC attenpts to push the process
—Up'efra%s—(fl;cn—zrg%rrnst operating limts. These limts can
be eith W. limts CvV limts and are deter
(003395 donraiad WratREs e WS e memvsmenﬁwet gilc
ro I t
iy 25585 ARGl Resft Rl M pliunEpRREE ol O (Rt HaRlsed o
wh&ﬂaeche L&ﬁhﬁrhe@fdemwd @ thBah@ifesn o Iﬁhhﬁh{lﬁﬂhmﬂmﬁ nhean
has 12 Mvs, 30 CVs and 2 levels then the process
tramrﬂnttebearrgeercaivenbch@auhasBadlvaluerﬁelc‘Eon)AnmevﬁSISISﬂHFlB@n can
predict the effect of neasured | oad di sturbances on
Ocquﬁéofpif‘d@é%’:ée%ﬁ%sconpensate for these |oad disturbances
(known as feedforward variables, FF). [00139] Whet her

o OPoriois f the\pidéess ale\hormaélygnachwame@auadﬂmpemal override

inclusion in the PCA nodel depends aqn he per cenf
otonditiens, e ewn@lle m-:vssl%e ﬁ@leé |t<h§1ie e SYSETht Wge

lvlgqrzrrlll%%gere these overri Aﬁe Conditions Ozllrf': DefinEsKaNe be 2xBfifled from
the training and validation data set by setting up data filters. For the on-line
implementation these override events are trigger events for automatic

suppression of selected model statistics

e The process control system is designed to drive the process against process
operating limits, for example product spec limits. These constraints
typically fall into two categories: - those, which are occasionally saturated
and those, which are normally saturated. Those inputs, which are normally
saturated, should be excluded from the model. Those inputs, which are only
occasionally saturated (for example less than 10% of the time) can be
included in the model however, they should be scaled based on the time

periods when they are not saturated.



section, raw variables that are constrai ned nore than

10% of the tinme are poor candidates for inclusion in
woOhersRGAsaodel . Normal |y unconstrai ned vari abl eeTaiSewbd32447

be handl ed per the Constrained Variabl es section

di scussion. [00140] If an unconstrained M/ is a

setpoint to a regulatory cagtrol |oop, the setpoint

shoul d not be included, instead the neasurenent of

that regul atorycontrol |oop should be included. The
B. simgialfrdno Prbeesk iGrndrol dppéictitions t hat regul at ory control

| oop should al so be included. [00141] If an

(O30T 1 Gl el s it on e

corRaativg articiveasfithe ot ss (A0 48] pditieularocess cont r ol
syst em dat abases can have a significant redundancy

ng_t.h ' ' L i nt : .
« TTBRYah RNt od PR I fediffiaRid iRl o
U ARVEnRnE il doRkid 1188 afiaBles S 9&;@&1@,&@&@@%@ fis)those
| ocated in close physical proximty to each other
Whiibf tinfeherivde st the prpesssthas bhen bitheith ayspenifitant process
redundancy i s -"cal cul ati onal redundan‘g&/é{ where raw

sdistobence er Watoperaior bas Ijerdinmailyaroved HeRRETIERS ROILDY

(e.g. .pressure conpensated tenperatures or mass fl ows
c%@@cﬂlgg an%mﬁ& umetric flow measurenents). [00143]

As a general rule, both the raw neasurement and an
e | Thenownakvaniatiorainabe soadoiled warinbles e wansiered bydhe gpatrol

not be included i.n the . el . . The general preferenge
i Systeym, tﬁéh@lé@”ﬂ%‘“@ér"@ggﬂéf(ul%a thr il SetP tife
process er.at j s\10st famliar with., The exception
tBOQmﬁﬁsvaﬁﬁ?seﬁi[gé\ﬁ?gdr?'the raw i nputs nust be

mat hematically transfornmed in order to inprove the

[00231) €l arh®Roshilugieittomfoftieéingat and cherhival powbekses|ane
that case the transforned vari abl e shoul d be .i ncl uded

usuallytdemtradigd|bytiwo differentdypeswoheeritolatmetures:othrslpssical
contFa)sasqgader uAm Higges ) P b ke s I ARI80

n . {ch are physically
COI%%&%&@&’&%?%{)SO ng?@g& W@Hr%% nodel . Wen there
are a large
1) Selecting model inputs from cascade structures

[00132]  Figure 6 shows a typical "cascade" process control application,

which is a very common control structure for refining and chemical processes.
Although there are many potential model inputs from such an application, the
only ones that are candidates for the model are the raw process measurements

(the "PVs" in this figure ) and the final output to the field valve.

[00133]  Although it is a very important measurement, the PV of the ultimate
primary of the cascade control structure is a poor candidate for inclusion in the
model. This measurement usually has very limited movement since the objec-
tive of the control structure is to keep this measurement at the setpoint. There
can be movement in the PV of the ultimate primary if its setpoint is changed but

this usnally is infrequent. The data patterns from occasional primary setpoint



nunber of physically redundant neasurenments, these
nmeasurenents nust be specially scaled so as to prevent
woOhewBrBm over whel m ng the sel ection of princPprAS2005/032447
conponents (see the section on variable scaling). A
common processexanpl e occurs fromthe | arge nunber of
t hernocoupl es that are plaged in reactors to catch
react or runaways. [00145] Wien nmining a very |arge
dat abase, the devel oper can identify the redundant
movERASUT @fRMlyshdvhadeisuffidertrpesserdanhe taliing datdseufatthon
anong all of the candidate i nputs. Those neasurenent
modrdito shavacterizevbe dats pttes.osscorrel ati on (for exanpl e
above .95) should be individually exam ned to classify

[Oszgﬁﬁlg u F?:tqrcaﬁ% q? . tﬁl?s:@%ﬁ(glﬁﬁ{ fn%t}%g&%%ﬁﬂ%ﬁ?% S&Eé&%tgem resulting
b B 400 o 0 SRl e ckorir e
thisWeipgdint moksoieis Ekelgeotcaise @bignifictas indreaser imethe pnorefs s

operations. This data set should: [00147] Span the )
squaredatdiction zriongSPEnipdex DA the roslel \(RorsequpRity sy ghange in

the Refpeiht Okl RiGe griry 5 ALangBlie i RERer 4ot Aok AYETER!
s . c . _

suppiiSeich: Widpp P BE SREd o8P Eh A UAAR piimfded Stfoint, the

"kn?%ae%ht sid480n " Peiawel abloniaidaly reprvetiingffendesn the

I ncl udi ng 'seasonal node variations). Each operating
SPhHoaleulmtipnhave di fferent correlation structures. Unl ess
the patterns, which characterize the operating node,

are capgur by. t he nodel., .the u del e Eat |
(00%b8ics” Soni e oot o Feopy RS RS BOEH ) the

ele i : t .
mol e g ERlen? BROAL AR askl of RTLAR R beriods
durfRO®hicH the opesdteked ohanped thd frepeinsandnmsil thepproaessies

as normal operations. Consequently, when the nodel is
movat elose tofiereade 06 thennew seipetit (Epeexamplg Within o of the new

setngapAange e e pespotts SBSAE B t PR by B EPY
react:lpeg 1?).@5)

[00136] There may also be measurements that are very strongly correlated
(for example greater than .95 correlation coefficient) with the PV of the Ultimate
Primary, for example redundant thermocouples located near a temperature
measurement used as a PV for an Ultimate Primary. These redundant measure-
ments should be treated in the identical manner that is chosen for the PV of the

Ultimate Primary.

[00137] Cascade structures can have setpoint limits on each secondary and
can have output limits on the signal to the field control valve. It is important to
check the status of these potentially constrained operations to see whether the

measurement associated with a setpoint has been operated in a constrained



line system The online systemw || be providing spot
val ues at a frequency fastenough to detect the
weahowroseisoevent . For continuous refining and chemusaios/ 032447
operations this sanpling frequency will be around one
mnute. Wthin the limtations of the data historian,
the training data should bgyas equival ent to onem nute
spot val ues as possible. [00151] The strategy for data
collectionis to start with a | ong operating history
marfrés Uakinetid? thd8ighanaetelfidld Maletastteeh @onbmaingll, Dhien
try to renove those tine periods wth obvious or
durisgahesendondrainedraperaténnsrshenldBgotues wigdsuch a 1 ong time
period, the smaller abnormal events will not appear
vvitt,suff'cliegt. te 0 in training,d a. et .to

eratir ‘
g’gmme data. A Historical Data Collection

| ssues 1) Data Conpression [00152] Many historical
[00I38]abagpairt Feshdaista DPIRdled$iGD pracess nontrakappirativoy which
requi rements for the data. Unfortunately, this
is ayesccommanagondial stpeturh focisimning and shemicad Precessss. fike

i i sy B P e
PRI M5, CASOHE TRt trfy eliny

conRBB Rlops PwillRARELEOMPIURSiabReY WV s@ie Bepairiedt tommesatures,
they are the only data avail able, and then with the

presshoust esmpdsitianswsd dlpovsawhidhabeasure the pregess ghtedary MVCC
Hi story [00153] For the nodel to properly.represent .

attempis {upYelh (g M5RERSS OpETALION AZAIRS, OPPFALINE gt tesg imits can
need . hay .85 | - .

be GIEEMY T Br SSEPRIR YR o8 do1rhEnBP b AR bt

ThemiAberbiSlimitd #Aehe phsdest bpemtcitaatnse xilricennias to fHe s
is acconplished by using data fromover a | ong period

nunstferfpf dM¥sshe penmoilemis allewgd to maripulatntisys thernumber of
particular, the difference Se al_ o at i
malgspk balgnoes isRREOlled B IERIMEY GLcids Lo Ve JEEY s and 2 Tevels

thers HY rbbS@Wll be operated against 10 limits. An MVCC will also predict

the effect of measured load disturbances on the process and compensate for these

load disturbances (known as feedforward variables, FF).

[00139] Whether or not araw MV or CV is a good candidate for inclusion in
the PCA model depends on the percentage of time that MV or CV is held against
its operating limit by the MVCC. As discussed in the Constrained Variables
section, raw variables that are constrained more than 10% of the time are poor
candidates for inclusion in the PCA model. Normally unconstrained variables

should be handled per the Constrained Variables section discussion.

[00140]  If an unconstrained MYV is a setpoint to a regulatory control loop, the

setpoint should not be included, instead the measurement of that regulatory



with refinery and chem cal processes. [00154]

Sonetinmes these |long stretches of data are not yet
wavaicloabise (e.g. after a turnaround or other PCT/US2005/032447

significant reconfiguration of the process equipnent).

In these cases the nodel would start with a short

initial set of training datg (e.g. 6 weeks) then the

trai ning dataset is expanded as further data is

col l ected and the nodel updated nonthly until the
corftRslebsp giculdtbrldntivded. (egigideo Mncifibldoved e ifine itz

don't change with the addition of new data). 3)
regAtetoty amprdlileop shoad abe be {redid®] The vari ous

operating journals for this tinme period should al so be

lected. This wi.ll sed.to,desi t e;.operat.in .
oo} °p o Ppameagsiitined RV S 5rigpu R A RIE A BERET L e i
: t excl uded fromthe training

Shogig{ilggtéﬁﬁh?%fggﬁei@a glr', i nportant historical abnornal

events can be selected fromthese logs to act as test
C. cre@andon Mbsuresiehs. 4) Lack of Specific Measurenent

H story [00156] Often setpoints and controller outputs
[00342] NOtThY sigeeszeshiidl sybenplaabagseaadmveal dgnificant

hi storian. Hi storization of these values should
redumimttiyaambyg Hegcandidate hepws anto the PG mdsil eOne tg)e of

eratin

redgﬁe@f;ga xgg'pﬁfé&éé&%gﬁé&y&%p%?&t St g U F Sengns (such as
e IR IRETR3 oIS T dfal RIS, € %ah Shher QlhfLRR
prdEEQseéqc ehe gthel GthBetyprbfirkduld@y 3¢ 'alellatibhalredundancy”,

particul ar type of opération is no |longer being done,
whatd rasiagensdrsoare trhathenmgically oombinad ihtdsewerasiables (eagn

the training data set. [00158] _Operat.i | ogs shaul d .
preseuTg SOEREHSTIGE HeTPGTafFEs OF FRASH f@a\é%%atlwg‘gtqqﬁoﬁh metric
rati ng nodes. These different nodes may

f di fferent ogf
OV HECIYER S at enpdel s. Where the nodel is intended to
cover several operating nodes, the nunber of sanples

[00133] he A§ aigehsl daleabeth the anwanedsuogaeat ambambgeit which is
shoul d be approxi mately equival ent. )
calculated from that measurement should not be included in the model. The

general preference is to include the version of the measurement that the process
operator is most familiar with. The exception to this rule is when the raw inputs
must be mathematically transformed in order to improve the correlation structure
of the data for the model. In that case the transformed variable should be

included in the model but not the raw measurement.

[00144]  Physical redundancy is very important for providing cross validation
information in the model. As a general rule, raw measurements, which are
physically redundant should be included in the model. When there are a large
number of physically redundant measurements, these measurements must be
specially scaled so as to prevent them from overwhelming the selection of

principle components (see the section on variable scaling). A common process



6) Sanpling Rate [00159] The devel oper shoul d gat her

several nonths of process data using the site's
wonrewmassshi st ori an, preferably getting one m nBCEUSPW®E/032447

values. If this is not avail able, the highest

resolution data, with the | east anount of averagi ng

shoul d be used. 7) Infrequgpntly Sanpled Measurenents

[00160] Quality neasurenents (analyzers and | ab

sanpl es) have a much sl ower sanple frequency than

exalgl‘i&)ﬁ,eéccﬁf@ €T tHEEY RiBBESef thenfiboguplesthat ersphed in
nutes to daily. Tn order to include these

readiedsuoatthniescton raevagsdel a conti nuous esti mate of
these quality measurenents needs to be constructed.

i hows. t h i | cul at i i
rooLARl | £ Ve Pibins.» ety ot e Ay BlarPe Ry e
o i iSRRI Reh AL oI et mioTapong gl of
the ERsBHate8hpiddinots ngachRehdi pairdwidi atvieon high0dr6d-

Except for very obvious abnormalities, the quality of
corfelatioor (fonéxatapla abovdi93)i shoild be inthivishailyexariaed to classify

i ncl usi on of ahnormal operating data gan bias the
eachrpais|as erther BRysiealbyredungant oy qag?laéﬁa%éﬁf ? 'ué@a%‘f
historical data will conpensate to sone degree the

III.”%O}%a?g)ﬁémﬂcﬁHnabnor mal operating in the
t

raining data set. The nodel built from historical

t : : i : t
[oofcgég]gr dggé%ﬁﬁu%t EffobA (At AbYelBpricRE1iBs fi e@htilbatedd

suspicion as to Its quality. The initial
traihin@l daita Getgahaels kslooul th duntaiaplbmedesof hoamalprasess,
which contains high quality annotations of the process
opecasiaist Thisgdatakétohoskkur during the project life!
[00162] The nodel devel opnent strategy is to start

,th an initial "rough" . t f
100} EC, T SeaBihe o o iR Pahgy i IECOHRESHaA SpU parts
' ' ' {19 bf tletdel. U'Phd fadigBiofgheldita
Oftfslée%)ggﬁlngﬁgn%tgg‘?l&?%ggiddﬁltog ?ﬁ)ni tor the prgqess,
conguted & thenangadf deet datwidutingestepalystatedperatimsiak goodr a
tions, special operations, and gbnornmal operations.
indieation o€ thengualsy of the mfermationHbMed2l@55ér ati on or an
abnormal event is mssed by the nodel, the cause and

[00148]  Include all normal operating modes (including seasonal mode
variations). Each operating mode may have different correlation structures.
Unless the patterns, which characterize the operating mode, are captured by the

model, these unmodeled operating modes will appear as abnormal operations.

[00149]  Only include normal operating data: If strong abnormal operating
data is included in the training data, the model will mistakenly model these
abnormal operafions as normal operations. Consequently, when the model is
later compared to an abnormal operation, it may not detect the abnormality

operations.

[00150]  History should be as similar as possible to the data used in the on-

line system: The online system will be providing spot values at a frequency fast



duration of the event is annotated. In this way
feedback on the nodel's ability to nonitor the process
wopersaBiBn can be incorporated in the traini ngpdatwas2005/032447
This data is then used to inprove the nodel, which is
then used to continue to gather better quality
training data. This proce_s%D_ias repeated until the
nodel is satisfactory. |V ta &Process Anal ysis A
Initial Rough Data Anal ysis [00163] Using the
enox?ﬂ?#@&ét@& th@3Bnéeal At BT ohifushPLTRAnK aid chemical
performance indicators, the historical data is divided
opetakibas gk isadpling tfregusney vall heraratind pee atinotes Whdhin the
periods wth no identified abnormal operations. The
limittdtomswifithe datajldstaripn, e amnmedata sheipldbedtSd Yalepdo one-
. the traipi n%édatah et. [00164] Now each neasurenent
MINYEPOL V8158 B8 PIRTREd over its history to see whet her
it is a candidate for the training data set.
[007$335ur §HERlrdte 6P dsQIRcREn X6 Ry & lond bpeatingt h
many | ong periods of tinme as "Bad Val ue Those wit
hist shalhgipereiradge of 9thaomthp ey d8dnomths)¢hen try dasempye those
high or lowlimts Those, which show very little
timevperieds withyobveouseptdachsatedmbrorngl @Vﬁn@h%ﬁxusmg such a
controlled to their setpoints) Those that
long Bme; ly show very large variability relative to

t hei ti .1h t hat SARY.
o dhosmalbr ARGt Al pLopReR WELSHFesient Srefigef fythe
N T i g . ,
i85 b LU SO RRP A0 nd el Blametcrs,
i ods wh ¢ bri e . "
« Ghrudpepiing Bor S0 paygelbfetd bt Wiy bETeRTs AR R
ow limts should al so be excluded. [00166] Once
these excl usi ons have been made the first rough PCA

nodel should be built. Since this is going to be a
A. \Hsyorical PataCdlectidelssnect nunber

1) Data Compression

[00152] Many historical databases use data compression to minimize the
storage requirements for the data. Unfortunately, this practice can disrupt the
correlation structure of the data. At the beginning of the project the data
compression of the database should be turned off and the spot values of the data
historized. Final models should be built using uncompressed data whenever
possible. Averaged values should not be used unless they are the only data

available, and then with the shortest data average available.

