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[0003] The current commercial practice is to use advanced process control
applications to automatically adjust the process in response to minor process
disturbances. For moderate to severe abnormal operations, the current practice is
to rely on human process intervention. And for very severe abnormal operations,
the current practice is to use automatic emergency shutdown (ESD) systems that

can have substantial economic consequences for the process equipment.

[0004] Currently, the console operator is notified of an abnormal condition
via process alarms. These alarms are triggered when key process measurements

(temperatures, pressures, flows, levels, compositions, valve positions, etc.)



processes, such as ORT, the alarm system effectiveness

is an often difficult balance of providing tinely
wabherereoxor i ng nornmal operation (early warni ngpPCamg2005/032093

preventing "alarmfl oods" duling abnormal operation

(risk of high priority information bei ng rri ssed)

Thus, the current notification technol og
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monitoring technology, the only automated detection assistance an operator has

is the DCS alarm system which is based on the alarming of each sensor when it
violates predetermined limits. Due to the complexity of an ORT, this type of
notification often comes in too late to allow the operator to have sufficient time
to take preventive action to mitigate a problem. Over-use of the alarm system
for early detection can have even worse consequences. The alarms become an
annoyance to the operator during normal operation and the operator ignores the
alarm system. During abnormal conditions, the operator becomes flooded with
alarms and misses critical information. The present invention provides a more

effective notification to the operator of the ORT.



nunber of process units. The nethod conpares the

current operations of sone of the process units to a
waonaoslo2e®0 nor mal operation for those units. |fPCNAIS2005/032093

di fference between the curr€ht operation of the unit

and the normal operation indicates an abnor nal

condition in a process unit, then the cause of the

g FH@EMrm ned and corrective action

PTI ON OF THE DRAW NGS [ 0007]
Figure 1 shows how the information in the online
em ws_t hrou
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fdr¥of. e]r 1;> tssé‘f'ﬁ}?ét}iyfehé bdWsidl Sysin€aThs sydtem includes a
nor na norma Ity of the process areas. [0008]
ninhBeF 6f @r@b@s/\ﬁmm vEhe methaicqrhpares the treapapstaiongpigome

sinple x-y plot. [0009] Figure S.
of theqpogessondidna mpé@lmfmw | SRrebioscar ﬁsossurﬂéﬁ\ e
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event app |cat| 0 0012] 'Figure 6 shows a

cSEdiEBRts degraaisdnamf cirfetiesaktioy caf ba takecess contr ol
cascade. [0013] Figure 7 shows a schematic di agram of
the anatony of a nultivariable constraint controller,

BYER DARERIPTION OISTRRMR AWINEET! i ¢ di agram of the
estimate of current quality.

[0015] Figure 9 shows the KPI analysis of historical
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tl%bﬁgﬁ‘tﬁé v&ﬁ@uﬁtrﬁﬁéf@fmﬁﬁkﬁlsc afodel ailcahtioas Weeny Pbiri nets and
current values of two measurenents. [0018] Figure 12
coheolidation tpraptiabat 2 symdiasy tiebdtwhich dfidipates Hasnermality/

0019] Figure 13 shows illustration of the press

nann@hﬁyco tP@(D’Q‘QHeSW@?rSe 14 shows the two-di mensi onal
ener gy bal ance nodel .

[0008] Figure 2 shows a valve flow plot to the operator as a simple x-y plot.

[0009] Figure 3 shows three-dimensional redundancy expressed as a PCA

model.

[0010] Figure 4 shows a schematic diagram of a fuzzy network setup.

[0011] Figure 5 shows a schematic diagram of the overall process for

developing an abnormal event application.

[0012] Figure 6 shows a schematic diagram of the anatomy of a process

control cascade.

[0013] Figure 7 shows a schematic diagram of the anatomy ofa

multivariable constraint controller, MVCC.



[0021] Figure 15 shows a typical stretch of Flow,

Val ve Position, and Delta Pressure data with the | ong
woeniemdod constant operation. [0022] Figure 18Cshisa®sa32093

type 4 fuzzy discrimnator.-40023] Figure 17 shows a

fl ow versus val ve Pareto chart. [0024] Figure 18 shows

a schematic di agram of operator suppression I,O%Jc. )
[0D29P5] Migureess dRowhowehematihdisgram o ithgyeaningrinksyeniial

suppression |logic. [0026] Figure 20 shows the setting
estimate of gurrant @#aliy. event suppression. [0027] Figure 2

1 shows the event suppression and the operator

suppressi on di sabling predefined sets .of jnputs in the
[0BCA] mod dfighB02 8hows @m&@an@b(&ﬁ@fﬁ’é%oﬂé%li%@obj ectives
are expressed in the primary interfaces used by the
operator. [0029] Figure 23 shows the operator overview
[0916] he QFEueped showna déagramosietigialtto noseiraidyi dual
nonitors; 11 key operational sections and a flow
versus valve nonitor. [0030] Figure 24 shows the
anat 'r%u?é‘ LRGFX hetstha peecase diyhamidsacanadiswphitreg
[dgﬁg?t. [181 31] g}:i gure 25 shg\i/s thely?esult of g‘?lipcki ng
cOfelation betwesn theicanghevalnesoftwe neasuen®aist o chart
i ndi cating the residual of sensor SP 125 is outside
its tolerance limt. [0032] Figure 26 shows that
[(U1SKI NOFipré M2 shibw khepribdbility dastribuiiogef procebedata.
trends of the value (cyan) and nodel predictions (tan)
of the sensors in the Pareto chart of Figure 25.
3] H Ahesfahe phdes Reattict he
O] ¢ [ EE 18 PSS Musteh P
normal i zed- proj ecti on-deviation error. [0034] Figure
hows t.fi [=F I hidegd
[@@I i ckF{ %2§asﬁ9 gr?ést‘#@?rlrliﬁ t@ ﬁée@%éalr&l\gﬁ%sftgﬁg?%i gure
27. [0035] Figure 29 shows the Fuzzy Logi c networks
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[0022] Figure 16 shows a type 4 fuzzy discriminator.

[0023] Figure 17 shows a flow versus valve Pareto chart.

[0024] Figure 18 shows a schematic diagram of operator suppression logic.

[0025] Figure 19 shows a schematic diagram of event suppression logic.

[0026] Figure 20 shows the setting of the duration of event suppression.

[0027] Figure 21 shows the event suppression and the operator suppression

disabling predefined sets of inputs in the PCA model.



[0037] The present invention is a nethod to provide
abnormal event detection (AED) to the operator that
weeatsioaynso of an et hyl ene plant are not functi oRCTAS2005/032093
properly. The present inventpen will be discussed with
specific references to a successful application of the
invention for denonstration only but not limtation. |
[002338] TRizurelhsehows hew design Pbigctivesare eApErssed  the primary
. Section Deploying PCA Mdel s and Si npl e Engi neeri ng
inverfaces used baEby operaieimbi ne mul ti pl e supportive
evi dence of abnormal situations that contribute to an
operational problemand estimates its probability jn
[0029]t i neFignine 2pshowsithe ppetatormvssdaweef tha QRE oReTHivys

format to alert t.he operator using a single tr r
dgcompesessiny 12 F@V@ﬁlﬂf FROnYOLs; 1 K Seiasiohial SF%tf‘fqlqragé’? g flow
set of toolﬁ-élhat all ow the operator to drill down to
VeSS Vabie QT of a problem for focused action. This
approach has been denonstrated to provide the operator

bl Con Pl A oS sthe HadhatalGe ARy REFrPREHE) hihitor has o
vf‘a)f*éﬁlgﬁleghi s advanced warning allows the operator to
ake=corr

ective action sooner and prevents escal ation
of the event. This nethod has been successfully

ied to_anAel efi ' T
(BRIT. o1 PR Bkl W S ellsidiahol VoG LI ThE
F%Le%zﬁ L drORScHaP: iRAHALRG the fist@idl O Serdop SPRRG S bpmide its
nponént Anal ysi s and engi neering nodel s, and
toRkgeNimigensor readings into a fuzzy |ogic network as
shown in Figure 4. This fuzzy | ogic network aggregates
the evidence and indicates the confidence |level of a

[Gsaﬂt i a'Fi%iIx@ bisemowEBkEfItkeng bhehaMulor Rrend butiehdrings up
probl emwth higher confidence at its early stage and

the eende of euaiihie (dyiamk afid maded pogskietionsr(tan) ofgke sensors in the
con‘pensatorlx or corrective actions to avoid an ORT
Hﬁy@ﬁoaﬁhaﬁrﬁsﬁ igag HYent. This is a key advant age over the
present comercial practice of nonitoring ORT based on
single sensor alarmng from aDCS system because m){
stel@sedon

[0083h t h&F¥igire2m showesa Paretomnking of the valee-Slosy moge
mtigate an operational problemdue to the conplicated
W&ZEE‘QH@G@E%‘ ma(EIOHfﬁﬂfe of operating an ORT.

[0034] Figure 28 shows the details of the valve-flow model obtained by

clicking on any bars from the bar chart of Figure 27.

[0035] Figure 29 shows the Fuzzy Logic networks for several procedural-

induced abnormal conditions.

[0036] Figure 30 shows a schematic diagram of a typical ethylene plant.



[0040] The ethylene recovery train is divided into

equi prent groups (referred to as key functiona
weeatcioay0 or oper ati onal sections). These equi PAEMIS2005/032093

groups may be different for-@ifferent ethylene

recovery trains depending on its design. The procedure

for choosi ng equi pnent groups which include specific
DPTecH D DESCRIPTION QF AHE W&EWM

descri bed in Appendix 1. [0041] Figure 30 shows a

schenatlc di agram of a typical ethylene plant that was

?’ t o UREBREEAELCeition presethod toysoviderabnonmphevent
erred errbodl ment for this plant, the present
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ani zer 5. De-Ethanizer 6. Acetylene Converter
7. C Splltter 8 I\/bthanator and H20 Drier 9.
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oSSR R Lk PSS st

ab& @Pﬁlb‘rﬂﬁéﬁ‘[ TRRPMR ISR ER Rek At b ﬁbd]@ﬂ@t allbw the@perator to
event that the sensor is out of service. ql‘fl)erator

dkilt @s¥Aace the root cause of a problem for focused actlon This approach has

been demonstrated to provide the operator with an advanced warning of the
abnormal operation that can be minutes to hours sooner than the alarm system.
This advanced warning allows the operator to take corrective action sooner and
prevents escalation of the event. This method has been successfully applied to

an olefins recovery train (ORT).

[0039] The ORT application uses specific operational knowledge of ORT
operations to combine indications from Principal Component Analysis and
engineering models, and relevant sensor readings into a fuzzy logic network as
shown in Figure 4. This 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 its early stage and provide
valuable time for the operator to make compensatory or corrective actions to
avoid an ORT operational incident. This is a key advantage over the present

commercial practice of monitoring ORT based on single sensor alarming from a



[0043] The display is intended to give the operator a

view of the probability that there is an abnornal
wevearsto2gdb ect i ng the process unit. [0044] Fi guPeT/A82005/032093

shows the operator display eff-the deconposition of the

ORT operation into el even key operational sections and

a control valve position versus flow nmonjtor. Wen the
DS bpdtemi ieganseamoss ofies the dlarm contesin ierilate fer the @pgsator to

yel | ow (warni ng) and the indicator .tur red .(alert .
RO SR prSlerugu uthg Complicalea ik Bad Crjogenic
sectign Depl oyi Model s and Si npl e Engi neeri ng
nm%pgop%rp lﬂ\%éf‘.r@ﬁoc:ﬂ The invention exanpl e incl udes

el even Princi pal Conponent Analysis (PCA) nodels to

cover the entire operation .of. e endi
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and Si npl e Engineering Mdels for AED, subsection )
design. Therprdtediirt fat clwosing eqmipmentgrougs sYlehderlugde specific
rate dependent variables into, ratjos.to mnimze the
peodase une of Erscihy e RESRIESY HRELISAsSeHeRd i APREadi

Devel opi ng PCA Model s for AED, subsection [V). [0046]
ORT operation has a nunber of special cause

[8p4t]at | oFsgure 30shawss sshemagicaliagneabef :iyniealigtiaylene plant that
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RS RSHSR TR R T Lyt Kegbions

sEQﬁoﬂkoqsg@N ¥n@fx PREERSN DRvelbpasePERENM el CRRED). The
oper ati ons ['l gi've high residuals to sone affected

exanpis sthiytereqientREas dividddsintvélevse seaionsperiatlowss
know edge of ORT and detect the onset of these special
cause operations and devel oped suppression

met hodol dgi éharge Cagdvanpressar noti fi cati ons (see

Appendi x .1, _secti | oyi PCA Mbdel s and Sinpl e
Engi neer ng Ii%%}'e@’ﬁ]‘i %I%Aﬁ%h R’E‘?}'?@&%%ﬁeﬁ ). [0047]
Oten, igr ' AL f t he operator
makes se?po%@y@ﬁg%ggﬁ%%ﬁggﬁgeﬁe r%?rol I erg in
order tog4st ges-MédiBaiZdr to a preferred state.

5. De-Ethanizer

6. Acetylene Converter

7. C2 Splitter

8. Methanator and H20 Drier
9. De-Propanizer

10. MAPD Hydrofiner

11. C3 Rerun and Propylene Fractionator

[0042] Besides monitoring the key operational areas, this invention also
monitors the consistency between control valve position and flow for a set of

key control valves (see Appendix 1, section Simple Engineering Models for



Agai n, we devel oped suppression net hodol ogies for the

ef fect of these setpoint changes (see Appendix 1,
weeatsioabepl oyi ng PCA Model s and Si npl e Engi neeriusgnos/032093

Model s for AED, subsection ¥~ [0048] Once the

operator receives an indication of an abnornmal

condition, such as the warning alert indicated by the
AJD). @i mvantbe also proyides spapressips o giadel galcHiagions to

arovides the operator with drill down capabilit,es to
oRmanate dalse gosityes ap speitl Gayse BPB@%QHE a{@ Saab‘?iﬁﬁ&ed?&efﬂ"f to

ectian Depl oyi i [ <R
sty 29 PO EH M o B T pefie t PRy HREC Bospls out of
séﬁ?ce'\/bt hanat or and H20O Driers have a warning alert.

his assists the operator in isolating and di agnosi ng

the root cause of the condition so that conpensatory

0 i ions can be taken. Figure 25 is the
rafgr [ Ccteg on the yellow triangle in Figure
24. Figure 25 shows a Pareto chart indicating the

R 2ty Pl i inleaiod 18 g8 B SPeldid 4 21K OB neopability
t}iagl%%ﬁ id Bh SbAbihal tﬁﬂ@étiﬂgstthlg lrSées"s R@jtdr obl em ar ea

e operator. It1onal s, such as calling up
the trends of problem sensors, are also available for

the operator in this applicatign. For instance, .Figu
(66449 ows Figvee 23 shews she pherales disblan gt Hsdecomaisiaor ghihe

S SREURR ok BE GRS Ga8F Clghlo BYsFrepyd R Bhion
i . | ¥ H H . .

<A ] VBt rakpoen r ol indicstor

iR 8lefloha@esining) nadné irkcator tjras tadfalatewvhen the mobebility

Aicking on a bar of the Pareto provides &rj op rato[
refrabies @disee dnpeadirel ertonDapheyinaRied Meodels and symple

podel as s i n Ei.gure 28. [0051] Based on our
?Qm%ﬂ%¥FEH$£8€EJ§I@ﬁgg)of ORT, this application detects
the onset of special cause operations such as

st eam wat er .decoki ng of the fyrnace a}gd g.roi/{:des
[0043r essiThe ineniwnssraannls dacludes eleyenten qryonent

B3 B0 SIS RIS R SRRt 1
section Developing PCA Models for AED, subsection I). Based on process
knowledge, we overlap key sensors that are affected by interacting sections in
PCA models (see Appendix 1, Section Deploying PCA Models and Simple
Engineering Models for AED, subsection III). For distillation columns, we
transformed the rate dependent variables into ratios to minimize the effect of
feedrate changes (see Appendix 1, section Developing PCA Models for AED,

subsection IV).

[0046] ORT operation has a number of special cause operations, such as
Steam Water Decoking at the cracking furnaces and Drier Regeneration for the
Cold Box feed. These operations are less frequent routine operations comparing

to the moves of advanced control applications and have significant temporary



[0052] In summary, the advantages of this invention

i nclude: 1. Deconposing the entire ORT operation into
waeyeopemat i onal areas, which reduces thousandBCofus2005/032093

i ndi vi dual neasurenents and-@lerts into a small nunber

of easily nonitored trends. 2. The operati onal

probl ens of the entire ORT are sumari zed into, el even .
effedtgba tht aotmalityroft dperaticmplkesglspacial gausprpertionsywidl give
provide predictions of the 1300+ 63]:;{3 ors iln e
higharpidealora some affRctebsRASAE MY+ HrZiogels; NEE &9 95b-+
sensors. are. su rized_ hy :
oRsTATGH S EEE T SR s st ] el h Fucte3eLiRhie

' ' eERRIAG 188 A ecenGupibezssed

Oﬁﬁgbﬁ%%ﬁé@hé@%@ée%&?ﬁ ves. I% clearly indicates
nblificaiomEéoAphetdixrigductidroDeployaigBEA Masletteand$imple
magni tude, i.e. from 1300+ sensors to 11 indicators.
EBggieddng Models fenAkdb sobseetiogildnal ity reduction, the

hi gh fal se positive rate of a single sensor alarmis
resol ved by the PCA nodeling. B. Devel opnent of .
0WIT9r mal Ofeanin atiactoperativng of anfOR T athe@peratop sBikes fetpoint

chiangsn 4 RgTerkeassaRaTiersin Oret G Spe 15 DL R PapFrGrod st
t byl l.ant | s. ' ' .
Sl oE PR S 40 BrlERRLANE gt Bl scoin
0 .
TSR SR PO FCA A Syl
Brhfletin8 Woaélstibe ABMsbeectioarBi or ' s area), provide an
early warni ng of unexpected abnornmal events and

provide information on the nmeasurenents initially

haw@! ved fhOBFERI R Teflivéd s RiditdiRar ofalidshorhab cordition,
[gﬂd’gt]hei rorgl;ggcesgﬁknovwrgdég to di agnose the cause. Each

sBYIE RS theswearnies hiert indidated iy theeyadtow tiangla i Figurerdd thjs novel
the result of problems with the instyunents an T
method proyidestile opssatonMith#Hg d@W@tﬂﬂ@ﬁf’ﬁW&? e ths l%éflﬁn&smdlcator
o%r‘gt?eu {)Iqoblfeemg ?sne%l glgeen%i)\(/\q ?Qection Deploying PCA Models and Simple
Engineering Models for AED, subsection IV). Figure 24 shows that the

Methanator and H,O Driers have a warning alert. This assists the operator in
isolating and diagnosing the root cause of the condition so that compensatory or
corrective actions can be taken. Figure 25 is the result of clicking on the yellow
triangle in Figure 24. Figure 25 shows a Pareto chart indicating the residual of
sensor SP125 is outside its tolerance limit and is the primary reason for the

warning alert.

[0049] This drilldown tool isolates the problem area for the operator.
Additional tools, such as calling up the trends of problem sensors, are also
available for the operator in this application. For instance, Figure 26 shows the
trends of the value and model predictions of the sensors in the Pareto chart of

Figure 25.



sel ecting an abnornmal event detection problem
I nfrequent abnormalities (every 3 - 4 nonths) may not
wouasdeiok9290 he effort to create an abnornmal evenPCT/US2005/032093
detector. Al so, when a partilgul ar abnormality occurs
only every 3 or 4 nonths, an individual operator may
go for years without seeing the event. As a ‘
[00S05 quérmle l,apiaﬁéatrm also Enbvi?ﬂ:s &B@uﬁtcwhharg }f@r aokingchevabie
event finally occurs. Therefaore.the oblem ..
vérsesflowi aginesringmenelsh & 1818 2d Sélﬁawﬁﬁ?ﬁ%‘% raning of the valve-

RS SE 2 S Rl PSP i n b
ofﬁ)gmt?at?ﬁttgfpe@%dgg %ﬁndg{e?é;tgr UARAGFAILS fhd AQHEA1S OF PPAIT Reslus

e a sufficient nunber o

ﬂ@W}]ﬂE)Hﬂ'ases\I@WrﬁiﬂFiginS.fy an abnormal event detection
application. In general, an overly |l ow esti mte of how

frequently abnormal events affect the process occurs

: liid egpHoation detect
[(gﬁgﬂluse dﬁ‘?%%réﬁéwgég&hﬁoﬁdl%n@ﬁﬂ&igm OREE liig @@pHoation detects

yzed. that cause significant | osses are

e GHBKEOT gitdidlvatye eperatbnosuchl asesteam svateredefokéng of teed
as part of normal operations since ope torsq d%al Wi tth
furnece atad pyovidesppressicasts sereqrs that age pgeted qx this operation.

. b | Ui .
Figrira 2 shanann famt e MovpRe i Gl agdiing aCfee”
b t I basi . g. th 5

C?qc%n@g%%%gp s on a regular basis (e.g. nore an

Wweek). The abnormal event detectors are not
meant to replace a solution that nay be the preferred

t] dj j ; i PCA
R e S R i S T
Not Repl ace the Al arm System [ 0058] Whenever a process

probl em pec Tfe%ogtﬁo%ﬁ%theteﬁﬁr@bgrmﬁéé‘lﬁﬁ@ﬁ‘iﬂﬂo' Keyl 6jRimitidnal

the problfemas as an abnor event détection

appl i cat i onarebRewhadiedaeesothoasaids ©f (edigiduahmaasdements and
whi ch nmeasur enments becone unusual ) may be nore useful

than the or dbertsaita hemallamsbar@f epsily magnitored §g8dat or

di agnose the cause. This possibility should be

i nvestigated once the applicatign is on-ljpe. [0059].
However , 2abAdreraneraticnad paehlems od ﬁhf‘a%‘ﬁﬁeék&cﬂ{ § ggg}minzed

gi ve the operatqr advance ni mal
events develB9 éi?m Vngﬁ@ﬁﬂﬁgﬁrﬁ% G%}%Bleaﬁgﬁ{
3. The PCA models provide predictions of the 1300+ sensors in
the example ORT.

4. The abnormal deviations of these 1300+ sensors are
summarized by the 11 alerts based on the Sum of Square Error

of the 11 PCA models.

5. Bvents resulting from special cause operation are suppressed to
eliminate the false positives. It clearly indicates the
dimensionality reduction is almost 2 order of magnitude, i.e.

from 1300+ sensors to 11 indicators. Besides this tremendous



15 mnutes). These applications are sensitive to a

change in the pattern of the process data rather than
woeosie929g a | arge excursion by a single vari aBC®1US2005/032093

Consequently al arnms can be -aMoi ded. If the alarm

system has been configured to alert the operator when

the process noves away froma snmall operating regiaon

(not true sdiménsiaadityrsdductionsthedpgh false pasiting rafe ofts ngle
to replace these alarnms. C. anpl f vel opnent of

AED Mbdel f eensgnalarmyis é‘?ﬁ@?wcggﬁ’ %E@mwﬂg-

Appl i cation Desi gn[ 0060] Application design requires

two decisions: which process units should ?e cover ed

Boy Develognentaf Abnornyad Enent B etection dreaais 10313
included in the nodel. In the present exanple, one
nodel wi Il be devel oped that incorporates several

[0033]ess The hsethbddlbgy oddtestingpatznairmabevents is described
di mensionality reduction of the data. 1%)&0611) The
gencrolly iin AnpeodissL.uihe staps dpuderelopiggictipdens plant models are

under st.andi ng. of .t he pro iLntegratio
dprreddiaon Hoeane RS DR AGHC oL A ervmplessi o
constraint control (M/CC such as DMC) application, the
[MSLﬂda_f yTRE a%BﬁcﬁRﬁi AtGal dthylenb pldrd iefinendeds® mbhitor a broad
significant process interactions and key upstream
poriibrcef ilensooéssmpecatims ¢hbog k) Yand thi eensolepagtor's area),
Fi gure 30 shows the_nmajor &ho ess upits included.in

i

pmvr’]i_de elnw,arlyn@alpﬂlgwf WHDES oA P tpass
igoriinph oafe e ieGRas SlARFL WYyl o Eug ¥BERY drike
%%%PWWM‘&% 1‘8@’2019 g'letil"\ﬁ’rowyng&ﬂgé f&ﬂﬁgnb&@ﬁ%]cause.

n these selected process units, there will be a
Eeidhelvent isalxpaeteties be ermdmrthyﬁhe Fesult digproblems
prelimnary design: Select all controller PVs, SPs
veithd theuingramentsrasiducilves. al | i nt er medi at e cascade
controllers) on these units Select key nmeasurenents
used by the console operator to nonitor the process
[6053ict  aMherfollowirgprublemshdrasieristies shonldde eongidesed when
to nmeasure the 1oerformance of the pIr?cess .
selecting an abnormal event detection problem. 'Infrequent abnormalities (every

3 - 4 months) may not justify the effort to create an abnormal event detector.
Also, when a particular abnormality occurs only every 3 or 4 months, an
individual operator may go for years without seeing the event. Asa
consequence, he/she would not know what to do once the event finally occurs.
Therefore the problem identification should be broad enough that the operator

would be regularly interacting with the application.

[0056] When scoping the problem, it is common to get the wrong
impression from site personnel that there would not be a sufficient number of
abnormal events to justify an abnormal event detection application. In general,
an overly low estimate of how frequently abnormal events affect the process

occurs because:



Sel ect any upstream neasurenent of feedrate, feed

tenperature or feed quality changes Select extra
woedisridgx9d neasurenents for measurements that aceuSedos5/032093

to be inportant Sel ect neasulerents that may be needed

to calculate non |inear transformations Select any

external neasurenent of a disturbance (e.g. anbient

t enper at Abayrmdieivents e plienmet reasaded andanalyupd- Pnlyrbose

process experts regard as inportant ures of the

process ﬂ’@g wSie@rgrEtaéem&ﬁeSSreﬁ i Fﬁ%ﬁﬁaﬁy own

erratic or problem neasurenents. [0063] Follow ng this

list, ab / f th i | abl .
i 11 b SPEOTRRL A SYERIATSEd PoPat R PR R FgTS since

These will be | ater ' wn during the data

anal ysi Sppe{rﬁfqrf, §?2ﬁl\%@i:tﬁ§gigﬁg'pnent [ 0064] The nodel

devel opnent strategy is to start with a very rough

model (the consequence of a questionable training data ,
[6057)] t hebinlse thdre i degulady gencating abhpghalgygnt.ithe application

training data set. This data.is then used,to inprove "
should oot 2 e erowEh PRGiPn RJle PEOREREY 15 NG Vents on a

better quality traini i C j
kb ol @b ek, YD, PPBEATRRR R AR ors
| ' & tREPefeibd beinah:
a@ﬁ@%@?@%? %@ﬁbfggé%fiogggﬁ %8?;?9 ta g%)eogl nmodel of © (see
Appefiix Dprctibh Desveloping PEA Mddeds fornyEDasebssetiond.C).
normal operations. This data set should: Span the
normal operating range Only include normal operating

b HA66ki B ERHNBt Rbplate Vias Wldrai SBystemhave a conpl ete
record of the abnormal event hi st ory at a site,

hi storical data can only be used as a starting point

(66581 eag@y@vepa Pf@ée@é B%Mahaoc%afs q@ﬁ%tﬂmmﬁ gO§tem will

sucH as ator fogs, erat or Change urnals, Alarm
idauimahs problsinrasrgncklyak nhabaoneal exent dsteption apiplication. The

sequence of events (e.g. the order in which measurements become unusual) may

be more useful than the order of the alarms for helping the operator diagnose the

cause. This possibility should be investigated once the application is on-line.

[0059] However, abnormal event detection applications can give the
operator advanced warning when abnormal events develop slowly (longer than
15 minutes). These applications are sensitive to a change in the pattern of the
process data rather than requiring a large excursion by a single variable.
Consequently alarms can be avoided. If the alarm system has been configured to
alert the operator when the process moves away from a small operating region

(not true safety alarms), this application may be able to replace these alarms.

C. Example of Development of AED Model for an Ethylene Plant

Preliminary Application Design



partial record of the abnormal process history. [0067]
The devel oper shoul d gat her several nonths of process
wdabm/as9ng t he site's process historian, prefecahisy05032093
getting one mnute spot values- |If this is not
avai | abl e, the highest resolution data, with the | east
amount of averagi ng should be used, The varjous .
[068] at | ndpplicativad desfign raquiites tveslegisionss WIHO PEPESS BHS
col |l ected. Often setpoints and putputs are not
Sy cosaradkPy He PR VRIS THASUE fraEn g ShPBIR

. Wi | e taken, ca ' _ r j
inflyded B ST S TR pEel b s hBa B IPE Bfyeloped tha
i | § BtHeCdRylehd plank 36 Bfdxdmiizehiea
1402)9‘@%}%0%#% gﬁopdeérgi@ggg wi th kn%\?/n gbanor mal opezr ations
danengiendlitgsedudtionnef theelatd. f i ed abnor mal operati ons.

The data with no identified abnormal operations will

be the prelimnary training.dat et..[0069] .Now each
[ r erbhe SPesals Propess DERS iRClude EiRapirbE 86 ngPBIRRRSE of the
see whether. it .is ndi:dad traj ni
Ees? ke o b @rfleoin LB o Ble Al SEAMNEARARe

' {Ri&)ﬁ ] ' icaB@l) thY bouhB@seofvhth
Cﬁrr%"&'ntghl ong ttdg?mgao%i ﬁp%w%%ﬁltcg%ﬁei r EUHi gh or
appliemionadhoatd € assiatlsighidicaneprpcedstinteractiomnsadnd keyy

except those which are tightly controlled _to their

upstrean indipatiotsosfepranpssehenges sbdisturbanass Fdgyre ghows the
P ARCERRAES e bidsA ih s AadeRbR ek ARG TGS thits
S R
sSkdrotdie itk nMRhPBE i edhepethsrasduromerirswar BVCC

briefly indicating "BAD PV' or are briefly pegged to
coh@roHefSUHi gh or EULow | imts shoul d al so be excl uded.

[0062] Within these selected process units, there will be a substantial

number of process measurements. For the preliminary design:
e  Select all controller PVs, SPs and Outputs (including all
intermediate cascade controllers) on these units

e  Select key measurements used by the console operator to

monitor the process

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 changes

o Select extra redundant measurements for measurements that are

felt to be important



[0071] Once these exclusions have been nmade the first

rough PCA nodel should be built as discussed in
woppesrnd92eol. Since this is going to be a very POUIS2005/032093

nodel the exact nunber of pd#nrci pal conponents to be

retained is not inportant. [0072] The training data

set should now be run through this prelimnary nodel

to identify time periods re the d h
the modd . PrlscenicamuSgumit fof ok e 18 el el P B0A

see whet her ;an fﬂﬁ!} t was occurring at the

time. |If thilglefllggjglggge at?c(Y)xf‘sge the case, then these

time periods should also be flagged as tij rre‘s) vvit@ i
known abnor iSelectaapestessaluneassgemancea dishrbaags (g ambient
shoul d be excl uded fg]omthe training data set and the

nodel rebui MEMRFEEChe nodi fi ed data. Exanine the Need
for Dynam c Transformations [0073] The devel oper

houl d ' ' '
shoul d consi S%gérﬁt%?g %&mérﬁbﬁts S B e eroses esRits

there is a si ynam c separation between
vari abl es ugggardmstifigporagdemeainies ofithid priveessspaitaon y
true for those independent variables such as

set poi nts, whi ch m ght be changed | arge steps by the

Eapladatfoom thisdist ang ﬁ@dﬂ%ﬁ@dﬂé“Whegh SUGPE am of
the main process units being nodel ed may need to be
dynam cal ly reconcil ed. Renove Cperatin? Poi nt ChanRes

[0083]4] Thellewmeethiokstj abeut 16pef the axgilgblerprogpesigeasurgments
process operations, These can Qe i.ntentional. .

wil @em@h@mﬁrﬂwa&dare&%s&ée %Rptilacakley- 3@?&% wilt bggg{eﬁ fjmmed
can be. due t ro changes such as heat exchanger

dowi e e@%@?@éﬁ%‘eactivati on. To prevent these
changes from appeari ng as abnornmal events, those

process neasurenents, which are affected by these

Initial MedelPevelaPB¥Ntonverted to deviation variabl es

(see Appendix 1, section Devel opi ng PCA Models for

AED, subsection |IV5F). [0075] Subtracti r\% t he del
[08GsHnent The nyodal develonmigat sEatgey & tesiar ML AN FY Iiehyode

I d .using,.t hi i ff. i
(e cioMpratEnge of el BT o b A Sobl) bt S5 Biinodel o
gaffii atibh [Qhlify CaifiRoRaR bl Thi dasf is thetthstdte iaute the
model, which is then used to continue to gather better quality training data. This

process is repeated until the model is satisfactory (see Appendix 1, section

Developing PCA Models for AED).
Historical Data Collection

[0065] Developing a good model of normal operations requires a training

data set of normal operations. This data set should:

e Span the normal operating range

e Only include normal operating data



sanme size as the major tinme constant of the process.

