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Introduction

PSYCO(PrototypeSYmbolicCOntrol toolbox)is softwarewhichallows oneto analyzea dynamicsystem
from a control engineeringpoint of view. It wasborn asa collaborationbetweenthe DSI (Dipartimento
Sistemie Informatica)of thefacultyof engineeringof FlorenceUniversityandtheBIOMATH department
at theagriculturalfacultyof GentUniversity, within theframework of aSocrates/Erasmusstudentexchange
program.
PSYCOis relatedto a wider projectcalledWEST++. WEST++is a softwarefor modelingandsimulation
of dynamicsystems,in particularWasteWaterTreatmentPlants(WWTPs)andhasbeendevelopedat the
BIOMATH departmentWEST++is a powerful softwareto build modelsandsimulatethem,but so far no
controlfacilitieswereavailable.Thepurposeof PSYCOhasbeento givetheopportunityto auserto analyze
modelsthroughclassicalcontroltoolsandthendesigncontrollersto imposeadesiredsystembehavior.
Both PSYCOand WEST++ are basedon the samephilosophy, that is to solve problemsin a symbolic
fashionas much as possible;that meansthey seekfor an analyticalsolution of a problem,whenever it
exists,or usesymbolicmanipulationsto improve performanceof subsequentnumericalapproaches.
This reportis composedof threeparts:

� Background

� PSYCO

� AerationTank

The“Background”parttriestoexplainall theknowledgewhichhasbeennecessarytobuild thePSYCOsoft-
ware;thatmeanstheoreticalknowledge(symbolicmanipulation,WasteWaterTreatmentPlants(WWTPs),
modelingand simulation)and the correspondingcomputerimplementation(computeralgebrasystems,
WEST++modelingandexperimentalenvironment).
Part two (PSYCO)is adetaileddescriptionof thePrototypeSymbolicControlToolbox.Eachchapterstarts
from issuesin SystemTheoryandAutomaticControlandexplainshow it hasbeenpossibleto realizethem
in a symbolicmanipulationenvironment.
As a resultof thestrongorientationof BIOMATH towardsWWTP applications,PSYCOhasbeenapplied
to a simplifiedIAWQ [7] modelof n.1andtheresultsareshown in thethird partof this report.
Figure1 shows whatcanbe doneby meansof PSYCO.Thestartingpoint is a modelof a plant,eitherin
stateequationform or in transferfunctionform. Then,a menudriveninterfaceallows theuserto reachall
theblocksdepictedin thefigure.Thefinal goalis to assistin thedesignof controllersfor theplant.
Oncea controllerhasbeendesigned,a completecontrolledsystem(i.e., plant, controllerandtheir inter-
connections)canbe simulatedby meansof WEST++. From a userpoint of view, that is an easytask: it
is sufficient to chooseandconnectblocks,andautomaticallyMSL-EXEC code(Model SpecificationLan-
guageExec level, basicallyC++ code)is availablefor thesimulation. Actually, our work to link PSYCO
andWEST++wasnot trivial. In fact, althoughlibrariessupportingWWTP modelswerealreadypresent,
controllibrarieswerenotanda furtherprogrammingeffort in MSL-USER(ModelSpecificationLanguage,
User level) hasnecessary. Figure2 depictslinks betweenPSYCOandWEST++. Hereby, a Romanfont
denotesstaticentities(suchasaStateSpacemodel),whereasanItalic font denotestransformationactivities.
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SymbolicManipulation

SymbolicManipulationis concernedwith finding symbolicor exact solutionsto mathematicalproblems.
This avoids roundingerrorsand the needfor an error analysis. From a symbolic solution one may get
moreinsight into a problemandderive wholeclassesof solutions.Exactor symboliccomputationhasthe
disadvantageto bemorecompute-intensive thannumericalcalculation.However, assymbolicmanipulation
is usuallyperformedonly onceasopposedto numericalcodewhich getsexecutedtime andagainduring
simulation,the one-timeintensive symboliccomputationcost is largely compensatedby the performance
gainatsimulationtime.

1.1 Scientific Calculation and Alg ebraic Calculation
Fromthestartof electroniccalculation,oneof themainusesof computershasbeennumericalcalculation.
Very soon,applicationsto managementbeganto dominatethe scene,asfar asthe volumeof calculation
assignedto themis concerned.Nevertheless,scientificapplicationsarestill themostprestigious,especially
if we look at theperformancerequiredof thecomputer:themostpowerful computersareusuallyreserved
for scientificcalculation.
This conceptof “scientific calculation”concealsan ambiguity, which it is importantto note: beforecom-
putersappearedonthescene,acalculationusuallyconsistedof amixtureof numericalcalculationandwhat
we shall call “algebraiccalculation”, that is calculationby mathematicalformulae. The only exampleof
purelynumericalcalculationseemsto have beenthe featsof calculatingprodigiessuchasInaudi: theau-
thorsof tables,especiallyof logarithms,did indeedcarry out enormousnumericalcalculations,but these
wereprecededby a restatementof the algebraicformulaeandmethodswhich wereessentialif the work
wasto bewithin theboundsof what is humanlypossible.For example,thefamouslargecalculationof the
19thcenturyincludea largeproportionof formulamanipulation.Thebestknown is certainlyLe Verrier’s
calculationof theorbit of Neptune,which startedfrom thedisturbancesof theorbit of Uranus,andwhich
led to thediscovery of Neptune.Themostimpressive calculationwith pencilandpaperis alsoin thefield
of astronomy:Delaunaytook 10 yearsto calculatetheorbit of themoon,andanother10 yearsto checkit.
The resultis not numerical,becauseit consistsfor themostpartof a formulawhich by itself occupiesall
the128pagesof Chapter4 of his book.
Theambiguitymentionedabove is the following: whencomputerscameon thescene,numericalcalcula-
tion wasmadevery mucheasierandit becamecommonplaceto do enormouscalculations,which in some
casesmadeit possibleto avoid laboriousalgebraicmanipulation.Theresultwasthat,for thepublicat large
and even for most scientists,numericalcalculationand scientific calculationhave becomesynonymous.
However, numericalcalculationdoesnot rule out algebraiccalculation:writing themosttrivial numerical
programrequiresa restatementof theformulaeon which thealgorithmis based.

13



14 CHAPTER1. SYMBOLIC MANIPULATION

Thusalgebraiccalculationhasnot lost its relevance.However, it is mostfrequentlydonewith pencil and
paper, eventhoughthefirst softwareintendedto automateit is alreadyquiteold. It wasvery quickly seen
thatsuchsoftwarefor helpingalgebraiccalculationwould have to bea completesystem,which includeda
methodwith a very specialstructurefor representingnonnumericaldata,a languagemakingit possibleto
manipulatethem,anda library of effective functionsfor carryingout thenecessarybasicalgebraicopera-
tions.
Thisdisciplineis known as“Symbolic Manipulation”,or “AlgebraicCalculation”or “ComputerAlgebra”.
The most intuitive, althoughsomewhat restrictive, approachto ComputerAlgebrasystemsis to say that
they aremadefor themanipulationof everydayscientificandengineeringformulae. A mathematicalfor-
mula which is describedin oneof theusuallanguages(FORTRAN, PASCAL, C, BASIC,...) canonly be
evaluatednumericallyoncethevariablesandparametershave themselvesbeengivennumericalvalues.In
a languagewhich allows algebraicmanipulation,thesameformulacanalsobeevaluatednumerically, but
above all it canbe theobjectof formal transformation:differentiation,developmentin series,variousex-
pansions,integration,etc...
Theareastypically coveredby computeralgebrasystemsare:

� Operationson integers,on rational,realandcomplex numberswith unlimitedaccuracy.

� Operationson polynomialsin oneor morevariablesandon rationalfractions. In short,theobvious
rationaloperations,calculatingtheg.c.d.,factorisingover theintegers,...

� Calculationon matriceswith numericaland/orsymbolicelements.

� Simpleanalysis:differentiation,expansionin series,...

� Manipulationof formulae: varioussubstitutions,selectionof coefficient andpartsof formulae,nu-
mericalevaluation,patternrecognition,controlledsimplification,...

Startingout from thiscommonbase,thesystemmayoffer possibilitiesin specificareas,possibilitieswhich
to someextentcharacterizetheir degreeof development.For example:

� Solutionof equations.

� Formalintegration.

� Calculationof limits.

� Tensorcalculus.

1.2 Symbolic Manipulation: Why
Imagineyouaretrying to solve anequationfor anunknown variable,suchas:x - 5 = 0. Wesaywehave an
analyticsolutionif we canactuallysolve theequationexplicitly for theunknown variable.In thiscase,it is
easyto seethattheexplicit analyticsolutionis x = 5, andthatthis is theexactsolution.
If wewerenotsosmart,wemightdevelopan“algorithm” onacomputerto solve thisequationnumerically.
The algorithm would test variousvaluesfor x, and then stop with a “solution” when the equationwas
satisfiedto somechosentolerance. For example,we might demandthat the computershouldsolve this
equationto anaccuracy of 0.5. Thenthecomputerwould follow thealgorithmuntil it founda solutionto
thisdegreeof accuracy. Givenaninitial guessx = 1, dependingon thealgorithm,it mightcomeupwith the
following guesses:x = 2.2 (no good),x = 3.3 (no good),x = 4.6 (goodto thetolerancewe specified),and
returnthe“solution” x = 4.6. An efficientalgorithmwouldcomeup with asolutionquickly.
Notethatif we wantto bemoreaccurate,asscientistsdo in their predictions,we might specifya tolerance
that is muchsmaller, like 0.001. Thecomputermight eventuallygeta resultafter the following sequence:
2.2,3.3,4.6,5.2,5.05,4.98,5.0005,andthenreturnwith thesolutionx = 5.0005.Of course,it takesmuch
morework to solve theequationto this level of accuracy.
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For sucha simpleequationwe would never usea computerto get a solution. Whenthe equationsto be
solved arelarge andcomplex, describingmany coupledphysicalprocessesdynamicsandcontaininga lot
of terms,severalefforts have to bedoneto obtaintheright solution;onehasto dealwith someissuesabout
how to reachit in themostefficientwayandwhy oneshouldpreferonewayto tackleaproblemratherthan
another. Severalproblemscanbe tackledboth in a numericalanda symbolicalway. Gettingthesolution
usingonemethodratherthantheother, canhave advantagesanddisadvantages.
Themainadvantagesin favor of asymbolicapproachare:

� Performance,if you know a quantityanalytically, you canavoid somecomputationsanddecrease
the computationtime (for example,two identicalexpressionswith oppositesign composedof a lot
of terms,canbesimplified beforedoingall thecalculationsinvolved, provided thatexpressionsare
known analytically);

� Re-use,if you getananalyticalsolution,you geta wholeclassof solutions(for example,if you have
to computean integral on an interval [a, b] and thenon [c, d], if you have computedthe analyti-
cal primitive you have just to evaluateit twice, otherwiseyou have to proceedwith two numerical
integrations,surelymoreCPUconsuming)

� Correctness,sometimesit is impossibleto obtaina correctsolutionnumerically(e.g., , if you have a
linearsystemof equationswith determinantequalzero,youhave infinite solutionsthatcanbewritten
only symbolically)

� More accuratenumericalresults,because,preprocessingdatawith symbolicalmanipulations,more
advancednumericaltechnicscanbe exploited (e.g., , using analyticalforms of derivatives for the
purposeof Taylorapproximations)

On theotherhand,symboliccomputationprogramsareregardedasfairly limited in mostof the following
areas:

� Solvingnon-linearODEsandPDEs

� Solvingnon-linearalgebraicequations

� Solvingnon-linearoptimizationproblems

Theseproblemsare the province of numericalcomputation,becauseadequateanalyticsolution methods
maynot exist andthereforemaynot be implementedin a symboliccomputationpackage.However sym-
bolic methodscanbeusedto derive expressionsnecessaryfor performingnumericalcomputations–suchas
gradientsandJacobianandHessianmatrices.Thus,thetraditionalrolesof numericandsymboliccomputa-
tion arenotdistinctandmany benefitsarisefrom merging thetwo.

1.3 Symbolic Manipulation: How
Several computeralgebrasystemscanhandlesymbolicmanipulation(MACSYMA, REDUCE,DERIVE,
MAPLE, MATHEMATICA, AXIOM). Ourwork hasbeenbasedon MuPAD www.mupad.de .
MuPAD is a computeralgebrasystemwhich, up to now, hasbeendevelopedmainly at the University of
Paderborn.MuPAD providesmathematicalfunctionssuchasmentionedabove. For example,if onewants
to obtaintheindefiniteintegral of �����
	���
���������
� � ��� � 	���

MuPAD givesthesolution:

����������
�	�������� �"!$#�%&�'�(�)�����*
+� �,�������
	-��
�



16 CHAPTER1. SYMBOLIC MANIPULATION

Expressionsmaynotonly becomputedsymbolically, onemayalsodonumericalcomputation(for example
evaluationof thepreviousintegral at a certaininstant).Let ushave a look moredetailedat thecomponents
of theMuPAD system.
MuPAD is a generalpurposecomputeralgebrasystem.MuPAD consistsof a so-calledkernelwhich, for
speedandefficiency, is mainly implementedin theprogramminglanguageC andpartially written in C++.
TheMuPAD kernelis composedof thefollowing basicparts:

� thearithmetic,handlingnumbersof arbitrarylengths.

� theparser, readingandcheckingtheuser’s input.

� theevaluator, evaluatingandsimplifying inputdata.

� thememorymanagementMAMMUT (MemoryAllocation ManagementUniT), handlingall dataof
thesystemMAMMUT usesa (weak)uniquedatarepresentationandservesasan interfacebetween
thehardwareandtheMuPAD kernel.Apart from thegraphicaluserinterface,MAMMUT is theonly
platformdependentpartof theMuPAD system.

� built-in functions.Theseareuseraccessiblefunctionswhichareimplementedin thekernelfor speed
andefficiency, e.g., , oftenneededfunctionsfor manipulatingarithmeticalexpressionsor polynomials.

TheMuPAD kernelfeaturesa high-level programminglanguage,theMuPAD language.Themathematical
expertiseof MuPAD mainly residesin librarieswritten in theMuPAD languagewhicharethusindependent
of theunderlyingsystemplatform.
SocalledDynamicModulesallow to extendtheMuPAD kernelor integratesoftwarepackageswithin Mu-
PAD. A dynamicmodulecontainsso-calledmodulefunctionswhichare,in contrastto library functions,not
written in theprogramminglanguagebut arecompiledmachinecodefunctionswritten in C/C++.They can
directlyaccessinternalkernelmethods.
MuPAD offersdatatypes(graphicalprimitivessuchaspointsandpolygons)andfunctionsfor plotting two-
andthree-dimensionalcurvesandsurfaces.A two- or three-dimensionalplot (a “scene”)is displayedwith
theMuPAD graphicstool VCam. A sceneconsistsof anobjector a sequenceof objects.For eachobject
severalparameterssuchastext, colorandstylescanbedefined.Furtherparametersarethe“viewing point”
definingtheperspective, thescale,axesandtheir labeling,back-andforegroundcolor, andmore.A scene
canbesaved in differentgraphicformats,or canbesendto a printer. VCamevenoffers thepossibility to
generateandmanipulateasceneinteractively. Any suchscenecanbetranslatedto acorrespondingMuPAD
input.
Thegraphicalfront-endof theMuPAD helptool is organizedasa hypertext system.Theusercannavigate
to the list of availablefunctions,to the index or to thecontentspageof theon-linemanuals,cancreatehis
own hyperlinks,setbookmarksandsoon. TheentireMuPAD documentation(i.e, thelanguagedescription
aswell asthe completelibrary documentation)is organizedashypertext documentsfor the MuPAD help
tool.
In additionto this,MuPAD hasa window basedSource-CodeDebuggerfor debugginguser-definedproce-
duresanddomainswhichwerewritten in theMuPAD language.
MuPAD is availablefor differentcomputerplatformsincludingvariousUnix systems(Linux, SunOS,So-
laris,SGI, ...), theMacintoshOSandMicrosoftWindows 95/NT.



ModellingandSimulation

2.1 Theor y of Modelling and Simulation
In the following, a shortintroductionto thebasicconceptsof modellingandsimulationis given. Further,
thecurrentWEST++implementationwill berelatedto theseconcepts.
Figure2.1 presentsthe interrelationbetweendifferentmodellingandsimulationrelatedconceptsasintro-
ducedby Zeigler.

Object is someentity in theRealWorld. Suchanobjectcanexhibit widely varyingbehaviour depending
on thecontext in which it is studied,theaspectsof its behaviour whichareunderstudy, . . .

BaseModel is a hypothetical,formalised(abstract)representationof theobject’s properties,in particular,
its behaviour, which is valid in all possiblecontexts,describesall theobject’s facets,. . .
A basemodelis hypotheticalaswe will never —in practice—beableto construct/represent sucha
“total” model.Thequestionwhethera basemodelexistsin theoryis a philosophicalone(cfr. hidden
parameterproblemin quantumphysics).

System is a well definedobject in the Real World underspecificconditions,only consideringspecific
aspectsof its behaviour.

Experimental Frame (context) Whenonestudiesasystemin therealworld, theexperimentalframe(EF)
describesexperimentalconditions(context), aspects,. . .within whichthatsystem(andcorresponding
models)will beused.A descriptionof theExperimentalFrameasusedin WEST++is givenbelow.

Lumped Model gives an accuratedescriptionof a systemwithin the context of a given Experimental
Frame. The term “accuratedescription”needsto be definedprecisely. Usually, certainproperties
of thesystem’s structureand/orbehaviour mustbe reflectedby themodel(within a certainrangeof
accuracy). Note: a lumpedmodel is not necessarilya lumpedparametermodel(dueto the diverse
applicationsof modellingandsimulation,terminologyoverlapis very common).Thecurrentstate-
of-theart of modellingrepresentsmodelsin differentformalisms.Formalismtransformationmakes
anoverall systemmodelsuitablefor simulation.In WEST++,theODE (OrdinaryDifferentialEqua-
tion), DAE (DifferentialAlgebraicEquation),andPDE(PartialDifferentialEquation)formalismsare
supported,enhancedwith WasteWaterTreatmentPlantknowledge.

Experiment(ation) is the physicalact of carryingout an experiment. An experimentmay interferewith
systemoperation(steerinputandparameters)or it maynot. As such,theexperimentationenvironment

17
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Figure2.1: Modelling andSimulation

may be seenas a “system” in its own right (which can be modelledin a lumpedmodel). Also,
experimentationinvolvesobservation.ObservationyieldsObservedData.

Simulation of a lumpedmodel in a certainformalism(e.g., algebraic,Petri net, . . . ) will calculatethe
dynamicinput/outputbehaviour throughsymbolicor numericaloperations.Simulationyields sim-
ulation results. Note the above statementthat simulationmay usesymbolic as well as numerical
techniques.Simulationcanbeseenasvirtual experimentation, andassuch,theparticulartechnique
useddoesnot matter. Whereasthegoalof modellingis to meaningfullydescribea systempresent-
ing informationin anunderstandable,re-usableway, theaimof simulationis to befastandaccurate.
Symbolictechniquesareoftenfavouredovernumericalonesasthey allow thegenerationof classesof
solutionsratherthanjusta singleone(e.g., .�/10 ����
 asasolutionto theharmonicequationasopposed
to onesingleapproximatetrajectorysolution). Furthermore,symbolicoptimisationshave a much
largerimpactthannumericalonesthanksto theirglobalnature.

Verification is theprocessof checkingtheconsistency of asimulationprogramwith respectto thelumped
modelit is derivedfrom.

Validation is theprocessof comparingexperimentmeasurementswith simulationresultswithin thecontext
of a certainExperimentalFrame.Whencomparisonshows differences,the formal modelbuilt may
not correspondto therealsystem.A largenumberof matchingmeasurementsandsimulationresults
doesnot provecorrectnessof themodelhowever. For this reasonPopperhasintroducedtheconcept
of falsification: theenterpriseof trying to falsify (i.e., disprove) amodel.

Theuseof simulationhasprovento beinvaluablein thestudyof complex systems.Thesimulationactivity
is partof thelargermodel-basedsystemsanalysisenterprise.A framework for theseactivities is depictedin
Figure2.2.
TheFramework startsby identifyinganExperimentalFrame.As mentionedabove,theframerepresentsthe
experimentalconditionsunderwhich themodellerwantsto investigatethesystem.As such,it reflectsthe
modeller’s goalsandquestions.
Basedon a frame,a classof matchingmodelscanbe identified. Throughstructurecharacterization,the
appropriatemodelstructureis selectedbasedon a priori knowledgeandmeasurementdata.Subsequently,
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parameteridentification(or estimation)yieldsoptimalparametervaluesfor reproducinga setof measure-
mentdata.Usingtheidentifiedmodelandparameters,simulationallows oneto mimic thesystembehavior
(virtual experimentation).It is notedthatsimulationcanbeembeddedin a plethoraof virtual experiments:
initial valueproblems,shootingproblems,optimisationproblems,parameterfit problems,. . .
Thequestionremainshoweverwhetherthemodelhaspredictive validity: is it capablenotonly of reproduc-
ing datawhichwasusedto choosethemodelandto identify parametersbut alsoof predictingnew behavior
?
In Figure2.2, onenoticeshow thedifferentstepsin themodellingprocessmayeachintroduceerrors. As
indicatedby the feedbackarrows in Figure2.2, a modelhasto be correctedonceproven invalid. A very
desirablefeatureof thevalidationprocessis theability to providehintsasto thelocationof modellingerrors.
Unfortunatelyhowever, very few methodsaredesignedto systematicallyprovide suchinformation.
The conceptof ExperimentalFrame(seeFigure2.3) refersto a limited setof circumstancesunderwhich
a system(real of model) is to be observed or subjectedto experimentation.As such,the Experimental
Framereflectsthe objectivesof the experimenterwho performsexperimentson a real systemor, through
simulation,on a model. In its mostbasicform, an ExperimentalFrameconsistsof two setsof variables,
theFrameInputVariablesandtheFrameOutputVariables,whichmatchthesystemor modelterminals.On
the input variableside,a generator describesthe inputsor stimuli appliedto the systemor modelduring
an experiment. A generatormay for examplespecifya unit stepstimulus. On the outputvariableside,a
transducerdescribesthe transformationsto be appliedto the system(experiment)or model (simulation)
outputsfor meaningfulinterpretation.A transducermayfor examplespecifythecalculationof theextremal
valuesof someof theoutputvariables.In theabove, outputrefersto physicalsystemoutputaswell asto
thesyntheticoutputsin theform of internalmodelstatesmeasuredby anobserver. In particular, in caseof
amodel,outputsmayobserveinternalinformationsuchasstatevariablesor parameters.
Apart from input/outputvariables,ageneratoranda transducer, anExperimentalFrame,mayalsocomprise
an acceptorwhich comparesfeaturesof the generatorinputswith featuresof the transducedoutput,and
determineswhetherthe thesystem(realor model)“fits” this ExperimentalFrame(andhence,the experi-
menter’s objectives).
Theabovepresentationof anexperimentalframeenablesarigorousdefinitionof modelvalidity. Let usfirst
postulatetheexistenceof auniqueBaseModel. Thismodelis assumedto accuratelyrepresentthebehavior
of theRealSystemunderall possibleexperimentalconditions.This modelis universally valid asthedata�����<�?���'���1���<�

obtainablefrom theRealSystemis alwaysequalto thedata
�����I���)���)�&�<�

obtainablefrom the
model. �����?�<�a���)�&�a�s�������a�$�[�'�I�����<�
A BaseModel is distinguishedfrom aLumpedModelby thelimited experimentalcontext within which the
lastaccuratelyrepresentsRealSystembehavior.
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A particularexperimentalframe � maybeapplicableto arealsystemor to amodel.In thefirst case,thedata
potentiallyobtainablewithin thecontext of � aredenotedby

�����a�$�����I��������� � . In thesecondcase,obtainable
dataaredenoteby

���{�)�&�a�a� � . With this notation,a model is valid for a real systemwithin Experimental
Frame� if ���:���( ��<�?���a�$�<�<� � �-�����<�?�����I��������� �
Thedataequality

�
mustbeinterpretedas“equalto acertaindegreeof accuracy”.