2) Length of Data History

[00153]  For the model to properly represent the normal process patterns, the
training data set needs to have examples of all the normal operating modes,
normal operating changes and changeé and normal minor disturbances that the
process experiences. This is accomplished by using data from over a long period

of process operations (e.g. 9 - 18 months). In particular, the differences among



of principal conponents to be retained is not
inmportant. This will typically be around 5% of the
wounodsas1easur enent s i ncluded in the nodel. TheCcnwskms/ 032447
of PCs should ultimately match the nunber of degrees
of freedomin the process, however this is not usually
known since this includes al4l- the different sources of
process di sturbances. There are several standard
met hods for determ ning how many principal conponents
seasondl mpetatons Abpangtsuniner, §alh ged WHates) eari ke Vel significant
.approach to varj aPI e scaling should be used: scale all
Wltﬁéﬁfla%‘lye@ chemmicel BOCPSSfe. X = (X - Xavg) / s
Equation 7 [00167] The training data set should now be
thr e i . e
00147 SHRBE mAS T IRALN IRt e hoE R,
aftdr ARirpAouad or e sierificenant neficiratiss of Whepleesaequipment).
abnormal event was occurring at the tinme. If this is
In theskyeases shdymoadab woaddstarthwith atsher initind spicof traininghdatp de.g.

ek Fonch AL B B RS o
ol PR A A e b e
coeg‘ﬁﬂféhf@&orﬂo&fa%‘gb% OISR RiofEbF Abwaddta)y obvi ous

normal events will be done through the follow ng:
Renmovi ng docunented events. It is very rare to have a
3) cAmpillkoye Histopicdl Pata he abnormal event history at a
site. However, significant operating problens shoul d
[000685] oc Ut adousnoperatizg jowgnals dor this Hnehpeatodogheudd also be
oper at or changej ounal s, al arm j our

| ogs nal s, and
collegtc (bl (v N HEHR CleSHeals GReTattE Sanespaios 47 abnormal, or

i di .1 al . .
opddis 1, Heg sBSrinl Aotk BEkedius B R QURET Ronf i raintne
dat%l&@.i Tﬁ.‘gﬁftfouléf {Bipoftif AMOECARAbnopH Al e VERS YhR BRRERCAR from

eed rates, product rates, product quality are common

thekelogoeo faot antesecasesfaathensoddimch process operation may
have additional KPIs that are specific to the unit.
nof this linmted set of

4)

[00156]  Often setpoints and controller outputs are not historized in the plant
process data historian. Historization of these values should immediately begin at

the start of the project.

5) Operating Modes

[00157]  Old data that no longer properly represents the current process
operations should be removed from the training data set. After a major process
modification, the training data and PCA model may need to be rebuilt from
scratch. If a particular type of operation is no longer being done, all data from

that operation should be removed from the training data set.

[00158]  Operating logs should be used to identify when the process was run

under different operating modes. These different modes may require separate



shows a histogramof a KPlI. Since the operating goal
for this KPI is to maxim ze it, the operating periods
wohere®3isos KPI is low are |ikely abnornmal opeprariusmm®s/ 032447
Process qualities are often the easiest KPIs to
anal yze since the optinmum operation is against a
specification limt and they .are |less sensitive to
normal feed rate variations. C Conpensating for Noise
[00169] By noise we are referring to the high
moklelsqudheye thenmed¢! isfintehdedreasavee sevntrakoperatingmedesdides
not contain uyseful informatign about the process.
nusrs el samplss ip HigsEainge daastiram sah oReTABgdRoR e pould be
such as,two-.phase flow across an orifice plate or
apRIBFBH%S}%SqWEQfeHE |l evel . Noi se can be caused by
el ectrical inductance. However, significant process
6) V8ahlinli RMe Perhaps caused by process disturbances is
useful 1 nformati on and should not be filtered out.

83 PG LB e B2 35 RS DRV e
thef@é%_tﬁrﬁl?@ﬁthi%h'éﬁ?e@?%a ﬁﬂ%'gﬁla i@ i;%t%ﬁ{és, If this is

conti‘nuous nol se. asur enrent spi kes, the signal
not avapiably tiehighesiassolatiby dhay; gdttameubastiammomnt sifaveraging

nunber of sanples before returning to a value near its
shqmlébeassdval ue. Noi se spi kes are renoved using a

traditional spike rejection filter such as the Union

filter. [0Q171 amount _.of noise in the signal can
7)bué$§.u.Qﬁéﬁmgéﬂykﬁ§%%¥%m§nomn as the signa? to

noi se ratio (see Figure 10). This is defined as the
[00160] 0 Rualityameaswremenisi(gmallyzera ainddpb sagpthase have a much

rocess,variation,to the anount of si n%I varjab'litx

slofiga STDlG HRORGIIey BAR PURE PEQLCSA MEAS IR iR IRE Tramtns of
mifRy foah?ﬂg?.' HE of ¥ td ﬂ{’dé&&é g h{é%%%feﬁ‘fergé f'dle 181 a

substanti-dl noise, and can harm the nodel" s

corftffuRt ev@RRESof (HeSE qddlit viesméiie ndeiletoBetonstructed.
encounters a signal with significant noise, he needs

Figuoe Bakews _rthe ofiliné caleulation ef' 1 cantinmode qualitypestimeatendéis
gl e el S edS Pk PR R s
quariﬁ& LEAOHAN HelcbiBk ltﬁ]é;’in&)ﬁ'f b IHEPCA model.

8) Model Trigggfed Data Annotation

[00161]  Except for very obvious abnormalities, the quality of historical data
is difficult to determine. The inclusion of abnormal operating data can bias the
model. The strategy of using large quantities of historical data will compensate
to some degree the model bias caused by abnormal operating in the training data
set. The model built from historical data that predates the start of the project
must be regarded with suspicion as to its quality. The initial training dataset
should be replaced with a dataset, which contains high quality annotations of the

process conditions, which occur during the project life.

[00162] The model development strategy is to start with an initial "rough”

model (the consequence of a questionable training data set) then use the model



Excl ude the signal fromthe nodel [00173] Typically
for signals with signal to noise ratios between 2 and
wa 2od6a1Baponential |y correl ated conti nuous NOPEE/USANS/032447
be renoved with a traditional |ow pass filter such as
an exponential filter. The equations for the
exponential filter are: YnzgP * Y114"-(1-P) * Xn
Exponential filter equation Equation 8 P = Exp(-Ts/Tf)
Filter constant calculation Equation 9 Yn is the
to teigeeethe dathdraredl a hlghequality traiming ldatgpsetvAs tise fiddebisatsed
value Xn is the current raw value P is the exponenti al
to mppitel the preeesst ammptationsiandsdatp vallihengatheregipp normal opera-
. _heasurenent Tf is the filter tine c . ]
tioR, gReHiel eIy JnaEPot) ety o PRI s8] ditags an
1 DB Ty | fIRr@%esIand
o e o AR o T e e
durdBgg of thd etdig i§ apndtaied. 1aghis degly feedbagiooh dimt modbEs ability to
scaling of the variable should be set to de-sensitize
monfter thedmbcess apegatidn eambe incorporatesl inghe training slagy. Timedata

o BT B TR AT R e
oo ELRR LA P 4l g R S oy

engi neering anal ysis of the specific equipnment and

IVpDate &sPedvess dinafysiknown non-linearities in the
process should be transfornmed and included in the

A. mpgishl R&sE Dasdanalysishe assunptions of PCA is that the
variables in the nodel are linearly correl ated,

roudhi ddnne e SPEITREIaET B SRRBISNEE ILRPeEHup as
Lati £ t j 1 :

ol BRI R TS 1 o

abriifrall bp&Atiohs ang periads &k no identified abnormal operations. The

data with no identified abnormal operations will be the training data set.

[00164] Now each measurement needs to be examined over its history to see

whether it is a candidate for the training data set. Measurements which should

be excluded are:

e Those with many long periods of time as "Bad Value"

e Those with many long periods of time pegged to their transmitter high or
low limits

e Those, which show very little variability (except those, which are tightly
controlled to their setpoints)

e Those that continuously show very large variability relative to their
operating range

e Those that show little or no cross correlation with any other measurements
in the data set

e Those with poor signal to noise ratios



Reflux to feed ratio in distillation colums Log of
conposition in high purity distillation Pressure
woaopaasabed tenperature neasurenent Sidestr eaaTysedod/ 032447
Flow to val ve position (Figure 2) Reaction rate to
exponential tenperature change [00178] Second, the
data from process probl ens,47whi ch have occurred
hi storically, should al so be exam ned to understand
how t hese probl ens show up in the process
[00168} ur eWhiie exafdningxheplam, thdse tire peiiods Whgreomeasgnments
tower delta pressure and feedrate is rel ahi vel Ii.nealrl.
are(ntefly ingcating odiadgV pyenor pee baeldy paggsshiont Fﬁéf%'émlﬁef igh

ressuye.w i ncreas ponentially. Since tower
or %%@H}lﬁgghpgﬁp?lé(%éa e§ﬁﬁ‘r§§ét he break in this linear
correlation, both delta pressure and feed rate should

[00%61) ncl GH&IhedS cRE104BAE e BREE madia i Fisst rbb@WPCA model
probl ens can often be seen in the delta pressures in

shdultd be ibaiisf Sinckithis.is Soirigist leaal vefy faughudodg) thérexact number
absol ute pressure neasurenments in the rmggilj, .the ,dgﬁ’b}g
of precipak exmponsntytofes reiniagd a3 et wpppriandy ddeuwil tyRipaly be

; : A .
aropd g OF SRS Rar Py et 36 ST woRel B pwaiber of
PC% ?ﬁo&lﬂrlflﬁﬂltate:{ﬁeh&b%h tle ﬁﬁﬂbﬁ?@ﬁ&éﬁ'&?@éﬁfre&ﬁm e theg ocess,

iy
ansitron t one value 1s constantly changi ng whil

how8&®erahizds nosusiily lamwinsingeithisrinaclaodes all die diffdrentvsomnces of
the current values during the transition. However .
prochgssdistunbanesss Therenanstse verah stsadpidomgiods dex detgrminipghow

e B R S AEMRPECR AP SRURE L ALY o atge 1 Sy @ aproach
S HERCE i AN S
to {iEiHle e SRBHl B u A A EE AT e L P T e

h i t data. YX = " ‘SY E ti . T
Sypelnige {hgsdata. Yxs) =e " QS ¥(s) Equat g Bich 7

ta

[00167]  The training data set should now be run through this preliminary
model to identify time periods where the data does not match the model. These
time periods should be examined to see whether an abnormal eVént was
occurring at the time. If this is judged to be the case, then these time periods
should also be flagged as times with known abnormal events occurring. These
time periods should be excluded from the training data set and the model rebuilt

with the modified data.

B. Removing Outliers and Periods of Abnormal Operations

[00168]  Eliminating obvious abnormal events will be done through the

following:

Removing documented events. 1t is very rare to have a complete record of the
abnormal event history at a site. However, significant operating problems should

be documented in operating records such as operator logs, operator change



Y' - time synchronized data T - tine constant Q -
deadtinme S - Laplace Transform paraneter [00180] This
woecalssgse i s only needed when there i s a si gnPCTaamios/ 032447
dynam c separation between variables used in the
nodel . Usually only 1-2% of the variables requires
this treatment. This wll H8-true for those
i ndependent vari abl es such as setpoints which are
. often changed in |large steps by the operator_and for
jougnds,pdaron J ARBAL saRthins Hugeat spaiienpaegmiacrdsp skhasgare pnly
t he mai n _process Lts,being nodeled. F. Renbving
proxygpgéé)aeﬁglrrgﬂ)wgouf&bpﬁpnfna@glﬁ\]en%ﬁ?@rﬁ uous refining
and chem cal processes are constantly being noved from
ReR0QiPEMB MR WHre KBy BEADRREnc hRB&116A) KPS, are abnormal.
Intentional, where the opérator or an optim zation
Sugir ogasauremekesasciead gass tprodutaytese proaiuct qualdty dréeprmaon key
be due to_slow process changes such as heat exchanger
perfermaneg indicaters| aehipecess apsroton aamskaiceafidifjonaldsPlsqat

N s
wil%&?d’liy 5?8(%1'1%3%? iﬁﬁ%ﬁ%@ﬁ of ?&HB@E’ P h¥nGRRg %g)reiza%icﬁﬁﬂ FigRle 9

event roce measurenent s

show@dhfsedgrach ¢foa KV Since thy apératihg goalifytithisi KPI fsrtomaximize
novi ng aver age operati ngﬂg)m nt. This transformation to

it, the opemtingepeainsls ageero pleis 2€Phig lpwi are likely abparmad opeegiions.
ProgeSphbilisy a6 BRFR 1T 5 SHALIR JorBRbPa Ity PRRERT
ope\f%t{ij(grf Iisé%?n%:‘g%ggbi?f&ﬁtign ?ﬁ’x%tt %P& ?ﬁef%r%qgg‘gehgiti\fe' tolftfrmal

e neasur enen rom raw val ue an
feel$hteGatiationgli fference in the nodel. X' = X - Xfinered
Equation 10 X ' - neasurenent transforned to renove

operating_ point changes X - original raw neasurenent X
C. f Coinpensating joxNaisatial ly filtered raw measurenent

[00169] By noise we are referring to the high frequency content of the
measurement signal which does not contain useful information about the
process. Noise can be caused by specific process conditions such as two-phase
flow across an orifice plate or turbulence in the level. Noise can be caused by
electrical inductance. However, significant process variability, perhaps caused

by process disturbances is useful information and should not be filtered out.

[00170] There are two primary noise types encountered in refining and
chemical process measurements: measurement spikes and exponentially
correlated continuous noise. With measurement spikes, the signal jumps by an
unreasonably large amount for a short number of samples before returning to a
value near its previous value. Noise spikes are removed using a traditional spike

rejection filter such as the Union filter.

[00171] The amount of noise in the signal can be quantified by a measure

known as the signal to noise ratio (see Figure 10). This is defined as the ratio of



[00183] The tine constant for the exponential filter
shoul d be about the sane size as the nmgjor tine
woaonstanmsoof the process. Oten a tine constanPCofUS2005/032447
around 40 mnutes will be adequate. The consequence of
this transformation is that the inputs to the PCA
nodel are a neasurenent of_gphe recent change of the
process fromthe noving average operating point.
[00184] In order to accurately performthis transform
the tagowdatod sl iveribleiligptihe teprazess haristanptoetheraspuiari ©f signal
that matches the on-line system often every mnute or
vartakslier duertel lighi frequeaeyinpisen A splusdiclon fgzsl,sa)bfpé%aﬁrrfﬁﬁ? for

. [for, each neasur nt .t over.aone_year , of eratj
inchgRing BB LRAIL s A Pgiseh Bud G i G Pitidel®
effé&ﬁ/eﬂ% set is resanpled to get down to a nore
nanageabl e nunber of sanples, typically in the range
of 30,000 to 50,000 sanples.V. Mdel Creation [00185]
[00D72F t hWhepeed:fthe deecloperemuuntdraveigred witle bigotfecingndise,
the training data set has been built, the nodel can be
he hegdsttoquakskdye ok thiee eheigeradn ordey of praferencs, thesebeiel
I nputs [00186] The performance of PCA nodels is
o Oppemdaninhytiemoiidd thegodicd bethenvites(thd best answer)
traditional approach to scaling is to divide each
e i Rphiovey mirmszeathd aodsecthvowgh filterisg feohinidries t he
training data set. Xi ' = X1 / 1 Equation 11 [00187]
e FExciudpube signsl fromt theanedéln a | arge nunber of nearly
i dentical neasurenents (such as nultiple tenperature
measurenents of fixed catalyst reactor beds) this
[00438} oacFypisaliy ferfsigapls svithsighalrtodiojsedeatiosdeiueenu? and iy the
ot of the nunber, of near

expRREBUR B HeRs U Fon o gmseo%?fabegﬁﬁ&faéﬁ%@%qﬂ?@é&iﬁ%al low
pas§ §ffertlch 2G3H Y pBert 1 SREL TS Pa eI oPihe BBiuentifl filter

are@Pproaches can be inappropriate for nmeasurenents from
continuous refining and chem cal processes. Because
t 6" o &85 +(3-R)uXl | y Exponential filter equation Equation 8

P = Exp(-Ty/Ty) Filter constant calculation Equation 9

Y"is the current filtered value

Y™! s the previous filtered value

X" is the current raw value

P is the exponential filter constant

T, is the sample time of the measurement

T¢is the filter time constant

[00174]  Signals with very poor signal to noise ratios (for example less than
2) may not be sufficiently improved by filtering techniques to be directly
included in the model. If the input is regarded as important, the scaling of the
variable should be set to de-sensitize the model by significantly increasing the

size of the scaling factor (typically by a factor in the range of 2 - 10).



wel |l controlled at specified operating points, the

data distribution is a conbina tion of data from
weoebtemdp173b at e operati ons and data from "di st ur bed/USand/ 032447

operating poi nt change operations. These data w ||

have overly small standard deviations fromthe

preponderance of steady stabe operation data. The

resulting PCA nodel will be excessively sensitive to

small to noderate deviations in the process

rreasugerregt&. .!@0189] For continuous refining and
D. € , the scaling should be based on the

degree of variabili.ty that curs, duri.ng. nor
[00})7%0 esdranseupsa Ny é@%glﬁ Ql&‘?}}la %’6 185](!3‘?15?1 it epg}oﬁ?i o dWGes
d'fant on the degree of variability that occurs during
UIERH TEATONY st eady state operations. For normally
unconstrai ned variables, there are two different ways

[0ofgeLc! i{;r%},%@d LRSSk il Rsis bPBEAMeCHTld &uiphehand

peri ods ere € ‘process was no

prob&RRinBehigthy SRAMY néfdinearitiel inviae prbsessshoukekipetramsiormerl

a significant abnormal event. A limted nunber of
andrigelided e s madel. aSinchonk of thaassempianset Redduihai the e

tions, Th t Iy t key .

aripbidsdn thmaudoh e AREHY eiHed-PEpITSAOL QH0oh et Ry pmeDt
feed rate,. duct : ¥

nongfiactfesquitt PiEgR L EHIGEO0 L S R SHEN T a5 0

devzfr%}ﬁ%nf {1 RBEEIATTIREwill l'&ffécpﬁfei waBledfange ofishe siodally

ate operations, normally disturbed operations, and
abnormal operations. The standard deviation fromthe

[0017FF PatiRgSeobf Reitldwn Abslinehedangferms aons provi des
a good scaling factor for nost of the neasurenents.

