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Abstract: Existing large industrial control systems often exhibit poor tracking and disturbance
rejection capabilities due to a large number of decentralized control loops. To improve these,
a stabilizer design procedure is proposed basad.oaptimization. The procedure is simple

to apply and requires only some of the closed-loop transfer functions. Application of the
approach in the Syncrude utility plant shows that it can indeed improve the disturbance
rejection performance and the stabilizer designed is easy to implement and test in practice.
Copyright ©2002 IFAC

Keywords: Stabilizer desigii. optimization, co-generation systems, boiler control,
industrial applications.

1. INTRODUCTION like many similar ones available worldwide, is thus a
rather complex, nonlinear, interconnected system.

Co-generation systems are frequently used worldwide-l-he boiler system is responsible for the steam pro-
to generate electric and mechanical power in indUStrialduction whoseguantity (measured by its flow rate)
facilities. T_h.e Syncrude_ Ca_nada Ltd (SCL) integrated and quallity (measured by its pressure and tempera-
energy facility located in Mildred Lake, Alberta, is a ture) play a crucial role in the plant operation. All the

typical example of this class of systems. In brief, this : .

u)g)lit lant cgnsists of a boiler system o header svs. generated steam is accumulated in the 900# header.
yp . Sy ' YS” For the plant to operate properly, the steam pressure

tem and an glectn(]:tnyhgenere_llt.lngbsylstem. r‘:’he bgger of the 900# header should be maintained within tight

system consists of three utility ballers, three " bounds. Feedback control is thus used to ensure that

type boilers and two once—through steam generatorsy,q yyjerg generate enough steam and simultaneously
(OTSG). The header system includes headers at four

diff levels (900 600. 150 and 50 psi maintain the steam pressure and the steam temperature
1' e_ren('; f;%sishl/lj;e e\_ll_is S()OO#’ h d an PS!, of the 900# header to their respective setpoints. Due to
pst~ 0. a). The eader receives Steamthe physical characteristics of the different boilers, in

from the boiler system and then distributes the steamy, . present control system, the utility boilers are re-

for three different usages: (i) to other process to eXtraCtsponsible for the steam pressure, the CO-type boilers

bitumen from o_|I_san_<_j_s, (if) to numerous turbines to for the steam flow rate, and the OTSG's for the steam
generate electricity, (iii) to three other headers to gen- temperature

erate steam at different pressures. The overall plant,
From a control system’s point of view, co-generation
systems such as the one described above present a

A challenge. Clearly, this plantis a large, interconnected,
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outputloops,andthendesign(decentralizedyompen-
sators,mostly of the proportional-intgral type. The
Mildred Lake plant is not an exceptionto this rule.
Indeed, the plant has beenin operationfor almost
thirty yearsandsinceits creationit hasbeencontrolled
by a large numberof decentralized!l loops, mostly
tunedon line by well trainedoperatorsCurrentlythe
plantshavs poorresponseo steamoadchangesTwo
causescontributing to theseproblemsare nonlineari-
tiesandcoupling.Nonlinearitiesconstituteanobvious
problemin ary design.In the presentcase,on-line
tuning of PI controllersassumesmallvariationswith
respectto operatingconditions,thus overlookingthe
nonlinearitiesltogetherlin this plant,however, provi-
sionshave beentakento compensatéor thenonlinear
effects.The plantcontainsseveralsmallersubsystems
which canprovide additionalsteamor otherforms of
relief, if the 900#pressuren the mainheaderexceeds
or is below certainlimits. Roughlyspeakingcoupling
effectsareperhapsa moreseriousproblem.Coupling
effects originate from overlooking the multivariable
natureof theplant.

To improve the systemresponsetwo methodscanbe
considered:

(1) Re-desigrthecontrolsystermusingmultivariable
techniqueswhich take explicit accountof the
effectsof coupling.

(2) Designa “stabilizer”, namely a secondarycon-
troller which “supervises'the actionof thelocal
controllers,andprovidesrelief whenever neces-

sary

Thefirst solutionis probablythe mostdesirableone,
atleastfrom a controlsystendesigners pointof view.