For the ethylene plant this was a tine constant of
wahoost02#%0m nutes. D. Creating the Initial PCAPYDASR005/032093

[0076] Once the specific neagurenents have been

selected and the training data set has been built, the

PCA nodel can be built quickly using standard tools.
[0088]7] TBecaRrgiinigarinprapphows h co Ig@b eeeardgfithe abnormal
correct nunber of princjpal conpqgnents is to sto}g) \1\4‘1{3
evéns historpat aosite disteriral datapanpnkyrke 137¢ 45,3 $atipg pornt for

contri ors t t he I nc
c@agpgéﬁq frﬁaﬂ% alp o PpSr R reE A 3 s KpstAgP Fies Ofrator

ﬁﬁ% éﬂ&ﬁ‘% sMatkehusndi? Mﬁﬁ%naﬁlé@%&ﬁﬁdppro%& 2

e presé case, pendix 2 lists the naned

pBFtid GédeRdl of the st psodess hisamly. PCA nodel “and t he
nunber of principal conmponents ranges from4 to 15 for
each PCA nodel. Additional Engineering Mddels [0078]

val v oS §XtheP B veps] mBsthd @fipreckst datm wsin

ldmﬁgarlsgﬁéggvé gaﬁ%asurgd fIOM/(conpensatéﬁ for the s
IR Sistdpcdisiiisweians preftrablypgatting one hnmutmsimt vetugsmaf this is
of the flow. The nodel estjmate of the flo

nobawailable, the highest wsolusiondlata with the baﬂ@wtqu GVeraging

showede %ﬁ%'dg XAy OBt IRIOR ALY Bt iR BeTigf should also
%;aflall% ho‘ﬁg‘fﬁpﬁt@& gl&célx}cg&gt?h% HEBt HRYG AREH thd Plant historian,

eve to nonitor the main

bgﬁ ﬁ%ﬁ%ﬁﬂi@ﬂbﬁ Wiltheaakeptavesof dueingriater dategatheing al so

evel oped for control |oops that historically

exhi bited unreliable performance. [0079] A

[ J1E- fermwas added to the nodel
%%@#ﬁgyééy%%%%ggate for long termsensor drift. The
operator can also request a reset of the drift term
a r rati on or when a manual bypass
I a‘fi{.. Y time-varying drift termwas added
to the nodel estlrmte to conpensate for a long-term

(BBGRLT on Ustis e icpeP et oty S8 ARHoRT T RERR e pto periods
v§ft19 Rh Wﬁ?&%ﬁmbﬁnh Mﬁ&lnst A ?&%{ﬁt\ﬁﬁﬁ $i0fi@éntified abnormal

Ion VVI |n an online detection algorithm
oBé%tY(ﬂisV gfleQiita with no identified abnormal operations will be the

l_hﬁ

preliminary training data set.

[0069] 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 PV"

e Those with many long periods of time pegged to their EUHigh or

EULow values



consi stency nonitors also notify the operator in the

event that a control valve is fully opened or
wohos@do2APPENDI X 1 [ 0080] Events and di st ur banees/ust005/032093

vari ous magni tudes are constl@u |y affecting process

operations. Mst of the tinme these events and

di sturbances are handl ed by the process control )

system &ovphege wiibie slapwe vatolittlesvaridpiliitye(d@xceptrihtss which are

unpl anned intervention in the process operations

whenever t highplyawatrolled e their s8fBeIBH)cannot adequat el y

handl e the process event. W define this situation as

an abnor JalTRRERAiER BomithduREy s vetehigedadsbility relative to

abnormal event. [0081] A nethodol ogy and system has

been devel Q]@@idogeraﬁmga‘aﬁgeand to deploy on-line, sets

of nodels, which are used to detect abnornal

operations and help the rator isolate,the |o¢catio
of the r®otThasgaehich ﬁﬂ%wgﬁé? EF PR GTRSRHOT SR wgtﬁxeany other

nodel s en‘plng%(asﬁ%%ﬁ%tglﬁﬂ%o&g%gggpt anal ysis (PCA).

These sets re conmposed of both sinple
nodel s that represent known engi neering rel ati onships

and pringi pelosearaRpeot signdllty siofse(18G83 nodel s t hat
represent normal data patterns that exist within

hi storical databases. The results fromthese many

[0@H  caWhileexamiing theadnibithest imepesiodiarhere mggsureppents

SSuSTelY sns AT e B BB B RO B o
e RS RE R0 o b AR o om 11 ove T hr ough t he
various transformati ons, nodel calculations, fuzzy

058y wh Fieitherecae B gran oyt 68 s B Ainodel
DRSS AR RoABpRId 3! e asyH a3 R vy

I g?[‘iﬁiﬂePﬂﬁ{ HdcPREMbEPEBPlindipel EsApomshes to besatainbdds not
thTs invention are intended to broadly nonitor

impottantious refining and chem cal processes and to

rapi dly detect devel opi ng equi pnent and process

problenms. The intent is to provide blanket nonitoring
[0072 | t Mhentsinrpsdaesétphenld mov berran dsoughehmtproliminary
under the span ofresponsibility of a particul ar

modaldb éd@p‘éjgraum ppoeds witresthe slata ¢ees et m%iﬁﬁ thgymgdel. These

t{;ﬁébg;iggq glgq}ﬁa %&gﬁi LR WRGhE A SortiHhlat eb€ntdwas
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.

Examine the Need for Dynamic Transformations

[0073] The developer should consider the need for this technique whenever
there is a significant dynamic separation between variables used in the model.

This will be especially true for those independent variables such as setpoints,



reactors, conpressors, heat exchange trains, etc.)
whi ch have hundreds to thousands of process
woreseyent s. The nonitoring i s designed to deCeais2005/032093
probl ens which develop on a i+utes to hours
ti mescal e, as opposed to |l ong term perfornmance
degradation. The process and equi pnent probl ens do not
wihéeltimightise clpmged iie thrge sieps barthe oparasor sAlsa theArqagytements
to the use of PCA nodel s cited.ig the |iterature v@c@
whieh B URHISABOR e BB YOGESS JBits PemnE mpdrled Thek Aciebe
robl em and t over a nmuch smaller portion of the
dg?%@??yJﬁcé?l}ftle hs. [0084] To acconplish this
obj ective, the nethod for PCA nodel devel opnent and
depl oygent i ncl u eé a nunmber of novel extensions
CHANCSBCHAHHE 1Y) gF cation to continuous refining
and chem cal processes including: «criteria for
establ i shing the equi pnment scope of the PCA nodel s
[G(Wéﬂe ri aTaBg 418 BRARudl Wpesirpchoingchapeb Y prapessioperations.
transform ng neasurenent inputs devel opi ng of )
Tiieké catabé aitentiomdlj whereahe opdeiter imakesia oﬁangevfara ley saipoint or

of principle conmponent nodel s, PCA devel opi nodel
theysean omdae HppwcesfigFhaages ﬁléch@ bgat gﬁgkm T ?oqung or cat:?c{lyst

restructurjng the associ ate tatist] I adi ce
dgraprons sl B BRSTPRBIGE P sbRrh ey LHEER! gyonts
tl‘f@eﬁﬁ[)?éés%é%ﬁ%gﬁgf WhRitBUe @ffebicdshymesd chitbab] dibuld be

usimg tuzzy Petri nets to interpret 'nodel indices as
coavemed & dahatsieiriatden(set UgmenBit 1) seotios Devebapibg PEA
mul tiple nodel outputs into a single continuous
Modeta fgr AERD, sabsestiosfIVabl-mal ity / abnormality for a

process area design of operator interactions with the
nodel s and fuzzy Petri nets to_reflect operations and

(06751 onaSsbiraciing iho ewopsuea]y flesd Ble AL Siasukgient from
. h . har. i St ' )

555 .5 S AP i
pg)lfi)ﬁnt; r?ﬁﬂ)%f“ e Gﬁﬁ@ccﬁﬁ%ﬁ %Pﬂfeség'g%ﬁeﬁtgal i1 sheM dhelabout the

e engi neering nodel s can use _
same size as the major time constant of the process. For the ethylene plant this

was a time constant of about 45 minutes.

D. Creating the Initial PCA Model

[0076] Once the specific measurements have been selected and the training

data set has been built, the PCA model can be built quickly using standard tools.

[0077] 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. This is discussed in Appendix 1, section Developing PCA Models for
AED, subsection V,B. In the present case, Appendix 2 lists the named principal -



effectively. These extensions provide the advantage of
preventing many of the Type | and Type Il errors and
wqubwskey29o ndi cat i ons of abnorgﬁ events [ 0086 PCTHIS2005/032093
section will not provide a general background to PCA.

For that, readers should refer to a standard textbook
coisporiitSforback PN

Corrlg%nent Analegm s’ %&% hﬂ?@%g’% %ggrc{)fgglsqlﬁ% ‘%@ponents
rapgémfrqoed ek 6 fot bachf RCAanbdél, st ati sti cal assunpti ons

all of which are violated to sone degree by the data
generated from normal continuous refining and chem cal

t _process er s: 1. The process is

I&li‘iﬁodﬁﬂ g‘?ﬁ“ﬁﬁ&%ﬁ&% Svari ance are constant over
time. 2. The cross correl ation anong variables is
i near over the range of normal process operations 3.
[B0T8]ess Mhiesalvaldantoriisteityemofitsr {ib ¢ ?h’vﬁd from a Somparison
i ndependent. 4. The covari ance matriXx proce
of ahe BiseseredSlowt colapensatest for the prespasidrop %cross the valve) with

em,-definite The gata are scal ed "appropriately"

a(mﬂ@els%sgm?a? 8}§1%f‘aﬂP‘é’t T ﬁlm%q% estimatenefi thg flay scebteined from
L.

e

eithblshi@@drrtﬁ‘ @odl ! h'lst'he Bnipih] %@@w\éﬁr ohady g?h)ce?fcl)é@ consistency

Uvarl | es have s egree

nmﬂralsaWare devel8pedl Mthisittpe dfanedel vaaH ddv‘é%pe@tt% AR the main
di stributiagn [0088] Consequently, in the selection,
PERfSSy SanipiHation peutts Sexeradmaedels went slsaméveloped for control

IR ER M or Ay b gniSliatepetiarmincimpensat e 1 or

the degree of violation. [0089] Once these PCA nodel s
are depl oyed on-line the nodel calculations require

[GO¥SGi f i cAetimentarin gﬂﬁﬁﬁﬁé‘i’ﬁi Wis hAdPERKE hofe] %Hngx%{e %If

known operation and mai ntenance activities,
compperthteforlong temn seryor drifiit Bhe odperator @\azntaﬂse) RB8éRadkset of

obse acknow ed e t.he propagation of an event
tb(eﬁfxb{t]éﬁrq filer a sensor calibration or when a manual bypass valve has

changed. A time-varying drift term was added to the model estimate to

compensate for a long-term sensor drift. The operator can and has changed
position. This modification to the flow estimator significantly improved the
robustness for implementation within an online detection algorithm. The valve-
flow consistency monitors also notify the operator in the event that a control

valve is fully opened or closed.



process and to automatically restore the cal cul ations

once the process has returned to normal. [0090] Use of
weCGhermembs i s suppl enented by sinpl e redundanegTaisemks32093

that are based on known engkn8ering rel ati onshi ps that

nmust be true during normal operations. These can be as

si npl e as checki ng physically redundant neasurenents,

or as conplex as materi aAPRENBIXiIneeri ng bal ances.
[0091] The sinplest form of redundancy checks are
sinple 2x2 checks, e.g. tenperature 1 = tenperature 2

@bg m Iloz)ﬁ/vﬁelﬁse?lﬁ]ﬁfsﬁﬁ %%i ée%:dgg’ aﬁg@%@gajgg ?lﬁ%{grelcontstanﬂgl
ﬂﬁ g?r ro8dssi %ﬁﬁlsu 'Mbstjof[tﬁé) Hale tﬁB?@@véﬁt@ afid ddturb@nces are

at or ssm‘pexypots such as the valve

lidnaitedobypthe profegueantidl skstein. ploveveasthaoparatar Bfrequiredito
operations, shown on this plot by the gray area.
10pke an unplan@gd smf@évetnmog in teepmicesssoppralieRs wheasvesthaprocess

Contyol gy Som it AEcHRR A P anaane PR PRETo T abfhEHAS
Maﬁoﬂ 'aﬁgﬁbﬂg%af GHM268R Exd ﬁ{eecaus? rd@ﬁﬁf!& Ef Inz abnormal event.

press pressure n ow I nt

process unit 1 = rraterl al flow out of process unlt 1=
= material flowinto process unit 2 [0094]

[Nll)Bil] di mehsnathadologyakd sxsteny kgsresanderdlopietiio credte and to

ik
damloy endimsaits 8 ol Whiph a5USesfa GeieCt ARBREUR) OBgations and
es Qne I
38 MR iolatt e IBRERD AL o Rlsd SLEABRER Y,
{
RPSptent W9 oA} 6?’?“63“222%?58%@0 Rl SRS P oThese
seofmodelyidracotposbd oﬁboﬁidsuﬁﬂ@k modelsshathepréseht kinewn

two di nensi onal redundancy checks the gray area shows
erpinegring rslatipnships a@émrmmmls;omm@em dy s @@6&%@@% that

R GEE P GAGLEPGHTES TSP TS Prder St e results
RbnIBES! Hafl Model (afid s dre 86hbHEdhto a small number of

summary time trends that allow the process operator to easily monitor whether

the process is entering an abnormal operation.

[0082] 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.

[0083] 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 under the span of



greatest variability. [0095] The characteristics of
the process operation require exception operations to
weee/émae rel ati onshi ps accurate over the noPaBIUS2005/032093
range of process operations-2hd normal field equi prent
changes and mmi ntenance activities. Exanples of
exception operations are: opening of bypass val ves
respousibilityf angerticelar congsde opetiatey ast. TpistGaddayvplve many
downst ream pressure changes r.ecalibration.of .fi ;EI d
e a5 (AT HRe P chomaifal BEQGERS) OPFIAHRE Wt (8- gi3tflation, fowers,

operating nmodes 10096]. T D .
RS AL, AR R B B WA b Bumdregs o
th&idahdd6F grotcessolﬁl%ﬁ@nfehﬁs. PrIRCRSHitBARE & Q6siphddtcrdetect
continuous summary 1 ndication of the normalrty of the
pRosiens swhipk detélopsomm denutes $o houtsrtirneschi ey as @pppsed to long

[0097] Multiple statistical indi cgs are created fr&n
tesme heiPoAnmneedegsadating: ThEProerss @ad egBimadanabless ¢ not need

 Bapobe ettt by cehiienl’ B BSERFLE bR fited in

tfl% ggeg(rﬁt?lgé Hl,[lgdrigi\l/rg cAlrePWabRE: £ E@g{iﬁé iﬁ?oﬁéﬁ@ﬁﬁoc hsEproblem

y creating su I ndi ces, Wwhic
290t% c6P&t Ahfuchhendlbripoktion bbthetprotéss opBRatiomdex for the
i nputs which cone from desi gnated portions of the
conpl ete process area covered by the PCA nodel. Each

i stical index. h CA ,nod iS. [
(PO, i aceBmnish B by et Re e aEdon 166 P BIRSRE o
| . ) T
3Pl apdeBibrE iBLIgE L bR E BE SOOI fehBifed for
th¥i 'agﬁlti@df i®)contiAB88s rffilg hRd YREANGY pediRskes iBchIdiN::

conv ed to a continuous normal - abnormal indication
using fuzzy nets. There are two different indices used
for these nodels to indicate abnormality; deviatiaon

f r om t he enoetiteriafdr esieblishing theequipmentscopp &fdhe R A models
range (shown_on Fiqure. 3),. .These deviatiaons ar .
equi val ent ¢r#eraand petheds fr @3@9&?1& %tfatIYﬁgge? ‘gFa%#SHnmg

t he Hotell iﬁgft%@%ﬁfﬁlg“‘sdi ces for PCA nodels. For
r

checks with Si on eater than two, it is

o developing of multivariate statistical models based on a variation

of principle component models, PCA

o developing models based on simple engineering relationships

restructuring the associated statistical indices

. e 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



possi ble to identify which input has a problem In

Figure 3, since the X3-X2 relationship is still within
woheoorvas29ml envel ope, the problemis w th i npuPCKIUS2005/032093

Each devi ation neasure is c@iverted by the fuzzy Petri

net into a zero to onescale that will continuously

indicate the range fromnormal operation (val ue of

zer o) t oe alshrfuzzy Petranetsrio Conibire oiuligple)moddeagputsdato a

each process area under the authority of. the to
the appli cainge centigiousdumanary ndirstig of |HHHI?’8§F)6} %brf(g‘haahty
conbi ned i Si ngl e normal - abnornal indicator.

This is do&I@rB?r‘E@Sﬁﬁ 1%uzzy Petri logic to select the
wor st case indication of abnor mal operation. In this

Shbcka e etk e BT R B ) i pe
i fe:dzfeﬁse@aﬂgg?wr &% Y PAERREL aORs, For

Petri Nets: An Overview (1) [00100] The overall

process for devel opi ng an abnormal event application
[0685]hown Thosdexgensions ar‘éhmcbmryctcﬂhamll@ﬁtmafharmtﬁasw

is iterative where the devel oper start(f with ar H%
cnnumuqu&m@ml@mg@m@ayphaﬁwwa@%%@ thserarrespondmg data

chaeiscished st Bt hcrh ahdaroplecd i g R g used

P Opﬂ{eil% 'e:%ﬁsﬁﬂg ?&\Qﬁé'@ﬁé a&%”c ec;ﬂﬁevéﬁhﬁlmﬁwf the

h restructure retrai ned based on these

qragdl T HeﬁENEbﬂEhNEH&ﬁh&EﬁEmSdﬁa&uﬁﬁmxmmmeVENT
TECTI . Conceptual PCA Mdel Design [00101] The
overaII deS|gn goals are to: provide the console

B ol Lt Seshios Gull Aparayich Aushstal FoPRgroti o BGA L Eor
tfi%' %e}ld;é&d oui‘d f&pﬁr Eﬂaﬁ@aﬂl{g{(‘l@bgkﬁuﬂ?ﬁé’w R KBRS Wit Dser's

et ec IOﬂ eveloping (mnutes to

GPHE$) FRRR9SATREoRY. &mntwrmwsw(a; operating aut hority

provide himwth onI y the key process information
needed to di agnose the root cause of the abnornal

t.[00102] Actual d Lsid
[Séé?hcipérh@fc wiiical Pl FEPBHTUC TREKEIAE P LW S artde]
asstim %18%5 09 WD SevibEeLlPSRe dgél%g lb?/”fh@ ¥ é}{érﬁba from

normal continuous refining and chemical plant process operations:

1. The process is stationary—its mean and variance are constant

over time.

2. The cross correlation among variables is linear over the range of

normal process operations

3. Process noise random variables are mutually independent.

4. The covariance matrix of the process variables is not degenerate

(i.e. positive semi-definite).



process know edge and training. [00103] Having a broad
process scope is inportant to the overall success of
wahowroaedoo oper at i on nonitoring. For the operat BCTHUS2005/032093

| earn the system and maintai22 his skills, he needs to
regul arly use the system Since specific abnornal

events occur infrequently, abnormal operations .

noni t or i fig Tife dats ard $cailﬂ§£/ 'tappropriatelyd (hegterdard statigtipal
infrequently used by the operatar, likely |eading the
oper at or t GP@F %gﬁ%%:ai%ﬁw@mqu “finally

detects an abnornmal event. This broad scope is in

t t _to,th bl i.shed del i ' [
Gesi on-tfro THAERFEE DGRt St R R ¢ shfdand

bi £ sianifi o e
2684) em[ gof%ﬁ II gde r@ aarnz&?ﬁousgsn%ésiﬁ%&?rng&ess KP}Hgt\Panables

measur ementig thé idudel)t he process units under a single
consol e operator's operating authority. Continuous
refining and chem cal processes exhibit significant

ti me dynzni4H vaneblys hhes somealegresneitress edrrelation.eak

the cross correlation anong the data. This requires

di vidi ng the process equi pnment into separate PCA

nodel s wBerBha datahave ¢ mawltivariate noymah A1abwaemt ai ned.

[ 00105] Conceptual nodel design is conposed of four

maj or decisions: Subdividing the process equi pment
[0088] equComeedueptiyypstheiselections ampysisiang trasfomdtipg of inputs
Subdi vi di ng process operating ti periods into

apd dhe sebssguent indyildingthe Rt mode). wrrgus ahpstpreatyagdnade to

I i fyi whi ch it [ '
cyhlbils aibEitabeesate Eigna FERRR o WhHL, " each PCa model
| denti fyi whi ch t i thi ' t
roup shoul'd act as flags for supor Qsﬁﬁ%zgﬁbﬁnmve s
(8989 ner QncedBeiediCarpdels arsdplbke R e mmeds] Grlgylations
0Q106] T, initial i 8] ' .
LRSS oD LS8 LR S
ahlSnSiR&HahtE 2B GRS SoWddble AW had aathgemputs, to allow the

operator observe and acknowledge the propagation of an event through the

process and to automatically restore the calculations once the process has

returned to normal.

[0090] Use of PCA models is supplemented by simple redundancy checks
that are based on known engineering relationships that must be true during
normal operations. These can be as simple as checking physically redundant

measurements, or as complex as material and engineering balances.

[0091] The simplest form of redundancy checks are simple 2x2 checks, e.g.

e temperature 1 = temperature 2

e flow 1 = valve characteristic curve 1 (valve 1 position)



under st andi ng of the process integration /

interaction. Simlar to the design of a nultivariable
woanstegnt controll er, the boundary of the PCACTwS2105/032093

shoul d enconpass all signi#i28ant process interactions

and key upstream and downstream i ndi cati ons of process

changes and di sturbances. [00107] The fol]owi ng ru]es

are useds t enaletigrflowentotiresess sl hrranstegieb{lpw: oytoy rggess

Equi pment groups are defined by including all the

maj or mat ekl and energy integrations and quick

recycles in the sane equi pnment group. |If the process

(RAF, 3 SRR R SRbBA o SBhAI ok uch st
V%]%E HARF {eaid%'in Wé%lgﬂesz. AR Ibb RaaPERa Sl oftieions,shown

e Interactions need to be identified through an
oft gl Wrﬁ}ﬂﬂle?‘iay)aséas Operatienpoutsiseshis 2902 o8] sipnaled £§
groups shoul d be divided at apoint where there is a
abmorimadl i nteraction between the process equi pnent
groups. The nost obvious dividing point occurs when
the only interaction conmes through a single pipe
[6093]ai ni Multiple edendanwytdan aleode elnoked itrmghs singlen
this case the tenperature, regs re, [flow, ang )
modtigisaensienal srodake Eramples of mpHidimepsiopal sedipdancysargs,
t he downstream equi pmrent group and the pressure in the
i medi ate downstreamunit is the primary influence on
t he upstesegresgue prepiesgprodps .. THeRGSPHE Mary i nf | uence
nmeasurenents should be included in both the upstream
and downstream equi pnent group PCA nodel s. 01101 £
'ncl ude s hematerinliBRweind PRIGESIE & samatial dow out of process
applications .petween_ upstr equi prrent
gr oups. ThéHHF 6@S§_gﬁ%?%ﬂﬁﬁg%gﬂg§g€¥%§§hgﬁgbide
addi ti onal influence paths between upstream and
[ st r eRpI6dithenEohal Phestesare Bopreséreed idthwaP CAdilke" models.
eedback paths can exist. Were such paths exist the
Iﬂ&“&%&fﬁ@]ﬂiﬁm andilobe drdependéns sad pedurdans swpasarepeX1, X2, and
i nclud

ed in both equj pnent__groups.  Anal ysi f. the
XiF.ov8mmeronK3ehaages X aﬂﬁ,éﬁg changesibyfie a0d 3@2@%@6 by 2.

AR R R s e R R %%@Xﬂ%ﬁ%@
PRSP obf 3 S AP R AR G per e
dSnifbr striigetonhcBloat POA medelsa Axewithdhe twoidinieasional

redundancy checks the gray area shows the area of normal operations. The

principle component loadings of P are directly calculated from the engineering
equations, not in the traditional manner of determining P from the direction of

greatest variability.

[0095] The characteristics of the process operation require exception
operations to keep these relationships accurate over the normal range of process
operations and normal field equipment changes and maintenance activities.

Examples of exception operations are:



hours). I nfluences, which take several hours, days or
even weeks to have their effect on the process, are

waabosaaddabl e for PCA nodels. Were these infl Ben@ss005/032093
are inportant to the normal-2data patterns,
measurenents of these effects need to be dynam cally
conpensated to get their effect tine synchronized with
the ot hes ppesiagofiapasy eatwes aropuddlovhmeiérscussi on of
dynam c conpensation). B . Process erating I\/bdﬁs
[00112] €r oompensgimgafior Hpsteaad darasyermjugsaige changes
specific time periods where the process behavior is
signifi cﬁnt¢9ﬂllgrﬁtf(ér@ﬁﬁ¢ldﬁ%weé§e@§ t hese are

production of different ad of, product (e.

pol ymer ®r @@;hgqqtlg,g)progfpség{{qws?‘iﬁlﬁﬁd %@%m?é B‘H’%et% ons
(e.g. startups, shutdowns, feedstock sw tches),
processing of dramatically different feedstoc e.d.
[009%6G ki ngThaphithmadglshand theLngEiesEAs r@@rﬁijaéw ﬁgeéks ate
producti on or different confiquratiaons .
b s e et @rahvied e piceS Bedetdn Fitp e
rumni ng). [ 3]s Lo fel '

ch O gt BN o R ST o 66 PlocRRe bittalens under
hﬂ%ﬁnﬁ%@%ﬁi h)e_ devel oped for each major operating
node.

The T ewer nodel s needed the better. The
devel oper shoul d assune that a specific PCA nodel

(G CONRTiRTeNchiNiicAPEidhdsie FRARK fréhi SachSOARDAEL so that
St (S

be tes by running new data from each operating

O HRlideRRueBp bt todalontigusativon dnd hietzetlay of theopnoeess! y .

C. Historical Process Problens [00114] In.order for_. .
etyhipmeentt dhatehe pozaess aperater handtesr dde SeRsidiviiy) Qfﬁilﬁ gragitional
b I t_.detecti i .th | d
SHIO A qussrd Bresichian Brioks Shonaek riTRnoNnd DY BROME Sbset
N t. . i ani f.i | .
indiBR5 e SEIERonhRE cBh A oTA O SPE, By it iputs
v&nlgg‘ﬁé %?ﬁfg%ﬁ%sigﬂatmdﬂﬁ@nb of thd dismplewspropess abacbdered by

foll owmng checks before tréi ng to build, an
thb RO Rlodel duchdedtistichbindap fidne shd BOA modelsris fedinto a fuzzy

probl em be permanently fixed? Oten ag%%g obilem exi st?
Rt 206 © e0nvertiihe Jadareintoa verh i onftrals, MYHIER SREURVGRSTY

indigsigp iR Tornioune gy (op 8F Bl & BBhe Bptoperation

(value of one).

[0098] Each redundancy check is also converted to a continuous normal -
abnormal indication using fuzzy nets. There are two different indices used for
these models to indicate abnormality; deviation from the model and deviation
outside the operating range (shown on Figure 3). These deviations are
equivalent to the sum of the square of the error and the Hotelling T square
indices for PCA models. For checks with dimension greater than two, it is
possible to identify which input has a problem. In Figure 3, since the X3-X2
relationship is still within the normal envelope, the problem is with input X1.

Each deviation measure is converted by the fuzzy Petri net into a zero to one



probl em a permanent solution is often found. This is
the best approach. 2. Can the problembe directly
woresned® A nore reliable way to detect a proBCemS2®5/032093
to install sensors that can2fi+ectly nmeasure the
problemin the process. This can also be used to
prevent the problemthrough a process control
sappthiat stilloontilihoesly indipetedbe srmgedsem gperatign (yalye of
an_inferential nmeasurenent. be, devel oped which wl|
Z@f@%&?‘éﬁqrﬁ@lé’@ﬁa@é’&("? e P %hnor mal oper ati on?
I nferential neasurenents are usually devel oped using
partial |east squares,

PLS del s whi
[00993e r eFart ¢a.£ésprt)©esls@ﬂ@9a%1ifdﬁfgﬁ¢ S‘é‘i]@ﬁ‘lt}l’c H@qréqe\f%% e
cQ n alternatiyes for | opi ' al,
PR AT el oo R SR B e REL B single ngrmal -
nodel 5.k f e [ f ;
e e
cés‘;eei%diéaﬁ\&ﬁroffa'bﬁ@ﬂhﬂ%p&étﬂm. diel thés Wwagsaiopdratdritias adegh level

be used to not only detect when the conditjion )
seminsirg itallahs checkstwighinabe proress atean This segppniveidk s provide

atsonbie] baokerappd GaBiay | nefe. Bt gt reers shaid Sefshia

f b dit : i-nf er-ent.isal t f
e’ B AT Eean Db ONes S U CRPGHER LR eee o ae e ©
overall network of abnormal detection nodels. |1.

| t Da d ti Sel ect.i 1 .
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BEPE R FiPES RIE BAde dER obBienbiifat Y WiohatlO® viftre he
df%?ée’llogépﬁﬁhél fith &lkdigheiedele gamdarcyessisiddy impfeiegthitamodel's

control valves) on these units Sel ect key
capatsilityebrsedonstesring how weHshe masisé representothemetual process

the process (e.g. those which appear on.his eratin
operméiems cBEnE i BermargpeEieH BbAor ek D grp APRE The Fhodels
contact engineer {0 f f the

o Bcaasiragnbet ing oA R el 45 BB R PR ot e
feed tenperature
DEVELOPING PCA MODELS FOR ABNORMAL EVENT DETECTION

I. Conceptual PCA Model Design

[00101]  The overall design goals are to:

e provide the console operator with a continuous status (normal vs.
abnormal) of process operations for all of the process units under

his operating authority

e provide him with an early detection of a rapidly developing

(minutes to hours) abnormal event within his operating authority

e provide him with only the key process information needed to

diagnose the root cause of the abnormal event.



or feed quality Select nmeasurenments of downstream
condi ti ons which affect the process operating area,
weoaondeioeedoar | y pressures. Sel ect extra redundaRCT/US2005/032093
measurenents for neasurenent26 ¢ hat are inportant
Sel ect neasurenents that nmay be needed to cal cul ate
non-Ilinear transformations. Select any extern
[00302] r emActuadiroat chiuse didgansis ig euigidedhpiseppe of '3115 mven’uon
surenment s., Whi.ch t

tenper ture) Select any

The 668 e@pﬁ@tpglsf@@smﬂgg ko IRe Phron PEIEH Faigh OR his
ocess a;L7] Fromthis list only include

E%Cﬁ%gg §em qﬁilﬁ Ve the follow ng characteristics:

The nmeasurenment does not have a history of erratic or

[@@ﬁﬁgf ac ctor rf';rg Qr-grgﬁ%lsggﬁéj if'? gnlfﬁlotrﬁ%g%%e aes%¥e(er%% Spccess of
aﬁﬁ(?ﬁﬁallhogieir& cﬁf ﬁfé)n‘f‘ﬂohﬂ OtFlp "thés‘glt?e?ﬂfo?% Medn itRe 5yiPerfiaingd

measur enent s not rated for nore than

At hishekilld, TR hieds fgrepolarty) uapthealsons . Sintbapecific

nmeasurement i's not ti ghtly controlled to a fixed
abromualreventshoasur mﬁrewndbraaigmn(aﬂ epeitionrmaenijoringefa small

Rt $ LG OPRICHRUA mﬁfgauvgfe %Llaénﬁﬁ qassioy, ety leading
tﬁ%tgﬁératqrqagﬂ%'gg%? ti‘u[-:% s?tgfnt\kﬁ lai de\}\%&? ﬁH%@ﬁ frﬁﬂeé%nt.

ange o va nown

"[tH?s Bfodd &B}ge{ 1§HPcdﬂtfh§ﬁfo thE'iﬁbHE]@édJﬁﬁﬁEl’lh igdahwhich is to design
redundant c¢al cul ation fromthe raw rreasurerrents The

the ﬁfbﬂleSbaSBdfomdetecmm a epecifit pesceas protdemsef tigeificdnt enonomic
more th

interest (see Kourtl 2004).