00191 [ ternative. . . j.Citl
E:al cul lﬁ iAﬁﬁ%Pﬁgogg%é ¥aﬁlﬁ%§g{§§§fﬁh&n§?§¥i t}H?gld o)p/)er ations
isto e L L e Snf ol | ows. Th
sial [ né’sf %égg@rfeég)gﬁré c%ﬁ%@g?gg?%?%g d%ssﬂ}ag%% ng a}NSt he °
data digt Ph&%ﬁﬁb&ﬁ?&sﬁ&d&ém@eﬁd@mﬁfeﬂsﬁeﬁ@ti ons from
0 e,

t he nean. r exanp 99. 7% of the data should |ie,

wi thin g3 si@iRaansh @ieMd ations of the nmean and that
99.99% of the data should lie, within 4 standard
devi at i OnFl®f to helvegrositicth@igme2)of data val ues

bet ween 99. 7% and 99.99% from the nean can act as an
appr oxi eraReactiomrate fie cxpeneasiali terengratiure ¢hangs he

"di sturbed" data in the data set. See Figure 12.

[00178] Second, the data from process problems, which have occurred
historically, should also be examined to understand how these problems show up
in the process measurements. For example, the relationship between tower delta
pressure and feedrate is relatively linear until the flooding point is reached, when
the delta pressure will increase exponentially. Since tower flooding is picked up
by the break in this linear correlation, both delta pressure and feed rate should be
included. As another example, catalyst flow problems can often be seen in the
delta pressures in the transfer line. So instead of including the absolute pressure

measurements in the model, the delta pressures should be calculated and

included.



[00192] Finally, if a nmeasurenent is often constrained
(see the discussion on saturated variables) only those

wOiows/0p€ersd ods where the variabl e i s unconstrai RETWUS2005/032447
shoul d be used for cal culating the standard devi ation
used as the scaling factor. B. Selecting the Nunber of
Princi pal Conponents [00193]-PCA transforns the actua
process variables into a set of independent variabl es
cal | ed Principal Conponents, PC, which are |inear

E. cbybamit Tomsfainatigasor i gi nal vari abl es (Equati on
13).PQ=Au * X1+ Ai 2 *X2+ Ai 3 *X3+ . .

[00EGYRt | gl 1 DSHAH hdwethppesuess dyndthidsaan dismupiriier carfela-
degrees of freedom which represent the specific . .
tion betsyrendhatusthievalves obtwo nicasementheDpripedhe rapfigien ime
di fferent independent effects show in the.process

POHS ths ol ¢

onefealie asCRRsEbsCRAREIRG FEH 245 98t pAthelF 1247 S Rlation
betg/%g{ﬁh?%%@%%ﬁg\} iﬁ&@%gﬁ%aﬂ%m. aﬁo%@@r Rk nwH IR are-

Ial ances,” such as anni ent
meh& R bod 131352'1&5 in@d tid&?/%@ﬁﬂon@ﬁfbnﬂﬁy fieh§fakming the
component n% els a part of the process variability
leaGiaigseiable tdinge djinafmc ermsfen depuivie NYsually abngeydenwith
the process. The principal conpanenis_are extracted.in
deadtisneidyrarpicanodel (gB@WngiE‘ngaUQP 9301105, LaRIack dTaiRf L fgrmat)
. W.th each.subsequent incjpal component nodeling |ess
1s S&ﬁéClP’é"s@ tb‘?letSP{Bg‘HPBFé’s 3313{; “ability. Significant
princi pal cemponents represent a significant soWquation 9
pr&@%§ Mﬁ) for exanple the first principa
conponent Tsuallly represents the effect of feed rate
changes since this is usually the source of the
| ar gest prgcess gt}anges. At some point, the devel oper
must deci d& Vi#&h“4"Re process variation nodel ed by the

princi pal i qﬁﬁﬁPﬂﬁ” represents an
independen?ﬁgggg% 0 pr%%gggévariation. [00196] The
engi neeri Ny apAleIRtdn® sel ecting the correct nunber
of principal conponents is to stop when the groups of
vari abl es, ®whdeadtimmee t he primary contributors to the
princi pal conponent_no | onger nmake engi neering sense.
The primar§ EE@B@C%ﬂTﬂﬁﬁm%?B€6@¥*@ériation nmodel ed by
a PCis identified by |ooking at the coefficients, A,

[O(ﬁfS(ﬁ he fis q.é&‘ﬁ'!iqﬁ(@fsi cﬁﬁ&r Ged U WvhBn ¥ e G8h /sBshificant dynamic

separation between variables used in the model. Usually only 1-2% of the

variables requires this treatment. This will be true for those independent
variables such as setpoints which are often changed in large steps by the operator
and for the measurements which are significantly upstream of the main process

units being modeled.

F.  Removing Average Operating Point

[00181]  Continuous refining and chemical processes are constantly being
moved from one operating point to another. These can be intentional, where the
operator or an optimization program makes changes to a key setpoints, or they

can be due to slow process changes such as heat exchanger fouling or catalyst



| oadi ngs). Those coefficients, which are relatively

| arge in nmagnitude, are the major contributors to a
woaodsiosuisar PC. Soneone with a good under st andPag/ustoos/032447

the process should be able to | ook at the group of

vari abl es, which are the major contributors to a PC

and assign a nane (e.g. feed-rate effect) to that PC

As nore and nore PCs are extracted fromthe data, the

coefficients become noreequal in size. At_this point )
deattieaticr. iGunisequedngiyn gheveade Het@ ibypohstptipnanyu| Hiespopesating point

primarily noise. [,00197] The traditional ﬁathtica
chapgehBeed GroedemavieriP fgeain &rs tatnaprdpias atu@ CrROGSE e

nojise is to.] . ocess variation being
Chaﬂﬁ%ﬁei%éan%aﬁw %%%tﬁ}ﬁ%\?v %%3%@%“ constant. This is
measured by the PRESS statistic, which plots the

[0038BLNt TOHe Bpfébés%trh@d‘sumﬂeht@ cr®Yranefohmed ¢e dssiavienR@riables:
(Figure 13). Unfortunately this test is often

devaatipmfronsa frovilCAverage Dpe@énglpw@@tdibis t;r@msfgnngtigmtp remove

R N L I TN M
di stribution,. . . i St

ev B BB SRORER b PR A e e

EqiRivg dnd®y St explondnAIANE hudBvha dfonmeafurbhiRene (o its

resi dual shoul d not be used.” Instead the trigger point
rawneslds ahd ubmgshis diffierenoedhlthe baslel on experi ence with

using the nodel. [00199] Initially the trigger |evel

shpul bXﬁ1§m§t so that abnormal events woul d be Equation 10

signaled af a rate acceptable to the site engineer,

typically 5 or 6 tinmes each day. This can be

det Xt -ninnesiremenborisfgrmed theergPrcoperating pointichangese

training data set (this is also referred to as the Q

st aXi-srigingdraWHeeTMOEREBt at i stic). This level is set

so that real abn?rgﬁl %xents will not get m ssed but
f al Seat SXRANCRARILY ddteref BAMARIATTERE Y t e engineer. A
Enhanci ng the Model [00200] Once the initial nodel has

been created, it needs 1o be enhanced reatin
(00383 ¢ ; e gapstagetor theXSorteniah By SRt fusssame
sizé &5 Hx%%&j%f tinf€constant of the process. Often a time constant of around
40 minutes will be adequate. The consequence of this transformation is that the

inputs to the PCA model are a measurement of the recent change of the process

from the moving average operating point.

[00184] In order to accurately perform this transform, the data should be
gathered at the sample frequency that matches the on-line system, often every
minute or faster. This will result in collecting 525,600 samples for each
measurement to cover one year of operating data. Once this transformation has
been calculated, the dataset is resampled to get down to a more manageable

number of samples, typically in the range of 30,000 to 50,000 samples.



process. Once the nodel indicates a potential abnornal
situation, the engineer should investigate and
wohemasizot he process situation. The engi neer wRCiriustionds2447
three different situations, either sone special
process operation is occurring, anactual abnornal
situation is occurring, or-58he process is normal and
it is a false indication. [00201] The new training
data set is nmade up of data from special operations
V. aWddebCredtiomper ati ons. The sane anal yses as were done
to create the initial nodel need to be perforned on
[00188] dat@uceathd spbeficonedsuranest davabeen salectedtanidshe émining

nodel the trigger lever will stil] be set e 'récally,
datp et heswesn thilbehe apodeh sar he byl gickly H?lélgtﬁ@@é oRds

can be tuned so as to only give an indication when a
A t rue. abpor )/Sent has occurred. Sinple Engi neering
M@fm L £ | Event Detection [00202] The

hysi c chem stry, chani cal desi gn of the,.
[008BE e S ecprhrrarAnCl o P A Tt & JerSBRetopr e Safipe of fhe
.Sl M~har e -l
inp sy MR R ARH R OE TR & (SR b inlf Pl fandard

chemi cal ocesses.. Thi s redundancy is called physical
devﬂfgkﬂfhé%nwg[‘%@ﬁﬁa&@ﬂtgi%i?s asurenments are present,

and cal cul ati onal redundancy when the physi cal ’{Eguation 11

ché=c&l/,Cor mechani cal rel ationships are used
perform i ndependent but equival ent estimtes of a

[00R8 esss&qgﬂﬁtt dgmgair byiafil 52O hulie bf healdpideafican
engl neeri ng redundancy nodel.”/ . Two Di nensi onal
meXigéments (SgciRednitisie Yervpermhsre[HO20BdmIits ©f ifiedhmtalyst
sinplest formof the npdel and it has the generic
reaétor red)(this)appragoh is ynadifiefite faghey ¢iyide hsapeasyrergpnicbysthe

error i uation 14 ra ias 5 F i) - Gx i) +
squarq X9t of %‘émge%%%?%ﬂr rl%ﬁflﬁgﬂ}m%%‘é%l?‘%‘{sls = error i
filtered bias = filtered bias 1+ N *raw bias n

Equatpfitedfinddnt dapimeuggnce factor ( e.g. .0001 )
Nor mal operating range: xmn < X < Xmax
Equation 12

Xy =X/ (C;* sqrt(N) )
Where N = number of inputs in redundant data group

[00188]  These traditional approaches can be inappropriate for measurements
from continuous refining and chemical processes. Because the process is usually
well controlled at specified operating points, the data distribution is a combina-
tion of data from steady state operations and data from "disturbed" and operating
point change operations. These data will have overly small standard deviations
from the preponderance of steady state operation data. The resulting PCA model
will be excessively sensitive to small to moderate deviations in the process

measurements.

[00189]  For continuous refining and chemical processes, the scaling should

be based on the degree of variability that occurs during normal process distur-



Nor mal nodel deviation: -(max_error) < error <
(max_error)[00204] The "operator bias" termis updated
wohews@sersot he operator determ nes that there haeTheews/032447

some field event (e.g. opening a bypass flow) which
requires the nodel to be shifted. On the operator's
command, the operator bias54ermis updated so that
Equation 14 is exactly satisfied (error = 0) [00205]
The "filtered bias" termupdates continuously. to,.

banessomudiriigopgretisg poi changasariadthedsgeessolcratigaldtythat
bi as t he engineeringyredundan

nodel . The,conve c

occwaRBE eqUIORS Siepdy 50T PREALDES ahy BRrGTLY DCIAARGE

after.a user ;
varigpled st AR RARHEr R GubCR GG PRind BRTclingiucb

range” and the "normal nodel deviation" are deternined
[ooigtgm t pgrshisstodabmaly wae pefiods Wierets preeesdsngas not running at

redundancy nodel. I'n nost cases the max_error value is
steadysitatg) eutwahualso howexgarienging & signafieant pBnormalavent.

val ues that is dependent on

i o PR ot D2 5 SEEAS e cpers
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nal'yzer “readi ngs versus actua

i e g d & &
1nclgﬁg\l}\g@ Efc%c\'%géféeﬂ%te, ﬁ@?i‘bﬁﬁ&opro@ul‘:ﬁéﬁ rate$ and Hiegprioeu

di mrensi onal energy bal ance. [00208] As_a
quatifs eThesedicdyninebhired hrevusedite segmaht heppsratias intsyperiods of
expl ained in greater detail._ A T%f Fl ow vers staI %
normes sicadyi sl eperptiopp grormaly distures PRErgUPRS, BRE abnorma
engi neeri ng red anc. LS ,
opeitits et HePEpdROR b g fori oy b RhlL A bed
' i dtdcaith@Fadief fBrahosthufshewaakuiesnerfts.ow +
opeF %%s%%vbd;ggg z‘i-l%%':)pecr at %r 2 bias = Cv (VP)
(Delta_Pressure / Delta_Pressurer eference ) Equation
[00191her eAn Rltemrative approadh o ewplicitly rpicHatdrg hesicaling based on
I P = - .
distgﬁbédaﬁpérgtsigllljsf ies to u%!a ?ﬁeegrtltirget?asirlil{n?gdda%g o KATIRHRS Sl'”Heescahng
factor can be approximated by looking at the data distribuion outside of 3
standard deviations from the mean. For example, 99.7% of the data should lie,
within 3 standard deviations of the mean and that 99.99% of the data should lie,
within 4 standard deviations of the mean. The span of data values between
99.7% and 99.99% from the mean can act as an approximation for the standard

deviation of the "disturbed" data in the data set. See Figure 12.

[00192] Finally, if a measurement is often constrained (see the discussion on
saturated variables) only those time periods where the variable is unconstrained

should be used for calculating the standard deviation used as the scaling factor.

B. Selecting the Number of Principal Components

[00193] PCA transforms the actual process variables into a set of
independent variables called Principal Components, PC, which are linear

combinations of the original variables (Equation 13).



cl osest neasured downstream pressure Delta_Pressurer
ef erence : average Delta Pressure during nornal
wopereaBisn a : nodel paraneter fitted to hi st oPCTAIS2005/032447

data Cv: valve characteristic curve determ ned
enpirically fromhistorical data VP: signal to the

control valve (not the actesl control valve position)

The objectives of this nodel are to: Detecting

sticking / stuck control valves Detecting frozen /

oBhat fon iEF & o medririal Sybrem | oses cont o Tarion 13

the flow [00210] This particular arrangenment of the
(007l on gty kiah et Smbe 6L BGER PhERIGy SRR s
e E T
ST ITIN o  aPRLl ok .

Prové&dssiusiaviah\oan Pesdite torinfentiohal] deages, Beb a8 decrate ghanges, or
| ong periods of steady state operation experienced by

unigtentiphaolisturances igCch 38 AEHIRIISIPSFYRES ¥HILAUA | ong

historical record ( 1 to 2 years) may be required to
sufdi cient - dat [ iabilit
(0055 Suntihif il ArisRyBRERLOR PPEL ot iRpRleeturabitey
cauFécPWy Rk \BrfPRw indpendért ibRLEcsorste peoctat a Thietprirtdipal
ong” periods of conStant operation. The first step.is

comfijsorienty aeexietddringhe dirnetipreof deereatisg ¥ariptipe in ghes@ata set,
significant variatiqn in the

operatiqn, as,.sho Thi

with rach BURERARPIAGER CAPRIPEF FIAMELYE 16 FH e 8F e pffcess

t aken fd.om.varj . ' ' ' . {fifee of
Var’&%llklﬁté( r $1531f86§{ Bﬁéﬁ?g %Oggé?%&%% #@Jg%%ftl.t %%g%liﬁll:glcgh arg ee) ©
proeésst\rb‘f'i BeWN i RampE Biesfifs€ prigicipal céipohatl wsually represents

cases tahe m ssi ng measur enent becones a fixed nodel
the Réfeatref vediratetdimngesisince tHis ousnathysbe sourceaidhailagpsig

then it is inpossible to include the &)r easur e %f ect
processtdhangegelAt some point, the developer must decide whén the process
variation modeled by the principal components no longer represents an

independent source of process variation.