Theaboveshowshow theconceptof validity is notabsolute, but is relatedto theexperimentalcontext within
whichModelandRealSystembehaviorarecomparedandto theaccuracymetricused.
Onetypically distinguishesbetweenthefollowing typesof modelvalidity:

Replicative Validity concernstheability of theLumpedModelto replicatetheinput/outputdataof theReal
System.With thedefinitionof aBaseModel,a LumpedModel is replicatively valid in Experimental
Frame� for aRealSystemif ���:���( ��<�?���a�$�<�<� � �-�����I���)���)�&�a�a� �

Predictive Validity concernstheability to identify thestateamodelshouldbesetinto to allow prediction
of theresponseof theRealSystemto any(notonly theonesusedto identify themodel)inputsegment.
A LumpedModel is predictively valid in ExperimentalFrame� for aRealSystemif it is replicatively
valid and ¡ �:���( ��<�?���a�$�<�<� �£¢ ¡ ���?�<�)���a�$�<�)� �
where

¡ �
is the setof I/O functionsof system ¤ within ExperimentalFrame � . An I/O function

identifiesa functionalrelationshipbetweenInput andOutput,asopposedto ageneralnon-functional
relationin thecaseof replicative validity.

Structural Validity concernsthestructural relationshipbetweentheRealSystemandtheLumpedModel.
A LumpedModel is structurallyvalid in ExperimentalFrame� for aRealSystemif it is predictively

valid andthereexistsa morphism ¥¦ from BaseModel to LumpedModelwithin frame � .

§{¨�©«ªs¬�­:®°¯V­±¬�²&� �£¥¦-³�´ . ¬�®°¯"­:¬�²&� �
Whentrying toassessmodelvalidity, onemustbearin mindthatoneonlyobserves,atany time µ , � ����a�$�����I������� ,
asubsetof thepotentiallyobservabledata

�����a�$�[�'���1���<�
. Thisobviouslydoesnotsimplify themodelvalida-

tion enterprise.
Whereasassessingmodel validity is intrinsically impossible,the verificationof a modelimplementation
canbe donerigorously. A simulator implementsa lumpedmodelandis thusa sourceof obtainabledata���'¶·�{���R�$���<¸

. If it is possibleto prove(oftenby design)astructuralrealtionship(morphism)betweenLumped
modelandSimulator, thefollowing will hold unconditionally���'¶·�
�����&���a¸¹�-���:���C ��a�$���)�&�a�
As mentionedbefore,differentmodellingerrorsmaybeintroducedduringdifferentstepsof themodelling
processasdepictedin Figure2.2:

Experimental Frame Err or: In defining the boundariesof the processor systemto be modeled,some
importantcomponentsmaybemissed,somesignificantdisturbancesto thesystemmaybeneglected
andsoon. All of theseintroduceerrorsinto themodel.

Structural Err or: Dueto for instancelack of knowledgeof themechanismof theprocessto bemodeled
or dueto anoversimplificationof themodel,onemayassumeawrongmodelstructure.Typicalerrors
includechoosinganincorrectnumberof statevariablesor incorrectlyassumingnon-linearbehavior.
Structuralerrorsmay accidentallybe producedthroughincorrectchoiceof parameters(usually, º ),
wherebysomepartof themodelstructurevanishes,therebyalteringthemodelstructure.
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Parametric Err or: Either by improperor inadequatedatausedfor parameteridentificationor by inade-
quatelydesignedalgorithms,onemayuseincorrectparametervalues.

Thereareseveralreasonswhy abstractmodelsof systemsareused.Firstof all, anabstractmodeldescription
of a systemcaptures knowledge aboutthat system. This knowledgecanbe stored,shared,and re-used.
Furthermore,if modelsarerepresentedin astandardway, the investmentmadein developingandvalidating
modelsis paidoff asthemodelwill beunderstoodby modellingandsimulationenvironmentsof different
vendorsfor a long time to come.
Secondly, anabstractmodelallowsoneto formulateandanswerquestionsaboutthestructureandbehaviour
of a system. Often, a model is usedto obtainvaluesfor quantitieswhich arenon-observable in the real
system.Also, it might not be financially, ethicallyor politically feasibleto performa realexperiment(as
opposedto asimulationor virtual experiment).Answeringof structure relatedquestionsis usuallydoneby
meansof symbolicanalysisof themodel.Onemight for examplewish to know whetheranelectricalcircuit
containsaloop. Answeringof questionsaboutthedynamicbehaviourof thesystemaredone(by definition)
throughsimulation. Simulationmaybesymbolicor numerical.Whereastheaimof modellingis to provide
insightandto allow for re-useof knowledge,theaimsof simulationareaccuracy andexecutionspeed(often
real-time,with hardware-in-the-loop).
Onepossibleway to constructsystemsmodels(particularlyin systemsdesign)is by copying thestructure
of the system. Suchis not a strict requirement.A neuralnetwork which simulatesthe behaviour of an
aerationtankin anactivatedsludgewastewatertreatmentplantis considereda “model” of thetank. It may
accuratelyreplicatethebehaviour of the tank, thoughthephysicalstructureof the tankandits contentsis
no longerapparent.For purposesof control, we areoften satisfiedwith a performant(real-time)model
of a systemwhich accuratelypredictsits behaviour underspecificcircumstances,but bearsno structural
resemblancewith therealsystem.

2.2 General Systems Theor y
A generalmathematicalframework exists for the descriptionof causal, deterministic, statebasedsystem
models.The framework is causalasit assumesthe inputsto thesystemareknown andthesystemmodel
allows, in principle,thecalculationof thestateandoutputtrajectories(i.e., evolution in functionof time) in
aunique, deterministicfashion.

¤�»�¤ ¦�¼¾½¹¿PÀÁ¿PÂÃ¿?Ä�¿$Å�¿ » ¿?ÆÈÇ
½ timebaseÀ inputsetÂ�É'½-ÊËÀ input segmentÄ statesetÅÌÉ'½°ÍÁÎÏÍÁÄ°ÊÐÄ transitionfunction» outputsetÆÁÉ:ÄÑÊ » outputfunction

In this systemtheoreticalframework, thestate Ä andstatetransitionfunction Å needto satisfy

Ò µaÓ�Ô Õ µ ¶ ¿ µ)Ö�× ÉGÅ � µ ¶ ¿PÂ
Ø ��Ù4Ú �,Û?Ü ¿&Ý ¶ 
 ¦�Å � µ<Ó ¿PÂ{Ø ��Þ�Ú �,Û?Ü ¿$Å � µ ¶ ¿PÂ{Ø ��Ù8Ú ��Þ?Ü ¿&Ý ¶ 
P

As depictedin Figure2.4, this meansthe (state)transitionfrom a time µ ¶ to a time µPÖ canbe split up into
any numberof intermediatestatetranstionsandstill give thesameresultat time µPÖ . This is a fundamental
propertywhich formsthebasisfor theimplementationof all (i.e., bothcontinuousanddiscrete)simulators.
For any deterministic,state-basedmodel,a solveror simulationkernel will generatestateandoutputtra-
jectoriesfor a given input segment. At eachpoint in time, Æ is usedto calculateoutput from state. For
eachtime segment,Å computesthestateat theendof thetime segmentfrom thestateat theinitial timeand
from theinputsegmentover thetimesegment.This is depictedin Figure2.5It is importantto notethatthis
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computationstructureis thegenerictemplatefor any causal,state-basedsimulator.
The ¤�»�¤ ¦�¼ß½à¿PÀÁ¿PÂÃ¿?Ä�¿$Å�¿ » ¿?Æ�Ç formalismcapturesmany differentspecificformalisms.As a simple
continuous( ½�¦âá ) example,apendulumasdepictedin Figure2.6fits the ¤+»�¤ template:

ã �Ìä �Áåæ§çåè® ¦�¼é½¹¿PÀê¿PÂÃ¿?Ä�¿$Å�¿ » ¿?ÆÈÇ
½-¦âáÀë¦�ìÂ�É'½-ÊíÀÄÑ¦ Õ ��î � ¿ î � × ÍïáÅðÉ�½°ÍÁÎ-ÍêÄ°ÊñÄÅ � µ ¶ ¿PÂ Ø ��Ù8Ú �,Û?Ü ¿ �4ò�� µ ¶ 
 ¿?ó � µ ¶ 
P
P
 ¦ �4ò�� µ ¶ 
�	�ô

�,Û��Ù ó �8õ(
 ­ õ ¿?ó � µ ¶ 
�	�ô
�,Û��Ù�ö� ò��8õ�
 ­ õ�


» ¦âá�÷éÍïáÆïÉ±Ä°Ê »Æ �4ò ¿?ó 
 ¦ � § #�ø�ù�ò ¿ § ù&ú��ûò:

In fact, the ¤+»�¤ templateallows for theclassificationof differentformalismsusedto modelthedynamic
behaviour of systems.Classificationis donebasedon thenatureof thetime setandof thestateset. Some
typical formalismsaredepictedin Figure2.7

2.3 A-Causal Modelling
Physicalsystemscanoftenby usedin different“causalcontexts”. For example,anelectricalresistorcanbe
usedin a context wherethevoltagedropover it is known andonewishesto determinethecurrentflowing
throughit, or the currentflowing throughthe resistormay be known and one wishesto determinethe
voltagedrop. It is obvious that thereis only onephysicalsystem:the resistor, thoughtherearemultiple
causal(giveninput,calculateoutput)modelsto describetheinput/outputbehaviour. Froma re-usepoint of
view this is hardlyelegantor efficient. Hence,it is appropriateto representmodelsof physicalbehaviour in
ana-causalor implicit form (asopposedto acausalor explicit form). Below, asmalldemonstrationis given
of symbolictransformationsof implicit modelsto anexplicit form which canbesimulatedefficiently and
accurately.

1. A generalsetof implicit equationsis transformedto a causalform: for each–possiblynon-linear–
equation,we determinewhich variablein that equationcanbe uniquelydeterminedfrom the other



2.3. A-CAUSAL MODELLING 25

Time Base

State

Continuous Discrete Empty

Continuous

Discrete

DAE
PDE

Discrete
Event

Naive Physics

Difference
Equations

Finite State Automata

Algebraic Eqn

Integer Eqn

Figure2.7: Classificationof CausalFormalisms

variablesin thatequation.Thus,eachequationis assignedone“output” variable,whereastheremain-
ing onesare“input” variables.Thesetof equationsbelowüýýýþ ýýýÿ

��������� � � Equation1���
	�����
���� � Equation2����
��
��� � � Equation4
���� � � Equation4

is transformedby meansof “bipartite graphmaximalcardinalitymatching”(thegraphis bipartiteas
theequationsandvariablesaredisjoint sets)intoüýýýþ ýýýÿ

����� ��� � � Equation1� �
	�����
 � � � Equation2� ��
��
��� � � Equation4
 ��� � � Equation4

Hereby, theunderlinedvariablesneedto be determinedfrom the remainingones.The causalityas-
signmentis notalwayspossible.In caseof failureof thecausalityassignment,this is anindicationof
amodellingerrorof thesethasto besolvedimplicitly by meansof anumericalsolver (e.g., DASSSL
DAE solver).

2. Theabovecanbetransformedinto explicit form throughsymbolicmanipulation(underlinedvariables
areunderlinedandbroughtto theleft handside).üýýýþ ýýýÿ

� ��� �������� ��� ��	�����
��� ��� 
 �!���
 ��� �
3. This still resultsin a setof equationswhich, whenwritten in an arbitraryorder in a programming

languagewith sequentialsemanticssuchasC++, will leadto erronousresults.Hence,the“sorting”
of equationsbasedonTarjan’s TopologicalSortalgorithm.This leadsto
 ��� �#"� ��� 
��$���#"� ��� ��	�����
 � "� ��� �������%"
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Note how cyclic dependency betweenvariablesmay occur. These“algebraicloops” needto be de-
tectedfor solutionby eitheran implicit numericalsolver or –wherepossible–by meansof symbolic
manipulation(usuallyonly in caseof linear systems).The reasonto not usean implicit numerical
solver from thestartis thatsuchis highly inefficient (dueto theiterative natureof suchasolver).

Theabove is a small selectionof about10 symbolictransformationswhich areappliedto DAE modelsin
WEST++.

2.4 The Formalism Transf ormation Graph (FTG)
Whenmodellingcomplex systems,oftendifferentabstractionsareused.More formally, thoseabstractions
are“formalisms”suchasBondGraphs,DAEs,ODEs,Finite StateAutomata,. . .
The FormalismTransformationGraphillustratedin Figure2.8 representpossible“formalism transforma-
tions”. The arrows denotethe possibility to transformfrom oneformalismto a “lower” one. This often
entailslossof information. It shouldbe notedthat the “total” informationcontentof the modeland the
solver usuallystaysconstant.In thefigure, the “data” level denotestheresultsof simulations.Thedotted
linesdenotenumericalsimulationasa meansof transfomration.Thesolid linesdenotesymbolictransfor-
mations.Thefigurechartsthecurrentlyused–albeitoftenin hard-codedform– formalismtransformations.
An algorithmwasdevelopedwhichdetermines,basedontheinformationin theFTG,whichtransformations
needto beappliedto a complex coupledmodel(consistingof diversecoupledsub-models,oftendescribed
in different formalisms)andin which orderto “optimally” arrive at 1 simulatablemodel(at MSL-EXEC
level, seebelow).

2.5 MSL-USER vs. MSL-EXEC
Theaim of modelling–therepresentation,storageandmeaningfulre-useof knowledgeaboutthedynamic
behaviour of systems–on the onehandandthe aim of simulation–theefficient andaccuratesolving of
modelsto makesystembehaviour explicit in theform of statetrajectories–arealmostcontradictary. Hence,
therepresentationof modelknowledgeat a high level (in MSL-USER)on theonehandandat a low level
(in MSL-EXEC)on theotherhand.
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2.6 MSL-USER
MSL-USERis anobject-orientedlanguagewhichallowsfor thedeclarativerepresentationof systemdynam-
ics. Declarative meansthat themodel(“what”) is presentedwithout specifying“how” to solve themodel.
The latter is called an operationalspecification. This declarative specificationis automaticallychecked
(syntaxandsemantics)and transformedinto a low-level representation(MSL-EXEC, with C++ binding
in this case)suitablefor effecient(numerical)simulation.The translationinvolvessymbolicmanipulation
(computeralgebra)andgraphmanipulation.
Themaincharacteristicsof MSL-USERare:& MSL-USERis built aroundanumberof generic“types” correspondingto abstractmathematicalcon-

ceptssuchas Integer number, Realnumber, productset,mapping,matrix, . . . . The “meaning” of
objectsof thesetypesis given in a “denotational”fashionby referring to the correspondingmath-
ematicalconcepts.By meansof thesetypesandwith extra semanticrules, it becomespossibleto
representdifferentformalismssuchasPetriNets,BondGraphs,SystemDynamics,DifferentialAl-
gebraicEquations(DAE), . . .& MSL-USERallows oneto representabstractmodelsof thebehaviour of (physical)systems.In par-
ticular, it is possibleto represent“systems”in thesystemtheoretical(state,transitionfunction,output
function,. . . ) sense.& MSL-USER allows one to express“physical” knowledgesuchas units (m, kg, . . . ), quantitytype
(Length,Mass,. . . ), physicalnature(across,through),boundaryconditions,. . .Thesemanticsof these
areknown to theMSL-USERcompilerwhich will checkmodelconsistency and,whereappropriate,
applythisknowledgein thetranslationtowardsMSL-EXEC.& MSL-USER allows for the declarative, non-causal(implicit) representationof models. Through
causalityassignment,causal(explicit) equationsareobtained.& Re-useof modelsbecomespossiblethanksto the EXTENDS inheritancemechanism.This mecha-
nism allows for the extensionof an exisiting model. Thus,startingfrom genericmodels,a treeof
extendedmodelscanbebuilt.& Classificationis madepossiblethroughthe SPECIALISESmechanism. Hereby, it is possibleto
indicatethataparticulartypeis asub-typeof anothertype.Thisnotonly allows for classification,but
alsofor rigoroustype-checking.

The MSL-USERcompiler is written in lex(flex), yacc(bison),andC++ andmakes intenseuseof LEDA
(Library of EfficientDatastructuresandAlgorithms).
Examplesof MSL-USERwill begivenfurtheron in this report.

2.7 MSL-EXEC
MSL-EXEC is generatedautomaticallyfrom MSL-USERandcontainsbothcodeto describedynamicsas
codeto representthesymbolicmodelinformation.Figure2.9depictsthegeneralstructureof a “simulator”.
Thesolver communicatesefficiently (vectorsarebeingpassed)with themodeldynamicspartof theMSL-
EXEC model. In essence,themodeldynamicsencodesthestatetransitionfunctionasright handsidesof
ODEsandasalgebraicequations.Thesimulatorasawholecanbeaskedto performanumericalsimulation.
Thisentailsusingthesolver to generateastatetrajectoryfor theparticularMSL-EXECmodel.Thesimula-
tor canalsobequeriedfor symbolicinformation.This will beretrievedfrom thesymbolicinformationpart
of theMSL-EXEC model.
Below is aexcerptof anautomaticallygeneratedMSL-EXECmodel.In theconstructorof theC++ class
MassSpringClass , all symbolicinformationis registered.
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Figure2.10:ContinuousSimulationExperiment

MassSpringClass :: MassSpringClass(StringType name_arg)
{

set_name(name_arg);
set_description("Simple Frictionless Mass Spring System");
set_class_name("MassSpringClass");

set_no_params(4);
set_param(0, new MSLEParamClass("RestLength", "m", 0.3, 0, MSLE_PLUS_INF,

"Length of the spring \n in rest"));
...

}

Thissymbolicinformationis displayedin theWEST++GUI asdepictedin Figure2.10.
Information–therighthandsidesof equations–for thenumericalsolverisgivenin theComputeInitial( ) ,
ComputeState() , ComputeTerminal () , andComputeOutput( ) methods:

void MassSpringClass :: ComputeInitial(void)
{

_factor_ = _K_/_M_;
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}

void MassSpringClass :: ComputeState(void)
{

_deviation_ = _x_ - _RestLength_;

_D_x_ = _v_;
_D_v_ = - _factor_ * _deviation_;

}

void MassSpringClass :: ComputeOutput(void)
{

int random_sign;
int max_num = 256;
double noise;

_x_out_ = _x_;

random_sign = (random()&1)*2 -1;
noise = random_sign*((random()&max_num)/max_ num);
_x_measured_out_ = _x_+_noise_fraction_*noise;

}

2.8 Solver s
As depictedin Figure2.11,a generalsolver integratesthestateequations,possiblyadaptingthe integrator
stepsize.Eventsarehandledby a discrete-eventkernel.



30 CHAPTER2. MODELLING AND SIMULATION

set initial 
conditions

set 
[ t_init, t_final]

set parameter 
values

t := t_init

YES

NO

estimate
integration error E

E<E_min E>E_max

E in [E_min, E_max]

YES

NO

YES

NO

YES NO

YES NO

YES NO

delta_t := delta_t*2 delta_t := delta_t/2

t_new := t_curr_event t_new := t+delta_t

integrate over
[t, t_new]

zero crossing
location t_zc

t := t_new

t := t_zc

insert zc event
in event list

advance t_curr_event
to next event time

remove event from top
of current event list

current event list
empty

?

process top of 
current event list
(highest priority)

processing may
schedule new events
at same or
later timefuture event list

empty
?

zero crossing
occurred

in [t,t_new]
?

t_curr_event
in [t, t+delta_t]

?

|t-t_curr_event|
 < epsilon

t >= t_final ?

?

set integrator
set initial delta_t
set integrator 
      parameters

setup initial events:
   - trace driven
   - self generating

start

end

Figure2.11:Hybrid SimulationKernel



TheWEST++Modelling andSimulationEnvironment

TheWEST++Modelling andSimulationEnvironmentimplementstheconceptspresentedin theprevious
chapter. Thearchitecturemakesastrictdistinctionbetweenamodellingenvironmentwhichaimsto provide
insightandenablere-useof modelknowledge,ontheonehandandtheexperimentationenvironmentwhich
aimsto maximiseaccuracy andperformance.

3.1 Modelling
As depictedin Figure 3.1, the WEST++ modelling environmentallows for componentbasedmodelling
(in this caseof a simpleWasteWaterTreatmentPlant): the userconnectsmodel icons in a hierarchical
fashion. From this abstractspecification,togetherwith an MSL-USER library of dynamicmodels,one
singleMSL-USERmodel is produced. A compiler thengeneratesMSL-EXEC from this model for use
within theexperimentationenvironment.

3.2 Experimentation
Thefollowing distinguishes,basedon generalmodellingandsimulationtheory, betweendifferent”experi-
menttypes”asimplementedwithin theWEST++environment. It is importantto make a strict distinction
betweentheuserview of anexperiment(experimenttypes)andthekernelview of anexperiment(thesolvers
usedto implementtheexperiments).It is arguedthatall but expertusersshouldbepresenteda ”userview”
of thesystemratherthana ”kernelview” in theinteractive GraphicalUserInterface.

3.2.1 Kernel View

Thekernelconsistsof a numberof ”solvers” which,whenlinkedto a ”model” (in MSL-EXEC),andgiven
someparameterspertainingto the kernel’s operation(suchas accuracy, terminationconditions,...), will
”solve” that model. The ”model” is just a ”standard”definedrepresentation(in C) of the mathematical
object(suchasanODE) to besolved. In WEST++,a generalMSL-EXEC modelmaycontainanarbitrary
sequenceof Explicit AlgebraicandOrdinaryDifferentialEquations(ALGODE), (IALG) Implicit Algebraic
Equations,andImplicit DifferentialAlgebraicEquations(DAE).
In theWEST++context, thefollowing kernelsareused:

1. Explicit ALGODE solver

This solver integratesasortedsequenceof explicit algebraicandordinarydifferentialequations.' �')( �+*-,.�%/.01�203��03
406520 (37 ���98:,.��/601�203��03
406520 (37
31
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Figure3.1: SimpleWWTPModel

wereby� isavectorof derivedstatevariables� is avectorof algebraicvariables
 is avectorof known
inputs 5 is a vectorof parameters(constantduringonesimulationrun)

(
is theindependentvariable.

Integration is doneover ; (=<?> 0 (1@ <?>BA * is a, possiblynon-linear, vector function (imagedimensionis
equalto thedimensionof � ) 8 is a,possiblynon-linear, vectorfunction(imagedimensionis equalto
thedimensionof � )
The above mathematicalrepresentationis extendedwith the requirementthat all individual (scalar)
equationsare sorted: for eachequation,the right handside only dependson variableswhich are
availablefrom (left handsidesof) precedingequations.

To solve themodel,initial conditions(for thestatevariables)aswell as
( <6C

and
(1@�D C

mustbegiven.

The integrator’s stepsizemay be variableto increasecomputationspeed. Changesin stepsizeare
driven by anaccuracy estimatecomputedby thesolver. Suchanaccuracy estimateis usuallybased
on anestimatefor thestepwiseerrorwhich is computedfrom thedifferencebetweentwo subsequent
orderapproximations.

2. Implicit ALG solver

This solver takesanimplicit algebraicmodel���$8:,.�%/E01�F03�%03
206520 (17
wherebythex andx’ areassumedknown (aswell asp, u, andt) andtries to find a �#G for which the
above equationholds.Theabove equationis representedin MSL-EXECin theform of residualsHI�98J,.� / 01�203��03
4065F0 (17
Thesolver triesto make theresiduals0 (in amannerwhich is notunlike whatanoptimiserdoes).

In WEST++, differentsolversareusedfor an implicit algebraicmodelof dimension1 andoneof
higherdimension.

3. Implicit DAE solver
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This solver takes ���$8:,.� / 01�F03�%03
206520 (17
andsolvesit for x andy (u, p, andt areknown).

In WEST++,LindaPetzold’s DASSLsolver is used.

4. Optimiser

This solver takesa real-valuedgoalfunction K ,6L 7
andtriesto vary thev asto extremise(minimiseor maximise)thegoal.Possibly, optimisationcanbe
constrainedby algebraicinequalities.

Notehow anoptimisertriesto extremiseasinglerealvalue.If multiplecriterianeedto beoptimised,
anappropriateweightingof theseneedsto beencodedin thegoalfunction.

As theresultof a simulationis usuallya trajectory(x(t), y(t)) over ; ( <EC 0 (M@�D C A , thegoal functioncan
make useof all x andy valuesin thatinterval. Typicalusesare:& useonly valuesat

(1@�D C
(shootingproblem)& usetheintegral over timeof a trajectory(total cost)& usea discretesumof valuesat particulartime instants(comparingsimulatedvalueswith mea-

suredvaluesat thosetime instants).

WEST++usesBrent’s Praxisaswell asaSimplex method.

5. MiscellaneousMatrix Solvers

Eigenvalues,eigenvectors,matrix inversion,... areoftenused(e.g., in controldesignor in sensitivity
analysis).

In WEST++,standardmatrix solversareusedas”externalfunction” calls.