[00104]  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.

[00105]  Conceptual model design is composed of four major decisions:

¢ Subdividing the process equipment into equipment groups with

corresponding PCA models

e Subdividing process operating time periods into process
operating modes requiring different PCA models
e Identifying which measurements within an equipment group

should be designated as inputs to each PCA model



10% of the time A Evaluations for Sel ecting Mdel
I nputs [00118] There are two statistical criteria for
woRrbwree29ai ng potential inputs into the PCA AbROTMER005/032093
Det ecti on Model, Signal to Nd7¥se Ratio and Cross-
Correlation. 1) Signal to Noise Test The signal to
noise ratio is a neasure of the information content in
the i npue sldgntifyingwehich greasutements withiman eqiipment group
calculated as follows; 1. The raw,sign is filtered
using an exgomdactas Hagster SYPRIASSIRE gﬁ%WB)GVﬁﬁYSé” other
dynam c tine COﬁSt ant %w valent to that of the
process. For*%¢B PT’RBS@E P&fining and cheni cal
processes this tinme constant is usually in the range

of 30 mnutes to 2 hours. Oher |ow pass filters can
e Rigeessddnifdiqverads the exponential filter the
equations are: Yn= P *Yn_i +(1-P) *Xn Exponenti al

[@bif) r e%%tlhﬁfbl %EUi@f O t cf’eafezgﬁés-{)?/§ ?qrﬁéﬂtttﬁét W111 be

onstant “calculation qua I on e current

dovetl BFa ¥Righe PO Inddek THesspeoific probésradisiatidedrediiees an

current” raw value P the exponential filter constant T
urdersandihg of Itlmepm‘cel;mtagfa’am Emgeraction.t Bamilar toethetdesign of a

n‘i&ﬁ%%aﬁ%érc@@sé% abnire s drebodasy ghare Bevasgel Shayld
t h
SR 0o s 0 SR G BRBE PP b 58 et
lglﬁfé:hgﬁlqs S pidigsstipngas dndawabhatesof the residual

[00107]  The following rules are used to determined these equipment groups:

[00108]  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.

[00109]  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 the
downstream equipment group and the pressure in the immediate downstream
unit is the primary influence on the upstream equipment group. These primary
influence measurements should be included in both the upstream and

downstream equipment group PCA models.



S/ Nsg/ s REquation 4 [00119] It is preferable to

have all inputs exhibit a SN which is greater than a
wonrew@eom ned m ni num such as 4. Those i nput BCWiUSE005/032093

S/N less than this mni nrum-ed i ndi vi dual exani nation

to determ ne whether they should be included in the

nodel [00120] The data set used to calculate the S/IN

[MHA01 0 ehecluecthaiy/luaneg apéhe prpsesy c%t&{@ppg{cg{zgns etween
SRR R EhDSEs B O P asions

. oL o T . . .
e e

ps. BGthTe@EBroaidr #ldafeedbadigiatbecamesist. i hergmadtspaths exist
calcul ated as: 1. Calculate the co-varijance, S

th(memmnemnts whightdrivei thesd pathsingedsiabeingtuded i bogh pquipment
SX* (S X uation 5 N*(N-1)..2.. Cal cyl at h .
gtqr?pﬁewamalbms @g & PTOCETH Cof 1@8%1%035511%5 vl %ﬁ&#gﬁﬁrgmor

.t he covariance, CO k = Sjk/(S"*Skk)1/2 Equati 6
1 tﬁ@fﬁ??s %ﬂ@?g%&?‘cﬁ‘%\%s Lf&in%:'ﬁrmt anc)es, v\,hlqgﬁl If Iogg t hat

?n i nput shoul d not be included in the model. The

[JSt citcunstance occurs wh th ' . Skani fi.
R A R
e inp d ] , ;

AaGui s oH ey, Yond PRinBpHe) TRERCMRSASpAnarily
hahdmR! d}ii@l@Efoc@@s’ Eeinpel 0 gcebé dicinbecus wer apefiod.of minutes to
[00123] The second circunstance occurs when the sane
hioars)t Irifhfences twhich teks doweral haurs, days ed ¢wen weeksi@dwve their

twce, oft th h I [ '

cifopt o 8 Prodes 119 T SURADIe 1B I HcEls SIS e fluences

correl ation coeffi Gi

S UaSRAT FTO R RaRERE ML EIATRLE aRBiEced o
| g ' i

R RALEULF ) A 1 st i e ot

preeiss thaeisufements (deeahé didepssioteof dyteemivocopdnsstionk

i ndependently neasuring the sane process tenperature)
then both these inputs should be included in the

BOWlocess Operating Modes

[00112]  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).

[00113]  Where these significant operating modes exist, it is likely that
separate PCA models will need to be developed for each major operating mode.
The fewer models needed the better. The developer should assume that a

specific PCA model could cover similar operating modes. This assumption must



[00124] If two inputs are transformations of each

other (i.e., tenperature and pressure conpensated
woenpansure) the preference is to include thePCT/US2005/032093

measurenent that the operatof9is fam liar with, unless

there is a significantly inproved cross correl ation

bet ween one of these neasurenents and the rest _of th
b@atestsétby 1Mhaing hew data fwmieach @pprajing mede ghrough the model to

elahlon shoul d be included. 3) Identifying
behgvessasrestlya Vari abl es [00125] Refining and

chen1ca| processes often run against hard and soft

constraints resulting in saturated val ues and "Bad

Clal HagoriéalrProeessnBridl/emsnput s. Cormon constraints are:

instrument transmitter high and | ow ranges, analyzer

(BRETE oo 3 ordgmior dhera o bF CRAGAR sabReTe b Gevel i an
ag)an fgir %\Eeng ﬁl%ﬁ?éﬁ ?.L,teﬁlattl?ﬁg sh&§1d"8 aﬁl c%&\gg%cess problem

equrre speci al

dfrs?glﬁﬁe&@tse%'oﬂgnhb empRGUHDWReE, hhésers,lgmﬁfzbn iobtirAgnaRrtibe
forthe on-1ine use of these nodels. Bad Val ues

dn@Bi2d]to kdentiflydhe hest appadash fonsttacking theseprgblems. J6

mllianm electronlct nsmtters), ba a S. can

R@é%@#labéh%d%ﬁlépelt she wka e f‘éi&%‘ﬁ'@ che%feg%\f@mgwng to build
ce ondi.tjon. is out.side the range of the field -

%%@Wfswmﬁ?g%&@m@ﬁ J%tﬂ ‘i th the field has been

broken [00127] Vhen elther of these conditions occur,

]it-ﬂgl §|Spsr §b % al}?gg]p’ Sfo,ﬁsiq B&W on}é@gy:l” edeg?sts Betause

ECRT TR T S —
mai @bwewhte heobiRfi. ORestheadtieatioh drike BRAMI RTINS focused on the
These; values will then propagate throughout any

cal quoblciy raqumraﬁlenhﬂﬂum isheftqur fovmds Tdosis thie begsapproach.
When the "l ast good val ue" option has been confi gured,
this can lead to erroneous cal culations that are

2i f {Ganuthee probigen be dirapidly sweesugd? Aypor@anel@blm@w thdetect a
Bad de ted th I |
car CapBlebiRORY N SaBiARB et ASER HRBAUH GraRo DG 1 the
be kA4 19adca NG bl sk 001 B efiegRr LGRS BlrohF a process

hfirguredon the protess contro
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

pressure), this can then be used to not only detect when the condition exists



those tine periods, which include Bad Val ues shoul d
not be included in training or test data sets. The
wdevwleymn needs to identify which option has BE®mwS2005/032093
configured in the process copdrol system and then
configure data filters for excluding sanples, which
are Bad Values. For the on-line inplenmentation, inputs
nusbubalsprs the basesioed controhapplBadiondp peevent éhe cordjagn from
as m ssinhg val.ues, r rdl ess of .which option had been
sel OE¢WHINGN ﬁﬁ@l%ﬂ)@éﬁ%@%&&%@ ystem [ 00129] Those
i nputs, which are nornmally Bad Val ue for extensive
[b0TESIPeT B debetindadigemiatsusigstobleattédtitionsend inferential
Constrai ned Variabl es [00130] Constrained vari abl es
Acasuesentalof teese lvendimsscandateasidy integratesd interithe overall
this nmeasurenent. nmat.ches an actual process condition
l(eéwo%mmﬁlﬂﬁ'@ﬁﬁoﬂﬁ@‘%&-ue has defaulted to the
maxi mumor mnimumlimt of the transmtter range -
covered in the Bad Val ue section). This process
I§i t udnponDetaramsktOperativg RangerSeledtivsisons:  Portions of
the process are nornmally inactive except under speci al

BBTioke 7 ERBI g e PheTR) Poie MIRLPISByIEI S rapb s
FOMLhORS. #of REptmRlRcife excl uded from the
val |1 gda e

raining an Ion data Set by setting up data
filters. For the on-line inplenentation these override

events are [ri events for, automatjc . suppressi.on

sel ect ed 'mé@ﬁggﬁgf?%cﬁaﬁ §ecoﬁﬁ3%?(8£(§ r&%?ﬂ%ﬁgﬁrﬁ@;g,t aéﬁf

i s designed | M4 ' ; S$cld control
operating I?s&ﬁ%f: %{Hyflgph{ehi%%ﬁ%gﬁ%@o u ?ﬁg%@%% ts. CORO
These const{,ﬂk,eg)soﬂwéwahity fall into two categories:

- those, which are occasionally saturated and those,

whi ch are normal ly saturated. Those inputs, which are )
nor mal | y esaSeleat kel mehswiethents wsed bydbe conspletaperatpitsl monitor
Those inputs, which are only occasional ly, saturated .
(for exanpl teEesess{ge. i}@f@??d’f’hlﬁﬁ PPeaToN %érppggatmg schematics)
i ncluded in the nodel however, they should be scal ed

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.

e Select extra redundant measurements for measurements that are

important

¢ Select measurements that may be needed to calculate non-linear

transformations.



based on the tinme periods when they are not

saturated. B. I nput from Process Control Applications
wpQOkA2Y29The process control applications haverParwseops/032093

significant effect on the coBtelation structure of the

process data. In particular: The variation of

controlled variables is significantly reduced so that

novenent ei nSglbet angraxtainbhbrheasurentent of 2 digpuibance (g:g. ambient

noi se except for those brief time periods when the

process hastebmpstathie) with a significant process

di sturbance or the operator has intentionally noved

the oper 3t i ggemQinitothyr mleanatn@nisewise el frosess ekiperts regard

normal variation i'n the controlled variables is

t r ansf er r edasoiympidreant ondasotes of shepracess ¢enditian pul at ed

variables (ultimately the signals sent to the control

| in the field), [00132] Th | i f.
BRTTE:  spor by bk beasiie B i ek oo fving

c?%gaécﬁ?r'sglcfsferem types of control structures: the

tontrol cascades (shown in Figure 6) and the
nore recent nultivariable constraint controllers, M/CC
(shown in Figure 7). 1 el ecting node] inputs. from
cascade $tr Eg? H’fe@§m{‘39'€521‘§ §Pe~ﬁlamag e %ﬁ{ﬂ% og efiptic g problem
"cascade" process cqontrol application, which is a very
comon cont¥ o@fwgture for refining and chem cal
processes. Although there are many potential nodel

i nput's f rOMTRs Glbadirefitlt haghisfisfabidey 9ignkl Resisé Ralo

are candi dates for the nodel are the raw process
neasurenents (the "PVs" in this figure ) and the final
out put t @ tRe incakarevsdnt és cfofd-tdu}latdd Wathgithet miesstaements in
very inportant neasurenent, the PV of the ultimate
primary of thealatms®lade control structure is a poor

candi date for inclusion in the nodel. This measurenent

of ' he” oot THF MAAPETHARS 1 SOLBURBSS hIRTaRgh (e the time
at the set p@lilﬁé%éﬁﬁ&e?ﬁﬁ??ﬁa%- nmovenent in the PV of

the ultimat Fy I S sétpoint is changed but
this usually is infrequent. The data patterns from

occasi onal Phi Mda¥ueMdRidhomyiay véditolleliald fixeédtetpoint,
have sufficient power in the training dataset for
which rarely changes (the ultimate primary of a control

hierarchy).

e The measurement does not have long stretches of "Bad Value"

operation or saturated against transmitter limits.

e The measurement does not go across a range of values, which is

known to be highly non-linear

e The measurement is not a redundant calculation from the raw

measurements



the nodel to characterize the data pattern. [00135]
Because of this difficulty in characterizing the data
weoabdemeyeon esul ting from changes in the set poi nPCoOfUS96/032093
ultimate primry, when the ojirator makes this
setpoint nove, it is likely to cause a significant
increase in the sumof squared prediction error, SPE,
i ndex of et HEhgTsigahls tEfeidquenllvalvesrare clobsafurated foremore than
setpoint of the ultimate primary is a candi date
trigger forl@®cdfbedin®ent suppression”. Whenever the
operator changes an ultimate primry setpoint, the
" kno event . syppressi.on; .l.ogic will automatically
- @ HEHAEUGHANSIOY QeleCtipg Qe  IEPS - o) cul at i on. [ 00136]
Shoul d the devel oper include the PV of the ultimate
i{@ry | awPdlistichhi For pHBHTLI bAtidldnputs into
[g‘(j:ia@d bgglg% %ljr% thosgﬂl%}cﬁggﬁ?ﬁg{e pgri ods duri ng V\,hilcj:h
thdPORp AbabamahBetehianddddélnSignat moNoisedtatioiand Crodse
process has noved close to the vale of the new
Gatgafion. (for exanple within 95% of the new set poi nt
change thus if the setpoint change is from10 to 11,
when the PV reaches 10.95) [00137] There may al so be
IneaSgneitedYeise g8t are very strongly correlated (for
exanpl e greater than .95 correlation coefficient) with
the PV of the Utimate Prinmary, for exanple redundant .
t her nocodflesdgnal dameiseratie isa mespaicaalthe intoramaghansaptent n
1L;{éed as.a PV for an Utimate Primary. These redundant
the st & s should be treated in the identical manner
that is chosen for the PV of the Utimte Prinmary.
[00138] Cascade structures can have setpoint limts on
each secdigaignalite neiss TRHQ & ealeplated asHolleowsn ¢ he

signal to the field control valve. It is inportant

t ocheck t hg t f. th tentj.al trained .

b iR Test3ienal GoblioerREE THEArRaatindsr VB bR jmate
1 . . Ceai _

et R Bhast R AREPIARTO TR e BLrges: Ot Bpinuous

beeRfin@is @ th@Hicalpteeties ithig tihe senstatsis usualeylin the range of
operations should not be used. 2) Selecting /

Cal Muhahites td/Bdeturs. nPthes lowpass/ilters/ecan tobhsedasneelalFat the

Control lers. MWCC .
exponential filter the equations are:

&)

Y,=P *Y,+(1-P) * X, Exponential filter equation Equation 1
P = Exp(-Ty/Ty) Filter constant calculation Equation 2
‘where:

Y. the current filtered value

Y1 the previous filtered value

X, the current raw value
P the exponential filter constant
T, the sample time of the measurement

T¢ the filter time constant



[00139] Figure 7 shows a typical MVCC process contr ol

application, which is a very conmmon control structure
woanoeree$29mi ng and chem cal processes. An WCC BEEAIS2005/032093

dynam ¢ mat hemati cal nodel 433 predi ct how changes in

mani pul ated vari abl es, Ms, (usually valve positions

or set poi nts of regul atory control loops) wll- change

s e s LU

3’?@? state). An WCC attenpts to push the process

ion against operating limts. These |[imts can

be either W limts or CVIlimts and are determn ned by

an ®&t=eKpalY,pptim zer. The nunber of linits that Eqwation3
process operates against will be equal to the nunber

of MVs the controller is allowed to mani pul ate m nus

3. herruxibedl 8ol Rkiods thsetatioagthe shindaid ésliation of thanfiltered
MVCC has 12 Mvs, 30 CVs and 2 levels then the process

wi 1sigizd dividedbydhegtandend deyiation ektheapsivalsignall al so
predict the effect of neasured | oad di sturbances on

the process and conpensate for these | oad di stur&gnce
(knewasqi eegforward variabl es, FF). [00140] W wation 4
or not a raw M or CV is a good candi date for

inclusion in the PCA nodel depends on the percentage

lﬁflﬁélnﬁytlth Roreiveblc 18 hava A4 8aaS PHDHE h ek fegtater than
By A L S s
ﬂlﬁﬁfnﬁg H&ed ‘flgugcﬁ% e &lion f‘@&é@hﬁ%e%ﬁ&ﬁéﬁ ﬂ@y%@uld be

vari abl es s andl ed per the Constrained
ﬁ{alﬁlua@ﬁ@ﬁlesm@ﬂelon di scussion.[00141] If an
unconstrained MV is a setpoint to a regul atory contr ol
| oop, the setpoint should not be included, instead the
g@'@ 201 eMaHe @fa bdtalsed 96 BhRURY tHBIN sHoul@ eRclitde ng 168g
ncl uded. The signal to the field valve fromthat
peeids af stepdganite opetation sinruthdt wilk caise thaekstioatk for the noise
[00142] If an unconstrained W is a signal to a field
apaltens tp beicrressivalndaeet shoul d be included in the

nodel . C. Redundant Measurenents [00143] The process
control system databases can have a significant
2)edCratarCoyrreloting Fese candi date i nputs into the PCA
nodel . One type of

[00121]  The cross correlation is a measure of the information redundancy the

input data set. The cross correlation between any two signals is calculated as:

1. Calculate the co-variance, Sy, between each input pair, i and k

Sp=N*3 (X; *X) - (Z X)) * (Z Xy) Equation 5
N*(N-1)

2. Calculate the correlation coefficient for each pair of inputs from the co-

variance:



redundancy is "physical redundancy”, where there are

mul tiple sensors (such as thernocouples) located in
wohoes@2gteysi cal proximty to each other w thi nPCAIS2005/032093

process equi pnent. The ot her34 ype of redundancy is

“cal cul ational redundancy", where raw sensors are

mat hematical ly combined into new variables (e.g

pr e€€iy & BpABetSa) '8d tenperatures or mass fl ovvs Equat10n6

calcul ated fromvolunetric flow neasurenents). [00144]

As a general rule, both the raw neasurenent and an

j whigh i s cal cul |
O 15 Y it
u'lcﬁu&é)d iﬂ"ﬁfe%ﬁsilélh i @ﬂcﬁﬁsﬂaﬁ@e BEQRY ka{BRthetdigtot he

ocess operator 1s nost liar with. The exception

siginﬁbarﬁ doblﬂe@aticﬁl béteret h@artwulammpus andithe tfost of the mput data
mat hematically transformed in order to inprqove.t

sebriard eachdnpst, there muust be at krastereother Ime Hhﬁtf‘e‘liata et with a

thaf case t e tran d v b e shoul d be i ncl uded
signitigant pogalatinn C(?F'g%lc mg SP&@Pﬁ@égur ement. [00145]

Physi cal redundancy is very inportant for providing
cross validation information in

t he del. As a. .
[@em]a| e secorhCHEHBSRBARATAITS w'iaeeﬁﬁ%\ﬁ% Apitdnforpation

hgﬁ légr(lj écger&%j:lpg bgléllpréé wgqedgttpg} E@rg&%ﬁ%%{e é/wl]&ﬁaﬁgr? 'Which
Hﬁ%sdﬁg%{:@ﬁtﬁer}tfﬁlﬁs Q\Igsﬁt t Egﬁ'i?é“ﬂﬁt Eidﬁf“mt%ﬁdl%rﬁbééfﬁments

caled so as to prev m from overwhel m ng the

et 8Aé (1@@ e@ﬁﬂx!’pw sh@tes0.0 S meteintividsalexhhdnstbmt toodetermine
variable scal mg A common process exar}ﬁl e.occu
Q

wheshert bethlinpets shawlskhe iscludedrinteomedes Hithe inpuss Brf‘alé]@tﬁlcaﬂy

iqqril o g]tato litfl;?;]rc%ﬁtg éléfe@ﬂg@ee ' una%ggql(iﬁgjg &'ﬁeé-h}gcouples are

ALl B SUHDLES L E RS SSTRE S8 s s npus
%@ﬁﬂiﬂ@hﬁ;m%ﬁﬁhe'ﬁm measur errent pairs wit h a very

Igh crosscorrelation (for exanple above .95) should
be individually exam ned to classify each pair as
P Sorkd bR bHRRAN bY temperature and
@b%fﬁ%an?}{%??ﬁﬂ%sstorl ca Dath Col | ecti onq % 75)
presHiré c6mpengitéd témperatune) the petfepsnestis to H‘E:hllde 1d:1|een¢asugement
a good training data set, which is known to contain
thht thewgesatof i 1hr mtbg@@lgss there is a significantly 1mproved Cross

correlation between one of these measurements and the rest of the dataset. Then

the one with the higher cross correlation should be included.

3) IHdentifying & Handling Saturated Variables

[00125]  Refining and chemical processes often run against hard and soft
constraints resulting in saturated values and "Bad Values" for the model inputs.
Common constraints are: instrument transmitter high and low ranges, analyzer
ranges, maximum and minimum control valve positions, and process control

application output limits. Inputs can fall into several categories with regard to



operations. This data set should: [00148] Span the

normal operating range: Datasets, which span small
weoantc®2eM0t he operati ng range, are conposed noBCITSef05/032093

noi se. The range of the data3donpared to the range of

the data during steady state operations is a good

i ndication of the quality of the information in the

spdration whiob rag)ire speciad dandling wheal progpeocesising the desuts, both
ncl seaso de vari ati ch operating
ﬁ’é (ng “%]Q\V’ég %‘?‘pggr EDPntlé”fer‘éﬂeaﬁ |tgﬁgesmpa%1§ur es. Unless

t he patterns whi ch characterize the operating node,
are captured by the nodel, these unnodel ed operating
lugs) | appear as abnornal operations. [00150] Only

i ncl ude nor nal operati ng data: i f strong abnor mal
data | uded in th g . data, the .
@@3281( or %”c PO SRRIFUITFRSS -G AP haLIE FldesRaic
t | is

ter hg%ﬁ’par ed %é)ga;h O‘géhg?%g pdg?tgrto:’%ﬁgra't??eﬁgggﬁ
detect the abnornality operations.[00151] History
shoul d bea si )| ar as possjhle.to t ata used i
the on Iine %WFPPWSSQ?\‘PI? EO%%‘P‘&S({E}\‘RA ﬁP Igpge of the Teld -
provi di ng s&gh ﬁ{ﬁ\{ es at a frequency fast enough to
detect the normal event. For continuous refining and

chem cal operations this sanpling frequency will be

around onre 1!118@bﬁnecW&fWﬂhttl'i@ﬁhldrﬁats%éeﬁ'b?oﬁén the data
hi storian, the training data should be as equi val ent

to onem nute spot val ues as possi bI e. [00152] The

O2SE DY WhEn hé GNP OORtbR S, AL nibdsR cBpliRl fyspem
cbBldbecbafiguiddash if hdividusI R UrBRSat b APt R 3Ssi ghtah

obvi ous or docunented abnormal events. By using su
dpeeigl codetihevadiye fartbatsnedsuesmenttrtorindicatevthat ﬂlevmbdtsurement

r with suffjcient strength in the training
ig at%aﬁ[@ Uep OF fQymaintain e Jast gopd entue @ﬁtberm@e@urement These

BRI 30 PB5 B BRI RN SRS o
control system. When the "last good value" option has been configured, thls 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. :
[00128]  Regardless of the option configured on the process control systém;
those time periods, which include Bad Values should not be included in trainittg
or test data sets. The developer needs to identify which option has been
configured in the process control system and then configure data filters for
excluding samples, which are Bad Values. For the on-line implementation,
inputs must be pre-processed so that Bad Values are flagged as missing values,

regardless of which option had been selected on the process control system.



A. Historical Data Collection Issues 1) Data

Conpression [00153] Many historical databases use data
woan@res®ion to nmnimze the storage requi r emeRCE/US005/032093
the data. Unfortunately, thiggpractice can disrupt the
correlation structure of the data. At the begi nning of
the project the data conpression of the database

[00120]d b&hoge hgshitgfwhishdrd hernsalbyt Bad Madue 66r exttensives time

hi storized. Final npdels should be built using
peniodsphewldde excludedsomibe mrdedi pl e. Aver aged val ues

shoul d not be used unless they are the only data

avai l abl e, and then with the shortest data average
ComstdaglddeVadiablesgt h of Data Hi story [00154] For the

nodel to properly represent the normal process

patterns, the training data set needs to have exanpl es
[00130] t MRALAR VRPRbRIARE o8 wherd e Féasep&nalt ip @t some
changes and changes and normal m nor di sturbances that
lith#, pidthés meaxmement amdcheFhinsacinsl procaspicopdigivni(ps opposed to
data fromover a |long period of process operatjo

wlerg the valuehagwlefadted to AhmaximBMePT MEHEHR LR Qﬂzh-@s
ORI BRen oy Bt it PeEAThS St oritin pPegs§ithation can
o%lggfrt&agevgfa?g‘ga%?ﬁ&. [ 00155] Sonetinmes these |ong

e a

stretches o a are not yet available (e.g. after a
turnaround or other significant reconfiguration of the

G art i o EORTRelon e piokESCul el TR R BB By

6 weeks) th i i 0o j .
further dar DeelIEYFFACLARIAGETS claneRRaEsts Adief flow to
mont hl'y unt {iie fldie sysrdal. Timegesiodd wleze thedse .oyerrideconditions
nodel coefficients don't change with the addition of

new data) 33reActivelshoyldHiestxoludsed from the [toinipg)anfialidation

various operating journals for this fi perj.od, shoul d .
al so be col falaisgbby $FHHIBS WP C{at%g‘tltﬁ‘égeoﬁ Ctrgtﬁe oL lipg;iraplementation

operating tj L.ods . , rat 041 .
some speai altep sy R e ARsTRe PRy by T flppression
trai ni ng dappsibcted iRl iagivti@y » | nportant historical
abnormal events can be selected fromthese |ogs to act

as test cases for the nodels.

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.



4) Lack of Specific Measurenent History [00157] O ten
setpoints and controller outputs are not historized in
woOheosphlg29d process data historian. Historizati 8aTmik2005/032093

t hese val ues should i nmmedi atgty begin at the start of
the project.5) Operating Mddes [00158] A d data that

no | onger properly represents the current process
BOPnpht feova BdeddsdCheiroEAppléchifonsm t he traini ng data
set. After a nmmjor process nodification, the training
data and PCA nodel may need to be rebuilt from

[g&mgc h. Thé pRoRAE Ebﬁtlr'blaédpﬁli\(:ﬁﬁo@sf hares aétyosighigicant effect on the
onger being done, all data fromthat operation should
cberelation\sedicture wf theptocasndatg. dmpartiaiar: [ 00159]

Operating | ogs should be used to identify when the

process was run under different operating nodes. These

di f f ereny rpglesarimibd GsbmlRaPARabRs ® dighsficattr eduted so
model is intended to cover several operating nodes,

t he nunber thit menpieat imthe entroHed vagakles ssptimiaribymoise
each operating nodel shoul d be approxi mat el

Ul 4, Yy .
equi val ent .exe¥piSrthoseprreitine peredy wiea thepracsprhas been hit
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aver agi ng sfepdifitsbe used. 7) Infrequently Sanpled
Measurenents [00161] Quality neasurenents (anal yzers

and | ab sanpl es) have a much slower sanple fre_quenc%(ﬂ‘rr

t han ot her Thevessalmsakitiosns thesconteallfdnpriabben isdransterred by
mnutes to daily. |n order to incluyde,thes

measur ementBeicANErRESYAiER to he mnimwiagd vatiabss (altipately the
th it { t ed.
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quality estimate. This same nodel structure should be
[B0EFijed ame rReRlal @geﬂaﬁohb of Pifiiiepy hfidchemical pfddesses are
qual ity estinmate then becones the input into the PCA
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constraint controllers, MVCC (shown in Figure 7).
1) Selecting model inputs from cascade structures

[00133]  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.

[00134]  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



is difficult to determ ne. The inclusion of abnornal
operating data can bias the nodel. The strategy of
wagbeeg2dmo ge quantities of historical data w | PCT/US2005/032093
conpensate to sone degree thggnodel bias caused by
abnormal operating in the training data set. The nodel
built fromhistorical data that predates the start of
dbjectiveajfethe coniso] simictegas telieep this mespireient asthecselpcsnt
uality, The initial trainjng dataset,K shou]d
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thBeibdes o Eieacietigt theoditaipggem.t he gat hering of a high
quality training data set. As the nodel is used to
noni tor the process, annotations and data will be
[00139 €d BRan®Y SBthiCPgialltP ﬁﬁcha?ﬁ’@t@hﬁh ape ldatd Pittern 28Whlting
abnormal operations. Anytine the nodel f ags an
febmahangeipahasetpointrofahe aliimategirimagnivhien the sperhtdrymakes
t he nodel, the cause and duratjon of the event is
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Process Analysis A Initial Rough Data Anal ysis

"kRO Bevvens suppresséo plogin wild attogeatmally esmoiva lisgiidee from the
%cess key performance indicators, the historical

salculadion; ded into periods with known abnor mal
operations and periods with no identified abnor rral
operations. The data with no identified abnorma
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setpoint change thus if the setpoint change is from 10 to 11, when the PV
reaches 10.95)

[00137] 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
measurements should be treated in the identical manner that is chosen for the PV

of the Ultimate Primary.

[00138]  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



high or lowlimts Those, which show very little
variability (except those, which are tightly

woamieroad9ed to their setpoints) Those that PCT/US2005/032093
conti nuously show very large3%ariability relative to

their operating range Those that show little or no

cross correlation with any other neasurenents in the
catlatheettatuglof sieeseipotentinbly congirained @peuitivas taseewhether the
[00166] Wil e exam ning the data, those tjnme periods
mgasHESTRRntaeseaiated Sith @ SHPOETLNAS DRER ORerAkRy! INEREONANaiRed

q%{qafe% G st b Setpbicc e it gahvegbPeth Ehpdr e, Do
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rough nmodel the exact nunber of principal conponents
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B, B ARS MYRICRERRs b it RICn, which
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stage the statistical apf)roach to variable scaling
MNVEC astea dygeamicsmathenzdtical modgbtoepretist bt changes in

varianpce, Xf = (X -_Xa s Equation 7 [00168 h
maniprlateyl weriables tMYEOél%%iaﬁ)S Tk HosHIGNs 98 Efsrpoem% §¥ regulatory
relimnacy. el to jidentify,ti [
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] t n
AR, onprempe e Rt Attame s octel g MvCC
AREts td1pisH fhegrotéss®ppetiondpain opdratibgdirbits.f Thggelimits can
as tines with known abnormal events occurrin These

hei eithep MVdlinsits oo §1\i linutsesnl argaletermined b ancaienakortamizer.
i R ML A (R S
number of MVs the controller is allowed to manipulate minus the number of
material balances controlled. So if an MVCC has 12 MVs, 30 CVs and 2 levels
then the process will 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).

[00140]  Whether or not a raw 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.