[00196] The engineering approach to selecting the correct number of
principal components is to stop when the groups of variables, which are the
primary contributors to the principal component no longer make engineering

sense. The primary cause of the process variation modeled by a PC is identified
by looking at the coefficients, Aj n, of the original variables (which are called

loadings). Those coefficients, which are relatively large in magnitude, are the
major contributors to a particular PC. Someone with a good understanding of
the process should be able to look at the group of variables, which are the major
contributors to a PC and assign a name (e.g. feed rate effect) to that PC. As

more and more PCs are extracted from the data, the coefficients become more



[00213] The val ve characteristic curve can be either

fit wwth a linear valve curve, with a quadratic val ve
woupos®3orsow t h a pi ecewi se |inear function. TheCT/US2005/032447

pi ecewi se linear function is the nost flexible and

will fit any formof valve characteristic curve.

[ 00214] The theoretical vabée for "a" is 1/2 if the

nmeasurenents are taken directly across the val ve.

Rarely are the neasurenents positioned there "a' .
equbbinovies A tigporitdhe variaker beinganogeled P pATtiSURE BT
.for, the actual positioning of the pressure
prifadly R&sent s. [00215] Oiten there will be very few

periods of time with variations in the Delta_Pressure.
(00197} MO 4kitiBRa1RRANHiCRT RSP Weldhthihtie WhEATELe PC is just

periods of operation can confuse the nodel-fitting
mo@$1agH Adise TPtoodentinwhehitiss pideessmoatidticnsbaiey e wiith

two phases, first where a small dataset, vvhi§h onl.y .
each aetaPGdegenies ¢onganpel kis irmeasiied huathe AREPS istatijlisgwhich

plofsdh it of venadamm IR P Hece Tl Bt b

oL BIS RIS sl b PEA Sl e on
refihﬁ]@ﬁfd sdmaRal prdeesdedzzv- net Processing of Fl ow versus
Va

ve Abnornmality Indications [00216] As with any

t wo- di nensi onal, epngi neering redundancy nodel, there
VI :Modelbestang & E4nBt8 abnormal ity, the "normal operating

range" and the "normal nodel deviation". The i.nornal
[00A38EI  dehv rores data VRL90A NaFe & SABSSIAN Py Barllixiifon.
oty Tt B ) i BELe WP s oot

i EQ&hT 4t BRI deMBMS 0 thez&iireD reisiivab slasuld!not be
an%@ﬁ}gigig?&{[)a&?n a st angard vvay(/) by using the normalized

useldn dasteddAR1FiggEhpoln meedd todpesed temyyricalhy) basddneiegxpayience
~the valve position distance fromthe normal region. It

w1thyq§mgauh|eyn®@qir esents the operating region of the valve
where a change in valve position will result inlittle

[OO?EQPS e\c}gﬁ{ég@fréhg aﬂ;}igg%% llc%‘[estl'{b;illgggg s{;ths% that ¥ShorFE @vasdi n

uzzy di scrim nator
wollRl 50¥Ehalba 'tk atrhe déRBptabRIG thewhe eapiitenftypicallpdr oreb times

oper at rng o -
each day. This can be determined by looking at the SPEj statistic for the training
data set (this is also referred to as the Q statistic or the DMODx statistic). This
level is set so that real abnormal events will not get missed but false alarms will

not overwhelm the site engineer.

A. Enhancing the Model

[00200]  Once the initial model has been created, it needs to be enhanced by
creating a new training data set: This is done by using the model to monitor the
process. Once the model indicates a potential abnormal situation, the engineer
should investigate and classify the process situation. The engineer will find

three different situations, either some special process operation is occurring, an



range and the transition fromnormal to abnormal
operation. D. G ouping Miultiple Flow / Val veMbdel s

wpQORH3]7sA conmon way of grouping Fl ow / Val veraoask®s/ 032447
which is favored by the operators is to put all of

these nodels into a single fuzzy network so that the

trend indicator wll tell-g/hemthat all of their

critical flow controllers are working. In that case,

t he nodel indications into the fuzzy network éFI gure
actué]) atwidrinat et &ion Islwcurrmgmjr tipprageshig noangé and fidis aHalse
~ "normal nodel deviation" indication for each of the
indi¢3tony. val ve nodels. The trend will contain the

di scrimnator result fromthe worst nodel indication.

0uARE2 UV, R S PR 4Pt 75 B oo

and BﬁHQI eﬁer&t'ik'h?él ghh@sdiae ahalyséeds wele ddie tol @vate th@inmsl

Figure 17). In this chart, the top 10 abnormal val ves
modai aeetyabe patfbsmed oamh;fedathr amnd theemodeltreatabetlated. INithHbis
left to the | east abnornmal on the.r Each Pareto
newismpdeliBo thegerdovaT GHLHb 0B 65! SISl gt HEY dud) Bel g

a0 R BB B BP BERf e BEB By
Whep a[{r.yﬁ a‘i cYHRShAdcalde. out si de the normal box but
ha

ers are all behaving normally. The
oper at or vvoul d next investigate a plot for "Valve 10"
SimpléEhgindeping NModel@faroAbnegmat Event Detedtioam wi t h t he
| ow control loop. Il. Miltidinensional Engineering
[0022Jundane phikids) cslehﬁ@tiﬁmncnnedlameal diesigmsofthalprogesget s
larger than 2, a single "PCA |ike" nodel is devel oped
equipmena a8 M@llaamﬁhghn@ﬁrﬁ@ngf spultiply Aedlar ReasBERIRRLR clpates a

subsﬁgrggaﬁ @Frg)xu%rtr%lf g&gﬁ%ﬁgy %n ﬂlen&{{a? 'fr%rr]rr"i1 lpgé@rﬁ#&%%ﬁ‘mf%&nd
chelflﬁc%‘{v FdleSsdi! @lilﬁ§ ?edﬂﬂdan%%rs @kﬁrﬁ}ﬁ}sﬁal AMRIdaneY when

proc RES Uit terial fl'ow into process unit
iderﬁlcbpﬁéaﬁreﬁﬁﬁm peésemeanid eimmiaticedl irbduridancy evier e
these equations will each require coefficients to
physioalp eheraical, amns@lmml |r91aupn§un%a@| useditopgaiorm ipdependent

but feéxglgglegte c\alse[{rggtes of 2 ‘process condition. This class of model is called an

engineering redundancy model.

1. Two Dimensional Engineering Redundancy Models
[00203]  This is the simplest form of the model and it has the generic form:
F(y;) = G(x) + filtered bias; + operator bias + error; Equation 14

raw bias; = F(yy) - { G(x) + filtered bias; + operator bias } Equation 15
= EITOT ;

filtered bias ; = filtered bias j.; + N *raw bias ;4 Equation 16

N - convergence factor ( e.g. .0001 )
Normal operating range: Xmin < X < xmax

Normal model deviation: -(max_error) < error < (Imax_error)



i(y = aiG@ (Xi) + filtered biasi i + operator biasx +
errori,! 2(y i) = an@ (x i) + filtered bias2 i +
wopersaBorso bi as2 + error2,i n(y i) = nG ( 0 + PCirusemd/ 032447
biasn i + operator biasn + errorn Equation 18 [00222]
These nodel s are devel oped in the identical manner
that the two di nensi onal eggi neering redundancy nodel s
wer e devel oped. [00223] This set of rmultidi nmensiona
checks are now converted into "PCA |ike" nodels. This
conversion relies on the interpretation of a principle

[0024dpondhe "pperatardiasrdean inypdatad Fd1ensyeRCiORgEH hdent

ff ect t h wh t h i nci pl
deteEBBAeRI BROWER RORAIGE)C Pepraden (e enddify §RTPRNHow
whig$féezg1t‘?r_ésﬁlr1]é dE¥ ﬁ?g& ngﬁfeéﬁ.s G e (ﬁeérgﬂ s IcBARRART YRS ogerator

I gure re are three 1 ndependent an

bias'tBEH ¢ aP8atER 86 WhAEquitionX2, is ardcikB satididgeamor X3 0)
changes by one, Xl changes by ai and X2 changes by aZ2.

This set of relationships is expressed as a single
[00205]nci bhe "fittepashizing” tepaiaipdas continuebdyftp ecepuy Ipp

unseal ed engi peering units as:.p=ai Xi +a2 .X2 +a3
persi{eRi BRI IOgeRehanges b bids (P cuelRETAE P TagY

modsg, ThE Fefverghiel PAEon o oiidef BOYSEIFe 26y BeRidefifinge
afte% 9 ugé {f%@ﬁﬁ%ip%ﬁoaahswﬂfa tifhB8calemfelags.on

actors for each dinension, X, can be based on the
normal operating range. For exanple, using 3s around
[00206 nedhet'nortrél operativeg reovgetiind tlae normpl meedgd deviagion” are
scal ed variables are defined as; Xscal e, = 3( nor na
detespenest frag ihartyetoricaldata for the eEtCCTS 756 BIdaRGY Fapdel. In
perating data shouyld fall w thin -
most R ah g offoF Tetltts sRmalf Rl bSyR v e Pl BB b o
Vec&)ﬁ)éPlv'aﬁieE |t15{atq§ﬁb?érfﬂén¥ BA théRakis Reatitke M d poi nt of
the normal operating range) X (X - Xlnld ) / Xscale

Equati on 22 o
[00207]  Any two dimensional equation can be represented in this manner.

Material balances, energy balances, estimated analyzer readings versus actual

analyzer readings, compressor curves, etc. Figure 14 shows a two dimensional

energy balance.

[00208]  As a case in point the flow versus valve position model is explained

in greater detail.

A. The Flow versus Valve Position Model

[00209] A particularly valuable engineering redundancy model is the flow
versus valve position model. This model is graphically shown in Figure 2. The

particular form of this model is:

Flow + filtered bias + operator bias = Cv (VP)

(Delta_Pressure / Delta_Pressureyeference) 2
Equation 17



(standard PCA scaling once nean and s are determ ned)

Then the P loadings for X are: bi=(a/ Xe) / ( =1
woaboe/o3Kisoscal e) 2 ) m Equation 23 (the requi r emear/uShms/ 032447

t he | oadi ng vector be normalized) This transfornms P to

P' =Dbi * Xl + b2 * X2 + + bn * XN Equation 24 P '

"standard devi ation" = bi -$9b2 + + bn Equation 25

[00226] Wth this conversion, the multidi nmensiona

engi neering redundancy nodel can now be handl ed using
whdrke standard PCA structure for calculation, exception

ndlin t eraction. Depl oyi ng
g sgr {%ﬂ q’a\% Mbdel s for Abnor mal

L Gt OB ét Q@ﬁfét‘i tRAfh witeEvent
Eég%rg@;slgon [gloﬁ S7mSupprel§[g,s| on |§§?c |es required for

t he fol | ow ngclosestaveskarad deywnsweahipressate f al se
i ndi cati ons from nmeasur abl e unusual events Provide a

WRYtal Pregb@@f cabner: mieragedDeha iRpssuraduringeoomat apenation
has investigated Provide a way to tenporarily disable

Ao dglogebparare s fiteeintoshiftoricahdata enance Pr OVI de a vvay

to disable bad acting npdels until the eretlfrgi
Prvovyatee ahataytetlétvbéwa@rdﬁﬁ@m@mad smmiECH rical data

2 LTEn Se LO0ROELATURG, e B .ugrggr@%agg% pyton)

triggered by an external, neasurable event and

Th(leg;%ﬁ égmghellﬁelt@-ltl ated by the operat or . The

ehi nd these two types of suppression is shown
i n Fi gur ePefedtinpdti¢RingAlstickigbnttdiesdvedi agr ans show t he
suppression occurring on a fuzzified nodel index,
suppr essi Betecing doaen /dailed Plamt ncaswremestssur ement, on

a particular nodel index, on an_entire nodel ?r on ei
conbi nat i Detestingweatrel W]thQPefﬁﬁ@beB@’@s@e&PBQO system loses

control of the flow

[00210]  This particular arrangement of the flow versus valve equation is
chosen for human factors reasons: the x-y plot of the equation in this form is the
one most easily understood by the operators. It is important for any of these
models that they be arranged in the way which is most likely to be easily

understood by the operators.

B. Developing the Flow versus Valve Position Model

[00211]  Because of the long periods of steady state operation experienced by
continuous refining and chemical processes, a long historical record (1 to 2
years) may be required to get sufficient data to span the operation of the control
valve. Figure 15 shows a typical stretch of Flow, Valve Position, and Delta
Pressure data with the long periods of constant operation. The first step is to
isolate the brief time periods where there is some significant variation in the
operation, as shown. This should be then mixed with periods of normal

operation taken from various periods in history.



[ 00229] For operator initiated suppression, there are

two tiners, which determ ne when the suppression is
wovers/0303e tiner verifies that the suppressed PCT/US2005/032447

i nformation has returned to and remains in the nornal

state. Typical values for this tinmer are from15 - 30

m nutes. The second tiner -wol-l reactivate the abnormal

event check, regardl ess of whether it has returned to

the normal state. Typical values for this tiner_ are
[00212her Qffen,eithenthe Upstieam drngssure foftere 2 pyarmeisFharsgbpkthe

tine for

Doahrsasec RsneHe i Dbt Glhih I Sesofiofoeatbnidpgegroment
becBiR G R B PLIBREL bthe MHRR K SothSRHGARS art Milsing
the AR Y AblcClodngRde Phe predbiietetfect iRl modél. s si gnal

I's converted into a timng signal, shown in Figure 20.

This timng signal is created fromthe trigger signal
[00233hg tThe Yav¢ ohinagesigtiachorescanybe-cither fitjwith p(linepy valve

Xn Exponential filter equatjon Equat.ion 26 =..
cur@«r\'(flt%/qﬂa)ﬂraﬂq Yalye eEySImyItE 3 RIGEEYIFS ﬁnﬁﬁﬁﬁﬁCBHHZ Fhs,
.= XN 5. i m. .Si s i . ; e:
piedey g Jinklr PGS 8N BRe CAPRHISH PRUFAY Bb Ramg BE MR
chavdrtdridtecvevi ous filtered value of the trigger signal
Xn the current value of the trigger signal Zn the

timng signal shown in Figure 20 P the exponenti al
[00214} er Bundeareticabvalne femiaylis 1(2 ifethe Mmeasaramens Ak iaken

. If _the filt ti tapnt [00231] As | the w.u

o b L SR LR G A 5,
Fi .. : '

G, bl SR R iy T

posiieiifl of thdErdsbilreehedsufme@st ant, Tf . Al though a
sinplé timer could also be used for this function,

this timng signal will account for trigger sjgnhals of

[00215F er dofters these will beatery dew degiors of e vdihorpsiations in the
De]kmg%gcuhgnqﬁg n%?s% in the Delta” PRRSGR u‘%{]nsg {h%rno%h Ipgfiods of

operation can confuse the model-fitting program. To overcome this, the model
is developed in two phases, first where a small dataset, which only contains
periods of Delta_Pressure variation is used to fit the model. Then the pressure
dependent parameters ("a" and perhaps the missing upstream or downstream
pressure) are fixed at the values determined, and the model is re-developed with

the larger dataset.

C. Fuzzy-net Processing of Flow versus Valve Abnormality Indications

[00216]  As with any two-dimensional engineering redundancy model, there
are two measures of abnormality, the "normal operating range" and the "normal
model deviation". The "normal model deviation" is based on a normalized index:
the error / max_error. This is fed into a type 4 fuzzy discriminator (Figure 16).
The developer can pick the transition from normal (value of zero) to abnormal

(value of 1) in a standard way by using the normalized index.



[00232] Figure 2 1 shows the event suppression and the

oper ator suppression disabling predefined sets of
wonpstis1ism t he PCA nodel . The set of inputs toPO®US2005/032447

automatically suppressed is determ ned fromthe

on-1line nodel performance. \Wenever the PCA nodel

gives an indication that tle-operator does not want to

see, this indication can be traced to a small nunber

of individual contributions tothe Sum of Error Square

i ndex. To suppress these individual coniributLona, t he
[002KTTcul dttieomosmat Aperaling &snges ipeeK 1sitBe VAL CrRASLGOR disgnce

o e, b S R P o e
whirl HAMLBln SHNpYRIGH GAll FERMInNRHE of nbQARRZ iVVIRNFIgw
rrgger -even occurs, the contributlon V\/GIgtS are set

thrdu@hZBE Valwy. ©achagiintthedévilope dahaiseahe tipe déuzzy
suppressed. When these inputs are to be reactiyvated,

disdrhminatort toi duver bathwbiegipper andytawikraindy of she naegak epegating

value of 1. | L PCA Mdel, Deconposjtion.[ 00234]
rangg amd tightramsdtipeArorg sar m?]stokﬂi’r“PanagWﬁ aﬁL’B’r oad process

equi prent scope, the nodel indices can be segregated

D. 'Q?@%ﬁg%&;@%Fg@/%fJeWOHPBCh the operators' view

the sensitivity of the

i X to L 06 '
00RfFE, R ATENGTe FGPhe 007 T ER AL D10 b
by @EUPRHAERS is ko Put all of tRbeaho@]s Blto[0AZ6]fulley abiworkvesthat
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the equil pndicatof avidl telleheinl that akbof their witical flowe cynirellers age
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wondheg. dadhsae, (06 TBodelpdiGRROR D e fuzphasiiprigtigde 4
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R R R e
indic?ﬂ@fi fOME O MPE oW NaRaRe8els] ThartsndWilhcomaimtheber
of I nputs conp buting to the index. Wth

disdrimiiacamntesilh Gtomn the¢ wordtenadehindicetiomr square
cal culation, the signal to noise ratio for

[00219] When a common equipment type is grouped together, another
operator favored way to look at this group is through a Pareto chart of the flow /
valves (Figure 17). In this chart, the top 10 abnormal valves are dynamically
arranged from the most abnormal on the left to the least abnormal on the right.
Each Pareto bar also has a reference box indicating the degree of variation of the
model abnormality indication that is within normal. The chart in Figure 17
shows that "Valve 10" is substantially outside the normal box but that the others
are all behaving normally. The operator would next investigate a plot for "Valve

10" similar to Figure 2 to diagnose the problem with the flow control loop.