Certainsolversareableto increaseperformanceand/oraccuracy by makinguseof ”extra” information(such
astheJacobianof themodel)providedin theMSL-EXEC model.Suchinformationmayhave beenarrived
at throughsymbolicmanipulationof theoriginalmodel.
In theabove we have not yet mentionedthehandlingof ”events”. An ”event” interruptsthe ”continuous”
integrationdueto somecondition(seebelow). Theeventhandlingthentakescareof theappropriateevent
code.Theeventhappens”instantaneously”: simulatedtime doesnotadvance.An eventwill typically& modify statevariables(continuousaswell asdiscrete”mode” variables).Typically, acontinuousstate

variablewill begivena new valuewherafterthecontinuousintegrationresumes(a ”re-start”) from a
consistentsetof initial values.& ”schedule”aneventto take placeatsomefuturetime& ”schedule”aneventat thesametime: asanabstractionof real-world process,achainof instantaneous
eventsmayhave to beiteratedthrough.A typical exampleof this is whenthebehaviour of a discrete
controlleris modelledusingaFinite StateAutomaton.

Eventsatasingleeventtimearehandledin ahighestpriority first,First In FirstOut(FIFO)for equalpriority,
order.
Usually, adistinctionis madebetween



34 CHAPTER3. THE WEST++MODELLING AND SIMULATION ENVIRONMENT& Time Events: the time of theevent is known in advance.Typical time eventsarethe terminationof
thesimulationat

( <6C
andthesynchronisationwith externalinputswhich aregivenat particulartime

instants.& StateEvents: the time of theevent is implicitly givenby a conditionsuchas ,6LN�PORQS� 7 whereby
v andw arestatevariables.The conditionis calleda ”zero crossing”( LT�+OU�P� crosseszero)or
”indicator” function.

3.2.2 User View

Theuserthinksin termsof different”virtual experiments”onthemodelof asystem.Typically, thesequence
of theseexperiments,the”modellingandsimulationlife-cycle” or ”modellingandsimulationprocess”(see
elsewherefor moredetails)comprises:& structurecharacterisation& sensitivity analysisw.r.t. parameters& parameterestimation& simulation(eitherinitial valueor shootingproblem)& optimisationof agoalfunctionusingthemodelwith known parameters& sensitivity analysisw.r.t. inputs

Thefollowing experimenttypesareimplementedin WEST++:

1. SimulationExperiment(Initial ValueandShooting)

Mathematically, a modelis specifiedby& EQ: its equations& IV or TV: Initial or TerminalValues& BC: BoundaryConditions(in caseof asystemwith morethanoneindependentvariable)

Currently, in WEST++,therearetwo typesof simulationexperiments:& Initial Valueproblem:statevariablevaluesaregivenat
(=<V>

. Thesimulatorcalculatesthetrajec-
tory over ; ( <?> 0 (1@ <?>WA . This is usuallyimplementedusinga forwardintegrator.& TerminalValue,or End Value,or ”Shooting” problem: statevariablevaluesaregiven at

(1@ <?>
.

The simulatorcalculatesthe trajectoryover ; ( <?> 0 (1@ <?>)A . As a side-effect, the statevariableval-
uesat

( <?>
result. Thesecould be usedas initial valuesin an Initial Value problem. This is

implementedin WEST++usingan optimisationalgorithmwherebythe variedentitiesarethe
unknown initial conditionsandthe goal function is the sumof absolutevaluesof differences
betweensimulatedend-valueanddesiredend-value.

In theory, amix of bothis possible.

Sometimesit is necessaryto ”synchronise”with externaldata.This is for examplethecasewhenthe
input u(t) is givenasa tableof measurements.Two optionsareavailable:

(a) the integratorcanbeforcedto ”synchronise”with theexternaldata.This is doneby meansof
time-events(astheinput timesareknown in advancefrom thetable).
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(b) the integrator candetermineits own integration times and when a value is needed–at those
times–, interpolationis used(0-th, or 1-st order). When the input is given as a continuous
function,no interpolationis required.

Obviously, thelattersolutionis faster, thoughpossiblyincorrect.

2. ParameterEstimationExperiment

Certain(determinedby user, possiblyafterhintsfrom modelsensitivity –w.r.t. parametervariations–
analysis)modelparametersarevariedto minimisethe”distance”betweenasimulatedtrajectoryanda
given(measured)trajectory. Thedistancemeasureis typically asumof squaresof differencesbetween
measuredandsimulatedvaluesthoughabsolutevaluesarealsoused.Differencesbetweenmeasured
andsimulatedvaluescanbecalculatedat differentpointsin time: asdescribedabove, the integrator
canbe forcedto ”synchronise”with the externaldata,or interpolationcanbe used. In general,the
differencescanbeweighted.

3. OptimisationExperiment

Themostgeneraluseof theoptimiserwheresomeparametersarevaried(possiblyconstrained)asto
extremiseagoalfunction.

4. Sensitivity AnalysisExperiment

Thesensitivity of themodelwith respectto initial valueor parametervariationscanbeinvestigated.
If sufficient symbolic information(partial derivatives) is available(provided in the MSL-EXEC by
theMSL-USERcompiler),this is straightforward. If this informationis not available,eitheraMonte
Carlotechniqueor somelocalnumericaltechnique(typically assuminglocalquadraticbehaviour) can
beused.
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ApplicationArea

WEST++is a modelingandsimulationenvironmentfor any kind of processwhich canbedescribed(in an
Object–Orientedfashion)asa structuredcollectionof DifferentialAlgebraicEquations(DAEs). Currently,
however, WEST++is appliedto Waste-WaterTreatmentPlant(WWTP) designandoptimization.
The PSYCOsymbolic control designtoolbox describedin this report is demonstratedand validatedin
subsequentchaptersby meansof WWTPmodelsasusedin WEST++.In particulartheIAWQ1model(4.2)
is thebasisfor a simplemodelof thedynamicsof abasicWWTP.

4.1 Wastewater Treatment Plants
Environmentalconcernsbecomeincreasinglyimportantin mostindustrializedcountries.In particular, wa-
ter quality is deterioratingrapidly. This fact hasgeneratedinterest(both legislative andscientific) in the
deploymentof Waste-WaterTreatmentPlants(WWTPs).
Theproblemof modelingandsimulationof wastewatertreatmentplantsis gainingimportanceasaresultof
growing environmentalawareness.Comparedto themodelingof well-defined(e.g., electrical,mechanical)
systems,ill-definedsystemsmodelingis morecomplex. In particular, choosingthe“right” modelis a non-
trivial task.
Thewastewatertreatmentprocessdealtwith in WEST++is of the“activatedsludge”type. This meansthe
reductionof wasteis performedby bacteriawhich consider(non-toxic)wastecomponentsas food. The
generalWWTP structure(configuration)in its simplestform is shown in Figure4.1. In real-life plants,
many morecomponentswill bepresent( cfr. section4.2). Thebasicoperationprinciplesremainthesame
however.
The time-varying load (influent) entersthe biological reactorwherebiodegradablecomponentsarecon-

vertedby thecatalyticbiomassto gaseousproducts.Becauseof theconsumptionof oxygenin thereactor,
it is oftencalled“aerationtank”.
The effluent streamof the bioreactoris sentto the settlerwhereboth clarificationandsludgethickening
(throughsedimentation)take place. The effluent of the settleris the clarified wastewater. This clarified
effluentis typically returnedto thenaturalenvironment(river, lake, . . . ).
A recycle flow of sludgefrom thesettlerto thebioreactorkeepsthebiomassinsidethesystem.
The(non-linear)dynamicsandpropertiesof thebiologicalprocessesarestill not very well understood.As
a consequence,a uniquemodelcannotalwaysbeidentified.This, in contrastto traditionalmechanicaland
electricalsystemswherethemodelcanbederivedfrom physicallaws. Also, thecalibrationof wastewater
treatmentmodelsis particularlyhard:many expensiveexperimentsmayberequiredto accuratelydetermine
modelparameters.
Oneway to constructsystemmodelsis to copy thestructureof thesystem.Thoughotherapproachesare
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Effluent

Recycle (return) flow

ClarifierActivated sludge unit

Mixing
Aeration Sedimentation

Influent 

Figure4.1: WWTPconfiguration

possible[12], it is commonwhenmodelingWWTPs.
Increasingly, the“system”modeledtranscendstheWWTPandincludesthe“environment”(in theengineer-
ing sense).TheWWTP modelis integratedin theoverall modelof a polluting plant,or of theriver (andits
naturalwaterpurificationpropertiesor toxicity tolerance)in which theeffluentis dumped.
A pertinentexampleof explicitly modelingtheenvironmentin WWTPsconcernsthe“experimentationenvi-
ronment”.Often,sensorsareusedto monitorbiologicalvariables.Thosevariablesaredifficult to measure,
resultingin non-lineardistortionsof valuesby the sensoror by delaysdue to samplingand processing.
Obviously, failureto includeanexplicit modelof thesensorwill completelydistort results(no matterhow
excellenttheactualsystemmodelis). This is particularlybadif onewantsto estimatemodelparametersby
fitting simulationresultsto measureddata(thesensorbehavior will belumpedinto theparameters).
In general,modelsmayberepresentedusingdifferentabstractions(e.g., Algebraic(ALG), OrdinaryDiffer-
entialEquations(ODE),PetriNets,BondGraphs,. . . ). Currently, WWTPmodelsareall of theALG+ODE
type.

4.2 Activ ated Sludg e
Theprincipleof activatedsludgeis thatin a reactoracommunityof micro-organismsis constantlysupplied
with organic matterandoxygen. The micro–organismsconsumethe organic matterand transformit by
meansof aerobicmetabolism,partly into new microbialbiomassandpartly into carbondioxide,waterand
minerals.Theflow of waterbringsabouta constantwashout of themicro–organismsfrom the reactorto
thesettler. Here,themicro-organismswhich grow in flocsandhave acquireda densitysufficient to decant,
areretainedandremovedwith theunderflow. Partof this sludgeis thenrecycledto provide biomassto treat
thenew influent.Thesurplusamountis wasted.
In many respects,the aerationbasinis comparableto a conventionalfermentationreactoror chemostat.
However, thepurposeof theprocessis not to producemicrobialbiomassor a particularmetabolite,but to
mineralizeincomingwastematerialsasmuchaspossible.It is herebyof paramountimportanceto minimize
biomassproductionsincethelatterhasto beremovedandtreatedin asubsequentphase.
Two importantcharacteristicsfurtherdistinguishtheactivatedsludgesystemfrom conventionalmicrobial
fermentations.First, the active biological componentcomprisesnot a pureculturebut an associationof
bacteria,yeast,fungi, protozoaandhigherorganismsasrotifers. Theseorganismsgrow on the incoming
wasteandinteractwith oneanother. Second,thesludgeconsists,in contrastwith its qualification“active”,
for animportantpartoutof deadcellsandcell debris.Indeed,youngactivemicrobialcellstendto grow in a
dispersedway. Thesystemis thereforeoperatedin suchawaythatthesubstrateis limiting andthemicrobial
biomassis quasistarving.Undertheseconditionscellsgrow slowly andin flocs.Becauseof this, thewater
in thedecantorseparatesin a clearsupernatantanda thick layer. Hence,thecrucialpartof activatedsludge
treatmentis to selectamicrobialcommunitywhichmineralizesata fair ratetheincomingwasteandthereby
producesaminimumof new biomasswhich furthermoresedimentsreadilyandcompletelyoutof thewater
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whenthelatterreachesthedecantor.

4.3 Activ ated Sludg e Model No.1 (IAWQ1)
Wastewatertreatmentpracticehasnow progressedto thepoint wherethe removal of organicmatter, nitri-
ficationandnitrogenremoval by biologicaldenitrification,canbeaccomplishedin a singlesludgesystem.
Becauseof the interactionswithin suchsystems,themathematicalmodelsdescribingthemarequitecom-
plex, which hasdetractedfrom their use.This is unfortunatebecauseit is with suchcomplex systemsthat
theengineerhasthemostto gainfrom theuseof mathematicalmodels.
Realizingthebenefitsto bederivedfrom mathematicalmodeling,while recognizingthereluctanceof many
engineersto use it, the InternationalAssociationon Water Pollution Researchand Control (IAWPRC)
formed a task group in 1983 to promotethe developmentof, and facilitate the applicationof, practical
modelsto thedesignandoperationof biologicalwastewatertreatmentsystems.Thegoalwasfirst to review
existing modelsandsecondto reacha consensusconcerningthesimplestonehaving thecapabilityof re-
alistic predictionsof theperformanceof singlesludgesystemscarryingout carbonoxidation,nitrification,
anddenitrification.Themodelwasto bepresentedin away thatmadecleartheprocessesincorporatedinto
it andtheproceduresfor its use.
The taskgroupchosea matrix format for the presentationof the model. The first stepin settingup the
matrix is to identify thecomponentsof relevancein themodel.Thesecondstepin developingthematrix is
to identify thebiologicalprocessesoccurringin thesystem;i.e., theconversionsor transformationswhich
affect thecomponentslisted.
Within a system,the concentrationof a singlecomponentmay be affectedby a numberof differentpro-
cesses.An importantbenefitof thematrix representationis that it allows rapidandeasyrecognitionof the
fateof eachcomponent,which aidsin thepreparationof massbalanceequations.Thebasicequationfor a
massbalancewithin any definedsystemboundaryis :XWC 5�
 ( �ZY�
 ( 5�
 ( �\[�]�^#_ (MDa` C �!b�_c_d
�ef
%g6^ (=Da` Cih 'Wj ^#klk'B(
The input andoutputtermsaretransporttermsanddependuponthephysicalcharacteristicsof thesystem
beingmodeled.Thesystemreactiontermcanbeeasilyobtainedfrom thematrix terms.
Anotherbenefitof thematrix is thatcontinuitymaybecheckedby moving acrossthematrix,providedcon-
sistentunitshave beenusedbecausethenthesumof thestoichiometriccoefficientsmustbezero.
13componentsareconsideredin themodel:solubleandparticulateinertorganicmatter, readilyandslowly
biodegradablesubstrate,active heterotrophicand autotrophicbiomass,particulateproductsarising from
biomassdecay, oxygen,nitrateandnitrite nitrogen,minpoq � mrnts nitrogen,solublebiodegradableorganic
nitrogen,particulatebiodegradableorganicnitrogen;theprocessare8: aerobicandanoxicgrowth of het-
erotrophs,aerobicgrowth of autotrophos,‘decay’of heterotrophsandautotrophs,ammonificationof soluble
organicnitrogen,‘hydrolysis’ of entrappedorganicsandof entrappedorganicnitrogen.
Typicalparameterranges,default values,andaffectsof environmentalfactorsaresupplied[7].
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Part II

PSYCO
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Introduction

This part is a reportabouttheMuPAD programPSYCO.This programgivestoolsto manipulateandstudy
modelsfrom a controlpoint of view in a symbolic(asopposedto numerical)fashion.Figure5.1chartsthe
interrelationshipsbetweendifferentcodemodules.
It is assumedthatastatespacerepresentationor a transferfunctionof themodelis available.Thefollowing
MuPAD codepresentstheuserwith thatchoice:

// ***********************
// Main menu
// ***********************

repeat
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - State variable system input");
print(Unquoted, "b - Transfer function input");
print(Unquoted, "q - quit");
print();
input("",test_main);
case test_main

of a do state_variable_input(): break;
of b do transfer_function_input(): break;

end_case;
until test_main=q end_repeat;

return();

The PSYCOprogramis composedof several routines;eachroutinecontainsmoreproceduresandis de-
scribedin achapterof thispart;eachchapterhasthreesections:

1. Theoretical basis theoryexplanation

2. MuPAD codeMuPAD programwritten to carryout theabove theory

3. Exampleapplication MuPAD programappliedto asimplesystem

Finally, chapter16 containsthecommonproceduresusedby severalroutines.
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Figure5.1: PSYCO



StateSpaceRepresentationInput

6.1 Theoretical Basis
Weassumethatastatespacerepresentationof anonlinearmodelis available:uwv1xv1y �+*-,.z{0c| 7} �98:,.z{0c| 7
wherez�~{[ > , |�~{[I� ,

} ~{[�� and *r�B[ >�� [I�+��[ > , 8��#[ >�� [I����[�� arenonlinearfunctions
of z and | . z arethestatevariables,| the (known) inputs,

}
aretheoutputs,and

(
is the independent

variable“time”.

6.2 MuPAD Code
Theproceduresusedare:& statevariableinput()& sys input()& eqnsprint(F,G); seesection16.5

sys_input:=proc()
local test;
begin

// Nonlinear system input (MIMO systems)
// This step allows the input of a nonlinear system Multiple
// Input Multiple Output. The following quantities have to be
// specified:
// - state variables and relative equations
// - input variables and relative nominal values
// - output variables and relative equations
input("State variables number: ", n):
// X[] contains the state variable labels
// F[] contains the right hand side of the state nonlinear system
X:=M(n,1):
F:=M(n,1):
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repeat
for i from 1 to n do

print();
X[i,1]:=input("State variable label: ");
print();
F[i,1]:=input("Right hand side of the state nonlinear equation: ");

end_for;
print(X);
print(F);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat;

print();
input("Input variables number: ", m):
// U[] contains the input variable labels
// Unom[] contains the input nominal values
U:=M(m,1):
Unom:=M(m,1):
repeat

for i from 1 to m do
print();
U[i,1]:=input("Input variable label: ");
print();
Unom[i,1]:=input("Input nominal value: ");

end_for;
print(U);
print(Unom);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat;

print();
input("Output variables number: ", p):
// Y[] contains the output variable labels
// G[] contains the right hand side of the output nonlinear
// system
Y:=M(p,1):
G:=M(p,1):
repeat

for i from 1 to p do
print();
Y[i,1]:=input("Output variable label: ");
print();
G[i,1]:=input("Right hand side of the output nonlinear equation: ");

end_for;
print(Y);
print(G);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat;

end_proc:

state_variable_input:=proc()
local test;
begin

// State variable system input and options menu
sys_input():
repeat

eqns_print(F,G):
print();
print(Unquoted, "Options: ");
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print(Unquoted, "a - Linearization");
print(Unquoted, "b - System time response");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do linearization(): break:
of b do sys_time_response(): break:

end_case:
until test=x end_repeat:

end_proc:

6.3 Example Application
Weconsidera statespacerepresentationof aSISO(SingleInput SingleOutput)nonlinearmodel,basedon
theMonodequation: u v��v3y ������S� ���� o � ����k ' �
k < 'v1�v1y � � ���� o � ����������� '
wherex, s denotethe biomassand substrateconcentrationsin a bioreactor, respectively; k < denotesthe
substrateconcentrationin the influent; d is theflow rate/ volumeratio; y is the yield coefficient; b is the
biomassdecaycoefficient; � is themaximumspecificgrowth rate, � � is thehalf saturationcoefficientof the
substrates.
We have U=d and we can choseY=s (i.e. g(X,U)=s). Let us set the following,physicallymeaningful,
parametervalues:k < ������e�8��lgt���+�����P���!�����)� ' ^#�%  � � ��� '   � � � �+��e�8��lg
This leadsto: u v��v1y ��� �¡d¢ £ �� o � ����k ' �!��� 'v1�v1y � �� o � ���������)�l�f��� '
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Linearization

7.1 Theoretical Basis
We have to find the equilibrium points(X= zt¤ suchthat

v1xv1y �¥� ): set |¦� | ( | : nominalvalueof the
inputs)we have to solve asystemof nonlinearequations:*-,.z{0c| 7 �!�
Fromsystemstheory, thecorrespondinglinearizedsystemin theequilibriumpoint zw�!zt¤�0§|+� | is:üþ ÿ v3¨©xv1y �«ª @�¬ x®­ ¯±°ª x ² ¬ x©³�­ ¯J°a´ z«��ª @�¬ x®­ ¯±°ª ¯ ² ¬ x©³�­ ¯±°E´ |} � ªcµ ¬ x®­ ¯±°ª x ² ¬ x©³�­ ¯±° ´ zR� ªcµ ¬ x®­ ¯±°ª ¯ ² ¬ x©³d­ ¯J° ´ |
where ´ z¶��z·��zt¤ and ´ |¸��|!� | . To getasimplernotation,let ussubstituté z with X and ´ |
with U rememberingthatthesevariablesarenow differencesfrom z ¤ 0 | . Wecanrewrite sucha linearized
modelasfollows: u v1xv3y �!b�zR��¹�|} �¸ºIz«�\»¼|
where b��«ª @l¬ x§­ ¯±°ª x ² ¬ x½³d­ ¯J° ¹��«ª @l¬ x®­ ¯±°ª ¯ ² ¬ x½³�­ ¯±°º¸� ª�µ ¬ x®­ ¯±°ª x ² ¬ x ³ ­ ¯J° »«� ª�µ ¬ x®­ ¯±°ª ¯ ² ¬ x ³ ­ ¯±°
Thelocal stability of theequilibriumpoint canbeobtainedby finding theeigenvaluesof A, i.e. therootsof' ] ( ;�¾ X ��b A �!� .
Structuralproperties(Reachability/Observabilty) canbecheckedby thereachability(R) andtheobservabil-
ity (O) matrices: [¸�À¿�¹ bÁ¹ b � ¹ �����«b >   � ¹ÃÂ

YU�ÅÄÆÆÆÆÆÆÇ
ºº�bº�bÁ�
...º�b >   �

È�ÉÉÉÉÉÉÊ
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Thesystemis reachable(i.e. controllable)if R hasfull rankn.
The
Ë

modelis observableif O hasfull rankn.