See for example,(Pellggrinetti and Bentsman;1994;
Zhaoetal., 1999; Tan et al., 1999)for multivariable
controllerdesignin power systemsMultivariablecon-
trollers, however, aredifficult to implementin a plant
with the presentcharacteristicsand would requirea
majorinvestmento replacethe presentontrol struc-
ture.Moreover, plantoperatorsyvell trainedin tuning
PI loopsand simple control modifications,arereluc-
tantto incorporatemultivariabletechniquesvhich are
virtually impossibleto re-tuneon line. The second
solutionis simplerin thatit doesnotrequirechanging
the structureof the control systemcurrentlyin oper

ation and is simple to implement.Here we usethe
term“stabilizer” becausehesituationwe discusere
is similar to the well-known power systemstabilizers
(PSS)introducedby AndersonandFouad(1977)and
oftenusedin the powerindustry

The paperis organizedas follows. In Section2 we
give a generaldiscussiorof the stabilizerdesignand
proposeseveral designstratgies basedon He opti-
mization.In Section3 we apply our proposednethod
to the SyncrudeMildred Lake plantanddescribethe
stabilizerdesignprocessn detail. Section4 presents
the simulation resultsfor the stabilizer designedin

Section3. Finally, in Section5 we offer somecon-
cludingremarks.

As mentionedthe plantis nonlinearandrathercom-
plex. Caremustbe thustakento simulatethe results
underrealistic conditions.In the presentcase,Syn-
crude hasavailable a simulation package known as
SYNSIM (Rink et al., 1996). While the packageis

extremely valuableas an analysistool, it is unfortu-
nately not suitablefor control designgiven the high

degreeof compleity usedin its model.Indeed,care
wastaken during the developmentof this packageto

incorporateminusculedetailsand secondaryeffects,
nottypically incorporatedn a controlorientedmodel.
Theresultis a very high ordermodelwhich contains
approximatelys00statevariablesandthusimpossible
to usein control design,yet invaluableas a simula-
tion tool. This packagehasbeenextensiely usedby

Syncrudespersonneandtrueplantmeasurementsre
very closely resembledby the predictionsobtained
with the model. Thefinal controllerwill be simulated
and comparedo the existing designunderwhat can
beassumedo befairly realisticconditions.

2. STABILIZER CONFIGURATION AND DESIGN

Considerthe stabilizer configurationshovn in Fig-
ure 1, wherethe symbolsaredefinedasfollows:

Py processnodel Py:  disturbancenodel

C,: originalcontroller Cg:  stabilizer
r:  referencesignal d: procesdisturbance
y.  procesutput u:  processnput

Uy controlleroutput  us:  stabilizeroutput

Our goal is to improve tracking and disturbancere-

jection performanceof the closed-loopsystem.We

will approachthis goal by adding anotherfeedback
loop from someof the mostimportantvariablesto be

regulatedto the processnputs.

d Disturbance
Py

r e Controller u, u Process | § ¥y
d ©) d )
"S
Stabilizer
©)
Fig. 1. Stabilizerconfigurationl
FromFigurel, we have
U=Uy—Us=Cyr — (Cy+Cs)y Q)
y = P,Cyf — Py(Cy +Cs)y + Pyd )

Thus
y= (1 +PuCs) " H(Ps + Py d) (3)



where
Pus == (I +P,Cy) 'Ry
Ps i= (1 +PCo) TRCo 4
Py = (I +PCo) Py
Theoutputof the stabilizeris then
Us = Cs(1 + PusCs) (Rt + Pyed) )

To castthe stabilizerdesignin the Ho, framework, we
proceedasfollows:

(1) To improve the tracking performanceof the ex-
isting system,we solve the following H. prob-
lem:

-1
|nf Wl(l + PUS(:S) _1PI'S (6)
Cs || WoCs(l + PuCs) R ||,
where W, and W, are weighting functions on
trackingandextra control effort.

(2) To improve disturbancerejection,we solve the

following problem:

Wy (I + PuCs) 2Py
W,Cs(l + PusCs) 2Py,

where W, and W, are weighting functions on
disturbanceejectionandextra control effort.
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Note that B,s, Ps, and P, are closed-looptransfer
functionsfrom u, r, andd toy, respectiely, whenthe
stabilizerloopin Figure 1is open.Soin thestabilizer
designwe do not needopen-loopmodels.This is an
importantobsenation since,as explainedin the next
section the modelusedin the designwill beobtained
via closed-loopmeasurementasing systemidentifi-
cationtechniqguesWhile open-loopmodelsare very
difficult to obtain using closed-loopmeasurements,
our approacthis not affectedby thisissue.Thisis par
ticularly importantin the presentasesincethe open-
loop plantis not asymptoticallystableandthusopen-
loop measurementsould bevery difficult to obtain.