II. Multidimensional Engineering Redundancy Models
[00220]  Once the dimensionality gets larger than 2, a single "PCA like"

model is developed to handle a high dimension engineering redundancy check.

Examples of multidimensional redundancy are:



the index is inproved, making the index nore
responsive to abnormal events. [00238] In a simlar
woams@s]7seach princi pl e conponent can be subdi PCUAE2006/032447
mat ch the equi pnment groupi ngs and an i ndex anal ogous
to the Hotelling T2 index can be created for each
subgroup. Equation 31 T 2-62t>2 [00239] The threshol ds
for these indices are cal culated by running the
testing data through the nodels and setting the
sensi t & Vigryssafe 1 keprebyurs Bot ds =bprsegiirom t hei r
performance on the test data. [00240] These new
i ndi ces ansterinl Bopriateeprocess utie 1 spmatariyl tlqw ppeof process
i dentical manner that a nornmal PCA nodel {s handl ed.
Paret o chait k=pasematmial fovoHitgPRFess #hths are shown
for the largest contributors to the sumof error
ar epi ndex, r hRu ill each
(005515 BB bR B PEBRA R IRSS chld R il
req eribfdRedtblc satewCohséieady, ihe meuel st tTAnust be
nodel s so that all interactions affecting the nodel

firstedegeopedripassed within the nodel. This can cause
mul tiple indications to the operator when these inputs

are t | 1 L fered Bidsp ; Higpesator bfasgrrerrorgguar ed
i ndexi.aﬁrgg:ééglg]}lc 09 avoi é thilsgi ststg)e, any i nput, which

appear,s i.n nmultjple del s, i Lane of

C hoseh e mouds GRS IR ady ORAERT IS 8863
contribution weight in Equation 29 for the primary PCA
nodel Fyliyk) = ag@gix;) at filenedhasng +f Operates idh-peiTREsy PCA
nodels, it is set to zero. IV. Operator Interac%%ﬁp & 18
Interface Design [00243] The primary objectives af
operator interface are to: Provide a continuous

L i | f & Ly i
(003 Eer 8% Biorsl g BoFBlop it REn B HaREAWACHR GBS
dim:%mi%nﬂpéifg‘?nééﬁt@ﬁhuﬁ&éﬁ@%b@é\lstv@erbhl%varmqbedl yi ng nodel

or mat Ion
[00223] This set of multidimensional checks are now converted into "PCA
like" models. This conversion relies on the interpretation of a principle
component in a PCA model as a model of an independent effect on the process
where the principle component coefficients (loadings) represent the proportional
change in the measurements due to this independent effect. In Figure 3, there are
three independent and redundant measures, X1, X2, and X3. Whenever X3
changes by one, X1 changes by a; and X2 changes by a,. This set of
relationships is expressed as a single principle component model, P, with

coefficients in unscaled engineering units as:
P=ag X1 +ap X2 +a3X3 Equation 19
Where az=1

[00224]  This engineering unit version of the model can be converted to a

standard PCA model format as follows:



Provide the operator with control over which nodels
are enabl ed. Figure 22 shows how t hese desi gn
wohpesaBirdes are expressed in the prinmary interPactas2005/032447

used by the operator. [00244] The final output froma
fuzzy Petri net is a normality trend as is shown in
Figure 4. This trend represents the nodel index that
i ndicates the greatest likelihood of abnormality as
defined in the fuzzy discrimnate function. The nunber
of trends shown in the summary is flexible and deci ded

[00225]di sDuswimganalpgins thhstanpardaitatisticalbpoRgepts, thepRNVEFEon

two reference Ilin for, the qperator to,h .Si
factarrefor ey JERGIHON 5@ 0RG ‘if;%?ﬁg o ‘3‘&‘106%4 Pﬁ%‘%@% ?%ﬁ gor
set at_a value of 0.6 and red,l i ne ' .
examplarsiEoto oramite e o thRobe dbrpt BRialing ik, te
1%)\ﬁeratﬁi('szlsas o.V\hCEnS,he is expected to take action.
scalgi dariaRies pLACTINEESSs the yel low Iine, the green
tranglegin Figure 4 wl rn yell ow and when Edeation 20
Pogsele Tr-0ysrossl pprEating ERngg )ng,&ut he green triangle V\A@ﬁ
turn red. The triangle also has the function that it
' Hould) Eal xRl 3 cﬁ@ﬁmirﬁéﬁ? Wit h
(gyhp}e%r?gg}gm%%?%gﬁ?ﬁggﬁloit uabnor mal indication. [00245]
If the nodel is a PCA nodel or it is part of an )
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[00246] For P del s, operators are provided with a
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This transforms P to

P=b;*X1+b,*X2+ eee +b;*XN Equation 24

P’ "standard deviation" =b; + by + ®e®® +by Equation 25

[00226]  With this conversion, the multidimensional engineering redundancy
model can now be handled using the standard PCA structure for calculation,

exception handling, operator display and interaction.
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Provide a way to disable bad acting models until they can be retuned

Provide a way to permanently disable bad acting instruments.

[00228]  There are two types of suppression. Suppression which is
automatically triggered by an external, measurable event and suppression which
is initiated by the operator. The logic behind these two types of suppression is
shown in Figures 18 and 19. ‘Although these diagrams show the suppression
occurring on a fuzzified model index, suppression can occur on a particular
measurement, on a particular model index, on an entire model, or on a

combination of models within the process area.

[00229]  For operator initiated suppression, there are two timers, which
determine when the suppression is over. One timer verifies that the suppressed
information has returned to and remains in the normal state. Typical values for
this timer are from 15 - 30 minutes. The second timer will reactivate the
abnormal event check, regardless of whether it has returned to the normal state.
Typical values for this timer are either equivalent to the length of the operator’s

work shift (8 to 12 hours) or a very large time for semi-permanent suppression.
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where:

Y, the current filtered value of the trigger signal

Y,: the previous filtered value of the trigger signal

X, the current value of the trigger signal

y the timing signal shown in Figure 20

P the exponential filter constant

T the sample time of the measurement

Tk the filter ttme constant

[00231]  As long as the timing signal is above a threshold (shown as .05 in

Figure 20), the event remains suppressed. The developer sets the length of the
suppression by changing the filter time constant, Ts. Although a simple timer
could also be used for this function, this timing signal will account for trigger

signals of different sizes, (_:reating longer suppressions for large changes and

shorter suppressions for smaller changes.

[00232]  Figure 21 shows the event suppression and the operator suppression
disabling predefined sets of inputs in the PCA model. The set of inputs to be
automatically suppressed is determined from the on-line model performance.
Whenever the PCA model gives an indication that the operator does not want to

see, this indication can be traced to a small number of individual contributions to
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II. PCA Model Decomposition
[00234]  Although the PCA model is built using a broad process equipment

scope, the model indices can be segregated into groupings that better match the
operators' view of the process and can improve the sensitivity of the index to an

abnormal event.

[00235]  Referring again to Equation 29, we can create several Sum of Error

Square groupings:
2_ ol 2
B =2 Wik Equation 30

2_ 2
E2 = zf_‘?:l W,-e,-
°
®

22
En'= Z;l:k w,-e;?‘

[00236]  Usually these groupings are based around smaller sub-units of
equipment (e.g. reboiler section of a tower), or are sub-groupings, which are

relevant to the function of the equipment (e.g. product quality).

[00237]  Since each contributor, e, is always adding to the sum of error
square based on process noise, the size of the index due to noise increases

linearly with the number of inputs contributing to the index. With fewer
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[00239] The thresholds for these indices are ca}culated by running the testing
data through the models and setting the sensitivity of the thresholds based on

their performance on the test data.

[00240] These new indices are interpreted for the operator in the identical
manner that a normal PCA model is handled. Pareto charts based on the original
inputs are shown for the largest contributors to the sum of error square index,

and the largest contributors to the largest P in the T? calculation.
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contribution weight in Equation 29 for the primary PCA model will remain at

one while for the non-primary PCA models, it is set to zero.

IV. Operator Interaction & Interface Design

[00243]  The primary objectives of the operator interface are to:

e Provide a continuous indication of the normality of the major

process areas under the authority of the operator

e Provide rapid (1 or 2 mouse clicks) navigation to the underlying

model information

e Provide the operator with control over which models are enabled.
Figure 22 shows how these design objectives are expressed in the

primary interfaces used by the operator.

[00244]  The final output from a fuzzy Petri netis a normality trend as is
shown in Figure 4. This trend represents the model index that indicates the
greatest likelihood of abnormality as defined in the fuzzy discriminate function.
The number of trends shown in the summary is flexible and decided in
discussions with the operators. On this trend are two reference lines for the
operator to help signal when they should take action, a yellow line typically set
at a value of 0.6 and a red line typically set at a value of 0.9. These lines provide

guidance to the operator as to when he is expected to take action. When the



R2 REACTOR OUTLET PRESSURE 0. 253 1ST STAGE RECYCLE
COVMPRESSOR SUCTI ON PRESSURE 0.1 67 ALT 1ST STAGE
wWeEWsOB EZSCOVMPRESSOR SUCTI ON PRESSURE 0 . 166 1SPCEHTALHAS/032447
H GH PRESSURE SEPARATOR PRESSURE 0.1 64 R1 BED 2
BOTTOM TEMPERATURE AVERAGE 0 .14 3 RECI PROCATI NG
COVMPRESSOR HI GH PRESSURE Dy$SCHARGE FLOW -0.174 H CGH
PRESSURE HYROGEN MAKE- UP R1 EAST PREHEATER FLOW -0. 170
R2 BED 4 BOTTOM TEMPERATURE AVERAGE -0.1 6 8 R2
trenREEYSL EtHdWRROSENNRATE @reén tridhgld-inGH gPRESSUREUHY DRieENnd
MAKE- UP R 1 WEST PREHEATER FLOW-0.1 6 R 1 FAST EEED
W hepREPEATER T SSSACRCTIEORRRATIREreSD gy 4 EAB TRk e bTanEle

also e RESSORAT RN BT PR B AT B Y 11 i B

th = FLQAM 9 Ahbifal Regysidn, Conpr essor gensor
e%é’scr&&ﬁ?gn "0adi hg ALT iffg% STAGE RECYCLE COVPRESSOR

SUCTI ON PRESSURE 0. 198 1ST STAGE LOW PRESSURE
[00SEIARATIORe BAFdDiSa PEMPERAJMIRE i0is yaot afSm suipment grpup (6.8

ll DA TS oAt HTyeen (GEnBReScre s A T S
PCpeisleolcBilores e CoRERIPR Crie alojel % 198

SRR 1 G SRR 0 Gt

U su‘éﬁ?@@ﬁ@y @bfofaA cVEMPHMTAIRE WilllBO aRonREGY Girst JHYDROGEN
RATIO -0.131 11. Make- Up drogen / PreHeat  Sensor .
meddasanensi dieRsaetorepart includes a red box aroun each bar to provide

the operator with a reference as to how unusual the measurement can be before it

is regarded as an indication of abnormality.

[00246]  For PCA models, operators are provided with a trend Pareto, which
matches the order in the bar chart Pareto. With the trend Pareto, each plot has
two trends, the actual measurement (in cyan) and an estimate from the PCA
model of what that measurements should have been if everything was normal (in

tan).

[00247]  For valve / flow models, the detail under the Pareto will be the two
dimensional flow versus valve position model plot. From this plot the operator

can apply the operator bias to the model.

[00248]  If there is no equipment grouping, selecting the green triangle will
take the operator right to the worst two-dimensional model under the summary

trend.

[00249]  Operator suppression is done at the Pareto chart level by selecting
the on/off button beneath each bar.
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R2 BED 4 BOTTOM TEMPERATURE AVERAGE 0.166
R2 BED 3 BOTTOM TEMPERATURE AVERAGE 0.158
R1 BED 4/ BED 5 TEMPERATURE DIFFERENTIAL -0.156
R2 BED 3 TEMPERATURE DROP 0.156

R2 BED 5 BOTTOM TEMPERATURE AVERAGE 0.153



5. Recycl e Conpressor Sensor Description Lo pie 2ND

STAGE RECYCLE COVPRESSOR DI SCHARGE TEMPERATURE
wWO30B881B0L ALT 2ND STAGE RECYCLE COVPRESSOR SUETT/DN2005/032447
PRESSURE - 3. 90E- 01 2ND STAGE RECYCLE COVPRESSOR

DI FFERENTI AL PRESSURE - 3. 19E-01 2ND STACGE LOW PRESSURE
SEPARATOR OFFGAS TEMPERATURE 3. 09E-01 R3 BED 3

DI FFERENTI AL PRESSURE 2. 52E- 01 2ND STAGE RECYCLE
COVPRESSCR SPEED - 1. 85E-01 2ND STAGE RECYCLE GAS

PURITY - 1.64E-01 2ND STAGE | ON PRESSURE-SERPARATOR——
|Wg@1&:‘g&1/PERATURE 1. 55E-01 2ND STAGE HI GH PRESSURE
TSRS ARALROE AN OUTLET TEVPERATURE -1 51 E-01 2ND JioadiEe .
BOVPRESSOR SUCTTON PRESSURE OUTPUT - -0. 260

QAFE@E BERP3IRIFORRENTI AL TEMPERATURE - 3. 23E- 01 R8237
T EMBERAMINRE W 72E- 01 R3 BEDL AVERAGE  .0.229
GE%,S%%?E £QUENCH FLOW OUTPUT 0.224
| MPERATURE 2. 29E-01 R3 BE[j 503
R WES -2.27E-01 R3 FEED PREHEATER 0.216
R1E&BIT %ﬁD*?E . 23E-01 R3 BED 2 QUENCH FLOW 0.206
R1 WESF $EED PRRIEAEER S Plow- 1.98E-01 7. R3 -
R1 EASTPEER PBERESTER FLAWRUERD 3 QUENCH FLOW 3. 20E- 01 R3™0-176
R1 HREDPRESSFRFEREKEUR HYRPERMTILRY 3. 05E- 01 R3 BED 3 -0.173
RECIOHENEH Ne_mmeal{@smmu@lg [PRESSHBEBHECHAARRIE ErOMEVPERAT U169
8. [Smbdn %ﬁﬁ@a ET_TEVPERATURE - 2. 67E-01 R3 BED

‘7

F, Sensor. Descnfﬁ‘ e TR ERATERE 2.3 Loadin,

"R2 REACTOR INLET PRESSURE 0.273
R1 REACTOR EFFLUENT OUTLET PRESSURE 0.273
R1 INLET PRESSURE 0.270
R2 INLET PRESSURE 0.267
R2 REACTOR OUTLET PRESSURE 0.253
1ST STAGE RECYCLE COMPRESSOR SUCTION PRESSURE 0.167
ALT 1ST STAGE RECYCLE COMPRESSOR SUCTION PRESSURE 0.166
1ST STAGE HIGH PRESSURE SEPARATOR PRESSURE 0.164
R1 BED 2 BOTTOM TEMPERATURE AVERAGE 0.143
R2 PRODUCT THRU STABILIZER EXCHANGER TEMPERATURE 0.138

9 I Stage 1Make-U Hydrogen

“R1 HIGH PRESSURE MAKE-UP HYDROGEN FLOW -0.188
REGIPROCATING COMPRESSOR HIGH PRESSURE DISCHARGE FLOW -0.174
HIGH PRESSURE HYROGEN MAKE-UP R1 EAST PREHEATER FLOW -0.170
R2 BED 4 BOTTOM TEMPERATURE AVERAGE -0.168
R2 RECYCLE HYDROGEN RATIO -0.164
HIGH PRESSURE HYDROGEN MAKE-UP R1 WEST PREHEATER FLOW -0.161

R1 EAST FEED PREHEATER STACK TEMPERATURE -0.159
R1 EAST FEED PREHEATER FIREBOX TEMPERATURE -0.152
LP HYDROGEN TO HIGH PRESSURE KNOCKOUT DRUM INLET FLOW -0.147

R2 BED 5 QUENCH FLOW -0.141



R3 REACTOR FEED TEMPERATURE - 2. 16E-01 R3 FEED
PREHEATER OUTLET TEMPERATURE - 2. 12E-01 R3 TOTAL
WORKGERENT| AL TEMPERATURE 2. 02E- 01 2ND STAGE HPGHUS2005/032447
PRESSURE SEPARATOR PRESSURE 1. 86E-01 8. | Reactor
Pressure R3 | NLET PRESSURE 3. 38E-01 R3 | NLET PRESSURE
OUTPUT - 2. 86E-01 R3 BED 5 MVERAGE TEMPERATURE
-R%. g:;g— gll EEE'FF%RE SCHARGE TEMPERATURE - 2. 37E- 01
TURE 2. -
OUTLET TEVPERATLRE. 2. OSE. 01 R3 9E&R§EEE£$EE§E§%LS§—
10 PR chl Coiap SISGE RECYCLE COVPRESSOR SUCTI PRESSLRE
5P criptbn9E- 01 -R3 .BED 5- DI'FFERENTI Al - TENPERATUpRdNg *-
AT IS5 EACERESY BELCOMPREESOREMCERATPRESSURE 81 E- 019 0-198
1ST§"B&‘<§EL@NWWE SSEMFINTOREEXTTIQNMS TEMRERATURE LOW 0.190
1ST BRI MR IR INDERTEMPERMATBRESE- 01 LOW  0.179
400# LéR NAQ'E HEMAREE JRESHIRBFOUTPUT 3. 47E- 01-0.178