7.2 MuPAD Code
Theproceduresusedare:& linearization()& symbolic linearization()& equilibrium point input()& symbolic linearizationin Xe()& linearizedeqnscompute()& eigenvalues();seesection16.7& reachobsmenu()& computeR()& computeO()& total r o()& U i choice()& R i compute()& single r()& Y i choice()& Ob i compute()& singleo()& single r o()

symbolic_linearization:=proc()
begin

// Symbolic linearization.
// This step allows to get the linearized model of a nonlinear
// model stored in F and G. The linearized model has the form:
//
// dX/dt = A*X + B*U
// Y = C*X + D*U
A:=M(n,n):
for i from 1 to n do

for j from 1 to n do
A[i,j]:=diff(F[i,1], X[j,1]):

end_for:
end_for:
print(Unquoted, "A = ", A);

B:=M(n,m):
for i from 1 to n do

for j from 1 to m do
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B[i,j]:=diff(F[i,1], U[j,1]):
end_for:

end_for:
print(Unquoted, "B = ", B);

C:=M(p,n):
for i from 1 to p do

for j from 1 to n do
C[i,j]:=diff(G[i,1], X[j,1]):

end_for:
end_for:
print(Unquoted, "C = ", C);

// WARNING: We can not use the D label as identifier because
// it is a MuPAD keyword. We shall use Di

Di:=M(p,m):
for i from 1 to p do

for j from 1 to m do
Di[i,j]:=diff(G[i,1], U[j,1]):

end_for:
end_for:
print(Unquoted, "D = ", Di);

end_proc:

equilibrium_point_input:=proc()
local test;
begin

// Equilibrium point input (REDUCE program should be used for
// this purpose). REDUCEshould solve a nonlinear system of equations
// with the input vector U set to its nominal value Unom

// Xe contains the state equilibrium point
Xe:=M(n,1):
repeat

for i from 1 to n do
print();
print(Unquoted, "Equilibrium value of ".expr2text(X[i,1]));
Xe[i,1]:=input("");

end_for;
print(Xe);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat:

end_proc:

symbolic_linearization_in_Xe:=proc()
begin

// Linearized model evaluation in the equilibrium point

// Aee represents A evaluated in Xe, but not in Unom yet
Ae:=M(n,n):
Aee:=subs(A, [ X[i,1]=Xe[i,1] $ hold(i)=1..n ] ):
Ae:=subs(Aee, [ U[i,1]=Unom[i,1] $ hold(i)=1..m ] ):
print(Unquoted, "Ae = ", Ae);

Be:=M(n,m):
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Bee:=subs(B, [ X[i,1]=Xe[i,1] $ hold(i)=1..n ] ):
Be:=subs(Bee, [ U[i,1]=Unom[i,1] $ hold(i)=1..m ] ):
print(Unquoted, "Be = ", Be);

Ce:=M(p,n):
Cee:=subs(C, [ X[i,1]=Xe[i,1] $ hold(i)=1..n ] ):
Ce:=subs(Cee, [ U[i,1]=Unom[i,1] $ hold(i)=1..m ] ):
print(Unquoted, "Ce = ", Ce);

Die:=M(p,m):
Diee:=subs(Di, [ X[i,1]=Xe[i,1] $ hold(i)=1..n ] ):
Die:=subs(Diee, [ U[i,1]=Unom[i,1] $ hold(i)=1..m ] ):
print(Unquoted, "De = ", Die);

end_proc:

linearization:=proc()
local test;
begin

// linearized system study
symbolic_linearization():
equilibrium_point_input():
symbolic_linearization_in_Xe():
linearized_eqns_compute(X, Y, U, "_lin"):
repeat

print();
eqns_print(F_lin, G_lin):
print();
print(Unquoted, "a - Eigenvalues");
print(Unquoted, "b - Reachability/Observability");
print(Unquoted, "c - Transfer function analysis/Control design");
print(Unquoted, "d - Linearized system time response");
print(Unquoted, "e - Validation");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do eigenvalues(): break:
of b do reach_obs_menu(): break:
of c do transfer_function_analysis(): break:
of d do linearized_time_response(): break:
of e do validation(): break:

end_case:
until test=x end_repeat:

end_proc:

linearized_eqns_compute:=proc(X_formal, Y_formal, U_formal, suffix)
begin

// Starting from matrix representation, write the corresponding
// equations. Furthermore, starting from the user variable
// labels, form the lin and delta variables
X_lin:=M(n,1):
for i from 1 to n do

X_lin[i,1]:=X_formal[i,1].text2expr(suf fix):
end_for:
Y_lin:=M(p,1):
for i from 1 to p do
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Y_lin[i,1]:=Y_formal[i,1].text2expr(suf fix):
end_for:

F_lin:=Ae*(X_lin-Xe)+Be*(U_formal-Unom):
G_lin:=Ce*(X_lin)+Die*(U_formal):

delta_X:=M(n,1):
for i from 1 to n do

delta_X[i,1]:=text2expr("delta_").X_for mal[i, 1]:
end_for:
delta_Y:=M(p,1):
for i from 1 to p do

delta_Y[i,1]:=text2expr("delta_").Y_for mal[i, 1]:
end_for:
delta_U:=M(m,1):
for i from 1 to m do

delta_U[i,1]:=text2expr("delta_").U_for mal[i, 1]:
end_for:
delta_Unom:=M(m,1):
for i from 1 to m do

delta_Unom[i,1]:=0:
end_for:

F_delta:=Ae*delta_X+Be*delta_U:
G_delta:=Ce*delta_X+Die*delta_U:

end_proc:

compute_R:=proc()
local i,j,k;
begin

// Reachability matrix computing from all inputs and relative rank
R:=M(n, n*m):
for i from 0 to n-1 do

R_block:=Aeˆi*Be:
for j from 1 to m do

for k from 1 to n do
R[k, i*m+j]:=R_block[k, j]:

end_for:
end_for:

end_for:
rank_R:=linalg::rank(R):
print(Unquoted, "R = ", R);
print(Unquoted, "rank(R)=" .expr2text(rank_R));
if rank_R<n

then print(Unquoted, "Not completely reachable system");
else print(Unquoted, "Completely reachable system");

end_if:

end_proc:

compute_O:=proc()
local i,j,k;
begin

// Observability matrix computing from all outputs and relative rank
// WARNING: we can not use O as identifier since it is a MuPAD keyword
// We shall use Ob
Ob:=M(p*n, n):
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for i from 0 to n-1 do
Ob_block:=Ce*Aeˆi:
for j from 1 to p do

for k from 1 to n do
Ob[i*p+j, k]:=Ob_block[j, k]:

end_for:
end_for:

end_for:
rank_Ob:=linalg::rank(Ob):
print(Unquoted, "O = ", Ob);
print(Unquoted, "rank(O)=" .expr2text(rank_Ob));
if rank_Ob<n

then print(Unquoted, "Not completely observable system");
else print(Unquoted, "Completely observable system");

end_if:

end_proc:

total_r_o:=proc()
begin

// Reachability and observability of the whole system
compute_R():
compute_O():

end_proc:

U_i_choice:=proc()
local test;
begin

// Input choice for which reachability has to be checked
repeat

print(Unquoted, "Input vector U = ", U);
print();
input("Type in the index of the desired input variable:", i_reach):
print();
print(Unquoted, "Reachability study from: ");
print(U[i_reach, 1]);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat:
end_proc:

R_i_compute:=proc()
local i,j;
begin

// Reachability matrix computing from one chosen input and relative rank
R_i_reach:=M(n, n):
Be_i_reach:=M(n, 1):
for j from 1 to n do

Be_i_reach[j, 1]:=Be[j, i_reach]:
end_for:
for i from 0 to n-1 do

R_i_reach_col:=Aeˆi*Be_i_reach:
for j from 1 to n do

R_i_reach[j, i+1]:=R_i_reach_col[j, 1]:
end_for:

end_for:
rank_R:=linalg::rank(R_i_reach):
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print(Unquoted, "R = ", R_i_reach);
print(Unquoted, "rank(R)=" .expr2text(rank_R));
if rank_R<n

then print(Unquoted, "Not completely reachable system from ".expr2text(U[i_reach, 1]));
else print(Unquoted, "Completely reachable system from ".expr2text(U[i_reach, 1]));

end_if:

end_proc:

single_r:=proc()
local test;
begin

// Single input reachability procedure
repeat

U_i_choice():
R_i_compute():
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Reachability from another input");
print(Unquoted, "x - exit");
print();
input("",test);

until test=x end_repeat;

end_proc:

Y_i_choice:=proc()
local test;
begin

// Output choice for which observability has to be checked
repeat

print(Unquoted, "Output vector Y = ", Y_lin);
print();
input("Type in the index of the desired output variable:", i_obs):
print();
print(Unquoted, "Observability study from: ");
print(Y_lin[i_obs, 1]);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat:

end_proc:

Ob_i_compute:=proc()
local i,j;
begin

// Observability matrix computing from one chosen output and relative rank
Ob_i_obs:=M(n, n):
Ce_i_obs:=M(1, n):
for j from 1 to n do

Ce_i_obs[1, j]:=Ce[i_obs, j]:
end_for:
for i from 0 to n-1 do

Ob_i_obs_col:=Ce_i_obs*Aeˆi:
for j from 1 to n do

Ob_i_obs[i+1, j]:=Ob_i_obs_col[1, j]:
end_for:
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end_for:
rank_Ob:=linalg::rank(Ob_i_obs):
print(Unquoted, "O = ", Ob_i_obs);
print(Unquoted, "rank(O)=" .expr2text(rank_Ob));
if rank_Ob<n

then print(Unquoted, "Not completely observable system from ".expr2text(Y_lin[i_obs, 1]));
else print(Unquoted, "Completely observable system from ".expr2text(Y_lin[i_obs, 1]));

end_if:

end_proc:

single_o:=proc()
local test;
begin

// Single output observability procedure
repeat

Y_i_choice():
Ob_i_compute():
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Observability from another input");
print(Unquoted, "x - exit");
print();
input("",test);

until test=x end_repeat;

end_proc:

single_r_o:=proc()
local test;
begin

// Single reachability/observability options menu
repeat

print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Single reachability");
print(Unquoted, "b - Single observability");
print(Unquoted, "x - exit");
print();
input("",test);
case test

of a do single_r(): break;
of b do single_o(): break;

end_case;
until test=x end_repeat;

end_proc:

reach_obs_menu:=proc()
local test;
begin

// Total reachability (observability) or single input reachability
// (single output observability) options menu
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repeat
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - From all inputs/outputs");
print(Unquoted, "b - From single input/output");
print(Unquoted, "x - exit");
print();
input("",test);
case test

of a do total_r_o(): break;
of b do single_r_o(): break;

end_case;
until test=x end_repeat;

end_proc:

7.3 Example Application
To find the equilibrium points( kÌ¤Ì01��¤ suchthat

v��v1y �·��0 v1�v1y �·� ), we set the input d to a nominalvalue' �!����� ' ^W�%  � in theexampleof section6.3;hence,we have to solve thefollowing nonlinearsystem:u � �¡d¢ £ �� o � ����������k��!���IÍÎ����� �!��� o � ���������)�l�f�������l�¼�!�
This systemhasthreeequilibriumpoints:(s,x)=(0.56,5.15),(-2,0), (10,0); only onehasphysicalmeaning
(non-negative, non-zero): u kÏ¤§�!�������Ie�8��lg��¤Ð�+�#�Ñ����e�8��lg
By calculation,we obtainthesymbolicmatriceswhicharethenevaluatedat theequilibriumpoint:b!� ª @l¬ x®­ ¯±°ª x ² ¬ x ³ ­ ¯±° �ÃÒ ���#��Ó�� �Ô����	�������)Õ � Ö 0{¹×� ª @l¬ x§­ ¯±°ª ¯ ² ¬ x ³ ­ ¯J° �ÃÒ¥Ø �ÚÙ�Ù���#�Ñ����Ö 0º¸�«ª�µ ¬ x®­ ¯±°ª x ² ¬ x©³�­ ¯±° �À¿��Û��Â-0 »Ü�«ªcµ ¬ x§­ ¯±°ª ¯ ² ¬ x½³�­ ¯±° �$�
where 
�� ' 0�|�� ' �!�����#0{z¶� Ò k�PÖ 0

zt¤Ð�ÃÒ ��������#�Ñ���¦Ö 0
Hence,weobtain: üýýýýþ ýýýýÿ

v1xv1y � Ò ���#��Ó�� �Ô����	�������)Õ � Ö zR� Ò¥Ø �ÚÙ�Ù���#�Ñ����Ö 
���À¿��Û��ÂJz
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Thelocal stabilityof theequilibriumpointcanbeobtainedby finding theeigenvaluesof A, i.e., therootsof' ] ( ;�¾ X ��b A �!� ; thoseareequalto [ -0.22,-2.6],implying thatthepoint zt¤l,6�������#0��#�Ñ��� 7 is locally stable.
Thereachability(R) andtheobservability (O) matricesare[¸�ÝÒ Ø �ÚÙ�Ù ���lÙ���ÕÏÙ���#�Ñ��� �cÙ���ÓlÙÞÖ

Y¸�ÃÒ � ��Á�#��Ó�� ������	��pÖ
Therankof R is 2 i.e., themodelis reachable.Therankof O is 2 i.e., themodelis observable.



TransferFunctionAnalysis

8.1 Theoretical Basis
Startingfrom thematricesA,B,C,D,by Laplacerules,wecangetthetransferfunctionrepresentationof our
system:

n ,Ek 7 � º�,Ek X ��b 7   � ¹���»
Wenoticethatfor aMIMO (Multi Input Multi Output)system,H(s) is a rationalmatrix of dimensionp*m.
Let usconsideranelementß ,Ek 7 � nà; D 0âá A ; h(s) is thetransferfunctionbetweenthe j–th input andthei–th
output. Theexternalstability (i.e. I/O stability) of theopenloop linearizedmodelcanbechecked finding
thepolesof h(s).Oncepolesandzerosof h(s)areavailable,wecanwrite theZero–Poleform:

ß ,Ek 7 � � � ,Ek���� � 7 �����Ï,Ek���� � 7,Ek���5 � 7 �����Ï,EkÁ��5 > 7
H(s) in theabove form impliesthat,with theLaplacetransformationof theinputU(s), theLaplacetransfor-
mationof theoutputcanbeobtainedwith asimplemultiplication:} ,Ek 7 � n ,Ek 7 |�,Ek 7
Fromh(s)we canalsoobtainthefrequency responseof thesystem:n ,.ã 7 � n ,Ek��
á�ã 7
8.2 MuPAD Code
Theproceduresusedare:& transferfunction analysis()& computeH()& h choice()
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transfer_function_analysis:=proc()
local test;
begin

// MIMO transfer function H computing and analysis
compute_H():
repeat

h_choice():
h_study(h(s)):
print(H);
print();
print(Unquoted, "a - Another transfer function study");
print(Unquoted, "x - Exit");
input("",test):

until test=x end_repeat:

end_proc:

compute_H:=proc()
begin

// Transfer function matrix computing. Since we consider MIMO
// systems, we have a matrix of transfer functions H:
// H= Ce*(s*Id-Ae)ˆ(-1)*Be+Die
// H is a p*m matrix (p=dim(Y), m=dim(U))

Id:=M(n,n):
for i from 1 to n do

Id[i,i]:=1:
end_for:
SI_A_1:=1/(s*Id-Ae):

// H1 is the unsimplified version of H
H1:=Ce*SI_A_1*Be+Die:

H:=M(p, m):
// numer and denom function are useful to get a simplified
// form of H(s)
for i from 1 to p do

for j from 1 to m do
H[i,j]:=numer(H1[i,j])/denom(H1[i,j]) :

end_for:
end_for:

end_proc:

h_choice:=proc()
begin

// Choice of a SISO transfer function h(s) from a MIMO transfer
// function H
repeat

print();
print(Unquoted, "Transfer function matrix:");
print(Unquoted, "H = ", H);
print();
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print(Unquoted, "Choose one of the transfer function of the matrix");
print();
input("row index: ", row_index):
print();
input("column index: ", col_index):
if row_index>p or col_index>m then

print();
print("WARNING: Indices out of ranges, please enter values again");

end_if:
until row_index<=p and col_index<=m end_repeat;
print();
h(s):=H[row_index,col_index]:
print(Unquoted, "h(s) = ", h(s));

end_proc:

8.3 Example Application
In ourexampleweget:

ß ,Ek 7 � º�,Ek X ��b 7   � ¹+��»� ¿�����ÂtÒ k®�\�#��Ó�� �I����	���������)Õ k Ö   � Ò Ø �ÚÙ�Ù�Á�#�Ñ��� Ö� �#������k��!���Ñ��Ó�����lÙBk � �!����Ó�k�������	��
Notethatnow s is avariablein thecomplex plane(donot confuseit with thesubstrate).
h(s)polesareequalto theeigenvaluesof thematrix A; thezeroof h(s) is locatedat k��ä�Ô����� andthegain
h(0) is 3.28.Wecanthusrewrite h(s)in thezero–poleform:

ß ,Ek 7 � Ø ��	�Ó kÐ�������,EkÔ��������� 7 ,EkÔ�
�#��� 7
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Frequency ResponsePlots

9.1 Theoretical Basis
Fromh(s)we canobtainthefrequency responseof thesystem:n ,.ã 7 � ß ,EkI�
á�ã 7
Fromthefrequency responsewe canplot thefollowing diagrams:

Bode ² n ,.ã 7 ² v�å versusã and5 ß ^#kl]B, n ,.ã 717 versusã
Nyquist

X e�, n ,.ã 717 versus[�]W, n ,.ã 717
Nichols ² n ,.ã 7 ² v�å versus5 ß ^#kl]B, n ,.ã 717
9.2 MuPAD Code
Theproceduresusedare:& plots();seesection16.6.2

9.3 Example Application
Fromthefrequency responseof thesystem

n ,.ã 7 � ß ,EkI�
á�ã 7 � �#�����3á)ãp�!���Ñ��Ó����Ó�á�ã��������lÙ�ã � ������	��
we canplot:& figure9.1,9.2:Bodediagram& figure9.3: Nyquistdiagram& figure9.4: Nicholsdiagram
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Figure9.1: Bodeamplitudeplot

43210-1-2-3-4
0

-0.125

-0.25

-0.375

-0.5

-0.625

-0.75

-0.875

-1

-1.125

-1.25

-1.375

-1.5

frequency ln(w)

Phase

Figure9.2: Bodephaseplot
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Figure9.3: Nyquistplot
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ControlDesign– StabilityAnalysisTools

10.1 Theoretical Basis
Thepreviouschaptersshowedhow to getalinearizedsystemfrom anonlinearoneandhow to haveatransfer
function ß ,Ek 7 from theformer. For a given ß ,Ek 7 (i.e., chosenaninput andanoutput),we cantry to build a
controller( _�,Ek 7 ). Figure10.1shows theusualfeedbackscheme.Usefultoolsto designcontrollersare:

Root locus givestheclosedloop poletrajectoriesasa functionof thefeedbackgain � . Root loci areused
to studytheeffectsof varying feedbackgainson closedloop pole locations.Theclosedloop poles
aretherootsof æ ,Ek 7 ���§� � _�,Ek 7 ß ,Ek 7

Gain and phasemargins allow to get the stability degreeof the closedloop system,basedon the open
loop frequency plot. Thegainmargin is theamountof gain increaserequiredto make the loop gain
unity at the frequency wherethephaseangleis ����Ó��)ç . In otherwords,thegainmargin is ² �Ì�Ì8 ² ' ¹
if 8 is gainat the ����Ó��)ç phasefrequency. Similarly, thephasemargin is thedifferencebetweenthe
phaseof theresponseand ����Ó�� ç whentheloopgainis 1.

-

k c(s) h(s) y(s)
u(s)e(s)

  y  (s)
set

Figure10.1:Feedbackcontrolscheme

10.2 MuPAD Code
Theproceduresusedare:& control menu()& stability analysistools()
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control_menu:=proc()
local test;
begin

// Control menu
repeat

print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Stability analysis tools");
print(Unquoted, "b - Controllers");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do stability_analysis_tools(h(s)): break:
of b do controllers(): break:

end_case:
until test=x end_repeat:

end_proc:

root_locus:=proc(h_formal)
local denh, numh, numh_deg, locuseqtn, k_in, k_fin, k_step, i, k, k1,
data, data_denh, data_numh, dim_data, dim_elem_data, j, re_data, im_data, re_data_denh, im_data_denh,re_data_numh, im_data_numh, plot-
points,
plotpoints_numh, plotpoints_denh;
begin

// Roots locus plot from k_in to k_fin and stepsize k_step
denh:=denom(h_formal):
numh:=numer(h_formal):
numh_deg:=degree(numh):
data_denh:=float(roots_finding(denh)):
locuseqtn:=expand(denh+k*numh);
print(Unquoted, "Root locus equation:");
print(locuseqtn);
input("Enter starting value of k:", k_in);
print();
input("Enter final value of k:", k_fin);
print();
input("Enter stepsize for k:", k_step);
print():
i:=0;
for k1 from k_in to k_fin step k_step do

locuseval:=subs(locuseqtn,k=k1);
data[i]:=float(roots_finding(locuseval) );
if nops(data[i])<degree(locuseval) then

if i>0 then
data[i]:=data[i-1]:

else
data[i]:=array(1..degree(locuseval)):
for l from 1 to degree(locuseval) do

data[i][l]:=0:
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end_for:
end_if:

end_if:
i:=i+1;

end_for;
dim_data:=nops(data);
dim_elem_data:=nops(data[0]);
for i from 1 to dim_data do

for j from 1 to dim_elem_data do
re_data[dim_elem_data*(i-1)+j]:=Re(op (data[ i-1], j));
im_data[dim_elem_data*(i-1)+j]:=Im(op (data[ i-1], j));

end_for;
end_for;

// h_formal poles storing loops
for j from 1 to nops(data_denh) do

re_data_denh[j]:=Re(op(data_denh, j));
im_data_denh[j]:=Im(op(data_denh, j));

end_for:

plotpoints:=[point(re_data[i], im_data[i]) $ hold(i)=1..nops(re_data)];
plotpoints_denh:=[point(re_data_denh[i], im_data_denh[i]) $ hold(i)=1..nops(re_data_denh)];
if numh_deg=0

then plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,
AxesOrigin=[0, 0], Labels=["Re[s]", "Im[s]"],
BackGround=[1.0, 1.0, 1.0], ForeGround=[0.0, 0.0, 0.0],
[Mode=List, plotpoints, PointStyle=FilledCircles],
[Mode=List, plotpoints_denh, PointStyle=Squares,
Color=[Flat, [0.0, 0.0, 1.0]]]):

else data_numh:=float(roots_finding(numh)):
for j from 1 to nops(data_numh) do

re_data_numh[j]:=Re(op(data_numh, j));
im_data_numh[j]:=Im(op(data_numh, j));

end_for:
plotpoints_numh:=[point(re_data_numh[i], im_data_numh[i]) $ hold(i)=1..nops(re_data_numh)];
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,

AxesOrigin=[0, 0], Labels=["Re[s]", "Im[s]"],
BackGround=[1.0, 1.0, 1.0], ForeGround=[0.0, 0.0, 0.0],
[Mode=List, plotpoints, PointStyle=FilledCircles],
[Mode=List, plotpoints_denh, PointStyle=Squares,
Color=[Flat, [0.0, 0.0, 1.0]]],
[Mode=List, plotpoints_numh, PointStyle=Squares,
Color=[Flat, [0.0, 0.0, 1.0]]]):

end_if:

end_proc:

gain_margin:=proc(h_formal)
local w_set,w_g,g_m,i;

begin

// Compute the gain margin of a transfer function
if degree(numer(imhw(w)))=0

then return(+INFINITY):
end_if:
w_set_g:=float(numeric::bairstow(numer(im hw(w)) )):
if w_set_g=FAIL then

print(Unquoted, "Not able to solve");
return(FAIL):

end_if:
i:=0:
repeat
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i:=i+1:
until i>nops(w_set_g) or

(Re(op(w_set_g,i))>0.01 and domtype(op(w_set_g,i))=DOM_FLOAT
and float(subs(rehw(w),w=op(w_set_g,i)))<0)

end_repeat:
if i>nops(w_set_g) then

return(+INFINITY);
end_if;
w_g:=op(w_set_g,i):

g_m(w):=1/amplhw(w):
subs(g_m(w),w=w_g);

end_proc:

phase_margin:=proc(h_formal)
local w_set,w_p,ph_m;

begin

// Compute the phase margin of a transfer function
amplhw2(w):=amplhw(w)ˆ2:
w_set_p:=float(numeric::bairstow(numer(a mplhw2 (w))-d enom(a mplhw2 (w)))) :
if w_set_p=FAIL then

print(Unquoted, "Not able to solve");
return(FAIL):

end_if:
i:=0:
repeat

i:=i+1:
until i>nops(w_set_p) or

(Re(op(w_set_p,i))>0.01 and domtype(op(w_set_p,i))=DOM_FLOAT)
end_repeat:
if i>nops(w_set_p) then

return(FAIL)
end_if;

w_p:=op(w_set_p,i):
ph_m(w):=180+phase(h_formal):
subs(ph_m(w),w=w_p);

end_proc:

margins:=proc(h_formal)
local g_m1,g_m_db,p_m1;

begin

// gain and phase margins
// amplitude(h_formal) ==> amplitude of h(Iw) and rehw,imhw globals
amplhw(w):=amplitude(h_formal):
phasehw(w):=phase(h_formal):

g_m1:=float(gain_margin(h_formal)):
p_m1:=float(phase_margin(h_formal)):
g_m_db:=float(20*ln(g_m1)/ln(10)):

print():
print(Unquoted, "The gain margin is (dB)".expr2text(g_m_db));
print(Unquoted, "The phase margin is ".expr2text(level(p_m1)));

end_proc:
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stability_analysis_tools:=proc(h_formal )
local test;
begin

// Stability analysis tools menu
repeat

print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Root locus");
print(Unquoted, "b - Gain/Phase margins");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do root_locus(h_formal): break:
of b do margins(h_formal): break:

end_case:
until test=x end_repeat:

end_proc:

10.3 Example Application
Theroot locusequationwith ð�èEñ�îòê�ó is:ô èEñlîÎê�óÎõ\é�ö2èEñ�îÎêSó�ìÑó�÷�é õ!ó�ì�÷�ñ�õ\ø#ì�ë�ó�é�ñÔõ�ë�ì�ølùBñÏú§õ�ë�ì�û�ø
Figure10.2is theplot of ô èEñ�î rootsfor é varyingfrom 0 to 20(step=0.01);Figure10.3is theroot locusforé varyingbetween0 and0.5(step=0.005).
Thegainmargin is plusinfinity, thephasemargin is 106degrees.
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ControlDesign– Controllers

11.1 Theoretical Basis
We have consideredsomestandardcontrollersbasedon theclassicschemeshown in figure11.1; alsowe
have analysedacontrolbasedon theinternalmodelcontrol(IMC) scheme(seefigure11.2).

PID have afixedstructure: ð�èEñ�îòê!üNýþèMó§õZÿ���ñ®õ óÿ��Eñ î
Wewill fix theparametersusingtheNyquistcriterion.Theusercanchoosethedesignfrequency ( ��� )
andcanimposethe phase(the differencefrom ��ó�÷�ë � ) andthe amplitudeof the forward chainfre-
quency responseat �àê	�
� . Furthermore,becauseof thePID integralaction,this feedbackcontroller
yieldsbothasymptotictrackingandconstantdisturbancerejection.

Dir ect design Whenafixedcontrollerstructureis not required,aftersettingtheclosedloopcharacteristics,
we can try to designa suitablecontroller whenever possible.Startingfrom the openloop transfer
functionh(s),adesiredclosedloop transferfunction �NèEñ�î is obtainedby meansof thecontroller:

ð�èEñlîòê óö2èEñ�î � èEñlîó��
�NèEñ�î
Thechoiceof �NèEñ�î hassomeconstraintsdependingon ö2èEñ�î .