In the discussionabove, we assumethat all process
variablesare usedto designthe stabilizer This is

neither corvenient nor practical, since (i) in terms
of the plant performancesomeoutput variablesare
important, and some are less important; (i) some
variablesarealreadyeffectively controlledby existing

controllers.Thusin thestabilizerdesignwe will focus
onthoseimportantvariableswhich arenot effectively

controlledby the existing controllers.

In the sequelwe will decomposehe regulatedvari-

ablesy into two parts,y, andy,, and assumethat
Yy, containsthe variableswhich areimportantbut not
well controlledby theexisting controllersin thesame
way, we decomposehe original controller output u

andthereferencesignalsr into two partsaccordingly
asshavnin Figure2.

It is easyto derive thefollowing relations:

y= (I +Pus[8 gsD_l(Prsr+Pdsd) ®8)

d Disturbance

Py)
Disturbance

(Py,)

——O— controller ——*O——* Process
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Fig. 2. Stabilizerconfigurationll
where

=)= ()= (R) - [Re] @

andPys, Prs and Py aredefinedin (4). Supposehey
aredecomposedccordingly:

Pis= |:Pu311 Pu512:| ,Ps= |:Prsll Pr512:| ,

u21 Tu2 Pe1 Peo
P
47 | P
Thenwe have

Yo = (I + PoosCs) " (Prgafy + Prgals + Pygd)
Us = Cs(I +PygsCs) (Pl + Prgal s + Pyeod)

We can designa stabilizer in this caseby solving
similar problemsasabove.

It shouldbenotedthatP,,,, P, o, andP,, aresimply

the closed-looptransferfunctionsfrom u,, r,, andd

toy,, respectrely. We shouldalsonotethaty; will be

affectedwhenusinga stabilizer Sinceour designpro-

cedureignoresthis couplingeffect, theadditionof the

stabilizeris not guaranteedo bring animprovement
in the performanceof this variable.By assumption,
however, y; is somavhatlessimportantthany,, and
we are willing to toleratesomedeteriorationin the

performanceof y, if the counterbenefitsin y, are
significant.

3. STABILIZER DESIGNFORTHE SYNCRUDE
PLANT

As wasstatedin the previous Section,the purposeof
the boiler control systemfor Syncrudeutility plantis
to trackthe steamloadwhile maintainthe steampres-
sureand the steamtemperatureof the 900# header
To accomplishthis task we proposeto improve the
performancef thesystenvia astabilizerasdiscussed
in the Section2. To proceedfirst we needto consider
which variablesshouldbe usedasthe stabilizerinput
variablesandwhich variablescanbe correctedy the
stabilizer Someof themostsignificantvariablesn the
plantarethefollowing:



Total steamflow rate

Steampressuref the 900#header
Steamtemperaturef the 900#header
Steanpressuresf the600#,150#and50#head-
ers

Drum level of the utility boilers

e Drumlevel of the CO-typeboilers

Thetotal steamflow ratemeasureshe guantityof the
steamgeneratedy the boiler system,andthe steam
pressureandtemperaturef the 900#heademeasure
the quality of the steam;the setpointsfor thesetwo
variablesare determinedyy the electricity generating
systemand the extraction process.The steamof the
otherthreeheaderss usedfor otherplantutilities such
asprocesdeating,fluidization,andbuilding heating.
The drum level for the boilers are importantfor the
sale of safety To controlthesevariableghefollowing
correspondingontrolvariablesareusedin thepresent
controlsystem:

Firing rateof the CO-typeboilers

Firing rateof theutility boilers

Feedvaterflow rateof the once-througtboilers
Controlvalvesof the back-pressureurbinesand
theletdown valvesat 600#,150#and50#headers
Feedvaterflow rateof the utility boilers

o Feedvaterflow rateof the CO-typeboilers

Although all of the variableslisted above areimpor-
tantfor normalplantoperationjn thestabilizerdesign
we will choosethe 900#headempressureasthe most
importantvariable thereasonsareasfollows:

(1) Thedrumlevel controlis usuallyregardedasa
separateccontrol system,and is thus indepen-
dentof othercontrolloops.

(2) The responsdor the total steamflow rate was
found to be acceptablen the existing control
system.