18T 5 E?gégé EiLéDCT%r%EMBéRAﬂME’RESSURE 0.166
il e NLET- PRESSURE 57

E 2. 06E-01 R3 BE
P
HIGH; 'ﬁfﬁiﬁﬁéﬂ?ﬁ?ﬁ\ U-OE%QRECI PROCATI NG 0153

R2 REGNVPHRESEPROGENHAKAIARGE PRESSURE k §g @3 OND STAGE ~0-145

COMRENEYDLESELANPIESARS QRET 1 67E. 00-139
R1 RRETYCE HYRRDRGEMTIO R3 FEED FLON- 1.63E-01 10, -0.131

11. M%R%fﬁpﬁﬂﬁ'rb en / PreHeat

A1 HIGH PRESSURE MAKE-UP HYDROGEN FLOW -0.224
RECIPROCATING COMPRESSOR HIGH PRESSURE DISCHARGE FLOW -0.218
HIGH PRESSURE HYDROGEN MAKE-UP R1 WEST PREHEATER FLOW -0.199

HIGH PRESSURE MAKE-UP HYDROGEN TO EAST PREHEATER FLOW -0.196
LP HYDROGEN TO HIGH PRESSURE KNOCKOUT DRUM INLET FLOW -0.186
HIGH PRESSURE H2 KNOCKOUT DRUM INLET PRESSURE VALVE -0.173
RECIPROCATING COMPRESSOR LOW PRESSURE DISCHARGE 0.173
PRESSURE

R1 EAST FEED PREHEATER INLET TEMPERATURE 0.167
R1 EAST FEED PREHEATER OUTLET TEMPERATURE 0.164
ALT R1 WEST FEED PREHEATER OUTLET TEMPERATURE 0.155

12. | Reciprocating Compressor

ensor Descriptios
HIGH PRESSURE H2 KNOCKOUT DRUM INL
RECIP COMPRESSOR LOW PRESSURE DISCHARGE PRESSURE
LOW PRESSURE KNOCKOUT DRUM INLET PRESSURE

RECIP COMPRESSOR LOW PRESSURE SUCTION PRESSURE
1ST STAGE RECYCLE COMPRESSOR DIFFERENTIAL TEMPERATURE
TOTAL HYDROGEN MAKE UP TO R1/R2

R2 BED 1 QUENCH FLOW

LP HYDROGEN TO HIGH PRESSURE KNOCKOUT DRUM INLET FLOW
R1 HIGH PRESSURE MAKE-UP HYDROGEN FLOW

1ST STAGE RECYCLE COMPRESSOR SUCTION TEMPERATURE




Sen o Description Loading ' R3 BED 4 DI FFERENTI AL
PRESSURE 3.51 E-01 R3 BED2 AVERAGE TEMPERATURE 3. 21
Wa-200b/08875BED 2 | NLET TEMPERATURE 3. 19E- 01 R3 BEOTAIS2005/032447
DI FFERENTI AL PRESSURE - 3. 00E-01 R3 BED 5 QUENCH FLOW
-2.78E-01 R3 BED 2 DI FFERENTI AL PRESSURE - 2.56E-01 R3
BED 4 AVERAGE TEMPERATURE. 7. 37E-01 R3 BED 4
DI FFERENTI AL TEMPERATURE - 2. 27E-01 R3 BED 2 QUENCH
FLOW-2.1 1E-01 R3 BED 3 QUENCH FLOW 2. 07E-01 11.
Quench DP Profile easor Description |
13 DI IvERRFit\SePRESESIRE - 3. 86E- 01 R3 BED 2 DIFFERENTIAL |
~ RO R ron 4/E 0T R3TBED 4 TNUET TEMPERATURE| 3. 2ddadBg . .
5T CRAGELDW FNUAESEPARAT OBEBE TTONRS FRED CUTRUENCH FLOW 0.190
S é’é’[mﬁp#@s%&% S AR OR PMESAEE TEMPERATURE 2. 31 .0.174
A5 GiRellE Aphs 120@#01 R3 BED 3) 166

LOWF ﬂgwg\mlgfp 0.161
18T ﬁ?’é‘%’%b AR R g PRESSURE '8 122
R1 Bﬁ?LﬁF@éﬁr{P*ﬂ)FS@MARGE PRESSURE OUTPUT 4. 95E-01 LOW 155
R1 BEREBFIREY ERROEENPBRASAIMRGE PRESSURE 4. 37E- 01 R3 | NLEFI®
R1/ RRESSBRENTRALOEMRERATURE 0.150
1ST STAGE LOW PRESSURE SEPARATOR BOTTOMS FLOW 0.149
Rt BED 5/ BED 6 TEMPERATURE DIFFERENTIAL 0.148
Table 2
R3 Principal Components

With Sensor Title and Principal Component Loading

1. | Overall »R3”'VI‘qn\_‘1 graﬁ

R3 AVERAGE REACTOR TEMPERATURE 2 86E-01

R3 TOTAL DIFFERENTIAL TEMPERATURE 2.48E-01
R3 BED1 AVERAGE TEMPERATURE 2.08E-01
R3BED4 DELTAT 2.08E-01
R3 BED1 DELTAT 2.02E-01
R3 FEED PREHEATER OUTLET TEMPERATURE 1.87E-01
R3 REACTOR FEED TEMPERATURE 1.86E-01
R3 BED2 AVERAGE TEMPERATURE 1.86E-01
R3 BED4 AVERAGE TEMPERATURE 1.84E-01
OND STAGE HP SEPARATOR PRESSURE VALVE POSITION 1.78E-01
2. | Non-R3 Temperat

i "Sensor Description:

oND STAGE LOW PRESSURE SEPARATOR BOTTOMS TEMPERATURE 2 67E-01
OND STAGE RECYCLE COMPRESSOR DISCHARGE TEMPERATURE 2.66E-01
R3 EFFLUENT TEMPERATURE 2.57E-01
H2 TO R3 REACTOR TEMPERATURE 2.53E-01
R3 FEED TEMPERATURE 2.45E-01
OND STAGE HIGH PRESSURE SEPARATOR INLET TEMPERATURE 2 45E-01
R3 SURGE DRUM OUTLET TEMPERATURE 2 A4E-01
OND STAGE LOW PRESSURE SEPARATOR BOTTOMS TEMPERATURE 2 39E-01
R3 BED 3 DIFFERENTIAL PRESSURE 2 24E-01

R3 SURGE DRUM INLET TEMPERATURE 2 13E-01



R3 I NLET PRESSURE COUTPUT 2. 88E-01 2ND STAGE RECYCLE

COMPRESSOR SUCTI ON PRESSURE 2. 22E-01 ALT 2ND STAGE
WwWeEBWOB ESCOMPRESSOR SUCTI ON PRESSURE 2. 21 E- 01 PEREOYI0E032447

HYDROGEN TO R3 FEED FLOW 2. 09E-01 R3 TOTAL

DI FFERENTI AL PRESSURE - 1 .58E-01 1ST STAGE H GH

PRESSURE SEPARATOR OVERHEAIB FLOW - 1 .42E-01 LOW

PRESSURE HYDROGEN MAKE- UP TO R3 TEMPERATURE -1 . 34E-01

13. 1Bed 2 Quench / Dp Sensor Description Loading R3
BED 2 DI FEERENTI Al PRESSURE 4. 27E- 01 R3-BED-—2—CUENCH

DL £

3. [FHPEepmaRod PIRSSEED 2 QUENCH FLON QUTPUT -3, 19F-01_ X
T SHEEDRRENoATER, QUTLET TEMPERATURE VAL VE . POSI T1-an
"2ND SPAGIEIGCH PRECYRES EVAROEMPRESSBREEED FLOW - 2. 50E-295E-01
2ND E3AGEREG Bl FEBRENESADRENBERARGREREBSYRE- 01 R3 BED-Z90E-01

FA&_ENEE%LF@B@Mbn%@goﬁlsu&Toﬁm@Escr@waEssm -2.86E-01

2ND H%%@O@%lf@Tl@ﬁBR%S@UEEERENTl AL -2.59E-01

s '\FP FGRBED 4 I NLET TEMPERATURE 1 83E-01
ractionation Principal Conponents W3 B3g.g1

R3F§%%§EM nd Princi pal Conponent Loadi ng 1. He‘flt91E01

R3 REA T@RthEg P er Tower , Sensor Description’ Loadi

R3 B@@,&B‘l\/ﬂi TENRER SO FOVG TEI\/PERATURE @é@@fl SPLI g

2ND SOVERRECFOLE QUMPRENSORATYREON PithS RE -

R3 PROPBENSATEIARRE TEVEERATNRIR TRAY 10 TEI\/PERATURE -1 78E-01

4. 2[f1?2§e19&rat0 T ratures

: nsorDescripti o oading |
oND STAGE HIGH PRESSURE SEPARATOR INLET TEMPERATURE -2 .52E-01
H2 TO R3 REACTOR TEMPERATURE -2.50E-01
9ND STAGE RECYCLE COMPRESSOR DISCHARGE TEMPERATURE -2 49E-01
R3 SURGE DRUM OUTLET TEMPERATURE 2 46E-01
R3 FEED TEMPERATURE 2.45E-01
R3 SURGE DRUM INLET TEMPERATURE 2.15E-01
oND STAGE RECYCLE COMPRESSOR DISCHARGE PRESSURE -2 11E-01
R3 EFFLUENT TEMPERATURE 2.11E-01
oND STAGE RECYCLE COMPRESSOR DISCHARGE TEMPERATURE -2.01E-01
ALT 2ND STAGE RECYCLE COMPRESSOR SUCTION PRESSURE -1.95E-01

2NDS?';'S}\GE REC%CLE COMPRESSOR DISCHARGE TEMPERATURE -3.98E-01
ALT 2ND STAGE RECYCLE COMPRESSOR SUCTION PRESSURE -3.90E-01
oND STAGE RECYCLE COMPRESSOR DIFFERENTIAL PRESSURE -3.19E-01
oND STAGE LOW PRESSURE SEPARATOR OFFGAS TEMPERATURE 3.09E-01
R3 BED 3 DIFFERENTIAL PRESSURE 2.52E-01
2ND STAGE RECYCLE COMPRESSOR SPEED - -1.85E-01
2ND STAGE RECYCLE GAS PURITY -1.64E-01
oND STAGE LOW PRESSURE SEPARATOR BOTTOMS TEMPERATURE 1.55E-01

oND STAGE HIGH PRESSURE SEPARATOR FAN OUTLET TEMPERATURE -1.51E-01
2ND STAGE RECYCLE COMPRESSOR SUCTION PRESSURE OUTPUT -1.38E-01



SPLI TTER TOAER LI QUI D FEED TEMPERATURE 2.1 9E-01
PRESSURE COVPENSATED STABI LI ZER TOAER TRAY 25
WOBMBERABWRE 2. 12E- 01 PRESSURE COVPENSATED STABCILAURERS/032447

TONER TRAY 33 TEMPERATURE 2. 12E- 01 PRESSURE
COVPENSATED SPLI TTER TOWER TRAY 18 TEMPERATURE
2. 04E- 01 PRESSURE COVPENSAFED STABI LI ZER TONER TRAY 15
TEMPERATURE 2. 03E- 01 PRESSURE COVPENSATED SPLI TTER
TONER TRAY 22 TEMPERATURE 1. 99E-01 PRESSURE
COMPENSATED SPLI TTER TOMAER TRAY 2 TEMPERATURE
FOPEFaliiirHA STRI PPER BOTTOVS TEMPERATURE

" SSURE “COMPENSATED SPLI TTER TOVER [TRAY.02ding

‘pmmfngPthbURE COVPENSATED SPLI TTER.34E- 01

8 TEMPERATURE 2. 06E-01 PRESSL[%EBE o1
TONER TRAY 18 TEMPERATURE 2.
OVE FLOW TO TOTAL PRODUCT FL

3? RE 2 09E- 01 PRESSURE CO\/PENSATE[Q 72E-01

M~ UUH&

-34E-01

R3 BED 69@&3\ 'f_HOZ 59E-01
R3 REMGTQR FEBREENPEBREYYERE COVPENSATED SPLI TTER TOVER =
R3 BERARUENCFERWMMAHIRET1. 91 E-01 SPLI TTER OVERHEAD ~2-2/E-01
R3 FEEINPERSERN ERDETLEENEEREEATRIERS. 76E- 01 2.23E-01
R3 BAMBIGENRNTEMAERATURE 3. 47E- 01 STABI LI ZER OVERHEAD  2.23E-01
R3 Bé@@dMMmmNQUI D TEMPERATURE 3. 44E- 01 ALTERNATE-1.98E-01
: RE I\/EASUREI\/ENT 3. 38E- 01

ﬁ%r’—* RATI O 1. 79E. 01 LOG STABI
R3 BEEWB%“‘%W%@%@@QANALYZER 1. 69E- 01 PRESSUR
R3 BERRRRMNCHED- QY A MAVZER TONER TRAY 40 TEMPERATURE 1
R35ED415ELE)T1TEMP@%BHE zer Material Allocation S : | 2 74E-0
R3 BBUBANEE DREVWPERATURED TOTAL STABI LI ZER PRODUCT FLOw?2-67E-01
R3 BRATI HMIFSERENTFI 1 TEWRAERATURER BOTTOVS FLOW TO STABI LI Z%F'iOE -01

R3 REROROS FEEDABMBRERADURE. 91 E-01 6E-01
R3 FEED PREHEATER OUTLET TEMPERATURE -2.1 2E-01
R3 TOTAL DIFFERENTIAL TEMPERATURE 2 02E-01
oND STAGE HIGH PRESSURE SEPARATOR PRESSURE 1.86E-01
8. Reactor Pressu

"R3 INLET PRESSURE 3.38E-01

R3 INLET PRESSURE OUTPUT -2.86E-01
R3 BED 5 AVERAGE TEMPERATURE -2.53E-01
R3 PRODUCT DISCHARGE TEMPERATURE -2.37E-01
R3 BED 3 INLET TEMPERATURE 2.19E-01
R3 FEED PREHEATER OUTLET TEMPERATURE 2.08E-01
R3 BED 2 INLET TEMPERATURE 2.07E-01
oND STAGE RECYCLE COMPRESSOR SUCTION PRESSURE OUTPUT -1.99E-01
R3 BED 5 DIFFERENTIAL TEMPERATURE -1.95E-01

R3 BED 5 INLET TEMPERATURE -1.81E-01



1ST STAGE LPS BOTTOVSE FLOW TO TOTAL FEED RATI O

-2. 74E- 01 STABI LI ZER TOAER | NLET TEMPERATURE - 2. 40E- 01
wa Bl 7AER DI STI LLATE RATI O ( REFLUX TO OVERHEROT/RRZIDS/032447

FLOW -2.25E-01 LOG STABI LI ZER PERCENT 1 C5 I N OVERHEAD

ANALYZER 2. 13E- 01 PRESSURE COMPENSATED STABI LZER TOWER

TRAY 15 TEMPERATURE - 1. 941801 GASCLI NE STRI PPER

REBO LER OQUTLET TEMPERATURE 1. 78E-01 PRESSURE

COVPENSATED SPLI TTER TONER FEED TRAY TEMPERATURE -

1. 68E-01 AMBI ENT TEMPERATURE - 1 67E-Q1 5 _Change in

9. | MakeonyeHydrogen GASOLINE STRI PPER REBOI LER CUTLET

SR RARE - 2. 98E- 01 SPLITTER TOMAER L EVEL - 2[.62B-dding *
Low QUHE YOV I DFAD RE EEBWTONER TRAY 33 -3.68E- 01

LOW ROGEA6 BidtH ARRES IS UBBMPENSATED STABI LI ZRBRE-01
Rs NLEY ERATURE - 2. 38E- 01 SPLI TTER TOVWER3 35E-01
LOW RRE

55&%, A?C%EQI\%%SSURE COVPENSATED; arE. 01
R31 B STABI L TONER 'Fr#P}Xng %E%E_R%UEEES%@ E-01
R3 BED AN FHACEASMTRIA $FR PPER LEVEL - 2.1 1E-01 LI GHT 2-06E-01
R3 BRRAB R RRANALY SEPFRARRE-EED FLOW RATI O 2. 00E- 01  1-94E-01
RECIBRABAT ING-CQMPREBRARLTP®IFSHARC BOMESREREL O RATI O 1. H-86E-01
oND BTAGPRESSURE CODMPENSOFEEY AN IPREBSRRFGMIR UTRAY 8 -1.67E-01
RECTEIRERNTOREN YOTBEFEED RERD | _HEAVY NAPTHA DRAWTO -1 .63E-01

ELOW RATI O 2 75E— 01 LI GHT NAPTHA DRAW

10 R OVERHEAD PRESSURE - 2. 50E3 |01

R3 BERES ED"STABI LI ZER TOAER TRAY 15 E-01
RO B HEF SATADT STAI LI Z7ER SI DE DRAW TO BOTTOREE 01
R3 BEDORFZERENTIAL HBESBHRETABI LI ZER TOAER | NLET -00E-01
R3 BEBMIRUENGHRELQW3 7E- 01 -2-78E-01
R3 BED 2 DIFFERENTIAL PRESSURE - -2.56E-01
R3 BED 4 AVERAGE TEMPERATURE -2.37E-01
R3 BED 4 DIFFERENTIAL TEMPERATURE -2.27E-01
R3 BED 2 QUENCH FLOW -2.11E-01
R3 BED 3 QUENCH FLOW 2.07E-01
11. | Quench DP Profile |
Sensor Descriptio Loading