Trial and error/User controller Theuserhasthepossibility to choosea controller ð�èEñ�î andto checkthe
controller, theforwardchainandtheclosedloop behavior obtained.

Robust control This is basedon theIMC structure(figure11.2)introducedasanalternative to theclassic
feedbackstructure. Its main advantageis that, if the processis stable,the closedloop stability is
assuredsimply by choosinga stableIMC controller. We have useda two–stepdesignprocedure.In
thefirst stepthecontroller

�ð)èEñlî is selectedto yield a “good” systemresponsefor theinput of interest
(wehaveconsideredonly thecaseof astepinput). In thesecondstep

�ð)èEñ�î is augmentedby a low-pass
filter

� èEñ�î to achieve robuststability androbustperformance.TheIMC controllerwill be:ð�èEñlîÎê �ð)èEñlî � èEñ�î
73
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Figure11.1:Feedbackcontrolscheme
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Figure11.2: IMC controlscheme

11.2 MuPAD Code
Theproceduresusedare:� controllers()� PID nyquist plot()� PID nyquist()� h analysis()� W input()� direct design()� usercontroller()� robust control()� controlleranalysis()� controlledforward chain analysis()� closedloop analysis()� control verify()� plots();seesection16.6.2� pole zero();seesection16.6.2
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PID_nyquist_plot:=proc(h_formal)
local w_in, w_fin;
begin

// Nyquist plot for a forward chain with PID controller
// The frequency of design is also plotted
real_imaginary(h_formal):

print(Unquoted, "Nyquist plot: Enter the initial value for w (w>0)");
w_in:=input(""):
print(Unquoted, "Nyquist plot: Enter the final value for w");
w_fin:=input(""):
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,
AxesOrigin=[0, 0], Labels=["Re[h(jw)]", "Imh[(jw)]"],
BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=Curve, [float(rehw(w)), float(imhw(w))], w=[w_in, w_fin],
Grid=[50], Smoothness=[20]],
[Mode=List, [point(float(subs(rehw(w), w=w0)), float(subs(imhw(w), w=w0)))],
Color=[Flat, [0.0, 0.0, 1.0]]]);

end_proc:

PID_nyquist:=proc()
local amplhw, amplhw0, phasehw, phasehw0, des_amp, des_phase,
des_phase_rad, phasehw0_rad, K_p, T_i, T_d, pid, new_h;
begin

// PID tuning with Nyquist criteria
input("Enter the frequency of design w0:", w0):
amplhw:=amplitude(h(s)):
amplhw0:=float(subs(amplhw, w=w0)):
phasehw:=180.0+phase(h(s)):
phasehw0:=float(subs(phasehw, w=w0)):
PID_nyquist_plot(h(s)):
print(Unquoted,

"Open loop amplitude at w0=" .expr2text(w0) .": " .expr2text(amplhw0));
print(Unquoted,

"Open loop phase at w0=" .expr2text(w0) .": " .expr2text(level(phasehw0)));
print():
print(Unquoted,

"Enter the desired forward chain amplitude at w0=".expr2text(w0));
input("", des_amp):
print();
print(Unquoted,

"Enter the desired forward chain phase (degree) at w0=".expr2text(w0));
input("", des_phase):

print();
des_phase_rad:=des_phase*PI/180:
phasehw0_rad:=phasehw0*PI/180:
K_p:=float(des_amp/amplhw0*cos(des_phase_ rad-ph asehw0 _rad)) :
T_i:=float((tan(des_phase_rad-phasehw0_ra d)

+sqrt(2+(tan(des_phase_rad-phasehw0_rad ))ˆ2)) /w0):
T_d:=float(T_i/2):
print(Unquoted, "PID parameters:");
print(Unquoted, "Kp=".expr2text(level(K_p)));
print(Unquoted, "Ti=".expr2text(level(T_i)));
print(Unquoted, "Td=".expr2text(level(T_d)));
pid(s):=K_p*(1+1/(T_i*s)+T_d*s/(1+T_d*s/1 0));
C(s):=pid(s):
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// new_h(s) is the new forward chain (PID * h(s))
new_h(s):=expand(pid(s)*h(s)):
// print(Unquoted, "New forward chain:", new_h(s));
PID_nyquist_plot(new_h(s)):

end_proc:

h_analysis:=proc()
local h_num, h_den, h_num_deg, h_den_deg, num_roots, den_roots;
begin

// Open loop h(s) study to suggest conditions that the closed
// loop W(s) has to satisfy in order to get a realizable controller
// and a stable closed loop system
h_num:=numer(h(s)):
h_den:=denom(h(s)):
h_num_deg:=degree(h_num):
h_den_deg:=degree(h_den):
excess_h:=h_den_deg-h_num_deg:
print();
print(Unquoted, "Realizability condition:"):
print(Unquoted, "W(s) pole-zero excess should be >= ".expr2text(excess_h));
if h_num_deg>0

then num_roots:=roots_finding(h_num):
else num_roots:={}:

end_if:
if h_den_deg>0

then den_roots:=roots_finding(h_den):
else den_roots:={} :

end_if:
print(Unquoted, "Stability condition:"):
print(Unquoted, "h(s) zeros are: ");
print(num_roots);
print(Unquoted, "W(s) should contain the instable zeros (Re>=0) of h(s)");
print(Unquoted, "h(s) poles are: ");
print(den_roots);
print(Unquoted,

"W(s) should be equal 1 at the instable poles (Re>=0) of h(s)");

end_proc:

W_input:=proc()
local test, W_num_deg, W_den_deg, excess_W;
begin

// Desired closed loop transfer function input
repeat

repeat
repeat

print(Unquoted,
"Enter the desired closed loop transfer function W(s):");

W(s):=input(""):
print(W(s));
print(Unquoted, "Are these data right ? (y/n)"):
test:=input(""):

until test=y end_repeat:
W_num_deg:=degree(numer(W(s))):
W_den_deg:=degree(denom(W(s))):
if W_den_deg<W_num_deg

then print(Unquoted, "WARNING: W(s) must be a causal transfer function");
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end_if:
until W_den_deg>=W_num_deg end_repeat:
excess_W:=W_den_deg-W_num_deg:
if excess_W<excess_h

then print(Unquoted,
"WARNING: The pole-zero excess of W(s) must be >= "
.expr2text(excess_h));

end_if:
until excess_W>=excess_h end_repeat:

end_proc:

direct_design:=proc()
begin

// Direct design controller C(s) computing
print(Unquoted, "Starting from the open loop transfer function h(s):=", h(s)):
print(Unquoted,
"a desired closed loop behaviour W(s) is obtained by means of the controller:"):
print(Unquoted, "C(s):= 1/h(s)*W(s)/(1-W(s))"):
h_analysis():
W_input():
C(s):=1/h(s)*W(s)/(1-W(s)):
print(Unquoted, "The controller obtained is: ");
print(Unquoted, "C(s)=",normal(C(s)));

end_proc:

robust_control:=proc(h_formal)
local i, j, hnum, hden, n_hnum, n_hden, z_hden, facthden, z_hnum, facthnum,
gain_correct, C_nom_1, C_nom, C, f, h0, hpz0, k, hpz;
begin

// Robust control using Internal Model Control (IMC) approach
// h(s) numerator, denominator and their degrees
hnum(s):=numer(h_formal):
hden(s):=denom(h_formal):
n_hnum:=degree(hnum(s),s):
n_hden:=degree(hden(s),s):

// denominator in factorized form
if n_hden>0 then

z_hden:=roots_finding(hden(s)): // denominator zeros
if z_hden=FAIL then return(FAIL) end_if:
print(Unquoted,

"Warning: Robust control should not be used for instable h(s)"):
print(Unquoted, "h(s) poles are:");
print(z_hden);
facthden(s):=(s-op(z_hden,1)):
for i from 2 to n_hden do

facthden(s):=facthden(s)*(s-op(z_hden ,i));
end_for;

else facthden(s):=hden(s);
end_if;

// numerator in factorized form
j:=0:
if n_hnum>0 then

z_hnum:=roots_finding(hnum(s)): // numerator zeros
if z_hnum=FAIL then return(FAIL) end_if:
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if Re(op(z_hnum,1))>0
then facthnum(s):=(s+op(z_hnum,1)):

j:=j+1:
else facthnum(s):=(s-op(z_hnum,1)):

end_if:
for i from 2 to n_hnum do

if Re(op(z_hnum,i))>0
then facthnum(s):=facthnum(s)*(s+op(z_hnum,i)):

j:=j+1:
else facthnum(s):=facthnum(s)*(s-op(z_hnum,i)):

end_if:
end_for;

else facthnum(s):=hnum(s);
end_if;

if j mod 2 = 0
then gain_correct:=1:
else gain_correct:=-1:

end_if:

// h_formal in pole-zero form: hpz(s)
i:=-1:
repeat

i:=i+1:
until (float(op(divide(hden(s),s-i),2))<>0.0

and float(op(divide(hnum(s),s-i),2))<>0.0)
end_repeat:

hpz(s):=facthnum(s)/facthden(s); // wrong gain !
C_nom_1(s):=facthden(s)/facthnum(s); // wrong gain !
h0:=subs(h_formal,s=i):
hpz0:=Re(subs(hpz(s), s=i));
k:=abs(h0/hpz0);
k:=float(k);
C_nom(s):=(1/k)*C_nom_1(s)*gain_correct: // this is the right C_nom(s)
print(Unquoted,"The nominal controller is:");
print(float(C_nom(s))):
if n_hden-n_hnum = 0

then f(s):=1/(1+a*s):
else f(s):=1/(1+a*s)ˆ(n_hden-n_hnum):

end_if:
C(s):=C_nom(s)*f(s):
print(Unquoted, "The robust controller is:");
print(Unquoted, "C(s)= ", C(s)):

end_proc:

user_controller:=proc()
local test;
begin

// User defined controller
repeat

repeat
print();
print(Unquoted, "Enter the controller transfer function: ");
C(s):=input(""):
print(C(s));

if degree(denom(C(s))) < degree(numer(C(s)))
then print(Unquoted, "Warning: Improper transfer function");

end_if:
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until degree(denom(C(s))) >= degree(numer(C(s))) end_repeat;
print(Unquoted, "Are these data right ? (y/n)");
input("",test);

until test=y end_repeat:

end_proc:

controller_analysis:=proc()
local test, C_normal;
begin

// Controller analysis menu
repeat

print();
C_normal(s):=normal(C(s)):
print(Unquoted, "C(s)=", C_normal(s));
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Plots");
print(Unquoted, "b - Pole-zero representation");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do plots(C_normal(s)): break:
of b do pole_zero(C_normal(s)): break:

end_case:
until test=x end_repeat:

end_proc:

controlled_forward_chain_analysis:=proc ()
local test, L, L_normal;
begin

// Controlled forward chain analysis menu
L(s):=C(s)*h(s):
repeat

print();
print(Unquoted, "L(s)=C(s)*h(s)=", L(s));
L_normal(s):=normal(L(s)):
print(Unquoted, "=", L_normal(s));
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Plots");
print(Unquoted, "b - Pole-zero representation");
print(Unquoted, "c - Stability analysis tools");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do plots(L_normal(s)): break:
of b do pole_zero(L_normal(s)): break:
of c do stability_analysis_tools(L_normal(s)): break:

end_case:
until test=x end_repeat:

end_proc:
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closed_loop_analysis:=proc()
local test, W;
begin

// closed loop analysis menu
W(s):=normal(C(s)*h(s)/(1+C(s)*h(s))):
repeat

print();
print(Unquoted, "W(s)=C(s)*h(s)/(1+C(s)*h(s))=", W(s));
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Plots");
print(Unquoted, "b - Pole-zero representation");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do plots(W(s)): break:
of b do pole_zero(W(s)): break:

end_case:
until test=x end_repeat:

end_proc:

control_verify:=proc()
local test;
begin

// Controller, controlled forward chain and closed loop analysis menu
repeat

print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Controller analysis");
print(Unquoted, "b - Controlled forward chain analysis");
print(Unquoted, "c - Closed loop analysis");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do controller_analysis(): break:
of b do controlled_forward_chain_analysis(): break:
of c do closed_loop_analysis(): break:

end_case:
until test=x end_repeat:

end_proc:

controllers:=proc()
local test;
begin

// Controllers menu
repeat

print();
print(Unquoted, "Options: ");
print(Unquoted, "a - PID");
print(Unquoted, "b - Direct Design");
print(Unquoted, "c - Robust Control");
print(Unquoted, "d - User Controller/Trial and error");
print(Unquoted, "x - Exit");
print();
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input("",test);
case test

of a do PID_nyquist(): break:
of b do direct_design(): break:
of c do robust_control(h(s)): break:
of d do user_controller(): break:

end_case:
if test<>x and test<>c

then control_verify():
end_if:

until test=x end_repeat:

end_proc:

11.3 Example Application
With referenceto theexampleof section6.3we have built somecontrollers:

PID Wehave madetwo PID controllers:� with a choiceof � � ê ó , � ð�è���� � îMö2è���� � î��#ê¸û#ìÚù and�Jö���ñ��Wè6ð�è���� � îMöFè���� � î1î��9è���ó�÷�ë � îÎê ó�ø�ë � ,
we get: üNý�ê�ó�ì�ë�ó�ó , ÿ � ê�ó�ìÚùþó , ÿ��Áê!ë�ì�� .� with achoiceof �
�Ôê!ë�ì�ï , � ð�è������ÏîMö2è����
�Ïî���ê+û#ì�ï and�:ö���ñ��Wè6ð�è����
�lîMö2è������Ïî1î���è���ó�÷�ë � î-ê�ó �#ó � ,
we get: üNý�ê�ó , ÿ � ê+í#ì�÷�í , ÿ!��ê�ó�ìÚùþó .

Dir ect design Wehave tried with two � èEñlî :� � èEñlîÎê "#%$ " ; we get ð�èEñ�îòê �'& (�) #+*,$ " & - #%$ �'& .,(('& � " # * $ " & " - #� � èEñlîÎê )/ #+$ ú10 * we get ð�èEñ�îòê ú & 2,( # * $�3 & ú #+$ " & ),)('& � " #%4,$ ú 2'& ú1ú # * $ )5& 3 ú #
Trial and error/User controller Wehave chosenasimpleintegratorð�èEñ�îòê óñ

andwhich leadsto aclosedloop transferfunction� èEñlîòê ø#ì�ë�ó�ñ�õ!ó�ìÑó�÷ë�ì�ølùBñ . õ+ó�ì�÷�ñ ú õ\ø#ì�û���ñ�õ!ó�ìÑó�÷
Robust control Weget: �ð)èEñ�î-ê ó6 ì�û�÷ èEñÐõ�ë�ì�í�í)îcèEñÔõ\í#ì�ø)îèEñÐõ�ë�ì�í)î� èEñlî-ê óèMó§õ7��ñlî úð�èEñ�îòê ó6 ì�û�÷ èEñÐõ�ë�ì�í�í)îcèEñÔõ\í#ì�ø)îèMó§õ8�#ñ�î ú èEñ®õ\ë�ì�í)î

theparameterahasto bechosenon line.

Thethird partwill discussmorein detailcontrollers.
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LinearizedSystemTime Response

12.1 Theoretical Basis
It canbeusefulto studythestateplot or theoutputplot for differentkindsof inputs.

12.2 MuPAD Code
Theproceduresusedare:� linearizedtime response()� tmp set();seesection16.2� computeresponse();seesection16.4

linearized_time_response:=proc()
local test;
begin

// Linearized and delta linearized options menu
repeat

print():
print(Unquoted, "Linearized system:");
eqns_print(F_lin, G_lin):
print(Unquoted, "Delta linearized system:");
eqns_print(F_delta, G_delta):
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Linearized system response");
print(Unquoted, "b - Delta linearized system response");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do tmp_set(F_lin, G_lin, X_lin, Y_lin, U, Unom):
compute_response():
break:

of b do tmp_set(F_delta, G_delta, delta_X, delta_Y, delta_U, delta_Unom):
compute_response():
break:
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Figure12.1: 9tñ#è;:1î freeresponseplot

end_case:
until test=x end_repeat:

end_proc:

12.3 Example Application
For examplewe canplot thefollowing diagrams:� figure12.1,12.2:freeresponseof thestatefor thelinearsystem( 9tñ#è;:1î=<19?>©è;:3î ),with initial conditions

setto ñWè6ëBîÎê!ë�ì�÷lù@<�>©è6ëBî§êA�Wì���í�ï .� figure12.3,12.4:freeresponseof thestatefor thelinearsystem( ñ#è;:1î=<,>½è;:1î ),with initial conditionsset
to ñ#è6ëBîòê!ë�ì�÷lù@<B>©è6ëBî§êA�Wì���í�ï .� figure12.5,12.6:stepresponseof thestatefor thelinearsystem( ñ#è;:1î=<,>½è;:1î ), with inputamplitudeset
to C�ê CIõ\ë�ìÑóIè C�ê!ë�ì�í)î .
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Validation

13.1 Theoretical Basis
It is importantto checkif the linearizedmodelis a goodapproximationof thenonlinearmodel. To verify
this, we have to make sometestscomparingthe responseof the nonlinearsystemwith the responseof
the linearizedsystem.We needbotha quantitative validationanda qualitative validation. An appropriate
measureis themeansquareerror: EFFG ó:�HI�J: � KMLNKPO�KMQ è;>©è;:3îB�J>�R �TS è;:3î1î ú
where > is thevariablein thenonlinearsystemto beverified, >�R �TS is thecorrespondinglinearizedvariable,: � is the initial time and :�H denotesthe time of the endof the simulation. A qualitative validationcanbe
obtainedby plotting > and >UR �VS together.

13.2 MuPAD Code
Theproceduresusedare:� validation()� eqnsprint(); seesection16.5� tmp set();seesection16.2� pre set parameters();seesection16.4.1� input choice();seesection16.4.2� stepsize set()� computeresponse1(); seesection16.4.3� valid response()� valid Xj or Yj()� computedataYj(); seesection16.4.4
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time_val:=proc()
begin

// Setting of the time at which the nonlinear and linear system
// have to be compared
repeat

print(Unquoted, "enter the validation starting time: ");
input("",tv):
if tv>t1 then

print(Unquoted,
"the validation time must be less or equal to the final time");

end_if:
until tv<=t1 end_repeat:

// start time
i:=1:
while l_data_X[i][1]<tv do

i:=i+1:
end_while:
starti:=i:

end_proc:

err_val:=proc()
begin

// Mean squared error computing
errsq:=0:
for i from starti to nops(l_data_X) do
errsq:=errsq+(nl_data[i]-l_data[i])ˆ2:
end_for:
err:=sqrt(errsq/nops(l_data_X)):
print(Unquoted,"Mean squared error: ", err);

end_proc:

plot_val:=proc()
begin

// Overlapped nonlinear/linear plotting
plotpointsl:=[point(l_data_X[i][1],l_data [i]) $ hold(i)=starti..nops(l_data_X)]:
plotpointsnl:=[point(nl_data_X[i][1],nl_d ata[i] ) $ hold(i)=starti..nops(l_data_X)]:
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin, AxesOrigin=[0, 0],
Labels=["time", "state variable"], BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=List, plotpointsl,Color=[Flat, [1.0, 0.0, 0.0]], Title="Linear response", PointStyle=FilledCircles],
[Mode=List, plotpointsnl, Color=[Flat, [0.0, 0.0, 1.0]], Title="Nonlinear response", PointStyle=Circles]):

end_proc:
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validation_plot:=proc()
begin

// Mean squared error and plot printing
repeat

// choose the validation starting time
time_val():

// mean squared error computing of the chosen variable
err_val():
print(Unquoted,"Wait please"):
// overlapped (nonlinear/linear) plot
plot_val():
print(Unquoted, "a - Change the validation starting time");
print(Unquoted, "b - Validation of other variable");
print(Unquoted, "x - Exit");
test_valid:=input(""):

until test_valid<>a end_repeat:

end_proc:

valid_Xj_or_Yj:=proc()
begin

// j-th state component or the j-th output component data
// storing (nl/l_data[i]). Validation will be based on this data
case test_valid

of a do
print(Unquoted, "State vector X = ", X_tmp);
print();
print(Unquoted,"type in the index corresponding to the state variable chosen ");
print(Unquoted," for the validation");
input("",j_plot);
print();
for i from 1 to nops(nl_data_X) do

nl_data[i]:=nl_data_X[i][2][j_plot]:
end_for:
for i from 1 to nops(l_data_X) do

l_data[i]:=l_data_X[i][2][j_plot]:
end_for:
validation_plot():
break;

of b do
print(Unquoted, "Output vector Y = ", Y_tmp);
print();
print(Unquoted,"type in the index corresponding to the output chosen ");
print(Unquoted," for the validation");
input("",j_plot);
print();
tmp_set(F, G, X, Y, U, Unom):
G_tmp_U_sim:=subs(G_tmp, [ U_tmp[i,1]=U_sim[i,1] $ hold(i)=1..m ] ):
compute_data_Yj(nl_data_X):
for i from 1 to nops(nl_data_X) do

nl_data[i]:=data_Yj[i]:
end_for:
tmp_set(F_lin, G_lin, X_lin, Y_lin, U, Unom):
G_tmp_U_sim:=subs(G_tmp, [ U_tmp[i,1]=U_sim[i,1] $ hold(i)=1..m ] ):
compute_data_Yj(l_data_X):
for i from 1 to nops(l_data_X) do

l_data[i]:=data_Yj[i]:
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end_for:
validation_plot():
break;

of x do return():

end_case;

end_proc:

valid_response:=proc()
begin

// State or output options menu
repeat

print(Unquoted, "a - State validation");
print(Unquoted, "b - Output validation");
print(Unquoted, "x - Exit"):
test_valid:=input(""):
valid_Xj_or_Yj():

until test_valid=x end_repeat:

end_proc:

step_size_set:=proc()
begin

// Setting the stepsize for the "numeric::odesolve" MuPAD function
repeat

print(Unquoted, "enter the step size for the ODE solution:");
step_size:=input(""):
if step_size>t1 then // t1 is set in pre_set_parameters()

print(Unquoted,"the step size must be less than or equal to the final time");
end_if:

until step_size<=t1 end_repeat:
print():
print(Unquoted,"Wait, please... "):

end_proc:

validation:=proc()
begin

// Nonlinear/linear comparison
print():
print(Unquoted, "Nonlinear system:");
eqns_print(F, G):
print(Unquoted, "Linearized system:");
eqns_print(F_lin, G_lin):
print();
tmp_set(F, G, X, Y, U, Unom):
pre_set_parameters():
input_choice():
step_size_set():
compute_response_1():
nl_data_X:=numeric::odesolve(%,Stepsize=s tep_si ze):
tmp_set(F_lin, G_lin, X_lin, Y_lin, U, Unom):
compute_response_1():
l_data_X:=numeric::odesolve(%,Stepsize=st ep_siz e):
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valid_response():

end_proc:

time_val:=proc()
begin

// Setting of the time at which the nonlinear and linear system
// have to be compared
repeat

print(Unquoted, "enter the validation starting time: ");
input("",tv):
if tv>t1 then

print(Unquoted,
"the validation time must be less or equal to the final time");

end_if:
until tv<=t1 end_repeat:

// start time
i:=1:
while l_data_X[i][1]<tv do

i:=i+1:
end_while:
starti:=i:

end_proc:

err_val:=proc()
begin

// Mean squared error computing
errsq:=0:
for i from starti to nops(l_data_X) do
errsq:=errsq+(nl_data[i]-l_data[i])ˆ2:
end_for:
err:=sqrt(errsq/nops(l_data_X)):
print(Unquoted,"Mean squared error: ", err);

end_proc:

plot_val:=proc()
begin

// Overlapped nonlinear/linear plotting
plotpointsl:=[point(l_data_X[i][1],l_data [i]) $ hold(i)=starti..nops(l_data_X)]:
plotpointsnl:=[point(nl_data_X[i][1],nl_d ata[i] ) $ hold(i)=starti..nops(l_data_X)]:
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin, AxesOrigin=[0, 0],
Labels=["time", "state variable"], BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=List, plotpointsl,Color=[Flat, [1.0, 0.0, 0.0]], Title="Linear response", PointStyle=FilledCircles],
[Mode=List, plotpointsnl, Color=[Flat, [0.0, 0.0, 1.0]], Title="Nonlinear response", PointStyle=Circles]):

end_proc:

validation_plot:=proc()
begin

// Mean squared error and plot printing
repeat
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// choose the validation starting time
time_val():

// mean squared error computing of the chosen variable
err_val():
print(Unquoted,"Wait please"):
// overlapped (nonlinear/linear) plot
plot_val():
print(Unquoted, "a - Change the validation starting time");
print(Unquoted, "b - Validation of other variable");
print(Unquoted, "x - Exit");
test_valid:=input(""):

until test_valid<>a end_repeat:

end_proc:

valid_Xj_or_Yj:=proc()
begin

// j-th state component or the j-th output component data
// storing (nl/l_data[i]). Validation will be based on this data
case test_valid

of a do
print(Unquoted, "State vector X = ", X_tmp);
print();
print(Unquoted,"type in the index corresponding to the state variable chosen ");
print(Unquoted," for the validation");
input("",j_plot);
print();
for i from 1 to nops(nl_data_X) do

nl_data[i]:=nl_data_X[i][2][j_plot]:
end_for:
for i from 1 to nops(l_data_X) do

l_data[i]:=l_data_X[i][2][j_plot]:
end_for:
validation_plot():
break;

of b do
print(Unquoted, "Output vector Y = ", Y_tmp);
print();
print(Unquoted,"type in the index corresponding to the output chosen ");
print(Unquoted," for the validation");
input("",j_plot);
print();
tmp_set(F, G, X, Y, U, Unom):
G_tmp_U_sim:=subs(G_tmp, [ U_tmp[i,1]=U_sim[i,1] $ hold(i)=1..m ] ):
compute_data_Yj(nl_data_X):
for i from 1 to nops(nl_data_X) do

nl_data[i]:=data_Yj[i]:
end_for:
tmp_set(F_lin, G_lin, X_lin, Y_lin, U, Unom):
G_tmp_U_sim:=subs(G_tmp, [ U_tmp[i,1]=U_sim[i,1] $ hold(i)=1..m ] ):
compute_data_Yj(l_data_X):
for i from 1 to nops(l_data_X) do

l_data[i]:=data_Yj[i]:
end_for:
validation_plot():
break;

of x do return():
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end_case;

end_proc:

valid_response:=proc()
begin

// State or output options menu
repeat

print(Unquoted, "a - State validation");
print(Unquoted, "b - Output validation");
print(Unquoted, "x - Exit"):
test_valid:=input(""):
valid_Xj_or_Yj():

until test_valid=x end_repeat:

end_proc:

step_size_set:=proc()
begin

// Setting the stepsize for the "numeric::odesolve" MuPAD function
repeat

print(Unquoted, "enter the step size for the ODE solution:");
step_size:=input(""):
if step_size>t1 then // t1 is set in pre_set_parameters()

print(Unquoted,"the step size must be less than or equal to the final time");
end_if:

until step_size<=t1 end_repeat:
print():
print(Unquoted,"Wait, please... "):

end_proc:

validation:=proc()
begin

// Nonlinear/linear comparison
print():
print(Unquoted, "Nonlinear system:");
eqns_print(F, G):
print(Unquoted, "Linearized system:");
eqns_print(F_lin, G_lin):
print();
tmp_set(F, G, X, Y, U, Unom):
pre_set_parameters():
input_choice():
step_size_set():
compute_response_1():
nl_data_X:=numeric::odesolve(%,Stepsize=s tep_si ze):
tmp_set(F_lin, G_lin, X_lin, Y_lin, U, Unom):
compute_response_1():
l_data_X:=numeric::odesolve(%,Stepsize=st ep_siz e):
valid_response():

end_proc:
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Figure13.1:Validation,freeresponse

13.3 Example Application
To substantiateourwork wehavemadesometestscomparingtheresponseof thenonlinearsystemwith the
responseof thelinearizedsystem.