(3) The steampressure®f the 600#,150#and50#
headersarerelatedto the 900#headerpressure.
If the 900#headempressurds maintainedwell,
sowill the pressure®f the otherthreeheaders.
Furthermore the control for thesepressuress
acceptablén theexisting controlsystem.

(4) Thesteamemperaturef the900#headeis also
an important variable and should be included
in the stabilizer design.However, currently its
variationis tolerablein the plant operation.So
to simplify thedesignwe chooseto ignoreit. As
we will seefrom the simulationresultslater, as
the steampressureresponsds improved, so is
the steamtemperature@esponse.

Sothe 900# headerpressurds the objectof our sta-
bilizer design.This selectionis also emphasizedy
the fact,well establishedn controltheory thatsensi-
tivity reduction(with respectto parametewariation)
canonly be achieved with respecto thosemeasured
variablesusedfor feedback Oncethis variableis se-
lected,we now recognizethat, for physicalreasons,

thefiring rateof the utility boilersis the naturalcon-
trol variable.Our problemis to regulate900#header
steanmpressuragainssteanmoadchangeswhich cor-
responddo a disturbanceejectionproblem.We will
useConfigurationlll andproceedwith the designby
solving (7) with y, asthe 900# headerpressureand
u, asthe utility boiler firing rate. In orderto apply
the procedureof Section2, we needto identify the
closed-looptransferfunctionsfrom steamloadto the
900# heademressureand from the firing rate of the
utility boilersto 900#headerpressureTo identify the
desiredplantmodelwe proceedasfollows: ata steady
operatingpoint,whereeachutility boilerproduce$15
KPPH steam,using SYNSIM we manuallyaddeda
small control effort on the utility boiler firing rate
controlleroutputandlet the systenmrun for aperiodof
time andrecordtheinputandoutputconcernedAfter
filtering the data, by trial and error, usingthe MAT-
LAB Identification Toolbox (Ljung, 1988), we find
thata 5th-orderOE modelgivesthe bestidentification
results Theidentifiedmodelusingthetoolboxis in the
discrete-timedlomain.To make useof the continuous-
time H., designwe transformthediscrete-timenodel
to acontinuous-timenodelusingthe Tustin's approx-
imation. The sameprocedurewvas usedto obtainthe
closed-loogransferfunctionfrom steamoadto 900#
headepressureUsingtheseransferfunctionswe can
now proceedwith the design.Sincethe steamload
changas usuallyrestrictedn speedn plantoperation,
we needonly to considerconstantveights.By choos-
ing W; = 8, W, = 4, we solved the H., optimization
problem(7) usingthe state-spacsolutionintroduced
by Doyle et al. (1989). Using this approach,weob-
tained

W (1 + PrsCs) Py
W,CoCs(l + PrsCs) 1Py

Theorderof theresultingcontrolleris seven,whichis

rathercomplec to beimplementwith the presenton-

trol hardware. Several techniquede.g., the balanced
truncation method (Perneboand Silverman, 1982)
andthe Hankel norm approximatiormethod(Glover,

1984)] can be usedto reducethe order of the He

controller Herewe usethe coprimefactormodelre-

ductiontechnigue(McFarlaneand Glover, 1990).By

performinga balancedrealizationof the normalized
left and right coprime factorsof the controller, we

note that the first two Hankel singularvaluesof the

controllerare0.6959and0.1779 while theother5 are
lessthan0.0175,sowe canreducethe controllerto a

secondrderone.Thefinal 2nd-ordercontrolleris

_ 60935s+16.71
 $?+13.4234+ 6.6689

The singularvalue plots of the 7th-ordercontroller
and the reduced2nd-ordercontroller are shown in

Figure3. It canbenotedthatin the desiredfrequeny

bandthey arefairly closeto eachother andthe per

formancesof thesetwo controllersare thus expected
to besimilar.

inf = 1.25

Cs

[

Cs(s)

(10)



(solid: 7th-order;dotted:2nd-order)

Fig. 3. Singularvalueplots of the stabilizers(dB) vs.
frequeng (rad/s)

4. SIMULATIONS

In orderto testour design,we now shov simulation
resultsunderseveral conditions Beforeproceedingo

discussour resultswe noticethatwhile the true plant
is nonlinearand rather comple, the model usedin

the designand thereforethe resulting controller are
linear time-invariantand of a relatively low order It

is thereforeimportantto simulatethe resultsunder
realisticassumptiongandusingatool that, asclosely
aspossibleresembleshecompleity of thetrueplant.
It is herewherewe rely onthe power of SYNSIM. In-

deed simulationresultsshovn herearefully expected
to becloseto actualimplementatiorresults.