[00169] Elim nating obvious abnormal events will be
done through the follow ng: Renovi ng docunented
wevearste9290t is very rare to have a conpl et e r eeorasefos/032093
the abnormal event history-at0-a site. However,
significant operating problens should be docunented in
operating records such as operator |ogs, operator
[Hddge | HmnaiconsahiaedNYUs asetpoiatie 4 iegutaipmigontrol loop, the
mai nt enance recaords.. These ar.e onlﬁygrov

| dj a
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rﬁ{@g?@g{g{é@g&ggg légtr)%lgleaé?g%er ation may have additional
[6(Al42] t half &y encehined MV islasigmiltto adzaldfvalve position, then it
exam nation of this l[imted set of neasurenents will
sheuldIbeyinginded an ¢hemodehdi cati on of periods of abnor mal
operations. Figure 9 shows a histogramof a KPI. Since
the operating goal for this KPl is to maximze it, the
QO pRedundanenspemsntr e this KPl is low are likely
abnormal operations. Process qualities are often the
easi est KPIs to anal yze since the optinunoperation is

[FERIZ)St The Pe6ddsk eahirohsysiom databdsdshey teave d dgsificant
sensitive to nornal feed rate variations. C
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gL 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.

[00145]  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



rejection filter such as the Union filter. [00172] The
anount of noise in the signal can be quantified by a
woreseI nown as the signal to noise ratio (seeTfiSgwse32093
10). This is defined as the.gptio of the anpunt of
signal variability due to process variation to the
anount of signal variability due to high frequency
piicsle cOmp@netsietothief seution snavarigblecshling). uA dommmon process
indicating that the signal has substantial noise, and
axamphepesurs dram dles lasge nuaber okthssmocoudey that ereplaged m
t he devel gﬁer encounters a signal with significant

IR2RieEs 10158 Aslor UPW&%one of three choices. In order

of preference, these are: Fix the signal by renoving
the source of the noise (the best ans

[m)lflﬁihOI ze Vgh@n aun'@lg ; ﬁ@@)@’;‘gef caata@spn@eiﬁé&’ﬁm%éﬂféé? identify the
A PSSR L DSl e Ao o
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e renove th atraditional Fow pass filter such as

RredtRANEdE e2dmpld dbeive .I5Esiogitibe andividaallykaamined to classify
exponential filter are: Yn= P * Y +O P) * Xn

dixh pairasi eathef physicaldy redundantrer calewatiengdlyredupdants/ Tt )
Filter constant cal cul ation Equation 9 Yn is the

current filtered value Y nis the previous filtered

WR! EistericabDateeCollectéort raw val ue P is the exponenti al
filter constant Ts is the sanple tine of the

nmeasurenent Tf is the filter tinme constant [00175]

[ﬁomﬂ s v kfpn¥REaht RO i B devélophensBes B treatifif argood
exanpl e less than 2) may not be sufficiently inproved
tbainfrig daga setg whictis knossn tocdrdain alkborodgs phoprrealopriogesshe
nmodel . If _the input is regarded as inportant, the
QREARTIONS- ghﬁ‘ﬁ%£‘\§ﬁ"f$@b‘i > shoul d be set to de-sensitize
the nodel by significantly increasing the

[00148]  Span the normal operating range: Datasets, which span small parts
of the operating range, are composed mostly of noise. The range of the data
compared to the range of the data during steady state operations is a good

indication of the quality of the information in the dataset.

[00149]  Include all normal operating modes (including seasonal mode
variations). Bach 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.

[00150]  Only include normal operating data: If strong abnormal operating
data is included in the training data, the model will mistakenly model these
abnormal operations as normal operations. Consequently, when the model is
later compared to an abnormal operation, it may not detect the abnormality

operations.



size of the scaling factor (typically by a factor in
the range of 2 - 10). D. Transforned Variables [00176]
wonresgkemoed vari abl es shoul d be included in tReTS2®E/032093
for two different reasons. [40177] First, based on an
engi neering analysis of the specific equipnent and
process chem stry, known non-linearities in the
[0015d¢ss HixaomdsHorld bans sumikedanossilde tnlthe datatused in the on-
nodel . Since one of the sunpt.ions of PCAis that th
livasystbmedhe oniine sygam Wil be prw@émgysp@wmea%a frequencl fast

significant pr ess ment
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lingifrtlond @Athd daBHisbiEn ahe traifapldata sloul@bd as @fjiiivalent to one-
distillation colums Log of conposition in high

ngiuntet spotlivaluiel baposaiblePr essur e conpensat ed tenperat ure
measurenent Sidestreamyield Flow to valve position
(Figure 2) Reaction rate to exponential tenperature
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én the delta pressure will increase
exponentially. Si nce tower flooding is picked up by

the breaf i4 g %gig e a‘l%‘ifgﬁ’ﬁb%l'll%t aggbﬁk Wehtsafficient

pressure an rate shoul e I ncluded. As another

exanpl e, caftrnge inf thewadiial| i s ao sighifcarity mékrentathe
the delta pressures in the transfer line. So instead

of i ncl udi ngodé¢lepagimetens e pressure neasurenents in the
nodel , the delta pressures should be cal cul ated and

i ncl uded E. Dynam ¢ |ons 0018 8 11
shows hoW tﬁ@%ﬂ%@é@ﬁ?ﬁﬁ z}i‘ﬁval g?%‘?g]f‘ﬂg“gﬂ
represented in the data.

A. Historical Data Collection Issues

1) Data Compression

[00153] 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.



correlation between the current values of two
nmeasurenents. During thetransition tine one value is
woanstiaymby changing while the other is not, sBCThsz®s5/032093
is no correlation between ti43 current val ues during
the transition. However these two neasurenments can be
brought back into tinme synchroni zati on by transform ng
2) hd aneddohBavaHisittye usi ng a dynami c transfer
function. Usually a first order with deadti me dynam c
nodel (shown in Equation 9 in the Laplace transform
[0@rS®t) For ¥ fbdéletatproperly repregent theondmeal tirecetapatterns, the
(S) e QS Y(s Equation 9 T s + 1 Y - raw_ data Y -
tiaining shatecset meedeth eveexumples pialt thesteimal operaj@gdnpges,

v i 580 R AT BIEL o o SOREIL T ASEED) B
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052?@66@@ Bperatiohs (¥! 9 -8 thomt@sy. O paitiselat, e deflelentes among

riables such as setpoints which are often changed in
skavopal spaptiohy (sphimgomemntery fallresdf winter) sambasiery pignificant
whi ch_are significantly upstream of the main process
with refinesy agd wheeyied precessgsnovi ng Aver age Operati ng
Poi nt [00182] Continuous refining and cheni cal
processes are constantly being noved from one

[6pE5St i n§opmtimes thesmlonigestretchies of detararp aiof yekaailshla (e.g.

where the op rat%r§ or a}n optim ati(%n prfgtgramrrakes. ¢

adier adumnarennd Rigther signiiiagt resonfiguration pljlie process cgpipgpent).
. i e na:

R REE es S AP ag Fua st R AR il o ot Rihe data (e

%E?@D%étpﬂérﬁ‘ainﬂg%%a%@%ﬁﬂaﬁﬁe@ ak Putheanes iy @alkcted and the

ved to create a stationary dataset. O herw se
rhédée eppdatedgesnthly antibthel modglp ase stabilizbd ¢e.gatheemedels.
[00183] The process neasurenents. are transforned to
ceelficients slopichange withdhe pddition 9fmsw dat@dvi ng aver age
operating point. This transformation to renove

3) Ancillary Historical Data

[00156]  The various operating journals for this time period should also be
collected. This will be used to designate operating time periods as abnormal, or
operating in some special mode that needs to be excluded from the training
dataset. In particular, important historical abnormal events can be selected from

these logs to act as test cases for the models.

4) Lack of Specific Measurement History

[00157]  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.



the average operating point is required when creating
PCA nodel s for abnormal event detection. This is done
woyposiemact i ng the exponentially filtered val BeTUS2®5/032093
Equations 8 and 9 for exponefdial filter equations) of
a nmeasurenent fromits raw value and using this
difference in the nodel. Xl= X - Xfiitered Equation 10
5X1-Opeeaisng Muatds transformed to renove operating point
changes X - original raw neasurenent fi itered
exponentially filtered raw neasurenent [00184] The
[00183] conell@dhta @kt Ab torgpep praperiyalepfdsehisrthe burredt uecess
about the same size as the major time constant of, the
operatiens sh@ilddre mmaved fromshefreining detaset Adtariainaies process

IR ‘é%%rﬁgg EEE& aehECATBaRS ey hred i e pelmlt fipma
Bl P A5y B Enlr G RE s ght o
t%éé oga;«.f%{ec?fe %Jom& B%fr@mv&@ font fRNediiig ddtheetdat a shoul d

at the sanple frequency that matches the
on-line system often every mnute or faster. This

wll result in collecting 525,600 sanples for each
[ABERA]r eniperatinglogs shonld dde l‘é?;&?fgﬁwh@i @15113590@% ¢As run

nde? QLR AP o | FEe i el S Sparate

. . a0
RGP CRIGTe (R BioEl Lplede o CaRIR e b PpBidingnpied
iRdse 0 ¥BRipTeshiathe bagting datstefiomnehchpetataigmnodebsttonld be
set has been built, the nodel can be built quickly
approwgmatelycquivaledl s. A Scal i ng Model [ nputs [00187]

The performance of PCA nodels is dependent on the
scaling of the inputs. The traditional approach to
@casdmglingRate di vi de each input by its standard
deviation, G wthin the training data set. ¢ .. =c¢ .

/ s . Equation 11 [00188] For input sets that contain
[0016019¢ NMERRNeRipeRSHGUN dadetistoern] Moashy efprocsss(dats hsing
as multiple tenpérature neasurenents of fixed catalyst, .
the site's process historian, preferably getting one minute spot values. If this is

not available, the highest resolution data, with the least amount of averaging

should be used.

7) Infrequently Sampled Measurements

[00161]  Quality measurements (analyzers and lab samples) have a much
slower sample frequency than other process measurements, ranging from tens of
minutes to daily. In order to include these measurements in the model a
continuous estimate of these quality measurements needs to be constructed.
Figure 8 shows the online calculation of a continuous quality estimate. This
same model structure should be created and applied to the historical data. This

quality estimate then becomes the input into the PCA model.



reactor beds) this approach is nodified to further

di vi de the neasurenent by the square root of the
wauans@ood nearly identical neasurenments. For PeUWS2®EN32093

data groups X1' = Xi/ (s * sgst(N) ) Equation 12 \Were

N = nunber of inputs in redundant data group \ [00189]

These traditional approaches can be i nappropriate for

8ye aelodelBrip gerbd dbata datriotatiors ref i ni ng and cheni cal

processes. Because the process is usually well

controlled at specified operating points, the data

[0$62]1 PUEXRBpt for ¥efPObViDat abho®halitiisathbrqualisy eAtistorical data
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fegrtreregirded widh shdpiyion atio ais quakityd UThainitial trzihing dataset
process di sturbances or during operating point changes
shouldobe rapdacedgrisl astatasst,ivalich coplainthigh quahty daratadons of the
conti nuoys. stea state operations. F normal | y
RIRESSSCoPditiong. WRIGhgqcus duting eBF(Be‘ftng%differ ent ways

of determning the scaling factor. [00191] First is to
identify tinme periods where the process wa

t,.
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I'ng factor for nost of the neasurenents.
model's ability to monitor the process operation can be incorporated in the

training data. This data is then used to improve the model, which is then used to
continue to gather better quality training data. This process is repeated until the

model is satisfactory.

IV. Data & Process Analysis

A. Initial Rough Data Analysis

[00164]  Using the operating logs and examining the process key
performance indicators, the historical data is divided into periods with known
abnormal operations and periods with no identified abnormal operations. The

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



[00192] An alternative approach to explicitly
cal culating the scaling based on disturbed operations
woOodem299@ the entire training data set as fol PORRIS2008032093
scaling factor can be approxémated by | ooking at the
data di stribuion outside of 3 standard devi ations from
the mean. For exanple, 99.7% of the data should lie,
[00165] n 3Neiwacstir teamremeiioneds to bhexamimedoiertitsdiistory to see
99. 99% of the data should lie vvithil\g 4 standardh. hould
whethextit israscasididate foithe rammagdsimscs Measyrrpnfs svhich shou
bet n,99. 7% and 99.99% fromthe nean can act as an
bﬁﬁﬁ?\é\ﬁaﬁﬁﬁ‘f‘?'on for the standard deviation of the
"di sturbed" data in the data set. See Figure 12.
[00193] Fi npldodwith ninfHeas peABad of fimefdseBaeiovisiueti ned
(see the discussion on“saturated variables) only those
time perio wher e t he vari abl.e.i s.unconstrai . .
hout 0°ba° IBhreriiin mupnyphe PRYofn et HRE YRR iy frapomitter
used as thg.. | i or.B. Selecting the Nunber of
Pri nci pal &}%%ﬁén sﬂn?lg 194] PCA transforns the actual
process variables into a set of independent variables,
cal | ed Pei riEhgsel, whictpshoenvery litle wamabHits(exeaptshgse, which are
conbi nations of the qriginal, vari ables (Equation 13).
PO = A U * tightlyncontpolledytp fhoirsetposnts)sy  °  Equati on
13 [00195] The process will have a nunber of degrees
of freedgm ' t ihioG v ive 10
Q w%g{w SRIERB0LI S8y R g VARBHRYFERtive

effects tha uence rocess. e different

i ndependent thefrf gretatiph@wgep i n the process data as

process variation. Process variation can be due to
h as feed rate

i ntentional _changes, suc hanges, or
uni nt ent i*fonBhOsH fgl@hﬁ%m ilgl@ OISR ArOgS cg%fagﬁp%ﬁh any other

tenperature variationp.. [00196]. Each princi pal

conponent n%‘&@?lgeﬁwﬁﬁrlptg? %?Wégegr ocess variability

caused by these different independent influences on

t he procassThddewhhipdor pipnatmsiserdtiosare extracted in
the direction of decreasing variation in the data set,

wi th each subsequent principal conponent nodeling | ess
[00d66]ess Whilt kramiiagslse datn] tiose time peiaglsi wheranneasurements

princi pal conponents represent a significant .source. of .
ave beiefly indicating SBad\atuekengie brietly pegest tp thejk fraagmitier high

conponent psual | epresents the effect of feed rate
(EHQWdé@@isﬁﬁ‘iﬁt%g%{’?E’@ggg‘ﬁ'l y the source of the
| ar gest process changes. At sone point, the devel oper

[r(rll(J)it67 ]dec Iéjrfcemglgge E-:)?c us%r?sc a?vse been made the first rough PCA model

should be built. Since this is going to be a very rough model the exact number
of principal components to be retained is not important. This will typically be
around 5% of the number measurements included in the model. The number of
PCs should ultimately match the number of degrees of freedom in the process,
however this is not usually known since this includes all the different sources of
process disturbances. There are several standard methods for determining how
many principal components to include. Also at this stage the statistical approach

to variable scaling should be used: scale all variables to unit variance.



vari ation nodel ed by the principal conponents no

| onger represents an i ndependent source of process
woanicardon. [ 00197] The engi neering approach t B8CT/US2005/032093

sel ecting the correct nunberg4pt principal conmponents

is to stop when the groups of variables, which are the

primary contributors to the principal conponent no

| onger_ pgke,engi peeri ng sense. The primary cause Eduation 7

theggfbgg§§Kngdgfion nodel ed by a PCis identified by

| ooking at the coefficients, An , of the origina

vari abl es (which are call edl oadi ngs). Those

i Ci A hhe ! i blithdien

G968, ' e raifilerdiT b ShOLEE OAPE ruf gt (TRATC Ry
noddl te ideattyutigepetieduiwherecthe data goesans snatbb theimodel. These
able to | ook at the group of varjables, which are the
tivag periednshoudd beresamined Pcegwhetber ynabnormed eyentgyas
feed.rate effect o .that PC ,As,nore and re..PCs are
eRRTing ihe e Habdp ARactdo e Rose T BRES A RIts

[ . . .
OB b0 b5 Fpedes R A RhohIROBERA i 26c Ahtipg, These
tkhe pEfi@dé shaalbeixatided ifesh thetrbiidng ditadet andriiv model rebuilt
when the PCis just nodeling noise I1s to identify when
witle thoe modsed/dataat i on bei ng nodel ed with each new PC
beconmes constant. This is nmeasured by the PRESS
statistic, which plots the anount of variation nodel ed
BY RanbvingOeisrsvéndPekibiloof 8bAdimal\Dperationst el y this
test Ts often anbi guous for PCA nodel s devel oped on
refining and chem cal processes. VI. Mdel Testing &
(087690 [ @ﬁﬁﬁﬂatigrg%bpfd%ﬁ%‘ﬁoﬁﬁhpe%ké wilPbe [daye tlrough the
gaussi an or normnal distribution. Consequently, the
follandiag:d statistical method of setting the trigger for
detecting an abnornal event at 3 standard deviations
of the error residual should not be used. Instead the
RérheoRls AstuMent@Peents0 Toés $&ly rardiohaveld sorhpleesireenrd of the
experience with using the nodel. [00200] Initially the
dbmogmel event diistetyoatl acsitse Hoaveves, igaificabinoparating protilems should
woul d be signaled . at a rate acceptable . to the sit
kerdpavaaented yin pPpefRiipe Se%rg%sqqiﬁ%&@gewr logs, opgradorchignge

PRI k9Bt FRReRARb 3 s! Fhebdfie only

providing a partial record of the abnormal event history.

Removing time periods where key performance indicators, KPIs, are abnormal.
Such measurements as feed rates, product rates, product quality are common key
performance indicators. Each process operation may have additional KPIs that
are specific to the unit. Careful examination of this limited set of measurements
will usually give a clear indication of periods of abnormal operations. Figure 9
shows a histogram of a KPI. Since the operating goal for this KPI is to maximize
it, the operating periods where this KPI is low are likely abnormal operations.

Process qualities are often the easiest KPIs to analyze since the optimum



data set (this is also referred to as the Q statistic
or the DMODx statistic). This level is set so that
woeede/atmor mal events will not get mssed but Pargs2005/032093
alarms will not overwhel mthg site engi neer. A
Enhanci ng the Mddel [00201] Once the initial nodel has
been created, it needs to be enhanced bycreating a new
opération ﬁwa%&iﬁﬁ asepecifidationilanidand they arsilags semsitivisdenormal
monitor the process. Once the nodel indicates a
fqedirete vaxiati@bfor mal situation, the engi neer shoul d
i nvestigate and classify the process situation. The
engi neer will find three different situations, either
QiaONReHs operation is occurring, an actual
abnormal situation is occurring, or the process is

R S A i AR T
miBsess siedah PTLtps g opladh Biefil R ARG Apdhithe 8
p&fc{%gz ﬂ‘lf)ﬁjse%nt e@?é@ﬁg%@%iﬁ@ z)rﬁ&‘,%§ lcoh&itiomk %Ublillb@ gkgo-phase

S new no rigger lever wll stil

% aGBR anh 6aLLY pldiwor REbulknch i did levclariNoisatcan beataased by
this trigger point can be tuned so as to only give an
elenttica indictatven Howeves, significaat peacest varaabibins pepkaps caused

by Qmop A ioRGSS BaISe GNP On 210 THELKLAR G THaST I

of the process equipnment as well as the insertion of
multiple simlar nmeasurenents creates a suhstapti al

[80HTH]t 0T herscaradwRAYIMAr Y HESRIEIPES CREPHESHFC; AUBHEMS and
refining and chem cal processes. .This, I g
chEmicH BRagHSs aspesie IS ey e i e ERRENialy

ar 1., it Itjehps b
BRGLRESTEManoiS hofe®, WM AR Rt R e el Bfps by an
wisefohsblpasioerammnadoen dhoft nauibee ofissabkustbedstel retitramg to a

of a proCess condition. This class of nodel is called
vatuengir isgrevigus sdined AVcige spidies are remeyediusing? Giditional spike
Engi_neeri ng Redurfganc%gﬁlgel s [00204] This is the
rejeqtipe silter sueh @ therldn ®and it has the generic

form F(y = x i) + filtered bias i + operator bias +
error Equation 14 ) ) )
[00172]  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
the amount of signal variability due to process variation to the amount of signal
variability due to high frequency noise. A value below four is a typical value for
indicating that the signal has substantial noise, and can harm the model's

effectiveness.

[00173]  Whenever the developer encounters a signal with significant noise,

he needs to make one of three choices. In order of preference, these are:

e Fix the signal by removing the source of the noise (the best

answer)



raw bias = F(y - { Gx i) + filtered bias + operator
bias } Equation 15 = error i filtered bias = filtered
woizes/2928N *raw bi as Equation 16 N - conver geneeTfiaed6/032093
( e.g. .0001 ) Normal operatqgg range: xmn < X < xmax
Nor mal nodel deviation: -(max_error) < error <
(max_error) [00205] The "operator bias" termis
updat ed wheRemewe ! tinineeahenoide tivoughdHtdrhay tetheiqaes
has been sone field event (e.g. opening a bypass flow
whi ch requires the nodel to be shifted. On the
oper at or 'es Eg¢tiidthe dipealdpendhemddeds termis updat ed
so that Equation 14 is exactly satisfied (error = 0)
L00206] The "filtered bias"' termupdates, continuously
[061 24 c oudtypicadlyer sigsalsivith signak in peispraiassietwramgagid 4, the

cxpR Tl g eon Ot A P BE YRy i aditonal low

. Ny
e
agperating range" and the "normal nodel deviation" are
determ ned fromthe historical data for the

engi_neeri ng redundan model . I n nost cases the )
max_Yers Br allit@'P%gzi(q%/i nEKROREA G E?tﬁb%\lﬂé}ont his digmation8

al so be a vector of values that is dependent on the x

axi p Lo g-@ﬂg/w 00208] Apiftet WonsthAERSEBAbn €guat iBquation 9
can be represented in this manner. WNaterial bal ances,

ener gy bal ances, estimated anal yzer readi ngs versus
act ug ' onpr essor curves, etc.
Figu?gﬁgih%égégﬁgﬁﬁ%%gz?ﬁghsional ener gy bal ance.

[ 002687! fsh@pfasud filtdretiVakiche flow versus valve
position nodel is explained in greater detail. A The
Fl ow Xeisshe cwakeutfesivaluonMbdel [00210] A particularly

val uabl e_engi neer | ng, redundancy nodel is the flow
ver sUbisvtheg&pgaantial dlterseRstantthi s nodel is graphically

o Fhdnste e Tone B bty “bine = 0 ()

T¢is the filter time constant

[00175]  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).

D. Transformed Variables

[00176]  Transformed variables should be included in the model for two

different reasons.

[00177]  First, based on an engineering analysis of the specific equipment and

process chemistry, known non-linearities in the process should be transformed



(Delta_Pressure / Delta_Pressurereference ) Equation

17 where: Flow neasured flow through a control valve
woebdc@29essure = cl osest nmeasured upstream pr e6TMISE005/032093

cl osest neasured downstream4yoressure Delta_Pressurer

eference : average Delta_Pressure during normal

operation a : nodel paraneter fitted to historical
athimeded ivahy encdehr Sttcerdnst ofthe assoenpléansrofi e is that the

enpirically from historical ignal to the

. data VP, _si .
vamahlesin theimedqlrse linparlyeeusglateds signaficans PYRCESS OF FABIpment
The, obj.ecti hi del e to: i
ngr igknbigey Wil besekcas SRS oarsBkbnfpgnt afrhgdap gs o
fail. I . ' I
alaliGH gyt TR, ST vl fRR T B BES R ofRE iRl
the flow 00211] This particul ar arrangenent of the

(0! Bt s % aTalt Rhoo#f ot UEF B BhoiE” (71 P

the one nost easily understood by the operators. It is

i nportany fran Rbd ke th distlihton belunidyey be
arranged in the way which is nost likely to be easily

under stood _by t he oper.ators,.B. vel.qRni t he Fl ow
versus VAl \lé{%%%qlﬁ 0 %antﬁ?lﬁ‘gﬁyéié%mﬁgmof the | ong
peri ods of steady state operation experienced by

cont i nuows Presuié ogmpsnsattd tinepdramronessesment| ong
historical record ( 1 to 2 years) may be required to
get suffsciSidestrtanaytedd span t he operation of the
control valve. Figure 15 shows a typical stretch of

FIl ow, Val ve Position, an ta Pressure data with the
| ong per POCFQOWftOC‘@EE‘?EWIEBEZJﬁW%zf The first step is
to isolate the brief time periods where there is sone
si gni fi cantRasRtibatrafetol expohentigldempemyreahanpewn. Thi s

shoul d be then m xed with periods of normal operation
taken from various periods in history.

[00179]  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.

E. Dynamic Transformations

[00180]  Figure 11 shows how the process dynamics can disrupt the

correlation between the current values of two measurements. During the



[00213] Oten, either the Upstream Pressure (often a

punp di scharge) or the Downstream Pressure i s not
waveaicliatde. | n those cases the m ssing neasur e REMUS2005/032093
becones a fixed nodel parame§er in the nodel. If both
pressures are mssing then it is inpossible to include
the pressure effect in the nodel. [00214] The val ve )
1ehaitieattanht Sht &t ¥ eonstantty changding white thietdther ik inogaso there is
val ve curve, with a quadratic valve_curve ,or with a
npiceceekition beétmean the serewvaluasdysing bgjtemsitione gowever these
function is the t flexible and will .fit.a m of
yamuesSFrmaRs éan de oughheck fufbat SeirbhizAte b3

val f. " < e

et pniGe e lsalienatishle helipARARUnAT ARSA REMGRAE Wsually o
REBHIEP R dditithe dyriesieTRSdEl sledtph in Eghatyord@tin tie heplace

paraneter to account for the actual positioning of the
tranefsr formeapisrsafiiciest to[t002 spichobnizs ththvdate. wi | | be

very few periods of tine with variations in the

Delta_Pressurgq The noise in the Delta_Pressure %‘(iﬁa{)t%n9
t he Ys)ral €peri odés)of operation can confuse the

nmodel -fitti ngggrpgram To overcone this, the nodel is
devel oped in two phases, first where a snmall dataset,

whi ch only contains periods of Delta Pressure

variation isyusgg daga fit the nodel. Then the pressure

dependent paraneters ("a" and perhaps the m ssing

upst ream or Yioviirat sgachrpnizsduatd) are fixed at the

val ues determ ned, and the nodel is re-devel oped wth

the |arger dat-d88e cogstamyzzy-net Processing of Fl ow
versus Val \r/rsébragr lity Indications [00217] As with

any two-di si%h 1'Ilmgngi neeri ng redundancy nodel,

there are two _ ?ﬁ’ﬂ% ltdy, the "normal
operating rgggﬁﬁzﬁggﬁggfpnor rﬁﬁ%egel devi ation". The
"normal nodel deviation" is based on a normalized
' cot error./ max_error. This j [: .
fﬂﬂfgiz(]zy gﬁé‘ﬁ hcﬁ‘flm}(’te& op |@?ﬁdgdl‘g§e§1 f}q%%ef @gavéelglflalgiecgnta mic
bk b i aM@IBf 0rA91102% 6f th
o g L R B T m T
Viiabidsi reqdirb e tred it SThikveill eotrom forchesaindependeng e
index is the valve position distance fromthe nornal
vazizibdes. such as\spipodnts ywhielp pessefters changed i dage stpps &@ir%ﬁ operator

of {he val ve . . .
and for the measurements which are significantly upstream of the main process

units being modeled.

F.  Removing Average Operating Point

[00182]  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

deactivation. Consequently, the raw data is not stationary. These operating point



where a change in valve position will result inlittle
or no change in the flow through the valve. Once again
woheoethedmb oper can use the type 4 fuzzy di scri RCHAS2005/032093
to cover both the upper and §pwer ends of the nornal
operating range and the transition fromnormal to
abnormal operation. D. Gouping Miltiple Flow/
chahgesvedd!ts beQeRbYEd Ao creatma statipnary datasepi OtheFivise these
Val ve nodels which is favor agoperators is to put all
changasesoneotslysappeananaiosgabeYesy network so t hat
the trend indicator will tell themthat all of their
critical flow controllers are working. In that case,
[00E8310d e The paocss inosesuraments are transtgrnpgst MWIQMIQUM@&MGS

d‘%mﬁ“w'alfrcﬁ%?ateﬁoga{gh&qrggé CpaRBBPP | TERSFOTGTALoRdS remove
The t

tﬁff ¥t HBeBRng seRy i FroietbhiepaR B Hicls for gpnormal

éct}/ghenl“ isGS dBRE bg%ﬂbﬁ’ﬁ@% t‘hﬁ \Agbﬁerﬁ[é}lipﬁﬂered Value (see

get anot her operator fav y to I 6ok at th

Ej;ﬂtibnat 8 anlrofghex Eoﬁ’éﬂt{ﬁl dilteln aquathfnsb o€ afrhen/sutemelhtvﬁesm its
igure 17). In this chart, the top 10 abnormal val ves

rawefa&lw@rrduang;ﬁhlérdiﬂﬁmeﬂmﬂmmﬁéelmst abnormal on the
left to the | east abnormal on the right. Each Pareto

bar gl s s a reference box indicating the degr of..
var i“af 1 0n “ofltethe nodel abnornality indication thj'teqlfastmn 10
within normal. The chart in Figure 17 shows that

that gk B A AR bOFRL oRlfged

oper at or vvoul d next investigate a plot for "Valve 10"
si mi 1%ar original gavaneasuiseedignose the problemwith the
flow control loop. Il. Miltidi nensional Engi neering
ReduXigncy- ddpebalentifldy fidteied@asemehairdineahsi onal ity gets
| arger than 2, a single "PCA |like" nodel is devel oped
to handl e a hi gh di nensi on engi neering redundancy

[00e84]. [ ABéAdhe Cyasmhetor die exﬁdﬂeﬁtiﬁbﬁhémmiuld bduboatthy same
are: pressure 1= pressure 2 = = pressure n
sizet & thalmajbotimencansgans of dae process Gftmaérmg constant qfaround

of process

RS o Ui e oRB S S B PP BAER B ot o
1ﬁf)ut% t8 thd ﬁ&% LR bl e ¥ddrbnBRCEY the recent change of the process

from the moving average operating point.

[00185]  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.



require coefficients to conpensate. Consequently, the

nodel set that nust be first developed is:Fi(yi) =
waiz@e/0¥9) + filtered biasi, + operator biasi PCEUS205/032093

F2(y 0 = n& (x O + filteredshias 2, i + operator bias

2 +error 2, i n(ly 0 =anG (x + filtered bias Hj +

operator bias n + error,,, i Equation 18 [00224] These
ViioddbdelaCeatlonel oped in the identical nmanner that the

two di nensi onal engi neering redundancy nodels were

devel oped. [00225] .This set of | ti.di nensi onal ecks .
(001861 ow @@ﬁ[@ &he &P]Cil ¢ BreapiEEniankERavrRRRsclopy L and the training

conversipon relies o ' | i | NGIR{e
CBBTEan B Sl R BoleoA b bR ALLefle SoBAnatoDls
effect on the process where the principle conponent
oefficient 9Joadings) represent the proportiona
4£hé%§éﬁg§z@%g—ﬁ@ﬂ§urenents due to this independent
effect. In Figure 3, there are three independent and

ﬁﬁwadan £ PEA nRAEIsXS deYYIRIRAY 8h tiSscaling of th
[2 anges ggg?ﬁgqéhﬁa}lc%anges by g ang X2 changess%aymagZ(.) ©

idputs. Tt teditialaapprwbhps scaingipre dsede aaclaimput blydts standard
princi pl e conponent nodel, P, with coefficients in

MORRRNCE, SRANNGRE trafhikgdhe Re: P = ai X | + a2 X2 +

a3X3 Eguation 19 Wiere a3 = 1 [00226] This engi neering
unit version of the nodel can be converted to a

st ardar g PGA nodel format as follows: [00227] Dr Equagion 11
anapggi g(é?tﬁé\ standard statistical concepts, the
conversion factors for each dinension, X, can be based

(BREARIG { Rer 560 OB O SR G PEGA,

th I [ . ' : =

B EFRHES (R ol Bk A pB ot of T AR
remgﬁﬁédég 1 bppRfaeH i nicdifiedd firthed devi@é the ieBR@Rinent by the
Xmd = X"md point of operating range Equation 2 1

sgeael root of thedrfmbsrruf itelady'idestical arastwenydnds.poi nt  of

the normal operating
For redundant data groups

Xi'= Xl/ (Gi * Sql't(N) ) Equation 12
Where N = number of inputs in redundant data group \

[00189]  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
combination 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.



range) X' (X Xmd ) / Xscale Equation 22 (standard

PCA scaling once nean and s are determ ned) Then the
woe20demagtongs for X1 are: ) Equation 23 (the regdTnsa®an32093
that the | oading vector be negguoalized) This transforns
Pto Pl=bi * XI + b2 * X2 + +bn-* XN Equation 24

P' "standard deviation" = b + b2 + + bn Equation 25
[DODHHB] Wok bohtimsousaefiaing amd chensicaliprocesserthe soaling should
engi neeri ng redundancy nodel can now be handl ed using

bettsed andbe degea of tviatigbilits tha 0ceBIS AN RATIALPERFRSS on
AR B o AR BB B kB 85 Lo SRS By

R rulITs By R0 s BpANR, FeeRbmally |
dreBnéiedihedwabablesr thviedie ewoalifferene ways odidetdraligigg the scaling

I ndi cations from'nmeasurabl e unusual events Provide a
faatprt o cl ear abnornmal indications that the operator
has investigated Provide a way to tenporarily disable
nodel s or neasurenents for nmai ntenance Provide a way

[00191i |s abiRersh édtosidentify timd @lesiods ivhierd theyproaessheas ebtimading at
Provide a way to permanently disable_bad acti nq
steeslyrstatenbet wh0al26 0Pt Txparienging a signifjgsas apprormal event. A

(R BRUoR f HIFeSIKE IR 2ohisdte i i i SLieAdy state
GBS PR Doyl o by e i nd
%sggigy gxgﬁgiﬁg% i prodeskFeedritb g prodespredwaichmtashond thbe
product quality. These key measures are used to segment the operations into
periods of normal steady state operations, normally disturbed operations, and
abnormal operations. The standard deviation from the time periods of normally
disturbed operations provides a good scaling factor for most of the

measurements.