1. We analyzethe free responseof thesystemwith initial conditionsdifferentfrom ñ HTêÜë�ì�ï�øW<�>�H�êï#ìÑó�ï ; we plot:
s(t) andx(t) for thenonlinearsystemandfor thelinearsystemwith initial conditionequalto ñWè6ëBî�êë�ì�÷lù@<�>½è6ëBîòêA�Wì���í�ï (figure13.1);themeansquarederrorwas0.035for s(t) and0.021for x(t);

2. We plot thestepresponseof both thenonlinearsystemandthe linearizedsystem(figure13.2): CfêC�õ�ë�ìÑó�è CTê$ë�ì�í)î ; themeansquarederrorwas0.051for s(t) and0.083for x(t);

3. Sinusoidalresponse;we madethreedifferent testschangingthe input sinusoid C�ê C�õYX�ñ�Z\[òè;��:3îè CTê!ë�ì�í)î :

(a) figure13.3A=0.02, �Zê�ó ; themeansquarederrorwas0.005for s(t) and0.004for x(t);

(b) figure13.4A=0.1, �Zê�ó ; themeansquarederrorwas0.028for s(t) and0.019for x(t);

(c) figure13.5A=0.1, �Zê�ó�ë ; themeansquarederrorwas0.007for s(t) and0.005for x(t);

Fromthesedatawe observe that thelinearsystemis a goodapproximationto thenonlinearone;they have
very similar behavior. Hencethe linear systemcan be usedto representthe nonlinearsystemnear the
equilibriumpoint.
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Figure13.2:Validation,stepresponse
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Figure13.3:Validation,sinusoidalresponse, A=0.02, �Zê�ó
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Figure13.4:Validation,sinusoidalresponse, A=0.1, �Zê�ó
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SystemTime Response

14.1 Theoretical Basis
Oftenweneedto simulatethenonlinearsystembehavior to checkcertaincharacteristicsof themodel.

14.2 MuPAD Code
Theproceduresusedare:� sys time response()� tmp set();seesection16.2� computeresponse();seesection16.4

sys_time_response:=proc()
begin

// nonlinear system parameters setting and time
// response computing
tmp_set(F, G, X, Y, U, Unom):
compute_response():

end_proc:

14.3 Example Application
We do not show any explicit examplebecausewe have alreadydepictedthenonlinearsystembehavior in
thecomparisonplotsof chapter13
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TransferFunctionInput

15.1 Theoretical Basis
If a transferfunctionof a linearSISOmodelöFèEñlîÎê ]=^ ñ ^ õ ]1^'_ " ñ ^=_ " õ	`�`�`�õ ] " ñ®õ ] �� S ñ S õ7� S _ " ñ S _ " õ	`�`�`lõ7� " ñÐõ7�a�
(with [8bdc ) is availableit canbeusefulto geta statespacerepresentationof thesystem.This is calleda
“realization”of h(s).Wepointout thatthis transformationis notunique.Wechoosethecanonicalreachable
realization.Wewill getthesystem: e �,f� K ê	Xg>tõ7hDij êAkl>Tõ7mni
where:

X!ê oppppppq ë ó ë `�`�`Üëë ë ó `�`�`Üë
...

...
...

. ..
...ë ë ë ë ó� ��W� � �� " `�`�`r`�`�`s� �� S _ "

tvuuuuuuw
h×ê oppppq ë...ë ó

t uuuuw
k�êyx{z] � z] " `�`�` z] S _ "n|mÜê x �] S |

where �� � êY� �~} � S � ] � ê ] ��} � Sz] � ê �] � � �] S �� �
Weobservethat � ] S�ì�ì�ì ] ^ $ "�� ê�� ëÐì�ì�ì�ë � . Having boththetransferfunctionrepresentationandthestatespace
representation,all theabove manipulationscanbemade.
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15.2 MuPAD Code
Theproceduresusedare:� transferfunction input()� h input()� h study();seesection16.6� IO ISO()� IO ISO transformation()� eigenvalues();seesection16.7� IO ISO response()� F G IO compute()� tmp set();seesection16.2� computeresponse();seesection16.4

IO_ISO_transformation:=proc()
begin

// IO ---> ISO transformation
p:=1: m:=1: // SISO system
X:=M(n,1): // state vector
Xe:=M(n,1):
for i from 1 to n do

X[i,1]:=x.i:
Xe[i,1]:=0:

end_for:
Y:=M(p,1):
Y[1,1]:=y:
U:=M(m,1):
U[1,1]:=u:
Unom:=M(m,1):
Unom[1,1]:=0:

Ae:=M(n,n):
Be:=M(n,1):
Ce:=M(1,n):
Die:=M(1,1):

for i from 1 to n do
if i=n then // matrix Be

Be[i,1]:=1:
else Be[i,1]:=0:
end_if:
Ce[1,i]:=num_arr[i-1]/den_arr[n]

-num_arr[n]*den_arr[i-1]/(den_arr[n]*den_a rr[n]) : // matrix Ce
for j from 1 to n do

if i=n then // matrix Ae
Ae[i,j]:=-den_arr[j-1]/den_arr[n]:

elif j=i+1 then
Ae[i,j]:=1:

else Ae[i,j]:=0:
end_if:
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end_for:
end_for:

Die[1,1]:=num_arr[n]/den_arr[n]: // matrix Die

end_proc:

F_G_IO_compute:=proc()
begin

// Starting from matrix representation, write the corresponding
// equations.
// Xe=0, Unom=0
F:=Ae*X+Be*U:
G:=Ce*X+Die*U:

end_proc:

IO_ISO_response:=proc()
begin

//
tmp_set(F, G, X, Y, U, Unom):
compute_response():

end_proc:

IO_ISO:=proc()
local test;
begin

// IO ---> I/S/O transformation and options menu
IO_ISO_transformation():
repeat

print(Unquoted, "A = ", Ae);
print(Unquoted, "B = ", Be);
print(Unquoted, "C = ", Ce);
print(Unquoted, "D = ", Die);
print();
F_G_IO_compute():
print(Unquoted, "Right hand side of the state equations:");
print(F);
print(Unquoted, "Right hand side of the output equation:");
print(G);
print();
print(Unquoted, "a - Eigenvalues");
print(Unquoted, "b - System time response");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do eigenvalues(): break:
of b do IO_ISO_response(): break:

end_case:
until test=x end_repeat:

end_proc:
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h_input:=proc()
local test;
begin

// Transfer function input and causality check
print(Unquoted,"h(s)=(b[r]sˆr+...b[1]s+b[ 0])/(a [n]sˆn +...+a [1]s+a [0])") ;
repeat

r:=input("r:");
print();
n:=input("n:");
if r>n then

print(Unquoted,"r must be less or equal to n");
end_if:

until r<=n end_repeat:

b1:= array(0..r):
den_arr:= array(0..n):
num_arr:=array(0..n):
repeat

for i from 0 to r do
print(Unquoted, "b[".i."]"):
b1[i]:=input("");

end_for;
print(b1);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat;

// num_arr: array of n+1 elements: the first r+1 are equals to b1
//the last n-r are equal to zero

for i from 0 to r do
num_arr[i]:=b1[i]:

end_for:
for i from r+1 to n do

num_arr[i]:=0:
end_for:

repeat
for i from 0 to n do

print(Unquoted, "a[".i."]"):
den_arr[i]:=input("");

end_for;
print(den_arr);
input("Are these data right ? (y/n): ", test):
if den_arr[n]=0 then

print(Unquoted,"a[n] must be different from zero "):
test:=n:

end_if:
until test=y end_repeat:

unassign(s):
numer_h:=0:
for i from 0 to r do

numer_h:=numer_h+num_arr[i]*sˆi
end_for:
den_h:=0:
for i from 0 to n do

den_h:=den_h+den_arr[i]*sˆi
end_for:
h(s):=numer_h/den_h:

end_proc:



15.3. EXAMPLE APPLICATION 105

transfer_function_input:=proc()
local test;
begin

// Transfer function input and options menu
h_input():
repeat

print();
print(Unquoted, "h(s)=", h(s));
print(Unquoted, "Options: ");
print(Unquoted, "a - Transfer function study/Control design");
print(Unquoted, "b - I/O ---> I/S/O");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do h_study(h(s)): break:
of b do IO_ISO(): break:

end_case:
until test=x end_repeat:

end_proc:

15.3 Example Application
Weconsiderthefollowing transferfunction:

ö2èEñ�î ê ø#ì�ë�ó�ñ�õ!ó�ìÑó�÷ë�ì�ølùBñ ú õ!ó�ì�÷�ñ�õ�ë�ì�û�ø
Thegainh(0) is 3.28andwe canrewrite h(s)in thezeros–polesform:

ö2èEñ�îÅê 6 ì�û�÷ ñÐõ�ë�ì�íèEñÔõ�ë�ì�í�í)îcèEñÔõ
í#ì�ø)î
Thecanonicalreachablerealizationof h(s)is:X!ê�� ë ó�Ôë�ì�ï�ø�í�ï ��í#ì�÷�ó�í�ï
� <�h�ê�� ë ó�� <k�êyx�ó�ì�÷lùBû���ï 6 ì�û 6 ë)ø | < m«êyx�ë |
Fromthisstaterepresentationwe have plot thefollowing:

1. figure15.1:y(t) with u(t)= ë�ì�íÁõ�ë�ì�ë)í�ñ�Z\[òè;:3î
2. figure15.2:y(t) with u(t)= ë�ì�íÁõ�ë�ìÑó�ñ�Z\[òè;:3î
3. figure15.3:y(t) with u(t)= ë�ì�û
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CommonProcedures

Thischaptercontainsthecodeof theproceduresusedby severalroutines.

16.1 roots finding procedure

roots_finding:=proc(pol)
local n,data,data_tmp,q,i,j,k;

begin

// get the list of all the roots of a polynomial in s: if there are
// multiple roots they will appear a number of times equal to their
// multiplicity.
// NB: pol must be a polynomial in the variable s
n := degree(pol);
data:=numeric::bairstow(pol);
if data=FAIL then

return(FAIL)
end_if:
if nops(data) < n then

k := 0;
data_tmp := array(1..n);
for i from 1 to nops(data) do

q:=pol;
repeat

q_r:=divide(q,(s-op(data,i)));
q:=op(q_r,1);
r:=float(op(q_r,2));
if r=0.0 then

k:=k+1;
data_tmp[k]:=op(data,i);

end_if:
until r<>0.0 end_repeat:

end_for;
data:=data_tmp;

end_if;
data;

end_proc:

109
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16.2 tmp set procedure

tmp_set:=proc(F_formal, G_formal, X_formal, Y_formal, U_formal, Unom_formal)
begin

// F_tmp, G_tmp,etc.. updating
F_tmp:=F_formal:
G_tmp:=G_formal:
X_tmp:=X_formal:
Y_tmp:=Y_formal:
U_tmp:=U_formal:
Unom_tmp:=Unom_formal:

end_proc:

16.3 real imma ginar y, amplitude , phase procedure

real_imaginary:=proc(h_formal)
local hw,recthw;

begin

// Real and imaginary part a transfer function h
// frequency response hw(w)= h(s=I*w)
print():
print(Unquoted, "Wait, please... "):
hw(w):=subs(h_formal,s=I*w):

// rectangular form of h(jw): rectform is useful also to explain
// that w is not complex
recthw(w):=rectform(hw(w),{w}):

// real and imaginary part useful also to Nyquist plot (global variables)
rehw(w):=expand(Re(recthw(w))):
imhw(w):=expand(Im(recthw(w))):

end_proc:

amplitude:=proc(h_formal)
local rehw2,inhw2,amplhw2,amplhw;

begin

// Amplitude of a transfer function
real_imaginary(h_formal);
// rehw and imhw square
rehw2(w):=expand(rehw(w)ˆ2):
imhw2(w):=expand(imhw(w)ˆ2):

// squared amplitude and phase useful to Bode plot
amplhw2(w):=expand(rehw2(w)+imhw2(w)):

// functions must be declared f(w) (depending on the parameter
// w before plotting)
amplhw(w):=sqrt(amplhw2(w));

end_proc:
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phase:=proc(h_formal)
local hnum,hden,n_hnum,n_hden,z_hnum,z_hden,

facthnum,facthnumrect,facthnumre,facthn umim,p hasehn um,
facthden,facthdenrect,facthdenre,facthd enim,p hasehd en,
k,p_tmp,hpzO,phase;

begin

// Phase: we utilize the phase property:
// phase(a*b/c)=phase(a)+phase(b)-phase(c )
// phase will be in degrees

// phase of hw(w)
// numerator, denominator, degrees
hnum(s):=numer(h_formal):
hden(s):=denom(h_formal):
n_hnum:=degree(hnum(s),s):
n_hden:=degree(hden(s),s):

// numerator zeros and factorized form
if n_hnum>0 then

z_hnum:=roots_finding(hnum(s)): // numerator zeros
if z_hnum=FAIL then return(FAIL) end_if:
facthnum(s):=(s-op(z_hnum,1)):
for i from 2 to n_hnum do

facthnum(s):=facthnum(s)*(s-op(z_hnum ,i)):
end_for;

else facthnum(s):=hnum(s);
end_if;

// denominator zeros and factorized form
if n_hden>0 then

z_hden:=roots_finding(hden(s)): // denominator zeros
if z_hden=FAIL then return(FAIL) end_if:
facthden(s):=(s-op(z_hden,1)):
for i from 2 to n_hden do

facthden(s):=facthden(s)*(s-op(z_hden ,i));
end_for;

else facthden(s):=hden(s);
end_if;

// in each factor we substitute s=I*w
for i from 1 to n_hnum do

facthnum(w,i):=subs(s-op(z_hnum,i),s=I* w):
facthnumrect(w,i):=rectform(facthnum(w, i),{w} ):
facthnumre(i):=expand(Re(facthnumrect(w ,i))):
facthnumim(i):=expand(Im(facthnumrect(w ,i))):

end_for:

// hw(w) numerator phase is equal to the sum of the phase of each
// term facthnum(i)
phasehnum(w):=0:
for i from 1 to n_hnum do

phasehnum(w):=phasehnum(w)+atan(facthnu mre(i) ,facth numim( i))
end_for:

// like numerator
for i from 1 to n_hden do

facthden(w,i):=subs(s-op(z_hden,i),s=I* w):
facthdenrect(w,i):=rectform(facthden(w, i),{w} ):
facthdenre(i):=expand(Re(facthdenrect(w ,i))):
facthdenim(i):=expand(Im(facthdenrect(w ,i))):
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end_for:

// like numerator
phasehden(w):=0:
for i from 1 to n_hden do

phasehden(w):=phasehden(w)+atan(facthde nre(i) ,facth denim( i))
end_for:

// gain:
hpz(s):=facthnum(s)/facthden(s);
// h(0) or h(1) or h(2) or ...
i:=-1:
repeat

i:=i+1:
until (float(op(divide(hden(s),s-i),2))<>0.0

and float(op(divide(hnum(s),s-i),2))<>0.0)
end_repeat:
// the gain hpz(0) (hpz(1)) must be the same of h(0) (h(1))
h0:=subs(h(s),s=i):
hpz0:=Re(subs(hpz(s),s=i));
k:=h0/hpz0;
k:=float(k);

// hw(w) phase is equal to the difference between the numerator phase and
// the denominator phase
if Re(k)>=0 then

ph0:=0:
else

ph0:=-PI:
end_if:
phase(w):=ph0+phasehnum(w)-phasehden(w):
phase(w):=phase(w)*180/PI;

end_proc:

16.4 compute response procedure

compute_response:=proc()
begin

//
pre_set_parameters():
input_choice():
print():
print(Unquoted, "Wait, please... "):
compute_response_1():
data_X:=numeric::odesolve(%):
response_plot():

end_proc:

16.4.1 pre set parameter s procedure

pre_set_parameters:=proc()
local test;
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begin

// Initial values, starting and stopping time setting
// for ODE solution
repeat

print(Unquoted, "enter data for the simulation");
print();
for i from 1 to n do

print(Unquoted,"enter initial condition for the variable ".expr2text(X_tmp[i,1]));
Y0[i]:=input("");

end_for;
print(Unquoted,"enter simulation initial time: ");
t0:=input(""):
print(Unquoted,"enter simulation final time: ");
t1:=input(""):
input("Are these data right ? (y/n): ", test):

until test=y end_repeat:

end_proc:

16.4.2 input choice procedure

input_choice:=proc()
local test;
begin

// Input function setting to add to its nominal value
U_sim:=M(m,1):
U_in:=M(m,1):
repeat

for i from 1 to m do
print(Unquoted, "Input variable: " .U_tmp[i,1]);
print(Unquoted, "Nominal value: " .expr2text(Unom_tmp[i,1])):
print(Unquoted,

"Enter the function in the variable t, f(t), to add to "
.expr2text(Unom_tmp[i,1])):

U_in[i,1]:=input(""):
end_for:
print(U_in);
input("Are these data right ? (y/n): ", test):

until test=y end_repeat:
U_sim:=Unom_tmp+U_in:

end_proc:

16.4.3 compute response 1 procedure

compute_response_1:=proc()
begin

// F_tmp evaluation in the U_sim input and parameters setting
// for ODE solving
F_tmp:=subs(F_tmp, [ U_tmp[i,1]=U_sim[i,1] $ hold(i)=1..m ] ):
set_parameters():

end_proc:
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set parameter s procedure

set_parameters:=proc()
local y,y0,F_sim,FF,i,T0,T1,

timeinterval,vectorfield,initialconditi ons,my option s;
begin

// This procedure substitutes the X_tmp[i] variables (user
// defined labels) in the F_tmp vector with internal variables
// y[1]..y[n]; the result is stored in the F_sim list. This is
// very important since the "numeric::odesolve" MuPAD procedure
// needs the system of equations expressed as a function of a
// known vector (y)
F_sim:=[0$n]; # initialize list for equations #
for i from 1 to n do

F_sim[i]:=F_tmp[i,1];
end_for;
F_sim:= subs(F_sim, [ X_tmp[i,1]=y[i] $ hold(i)=1..n ] );
y0:=[0$n]; # initialize list for initial data #
for i from 1 to n do

y0[i]:=Y0[i]:
end_for;
T0:=t0:
T1:=t1:
timeinterval:= T0..T1:
vectorfield := subs( proc(t,y) begin FF end_proc, FF=F_sim):
initialconditions:= y0;
myoptions:= Alldata=1;
// The following parameters are to be passed to odesolve
timeinterval,vectorfield,initialconditions ,myopt ions;

end_proc:

16.4.4 response plot procedure

response_plot:=proc()
begin

// State or output plot options menu
repeat

print();
print(Unquoted, "Options");
print(Unquoted, "a - State variable plot");
print(Unquoted, "b - Output variable plot");
print(Unquoted, "x - exit");
print();

input("", test1):
plot_Xj_or_Yj():

until test1=x end_repeat;

end_proc:
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plot Xj or Yj procedure

plot_Xj_or_Yj:=proc()
begin

// plot of the j-th state component or the j-th output component
case test1

of a do
print(Unquoted, "State vector X = ", X_tmp);
print();
input("type in the index corresponding to the state variable to be plotted:

", j_plot):
print();
print(Unquoted, "State component to be plotted: ");
print(X_tmp[j_plot, 1]);
label_plot:=expr2text(X_tmp[j_plot, 1]):
for i from 1 to nops(data_X) do

data_plot[i]:=data_X[i][2][j_plot]:
end_for:
break;

of b do
print(Unquoted, "Output vector Y = ", Y_tmp);
print();
input("type in the index corresponding to the output variable to be plotted:

", j_plot);
print();
print(Unquoted, "Output component to be plotted: ");
print(Y_tmp[j_plot, 1]);
label_plot:=expr2text(Y_tmp[j_plot, 1]):
G_tmp_U_sim:=subs(G_tmp, [ U_tmp[i,1]=U_sim[i,1] $ hold(i)=1..m ] ):
compute_data_Yj(data_X):
for i from 1 to nops(data_X) do

data_plot[i]:=data_Yj[i]:
end_for:
break;

otherwise return():

end_case;

plotpoints:=[point(data_X[i][1], data_plot[i]) $ hold(i)=1..nops(data_X)]:

plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin, AxesOrigin=[0, 0],
Labels=["time", label_plot], BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=List, plotpoints, PointStyle=FilledCircles]):

end_proc:

compute data Yj procedure

compute_data_Yj:=proc(data_X_formal)
begin
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// Output points computing based on the state points
// (data_X_formal), obtained via "numeric::odesolve"
for i from 1 to nops(data_X_formal) do

// The following row of code is useful in case of input
// t dependence:
// we must evaluate the output equations G_tmp_U_sim
// (they could depend on the input vector) at the time
// instants returned by "odesolve"

G_tmp_U_sim_eval[j_plot, 1]:=
float(subs(G_tmp_U_sim[j_plot, 1], t=data_X_formal[i][1])):

data_Yj[i]:=
subs(G_tmp_U_sim_eval[j_plot, 1],
[ X_tmp[k,1]=data_X_formal[i][2][k] $ hold(k)=1..n ] ):

end_for:

end_proc:

16.5 eqns print procedure

eqns_print:=proc(F_formal, G_formal)
begin

// system of equations printing
print();
print(Unquoted, "Right hand side of the state equation:");
print(F_formal);
print(Unquoted, "Right hand side of the output equation:");
print(G_formal);

end_proc:

16.6 h stud y procedure

h_study:=proc(h_formal)
local test;
begin

// Transfer function study options menu
repeat

print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Pole-zero representation/Gain");
print(Unquoted, "b - Bode, Nyquist, Nichols plots");
print(Unquoted, "c - Control design");
print(Unquoted, "x - Exit");
print();
input("",test);
case test

of a do pole_zero(h_formal): break:
of b do plots(h_formal): break:
of c do control_menu(): break:
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end_case:
until test=x end_repeat:

end_proc:

16.6.1 pole zero procedure

pole_zero:=proc(h_formal)
local i;
begin

// Pole-zero recover of a transfer function
// h(s) numerator, denominator and their degrees
hnum(s):=numer(h_formal):
hden(s):=denom(h_formal):
n_hnum:=degree(hnum(s),s):
n_hden:=degree(hden(s),s):

// numerator in factorized form
if n_hnum>0 then

z_hnum:=roots_finding(hnum(s)): // numerator zeros
if z_hnum=FAIL then return(FAIL) end_if:
facthnum(s):=(s-op(z_hnum,1)):
for i from 2 to n_hnum do

facthnum(s):=facthnum(s)*(s-op(z_hnum ,i)):
end_for;

else facthnum(s):=hnum(s);
end_if;

// denominator in factorized form
if n_hden>0 then

z_hden:=roots_finding(hden(s)): // denominator zeros
if z_hden=FAIL then return(FAIL) end_if:
facthden(s):=(s-op(z_hden,1)):
for i from 2 to n_hden do

facthden(s):=facthden(s)*(s-op(z_hden ,i));
end_for;

else facthden(s):=hden(s);
end_if;

// h_formal in pole-zero form: hpz(s)
i:=-1:
repeat

i:=i+1:
until (float(op(divide(hden(s),s-i),2))<>0.0

and float(op(divide(hnum(s),s-i),2))<>0.0)
end_repeat:
hpz(s):=facthnum(s)/facthden(s); // wrong gain !
// the gain hpz(0) must be the same as h_formal(0)
h0:=subs(h_formal,s=i):
if i=0 then

print(Unquoted,
" the gain (transfer function evalued in s=0) is:" ,float(h0));

end_if:
hpz0:=Re(subs(hpz(s),s=i));
k:=h0/hpz0;
k:=float(k);
hpz(s):=k*hpz(s): // this is the right hpz(s)
print(Unquoted,"The pole-zero representation is:");
print(float(hpz(s))):
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end_proc:

16.6.2 plots procedure

common_plot:=proc(h_formal)
begin

// amplitude in decibels and phase of h_formal(Iw)
// global variables
amplhwdb(w):=20*ln(amplitude(h_formal))/l n(10):
phasehw(w):=phase(h_formal);

end_proc:

bode_plot:=proc(h_formal)
begin

// Bode amplitude and phase plot
common_plot(h_formal):

// Bode plot: Amplitude
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,
AxesOrigin=[0, 0], Labels=["frequency ln(w)", "|h(jw)|dB"],
BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=Curve, [ln(w),amplhwdb(w)], w= [0.01, 100],
Grid=[50], Smoothness=[20]]);

print(Unquoted, "Press ’c’ to continue");
input("");

// Bode plot: Phase
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,
AxesOrigin=[0, 0], Labels=["frequency ln(w)", "Phase"],
BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=Curve, [ln(w), phasehw(w)], w=[0.01, 100],
Grid=[50], Smoothness=[20]]);

end_proc:

nyquist_plot:=proc(h_formal)
local w0,w1;
begin

// Nyquist plot
real_imaginary(h_formal):

print(Unquoted, "Enter the initial value for w (w>0)");
w0:=input(""):
print(Unquoted, "Enter the final value for w");
w1:=input(""):
plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,
AxesOrigin=[0, 0], Labels=["Re[h(jw)]", "Imh[(jw)]"],
BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
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[Mode=Curve, [float(rehw(w)), float(imhw(w))], w=[w0,w1],
Grid=[50], Smoothness=[20]]);

end_proc:

nichols_plot:=proc(h_formal)
begin

// Nichols plot
common_plot(h_formal):

plot2d(Scaling=UnConstrained, Labeling=TRUE, Axes=Origin,
AxesOrigin=[0, 0], Labels=["Phase", "|h(jw)|dB"],
BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=Curve, [phasehw(w),amplhwdb(w)], w=[0.01, 100],
Grid=[50], Smoothness=[20]]);

end_proc:

plots:=proc(h_formal)
local test;
begin

// Bode, Nyquist, Nichols plots menu
repeat

print(Unquoted, "Options: ");
print(Unquoted, "a - Bode plot");
print(Unquoted, "b - Nyquist plot");
print(Unquoted, "c - Nichols plot");
print(Unquoted, "x - Exit");
print();
input("", test);

case test
of a do bode_plot(h_formal): break;
of b do nyquist_plot(h_formal): break;
of c do nichols_plot(h_formal): break;

end_case;
until test=x end_repeat;

end_proc:

16.7 eigenvalues procedure

eigenvalues:=proc()
begin

// Stability information based on eigenvalues
print();
print(Unquoted, "Please, wait...");
eigenvls:=linalg::eigenValues(Ae,All):
print(Unquoted, "The eigenvalues of the linearized model are: " );
print(float(eigenvls));

end_proc:
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Part III

AERATION TANK
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Introduction

This part describesthe applicationof PSYCOto analyzeand control a simple aeratedactivatedsludge
reactor. Figure17.1shows a biologicalplantwithout recycle of sludge,whichaimsto remove thesubstrate
containedin theinfluentwaterby meansof biologicalreactions.In thereactor, which is completelymixed,
heterotrophicbiomassis present.It biodegradesthesubstratethusremoved. This typeof plant is not built
in practice,but thefunctioningof otherplanttypesis quitesimilar to thisone.

Inflow Outflow

Oxygen Pump

Figure17.1:Aerationtank

Theplantmodelconsideredis asimplifiedversionof theIAWQ1(section4.3). Theprocessesincorporated
in themodelare:growth of heterotrophicbiomassanddecayof heterotrophicbiomass.Thefollowing three
variablesarecrucial to the model: theoxygenconcentration,the substrateconcentrationandthe biomass
concentration.In thecontext of modelingtheeffluentquality, thefollowing modelcanbeconsidered:��������������� ��������������

�=���� K ê!ü����Jè\���� ��� � î4õ��� è\� �VS� ��� � îB�
c ��=� �� K ê �� è\� �VS# ��� # îB� ^~�+� �~���� ¡ ¢��£B¤ ¢� K ê¥�� è;¦ �TS§©¨ �J¦ §©¨ î±õ7c5ª ^ �+« KM¬ �
c�� H+­\®1¯c � ê " _ ¡ ¢¡ ¢ c5ª ^ �+« KM¬ õ+èMó�� �±° î+c�� H+­\®1¯c�ª ^ �%« KM¬ ê	²�³´® f ���µ � � $ � � � �µ ��� $ ��� ¦ §©¨c � H%­~®�¯ ê ] ¨ ¦ §©¨
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where� � � , � # and ¦ §©¨ denote,respectively, theoxygen,substrateandheterotrophicbiomassconcentrations
in thetank� � �VS� , � �TS# and ¦ �TS§©¨ aresameconcentrationsin theinfluent� �� is theflow rate� Kla, � �� aretheoxygentransfercoefficient andsaturationcoefficient�7¶ ¨ is theyield for heterotrophicbiomass� �±°

denotesthefractionof biomassconvertedto inertmatter� ²�³´® f is themaximumspecificgrowth ratefor heterotrophicbiomass� ü #~� <3ü #+# aretheoxygenandsubstratehalf-saturationcoefficient for heterotrophicbiomass� ] ¨ denotesthedecaycoefficient for heterotrophicbiomass� c � is theoxygenuptake rate(OUR)� c�ª ^ �%« KM¬ <�c�� H+­\®1¯ aretheaerobicgrowth anddecayof heterotrophs

In eachdifferentialequationthereis a transportterm �� è\k �TS �·kNîZè\k¹¸�ð5º±[±ð5� [!:+c±�a:+Z~º»[2î . For the � � there
is alsoanaerationfactor( ü¼���Jè\���� �·� � î ) dueto theoxygenpumpedinto thetank.Theothertermsaredue
to thebiologicalprocesses.
Theparametersvaluesusedin thestudyreportedherearelistedin Table17.1.

Symbol Unit Valueat í�ë � k¶ ¨ g cell CODformed 0.67ü #%� ½¿¾ÁÀ ú } � 0.20ü #+# ½¿¾ k À m } � 20] ¨ Ca� j _ " 0.62² ³Â® f Ca� j _ " 6���� ½¿¾ } � 9.1

Table17.1:TypicalparametersvaluesatneutralpH

Furthermoreit is assumedthatin theinfluentthereareno oxygennorbiomass,i.e., � �TS� and ¦ �VS§©¨ areequal
to zero.Theflow rate(i.e.,Q/V) hasanominalvalueof 2 CÃ� j _ " . � �TS# is fixedto 1000mg/l. Kla hasarange
of � ùB÷W<�ócù�ù � CÃ� j _ " andthenominalvalueis 50 CÃ� j _ " .
Thepurposeof thebiologicalplant is to remove thesubstratecontainedin the influentwaterby meansof
biological reactions.To attainthis aim we needa goodaerationin thetanksoto let thebiomassgrow and
consequentlyto decreasethe substrate.Figure17.2 shows the control schemeappliedto the plant. The
controlleractson the oxygenpump, i.e., on the oxygentransfercoefficient (Kla). The goal is to fix the
oxygenconcentrationequalto 2 mg/l ( � �ÅÄ í ½¿¾ } � ).
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Figure17.2:Controlschemeof anaerationtank
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AerationTank: Analysis

18.1 State Space Representation
Thebiologicalplantmodel ��������������� ��������������

�=� �� K ê!ü����Jè\� �� ��� � î4õ��� è\� �VS� ��� � îB�
c ��=� �� K ê¥�� è\� �VS# ��� # îB�Y^~�+� �~���� ¡ ¢��£B¤ ¢� K ê �� è;¦ �TS§©¨ �J¦ §©¨ î±õ7c5ª ^ �+« KM¬ �
c�� H+­\®1¯c � ê " _ ¡�¢¡�¢ c5ª ^ �+« KM¬ õ+èMó�� � ° î+c�� H+­\®1¯c�ª ^ �%« KM¬ ê	²�³´® f � �µ � � $ ��� � �µ ��� $ � � ¦ §©¨c � H%­~®�¯ ê ] ¨ ¦ §©¨
is a statespacerepresentationof a nonlineartime variantmodelwith threestatevariables:� � <=� # <,¦ §©¨ . In
thisanalysisit is assumedthattheflow rateandtheconcentrationof thesubstratein theinfluentareconstant
andequalto their nominalvalues( Æ }�Ç ê¥í±CÃ� j _ " , � �TS# êwó�ë�ë�ë ½¿¾ } � ). The oxygentransfercoefficient,ü���� , is themanipulatedvariable(i.e. theinput of thesystem)andtheoxygenconcentrationin theeffluent,� � , is theobservablevariable(i.e. theoutputof thesystem).Hence,with theparametersvaluesfrom Table
17.1,thesystembecomes:�������� �������

�=���� K ê!ü����Jè 6 ìÑóÈ��� � îB��í�� � ��ë�ì�ï��lë�ù�¦ §É¨ � ú & Ê,2,2 ú1ú .,-,- ���5� � £ ¤ ¢/ ��� $ ú � 0 / � � $ �'& ú10�=� �� K ê+í�ë�ë�ëË��í�� # � -'& Ê,2,2 ú1ú .,-,- ���5� � £ ¤ ¢/ ��� $ ú � 0 / � � $ �'& ú10��£B¤ ¢� K êÌ��í#ì�ø�í»¦ §©¨ õ ( � � ���~£�¤ ¢/ � � $ ú � 0 / � � $ �'& ú10j êA� �
WhenPSYCOis run,amenuappears:� Statevariablesysteminput� Transferfunctioninput� quit

Choosingthefirst option,theright handsideof theabovesystemis theinputrequiredby PSYCO.Also ü����
nominalvalue( ï�ë�CÃ� j _ " ) is necessary. Then,PSYCOgivesthechoice:
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18.2 System Time Response
Wewantanalyzethesystembehavior with:� ü����Tê+ï�ë�CÃ� j _ " (thenominalvalue)� stateinitial conditions:

– � � ê$ë�ì�í ½¿¾ } �
– � # ê$ù)ë�ë ½¿¾ } �
– ¦ §É¨ ê�û�ë�ë ½¿¾ } �

With PSYCO,settingthesevaluesandthesimulationtime parameters,we canobtainthe threeplots: � � ,� # , ¦ §©¨ freeresponse(figures18.1,18.2,18.3).

Figure18.1: � � , freeresponse

WeobtainthesameplotsusingWEST++.Fromthemodelingenvironmentin theHGE window we have to
draw theschemeof thesystem(figure18.4).
For eachicon multiple modelshadto be built. AppendixA) shows the MSL-USERlibrary built for this
example.
Thenfrom the experimentationenvironmentwe canset the parametersvalues,the initial conditions,the
simulationtime,choosetheintegratorandlet startthesimulation;figure18.5shows thebehavior obtained.
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Figure18.2: � # , freeresponse

18.3 Linearization, Eigenvalues, Structural Proper ties
Choosingtheoption‘Linearization’ in themenuof page127we canget thelinearizedmodelandstudyit.
Theequilibriumpoint of thesystemis:¦ H ê��Í� � ê+ë�ìÑó�ø�ï��lëÃ�a<Å� # ê+ï�û�ë�ì 6 ��÷W<I¦ §©¨ ê+í�û 6 ì�÷�÷�í �
PSYCOgivesfirst thesymbolicmatricesof the linearizedsystemandthenthevaluesobtainedevaluating
theseat theequilibriumpoint:X�ê opq ��ó�ëÃ��û#ì�ø�û�ë)û�ë�ù �Ôë�ì�ë)í�ó�ó�ø�í�ë�ó 6 ùBï ��ó�ì�÷�ø�ë)÷lùa�#ó 6 ï��û�ë 6 ï#ì�÷lù 6 ù)ëÃ� ��í#ì�ë)ølùþó�í���û�û�ó ��û#ì 6 ó�ë�ù�ùBø�ë�ùa�í�ëÃ�Ïù�ì�í�ó 6 ó�ë)û ë�ì�ë�ùBí 6 ø�ï�û�ó�í�í�û �Ôë�ì�ë�ë�ë�ë�ë�ó�ócùa� 6 ��í�÷)í�� tvuw h�ê opq ÷#ì 6 ûlùBí 6 ûëë

tvuw
k¸êyx�ó ë ë | mÜê�� ë �

Hencethelinearizedsystemis:�������� ������� �,£� K ê opq ��ó�ëÃ��û#ì�ø�û�ë)û�ë�ù ��ë�ì�ë)í�ó�ó�ø�í�ë�ó 6 ùBï ��ó�ì�÷�ø�ë)÷lùa�#ó 6 ï��û�ë 6 ï#ì�÷lù 6 ù)ëÃ� ��í#ì�ë)ølùþó�í���û�û�ó ��û#ì 6 ó�ë�ù�ùBø�ë�ùa�í�ëÃ�Ïù�ì�í�ó 6 ó�ë)û ë�ì�ë�ùBí 6 ø�ï�û�ó�í�í�û ��ë�ì�ë�ë�ë�ë�ë�ó�ócùa� 6 ��í�÷�íÃ� tvuw ¦Rõ opq ÷#ì 6 ûlùBí 6 ûëë
tvuw ij êyx�óÛë ë | ¦

with:� ¦ÏÎ è;¦y�J¦ H îÎêY9D¦Àê opq 9Ð� �9Ð� #9D¦ §©¨ tvuw� u (theinput) is thedifferencebetweenKla andits nominalvalue( i�êY9Tü�����ê�è6ü����Ñ��ï�ëBî1î
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Figure18.3: ¦ §É¨ , freeresponse� y (theoutput)is 9Ð� �
After theseresultsPSYCOoutputsthemenu:

1. Eigenvalues

2. Reachability/Observability

3. Transferfunctionanalysis/Controldesign

4. Linearizedsystemtimeresponse

5. Validation

6. Exit

Theeigenvaluesof thelinearizedmodelare:�T�Áí#ì�ë�ë�ó�ó�ï�ø���ï�ïW<���û#ì�ø�ë 6 ë)ë)ø�ó�ø�ù@<���ó�ëÃ��ë�ì�ëB÷lù#í�ø 6 �
Hencethelinearizedsystemis stableandtheequilibriumpoint of thenonlinearsystemis locally stable.
Choosingthe2ndoptionwe analyzethestructuralpropertiesof thesystem;thePSYCOoutputis:
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Figure18.4:schemefor thesimulationof thefreebehavior of theplant

Ò ê opq ÷#ì 6 ûlùBí 6 û � 6 ï 6 í#ìÑó�í����#ó�í ó�ë)í�ølù�ù 6�6 ì�ø 6ë ��í���ø�ï 6 ì�í�í�ï�ø 6 í 6 ø�÷�ë�ù)ëÃ�Wì 6 íë ó�÷�ï�û�ó�ì�ø�÷�ó�í�ó ��ó 6 ÷ 6 ��û�ø�í#ì 6 ï tvuw
c±�W[4é±è Ò î-ê+ûk{º ½ �U����:,��� j c����#ð�ö�� ] ���Ôñ j ñ�:,� ½

À ê opq ó ë ë��ó�ëÃ��û#ì�ø�û�ë)û�ë�ù �Ôë�ì�ë)í�ó�ó�ø�í�ë�ó 6 ùBï ��ó�ì�÷�ø�ë)÷lùa�#ó 6 ïó�ócùB÷�÷�÷��Wì��Ïù í�í#ì�ø�÷�û 6 ócùBøW< ó 6�6 �Wì 6 ù�ùBø 6 ï tvuw
c±�W[4é±è À î-ê+ûkÓº ½ ������:�� � j º ] ñ»��c±ÔÃ� ] ����ñ j ñ�:,� ½

R is the reachabilitymatrix and O is the observability matrix: the systemis completelyreachableand
observable.

18.4 Transf er Function Anal ysis
With the3rdoptionwegetthetransferfunctionof thelinearizedsystem:öFèEñlîÎê ë�ì�ë�ë)í�÷�÷�ï�÷ 6 û 6 í�ï�ñ ú õ�ë�ì�ë�ë)ï 6 ï�ø�÷�ï�ï�÷lùþó�ñ�õ�ë�ì�ë�ë�ë�ùB÷lùB÷���ø�ëÃ� 6 ïë�ì�ë�ë�ë)û�í�û�ë�ó�û�ó�í�����ñ . õ�ë�ì�ûlùa�ÏùBø�ûlùBí�û�ó�ñ ú õ!ó�ì 6 ùþócù 6 í���÷�í�ñIõ\í#ìÚù 6 ø�û�ï�÷�ó�ë 6
andthenanew menu:
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Figure18.5: freeresponse

1. Pole-zerorepresentation/Gain

2. Bode,Nyquist,Nicholsplots

3. Controldesign

4. Exit

Point3 will beanalyzedin chapter19.
Option1 gives: Õ �aZ~[iê!ë�ì�ë�ë�ë�ó 6 ùBí�û�û�û�÷�ílùö2èEñ�îòê -'& Ê,.�) ú Ê,. / #%$ �'& �,-�)�-,-,Ê " ú Ê ú " 0 / #+$ " & Ê 3 Ê ú .�Ê,.,2 0/ #+$ ú & �,� "," 2,( 3 2,2 0 / #%$ .'& (,�,Ê,�,�,( " (�) 0 / #+$ " � 3 �'& �,-�) ú (,Ê 0
Hencethelinearsystemhastwozeros( ��ë�ì�ë)÷lùB÷�÷ 6 ó�í 6 í�ó±<���ó�ì 6 � 6 í�û 6 ûBï ) andthreepoles( ��í#ì�ë�ë�ó�ó�ï�ø���ï�ïW<���û#ì�ø�ë 6 ë�ë)øþó�ø�ù@< ��ó ,
equalto theeigenvalues)all negative andreal.

Thechoicenumber2 givesasub-menuwhereit is possibleto choosewhichdiagramto plot:� figure18.6,18.7:Bodediagram� figure18.8:Nyquistdiagram� figure18.9:Nicholsdiagram
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Figure18.6:Bodeamplitudeplot

Figure18.7:Bodephaseplot
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Figure18.8:Nyquistplot

Figure18.9:Nicholsplot
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Figure18.10: � � è;:3î , freeresponseplot

18.5 Lineariz ed System Time Response – Validation
Let uschoosethe4th optionin themenuof page130. After choosingtheinitial conditions,thesimulation
time, the kind of input to sumover the nominalvaluewe obtain the plot of the linearizedsystem. Fur-
thermorewe canchoosewhich variable(stateor output)to plot andwhetherwe wanta plot relatedto the
equilibriumpointor to thezero.Figures18.10,18.11and18.12areanexamplefor a freeresponsewith Kla
andinitial conditionsasin section18.2.
The5thpoint in themenuof page130givesthepossibilityof comparingthebehavior betweenthenonlinear
systemandthelinearizedone. Choosingthesameoptionsasabove we get themeansquareerrorbetween
thevariableschosento becompared.Furthermorea qualitative validationis obtainedby plotting both the
variablestogetherin the samediagram. Figures18.13, 18.14,18.15show this plot for Kla and initial
conditionslike in section18.2. Themeansquareerror is 0.00441744537for � � , 0.132983732for � # and
0.07656611128for ¦ §©¨ .
Fromthesedatawe observe that thelinearsystemis a goodapproximationto thenonlinearoneandhence
thelinearsystemcanbeusedto represent,neartheequilibriumpoint, thenonlinearsystem.
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Figure18.11: � # è;:3î , freeresponseplot

Figure18.12: ¦ §©¨ è;:3î , freeresponseplot
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Figure18.13: � � è;:3î , validation

Figure18.14: � # è;:1î , validation
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Figure18.15: ¦ §©¨ è;:3î , validation



AerationTank: ControlDesign

19.1 Stability Anal ysis Tools
Choosingthe option “Control design” in the menuof page131, PSYCOgives the possibility to build a
controller.
Themenugivesthechoicebetween:� Stability analysistools� Controllers� Exit

If we wantto studythefeedbackstability propertieswe canchoosethe1stoption. Theroot locusequation
is: ë�ì�ë�ë�ë�ùB÷lùB÷���ø�ëÃ� 6 ïBé�õ!ó�ì 6 ùþócù 6 í���÷�í�ñÁõ\ë�ì�ë�ë)ï 6 ï�ø�÷�ï�ï�÷lùþóÌé�ñ�õàë�ì�ûlùa�ÏùBø�ûlùBí�û�ó�ñ úõ�ë�ì�ë�ë�ë)û�í�û�ë�ó�û�ó�í�����ñ . õ�ë�ì�ë�ë)í�÷�÷�ï�÷ 6 û 6 í�ïBé�ñ ú õ\í#ìÚù 6 ø�û�ï�÷�ó�ë 6
Figure19.1shows theroot locusplot.

PSYCOalsogives the opportunityto get the gain andphasemargins. In our exampleit will not return
anything becauseof theparticularbehavior of thesystem(seetheNyquistplot, figure18.8).

19.2 Contr oller s
PSYCOcanbuild controllerssuchas:� PID� DirectDesign� RobustControl� UserController

139
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Figure19.1:RootLocus
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-

k c(s) h(s) y(s)
u(s)e(s)

  y  (s)
set

Figure19.2:Feedbackcontrolscheme

Figure19.3:HGE controlledschemefor ‘classic’ feedbacksystem

Apart from robustcontrol,all thesecontrollersarebasedonthe‘classic’ feedbackscheme(seefigure19.2).
PSYCOwill find thecontrollersandthenwill analyzethecontroller, thecontrolledforwardchain,andthe
closedloop.
For thesimulationof the feedbacksystem,WEST++canbeused.For this purposeit is necessaryto have
a staterepresentationof thecontrollers.The lattercanbeobtainedwith PSYCO:choosingoption2 in the
menuin page127,givena transferfunctionC(s),it returnsthecanonicalreachablerealizationof C(s).This
canthenbeinsertedin aMSL-USERmodelandrunin WEST++.Figure19.3showstheschemein theHGE
window (modelingenvironment)usedfor thispurpose.

Robust control will be dealtwithin the section19.3. Usercontrol is an option that gives to the userthe
opportunityto analyzeacontrollerfoundby otherstools.