Sincethe objective of our designis to improve dis-
turbancerejectionin the responsef the 900#header
pressurethe principal testto be conductedis how
well this variable respondsto load changes.Using
SYNSIM, andwith the plantat the nominaloperating
point, we modela steamloadincreaseof 100 KPPH.
Figure4(a) shavsthe 900#headempressuregesponses
to this changewith andwithoutthestabilizer We find
thattheheadepressurdnasamuchsmootheresponse
when using stabilizer More importantly the distur
bancerejectioncapabilitiesof the systemwith the sta-
bilizer aremuchimprovedbothin term of speedand
amplitude Also themaximumdeviationfrom nominal
conditions(or the lowest point in the time response
shavn in Figure4(a))is alsosmallerthanthatwithout
stabilizer

From this test we thus concludethat the stabilizer
indeedimprovesthe disturbanceejectionpropertyof
the closed-loopsystem.Figure 4(b) shaws the firing
rateof theutility boilercorrespondingo thesamdoad
changewhich is the control variableusedin our de-
sign.Thefigureshavsamuchmoreaggressiecontrol
action,which helpsto explaintheimprovemenshowvn
in disturbanceejection.To evaluatethe possibleside
effectsof this controlactionwe simulatethe effect of
thesameoad changeon the othervariablesdentified

920 ! \

905

L L L L L L
0 5 10 15 20 25 30 35

(a) 900#headersteampressurdpsi) vs. time (min.)

07 T

0.6

0.5

0.45

(b) Firing rateof eachutility boilervs.time (min.)

Fig. 4. Response®f 900# headerpressurefor step
changeof steamoadatnominalload(solid: with
stabilizer;dashedwithout stabilizer)

in Section3 astheimportantvariables As mentioned,
eachoneof thesevariableshasa significantrolein the
plantoperation.

Figure 5 shaws the responseromptedby the same
load changeon the 900# headersteamtemperature,
andthe50#headesteampressureFromthefigurewe
seethatthe responsdor the 900#headersteamtem-
peratureis alsoimproved. More importantly the 50#
headersteampressureshons a sharpimprovement.
This is a very significantimprovementin the power
generatiorsincethe 50# headermressurds the back
pressureaffecting the turbines.Thusthe tighter con-
trol of this pressurelsocontributesto the production
of enegy ataconstantate.

Fromthediscussionn Section3, we seethatto further
improve the systemperformancewe shouldtake into
accountthe multivariable nature of the systemand
investigatemultivariable design.For a multivariable
design, the output variablesshould include all the
variablesmentionedin Section3, so the plant model
will have 8 inputsand8 outputs.If we treatthedrum
level control asa separatesystem the modelwill be
reducedto 6 x 6. Further if we only focus on 900#
headerwe geta 3 x 3 model. The designprocedure
for sucha systemwasdiscussedn (Tanetal., 2000).
Figure 6 shovs a comparisonof the responseof the
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Fig. 5. Responsesf othervariablesor stepchangeof
steamoadatnominalload(solid: with stabilizer;
dashedwithout stabilizer)

900# headerpressureagainsta stepincreaseof 100
KPPH on 900# headersteamload for the designed
multivariablecontrollerandthe designedstabilizer It
is obvious that the multivariablecontroller canreject
the disturbanceatherquickly, andsoit is superiorto
thestabilizer Thedisadwantages thatit is muchmore
complex andhenceharderto implement.
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900#headeipressurdpsi) vs. time (min.)

Fig. 6. Comparisonof different control systems
(dashedmultivariablecontroller;solid: with sta-
bilizer; dotted:without stabilizer)

5. CONCLUSIONS

A stabilizerdesignprocedurés proposedo improve

tracking and disturbancerejection performancefor

existing complex control systems.The approachis

simpleto applyandneedonly someof the closed-loop
transferfunctionsfrom existing systemsApplication

of the approachin the Syncrudeutility plant shavs

that it canindeedimprove the disturbancerejection
performancendthe stabilizeris simpleto implement
andtestin practice.
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