[00192]  An alternative approach to explicitly calculating the scaling based on
disturbed operations is to use the entire training data set as follows. The scaling
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.

[00193]  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.



occurring on a fuzzified nodel index, suppression can
occur on a particular neasurenent, on a particular
waonaslo29zdex, on an entire nodel, or on a combPQaISNN5/032093
of nodels within the processsgsrea. [00231] For
operator initiated suppression, there are two tiners,
whi ch determ ne when the suppression is over. One
B.i Slectiio e @qumbert of PeéncppbCempedenmf or mat i on has
returned to and remains in the normal state. Typical
values for this tinmer are from15 - 30 m nutes. The
second ti will reactivate the abno . event, check,
BRESHG! o 2TA ranpborhveriiy poaLiogE e VS infba deh o
.state.. Typical val - O i j i :
iR at Pl o G Rt G bR G, Ehlchre ineps
dofhbiRatichd theorRindl WAgaklds E(Egﬁaﬂicbr[m’.% .or
sem - per manent suUppression. [00232] For event based
suppression, a neasurable trigger is required. This
can pgg =aA QPEXAL QY ; SeBNal AL, & €..a sudden goyation 13
measur enent change,” or 'a digital signal. This si gn%‘ll
is converted into a timng signal, shown in Figure 20.
[ Set 1 m signal is, created, fromthe trigger sigpa
B01gy | natRarpER e B & asettes 81 HP5doss, ¥AT)
rE Rl BpecifiiEicrRaNERt Afeckal hifuchBe The pracess. These
&ffer$ht indépentishteiestostdw aplis thepioenssditahl ProddSs variation.
where: Yn'the current filtered value of the trigger
Rriogesal vayiatibntcdas herdue tougtentipnalrahanges, suclhfis ferd natd efapmges, or
si.gnal, Xn t.he current yalue of the trigger signal Zn
Weﬂtlﬁﬂadh%q“émc% aﬁﬁn}hlaurt@npgrqﬁ%%h\@r@; Bnent i al
filter constant T s the sanple tinme of the neasurenent
Tf the filter time constant [00233] As |ong as the .
[00#96¢ly sikipshiprinsipal epmpenent wodelsd parhelthegrocess vaglability

e B e B8rnt Flon e AE T RE S BS BrolffSny The principal
Wgﬂ?ﬁ #éreexftfat:fe%rintthgﬁirgé)ﬁb?{ §P8ecrddsing $0LiB9801h fhe data set,

with each subsequent principal component modeling less and less of the process

variability. Significant principal components represent a significant source of
process variation, for example the first principal component usually represents
the effect of feed rate changes since this is usually the source of the largest
process changes. At some point, the developer must decide when the process
variation modeled by the principal components no longer represents an

independent source of process variation.

[00197]  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, A; p, of the original variables (which are called



could al so be used for this function, this timng
signal wll account for trigger signals of different
weiams®2910 eat i ng | onger suppressi ons for | ar gePCnaSy®s/032093
and shorter suppressions febbsnaller changes. [00234]
Figure 2 1 shows the event suppression and the
oper at or suppression disabling pre e{ined sets.o&
loadingsy ThoseheneBtisientsd sihichrate relativsly lapgriingmpagniiade, are the
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X. To suppress these individual contributions, the
moaé ahd atdro PG art keixsratteddrogherdaliaf theccagffi¢ightsdypsompemore

Equation 29W - the contyibution weight for input ij~.
equadrinsizey Addhis paist the variatiop e&%@ﬁgi}@i byt pattRilard s
of error.squared frominput i [00235] Wen a trigger

PEYRELY B06rs, the contribution weights are set to zero

for each of the inputs that are to be suppressed. Wen
(@98 | Dhe Faduiare] seBstendeetiod SnAqieiin G Vgl hERC is just
Model De it : i
OB 40 (Y SHSRADE PEOCEE faa i boind (Tpdeied vt

eh&%ﬁ?ﬁ’@ﬁ&d}ﬁess@&fs@e&ﬁ,t qUhid RtrReapueedby g PRESShetatistic, which
mat ch the operators' view of the process and can
plote tigyembinet sfovmiationi gdded byeach descessiva® GOl 3)-

event. [00237] Referring again_t uation 29,. we,can

Uinformalébubinlesturatiam EAPERoLS iR ariooien gevelebsd
,e? Equation . 30 E 2= ? ,w,.e? [00238] Usually these

Y$I i@§§%§¥r§°ﬁé§8‘&esﬁ?§)und snal | er sub-units of

equi pnent (e.g. reboiler section of a tower), or are

sub-groupi ngs, which are relevant to the function of

WheéMedeli Testimg &elupingr oduct qual ity). [00239] Since

each contributor, ei 5 is always adding to the sum of
error

[00199]  The process data will not have a gaussian or normal distribution.
Consequently, the standard statistical method of setting the trigger for detecting
an abnormal event at 3 standard deviations of the error residual should not be
used. Instead the trigger point needs to be set empirically based on experience

with using the model.

[00200] Initially the trigger level should be set so that abnormal events
would be signaled at a rate acceptable to the site engineer, typically 5 or 6 times
each day. This can be determined by looking at the SPE, statistic for the training
data set (this is also referred to as the Q statistic or the DMOD, statistic). This
level is set so that real abnormal events will not get missed but false alarms will

not overwhelm the site engineer.



square based on process noise, the size of the index

due to noise increases linearly with the nunber of
wonmstiomont ri buting to the index. Wth fewer PCT/US2005/032093

contributors to the sumof errar square cal cul ation

the signal to noise ratio for the index is inproved,

meki ng the i ndex nore responsive to abnornal

AveBnbandilg 484 Moaeh sim|ar manner, each principle

conponent can be subdivided to match the equi pnent

groupi ngs and an i ndex anal ogous to the Hotelling T2
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(OB5F15°0BS SR et e Gt B HPH AG8RH] B0 hokea by
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CRSERLRIRS 0 RS TR 208 POMSHARE B e
Proaedst i Ohée/thefmbdel ihficeth @l stserti ehnormalhgivation, the engineer

performance on the test data. [00242] These new
shoul¢ iwvestigaterandopassifydhe prooepesigypsion: ovhd engipeer will find
[ denéii(ﬁ:al manner that a normal .PCA nodel is.handl ed.

.PCA .
ihrpedifier el 1uatiqus GithaT s¢mme SPerRIOCeSS ARCLALNLISQrGHing, an
t i t ..
{0 B BEPSRai AT, ALt e BRI, Al s e

ndiGeeh. P in the T2 calculation.I11. Overlapping PCA
nodel s [00243] Inputs wll appear in several PCA
nodel s so that all interactions affecting the nodel
co 1 ' . .
PO RS0 At e e Rl o

@{Endringal rofetdtictRN THeliah®y sndlgsek e vearadohie €6 cvates theanitihl
i ndex. [00244] To avoid this issue, any input, which )
mpgdeknesd to baparfomedranthendiés, andithe am&egl; negalsutated. With this

th del it I del ... T )

A PR 5% L BEL X Ol 0 TS o i ot
TR, 6T SN k0508, O ERETEgRGeon
WhtEhfAfCa iR AN Tl 2AS beditge®r | mary obj ectives of the

operator interface are to: Provide a continuous
i ndication of the normality of the mgjor

SIMPLE ENGINEERING MODELS FOR ABNORMAL EVENT
DETECTION

[00203]  The physics, chemistry, and mechanical design of the process
equipment as well as the insertion of multiple similar measurements creates a
substantial amount of redundancy in the data from continuous refining and
chemical processes. This redundancy is called physical redundancy when
identical measurements are present, and calculational redundancy when the
physical, chemical, or mechanical relationships are used to perform independent
but equivalent estimates of a process condition. This class of model is called an

engineering redundancy model.



process areas under the authority of the operator

Provide rapid ( 1 or 2 nouse clicks) navigation to the
wanaesroe929mg nodel i nformation Provide the operParms2005/032093

with control over which nodelsg.are enabl ed. Figure 22

shows how t hese desi gn objectives are expressed in the

primary interfaces used by the operator. [00246] The

I i M@wodDirpetisibialBrpificeting Rehuridaney Msdeds nor mal ity
trend as is shown in Figure 4. This trend represents

e

functi on. The nunber of trends shovvn in the sunmary is

f1 exi (?" efi—@%\)j-?(}‘il%gdb ietbOBias W drbort;he Equation 14

opera thrs tren r two referencé |ines f
t he operator to help signal when they should take

action set, at_ a value of

and QW@G h:leyvyyp @Z’Ht))jp ﬁ@ereg%%s ,Vameeragqr%asg} Tﬁgggtwn 15
l'i neS GBFQ@vi degur dance to the operator as to when he is
expected to take action. Wien the trend crosses the
yellow line, the green triangle in Figure 4 will turn

yel | filterad diasherfilitred iz g tANFsawdiadhg red |ine, tBguation 16
green triangle will turn red The triangle al so has

the function that it wll % e the operator to the

di sl -spnyergsacsdacionf €18 14 nbdel gi vi ng the nost

abnormal indication. [00247] If the nodel is a PCA

modNbrkl & eraﬁng@aiﬁ%d?f apmégeixpaaniaxgr oup (e.g. all
control valves) ecting the green triangle vviII

" Qob LR Seftaflls |y SRR ey lmhE

i ndi cate the nost abnorrral (on the Ieft) to the | east

@Zﬁtf;ﬁor?”"d%?%tgt G o O e

ar it g@gﬁﬂtstherylfas PBRER5OmE TR eVt (Wdedpenin! %Cb Bypass flow)

each bar to provide the operator wt

whichrrequgesithetmotieiolrishifiéd. t Oa theaparatotsdtommantethe operator
before it is regarded as an i ndication of abnormality.

biog rers] isppdapdrsarhab Equatinre 1hivexacilysatiplied teeoruit®) a

trend Pareto, which matches the order in the bar chart

@@295}; Vr‘] ét"ﬁta@fea 2R 18 BhQate§ a&ttum&tsl}hﬁﬁaécwln for
e actual neasurenent (in cyan)

s bistomt enfoeasute pr&€ais changes that bias the engmeermg redundancy

model. The convergence factor, "N", is set to eliminate any persistent change

after a user specified time period, usually on the time scale of days.

[00207]  The "normal operating range" and the "normal model deviation" are
determined from the historical data for the engineering redundancy model. In
most cases the max_error value is a single value, however this can also be a

vector of values that is dependent on the x axis location.

[00208] Any two dimensional equation can be represented in this manner.

Material balances, energy balances, estimated analyzer readings versus actual



nodel of what that nmeasurenments should have been if

everything was normal (in tan). [00249] For valve /
wohowomeel s, the detail under the Pareto w || po®uSh®s/032093

two di mensional flow versus39al ve position nodel plot.

Fromthis plot the operator can apply the operator

bias to the nodel. [00250] |f there. is,no equi nt . 1
anglyzapiaadingse Le@IPIRgOT FEVES it %guéﬁéf‘éhmsﬁq‘%‘ﬁﬁgﬁ?‘ﬁ‘éma

operator right to the worst two-dinensional node
en@ﬂﬁébﬂﬁw%isunnary trend. [00251] Operator suppression

is done at the Pareto chart |evel by selecting the

on/of f button beneath _each bar. Bl BLI OGRAPHY | . . 1) S . .
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System for Monitoring the Operation of a Continuous
Caster and Detecting the Onset of |npending Breadiguation 17
8 6,636,842 10/21/03 Zanbrano, et al, "System and
method for controlling an industrial process utilizing
whlepsess trajectories”

Flow: measured flow through a control valve
Delta_Pressure = closest measured upstream pressure -
closest measured downstream pressure

Delta Pressurereference : average Delta Pressure during normal operation

a: model parameter fitted to historical data
Cv: valve characteristic curve determined empirically from historical data

VP: signal to the control valve (not the actual control valve position)

The objectives of this model are to:

e Detecting sticking / stuck control valves
e Detecting frozen / failed flow measurements
e Detecting control valve operation where the control system loses

control of the flow
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268APPENDI X 2 Table 1 Charge Gas Conpressor and
BauBbiglohshPHIbG eRtusJIDe Pokiton\WbhelSensor Title
and Principal Conponent Loading 1. Conpressor

Tenper ature Bal ance Sensor Description Loadi ng WR FROMV

IR B o) 5 TPl D §reiioy Gypericnced by

SIAGE O EXGHANGERNA che@i @lPrddavRes, 8 1679 hiSEEiceSTeBIAGH to 2
EXCHANGER 1 H20 OQUT TEMP -0. 167 CGC 1ST STAGE HC OUT

VRER) may be sequirdengetnaieien data teyran-the operatian aivke control
V%Ilge 1gu%eR IS%h%\(?v(s) a UISCH s%et%?lijl:o EDVaRre]Il’Sosnmn 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.

[00213]  Often, either the Upstream_Pressure (often a pump discharge) or the
Downstream_Pressure is not available. In those cases the missing measurement
becomes a fixed model parameter in the model. If both pressures are missing

then it is impossible to include the pressure effect in the model.

[00214]  The valve characteristic curve can be either fit with a linear valve
curve, with a quadratic valve curve or with a piecewise linear function. The
piecewise linear function is the most flexible and will fit any form of valve

characteristic curve.

[00215]  The theoretical value for "a" is 1/2 if the measurements are taken

directly across the valve. Rarely are the measurements positioned there. "a



2. | Conpressor Pressure Bal ance Sensor Description

Loadi ng CHG COW 1ST DI SC 0. 224 C3R DRI ER TUBE | NLET
WOREBH2029200 CHG COVP 2ND STG DI SC 0. 197 CGC 2ROT/S58505/032093

DEL P 0.195 CHG CWP 2 STG DL 8C-0. 187 NACC TRI SEN SPEED

SETPNT 0. 180 MCGC TURBI NE SPEED 0. 175 CHG COMP 1ST

STG SUCT Qutput 0.175 TOTAL FRESH FEED 0. 175 CHARGE
bechReRah | dafpificaBy datermimashpargmetsip aceeuntdoBticaanteal

Sensor. Description Loadi ng C3R DRI ER BACK PRESS 0. 344
rositiconeg PHIGUMESTIrOWEISTEIFAERS 0. 341 C3R DRI ER

CHARGE GAS QUTLET 0. 338 MCGC COOLED QUTLET OH TO

DRYERS 0. 320 C3R DRI ER BACK PRESS CQut put -0,319 C3=
[08216]v COtaRiER 0/l bs verciaoprripgso iR Witk varRptms in the

tagker Thesarie Chbemoise s el bressisa dupngdhe ppmAsiRds of
R PP S R R o CHE o
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

[00217]  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.

[00218]  The "normal operating range" index is the valve position distance
from the normal region. It typically represents the operating region of the valve
where a change in valve position will result in little or no change in the flow
through the valve. Once again the developer can use the type 4 fuzzy
discriminator to cover both the upper and lower ends of the normal operating

range and the transition from normal to abnormal operation.

D. Grouping Multiple Flow / Valve Models

[00219] A common way of grouping Flow / Valve models which is favored



CHARGE COWP RELI EF 0.244 TOTAL FRESH FEED 0. 222 CHG

CWP 2 STG SUC 0.21 1 CO.D BOX FEED -0.203 C3R DRI ER
WeAGK/PREGS - 0. 195 C3R DRI ER CHARCGE GAS OUTLETPE€D/USS®5/032093

CGC COOLED QUTLET OVHD TO DII2ERS -0.174 5. Steam

Bal ance Sensor Description Loading HP STM TO CHG CwW

-0. 341 CCC EXT STM OVRRI DE SEL Qut put 0.339 CGC STEAM
op&RBIrNEs thutATGhNGEse Modsls itiec Siﬁgfd\:fu’z‘ZRBBNEoﬂmefhaBm

VAL POS -0.325 STM COND EM ZCD01 0. 265 CGC STEAM
trengkimdigatexcwrAdsil v trtel of gheis srigieal fiﬁ%ﬂ@@%ﬂ\m’e

whekjoe. B ok orihe sl ipieriphs b i Redysel R (ighe

=4). ' ¢ I t.i i "
Wi Eon it it eGP SnitRhp ned BRI HOD RGOl A
intRAItNn HOF Ak cIPBOM Ofl 3w By AW (oREISCTIHR t5didHw410 c32Rin the
OLEFI NS RECOVERY TRAI'N FEED-Cl -0.317 CGC 2ND SUC MW
disorigdnator ERuNSreEchyRRYstiradel ingratios= - 0. 237 CH4 FEED
RATE TO OLEFI NS RECOVERY TRAIN -0.219

[00220] 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

[00221]  Once the dimensionality gets larger than 2, a single "PCA like"

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

[00222] 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

[00223]  Because of measurement calibration errors, these equations will each
require coefficients to compensate. Consequently, the model set that must be

first developed is:



CH4 FEED RATE TO OLEFI NS RECOVERY TRAI'N -0. 216 OLEFI NS
RECOVERY TRAI N FEED- C2= 0. 172 DRYERS FD MOLECULAR WI
woQombB29280 Recycl e Feed Sensor Descri ption Loa#Cmgsk®s/032093

STM TO CHG CwP -0. 217 COWMP-BBSCH. TO PP 0. 204 FRESH FD
CHGE CWPR 0. 191 W CTW SUPPLY MAIN 0.189 CG 1ST STG SUC
TEMP OVRD CQut put 0.188 RERUN OH CONDENSOR TO FEED

- 0. 188FghG) €8, 2D Shiltersddias; ) 1 gperReRbIA D GONDENSOR

TO FEED Qut put -0.172 CAUSTI C TONER FEED COOLER QW OUT

0.171 L0 ) Sddhiad): ; ' nce
Sensor %s‘gri ﬂ?%gir{‘)ﬁgggi ng t%l% 1@%&@ @ééﬁﬁm%l%%ﬁ
0.526 YSPENT - ANALYZERS 0, 512 CO2 TO, CAUSTI C TWR
0. 461 Ha o st %bmﬂ@?mifepﬁr ASNDCEPE, SUCT
0.176 CHG COWP 1ST STG SUCT 0. 170 FEED EXCHANGER
ACTUAL- PRED. DP -0. 103 CAUSTI C FEED FRM BL Qut putgguation 18
-0.096 CO2 IN CGC DI SCHARGE 0. 077 CGC 2ND SUC MWV 0. 076
9. Feed Rate on Caustic Sensor Description Loading

[00224]  These models are developed in the identical manner that the two

dimensional engineering redundancy models were developed.

[00225]  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=2a; X1 +ay X2 +2a3X3 Equation 19
Where az=1

[00226]  This engineering unit version of the model can be converted to a

standard PCA model format as follows:

[00227] Drawing analogies to standard statistical concepts, the conversion

factors for each dimension, X, can be based on the normal operating range. For
example, using 36 around the mean to define the normal operating range, the

scaled variables are defined as:

Xscate = X normal operating range / 6C Equation 20
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FEED- C1 0. 225 CAUSTI C TONER64ST STG 0. 199 OLEFI NS

RECOVERY TRAI N FEED- C20 -0. 192 CAUSTI C FEED FRM BL
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7% dEorfiaf agaraﬁﬁog:g@ta dhewibd fait within ® arloftheGhiGarJOVP
1ST STG SUCT - 0.362 COVP 2ND STG SUCT -0.358 CGC

2ND SUC MW - 0. 233 FEED EXCHANGER ACTUAL- PRED. DP_0. 2Q9
COX 1@ “€AUSH GinilYReQeink8gLHG COVP DI SC DRUM DRw Eguptien 21

-0.183. TA NA Y ANALYZER 0,178 CMVP_2 .S

0. (PligHy Akpnadbe MeaR) BHING RO Ty Shegrie
0/cSSP% - ANALYZERS 0. 155Tabl e 2 Et hyl ene and Propyl ene
RefPPgEr ati on Pri nci pal Conponents Wth Sensor Title
and Principal Conponent Loading 1. 1Ethyl ene

CompregXarXpis9otige Sensor Description Loadi ng Equation 22
REFRI G DRUM 0. 138 C2= COWP DI SCHARGE 0. 135

(standard PCA scaling once mean and G are determined)

Then the P' loadings for X; are:

bi= (ai/ Xi-scale) / ( Z;L]_ (ak/ )(k-scale)2 )1/2 Equation 23
(the requirement that the loading vector be normalized)
This transforms P to

PP=b;*X1+b,*X2+ eee +bh,*XN Equation 24
P' "standard deviation" =b; + b, + ee e +b, Equation 25

[00228]  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.

DEPLOYING PCA MODELS AND SIMPLE ENGINEERING MODELS
FOR ABNORMAL EVENT DETECTION

I. Operator and Known Event Suppression

[00229]  Suppression logic is required for the following:

e Provide a way to eliminate false indications from measurable

unusual events
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TONER CONDENSED OVHD -0.135 H20 FM SURF COND 1 -0. 133
CW OUT C3RImestigatedONDENSOR A - 0. 131 CW OUT C3R OUTLET
CONDENSOR D -0. 130 H20 FM SURF COND 2 -0. 130 C3R COWP
ATH STG eDPPrévid28 vy tousmperrdyiseblomdelsarneasuyements
COND FM SURF COND 5 -0.127 PROP COWP TO R-FUEL -0.126
3. Propyl efer 1OBMNNAHSSr Sucti on Sensor Description
Loadi ng C2 SPLI TTER OvHD COND B LO OVERRI DE SEL Qut put

0 515 & B R e oA R R e
BTM DRAW Ofkynéd 177 C3R COVP MEDI AN SPEED -0. 173 PROP
COWP 1ST STG SUCT Qut put -0.163

e Provide a way to permanently disable bad acting instruments.

[00230]  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.

[00231]  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.

[00232]  For event based suppression, a measurable trigger is required. This
can be an operator setpoint change, a sudden measurement change, or a digital
signal. This signal is converted into a timing signal, shown in Figure 20. This

timing signal is created from the trigger signal using the following equations:
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the previous filtered value of the trigger signal

the current value of the trigger signal

Xa

Z.  the timing signal shown in Figure 20
P the exponential filter constant

T, the sample time of the measurement

T the filter time constant

[00233]  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, creating longer suppressions for large changes and

shorter suppressions for smaller changes.

[00234]  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
the Sum of Error Square index. To suppress these individual contributions, the

calculation of this index is modified as follows:

E= S 2 Equation 29

i=1 WiCi
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[00236]  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.

[00237]  Referring again to Equation 29, we can create several Sum of Error

Square groupings:

Bl= Zl-=1w . ef_z Equation 30

2 __ vk 2
Ey'= 2 W€

2_ 2

m = Dty W€

[00238]  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).

[00239]  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
contributors to the sum of error square calculation, the signal to noise ratio for

the index is improved, making the index more responsive to abnormal events.
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OND STAGE FEED DROMHIXADI- 0. 165 C2 SPLI TTER OVHD
COND B LO OVERRI DE SEL Cut put -0.145 VAP FRM C2=

SPLI TTER BOTTOVS - 0_%44 DEMETH RBLR A IN -0.142 ETY
SPLT REFLUX DR Por=125_;b;;X;

Pre= 2k DX
Poa= Yh1by %
Pyp= Zf'c:lbz,ixi
Py =21 baiX;
T,’= z:’;l Pi%a
= X7 P

2_ m 2
Tc - Zl:l Pi,c

[00241]  The thresholds for these indices are calculated by running the testing
data through the models and setting the sensitivity of the thresholds based on

their performance on the test data.

[00242] 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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[0024)] O. 198 avoid this issue, any input, which appears in multiple PCA

models, is assigned one of those PCA models as its primary model. The
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

[00245]  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.

[00246]  The final output from a fuzzy Petri net is 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
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[00247)91 $PHETHBRCIEE M PREARIodel 3Gt DERROP WVERHEADNL grovg7(e-g.

all control valves), selecting the green triangle will create a Pareto chart. Fora

PCA model, of the dozen largest contributors to the model index, this will
indicate the most abnormal (on the left) to the least abnormal (on the right)
Usually the key abnormal event indicators will be among the first 2 or 3
measurements. The Pareto chart includes a red box around 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.

[00248]  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, thé actual measurement (in cyan) and an estimate from the PCA
model of what that measurements should have been if everything was normal (in

tan).

[00249]  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.

[00250]  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.

[00251]  Operator suppression is done at the Pareto chart level by selecting
the on/off button beneath each bar.
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- Sensor Description & "1 . L e oy B[R Loading” -
WR FROM SURF COND -0.173
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| Compressor Pressure Balance
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| Discharge Temperature Balance
- SensorDesctiption " * e " '} Loading. -
C3R DRIER BACK PRESS 0.344
CGC COOLED OUTLET OVHD TO DRIERS 0.341
C3R DRIER CHARGE GAS OUTLET 0.338
MCGC COOLED OUTLET OH TO DRYERS 0.320
C3R DRIER BACK PRESS Output -0.319
C3= VAP FM C3R DRIER 0.315
CHG COMP AFT CHLR C3R DRIER Output -0.204
CHG CMP 1 STG SUC 0.187
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CAUSTIC TWR DISCH 0.155
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CGC STEAM TURBINE INLET STM VAL POS -0.325
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7.
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RERUN OH CONDENSOR TO FEED -0.188
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"""" . :Sensor Description s, . .~ o ons et «Loading ™"
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TARGET NAOH BY ANALYZER 0.178
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: - o e Loading
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CHG DRYER REGN QUT -0.309 REGEN FURN BLOADOMNN GAS
OUTLET TEMP -0.307 CH4 TO FG -0. 169 COLDBOX | NLET PRES
wWOREG/0292069 COLDBOX RECYCLE 0. 157 COLDBOX HP MBCTHAINED05/032093
0.144 COLDBOX HP METHANE 0.17d-H2 FROM COLDBOX 0. 132
13. Met hane Recycl e Sensor Description Loadi ng REGEN
FURN BLOADOAN GAS | NLET -0.238 CHG DRYER REGN OUT
. 225 REGEN FURN BLOADOM CTW QUTI ET TEMP -0 214

aDe I\Eﬂlﬂﬂbhé&%ﬁﬁﬁ&s#@r J@ath3 C3= TO COLDBOX FI RST CORE

gsz,nggeh;ﬁ@MPtHATURE 0. 175 C3= FROV COLDBOX - Q) 168 oading -

EYW GAS OUTLCET TEMP -0. 166 MED PRES( 201

C@p:\wC@ap M0téR AEE!I NS CRACKI NG TRAIN-W FUEL GAS - 0. b7
DEMETANIZER REB®ILSSROP Suction Sensor Description .0.183
DERASTH R ERBIHANR/EEMBLL NLISTG SUC - 0. 275 METH BOOST 9,182
DEMYTH Eb EXCHANGERRDUWNP STAGE EXCHANGER C3= VARORSS
CHe 838 PEAMIE2=TEMHETEER@ITTOMEO7 FEED GAS TO COLDBQX.161
cbEdp| PR soTISS SR ERODBEX CORE EXCHANGER | NLET  _g.147

DEMETH RBLR A IN -0.132
PROP PUMP OUT 0.129
DEMETH REBOILER A/B SHELL INLET Output -0.128
5. | Ethylene Compressor Suctlon

| .-Sensor Description &0 S ok : "~ Loading -
C2R FROM COLD BOX 0.224
C2=CMP 1 SUCT DRUM 0.220
C2= COMPR 1ST STAGE SUCT 0.215
PROP COMP 3RD STG DUMP 0.208
C2= SPLITTER REBOILER SHELL OUT 0.206
DEPROP OH CONDENSR 0.202
ETHY SPLIT REB FD 0.201
DEMETH OVHD COND C2R LIQUID 0.193
FEED GAS FRM COLD BOX 0.187
DEMETH OVHD COND C2R VAPOR 0.185
6

" ‘Sensor Description . o : Do o TR .} . Loading
C2=SPLITTER TOTAL HEAT IN -0.188
PROP COMP 4TH STG DISC Output -0.183
PROP COMP TO R-FUEL -0.183
DEPROP OH CONDENSR 0.181
DEMETH FEED DR 2 0.172
CG 1ST STG SUC TEMP OVRD Output 0.171
DEMETH FEED DR 3 0.165
C3=TO SPLTR REBOILER Output -0.163
PROP CMP 4 STG SUC -0.161
C3=TO COLDBOX FIRST CORE -0.147
7. Ethylene-Propylene Compressors Interatlon

- .. Sensor Description © = . "l » Loading -,
C3R COMP - C3R COMP OUTLET COND TEMP MARGIN -0.193
C3R COMP 4TH STG DP 0.189
CW OUT C3R OUTLET CONDENSOR D 0.189
C2R COMP OUTLET DRUM ETHYLENE PURGE Output 0.181
COLD BOX C2= VAPOR 0.176
DEMETH FD CHILL EXCHANGER Output 0.173
C2= COMPR 3RD STG SUCT 0.170
C3= PURGE TO FEED Output -0.168
DEMETH FEED C2R COLDBOX CHILLER 1 LEVEL Output -0.166

C2R COMP OUTLET EXCHANGER OUTLET TEMP -0.162




DEMETHANI ZER FEED1 -0.175 HYDROGEN SEPARATOR DRUM
-0.172 C3R COLDBOX VAPOR 0.171 C3R COLDBOX VAPOR

WOREBBMM0 0. 163 15. Met hane Booster D scharge Bemais005/032093

Description Loadi ng C3= FRAWTCOLDBOX 0. 236 C3= TO
COLDBOX FI RST CORE 0. 219 METH BOOST DUMP TO FLARE

-0.218 METHANE COW 1ST STG SUC -0. 205 METHANE COWP
1ST STG SUC Quitput 0180 DEMETH ED CHL 1 C3=>C0OLDBOX

B ¢pyleaR@Al@-up3 DEMETH FD CHL 1 C3=>COLDBOX FEED

NCERRNGpUT 0. 172 LO PRES CHA_DP. 0160 FURNACH.daGing.