R3 BED 4 DIFFERENTIAL PRESSURE -3.86E-0
R3 BED 2 DIFFERENTIAL PRESSURE -3.47E-01
R3 BED 4 INLET TEMPERATURE 3.24E-01
R3 BED 2 QUENCH FLOW -2.68E-01
R3 BED 4 QUENCH FLOW OUTPUT -2.56E-01
R3 BED 4 AVERAGE TEMPERATURE 2.31E-01
R3 BED 5 DIFFERENTIAL PRESSURE 2.23E-01
R3 BED 3 QUENCH FLOW 2.19E-01
R3 BED2 AVERAGE TEMPERATURE 1.93E-01

R3 BED 5 QUENCH FLOW 1.89E-01




2ND STAGE LPS BOTTOMS FLOW TO TOTAL PRCDUCT FLOW RATI O
-3.43E-01 STABI LI ZER DI STI LLATE RATI O (REFLUX TO
WOXERHEAB0 PROD FLOW - 2. 93E- 01 STABI LI ZER BOT T@WVEUSL@032447
TO TOTAL PRODUCT FLOW RATI O -2. 93E-01 1ST STAGE LPS
BOTTOVSE FLOW TO TOTAL FEED FLOW RATI O - 2. 69E- 01 BUTANE
DRAW TO TOTAL PRODUCT FLOWGRATI O 2. 62E- 01 PRESSURE
COVPENSATED STABI LI ZER TOAER TRAY 40 TEMPERATURE
-2.30E-01 1ST STAGE LPS BOTTOVBTO TOTAL FEED FLOW
RATI O -2.1 9E-01 GASOLI NE STRI PPER FLASH VAPOR

12T ANVRE PreSdirdl STABI LI ZER TOVER OVERHEAD |
N ; 166501 Tedtddin

=—1. 66E-01 8- Stabi i zer ‘Butane E

R3 INWEA| PRESRURE Q9EEY1  casaLI NE AL propucT FRaRE 01
2ND SMG@REPY%E-W%WW@%&%% STABI LI ZER T -01

ALT TIRASTAGE REQVERA PONMPRESSOR PACIPNERESSERED| ST1 LLATES-21E-01
RECRAIIE BYDREESENXOTRS ERERFEAS PROD FLOW 1. 80E- 01 BUTARIE9E-01
R3 TDORAVOTFEEREMAIAL PRESSOREFLOW RATI O - 1. 65E- 01 GASOLHNSS8E-01
15T STREPBRR PRASSUMABERATENRERNEBREAR FEQW- 01 STABI LI ZER2E-01
Low AR UREREE: BRFERERE> 80 GREEMPERAGRENAPTHA DRAVI BAE-Of

| HTTERSREED FEOWRATIO - 2. 67E- 01 SPLI TTER
13. 1842 Quenghd BBy peran E-01-STABHHZER 177

I OINEST

LI AT LN IR XL DA

NV RA

2 SRemRnDE RPN L ATED NV ke o o &
R3 BEP, 2EEEAENTARPRFSBY DRAW TO TOTAL BOTTOVS FL

| DE
R3 BERA @/BNGH §EOYW1 PRESSURE COVPENSATED SPLI TTER T -O6E-01
R3 BERRQUENGIEREER/ WD 05E- 01 SPLI TTER REBO LER  -o-19E-01
R3 READGUENEADERIVITLERPEMPERAERRD VALYRPRETION 1. 96E- 01 -2-69E-01
RECRBESSYBEOGEMPENSAFEED SEOWTTER TOAER TRAY 38 -2.50E-01
R3 BEDVPBRATRIRETIAL TRBIPEBATURE -2 A7E-01
R3 BED 5 INLET TEMPERATURE 1.96E-01
1ST STAGE COMPRESSOR SPILLBACK FLOW 1.83E-01
R3 BED 2 DIFFERENTIAL TEMPERATURE 1.81E-01
R3 BED 4 INLET TEMPERATURE 1.81E-01
Table 3

Fractionation Principal Components
With Sensor Title and Principal Component Loading

| Heat Input to Splitter Tower

Snisor Descriptiol Loadin
STABILIZER TOWER BOTTOMS TEMPERATURE 2.44E-01
SPLITTER TOWER FEED ZONE TEMPERATURE 2.35E-01
PRESSURE COMPENSATED SPLITTER TOWER TRAY 10 TEMPERATURE 2.22E-01
SPLITTER TOWER LIQUID FEED TEMPERATURE 2.19E-01

PRESSURE COMPENSATED STABILIZER TOWER TRAY 25 TEMPERATURE 2.12E-01
PRESSURE COMPENSATED STABILIZER TOWER TRAY 33 TEMPERATURE 2.12E-01

PRESSURE COMPENSATED SPLITTER TOWER TRAY 18 TEMPERATURE 2.04E-01
PRESSURE COMPENSATED STABILIZER TOWER TRAY 15 TEMPERATURE 2.03E-01
PRESSURE COMPENSATED SPLITTER TOWER TRAY 22 TEMPERATURE 1.99E-01

PRESSURE COMPENSATED SPLITTER TOWER TRAY 2 TEMPERATURE 1.95E-01




SPLI TTER OVERHEAD ACCUMULATOR LEVEL - 1.83E-01447 - 82
- 10. | Total Energy Inputs Sensor Description Loadi ng
WERWMGMIER) REBO LER FI RED DUTY 5 83E- 01 STABI LI BERUS2005/032447

REBO LER FI RED DUTY 5. 47E-01 SPLI TTER PUMPAROUND

HEATER COOLER TO SPLI TTER FEED RATI O -1. 77E- 01

GASOLI NE STRI PPER OUTLET T&MPERATURE - 1. 60E- 01

SPLI TTER BOTTOMS TO TOTAL FEED RATI O FLOW RATI O -1

. 46E- 01 STABI LI ZER TONER | NLET TEMPERATURE - 1.45E-01

STABI LI ZER SI DE_ DRAW . TO BOTTOVS-_FLOV
2. [ Sptitter BottamsBramvElfect 28E- 01 SPLI T
. Sk beliptical  STAGE LPS BOTTOVE TO TOTAL FEED: FLOW: Loading. .
SPLIWR TTOMEBLOBATA EEESPLOM RATIOT act i onat i on Change 2. 40E-01
HEABe NAGTHA BERIPFERBAITOMS TEMB@%@T SPLI TTER REFLUX T&S30E-0!
PRES@MC@EEBNBA@@@MIT@ER:?OW@MA %TW Piidy | ER  2-30E-O1

PRESSBEDCOMPENSATED SPLITER FANYER JRAY BOTTORRIE 0!
HOTFELWWT@AsTQJ%@C et ﬁ_ I 2 06E.0
TTER 5 01E-01

PRE

PRESS\RE RAYVEETEN

STABILDER é%f 3 ﬁBABl LI ZER  1.98E-01
PRES 5 VTTER T%%#HEP@WRT@PER OUTH BTE-01
SPLIT é@)hﬁﬁh#é“ﬁ'ﬂ%ﬁl'@/\ER OVERHEAD 1.88E-01
3. ﬂi@h&é’p_ g# AR PERCENT [C5 IN

SPLITTER ACCUMULATOR INLET TEMPERATURE

SPLITTER OVERHEAD CONDENSOR INLET TEMPERATURE 3.76E-01
AMBIENT TEMPERATURE 3.47E-01
STABILIZER OVERHEAD ACCUMULATOR LIQUID TEMPERATURE 3.44E-01
ALTERNATE AMBIENT AIR TEMPERATURE MEASUREMENT 3.38E-01
STABILIZER TOWER OVERHEAD TEMPERATURE 1.98E-01
FIRST STAGE SURGE DRUM OUTLET TEMPERATURE 1.79E-01
SPLITTER REFLUX FLOW TO FEED FLOW RATIO 1.79E-01
LOG STABILIZER PERCENT IC5 IN OVERHEAD ANALYZER 1.69E-01

PRESSURE COMPENSATED STABILIZER TOWER TRAY 40 TEMPERATURE 1.45E-01
4 l Stablhzer Material Allocation

Tip!

BUTANE DRAW RATE TO TOTAL STABILIZER PRODUCT FLOW RATIO
STABILIZER BOTTOMS FLOW TO STABILIZER PRODUCT FLOW RATIO

1ST STAGE LPS BOTTOMS FLOW TO TOTAL FEED RATIO

STABILIZER TOWER INLET TEMPERATURE

STABILIZER DISTILLATE RATIO (REFLUX TO OVERHEAD PROD FLOW)

LOG STABILIZER PERCENT IC5 IN OVERHEAD ANALYZER

PRESSURE COMPENSATED STABILZER TOWER TRAY 15 TEMPERATURE
GASOLINE STRIPPER REBOILER OUTLET TEMPERATURE

PRESSURE COMPENSATED SPLITTER TOWER FEED TRAY TEMPERATURE
AMBIENT TEMPERATURE

| 5.
“GASOLINE STRIPPER‘R [TLET TEMPERATURE ‘ -2.93E-01
SPLITTER TOWER LEVEL -2.62E-01

PRESSURE COMPENSATED STABILIZER TOWER TRAY 33 TEMPERATURE -2.46E-01
PRESSURE COMPENSATED STABILIZER TOWER TRAY 25 TEMPERATURE -2.38E-01

SPLITTER TOWER BOTTOMS TEMPERATURE 2.13E-01
PRESSURE COMPENSATED STABILIZER TOWER TRAY 2 TEMPERATURE 2.12E-01
PRESSURE COMPENSATED STABILIZER TOWER TRAY 8 TEMPERATURE 2.12E-01
GASOLINE STRIPPER LEVEL -2.11E-01
LIGHT NAPTHA DRAW TO SPLITTER FEED FLOW RATIO 2.00E-01

STABILZER SIDE DRAW TO TOTAL BOTTOMS FLOW RATIO 1.91E-01



Sensor Bescripfion T ; goading M SPLI TTER RE

TOTAL FEED FLOW RATI O ?1 00E- 81 LOG N4 I N Gilé.gl_xl -Il\-I(E)
WORMIGHZERD - 2. 82E- 01 SPLI TTER TOAER LEVEL 2.51 BE€DAIS2005/032447

SPLI TTER TONER OVERHEAD TEMPERATURE 2. 48E- 01

STABI LI ZER TONER OVERHEAD PRESSURE 2. 47E-01 SPLI TTER

TONER BOTTOMS TEMPERATURE 812. 23E-01 STABI LI ZER TONER

| NLET TEMPERATURE 2. 22E- 01 GASOLI NE STRI PPER OUTLET

TEMPERATURE 2. 07E- 01 GASCLI NE STRI PPER LEVEL -
1. 96E- 01 PRESSURE _COVMPENSATED SPLI TTER TOAERFEEB—TRAY

OV 1 D TV

6. | BpIRERARYeduct dMEAWd 13. 1Tower |nventory Sensor

"~ SERSEDLRRbEA. 1. Xoadl ngri - SPLI TTER JTOWER OVERMEAD. [+ Loading” -

GASORRES I Z030rAD PRODABTIHLORRRAONER OVERHEAD PRESSURE31E-01

PREZS OHECOMPBREATHERT ABMERRTOVHEER TBAY SHEYPESATURFER  2.78E-01

KEROYHRAPANARCEUMBANTTRSPEVEER FEEB FLOVORAHASOLI NE 2 75E-01

LIGHS NRFFPERAWED SPLI0ERFEESHLOM BRT -2.74E-01
LPER T SRR, cr

WHMER NR& 2.69E-01

STABILGER T -2 50E-01
PRE§ e EEROPERETIRE] E Bd7E o1
STA 3 | U .69E-01  2.46E-01
STAg_ L A OVNER TRAY 40 2.37E-01
SPLITTER BO O PIREREEDAL cuality / Overhead -2.25E-01
- 19ar. DeseT 'dﬁQ'g Wit ?adl ng DYNAM C COVPENSATED FEED

L Senspn DesrTiDRoPAR |- : -
STABILIZER REBOILER CALCULATE AT TN O z 9.8
oND STAGE LPS BOTTOMS FLOW TO TOTAL PRODUCT FLOW RATIO -3.43E-01
STABILIZER DISTILLATE RATIO (REFLUX TO OVERHEAD PROD FLOW) -2.93E-01
STABILIZER BOTTOMS FLOW TO TOTAL PRODUCT FLOW RATIO -2.93E-01
1ST STAGE LPS BOTTOMS FLOW TO TOTAL FEED FLOW RATIO -2.69E-01
BUTANE DRAW TO TOTAL PRODUCT FLOW RATIO 2.62E-01
PRESSURE COMPENSATED STABILIZER TOWER TRAY 40 TEMPERATURE -2.30E-01
1ST STAGE LPS BOTTOMS TO TOTAL FEED FLOW RATIO -2.19E-01
GASOLINE STRIPPER FLASH VAPOR TEMPERATURE -1.67E-01
STABILIZER TOWER OVERHEAD TEMPERATURE -1.66E-01

A 8 J_ Stabilizer Butane Effects

STABILIZER REBOILER CALCULATED HEAT INPUT TO FEED FLOW R
5ND STAGE LPS BOTTOMS TO TOTAL PRODUCT FLOW RATIO
STABILIZER BOTTOMS TO TOTAL PRODUCT FLOW RATIO
LOG NC4 IN GASOLINE ANALYZER
GASOLINE DRAW TO TOTAL PRODUCT FLOW RATIO
PRESSURE COMPENSATED STABILIZER TOWER TRAY 40 TEMPERATURE
STABILIZER DISTILLATE RATIO (REFLUX TO OVERHEAD PROD FLOW)
BUTANE DRAW TO TOTAL PRODUCT FLOW RATIO
GASOLINE STRIPPER FLASH VAPOR TEMPERATURE
SPLITTER OVERHEAD ACCUMULATOR LEVEL

9. | Stabilizer Pressure Balance

" Seénsor Description: ok e e ading
oND STAGE LPS BOTTOMS TO T PRODUCT FLOW RATIO 3.18E-01
STABILIZER TOWER OVERHEAD PRESSURE 3.06E-01
LIGHT NAPTHA DRAW TO TOTAL SPLITTER FEED FLOW RATIO -2.67E-01
SPLITTER TOWER OVERHEAD TEMPERATURE -2.54E-01
STABILIZER REBOILER CALCULATED HEAT INPUT TO FEED FLOW RATIO -2.39E-01
STABILIZER SIDE DRAW TO TOTAL BOTTOMS FLOW RATIO 2.19E-01
PRESSURE COMPENSATED SPLITTER TOWER TRAY 10 TEMPERATURE 2.05E-01
SPLITTER REBOILER CALCULATED HEAT INPUT TO FEED FLOW RATIO 1.96E-01
PRESSURE COMPENSATED SPLITTER TOWER TRAY 38 TEMPERATURE -1.89E-01

SPLITTER OVERHEAD ACCUMULATOR LEVEL -1.83E-01



LOG NC4 I N GASOLI NE ANALYZER - 2. 52E- 01 STABI LI ZE

TONER LEVEL -2.49E-01 SPLI TTER TOAER LEVEL - 2. 392— 01
W0 3T06H3AGE SURCGE DRUM OQUTLET TEMPERATURE 1. 99EPOT/US2005/032447

GASOLI NE STRI P FLASH VAPOR TEMERATURE - 1 .84E-01

SPLI TTER OVERHEAD ACCUMULATOR LEVEL - 1.77E-01

GASOLI NE STRI PPER CUTLET -BEMPERATURE 1. 72E-01 15. Feed

Quality / Gasoline Sensor Description Loadi ng HEAVY

NAPHTHA 90% BP ANALYZER 6.1 5E-01 DYNAM C COVPENSATED

FEED APl ANALYZER -4, 00F-01 GASQ_ | NE STRIPPER-1LEVEL

TIER REFLUX FLON TO FEED FLOW RATI O

"TOMNER CEVEL -1.76E-0Q1 SPLILTTERLcading "

SPLITTERHNES YERHHEMWER TO SPLITTER FEED RATI O - $5.83E-01
STABILIZER ﬁéBcSEEhFTFEEb DOWER OVERHEAD PRESSURE 1. 35E- 01 547E- 01
SPLIHEA\PUNARIGUNISHRAPEEROELEBHOSPOR EFERFERATURE 1. 26E-{1E0]
GASCHAYS TRIRPERD STRITMEFREBATPBNS TEMPERATURE 1. 26E- 01
SPLITTIEGHBO TUARTSH-PO BHRAN- TEFRBATIO EFOWERDI®L OW RATI O - 1 . 21300 o
ien T MRy Moo ¢ S
STABH ¢ ¥ | e 6: Separator Levebse-ot
SPLIT#% ﬁv el CharacteristicsCLAIMS: 1. A net hog23e-01
1ST\E, Bt'rdalﬂ%%tbqﬂﬂo(/\ﬁﬁﬁhofor some of proeessE-01