WMMD 0156 CO TEMPERATURE - 0. 152Tabl e 4 -0.208
RERUMETOWNER eRERUN'OVPI®) CONDPEENTGASW t h Sensor Ti t ] €.207

PROP EPespelsy®nponent Loadi ng 1. Heat Bal ance Sensnig2
EPPaafE phopwdioadi ng DEMETH RBLRA I N 0. 222 DEMETH BTM>174

co.FRGD BB LHnRBLR B I N 0.213 DEMETH OH COND HEAT  -0.171

c3R. OB BBMEIRPIRTAL REFLX HEAT -0.199 DEMETH REBO L 0Bi68
PROP i Hs184UREMETHANI ZER FEED #3 -0. 181 DEMETHAN BEfR5

SPERPRIREFIROPCADIB 9 0.160
WR FR AFT COND -0.158
PROP COMP 3RD STG DUMP -0.138

9, | Propylene Heat Sources

...Sensor Description..... . e oo e o as ] oading
DEETH OVHD COND C3= VAPOR Output -0.316
DEMETH FEED CHILLER #1 -0.312
DEETH OVHD COND C3= VAPOR -0.309
PROP COMP SURF COND VAC -0.309
PROP COMP 3 SUCT DRUM -0.253
ETHANE PRODUCT Output 0.193
HP STEAM TO PROP CMP 0.135
PROP COMP 4TH STG SUCT 0.121
PROP CMP 4 STG DIS 0.119
DEMETH FEED COLD BOX LEVEL 0.111
10 Demethanizer Balance

.:.Sensor Des¢ription = ShemlE b T ailio

DEMETH REBOILER A/B ELL INLET Output -0.202
C3= FROM DEETH OVHD COND -0.183
C2R COMP - DRUM LO SEL Output -0.157
C2R COMP 2ND STAGE FEED DRUM LIQUID -0.155
C2 SPLITTER OVHD COND B LO OVERRIDE SEL Output -0.145
VAP FRM C2= SPLITTER BOTTOMS -0.144
DEMETH RBLR A IN -0.142
ETY SPLT REFLUX DR -0.135
DEMETH FEED DR 2 -0.134
DEMETH FEED DR 3 -0.134
11 | Propylene Vapor Balance

Sensor:Description:.., =~ T S, e Lo Loading
DEMETH REBOILER AIB SHELL INLET Output 0.191
C3= FROM DEETH OVHD COND 0.190
MAKEUP AND PURGE BTMS 0.184
WR FR AFT COND -0.170
VAP FRM C2= SPLITTER BOTTOMS 0.167
RERUN TOWER - RERUN OVHD COND VENT GAS -0.167
C2R COMP 2ND STAGE FEED DRUM LIQUID 0.161
DEMETH RBLR A IN 0.159
C2R COMP - DRUM LO SEL Output -0.155

ETY SPLT REFLUX DR -0.1563




DEVMETH REBO LER A/ B SHELL I NLET 0. 179 DEMETHANI ZER

REFLUX FLOW -0.172 2. Mass Bal ance Sensor Description
woaeamingeIDEVETHANI ZER BTMS FLOW Qut put 0. 220 DEVETIS2005/032093

BOTTOVS LEVEL 0.220 DEMETH-URVEL TO DEETH 0.217 DEMETH

TRAY 26 0.215 DEMETHANI ZER REFLUX FLOW Qut put 0. 208

C2= COWPR 1ST STAGE SUCT -0.191 LI QU D METHANE RECYCLE
-0.190 DEMFTHANI ZER #4 EEED -0 187 DENMETHANI ZER REBQ |

1PROPOETHaniEeyHLbia@FEBO LER A/B SHELL | NLET 0.176 3.

~OgedsbEpeeigimacT at ur € Sensor, -Descri pt:i.on: Loadi ng. DENb¢ing *

DEETA\ZEFOREVOHT TRAY 5 0. 237 DEVETH UPPER OH AVG TEBH99
CAGZGRAPBEVETOOYER COND C2R LI QUID 0.189 EXPANDER  0.190
RERUNETOWRFOVERS (eND FRYRIN OYHISTAOD SUplt 0. 182 EXPNDR74
cBRYY SpHR2 REBEITERN ZER REFLUX DRUM 0. 169 DENMETH OVBIR69
cER GO\ - DN LERBEL Lliput0. 168 DEMETH OVHD TO EXPANDBRS55
RERURHT OAEFS VENTIAGUD RER 0 OVHES SONCBeRgat Descri pti @ms2

ctrube IREPBIPB SHEFT SPEED - 0. 201 0.148
C2= COMPR 1ST STAGE SUCT 0.137
ETY SPLT REFLUX DR 0.137
PROP PUMP QUT 0.136
13. | Propylene Recycle
.. Sensor Description .~ (G T . | " loading.. _
COOL KICKBACK TO C3R COMP FEED DRUM 0.198
MAPD REACTOR C3 RECYCLE TO FEED -0.178
ETY SPLT REFLUX DR 0.177
PROP COMP 4TH STG DISC 0.175
C2= COMP DISCHARGE 0.167
C3= FROM DEETH OVHD COND 0.163
C2R COMP - DRUM LO SEL Output 0.158
C2= DESUPERHEATER C2R OUTLET 2ND EXCHANGER Output 0.157
DEMETH REBOILER A/B SHELL INLET Output 0.156
DEMETH FEED DR 3 0.150
14 Ethylene Splitter Load
**.«Sensor Description. T e, [ese Loading”
RERUN TOWER - RERUN OVHD CON VENT GAS -0.211
C2= COMP DISCHARGE 0.184
SPLTR REFLUX CND B 0.181
PROP PUMP OUT -0.179
MAPD REACTOR C3 RECYCLE TO FEED -0.176
WR FR AFT COND -0.167
ETHANE PRODUCT -0.160
DEMETH REBOILER A/B SHELL INLET Output -0.159
DEPROP OVERHEAD -0.159
C2 PROD TO B LIMIT -0.159
Sensor Description e Pl 4} Loading
DEMETH FEED COLD BOX LEVEL Output 0.208
DEMETHANIZER REFLUX DRUM 0.194
RERUN TOWER - RERUN OVHD COND VENT GAS -0.191
SPLITTER BTM TEMP -0.190
DEPROP OVERHEAD -0.187
PROP PUMP OUT 0.186
PROP COMP 4TH STG DISC 0.178
HP ETHYLENE PROD 0.152
SPLTR REFLUX CND B 0.143

PROP COMP 4TH STG DISC 0.128



DEMETH REBO LER C3= REBLR 4TH SUCT -0.199 EXPNDR I N HI
RNGE -0. 199 DEMETHANI ZER FEED #3 -0. 193 DEMETH OvHD TO

wexbusNRE0 Cut put - 0. 188 DEMETH TRAY 34 TEMP CTRCOUS395/032093

DEMETH CUTPO NT CONTROL - 0.-41P%-DEVMETH TRAY 38 0. 184
DEVMETH TRAY 34 0. 173 DEMETHANI ZER FEED # 1 0.172 5.
Met hane Tur bo- Expander Sensor Descri ption Loadi ng
EXPNDR RECMP | NLET - 0. 338 EablNCR DRUM - 0. 337 EXPANDER
QUTLEDr{is; Coldo EXAIMSRENPBOUI:cP Pidn eiBal DS &ft

GAS - 0. 253 Ba{fehiBbhselTitle hnd BMRcip&l CoulpdndmNL¥3d
SPEED 0. 210 EXPANDER RECOMPR DI SCHG 0. 171 DEI\/ETH M N

BTM TEVP 0.168 DEMETH TRAY 16 0.162 6, Methane Quality

DEA PP Loadl ng DENETH TRAY 34 TEMP CTL

TRAY 34 07 268 %oading
~0.200

A A -0.178
LO PRES CH4 DP -0177
C3R COLDBOX VAPOR PRESSURE -0.173
HYDROGEN WT FRACTION 0.171
HYDROGEN PURITY 0.170
HYDROGEN MOLECULAR WT -0.169
FEED GAS FRM C2R COLDBOX CHILLER 1 -0.168
COLD BOX H2 MOL WT -0.167
FEED GAS FRM C3R COLDBOX -0.164
2. erature

... Sensof Deseription. ; i 95 sope e Loading
MP METH TO OLEFINS CRACKING TRAIN-W 0.240
METH CMP 1 STG SUC 0.233
CH4 BOOSTER 1ST STAGE OUTLET GAS OUT 0.230
CH4 BOOSTER 2ND STAGE OUTLET GAS OUT 0.230
COLDBOX LP METHANE 0.230
H2 FROM COLDBOX 0.230
CB MPCH4 OUT TLCO 0.223
COLDBOX HP METHANE 0.217
METH CMP 2 STG SUC 0.217
CH4 BOOSTER 2ND STAGE OUTLET CTN RTM TEMP 0.212
3.

_SemsorDeseription & i oo 0o g] Toading
DRYER REGN FUR STK -0.307
DRYER REG HTR OUT -0.305
DRYER REGN OUTLET3 -0.304
DRYER REGN OUTLET4 -0.304
DRYER REGEN HEADER OUT -0.303
DRYER REGN OUTLET1 -0.303
DRYER REGN QUTLET2 -0.303
FG TO REGEN HTR -0.271
REGEN FURN CH4 TO COOLDOWN -0.235

REG GAS TO DRYERS -0.232




DEMETH REBO LER C3= REBLR 4TH SUCT -0.215 EXPANDER

I NLET PR -0.185 DEMETHANI ZER BTMS FLOW - 0. 180
WOLRRBORX9ANDER SEPR LEVEL CQut put 0.175 4TH STGrEUDS2003/832093

TO DEMETH REBQO LER -0. 164 Z.80Met hane Recycl e Sensor

Descri pti on Loadi ng EXPNDR RECMP | NLET 0. 430 EXPNDR

RECVMP OUT T 0.404 H PRESS C1 FROM COLDBOX -0. 355
EXPANDER RECOMPR DI SCHG Qutput 0319 DEMETH TRAY 34

4.- 0.Csldbox F/Pé}dﬁlﬂ.'ﬂafﬂm 0. 193 DEMETH TRAY 38 -0.184

FhEAioad TEMP CTL- 0. 164 .DENETH M N.BFM TENP| Loading _

DENMETPFERDDRENVE TFF DEETH DELTA- P - 0. 1408. Met hane 0.309
DENVESRU s DRa/Mnce Sensor Description Loadi ng EXPNDR  0.306

Mﬁ{ SMRITHNAFD DRWEBREBSPANDER | NLET PR -0. 273 EXPNDR  0.305
M 69 DEMETHANI ZER OVHD PRESS - 0. 252 0.300

SEMR
Dgﬁg&ﬁwg@m@ -0.227 DEMETH TRAY 34 -0.226 EXPANDER 0,289
COEERMRRT iPiput - 0. 219 HI PRESS C 1 FROM COLDBQX272
Démé&?-q B HR BOTTOVE LEVEL 0.186 DEMETH LEVEL TO DEET®{269

H9 FROGM COLDBOX 0.269
DEMETHANIZER FEED #3 Output -0.193
DEMETH FEED DRM #4 LEVEL Output -0.173
5 nce

"+ Sensor Descriptiony: ¥ Cn W e e o Tl sading
METHANE COMPR 2ND DISCHG -0.290
MP METHANE TO OLEFINS CRACKING TRAIN-W 0.261

MED PRESS METHANE HEADER Output -0.246
METHANE COMP 2ND STG SUC Output 0.233

MED PRESS METHANE HEADER 0.229

METH TO FUEL GAS -0.223
OLEFINS RECOVERY TRAIN T.G. TO CMM -0.216
METHANE COMPR MIN FLOW 0.210

MP METHANE FROM COLDBOX 0.201

MP METH TO OLEFINS CRACKING TRAIN-W 0.163

i Coldbox Temperature

" Sensor.Description = v Thoge ey WL sy | 'Loading
DEMETH FD CHILL EXCHANGER Output -0.264
CHG GAS FROM C2= SPLITTER BOTTOMS -0.263
C2= SPLITTER BOTTOMS C2 PRODUCT -0.255
CHG GAS FROM C2= SPLITTER HIP REBOILER -0.226
C2= SPLITTER BOTTOMS C20 (FEED) 0.218
VAP FRM C2= SPLITTER BOTTOMS -0.189
CHARGE GAS FROM COLDBOX FEED EXCHANGER -0.188
DEMETH FD CHILL EXCHANGER 0.167
SPLTR HIP RBLR VAP -0.162
DEMETH FEED DRUM #1 -0.156
7.

"% Sensor Description T . i 7w | Loading
NO1 FD TEMP CUTOUT -0.202
FURNACE FG KO DRUM Output -0.201
MED PRESS METHANE HEADER 0.195
MP METHANE FROM COLDBOX 0.188
DEMETHANIZER FEED1 -0.180
MP METHANE TO OLEFINS CRACKING TRAIN-W 0.179
MED PRESS METHANE HEADER Output -0.164
C3R 2ND STAGE EXCHANGER C3= VAPOR ~0.161
FEED GAS TO COLDBOX FEED DRUM -0.160

C2R COLDBOX CORE EXCHANGER INLET -0.160




9. Feed Rate Sensor Description Loading LI QU D METHANE
RECYCLE 0. 021 H PRESS Cl1 FROM COLDBOX -0.094

wORMeR¥IM ZER FEED #3 - 0. 051 DEMETHANI ZER FEEDPE2/US2®3932093
DEMETHANI ZER FEED # 1 0. 006 §EMETHANI ZER #4 FEED 0. 088
#4 DEMETH FEED W SF614 0. 130 DEMETH TOTAL OH RATE
0. 009 DEMETH TOTAL REFLX HEAT -0.196 EXPNDR
LI @ >VMPMETH 0. 154 10. Bottons Bal ance Sensar

8.De ColdbooMéthadie@QualitgTH REBLR KO POT KD21 0. 283

DML PNcARRnBTVE FLOW -0, 275 EXPNDR RECVP. OUT P | Toading

DENEF ANz Bd Figp)-R KO POT RD21™ Qut put 0. 266 EXPNDR -0.236
TOYAL e TENR ANEBLOWXPNDR SHAFT SPEED - 0. 201 MAKEUP AND 213

F SENR cOLBEOXXPANDER RECOVPR DI SCHG Qut put 0. 198.208
C UsB! ANDERESEPR LEVEL Qut put 0. 183 DEMETHANI ZER  -0.206
EXeplz §pl81Tabl e 5 De- Et hani zer Princi pal -0.196

’ HENL ETWRES PRfeser Title and Principal Conponent _g.194
Cb@.@ &9 cb=RMeUNsad Qual ity Sensor Description Loading 161

H] PRESS C1 FROM COLDBOX -0.153
METH TO FUEL GAS -0.142
MP METHANE FROM COLDBOX -0.140
9

# Sensor Description:;i: T e e s o L oading
METH CMP 1 DISCH 0.285
METH CMP 2 DISCH 0.268
METH COMP 1ST SUC 0.254
METHANE BOOSTER MOTOR AMPS 0.253
HIGH PRESS METHANE 0.213
METHANE COMP 1ST STG DIS ‘ 0.171
C2= SPLITTER BOTTOMS SUPERHEAT CTRL OR Output -0.171
METHANE COMPR MIN FLOW 0.166
METH CMP 2 SUCTION 0.154
SPLTR HIP RBLR IN -0.149
10. Methane Letdown Balance

""" TiSensor Description - . . @& g e o | dLoading ™
METH CMP 1 DISCH 0.231
C2= SPLITTER BOTTOMS SUPERHEAT CTRL OR Output 0.227
METH CMP 2 DISCH 0.212
DEMETHANIZER FEED4 -0.183
METHANE BOOSTER MOTOR AMPS 0.180
SPLTR HIP RBLR IN 0.180
HIGH PRESS METHANE 0.159
METH COMP 1ST SUC 0.156
FEED GAS TO COLDBOX -0.156
VAP FRM C2= SPLITTER BOTTOMS -0.153
11
. SensorDéscription poo A “ivws | Loading |

LOW PRESS CH4: ACETYLENE 0.276
LP METHANE C2= 0.235
HIGH PRESS METHANE 0.210
DEMETHANIZER FEED #3 0.207
METH CMP 2 DISCH 0.204
METH BOOST DUMP TO FLARE -0.178
METHANE COMP 1ST STG SUC -0.176
MED PRES CH4: ACET 0.175
HYDROGEN SEPARATOR DRUM -0.172

DEMETH FEED COLD BOX LEVEL 0.168




DEETH TRAY 45 -0.214 DEETH B REBO LER | NLET -0. 210

DEETH RBLR I N - 0. 206 DEETH VAPOR PROD -0. 205 DEETH CH
wOQud6l0AsA0 PRESS - 0. 205 DEETH BTMS TO DEPR - 0. 206T/MDSEIDF032093

OH -0. 202 DEETH VAPOR PRCD -82200 DEETH OvHD COND C3=

VAPOR -0.199 DEETH REBO LER B OQUTLET TEWMP -0. 198 2.

Bottons Quality Sensor Description Loadi ng DEETH BTNS

Qut put 0.278 DEETH BTMS 0. 275 REFI UX BTU CONTRQ 0. 273

IDE i) 'DEan@MQréBhl@ﬁEEH REFLUX DRUM - 0. 236 DEETH

ow ! ri' s» VAPOR Ut put 0, 207 AVG TENP DEETH 0. 193 cading*

POWDEN NG RV O UTLESETERPH REFLUX FLOW QUt pUIp 338
R@Gﬁ@FQﬁﬁTELm\NNJdRsmLEEO“OWB Heat Bal ance Sensor.g 325
cRSBRVER REGNAGUTNg DEMETH BTMS -0.314 STM TO DEETH 0309
REGEN FERI\PB%WD%N @@\W[E'TE@ANALVE POSI TI ON 0. 253.0.307

creMg HBTMS 3= - -0.169
COLDBOX INLET PRES PHCO 0.159
COLDBOX RECYCLE 0.157
COLDBOX HP METHANE 0.144
COLDBOX HP METHANE 0.141
H2 FROM COLDBOX 0.132
13. | Methane Recycle
SensorDescription, . - - S o | i Loading |

REGEN FURN BLOWDOWN GAS INLET -0.238
CHG DRYER REGN OUT -0.225
REGEN FURN BLOWDOWN CTW OUTLET TEMP -0.214
DEMETHANIZER FEED #3 -0.203
C3=TO COLDBOX FIRST CORE -0.175
CO TEMPERATURE 0.175
C3= FROM COLDBOX -0.168
REGEN FURN BLOWDOWN GAS OUTLET TEMP -0.166
MED PRES CH4 DP -0.145
OLEFINS CRACKING TRAIN-W FUEL GAS -0.145

ensor Description.. : e - “Toading.
METHANE COMP 1ST STG SUC -0.275
METH BOOST DUMP TO FLARE -0.267
C3R 2ND STAGE EXCHANGER C3= VAPOR -0.237
NO1 FD TEMP CUTOUT -0.197
FEED GAS TO COLLDBOX FEED DRUM -0.189
C2R COLDBOX CORE EXCHANGER INLET -0.177
DEMETHANIZER FEED1 -0.175
HYDROGEN SEPARATOR DRUM -0.172
C3R COLDBOX VAPOR 0.171
C3R COLDBOX VAPOR PRESSURE 0.163
15.

. Sensor Description 1y . ¢ Lo Tt W kesloading
C3" FROM COLDBOX 0.236
C3=TO COLDBOX FIRST CORE 0.219
METH BOOST DUMP TO FLARE -0.218
METHANE COMP 1ST STG SUC -0.205
METHANE COMP 1ST STG SUC Output 0.180
DEMETH FD CHL 1 C3=>COLDBOX FEED EXCHANGER 0.173
DEMETH FD CHL 1 C3=>COLDBOX FEED EXCHANGER Output 0.172
LO PRES CH4 DP 0.160
FURNACE FG KO DRUM Output -0.156

CO TEMPERATURE -0.1562



REBO LER BTU CONTROL 0.240 DEETH TOT CH FLOW 0. 232
DEETH FEED -0. 227 DEETH TRAY 25 -0.222 DEETH TRAY 20
wWoQo@A3IMEETH TRAY 3 1 -0.2004. Overhead Heat Bairaise®s/032093
Sensor Description Loadi ng 8EETH TOT OH FLOW - 0. 327
ACET CONVERT FEED VALVE PGCSI TI ON -0. 315 DEETH CUTPO NT
CONTRCOLLR 0. 261 DEETH REFLUX COND CQut put 0.240 AVG
TEMP DEETH - 0. 228 DEETH OvabledonD C3= VAPOR Qut put
0. 225 DE- ETHANeZMR thiTizBAPANCIpaloCempogentsTO DEETH
REBO LER OwithiSefkorTileRud PrirEpal Conipodwit Iadingl DEMETH
LEVEL TO DEETH 0.210 5. Bottons Tenperature Sensor
Descri pti on Loadi ng DEETH BTM TO DEPRCP -0Q.364 DEETH

q(ﬁ'é%a]'ﬂl%PR(P -0. 361 DEETH REBO LER B OUTLET TEMP

n@ﬁﬁeéﬁg" Ji BTMS TODEPR: - -0, 239 "DEETH "REBO LER:

D I_I\E . -0.224 DEETH B .
DERE %§§ NLET -0.213 C3 I N DEETH O—| 0. 195 DEMETH BTO®B15
D RBIN 0.213
DEMETH OH COND HEAT -0.203
DEMETH TOTAL REFLX HEAT -0.199
DEMETH REBOIL B OUT TEM 0.184
DEMETHANIZER FEED #3 -0.181
DEMETHANIZER REBOIL PROP 0.179
DEMETH REBOILER A/B SHELL INLET 0.179
DEMETHANIZER REFLUX FLOW -0.172

l Mass Balance

¥

%Sensor.Description

DEMETHANIZER BTMS FLOW;Output
DEMETH BOTTOMS LEVEL

DEMETH LEVEL TO DEETH
DEMETH TRAY 26 .
DEMETHANIZER REFLUX FLOW Output 0.208
C2= COMPR 1ST STAGE SUCT ' -0.191
LIQUID METHANE RECYCLE -0.190
DEMETHANIZER #4 FEED -0.187
DEMETHANIZER REBOIL PROP 0.176
DEMETH REBOILER A/B SHELL INLET 0.176
| Overhead Temperature
%, Sensor Descriptions. S T s P | Toading
DEMETH OH 0.259
DEMETH TRAY 5 0.237
DEMETH UPPER OH AVG TEMP 0.232
DEMETH OVHD COND C2R LIQUID 0.189
EXPANDER OUTLET PR 0.188
C2= COMPR 1ST STAGE SUCT : 0.182
EXPNDR DRUM 0.182
DEMETHANIZER REFLUX DRUM 0.169
DEMETH OVHD DRUM HL EXPND TRIP LHCO 0.168

DEMETH OVHD TO EXPANDER Output 0.167



DEETH STARTUP TEMP -0.169 6. |Product Quality Sensor

Descri ption Loading STM TO DEETH REBO LER A/ B -0. 447
WM MEETH REBO LER - 0. 437 DEETH CUTPO NT CenTRSRI0R032093

-0. 388 REBO LER BTU CONTROL. 84.347 STM TO DEETH

REBO LER -0.204 DEETH TOP DP 0. 160 DEETH REFLUX COND

Qut put 0. 151 DEETH OvHD COND C3= VAPOR Qut put 0.138

STM TO DEETH REBO LER 0.136 ACFT CONVERT FFED VAL VE

4E’Cﬁ\/IEitmn@Emﬂpl€és365 7. Feed Quality Sensor

gdor PEdcAptideoadi ng DEMETH BTVS C2= 0. 461 DEMETH BTNVG oading

SPNDIVSAAFT SPEEDT BTVE T3 -0, 398 STM TO DEETH REBOT LER 201
DEMETRH R

ENOTIG RICBLHREERONERR YR 0. 314 DEMETH BTMS C2 g 109
EXPNOR REYERNGETVS 0. 154 STM TO DEETH REBO LER - 0. 152 _g'199

DERETHANIZERFEES 4337 AVG TEMP DEETH 0. 1348. Mater ial 9193
DEMERYHF ©VRRITPOIEXREReER D@Lt Loadi ng STM TO DEETH -0.188
DRRRGHFRAY B3RP TET HANI ZER MAT BALANCE 0. 298 0.185
DEMETH CUTPOINT CONTROL -0.184
DEMETH TRAY 38 0.184
DEMETH TRAY 34 0.173
DEMETHANIZER FEED #1 0.172
5. | Methane Turbo-Expander )

- Sensor Description.. 7 . g e e emer L 1 Loading. s
EXPNDR RECMP INLET -0.338
EXPNDR DRUM -0.337
EXPANDER OUTLET PR -0.332
EXPNDR RECMP OUT P -0.281
DEMETH OFF GAS -0.253
EXPNDR OUTLET TEMP -0.217
EXPNDR SHAFT SPEED 0.210
EXPANDER RECOMPR DISCHG 0.171
DEMETH MIN BTM TEMP 0.168
DEMETH TRAY 16 0.162
6

. :Sensor Description - - B Loading
DEMETH TRAY 34 TEMP CTL 0.292
DEMETH TRAY 38 0.274
DEMETH TRAY 34 0.268
DEMETHANIZER REFLUX FLOW OQutput 0.227
DEMETH CUTPOINT CONTROL -0.226
DEMETH REBOILER C3= REBLR 4TH SUCT -0.215
EXPANDER INLET PR -0.185
DEMETHANIZER BTMS FLOW -0.180
TURBOEXPANDER SEPR LEVEL Output 0.175
4TH STG SUCT C3= TO DEMETH REBOILER -0.164
7
. Sensor Description:” i o o el ® e I ~|..Loading
EXPNDR RECMP INLET 0.430
EXPNDRRECMP OUT T 0.404
HI PRESS C1 FROM COLDBOX -0.355
EXPANDER RECOMPR DISCHG Output 0.319
DEMETH TRAY 34 -0.202
CB MPCH4 OUT TLCO 0.193
DEMETH TRAY 38 -0.184
DEMETH TRAY 34 TEMP CTL -0.164
DEMETH MIN BTM TEMP -0.155

MIN DEMETH-DEETH DELTA-P ' -0.140




DEETH STARTUP TEMP -0.261 C3= LI Q TO DEETH OvHD COND

-0. 246 DEETH REFLUX COND Qut put -0.229 AVG TEMP DEETH
WOQ0E@A9WEETH BTVS 0. 223 DEETH BTMS CQut put 0. 202T/DSMETHB2093

BTMS C3 -0.190 DEETH REFLUX g3OND 0. 183 9. Over head

Bal ance Sensor Description Loadi ng DEETH STARTUP TEMP

0. 352 AVG TEWMP DEETH 0. 280 DETH REFLUX FLOW -0. 260

REFLUX BTU CONTROL -0.254 DF- FTHANI ZFR MAT BALANCE
80. M&tﬁa’m P@e@ﬁfﬁﬁﬂﬁ%&ER 0. 238 DEETH STM COND ACC
q 31 Loading. -

b ] , O DEETH -0.283
EﬂEEQDERRNQEtI'FFlR 0.193 10 Ener gy Bal ance Sensor -0.273
Ej@pﬁg{q RECHP dofdi ng DEETH STM COND ACC -0. 386 DEETH -0.269

v ‘g4 TO DEETH REBO LER - 0. 308 -0.252
DQﬁEﬁw\Zgg MAT BALANCE -0. 300 DEETH STM COND ACC -0.227
DENIETY TRAY 335 C3 I N DEETH OH - 0. 217 -0.226
EXPANDER RECOMPR DISCHG Output -0.219
HI PRESS C1 FROM COLDBOX 0.202
DEMETH BOTTOMS LEVEL 0.186
DEMETH LEVEL TO DEETH 0.175

9. | Feed Rate

~ Sensor Description . i g i dag ek o ol Toading
LIQUID METHANE RECYCLE . 0.021
HI PRESS C1 FROM COLDBOX -0.094
DEMETHANIZER FEED #3 -0.051
DEMETHANIZER FEED #2 0.039
DEMETHANIZER FEED #1 0.006
DEMETHANIZER #4 FEED 0.088
#4 DEMETH FEED W/SF614 0.130
DEMETH TOTAL OH RATE 0.009
DEMETH TOTAL REFLX HEAT -0.196
EXPNDR LIQ->MPMETH 0.154
10 | Bottoms Balance
T SensofDescription © oo g, om0 ‘Loadir
DEMETH REBLR KO POT KD21 0.283
DEMETHANIZER BTMS FLOW -0.275
EXPNDR RECMP OUT P -0.270
DEMETH REBLR KO POT KD21 Output 0.266
EXPNDR OUTLET TEMP 0.234
EXPNDR SHAFT SPEED -0.201
MAKEUP AND PURGE BTMS -0.200
EXPANDER RECOMPR DISCHG Output 0.198
TURBOEXPANDER SEPR LEVEL Output 0.183

DEMETHANIZER OVHD PRESS 0.181



DEETH REFLUX DRUM 0. 204 C3= LI Q TO DEETH OvHD COND

0. 199 STM TO DEETH REBO LER A/ B -0. 192 STM TO DEETH
WeBBGIR#ER0 - 0. 187Tabl e 6 Acetyl ene Converter PrPacTiysa105/032093

Conponents Wth Sensor Titk86and Principal Conmponent

Loadi ng 1. Feed Rate Sensor Descri ption Loading

CONVERTER FEED EXCHANGER FEED GAS I N -0. 225 ACET

CONVERT FEED VALVE POsI TI @iable®3224 DEETH VAPOR PRCD

Qut put - 0. 223 PeERtHaikerPriGaipal CRAAPoAENSERTER A

| NLET PRESS@Wii Sefsof 1%1eAGmE Febi¢ipaDC baipbdni Lo iR 9
CONVERTER A 1ST BED 44C TW 0.217 C2= SPLI TTER FEED TO

OLA-1X -0.21 1 DEETH FEED PREHEAT EXCHANGER | NLET

1.- Do%lé}hgga\/éi{ﬁﬁyA 1ST BED 44B TWs 0.210 2. M dbed

e RS OF Pescription Loadi ng IST BED T [ Loading:
D R —Ontput—0-289 CONVERTER A M DBED EXCHANGHR14
D %lﬁrﬂ-l—&/ FEED RATI O 1ST BED 0. 232 ACET _0.210
DEE put 0.228 CONVERTER A 1ST QUTLET -0.206
DEE E&ﬁ‘? A 1ST QUTLET TC2 0. 217 CONVERTER A 13l205
D l-lT Al'_‘l 1|ZR§%I\/ERTER A 1ST OQUTLET TCl1 0. 216 -0.205
DEETH BTMS TO DEPR -0.205
DEETH OH -0.202
DEETH VAPOR PROD -0.200
DEETH OVHD COND C3= VAPOR -0.199
DEETH REBOILER B OUTLET TEMP -0.198

2. Bottoms Quallty

7% SensorDeseription. " a0 e, e w0 Ui Tioading
DEETH BTMS Output 0.278
DEETH BTMS 0.275
REFLUX BTU CONTROL 0.273
DETH REFLUX FLOW 0.258
DEETH REFLUX DRUM -0.236
DEETH OVHD COND C3= VAPOR Output 0.207
AVG TEMP DEETH 0.193
DEETH REFLUX COND Output 0.186
DETH REFLUX FLOW Output 0.179
DEETH BTMS 0.177

\ Bottoms Heat Balance

-~ SenSor Description T e 8 T Loadings
DEMETH BTMS -0.314
STM TO DEETH REBOILER 0.265
ACET CONVERT FEED VALVE POSITION 0.253
DEMETH BTMS C3= -0.240
REBOILER BTU CONTROL 0.240
DEETH TOT OH FLOW 0.232
DEETH FEED -0.227
DEETH TRAY 25 -0.222
DEETH TRAY 20 -0.208

DEETH TRAY 31 -0.200




ACET CONV FEED 0.198 CO IN H2 PRODUCT -0.192 3. Lead

Bed Conversion Sensor Description Loadi ng ACT CNV FD
WOlse@i290 0. 307 CONVERTER A 1ST BED | NLET - 0. 388TASI005/032093

CONV FD HTR QUT TEM -0. 263 C§NVERTER A 1ST | NLET

-0. 260 CONVERTER A 1ST BED 44A TWB -0. 257 CONVERTER A

2ND BED 43A TW2 -0.224 ACET CONV A M DBED -0. 203

CONVERTER_A_2ND BED 43C TWE -0.179 CONVERTER A _2ND BED
44§a)mhemdﬂeamMR A 2ND I NLET -0.1654. | Cuard

BaydndopDugrigficn Sensor Deseription =" . [ lLeading | Loading’ |
"DEETWVEFOERHAFEOY BED 43C TWh - 0. 280 CONVERTER FI NAL  -0.327
AEBEFZ GNCERNGER:D MAEVECQBIERN 0. 267 CONVERTER A 2ND  -0.315
DEETHEGUTRBINTD CONTROINVERTER A 2ND BED QUTLET -0.263 0.261
DEENMEREERACOND QUipeT TC1 - 0. 263 CONVERTER A 2ND 0.240
AQCTEENMP TEETHY. 263 CONVERTER A 2ND BED 43B TW - 0. 257 -0.228
DEENMERVEB AONBTCREDAPOR utpui237 ACT CNV FD HTR QUT  0.225
DE-ER4ANCERONY BAYLANGE OUT TEM 0. 21 9Tabl e 7 Et hyl ene -0.220
STR TODEETH RESICNER Cuienents Wth Sensor Title and 0.212

DETHREPAUX Epowenent Loading 1. Pressure Bal ance -0.211
DEMETH LEVEL TO DEETH 0.210
5. | Bottoms Temperature

Sensor Description R - i Loading-
DEETH BTM TO DEPROP . -0.364
DEETH BOTTOMS TO DEPROP -0.361
DEETH REBOILER B OUTLET TEMP -0.241
DEETH BTMS TO DEPR -0.239
DEETH REBOILER A OUTLET TEMP -0.234
DEETH RBLR IN -0.224
DEETH B REBOILER INLET -0.213
C3 IN DEETH OH 0.195
DEMETH BTMS C2 0.174
DEETH STARTUP TEMP -0.169

6. | Product Quality

Sensor Description . s N , # | Loading .°
STM TO DEETH REBOILER B -0.447
STM TO DEETH REBOILER -0.437
DEETH CUTPOINT CONTROLLR -0.388
REBOILER BTU CONTROL -0.347
STM TO DEETH REBOILER -0.204
DEETH TOP DP 0.160
DEETH REFLUX COND Output 0.151
DEETH OVHD COND C3= VAPOR Output 0.138
STM TO DEETH REBOILER 0.136
ACET CONVERT FEED VALVE POSITION Output 0.135
7.

. " SensorDescription =, o TR e g, A TR g ( Loading
DEMETH BTMS C2= 0.461
DEMETH BTMS C3= -0.417
DEMETH BTMS C3 -0.398
STM TO DEETH REBOILER 0.315
STM TO DEETH REBOILER A/B 0.314
DEMETH BTMS C2 0.176
DEMETH BTMS 0.154
STM TO DEETH REBOILER -0.152
DEETH TRAY 31 0.137

AVG TEMP DEETH 0.134




Sensor Description Loadi ng SPLI TTER FEED -0. 223 SPLTR

H P RBLR VAP -0.222 C2= TO BL_FEED FL -0.212 ETY SPLT
WORHIs0X9MR - 0. 204 SPLI TTER M D DP 1-1 13 - 0. 208CT/US2005/032093

SPLI TTER REFLUX FLCO Qut put 88G. 197 SPLI TTER M D DP

32-113 -0.197 SPLTR HHP RBLR I N -0.185 QUTLET BTM DRAW

OFF -0.184 SPLTR TRAY 116 -0.183 2. Feed Rate Sensor

OSCr nfl on Loadi ng C2=_SPLI-FFER -TOTAL—HEATI+N-0-—257

A
LI I g == I\ TN O Z2JT

8.CEMaterts BRIBESO LER 0. 256 C2= SPLI TTER REBOI L ER BTU
T OGN Dicsdiption 255 | NTER: REFLUX FEED RATHO ‘0. 253 NMSER3Loading

¥ DEETH REBOILERR BOTTOVS 0. 246 SPLI TTER REFLUX FL@®360
D@E&‘MMMMERBBEANDE 129- 150 0. 183 C2= SPLI TTER 0.298
DBETH SYBRIA® TEHWED) 0. 164 MATERI AL BALANCE C2= SPLI TTER261
c#: LWG2TG DERTHIOVHDOND y Sensor Descri ption Loadi ng -0.246
DEEFFRESLBREHEBOIRM N C2= PROD -0.259 HP ETHYLENE -0.229

ARRIPMFODRBESHSPLI TTER C2= PROD - 0. 243 -0.224
DEETH BTMS 0.223
DEETH BTMS Output 0.202
DEMETH BTMS C3 -0.190
DEETH REFLUX COND 0.183
9. Overhead Balance
% “Sensor Description” ., S o R T WS i T oading,
DEETH STARTUP TEMP 0.352
AVG TEMP DEETH 0.280
DETH REFLUX FLOW -0.260
REFLUX BTU CONTROL -0.254
DE-ETHANIZER MAT BALANCE 0.252
STM TO DEETH REBOILER -0.238
DEETH STM COND ACC -0.235
ACET CONVERT FEED VALVE POSITION Output 0.231
DEETH PURGE TO C3R DRUM BTMS 0.194
STM TO DEETH REBOILER Output 0.193
10. Energy Balance
" SensorDescription . . o . .o R . ] -Loading .

DEETH STM COND ACC . -0.386
DEETH REFLUX COND 0.318
STM TO DEETH REBOILER -0.308
DE-ETHANIZER MAT BALANCE -0.300
DEETH STM COND ACC Output -0.235
C3 IN DEETH OH -0.217
DEETH REFLUX DRUM 0.204
C3=LIQ TO DEETH OVHD COND 0.199
STM TO DEETH REBOILER A/B -0.192

STM TO DEETH REBOILER -0.187



C2= VAPOR PRODUCT -0.209 C2= PRODUCT -0.199 SPLI TTER
BOTTOVS 0. 194 SPLI TTER BOTTOVS 0.194 SPLIT LVL TO
WORBBA229091 MATERI AL BALANCE C2= SPLI TTER - 0. p88/US2005/032093
SPLI TTER C2= PROD Qut put -0.8%44. | Overhead Energy
Bal ance Sensor Description [ Loadi ng C2= VAPOR
PRODUCT TLCO 0. 245 C2= VAPOR PRODUCT 0. 239 HP ETHYLENE
PROD 0.231 HP ETHYLENE PRCODable2@2 PROP FROM ETHY HTR
0.217 ETHY PREByIENY TCoRe¢RPrikiipul Cothpdifer@e=

PRODUCT - 0. K#tn Skisbi NRle Ra@PYRBYailChporere1.adailR - 0. 154
HP ETHYLENE PROD - 0. 154 SPLITTER C2= PROD Qut put

-0.149 5. |IBottons Energy Bal ance Sensor Description |,

1 I_]Qe_&u[&@ SPLI TTER REBO LER SHELL QUT -0.369 ETHY

alm N A0

sk Deribtion 0 co0 _SrtT TTER REBOMTER™A T TEVEE T o ding
Xg EE %’EU;’ , R H P RBLR I N Qut pu ggi
DI A _I_E) i pUtEN 4 LANCE 0. 187 SPLI TR H P 0223
A & -0.223
CONVERTER A INLET PRESSURE -0.219
ACT CNV FD EXH OUT -0.219
CONVERTER A 1ST BED 44C TW7 0.217
C2= SPLITTER FEED TO OLA-1X -0.211
DEETH FEED PREHEAT EXCHANGER INLET -0.210
CONVERTER A 1ST BED 44B TW5 0.210
2.

" Semsor Description % L TR aiin. aiaww. o o 0 1 Loading
1ST BED CONVERTER H2 Output 0.289
CONVERTER A MIDBED EXCHANGER DELTA PRESS 0.237
H2/FEED RATIO 1ST BED 0.232
ACET CONV A MIDBED Output 0.228
CONVERTER A 1ST OUTLET 0.226
CONVERTER A 1ST OUTLET TC2 0.217
CONVERTER A 1ST OUTLET TC3 0.217
CONVERTER A 1ST OQUTLET TC1 0.216
ACET CONV FEED 0.198
CO IN H2 PRODUCT -0.192
3. d Conversmn

" . Sensor Deséription” o
ACT CNV FD HTR OUT
CONVERTER A 1ST BED INLET -0.303
ACT CONV FD HTR OUT TEM -0.263
CONVERTER A 1ST INLET -0.260
CONVERTER A 1ST BED 44A TW3 -0.257
CONVERTER A 2ND BED 43A TwW2 -0.224
ACET CONV A MIDBED -0.203
CONVERTER A 2ND BED 43C TW5 -0.179
CONVERTER A 2ND BED 43B TW4 -0.172

CONVERTER A 2ND INLET -0.165



C2= SPLI TTER H P REBO LER -0. 156 SPLI TTER H P REBO LER
HEAT DUTY -0.144 6. Ethylene Refrigeration Bal ance
weenmsooBPescri ption ' h [ Loadi ng SPLI TTER OVPOT/OOMND5/032093
VAPOR 0. 451 SPLI TTER OvHD COED VAPOR PRESS 0. 424 ETHY
STLTR VNT CND Qut put -0.41 7 SPLI TTER OvHD COND VAPOR

PRESS Qut put -0.359 ETHY STLTR VNT CND CQut put 0. 203
= RFCYC TO CODBROX 0192 C2= RECYC TO CO.DBOX- 0174

4 REG &idHB&ROGIBRISIBIER OVHD COND 0. 165 ETHY SPLIT REB
" FELRori3boiaRion SPLT TTER. REBOLER SHELL -OUT 0. 130 7. | Loading

CORVERTERIA eND' BED UecSepsor Description [ Loadi ng C2=-0.280
CORVERTER FINALREBD EXBHANGES INNRITTEOHILERRBLR VAP 0. 3210.267
CORVERRERIA BRDESUTAMBTER PRODUCT 0.294 PROP COVP 4TH -0.264
CONGERTER A 2R3BEPIJURET P RBLR I N Qut put -0.214 C2  -0.263
CORVERTER AYND GONEBTYALVE DP 0.194 OVHD COND PURGE T(M263
cBRIERTERBR 2NBROUTIERTBEFLUX PUMP SUCTI ON TEMP 0. 161 -0.263
CORVERRERTABRDBSED @88 1929 (FEED) -0.159 C2 SPLITTER -0.257
COMVERGEN M AST@REDV/RRRITDE SEL Qut put - 0. 1448. Bottons 0.237
AS¥@NV FDSEMSoUTDESCr i ption Loadi ng 0.234
ACT CONV FD HTR OUT TEM 0.219



SPLI TTER BTM5 SUPERHEAT CTRL OR CQut put -0.384 SPLI TTER
BTMS C2 PRODUCT 0.353 C2= SPLI TTER BOTTOVS SUPERHEAT
WQERIs/0@RIOUt put 0. 239 EPW C20 AT SPLI TTER BTMSPOUTISEIDS/032093

-0.238 SPLI TTER BOTTOVS Qutpyt-0.234 SPLI TTER BTMS
SATURATI ON TEMP -0. 233 ETHANE PRODUCT 0.181 C2 PROD TO
BLIMTO0.162 C2= SPLI TTER BOTTOVS C2 PRODUCT -0. 150
SPLTR REFLUX CND B -0.137 9. Refl ux Bal ance Sensor
Description Loadi ng SPLTR RableJX CND B 0. 467 SPLTR

REFLUX CND A Eih¢fe IRRGLPHRCIp AV oipdnéhts OVHD COND

PURCE TO PGWith safiér ‘Fitfe ambetindi (E%QT&QE& ﬂ&dE.EODUCT
-0.169 C2= SPLI TTER H P REBOI LER 0. 163 SPLTR HI P RBLR

VAP -0.142 ETHANE PRODUCT 0.132 MSPLI TTER REFLUX PUNMP

1SVF R FEMaAnts2 SPLTTR H P RBLR TN Qufput 0. 123 10

1€ﬁ§dyﬁéqrc‘ {"t’i}le enme—RefT FQEI dll UH DBllbDl ~PesSTTT pll Loadmg

‘S P RED-FROM-VEDE4—0-258—SPETRREFEUX CNu B0 523
5 %@BEELUX CND A 0.232 ETHY SPLIT REB FD 0. 19

222
C2=TOBL_FEED_FL -0.212
ETY SPLT REFLUX DR -0.204
SPLITTER MID DP 1-113 -0.200
SPLITTER REFLUX FLCO Output -0.197
SPLITTER MID DP 32-113 -0.197
SPLTR HIP RBLR IN -0.185
OUTLET BTM DRAW OFF -0.184
SPLTR TRAY 116 -0.183
2. | Feed Rate

“’Sensor Description "~ *- TR e i smLoadings:
C2=SPLITTER TOTAL HEAT IN 0.257
C3=TO SPLTR REBOILER 0.256
C2= SPLITTER REBOILER BTU CONTROLLER 0.255
INTER REFLUX/FEED RATIO 0.253
MSE23 DUTY 0.252
SPLITTER BOTTOMS 0.246
SPLITTER REFLUX FLCO 0.244
SPLITTER BTM DP 129-150 0.183
C2= SPLITTER BOTTOMS C20 (FEED) 0.164
MATERIAL BALANCE C2= SPLITTER 0.162
3. Product Quahty
' Sensor Deséription:: i e s | Loading |

OLEFINS RECOVERY TRAIN CZ PROD -0.259
HP ETHYLENE PROD -0.258
SPLITTER C2=PROD -0.243
C2= VAPOR PRODUCT -0.209
C2= PRODUCT -0.199
SPLITTER BOTTOMS 0.194
SPLITTER BOTTOMS 0.194
SPLIT LVL TO SP526 0.191
MATERIAL BALANCE C2= SPLITTER -0.188

SPLITTER C2= PROD Output -0.184




C2= SPLI TTER REBO LER SHELL OQUT 0.196 SPLI TR H P RBLR

IN Qut put -0.187 SPLITR HHP RBLR IN -0.185 C2 SPLITTER
wWOhb/2D A LO OVERRI DE SEL Qutput 0.181 C2 SPCI/USERS/032093

OvHD COND B LO OVERRI DE SEL gt put 0.173 C2= SPLI TTER

H P REBO LER -0.168Tabl e 8 Met hanat or and Hydrogen

Dryers Princi pal Conponents Wth Sensor Title and

Princi pal Conponent loading 1. Tenperature Profile

4S§r©verﬁ>esdﬂlméﬂg3nﬂam:l¢mg METHANATOR 42C TW - 0. 263

VisLAMOILHofgD VB - 0. 263 METHANATOR QUILEE - 0: 260 |- Loading

CHE UANOR PROPUGT YBCaV. 260 METHANATOR 42D TVB - 0. 260  0.245
Cygwwaﬁdmfcfvxs -0. 259 METHANATOR 42B TWB -0.259 (.239

hiRpfkdp TW2 - 0. 254 METHANATOR QUTLET TC2 - 0. 258231
HHI‘@vﬁ_TﬂgﬂE PRopW 0.244 2. Pressure Bal ance Sensor 0.222
PROTCERGM EfHLpAH ng BHLA H2 HEADR PRES -0.301 METH  0.217
E?SP@-FEEbM@V@FfEWD VROOUlSABPLA - 0. 295 METHANATOR FEED 185

TDR PRODUCT -0.288 OLEFI NS RECOVERY TRAI Ng.174
o'd%FH\EE’ﬁ‘E&@\}ﬁﬂ RRAIQ C28PROD -0.154
HP ETHYLENE PROD -0.154
SPLITTER C2= PROD Output -0.149
5. Bottoms Energy Balance

T SensorDescripton. . re L om0 aiiawe. 7 ah Toading
CZ SPLITTER REBOILER SHELL OUT -0.369
ETHY SPLIT REB FD -0.368
SPLITTER REBOILER A SHELL LEVEL -0.337
SPLITTER REBOILER B SHELL LEVEL -0.334
C3=TO SPLTR REBOILER Output 0.215
SPLITR HIP RBLR IN Output -0.214
C2= SPLITTER ENERGY BALANCE 0.187
SPLITRHIP RBLR IN -0.158
C2= SPLITTER HIP REBOILER -0.156
SPLITTER HIP REBOILER HEAT DUTY -0.144

6. | Ethylene Refrlgeratlon Balance

. Sénsor Description . .. * . ,‘ T Zam W Toading
SPLITTER OVHD COND VAPOR 0.451
SPLITTER OVHD COND VAPOR PRESS 0.424
ETHY STLTR VNT CND Output -0.417
SPLITTER OVHD COND VAPOR PRESS Output -0.359
ETHY STLTR VNT CND Output 0.203
C2=RECYC TO COLDBOX 0.192
C2=RECYC TO COLDBOX 0.174
RECY ETHY FROM SPLITTER OVHD COND 0.165
ETHY SPLIT REB FD 0.131
C2= SPLITTER REBOILER SHELL OUT 0.130
7

..Sensor Description e Teeoo. o e vl Loading
CZ SPLITTER HIP REBOILER -0.338
SPLTR HIP RBLR VAP 0.321
C2= SPLITTER BOTTOMS C2 PRODUCT 0.294
PROP COMP 4TH STG DISC 0.248
SPLITR HIP RBLR IN Output -0.214
C2 SPLITTER OVHD COND B VALVE DP 0.194
OVHD COND PURGE TO PGPU 0.186
MSPLITTER REFLUX PUMP SUCTION TEMP 0.161
C2= SPLITTER BOTTOMS C20 (FEED) -0.159

C2 SPLITTER OVHD COND A LO OVERRIDE SEL Oufput -0.144




H2 BYPASSI NG METHANATOR - 0. 270 UNMETH H2 TO FUEL

-0.261 M N DEMIH #4FD DRM PRESS - 0.212 METHANATOR
WORITISHEIBXCHANGER DELTA PRESS 0.171 3. Feed RaPeTSsmmoN32093

Descri ption Loadi ng METHANASED H2 PRODUCT 0. 334

METHANATOR OUTLET EXCHANGER DELTA PRESS 0.323 H2

BYPASSI NG METHANATOR - 0. 315 H2 FLOW THROUGH REFI NERY
DR Q. 305 M N _DEMFH #4FB-DRM-PRESS—0-—285—M-N-BP—ACRESS—
8. SMBoLtoms Qa&thty_v 0.228 STEAM TO METHANATOR FEED
| E’Sé&'ﬂi\mﬁhﬁut 0. 216 “H2 "BYPASSI NG' METHANATOR0.:200: -

PriER Bivd SiHEPRHEAT T RIEDRARATOR COLDBOX TEI\/PERATURF_CJ 384

SQWBTMPRM'W Bal ance Sensor Descri ption 0.353
C2=pli MIENBO TIENPE RAREREHEA B 82 RHOBRDERUPRODUCT 0. 372 0.239
EFV? J2WLET SPOTRIERABTRISNVERIER FEED EXCHANGER 0. 343 METH).238
SPHATRPORERTOWS OuBRAT M DDLE METHANATOR OUTLET EXCHANGIOR234
SPIWTER BYISOSRATURNEDIANBTER DUVP TO FLARE 0.267 CHI LLEER33
ETVIANE PRODUSP METH H2 FROM METHANATOR OUTLET EXCHANGIERI81

cOrPRAD 128 LHAOM MC2R OUTLET 2ND EXCHANGER 0. 191 0.162
CMSFARNERBOPTOME CHTPRODUET 5. Feed Quality -0.150
SPLTR REFLUX CND B -0.137
9. | Reflux Balance

" SensorDesCrption - . o we v @ Po. .| Loading
SPLTR REFLUX CND B 0.467
SPLTR REFLUX CND A 0.466
C2= PROD FROM MSD14 : 0.454
OVHD COND PURGE TO PGPU 0.267
C2= SPLITTER BOTTOMS C2 PRODUCT -0.169
C2= SPLITTER HIP REBOILER 0.163
SPLTR HIP RBLR VAP -0.142
ETHANE PRODUCT 0.132
MSPLITTER REFLUX PUMP SUCTION TEMP 0.132
SPLITR HIP RBLR IN Output 0.123
10
" _"Sensor Desoription w0 T . Gwo e . we | "Loading
CZ-— PROD FROM MSD14 0.258
SPLTR REFLUX CND B 0.253
SPLTR REFLUX CND A 0.232
ETHY SPLIT REB FD 0.197
C2= SPLITTER REBOILER SHELL OUT 0.196
SPLITR HIP RBLR IN Output -0.187
SPLITRHIP RBLR IN -0.185
C2 SPLITTER OVHD COND A LO OVERRIDE SEL Output 0.181
C2 SPLITTER OVHD COND B LO OVERRIDE SEL Output 0.173

C2= SPLITTER HIP REBOILER -0.168



Sensor Description Loading COIN H2 PRODUCT -0.579
CONVERTER BED # 1 CO FB -0.571 1ST BED CONVERTER H2

w0 20061029220 BYPASSI NG METHANATOR - 0. 186 STEAM TOPCT/US2005/032093
METHANATOR FEED EXCHANGER -004176 METHANATED H2 PRODUCT
0.158 CO I N METHANATOR FEED -0. 147 METHANATOR 42A TW
-0. 146 METHANATOR FEED TEWMP -0. 138 METHANATOR 42B TW2
-0.127 6. Product Quality Sensor Description Loading
MAPD REACTOR H2 FLOW TO 1SFalBe8 - 0. 393 H2 BYPASSI NG
METHANAIRh dhatdr ahld F:ddgEn DERDs Bdadipal €inhdients
- 0. 351 METHAY Sdaséi2ridRehiVeHincifalddmpdndidANAdinR COLDBOX
TEMPERATURE 0. 303 CONVERTER BED # 1 CO FB -0.275 CO IN
H2 PRODUCT -0.273 H2 TO BHLA/ SHLA -0.261 H2 FLOW

1T e?ﬁﬁhNEFYOfﬂB 0. 206 1ST BED CONVERTER H2
I T TOgen DemEnd Sensor  Description:Loadi NOT oading
A —MARD R—2NDBED 0402~ CHCLED VETH HZp e
VTSN MABD SEALIOR H2 FLOW TO 1ST BED 0. 323 oo
METHANATOR OUTLET -0.260
METHANATOR 42C TW3 -0.260
METHANATOR 42D TW3 -0.260
METHANATOR 42A TW3 -0.259
METHANATOR 42B TW3 -0.259
METHANATOR 42B TW2 -0.254
METHANATOR OUTLET TC2 -0.252
UNMETH H2 MOL WT 0.244
. RTINS b S SRy 4 T }ﬁ‘c ztsj,hgl Loading v
BHLA H2 HEADR PRES -0.301
METH COOLER KO DR -0.299
H2 TO BPLA -0.295
METHANATOR FEED -0.288
H2 DRIER PRODUCT -0.288
OLEFINS RECOVERY TRAIN H2->EPS/B5/RESINS -0.285
H2 BYPASSING METHANATOR -0.270
UNMETH H2 TO FUEL -0.261
MIN DEMTH #4FD DRM PRESS -0.212
METHANATOR OUTLET EXCHANGER DELTA PRESS 0.171
| Feed Rate
2. SenSor Deseription. - T e U E o s, oo 7k Toading ™
METHANATED H2 PRODUCT 0.334
METHANATOR OUTLET EXCHANGER DELTA PRESS 0.323
H2 BYPASSING METHANATOR -0.315
H2 FLOW THROUGH REFINERY HDR 0.305
MIN DEMTH #4FD DRM PRESS 0.285
MIN DP ACROSS SMALL CO FEED VLV 0.228
STEAM TO METHANATOR FEED EXCHANGER Output 0.216
H2 BYPASSING METHANATOR 0.208
H2 TO BHLA/SHLA -0.201

METHANATOR COLDBOX TEMPERATURE 0.180



METHANATOR DUWVP TO FLARE -0.270 METHANATED H2 MOL WI
0. 254 C2= FROM MC2R OUTLET 2ND EXCHANGER 0. 253 STEAM
WORVIGEZHANATOR FEED EXCHANGER 0. 228 METHANATORPEEERS2005/032093
TEMP 0.205 M N DP ACROSS SMBBL- CO FEED VLV 0. 196 H2
DRI ER PRODUCT -0.1818. Feed Tenperature Sensor
Descri ption Loadi ng METHANATOR FEED TEMP 0. 635 STEAM
TO METHANATOR EFED EXCHANGER 0. 564 CO | N-H2 PRODUCTF ———

4.- PPreducOnerpsRBBEMee 1 CO FB - 0. 155 H2 FLOW THROUGH

NYorhioon 0. 141 MVETHANATOR DUWP -TO FLARE 0:..122 HeLoading

M@gﬁmmgo 122 CHILLED METH H2 - 0. 121 METHANATED.384
HABRIER PRODUCT 14 MCO TEMPERATURE 0. 108 9. Hydrogen 0.372
HAMAS £ TBeD #NeAL SONERTRERS EEEDEXCHANGERNg METHANATOR  0.343
MEHYRIZTEDBLAREDOT396 H2 FLOW TO MAPD REACTOR 2ND BED 0.297
MDD EMIMERRNAZ CFOOUEREDEX CHANGERMARAT ER20BROM 0.277
MV ARNADGEFD OMBLED FEXBHANGER - 0. 326 MAPD REACTOR H2  0.267
CHiLOY MERISH2BED 0. 250 H2 | NLET TO FI NAL CONVERTER FEHLR30

MENPHENGERMV ME2RANKT OPRDERLPRERCEIANGERS 1ST BED 0.225
CEONNENTTB2R2DOUPLEPAND EXCHANGER 0.191
METHANATED H2 MOL WT -0.157
5. | Feed Quality
Sensor Description o, e - v e woig o o Ji Toading
CO IN H2 PRODUCT -0.579
CONVERTER BED #1 CO FB -0.571
1ST BED CONVERTER H2 0.241
H2 BYPASSING METHANATOR -0.186
STEAM TO METHANATOR FEED EXCHANGER -0.176
METHANATED H2 PRODUCT 0.158
CO IN METHANATOR FEED -0.147
METHANATOR 42A TW1 -0.146
METHANATOR FEED TEMP -0.138
METHANATOR 42B TW2 -0.127
6
. Sensor Description:, .t . o T s . Loading.
MAPD REACTOR H2 FLOW TO 1ST BED -0.393
H2 BYPASSING METHANATOR 0.377
H2 FLOW TO MAPD REACTOR 2ND BED -0.351
METHANATED H2 PRODUCT -0.315
METHANATOR COLDBOX TEMPERATURE 0.303
CONVERTER BED #1 CO FB -0.275
CO IN H2 PRODUCT -0.273
H2 TO BHLA/SHLA -0.261
H2 FLOW THROUGH REFINERY HDR -0.206
1ST BED CONVERTER H2 -0.193
7.
¢ -Sensor Description . .. . T T | ‘Loading |

H2 FLOW TO MAPD REACTOR 2ND BED 0.402
CHILLED METH H2 0.353
MAPD REACTOR H2 FLOW TO 1ST BED 0.323
METHANATOR DUMP TO FLARE -0.270
METHANATED H2 MOL WT 0.254
C2= FROM MC2R OUTLET 2ND EXCHANGER 0.253
STEAM TO METHANATOR FEED EXCHANGER 0.228
METHANATOR FEED TEMP 0.205
MIN DP ACROSS SMALL CO FEED VLV 0.196

H2 DRIER PRODUCT -0.181



M N DP ACROSS SVALL CO FEED VLV 0. 190 H2 DRYER B | NLET
0.178 10. Product Tenperature Bal ance Sensor
wOesmrozgmd on Loadi ng C2= FROM MC2R OUTLET 2ND BXCHANGES32093
-0.522 C2= DESUPERHEATER C2R9QQUTLET 2ND EXCHANGER
0.417 CH LLED METH H2 -0.318 ETHY IN H2 PRODUCT 0. 246
METHANATED H2 MOL WI' 0. 235 UNMETH H2 TO OXO 0. 225
THANATOR CO DBOX TEMPERATURE 0. 215 C2= DESUPEFRHFATER

SC2HF e d IEempPbPatu€dANCER Qut put 0. 202 METH H2 FROM

SERNDERPESATCET EXCHANGER 0. T/8 METHANATOR DUVP TO L 0ading

Mﬁﬂmmgﬂkgdﬂ SERPDEPT Opani zer Princi pal  Conponents 0.635
SHENM FONVETHANAT O RaFEE R EXTHANGEROPOoNent Loadi ng 1. 0.564
deepfHRe o Sgagor Description Loadi ng DEETH BOTTOVS TQg 192
JORRASRTER BED PERRFR REFLUX Qut put 0. 254 DEETH BTMS  _0.155
HH LW THROAGHEREFINERVEHBR250 DEPROP TRAY 35 0.242 0,141
MEETHANBIOR BUNERROPLARE41 DEPROP BOTTOVS Qut put 0. 2350122

HIEHRER B utsr 0. 226 DEPROP BTM PRESS 0. 223 DEPROP 0.122
CRHIEY M9 -0.121
METHANATED H2 MOL WT -0.114
MCO TEMPERATURE 0.108
9. | Hydrogen Mass Balance
- Sensor Description . - L I . Loading
METHANATOR DUMP TO FLARE 0.396
H2 FLOW TO MAPD REACTOR 2ND BED 0.346
METH H2 COOLER OUT -0.330
METH H2 FROM METHANATOR OUTLET EXCHANGER -0.326
MAPD REACTOR H2 FLOW TO 1ST BED 0.250
H2 INLET TO FINAL CONVERTER FEED EXCHANGER -0.235
H2 DRIER PRODUCT 0.218
1ST BED CONVERTER H2 -0.194
MIN DP ACROSS SMALL CO FEED VLV 0.190
H2 DRYER B INLET 0.178
10. { Product Temperature Balance

. Sensor Description, . = e :
02 FROM MC2R OUTLET 2ND EXCHANGER -0 522
C2= DESUPERHEATER C2R OUTLET 2ND EXCHANGER 0.417
CHILLED METH H2 -0.318
ETHY IN H2 PRODUCT 0.246
METHANATED H2 MOL WT 0.235
UNMETH H2 TO OXO 0.225
METHANATOR COLDBOX TEMPERATURE 0.215
C2= DESUPERHEATER C2R OUTLET 2ND EXCHANGER Output 0.202
METH H2 FROM METHANATOR OUTLET EXCHANGER 0.178

METHANATOR DUMP TO FLARE 0.141



2. Bottons Energy Bal ance Sensof Description Loading
DEPROP REBO LER | NLET -0. 351 DEPROP REBLR | NLET -0. 334
WOBRRORIZDRAY #47 TEMP -0. 302 DEPROP TRAY 45 - 0PeB&S2005/032093
DEPROP REBO LER STM 0. 251 NDBPROP OUTLET TEMP -0. 220
DEPROP TRAY 35 -0.209 DEPROP BTM PRESS 0. 201 DEETH BTM
TO DEPROP -0.198 DEPROP TOTAL DELTA P 0.196 3.
Over head Energy Bal ance Sensor Descri ption Loadi ng
NMDEPROP QUTLET TEMP 0. 385 Dbabk® TRAY #7 TEMP 0. 309
DEPROP REBO LERD Iﬁuﬁﬂ& PHERRipRACeihpofbids TEMP 0. 284
DEPROP REFL Wjif) ser3r PRiaR P L@Rn O1.24IngDEPROP

REBO LER CONDENSATE 0. 235 DEP OMS -0. 223 DEPRCP
TOTAL DELTA P 0.213 DEPROP REBO LER ST PHCO 0. 1854.
19’|eFB@d‘€RéMét erial Bal ance Sensor Descri ption . ' |
= ) REACTOR™HYDROFTNER "FD’ FLCI =0, #14 DEPROR Gading
S oﬁEPéFER@P CHTO-FLARE —0-313 0.270
DEPROP REFLUX Output : 0.254
DEETH BTMS Output 0.254
DEETH BTMS 0.250
DEPROP TRAY 35 0.242
DEETH BTM TO DEPROP 0.241
DEPROP BOTTOMS Output 0.235
DEPROP TRAY 45 0.226
DEPROP BTM PRESS 0.223
DEPROP BOTTOMS 0.219
2 | Bottoms Energy Balance
s54., Sensor Description ™ o el owm o v o | Loading
DEPROP REBOILER INLET -0.351
DEPROP REBLR INLET -0.334
DEPROP TRAY #47 TEMP -0.302
DEPROP TRAY 45 -0.258
DEPROP REBOILER STM 0.251
MDEPROP OUTLET TEMP -0.220
DEPROP TRAY 35 -0.209
DEPROP BTM PRESS 0.201
DEETH BTM TO DEPROP -0.198
DEPROP TOTAL DELTA P 0.196
3. | Overhead Energy Balance
.. SensorDeseription .~ % e e eeToading
MDEPROP OUTLET TEMP 0.385
DEPROP TRAY #7 TEMP 0.309
DEPROP REBOILER OUT 0.300
DEPROPANIZER OVHD TEMP 0.284
DEPROP REFLUX 0.278
DEPROP REBOILER STM 0.243
DEPROP REBOILER CONDENSATE 0.235
DEPROP BOTTOMS -0.223
DEPROP TOTAL DELTA P 0.213