11 g . h ra,qﬁol ui.l agcﬁ p%g of a petrol eum refl nery

fal nnl 1
5= £ 2 LIE B

1iser: I@?SM@Q )
-3 47E 01

SPLI T L

SPLI BEEL&%(BCP Pﬁgéggﬁ‘q process units, (b) .312g-01
STA %l é%ﬂéwcﬁ)@ﬁ@t ion differs from 3.,08E-01
GAS%? THIOW RARD to indicate the 2 81E-01
PRE coMPR ﬂ’ﬁE@%ﬁQﬁ’ﬁ@h TOWKH tEEINTRAY AEMPERATURE ~ -2.45E-01
STABILIZER REBOILER FIRED DUTY -2.44E-01
GASOLINE STRIPPER OUTLET TEMPERATURE -2.26E-01
SPLITTER TOWER OVERHEAD TEMPERATURE 2.20E-01
LOG STABILIZER PERCENT IC5 IN OVERHEAD -2.08E-01
STABILIZER TOWER LEVEL 1.86E-01

Butane

12

SPLITTER REFLUX TO TOTAL FEED FLOW RATIO

LOG NC4 IN GASOLINE ANALYZER -2.82E-01
SPLITTER TOWER LEVEL 2.51E-01
SPLITTER TOWER OVERHEAD TEMPERATURE 2.48E-01
STABILIZER TOWER OVERHEAD PRESSURE 2.47E-01
SPLITTER TOWER BOTTOMS TEMPERATURE -2.23E-01
STABILIZER TOWER INLET TEMPERATURE 2.22E-01
GASOLINE STRIPPER OUTLET TEMPERATURE 2.07E-01
GASOLINE STRIPPER LEVEL -1.96E-01

PRESSURE COMPENSATED SPLITTER TOWER FEED TRAY TEMPERATURE 1.80E-01

13. | Tower Inventory

Serisor, Description oading: |

ITTER TOWER OVERHEAD PRESSURE 4.30E-01
STABILIZER TOWER OVERHEAD PRESSURE 4.04E-01
SPLITTER TOWER LEVEL -3.38E-01
SPLITTER OVERHEAD ACCUMULATOR LEVEL -2.31E-01
GASOLINE STRIPPER LEVEL 2.30E-01
SPLITTER TOWER BOTTOMS TEMPERATURE 2.06E-01
LOG NC4 IN GASOLINE ANALYZER 1.94E-01
STABILIZER TOWER INLET TEMPERATURE 1.91E-01
1ST STAGE SURGE DRUM OUTLET TEMPERATURE 1.69E-01

PRESSURE COMPENSATED STABILZER TOWER TRAY 40 TEMPERATURE -1.56E-01



process unit, (c) assisting the process operator to
determ ne the underlying cause of an abnornal
woansisirsm in the HDC process unit, and (d) pePCDUSRIVG/032447
corrective action to return the unit to norma
operation. 2. The nethod of claim1l wherein said set
of nodel s correspond to eqgd pnent groups and operating
nodes, one nodel for each group which may include one
or nore operating nodes. 3. The nethod of claim1l
wherein said set of nndels correspond to
. FQ@&QQ@@mnyﬂdDeeﬁha@drat|ng modes, one nodel for each
0P Bes Tpde. 4...The. met hod of.. clai m 2 \hedeading .
DYNERI 69'EnﬁﬁﬁEDQEEDW§HANWvaEa alrT maj or materi al andS4EO1
HEA@%QRBMTHNb@%aﬂiANHEYZER the same group. 5. The met hod04E-01
sTARI IZERTOWER OVERBEAD SRESSEREI pnent  gr oups i ncl ude qu?@REO1
LOG N2y [(CASOLINE ABAISGRER gr oup. 6. The method of claim- 2E-01

STAthIéEelT@V%Eﬁ% dE‘érelt of rmdel s of nor mal oper ati ons 49E o1
?gl{lTﬁﬁﬂiggﬁ/R 7. The method of s Eg}
WhA(P operatl ons i ncl udes1 84E 01

hod of claim1 whereiny77e-01

WSTE PEﬁA

goperation for each 1.72E-01
) —tit 1 ner a Pri nCI e CO onen
15. ] m“e&azw tyr/n DLy TICT Pt € COMPONent s mce! of
“&’ 4\ Shihy }'t ohe ) dﬁ&iﬂ%

' 02 6,15E-01
DYNA C Eg §€3§é %ﬁﬁp}PHAB{%%nCI pl e Conponents nodglgoe.o1
GA p £ g od of claim9 where .374E-01
SPLI \ME p@gﬁ,l,:g@@lnmtl ons. 11. The net hod 1@&BE-01
STABIL EWT%) ﬁ[QV@LsaI Princi ple Conmponents include -1.76E-01
SPLRTER SOMPARCUND BEATEREOORER rp SAUTTER FEEASBABOENt 5. AT4E-01
SPLITTERTEWERIOVEREEAD PRESSUREr ei n the t hree functi onal 1.35E-01
HEAY® NAPTHS. STRIFFER FLASH VAPOR TEMPERATURE 1.26E-01
HEAVY NAPTHA STRIPPER BOTTOMS TEMPERATURE 1.26E-01
LIGHT NAPTHA DRAW TO SPLITTER FEED FLOW RATIO -1.21E-01

Table 4: R1R2 Reactor Stability Monitor

< |22
Egl £ &
Measurement Category —% & é. S E
< | <&
R1 Total Quench Flow R1 Temp / Total Quench Cycling | X X
R2 Total Quench Flow R2 Temp / Total Quench Cycling X X
TR1 Total Differential Temperature | R1 Temp / Total Quench Cycling X X
R1 Bed 6 Differential Temperature | R1 Temp / Total Quench Cycling X X
| R1 Bed 6 Inlet Temperature R1 Temp / Total Quench Cycling X X
R2 Total Differential Temperature | R2 Temp / Total Quench Cycling X X
R2 Bed 1 Differential Temperature | R2 Temp / Total Quench Cycling X X
R2 Bed 2 Inlet Temperature R2 Temp / Total Quench Cycling X X
R2 Bed 3 Inlet Temperature R2 Temp / Total Quench Cycling X X
R2 Bed 4 Inlet Temperature R2 Temp / Total Quench Cycling X X
R2 Bed 5 Inlet Temperature R2 Temp / Total Quench Cycling X X
RIR2 Offgas Component RIR2 Offgas Measurement X X X
Variability




hydr ocracki ng process unit include: 1st stage
hydrotreating reactor (R), 2nd stage hydrocracking
woeeantoar750 R2) , 3rd stage hydrocracki ng react or PCRR)52005/032447

1st & 2nd stage LP/HP separators, stabilizer tower,

splitter tower, and the reciprocal conpressor. 13. The

nmet hod of claim6 further.gpnprising additional nodels

to determ ne the consistency between sel ected control

val ves and fl ow neters, process anal yzers and
TalSRCPRI'R efCaUS tability Manidtdrhe onset of tenperature

and pressures oscillations in the reactor beds. 14.
—The-method of claim@ wherein said nodel furt

her
conpri ses suppressing nodel calculates to eli nEna

tEVE

ng

operat or i nduged notj fication | se posi
15.e1{/laﬁ‘?§u of clpim2 m&%‘?‘%"‘%’g) deri vi
nodel begins with obfaining an initial nodel {bdgse
upon questionable data_ (b) use of saidiRi-tHal—H
R3 Redl 21elei Trenpetreurdat a_ahdR3 Tammetpire Q¥IREdel  and %)
R3 Bdder @uenstelflywr epeat i np R Quenelbllow £yeliggr ove t he X
R3 Beadahled Bempbreeuraet hod| d¥3 Pempersfue GrEngi n sai d |t i
R3 Bal32Qweath FI6wl udes hi btR¥ Qeath Haw&ygling he pr odessi
R3 BEU4 nfeOTerhpeeiflre devel praeTempetfure Thadinget hod of| St a
R3 B3l GiddcbAbd nodel i hatagesch Flawstyolimed vari gblXs
R3 BIS WEE TQhhePdue! al M D ReTRimgiefinsaCyclingansf or med X
R3 Nl J EnErEIbRC! UTE T €] TRIXQédach BloalCypliggluct 1 gwX n

R3 Ot Colfbddal_COM UMS|™ R Dofrels MABRGSéH: Vafatang (over hexd | X
pressure 11 arstriiatt on col umms, pressure corrpensat ed

tenperature neasurenents, flow to valve position and .
TaBPéiaisEpafﬁmr Rlevek MigtinteringavibdelcCharacterdstiche

nodel of claim9 whereln sone neasurenent pairs are

tTesynchroni zed[t 0 one of the variablles uding a

i
OO O =
Range

be < ot BB TR B | | <6 Arpplituflle

T Increasing

(®)]

»)

Co Ko

Secondary Level Measurement
Primary Level Measurement
2nd Stg HP Separator Secondary Level Measurement
Tertiary Level Measurement

2nd Stg LP Separator

dynamic filter. 2p. The nodel of claim{ whgrein|the é
process measurenment variables affected py ogerating 3
?ghp(t)cecslgaﬂggg in the prlﬁ%%ﬁr&?l%h%“ ons| are cobrlve.rted G
81 2| & | 2
S| 2| §| &
£ | T | & | 0O
Primary Level Measurement X X X X
Ist Stg LP Separator Secozfiyary Level Measurement X X X X
Primary Level Measurement X X X X |
Ist Stg HP Separator Seco;alilyary Level Measurement X X X X
Primary Level Measurement X X X X
X X X X
X X X |
X X X
X X X




devi ation variables. 2 1. The nethod of claim?9

wherein the neasurenents of a variable are scal ed
worbdwro3tso nodel identification 22. The nmet hod e€T@ISA081032447

19 wherein the neasurenents are scal ed by the expected

normal range of that variable. 23. The nmethod of claim

9 wherein the nunber of pri-82iple conponents is

sel ected by the magnitude of total process variation

represented by successive conponents. 24. A systemfor
CTaBEMSTaI event detection (AED) for some of the

D00 kS Phasaounl e RIS froces
o GRS B0k g Rt . (1) @
ARk BRI RIE, i iy o el

Cna gt Sari opgflopbihe Bpllicitly RREASURRS {10 1
o 5F R hblis 8% s S B igeh e P i

Co”BgEﬁ‘Effois QB Y8 to Adidkte TOpr@ehdeef apdetorni2l cofitigion in a
system of claim 24 wherein a hydrocracker unit is

par prédespeditj nt o three operational sections with a
Princi pl e Conponents nodel for each sectiqn, 27. Th
(Y Stassistiig tHeapror@6 atesater to determmei the BT lEBIE NSRS an

i ncl ude process. vari abl rovi ded .py _gnline
me a SOREFRH condiigon 1, C@F—SHHOSFSSC% ’r'ﬁ“§6 wherein the
three gperational.sections of the hydro i .
(Dr o psstoTIRE COmeGthactPLIoIE Qt?ﬁ/‘d%(lgtt? g’éﬁ?@g&&g T
(R), 2nd stage hydrocracking reactor (R2), 3rd stage
hydr gcrpgk h{é%&géfélaﬁn (1R3herelis Saidnet enehodtRgIdpbRA to
[

separators, sta I zer tower, splitter tower, and_ the
ef@phiehegadups and operating modes, one model for each group which may

include one or more operating modes.

3. The method of claim 1 wherein said set of models correspond to
equipment groups and process operating modes, one model for each group and

each mode.

4. The method of claim 2 wherein said equipment groups include all

major material and energy interactions in the same group.

5. The method of claim 4 wherein said equipment groups include quick

recycles in the same group.

6. The method of clvaim 5 wherein said set of models of normal

operations include principle component models.

7 The method of 6 wherein set of models of normal operations includes

engineering models.



conpressor. 29. The system of claim 28 wherein
addi tional nodels determ ne the consistency between
weoeebwasedo control val ves and fl ow neters, procees/US2005/032447
anal yzers and secondary neasurenents, and the onset of
tenperature and pressures oscillations in the reactor
beds. 30. The system of clggm 26 wherei n sai d node
further conprises suppressing nodel calculates to
el i mnate operator induced notifications and false .
posy.t iTkesnetBadd ofkkriny b drareih saichsanof nadeds ef pormal)operation
deriving said nodel begins with obtaining.an initial .
for padeprasasseehitisonthgt adtiinsinls €o@RPACNIE B}Off?é 1 gp engineerng
idinitial nodel to refine the data and i nprove the
moGHdel , and (c) iteratively repeating step (b) to
i nprove the nodel. 32. The system of claim 31 wherein
saigl Ral NhRGAACRIBER WiGEHOLRydostRkELptocdsd aniols t he
processing unit for nodel development. 33. The system
par@ifiofidcin®o dEnotopabsottivns dvittod riricryle ¢bespancaits fpr each
vari ables. 34. The system of claim 33 wherein said
sectioansf ormed vari ables include reflux to total product
flowin distillation colums, |og of conposition and

oveyhe pressure kn_dhSti ' ;

conbnaeanepost ol isrs ShisBdry Bt et e Sitns.

position and bed differential tenperature and

Pr epp UrBie M&thod T c3aist & Windreidl i drPEAcipbe Copanents include

measurenent pairs are tinme synchronized to one of the
provessi arlablesysonigled biyorlimemepsuremens. The system of

clai m 32 wherein the process neasurenent vari abl es

o " B0 R PG5 P 6 o e

hycg;-ggra%ﬁil eﬂbeéssQJrﬁfé@cﬁ.ﬁe‘é"??{ %h%)h?&oﬁ%ﬁﬁﬂg eSmIb1s(Ror), 2nd

ria are sca del identrfication.
stage hydrocracking reactor (R2), 3rd stage hydrocracking reactor (R3), 1st &

2nd stage LP/HP separators, stabilizer tower, splitter tower, and the reciprocal

CoOmpressor.

13. The method of claim 6 further comprising additional models to
determine the consistency between selected control valves and flow meters,
process analyzers and secondary measurements, and the onset of temperature

and pressures oscillations in the reactor beds.

14. The method of claim 4 wherein said model further comprises
suppressing model calculates to eliminate operator induced notifications and

false positives.

15. The method of claim 2 wherein: (&) deriving said model begins with
obtaining an initial model based upon questionable data, (b) use of said initial
model to refine the data and improve the model, and (c) iteratively repeating step

(b) to improve the model.



38. The system of claim 37 wherein the neasurenents

are scal ed by the expected normal range of that
woanicapio 39. The system of clai m 32 wherein PO®/US2005/032447

nunber of principle conponents is selected by the

magni tude of total process variation represented by
successi ve conponents. -87 -

16. The method of claim 9 wherein said training data set includes

historical data of the processing unit for model development.

17. The method of claim 9 wherein said model includes transformed

variables.

18. The method of claim 9 wherein said transformed variables include
reflux to total product flow in distillation columns, log of composition and
overhead pressure in distillation columns, pressure compensated temperature
measurements, flow to valve position and bed differential temperature and

pressure.

19. The model of claim 9 wherein some measurement pairs are time

synchronized to one of the variables using a dynamic filter.

20. The model of claim 9 wherein the process measurement variables
affected by operating point changes in the process operations are converted to

deviation variables.

21. The method of claim 9 wherein the measurements of a variable are

scaled prior to model identification

22. The method of claim 19 wherein the measurements are scaled by the

expected normal range of that variable.

23. The method of claim 9 wherein the number of principle cofnponents
is selected by the magnitude of total process variation represented by successive

components.
24. A system for abnormal event detection (AED) for some of the
hydrocracker process units of a petroleum refinery comprised of:

(@) aset of models for the process units describing operations of the process

units,



WO 2006/031750 PCT/US2005/032447
- 88 -

(b) adisplay which indicates if the current operation differs from expected
normal operations so as to indicate the presence of an abnormal condition
in the process unit,

(c) adisplay which indicates the underlying cause of an abnormal condition in

the HDC process unit.

25. The system of claim 24 wherein said model for each process unit is

either a Principle Components model or an engineering model.

26. The system of claim 24 wherein a hydrocracker unit is partitioned
into three operational sections with a Principle Components model for each

section.

27. The system of claim 26 wherein said Principle Components include

process variables provided by online measurements.

28. The system of claim 26 wherein the three operational sections of the
hydrocracking process unit include: 1st stage hydrotreating reactor (R1), 2nd
stage hydrocracking reactor (R2), 3rd stagé hydrocracking reactor (R3), 1st and
2nd stage LP/HP separators, stabilizer tower, splitter tower, and the reciprocal

COMPIessor.

29. The system of claim 28 wherein additional models determine the
consistency between selected control valves and flow meters, process analyzers
and secondary measurements, and the onset of temperature and pressures

oscillations in the reactor beds.

30. The system of claim 26 wherein said model further comprises
suppressing model calculates to eliminate operator induced notifications and

false positives.

31. The system of claim 25 wherein: (a) deriving said model begins

with obtaining an initial model based upon questionable data, (b) use of said
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initial model to refine the data and improve the model, and (¢} iteratively

repeating step (b) to improve the model.

32. The system of claim 31 wherein said training data set includes

historical data of the processing unit for model development.

33. The system of claim 32 wherein said model includes transformed

variables.

34. The system of claim 33 wherein said transformed variables include
reflux to total product flow in distillation columns, log of composition and
overhead pressure in distillation columns, pressure compensated temperature
measurements, flow to valve position and bed differential temperature and

pressure.

35. The system of claim 32 wherein some measurement pairs are time

synchronized to one of the variables using a dynamic filter.

36. The system of claim 32 wherein the process measurement variables
affected by operating point changes in the process operations are converted to

deivation variables.

37. The system of claim 32 wherein the measurements of a variable are

scaled prior to model identification.

38. The system of claim 37 wherein the measurements are scaled by the

expected normal range of that variable.

39. The system of claim 32 wherein the number of principle components |
is selected by the magnitude of total process variation represented by successive

comp onents.