DEPROP REBOILER ST PHCO 0.185



DEPROP OVERHEAD - 0. 293 MAPD REACTOR HYDROFI NER FD FLCI
Qut put -0.275 DEPROP TRAY 7 -0.251 DEETH BTM5 Qut put
w0 2089298PROPANI ZER OVHD TEMP - 0. 202 DEPROP REBOXIUREV05/032093
CONDENSATE 0. 184 DEPROP TRAY9&Z TEMP -0. 184Table 10
MAPD Hydrof i ner Principal Conponents Wth Sensor Title

and Principal Conponent Loading 1. Guard Bed
Tenperature Profile Sensor Description |oading MAPD

4REACVER¢ 8] VIREEYiaEBAlanes - 0. 140 MAPD REACTOR GUARD

qg&sgﬂ'pg' ¥iion0. 140 MAPD REACTORA/ B/ C BED.TEMP TWL4 | Loading

FBR HYAROOINERFD BLD TWi6 - 0. 136 NAPD -0.414
DBEA@KRE{:B[JQ[&&WTN? -0. 136 MAPD REACTCRA/ B/ C BED  -0.343
DEPROP OHIRS FMARP REACTORA/ B/ C BED TW5 -0.135 MAPD  -0.313

DRBROFOBAXERIHEABED TWL8 - 0. 135 MAPD REACTOR GUARD OUTLED.293
M"A@b REAEFORVAVORBEAERIRDELSIO@ULET TC2 -0.135 2. .0.275
DEprdbBedAZgnver si on Sensor Descri ption Loadi ng -0.251
DEFPRGSANS Batdit - 0. 185 COS ADSORBER BED DP - 0. 167 RERUN 229

DECHERR AEER I WMIYARMRY ZER - 0. 162 MAPD REACTOR LEAD BED(.202
DEPRCHPREADI-ER CONDMRERTREACTOR LEAD OQUTLET TEMP 0. 1560.184
DEPROP TRAY #7 TEMP , -0.184



HYDROFI NER | NLET TEMP -0. 155 MAPD REACTORA/ B/ C BED
TEMP TW1 -0.154 MAPD REACTORA/ B BED TEMP TWL8 0. 149

WORRB/RBACTORA/ B/ C BED TW2 - 0. 148 MAPD REACTORATEBAE0S/032093
| NLET TEMP -0.146 3. M dbed9%ual ity Sensor De$eription
Loadi ng MAPD REACTORA/ B/ C | NLET PRESSURE - 0. 186 NMAPD
REACTOR OUTLET PRESS -0.183 MA IN HF M DBED -0. 182 PD
IN HF MDBED -0.180 COS ADSOE ER BED OUTLET -0. 175
MAPD REACTORA/ B | NLET PREERRAV. 0. 168 H2 FLOW TO MAPD
REACTOR 2ND BEAPDUpdrofiner Brinkiyed GuEmpoosn{ss L EVELS
SKI N TEMP Owith 3edoPDitRbACPERcIFNDRORPMER FaadifigCl  Qut put
-0. 158 MAPD REACTORA/ B LEVEL8 SKIN TEMP 0. 1574.
Pressure Bal ance Sensor Description loading MARD

1. F{E@fiﬁﬂa’BeMéﬁbe?aEﬁﬁe Paofid® HYDROFI NER OUTLET - 0. 258

L ‘ OQUITET PRESS =0. 234 MAPD REACTORA/ B/ € Loading -
MAp SURR BEDREVIR FEED QW VAPORI ZER -0.140
M S W@%T@Eﬁa TWIRET - 0. 208 MAPD REACTORA/ B.140
M SRR B E3VAYPROFI NER FEED - 0. 177 MAPDO0.139
M 0 'v\'- NEB FAM&LCI Qut put -0.165 MAPD -0.136
M AA G ABIABED VWP - 0. 165 -0.136
MAPD REACTORA/B/C BED TW14 -0.135
MAPD REACTORA/B/C BED TW15 -0.135
MAPD REACTORA/B/C BED TW18 -0.135
MAPD REACTOR GUARD OUTLET TC1 -0.135
MAPD REACTOR GUARD OUTLET TC2 -0.135

2 | Lead Bed Conversmn

¥ "Sensor.Description e el Tioading |
HYDROGEN TO HF -0.185
COS ADSORBER BED DP : -0.167
RERUN TOWER FEED STM VAPORIZER -0.162
MAPD REACTOR LEAD BED 1ST SPREAD -0.158
MAPD REACTOR LEAD OUTLET TEMP 0.156
HYDROFINER INLET TEMP -0.155
MAPD REACTORA/B/C BED TEMP TWO01 -0.154
MAPD REACTORA/B BED TEMP TW18 0.149
MAPD REACTORA/B/C BED TW02 -0.148
MAPD REACTORA/B/C INLET TEMP -0.146
3. | Midbed Quahty :

7 Senmsor Description ;- . ¢ W o b w o o) d Loading .
MAPD REACTORA/B/C INLET PRESSURE -0.186
MAPD REACTOR OUTLET PRESS -0.183
MA IN H/F MIDBED -0.182
PD IN H/F MIDBED -0.180
COS ADSORBER BED OUTLET -0.175
MAPD REACTORA/B INLET PRESSURE -0.168
H2 FLOW TO MAPD REACTOR 2ND BED Output -0.164
MAPD REACTORA/B LEVELS5 SKIN TEMP 0.163
MAPD REACTOR HYDROFINER FD FLCI Output -0.158

MAPD REACTORA/B LEVEL8 SKIN TEMP 0.157



5. Recycle Feed to Reactor Sensor Description Loading
MAPD REACTORA/B BED TWL1 -0.274 MAPD REACTORA/ B BED
wOW®/02¢29265 MAPD REACTOR C3 RECYCLE TO FEED 0OrezashipDs2093

REACTOR C3 RECYCLE TO FEED- Qoo put 0.208 C3 HYDRCFI NER
FEED 0. 185 MAPD REACTOR H2 FLOW TO 1ST BED Qut put
0.181 MCOS ADSORBER BED BOTTOM - 0. 171 MAPD REACTORA/ B
ET TEMP -0.167 DFPROP REFLUX -0 167 MAPD REACTORA/B.
4.BEPreydire Balaficé. Lead Bed Sel ectivity Sensor
i Ds&g{)ﬂ]pésb _mhoadl ng I\/APD REACTOR:TQIAL . SELECTI'VI T¥ |+ Loading

H%ﬁoﬁm@@ﬂimpo REACTORA/ B/ C BED TWAL 0.197 MAPD -0.258
MREARERAT GREGDT I PRESEI3 MAPD REACTOR LEAD BED 2ND -0.234
MEPBEREACT ARA/BY/BHANL BFARESIUREAD BED 6TH SPREAD 0. 186 -0.231

RERDRFOWER EEED W QRADRIZER. 186 MAPD REACTORA/ B | NLET(.221
cOEMIFEYREER B3 SUTERD REACTOR C3 RECYCLE TO FEED  -0.208

MRPBEREAXCTEORAVE INBGTr PREYSUREON Sensor Descri ption -0.205
Ch PRI IMBROEREACTOR LEAD BED 2ND SPREAD - 0. 244 MAPD .( 177
MREB@%@R%FE@FINER ®D242i Output -0.165
MAPD REACTORA/B/C INLET TEMP -0.165
5
“SensorDescription i 0 B0 b R e - | Loading °
MAPD REACTORA/B BED TW11 -0.274
MAPD REACTORA/B BED TW02 -0.265
MAPD REACTOR C3 RECYCLE TO FEED 0.249
MAPD REACTOR C3 RECYCLE TO FEED Output 0.208
C3 HYDROFINER FEED 0.185
MAPD REACTOR H2 FLOW TO 1ST BED Output 0.181
MCOS ADSORBER BED BOTTOM -0.171
MAPD REACTORA/B INLET TEMP -0.167
DEPROP REFLUX -0.167
MAPD REACTORA/B BED TW01 -0.159
6
“Sensor Description - e Fodabge 0 00 1 'Loading, .
MAPD REACTOR TOTAL SELECTIVITY 0.262
MAPD REACTORA/B BED TWO01 0.218
MAPD REACTORA/B/C BED TW02 0.205
MAPD REACTORA/B/C BED TW11 0.197
MAPD REACTORA/B BED TW10 0.193
MAPD REACTOR LEAD BED 2ND SPREAD 0.189
MAPD REACTOR LEAD BED 6TH SPREAD 0.186
HYDROFINER OUTLET Output -0.186
MAPD REACTORA/B INLET TEMPERATURE 0.180
MAPD REACTOR C3 RECYCLE TO FEED 0.166
Sensor Description™.. ™ ‘ s oo ) Loading,
MAPD REACTOR LEAD BED 2ND SPREAD -0.244
MAPD REACTORA/B BED TW10 -0.242
MAPD REACTOR TOTAL SELECTIVITY 0.235
MAPD REACTOR LEAD BED 6TH SPREAD -0.231
MAPD REACTORA/B BED TWO1 -0.229
MAPD REACTORA/B/C BED TW11 0.220
MAPD REACTORA/B/C BED TW02 0.217
MAPD REACTORA/B BED TW05 -0.176

MAPD REACTOR - QNCH H20 TO MAPD REACTOR OUTLET COOLER 0.159
MAPD REACTOR LEAD SELECTIVITY 0.152



MAPD REACTOR TOTAL SELECTIVITY 0.235 MAPD REACTOR LEAD

BED 6TH SPREAD -0.231 MAPD REACTORA/ B BED TW)1 -0. 229
WORRD/BRPRACTORA/ B/ C BED TW. 1 0.220 MAPD REACTORATBAED0S/032093
BED TWD2 0.21 7 MAPD REACTORA|B BED TW)5 -0. 176 MAPD
REACTOR - QNCH H20 TO MAPD REACTOR QUTLET COOLER 0. 159
MAPD REACTCR LEAD SELECTI VI TY 0. 1528. 1Ener gy Bal ance
Se tion
870 AR RIBYIaGide OUTLET COOLER 0. 270 I\/APD REACT(R LEAD

. B@Qn' o 0. 11 8 Rl:H N FI

MAPD RERC . . C OHL.&h E -"
MAPSRERCFIR EdA mLEEEVWU\ATER PHCO - 0. 21 0 MAPD (218
RERMN @BED%@:#EQG@HI@EREAD 0. 205 HYDROFI NER QUTLET g 21g
cautvg FROMRARY RESCTORIOWAIERCOOIER 0. 184 MAPD 0.215
MAPSRERGTOBED TL R IcAoLER d@ﬁ@:ﬁ%ﬁéﬁ%ﬁ:@@ T™™O0 9210
MARD REARTORLLERD BB 618 SPREMD onat or  Pri nci pal 0.205

RERsOWt BT BRmsar Title and Principal Conponent g 195

dW@dngHéTVVR‘TERVﬁMPe Profile Sensor Description -0.184
115 -0. 224 C3= FRACT TRAY 37 0.172

MARESIREA CFORATBASED
MAEPI?%%A@%I#%@EEW&7 -0.222 C3= FRACT OVHD VAP ¢ 171
C3= FRACT -C3= FRACT REBO LER B VAP OUT -0.220



C3= FRACT -C3= FRACT REBO LER A VAPOR QOUT -0.220 C3=
FRACT REB IN -0.218 C3= FRACT REBAO LER B VAP QUT TEMP
woQoE10392RUN TOWNER CONDENSED OVHD - 0. 207 C3= P&RU§52005/032093
RBLR IN TEMP -0.207 2. Pr ed®dre Bal ance Sensor
Descri ption Loadi ng RERUN TONER - RERUN OVHD COND VENT
GAS 0. 295 RERUN TOVNER FEED TO BURNER LI NE 0. 276 RERUN
TONER OVHDCONDENSOR TO cIrablgkkuP 0. 270 C3= RERUN TRAY
15 0. 256 (Bro Rtiori:tod PriccipsECorymmemtts| UX FLCI
-0.229 3= nsbPTHIR aRd BrioGipalREdRifionet Inading RERUN
TONER C3= VAP FROM RERUN OVHD COND 0. 207 RERUN TOVER
DP -0.206 3. Product Rate Sensor Description lLoading

l-r TORAJEAIET DI SCHARGE Qut put 0.324 C3=
~RRCBOGT RN NET DISCHARCE 0. 317 C3= TO SURGE-DRUM Loading
C3 P A eC3= FRACT OH PRODUCT 0. 255 LI Q PROPYLENB.224
C3E SPT = FRACT REFLUX DRUM 0. 228 C3= PRODUCT -g.222
C3Z = SURGE DRUM 0. 196 C3= FRACT OH PRODUCT -0.222
C3= T g &EM TO C3= FRACT REBO LER A BEST RANGE -0.221
C3= 3= CT REBOILER B VAP OUT -0.220
C3= FRACT - C3= FRACT REBOILER A VAPOR OUT -0.220
C3= FRACT REB IN -0.218
C3= FRACT REBOILER B VAP OUT TEMP -0.213
RERUN TOWER CONDENSED OVHD -0.207
C3= FRACT RBLR IN TEMP -0.207
2

" Sénsor Descriphion . v e i S T s e wy wPaLoading,
RERUN TOWER - RERUN OVHD COND VENT GAS 0.295
RERUN TOWER FEED TO BURNER LINE 0.276
RERUN TOWER OVHDCONDENSOR TO C3R MAKEUP 0.270
C3= RERUN TRAY 15 0.256
C3= RERUN TRAY 10 0.256
C3= FRACT REFLUX FLC! -0.229
C3=FRACT DP -0.216
C3= RERUN OH 0.210
RERUN TOWER C3= VAP FROM RERUN OVHD COND 0.207
RERUN TOWER DP -0.206

\ Product Rate

SensorDescription ., ¢ © F 4 & = o v | Toading s
C3 PRODUCT DRUM NET DISCHARGE Output 0.324
C3= PRODUCT DRUM NET DISCHARGE 0.317
C3= TO SURGE DRUM Output 0.314
C3= FRACT OH PRODUCT 0.255
LIQ PROPYLENE PROD -0.249
C3= FRACT REFLUX DRUM 0.228
C3= PRODUCT DRUM C3= PROD SURGE DRUM 0.196
C3= FRACT OH PRODUCT Output 0.191
STM TO C3= FRACT REBOILER A BEST RANGE Output -0.173

RERUN FEED EXCHANGER BYPS CTL-VALV Output 0.172




RERUN FEED EXCHANGER BYPS CTL- VALV Qut put 0.1724. Feed
Rat e Sensor Description Loadi ng RERUN TOAER DRAW TO
WQ3606B¥20T Qut put -0.291 STM TO C3= FRACT REBOPCERS2005/032093
BEST RANGE -0.286 C3= RERUN1BBFELUX FLCO -0.280 C3=
RERUN REFLUX FLCO Qut put -0.278 RERUN TOAER DRAW TO
C3= FRACT -0.274 FRACTI ONATOR COND ACCUM CQut put -0. 253
3= FRACT BOTTOMVS LEVEL -0.205 C3= FRACT STM VALVE PCS

4CNTEedd Riite - O 199 RERUN TO./\ER SI DE DRAW OFF LLC

“%er:f?éﬂDEﬂE 3= .S Qut put -0.16/ 5.] Loading -

R?W?@”cwsmcmwﬁutmadl Ag C3= FRACT DP -0.291
STQI ﬁ%ﬁw@“ﬁﬁsﬁw BESt RANGEI6 RERUN TOAER DP 0286
030 RAAURREAN KGMERy VENT COND RERUN OVHD COND Qut put  -0.280

C8= RERUN REFROXIFIEIY Ot BEST RANGE - 0. 204 RERUN TOVER( 278
RERGRREDWRATBRAANPOMENT FRAST- 0. 200 RERUN TOWER C3= VAP 274
 FREOAGRFDRAGROEDEUMO |G RERUN FEED EXCHANGER BYPS.( 253
C@;IIFRW@:[\/B@ﬁ@MS rByEp 7/ RERUN TOAER RERUN REFLUX DRUM _g 205
c8= FRACTESHN VAMERRB8ANTICoUput FRACT - 0. 145 6. Energy .o.199
RERUANEOVWISD SIHE PRIGY 0pH 19/t Loadi ng C3= RERUN REFLUX _g 184
RERUR TOWER ciittUMNTEONBR B0 C3= FRACT - 0. 286 -0.167

5. | Feed Quality

‘Sensor Description

C3= FRACT DP

C3= FRACT REFLUX FLCI

RERUN TOWER DP

RERUN TOWER VENT COND RERUN OVHD COND Output
C3= FRACT BTM NET:BEST RANGE

RERUN TOWER - RERUN OVHD COND VENT GAS
RERUN TOWER C3= VAP FROM RERUN OVHD COND
RERUN FEED EXCHANGER BYPS CTL-VALYV Output
RERUN TOWER RERUN REFLUX DRUM

RERUN TOWER DRAW TO C3= FRACT

6
_“"Sensor Description i .. ¢ S i .. | Loading .
C3 RERUN REFLUX FLCO -0.331
RERUN TOWER DRAW TO C3= FRACT -0.286
FRACTIONATOR COND ACCUM Output 0.284
C3= FRACT STM VALVE POS CNTL Output 0.272
STM TO C3= FRACT REBOILER A BEST RANGE 0.269
RERUN TOWER SIDE DRAW OFF LLCI -0.261
RERUN TOWER DRAW TO C3= FRACT Output -0.206
MAPD REACTOR - QNCH H20 TO MAPD REACTOR OUTLET COOLER ~ 0.202
RERUN TOWER RERUN REFLUX DRUM - -0.199

C3= FRACT REFLUX FLCI Output 0.188




FRACTI ONATOR COND ACCUM Qut put 0.284 C3= FRACT STM
VALVE POS CNTL Qutput 0.272 STM TO C3= FRACT REBO LER
WO 2BEHZIBANCE 0. 269 RERUN TOAER S| DE DRAW OFF PCTIUS2005/032093
-0. 261 RERUN TOVNER DRAW TG KB FRACT Qut put -0. 206
MAPD REACTOR - QNCH H20 TO MAPD REACTOR QUTLET COOLER
0. 202 RERUN TONER RERUN REFLUX DRUM - 0. 199 C3= FRACT
REFLUX FLCI CQutput 0.188Thable 12 val ve- Fl owMbdel s Wth
Model Title Val ve- Fl oValVed@losv Miatkels Descri pti on Fresh
Feed to CGC Propyl ene |wiihiMbdeDTiB€D02 Propyl ene Li quid
to C3R DRI ER De- Met hani zer Feed # 1 De- Met hani zer Feed
#2 De- Met hani zer Feed #3 De- Met hani zer Feed #4
Hy &Iﬁ%ﬁ@*%&élsm um Fl ow De- Met hani zer Feed #5
A e Blsoimson X Frow Mgt hane - Conpr €Ss6r_ ™M ni num-

De- NE®S
De- Prepylener Liggid tter Hip Reboiler
Propylene Liquid t DRIER

De-Methanizer Feed #1

De-Methanizer Feed #2

De-Methanizer Feed #3

De-Methanizer Feed #4

Hydrogen Separator Drum Flow

De-Methanizer Feed #5

De-Ethanizer Reflux Flow

Methane Compressor Minimum Flow

Methane Booster Second Stage Recycle
De-Methanizer Bottoms Flow

De-Propanizer Reboiler Out

De-Ethanizer Bottoms

Splitter Hip Reboiler

Splitter Reflux

Splitter Product

De-Methanizer Reflux Flow

Ethylene Vapor Product

Condensate Stripper Heated Feed

Steam to De-Ethanizer Reboiler

Liquid Ethylene to NDO3

Fourth Stage Suction Propylene to DEMETH REBOILER
Hydrogen Flow to Acetylene Converter Lead Bed
Hydrogen Flow to Acetylene Converter Guard Bed
Acetylene Converter Flow

35 B0 | Second—Stage Recycl e
e?@ﬁ%@ﬁ@bfw De- Propani zer Reboil er Qut
oC3



Splitter Reflux Splitter Product De-Methanizer Refl ux
Fl ow Et hyl ene Vapor Product Condensate Stri pper Heated
woeew/03mam t o De- Et hani zer Reboi |l er Liquid Et Rgirase005/032093
NDO3 Fourth Stage Suction Priggyl ene to DEMETH REBO LER
Hydrogen Fl ow to Acetyl ene Converter Lead Bed Hydrogen
Flow to Acetyl ene Converter Guard Bed Acetyl ene
CloAlMSt er Fl owCLAI MS: 1. A net hod for abnormal event
detection (AED) for some process units of an ethyl ene
processing system conprising: (a) conparing online
measur enent s A giBthdiefdrabaestaliicns détectos CAED) fopdeis
for normal operation of the corresponding process
puoddss unith of datethylené prpcessing eysiemreompmagngat i on
differs fromexpected normal operations so as to
i ndi cate the presence of an abnormal condition in a
process unit, (4¢) caspathg oglihdemaasmeasntofrenatherprboess units
determ ne the underlying cause of an abnor ngl
condi tion in the taagttaionpdels ersnomnal ppeeationnidhe d)
taking corrective action,so as to refurn said process
unit to normal opEPEESAORIINE PRRGESSHSaG of claim 1
wherein said set of nodels corresponds to equi pnent
groups and praocess operating nodes, one nodel for_ each
group whi ch nmdb) i Aeteraipg sl be chpicat eparton diffesdeam

gbr :ggpgﬁg hod of (é)ligéctc%dl n%e{l%p%rast%n% s%)eats t8fin&5%gt%ltﬁe

presence of an abnormal condition in a process unit,

(c) assisting the process operator to determine the
underlying cause of an abnormal condition in the

ethylene processing system, and

(d) taking corrective action so as to return said process unit

to normal operation.

2. The method of claim 1 wherein said set of models
corresponds to equipment groups and process 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.



to equi pnment groups and process operating nodes, one

nodel for each group and each node. 4. The nethod of
woheierm®9nher ei n sai d equi pnent groups i ncl uderairfus2005/032093

maj or material and energy Lnpéractions in the sane

group.5. The nethod of claim4 wherein said equi pnent

groups include quick recycles in the sanme group. 6.

The met hod. of Thkanethd wfi elagind whierkis eaidofquaprienisgrofips
_nornal operations include principle conponent nodels.
ircludhquigkirpexrles incthgisae &RBPei n set of nodel s of

nor mal operations includes engineering nodels. 8. The

met hod of claim7 wherein said set of nodels of nornal
oper at i on 6f or Teachethod of skaimr whiteiriseidetet af madets @f mormal
Conponent s q|imde_l or an en ineer%ﬁg nodel . 9. The

opperatiens saclude pHngIpih epPATIEN;ngO yl ene processing
systemis divided into operational sections with a

princi pal conmponent nodel for each section. 10. The

net hod of 7¢I ailieanethed eif laimer wharein spteafamodplsadmiosmal
sectjons. 1%. The net hod af claim9 wherein said

OpETakions Acludes HEREL LRS- pr ocess vari abl e val ues

nmeasured by sensors. 12. The nethod of claim9 wherein
sai d principal_conponents_ of

nodel s for differe
process umt s [hgdneiged ob ﬁk‘“@r%ﬁfgﬁel@ serdqtst @fm@&of normal

ORGSRt BB 3Pl e FipeTB BBl Bran
e@%ﬁ%gﬁﬂg mspgessing systeminclude; charge gas

npressor, drier, cold box, and nethane booster;
et hyl ene and propyl ene refrigeration; denethanizer;

deet hani z¢y ; r : | . .

et hanat o and HEgHGfADE F SRYEH Sherdig sHY gebifehic processing

sOMER O d36Tded 3 BRRIGRI SedtiindRviding prinkeddl @daig¥neAtimodel for
he nethod of claim8 wherein said engi neering nodel

eholt séutionconpri ses determi ni ng the consi stency between
some control val ves and

10. The method of claim 9 wherein there are eleven operational

sections.

11. The method of claim 9 wherein said principal components

include process variable values measured by sensors.

12. The method of claim 9 wherein said principal components of
models for different process units include some process variable values

measured by the same sensor.

13. The method of claim 10 wherein the eleven operational
sections of the ethylene processing system include; charge gas compressor, drier,
cold box, and methane booster; ethylene and propylene refrigeration;
demethanizer; deethanizer; acetylene converter; C2 splitter; methanator and H2

drier; depropanizer; MAPD hydrofiner; and propylene rerun and fractionator.



flow nmeters. 15. The nodel of claim2 wherein said

nodel further conprises suppressing nodel cal cul ations
woaomlneymat e fal se positives on special causePCT/US2005/032093

operations. 16. The net hod-dD7¢l aim 2 wherein (a)

determ ning said nodel begins with a rough nodel based

on questionable data (b) using said rough nodel to

gat her hi q [ i

Todel | ;[*B%; élt‘éé‘g (?%5 Biafid @%@mﬁ@%d é?%'il?éé?lrlljg’iﬁodel
flfie r1se%ﬁet&ﬂﬁnﬁ@th@@oﬁélst@hay bethfeentsomned coradldalves and
training data includes historical data for the nodel

flofw tdeterpr ocessing unit. 18. The nethod of claim 17
wherei n said nodel includes transformed vari ables. 19.
The nethod of claim 18 wherein said transforned

vari abl es 1isnciTudensddl lofxldim I edwreintshid model firfhel admpnises
colums, log of conposition, |n h| h purity

sdppnessmgmnmgal cglml%wm@ te glipa © P@ﬁﬂ}ﬁ'é’ﬁépnrséemal cause
rreasur ement, sidestreamyi el d fI ow to val ve position,
ORRRUOBECt i on rate to exp (terrperature) 20. The nodel

of claim 19 wherein sone pairs of neasurenents for two

vari abl es are brought into . time _ synchronizatjon by one
of the varlibabThe methad o4 cljimahivdiciein R%)f @temmang s3id model

e S P P SIS oA
Il OGP RITE A0, A O LRl pud )

é}lé’é mﬁb)&o@ﬁh%ﬁm@ﬁoﬁr@mmﬂioﬂel 23. The net hod of
aim22

erein said nodel is corrected by filtering
or elimnating noisy nmeasurenments of variables. 24 The

met hod of el awﬁe%e%ﬁro%"c[hlﬁﬁ% GRRAdih QAR SinfH I data includes
vari able are scaled. 25. The nethod of claim

hidieriealndsts fornba shodsteifitise proeessing adit.

18. The method of claim 17 wherein said model includes

transformed variables.

19. The method of claim 18 wherein said transformed variables
include reflux to feed ratio in distillation columns, log of composition in high
purity distillation, pressure compensated temperature measurement, sidestream

yield, flow to valve position, and reaction rate to exp (temperature).

20. The model of claim 19 wherein some pairs of measurements
for two variables are brought into time synchronization by one of the variables

using a dynamic transfer function.

21. The model of claim 17 wherein variables of process
measurements that are affected by operating point changes in process operations

are converted to deviation variables.



to the expected normal range of that variable. 26. The
met hod of claim 17 wherein the nunber of principal
woanpones i s chosen such that coefficients oPCrhs2005/032093
princi pal conponent becone alg84 equal in size. 27.

The nmethod of claim2 wherein said Principle

Conponents include process vari abl es provi ded by

onl i ne mear éitenmsthodaf cldim hpadierein saidimodeliswoereeiad for
sQme measurenent pairs are time synchronized to one of
ROA¥C.vari abl es using a dynamic filter. 29. The nodel of
claim 27 wherein the process neasurenent vari abl es
affected by operating point changes in the process

oper at | onsgiar el feomethoded daimyd W&W@ﬁ satt madekss. copected by
t;érhe,ma‘t hod of claim 27 wherein the nugber of principle

IFFRhehelimnating nIs e eRSUIEREI R4St t ot al

process variation represented by successive

conponents. 31. A systemfor abnormal event detection
(AED) for bmelhs metheodmisdaiss 17 vheseiprthe messuianesds of a

\Fﬁ%@ggqs%'&g@gfeﬁﬁt em conprising: (a) a set of nodels for

its describing operations of the process
units of said ethylene processing system (b) a

di splay which indicates jf the cuyrrent_ operation
differs frém &Jﬁé@@@@drﬂf%m iﬂ;@v ¢18,{he gepagurempents are scaled

[ i cate. t I diti inth
ot ERRSb BoRba RS oLl B lRE, T cates the |
underlyi ng cause of an abnormal condition in the

t hyl [ t . 3 he .syst f cl.ai.m 31
wher el n sl nOUPORBH GLgnb! b adteii he SPuher oF gFingipal
B P T e b PR T SRSt become
d!ioﬁ@_@&édlﬁﬁ_sﬁé?t emis partitioned into operational

sections with a Principle Conponents nodel for each
secti on.

27. The method of claim 2 wherein said Principle Components

include process variables provided by online measurements.

28. The model of claim 27 wherein some measurement pairs are

time synchronized to one of the variables using a dynamic filter.

29. The model of claim 27 wherein the process measurement
variables affected by operating point changes in the process operations are

converted to deviation variables.

30. The method of claim 27 wherein the number of principle
components is selected by the magnitude of total process variation represented

by successive components.

31. A system for abnormal event detection (AED) for some of the

process units of an ethylene processing system comprising:



34. The systemof claim 32 wherein there are el even

operational sections. 35. The system of claim 32
wohevemyeogai d Princi pl e Conponents include proeesaS2005/032093

vari abl es provided by onlinelg9easurenents. 36. The

system of claim 32 wherein said nodel further

conpri ses suppressing nodel calculates to elimnate

operat or i nduc@) aseléf madelsder thedprbagssamptssleseniling

37. The system of clai,m 32 erein: (ag I%erivi g, said

model begins wi t hOBERHPRS AfthePIoRess WisRideld efa¥lsge

upon questi onabl e_dat a,: é‘g e of said initial nodel
to refine the dat Broa?ﬁgm? &%\%‘%"the nodel , and (c)

iteratively repeating step (b) to inprove the

nodel . 38. The stem of claim 37 erein said trai,ning.
data set incl saﬁiil%ﬂ(f@f Wi‘é"fh ngl‘?\?%?lfﬁﬁeecﬁﬁr%%émﬁbon differs
unit for nodel de l: Ak:
wherein said mderl%%llﬁciﬁg&dﬁ%%f Fﬁ%ﬁg}nggpf%gﬁé@l%%ﬁhe

The system of cl appasecabRareabhditial cbhdifidhdh B process unit,
vari ables include reflux to total product flow in

distillation colums, |og of conposition and over head

pressure in disyilladi
tenperature néiulflg%@rll%gwa lgfﬁa?ogt%égﬁééﬁﬁgggﬁ_“ﬁon aﬁg?%
bed differential henpeidiconditndnrhestiyiene protessTiiEsystem.

system of claim 39 wherein sonme neasurenent pairs are
time synchronized to one of the variables using a

dynam c f ijZ.e'TheAsﬁ/ste-ﬁf‘Sf SMFH ST Whereibd 3odd FoLEALH ABcess

process neasureneft variables affected by operating
i isteitheaa Feinciple CGumpomenesmodpkonan emgine¢ring model.t ed
to deviation variables. 43. The system of claim 39
wherein the neasurenents of a variable are scal ed

prior to mylelThedSBtent bf laifB2 WhereIgn SHS1&TH Plocedstgn
43 wherein the neasurenents are scal ed by 't he ‘expected
systemais paxtitioned irtth aperationabsestions with a Principle Components

model for each section.

34. The system of claim 32 wherein there are eleven operational

sections.

35. The system of claim 32 wherein said Principle Components

include process variables provided by online measurements.

36. The system of claim 32 wherein said model further comprises
suppressing model calculates to eliminate operator induced notifications and

false positives.

37. The system of claim 32 wherein: (a) 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.



45. The system of cl aim 39 wherein the nunber of

princi ple conponents is selected by the nagnitude of
woab@lo2gmocess vari ati on represented by succesBCYAIS2005/032093

component s. -110 -

38. The system of claim 37 wherein said training data set

includes historical data of the processing unit for model development.

39. The system of claim 38 wherein said model includes

transformed variables.

40. The system of claim 39 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.

41. The system of claim 39 wherein some measurement pairs are

time synchronized to one of the variables using a dynamic filter.

42. The system of claim 39 wherein the process measurement
variables affected by operating point changes in the process operations are

converted to deviation variables.

43, The system of claim 39 wherein the measurements of a

variable are scaled prior to model identification.

44. The system of claim 43 wherein the measurements are scaled

by the expected normal range of that variable.

45. The system of claim 39 wherein the number of principle
components is selected by the magnitude of total process variation represented

by successive components.