19.2.1 PID contr oller s

Wechoosethedesignfrequency ( �
� ) equalto ó�Ca� j _ " . PSYCOgivestheopenloopamplitudeandphaseat�
�Ôê�ó , andplotstheNyquistdiagram(usefulto designthiscontroller).Wesettheforwardchainamplitude
equalto 0.2andthephaseequalto ó�ø�ï � . Theparametersfoundare:� üNý�ê 6 ì�ë�ùBí�÷�í�ó�û�ïlù� ÿ � ê!ë�ì�ë)÷ 6 ï�÷�ø���ï��#ó�ø
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With WEST++wehave madetwo simulations:

1. figures19.4,19.5: theflow rateis constant(i.e. Æ }�Ç ê+í±CÃ� j _ " )
2. figures19.6,19.7: theflow rateis: Æ }�Ç ê�íIõPë�ì�íBÖ�×MØ2è.ù�:3îFõPë�ìÑógÙ´c±�W[�CÃº ½ ( c±�a[�Caº ½ is a function

thatreturnsrandomvaluesin [-1;1])
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Figure19.4:Stateplot, simulation[ � ó
19.2.2 Direct Design Contr oller

Wesettheclosedloop transferfunctionequalto óñ®õ+ó
PSYCOgivesthecontroller:ktèEñ�î-ê ë�ì�ë�ë�ë)û�í�û�ë�ó�û�ó�í�����ñ . õ\ë�ì�ûlùa�ÏùBø�ûlùBí�û�ó�ñ ú õ!ó�ì 6 ùþócù 6 í���÷�í�ñ�õ\í#ìÚù 6 ø�û�ï�÷�ó�ë 6ë�ì�ë�ë)í�÷�÷�ï�÷ 6 û 6 í�ï)ñ . õ�ë�ì�ë�ë)ï 6 ï�ø�÷�ï�ï�÷lùþó�ñ ú õ�ë�ì�ë�ë�ë�ùB÷lùB÷���ø�ëÃ� 6 ï)ñ
Theforwardchainbecomes: Ú èEñlîÎêYktèEñ�îMö2èEñ�îòê óñ
Thesimulationsarewith thesameconditionsasabove. Figures19.8,19.9,19.10,19.11show thebehavior.
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Figure19.5:kla, Q/V plot, simulation [ � ó
19.3 Robust Contr ol
This robustcontrolis basedon theIMC scheme(seefigure19.12).
TheIMC controlleris:k�èEñlî-ê ë�ìÑó�ó�ó 6 í�÷�í��ÏùBø�èEñ�õ\í#ì�ë�ë�ó�ó�ï�ø���ïlùWîcèEñ�õ�û#ì�ø�ë 6 ë�ë)ø�ó�ø�ø)îcèEñ�õ!ó�ëÃ�lë�ì�ë)÷lùBí�ø 6 îèMó§õ7��ñlîcèEñÐõ�ë�ì�ë)÷lùB÷�÷ 6 ó�í 6 í)îcèEñIõ!ó�ì 6 � 6 í�û 6 û�ï)î
Theparameterahasto befixedon line, by thesimulation.TheModel in figure19.12is:ö2èEñ�îòê ÷#ì 6 ûlùBí 6 û�èEñ�õ�ë�ì�ë)÷lùB÷�÷ 6 ó�í 6 í�óÌîcèañIõ!ó�ì 6 � 6 í�û 6 û�ï)îèEñÐõ\í#ì�ë�ë�ó�ó�ï�ø���ï�ï)îcèEñIõ\û#ì�ø�ë 6 ë�ë)ø�ó�ølùWîcèEñ�õ$ó�ëÃ�lë�ì�ë)÷lùBí�ø 6 î
To simulatethis, theHGEschemeis morecomplex (figure19.13).
Figures19.14,19.15,19.16,19.17show thebehavior of therobustcontrolledsystemwith thesamecondi-
tionsasin page142,andwith thevalueof theparameter� equalto 0.1.
Figures19.18and19.19show the í � simulationof thesystemwith �tê�ó .
Thevalueof �Tê!ë�ìÑó turnsout to beagoodcompromisebetweenperformanceandrobustness[8].
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Figure19.6:Stateplot, simulation[ � í
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Conclusion

PSYCOis theresultof research,studyandcomputerprogrammingwhich keptus intellectuallybusyfor a
long period. Severalhurdleshasbeenmet,but we alwaystackledthemasa challenge:it wasnot rareto
work until lateevenduringtheweekend,aslongasasolutionof aproblemwasnotreached.Actually, fixing
aproblemwasnothingbut anexcuseto have aniceglassof Belgianbeer.
Weareratherproudof ourwork andwehopethatPSYCOcanbeusefulfor usersinterestedin analysisand
designof plantsfrom acontrolengineeringpoint of view.
Of course,PSYCOis a completelyworking software,but we canalreadylook ahead:extensionsandim-
provementscanbeforeseen.First of all, somemeaningfulcontrol techniqueandtool couldbeadded.The
currentversionof PSYCOconsiderscontinuoustime systems,but a similar systemcouldbedevelopedfor
discretetime systemsandthenconnectionsof hybridsystemscouldbeconsideredaswell.
Currently, PSYCOis written in MuPAD and so its performanceis not optimal; that means,sinceusing
symbolicmanipulationis very CPUconsumingandMuPAD is a generalpurposetool, a translationto C++
codewouldallow betterperformanceandlast,but not least,acompleteintegrationwith theWEST++envi-
ronment.
It is claimedin this report that symbolicanalysisoffers many advantagesover numericalapproaches(as
implementedin MatlabandSimulink [10]). A quantificationof this statementshouldbemadein thefuture.
PSYCOhasbeendevelopedmainly at theBIOMATH departmentof theGentUniversity (Belgium). This
waspossiblethanksto a Socrates/ErasmusstudentexchangeprogrammebetweenFlorenceUniversityand
GentUniversity;thatallowedusto spendaperiodof our life in aforeigncountry. It hasbeenaverypositive
experienceandnotonly from aprofessionalpointof view. Living abroadtaughtusdifferenthabits,thatcan
beappreciatedonly in their context.
During thisperiod,many peoplesupportedusbothprofessionallyandmorally.
First of all, we would like to thankour supervisorat theBIOMATH Dept. HansVangheluwe:hedrove us
alongall ourwork, listeningto ourproblemsandgiving uspreciousadvice;weappreciatehim especiallyfor
his energy andhis friendliness.A specialthanksto prof. StefanoMarsili Libelli who wastheenthusiastic
promoterof this projectandgave ustheopportunityto go to theUniversityof Gent;evenat a distance,he
keptalwaysin touchwith usgiving hisworthwhileopinionsbasedon hisdeepexperience.
Furthermore,we would like to thank the BIOMATH departmentandparticularly the simulationlab, our
families,all thepeopleknown at “Home Merlijn” andour friends.

GianLorenzoLucchetti
MarcoZoccadelli
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MSL-USERcode

Thefollowing codeis aMSL-USERlibrary built to simulatetheaerationtankbehavior.

// AtomicModelbase.msl (syntax: MSL-USER-3.1) HV 10/3/1998
// Khier 25/3/1998
// HV 28/3/1998
// Henk 09/4/1998
// Khier 22/4/1998
//
// lib.generic.msl (syntax: MSL-USER-3.1) HV 20/ 2/1998
//
// Contains generic declarations for the modelling of
// dynamic (DAE based) physical systems
//

// Builtin types are the only types for which
// an empty signature is allowed.
// During bootstrapping, the builtin type names
// are loaded into the outermost type namespace.
// The semantics of these types is given implicitly.

// Builtin atomic types

TYPE Generic "builtin: type variable";
// The Generic type is a "type variable". It will unify with any
// other type; any type is a sub-type of Generic which implies any
// object can be an instance of type Generic.

TYPE Integer "builtin: positive and negative Natural Numbers";

TYPE Real "builtin: Real numbers";

TYPE Char "builtin: ASCII character";

TYPE String
"builtin: Char* (implemented as atomic type for efficiency reasons)";

TYPE Bottom "builtin: bottom type" = ENUM{null};
// The Bottom type is a sub-type of any other type.
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// By virtue of this, "null", the only object of
// type Bottom, can be used to denote an unassigned value
// for objects of any type.

TYPE Boolean "builtin: Logic type" = ENUM{True, False};

// Builtin composite types

TYPE TypeDeclarationType
"builtin: type of TYPE declaration statement";

TYPE ClassDeclarationType
"builtin: type of CLASS declaration statement";

TYPE ObjectDeclarationType
"builtin: type of OBJ declaration statement";

TYPE DeclarationType
"type of a declaration (TYPE, CLASS, or OBJ) statement"
= UNION {TypeDeclarationType, ClassDeclarationType, ObjectDeclarationType};

TYPE ExpressionType
"builtin: type of expressions";

TYPE EquationType
"builtin: type of equations";

TYPE GenericIntervalType
"

Generic Interval. Only meaningful if used
to specialise with endpoints of a type for which
an order relation is defined.

"
= RECORD

{
lowerBound: Generic;
upperBound: Generic;
lowerIncluded: Boolean;
upperIncluded: Boolean;

};

TYPE RealIntervalType "Interval of real numbers"
SUBSUMESGenericIntervalType =
RECORD
{

lowerBound: Real; // Real is sub-type of Generic
upperBound: Real; // Real is sub-type of Generic
lowerIncluded: Boolean;
upperIncluded: Boolean;

};

// type declarations for physical systems
//

TYPE UnitType
"The type of physical units. For the time being, a string"

= String;

TYPE QuantityType
"The different physical quantities. For the time being, a
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string" = String;

TYPE CausalityType
" Causality of entities:

CIN: input (cause) only
COUT: output (consequence) only
CINOUT: input and output (cause and consequence) are allowed

"
= ENUM{CIN, COUT, CINOUT};

TYPE PhysicalNatureType
"The nature of physical variables

FIELD is used (in the physicalDAE context) to denote
parameters and constants

"
= ENUM{ACROSS, THROUGH,FIELD};

TYPE PhysicalQuantityType
"The type of any physical quantity"
=
RECORD
{

quantity : QuantityType;
unit : UnitType;
interval : RealIntervalType;
value : Real;
causality : CausalityType;
nature : PhysicalNatureType;

};

// Formalism independent model stuff

TYPE InterfaceDeclarationType
"declarations within an interface" = DeclarationType;

TYPE ParameterDeclarationType
"declarations within parameter section" = DeclarationType;

TYPE ModelDeclarationType
"declarations within sub_models section" = DeclarationType;

TYPE CouplingStatementType
"parameter coupling and connect() statements" = EquationType;

TYPE GenericModelType
"The signature of the generic part of any (whatever the formalism) model"
=
RECORD
{

comments : String;
interface : SET_OF (InterfaceDeclarationType);

// declared objects must be interfaces
parameters : SET_OF (ParameterDeclarationType);

// declared objects must be parameters
};

TYPE CoupledModelType "The signature of a coupled (network) model"
EXTENDSGenericModelType WITH
RECORD
{

sub_models : SET_OF (ModelDeclarationType);
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coupling : SET_OF (CouplingStatementType);
};

TYPE DAEModelType
"The signature of a Differential Algebraic Equation (DAE) model

within DAEModelType models, connect() has the following
(flattening) semantics:

quantity and unit are checked for equality
equations are generated to equal (=) all algebraic and state variables
all other labels are ignored

"
EXTENDSGenericModelType WITH
RECORD
{

independent : SET_OF (ObjectDeclarationType); // independent variable (time)
state : SET_OF (PhysicalQuantityType); // variables

// those variables occurring in
// DERIV(v, [t]) statements are
// derived state variables

initial : SET_OF (EquationType);
equations : SET_OF (EquationType);
terminal : SET_OF (EquationType);

};

TYPE PhysicalDAEModelType
"within physicalDAEModelType models, connect() has the

following
(flattening) semantics:

quantity and unit are checked for equality
quantity and unit are checked for equality
equations are generated to equal (=) all across variables
equations are generated to sum all through variables to zero
all other labels are ignored

"
= DAEModelType;

// The meaning of TYPE and CLASS extension
//
// The extension signature and the original signature must be
// of the same type. If the types are equal, extension has a well-defined
// meaning (concatenation, fail if overlap), currently only for RECORDand
// SET_OF type signatures.
//

// End of lib.generic.msl

// Some type declarations

CLASS MassFlux = PhysicalQuantityType:= {: nature <- "ACROSS" :};
// := {: nature <- "THROUGH" :};

CLASS Time
"The type of time"
SPECIALISES PhysicalQuantityType :=
{:

quantity <- "Time";
unit <- "day";
interval <- {: lowerBound <- 0; upperBound <- PLUS_INF;:};

:};

CLASS Yield
"Yield"
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SPECIALISES PhysicalQuantityType :=
{:

quantity <- "Yield";
unit <- "";
interval <- {: lowerBound <- 0; upperBound <- PLUS_INF:};

:};

CLASS GrowthRate
"GrowthRate"
SPECIALISES PhysicalQuantityType :=
{:

quantity <- "GrowthRate";
unit <- "";
interval <- {: lowerBound <- 0; upperBound <- PLUS_INF:};

:};

TYPE Components
" The biological components considered in the WWTPmodel"
= ENUM{Q_V,S_O,S_S,X_BH}; // Q_V is not a component,

// it is the flow rate !!!

OBJ NrOfComponents
" The number of components"
: Integer := Cardinality(Components);

CLASS WWTPTerminal
"The variables which are passed between WWTPmodel building blocks"
= MassFlux[NrOfComponents;];

CLASS inWWTPTerminal SPECIALISES WWTPTerminal; //used to indicate inflow
CLASS outWWTPTerminal SPECIALISES WWTPTerminal; //used to indicage outflow

CLASS Signal SPECIALISES PhysicalQuantityType;

OBJ comp_index "Temporary iteration variable" : Integer;
OBJ reaction_index "Temporary iteration variable" : Integer;
OBJ in_comp_index "Temporary iteration variable" : Integer;
OBJ out_comp_index "Temporary iteration variable" : Integer;
OBJ terminal "Temporary iteration variable" : WWTPTerminal;
OBJ in_terminal "Temporary iteration variable" : WWTPTerminal;
OBJ out_terminal "Temporary iteration variable" : WWTPTerminal;

// Model Blocks

CLASS flowInputGenerator
(* class = "input"; category = "simple" *)
"flowinputgenerator"
SPECIALISES PhysicalDAEModelType :=

{:
interface <-
{
OBJ Outflow (* terminal = "out" *) "outflow: Q_V, S_O, S_S, X_BH" :

outWWTPTerminal := {: causality <- "COUT" :};
};

parameters <-
{
OBJ S_Oin: PhysicalQuantityType := {: value <- 0 :};
OBJ S_Sin: PhysicalQuantityType := {: value <- 1000 :};
OBJ X_BHin: PhysicalQuantityType := {: value <- 0 :};
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// Q/V = Step+Asin(omega*t)+noise
OBJ Step " Q/V = Step+Asin(omega*t)+noise_fraction*random"

: PhysicalQuantityType := {: value <- 2 :};
OBJ A: PhysicalQuantityType := {: value <- 0 :};
OBJ omega: PhysicalQuantityType := {: value <- 0 :};
OBJ noise_fraction "noise fraction" :

PhysicalQuantityType := {: value <- 0 :};
};

independent <-
{

OBJ t "independent variable time": Time
};

equations <-
{
interface.Outflow[Q_V] =

parameters.Step + parameters.A*sin(parameters.omega*indep endent .t)
+ parameters.noise_fraction*my_random(i ndepen dent.t );

interface.Outflow[S_O] = parameters.S_Oin ;
interface.Outflow[S_S] = parameters.S_Sin ;
interface.Outflow[X_BH] = parameters.X_BHin ;
};

:};

CLASS flowOutput
(* class = "output"; category = "simple" *)
"Output flow"
SPECIALISES
PhysicalDAEModelType :=
{:

interface <-
{

OBJ Inflow (* terminal = "in" *) "inflow" :
inWWTPTerminal := {: causality <- "CIN" :};

};
:};

CLASS signalInputGenerator
(* class = "input"; category = "simple" *)
"signalinputgenerator"
SPECIALISES PhysicalDAEModelType :=
{:

interface <-
{
OBJ Outsignal (* terminal = "out" *) "outsignal: Step + Asin(omega*t)" :

Signal := {: causality <- "COUT" :};
};

parameters <-
{
OBJ Step: PhysicalQuantityType := {: value <- 2 :};
OBJ A: PhysicalQuantityType := {: value <- 0 :};
OBJ omega: PhysicalQuantityType := {: value <- 0 :};
};

independent <-
{

OBJ t "independent variable time": Time
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};

equations <-
{
interface.Outsignal =

parameters.Step + parameters.A*sin(parameters.omega*indep endent .t);
};

:};

CLASS Pump
(* class = "controller"; category = "simple" *)

"pump"
SPECIALISES PhysicalDAEModelType :=
{:

interface <-
{
OBJ Insignal (* terminal = "in" *) "insignal" :

Signal := {: causality <- "CIN" :};
OBJ Outsignal (* terminal = "out" *) "outsignal" :

Signal := {: causality <- "COUT" :};
};

parameters <-
{

OBJ u0 "Initial value for manipulated variable (no error action)" :
PhysicalQuantityType := {: value <- 50 :};

OBJ max "Max value of the pump output" :
PhysicalQuantityType := {: value <- 144 :};

};

equations <-
{

interface.Outsignal =
IF (interface.Insignal > -parameters.u0)

THEN IF (interface.Insignal + parameters.u0 < parameters.max)
THEN parameters.u0 + interface.Insignal
ELSE parameters.max

ELSE 0 ;
};

:};

CLASS Sensor
(* class = "sensor"; category = "simple" *)

"sensor"
SPECIALISES PhysicalDAEModelType :=

{:
interface <-
{
OBJ Inflow (* terminal = "in" *) "inflow" :

inWWTPTerminal := {: causality <- "CIN" :};
OBJ Outflow (* terminal = "out_1" *) "outflow" :

outWWTPTerminal := {: causality <- "COUT" :};
OBJ Outsignal (* terminal = "out_2" *) "Sensor measured oxygen output" :

Signal := {: causality <- "COUT" :};
};

equations <-
{

{FOREACH comp_index IN {1 .. NrOfComponents}:
interface.Outflow[comp_index] = interface.Inflow[comp_index];};

interface.Outsignal = interface.Inflow[S_O];
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};
:};

CLASS Subtractor
(* class = "subtractor"; category = "simple" *)
"subtract_In1_In2"
SPECIALISES PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal1 (* terminal = "in_1" *) " + " :
Signal := {: causality <- "CIN" :};

OBJ Insignal2 (* terminal = "in_2" *) " - " :
Signal := {: causality <- "CIN" :};

OBJ Outsignal (* terminal = "out" *) "Insignal1 - Insignal2" :
Signal := {: causality <- "COUT" :};

};
equations <-

{
interface.Outsignal = interface.Insignal1 - interface.Insignal2 ;

};
:};

CLASS Subtractor2
(* class = "subtractor"; category = "simple" *)
"subtract_In1_In2"
SPECIALISES PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal1 (* terminal = "in_1" *)
" +, value of the set_point " :

Signal := {: causality <- "CIN" :};
OBJ Insignal2 (* terminal = "in_2" *)

" - " :
Signal := {: causality <- "CIN" :};

OBJ Outsignal (* terminal = "out" *)
"Insignal1 - Insignal2" :

Signal := {: causality <- "COUT" :};

};
equations <-

{
interface.Outsignal = interface.Insignal1 - interface.Insignal2 ;

};
:};

// PLANT

CLASS simpleWWTModel
(* class = "activated_sludge_unit"; category = "simple" *)
SPECIALISES PhysicalDAEModelType :=

{:
interface <-
{

OBJ Inflow (* terminal = "in_1" *) "inflow" :
inWWTPTerminal := {: causality <- "CIN" :};

OBJ Outflow (* terminal = "out" *) "outflow" :
outWWTPTerminal := {: causality <- "COUT" :};
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OBJ Insignal (* terminal = "in_2" *)
"Oxygen transfer coefficient, i.e Kla" :

Signal := {: causality <- "CIN" :};
};

parameters <-
{
OBJ S_O_sat "Oxygen saturation concentration"

: PhysicalQuantityType := {: value <- 9.1 ; unit <- "mg/l" :};
OBJ Y_H "Yield For Heterotrophic Biomass"
: Yield := {:value <- 0.67:};
OBJ f_P "Fraction Of Biomass Converted To Inert Matter"
: PhysicalQuantityType := {:value<- 0.08:};
OBJ mu_H "Maximum Specific Growth Rate For Heterotrophic Biomass"

: GrowthRate := {:value <- 6.00:};
OBJ K_SS "Half-Saturation Coefficient For Heterotrophic Biomass"

: PhysicalQuantityType :={:value <- 20.00:};
OBJ K_SO "Oxygen Half-Saturation Coefficient For Heterotrophic Biomass"

: PhysicalQuantityType := {:value <- 0.2:};
OBJ b_H "Decay Coefficient For Heterotrophic Biomass"

: PhysicalQuantityType := {:value <- 0.62:};
};

independent <-
{
OBJ t "independent variable time": Time ;
};

state <-
{
// flow variables: Q/V, S_O, S_S, X_BH
OBJ C: PhysicalQuantityType[NrOfComponents;];

// algebraic variables
OBJ ro: PhysicalQuantityType;
OBJ rg: PhysicalQuantityType;
OBJ rd: PhysicalQuantityType;
};

equation <-
{

state.C[Q_V] = interface.Inflow[Q_V] ;

DERIV(state.C[S_O],[independent.t]) =
interface.Insignal*(parameters.S_O_sa t - state.C[S_O])
+ state.C[Q_V]*(interface.Inflow[S_O] - state.C[S_O])
- state.ro ;

DERIV(state.C[S_S],[independent.t]) =
state.C[Q_V]*(interface.Inflow[S_S] - state.C[S_S])

- state.rg/parameters.Y_H ;

DERIV(state.C[X_BH],[independent.t]) =
state.C[Q_V]*(interface.Inflow[X_BH] - state.C[X_BH])

+ state.rg - state.rd ;

state.ro =
(1 - parameters.Y_H)/parameters.Y_H *state.rg
+ (1 - parameters.f_P)*state.rd ;

state.rg =
parameters.mu_H*state.C[S_O]/(paramet ers.K_ SO + state.C[S_O])
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*state.C[S_S]/(parameters.K_SS + state.C[S_S])
*state.C[X_BH] ;

state.rd =
parameters.b_H*state.C[X_BH] ;

{FOREACH comp_index IN {1 .. NrOfComponents}:
interface.Outflow[comp_index] = state.C[comp_index];};

};
:};

// CONTROLLERS

CLASS Direct_controller
(* class = "controller"; category = "simple" *)
"controller"
SPECIALISES
PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal (* terminal = "in" *)
"Input Signal, i.e (set_point - variable to set to set_point) " :

Signal := {: causality <- "CIN" :};
OBJ Outsignal (* terminal = "out" *) "Manipulated variable" :

Signal := {: causality <- "COUT" :};

};
parameters <-
{

// Controller parameters
OBJ a2 : RealNumbers := {: value <- -0.1680159049 :};
OBJ a3 : RealNumbers := {: value <- - 2.06412848 :};
OBJ b1 : RealNumbers := {: value <- 865.0207436 :};
OBJ b2 : RealNumbers := {: value <- 672.733843 :};
OBJ b3 : RealNumbers := {: value <- 120.1695874 :};
OBJ d : RealNumbers := {: value <- 0.1119282746 :};

};

independent <-
{

OBJ t "independent variable time": Time
};

state <-
{

OBJ control_1: PhysicalQuantityType ;
OBJ control_2: PhysicalQuantityType ;
OBJ control_3: PhysicalQuantityType ;

};

equations <-
{

DERIV(state.control_1, [independent.t]) = state.control_2 ;
DERIV(state.control_2, [independent.t]) = state.control_3 ;
DERIV(state.control_3, [independent.t]) = interface.Insignal

+ parameters.a2*state.control_2 + parameters.a3* state.control_3 ;

interface.Outsignal =
parameters.b1*state.control_1 + parameters.b2*state.control_2
+ parameters.b3*state.control_3 + parameters.d*interface.Insignal ;
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};
:};

CLASS Integral_controller
(* class = "controller"; category = "simple" *)
"controller"
SPECIALISES
PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal (* terminal = "in" *)
"Input Signal, i.e variable to set to set_point " :

Signal := {: causality <- "CIN" :};
OBJ Outsignal (* terminal = "out" *) "Manipulated variable" :

Signal := {: causality <- "COUT" :};

};

independent <-
{

OBJ t "independent variable time": Time
};

state <-
{

OBJ control : PhysicalQuantityType ;
};

equations <-
{

DERIV(state.control, [independent.t]) =
interface.Insignal ;

interface.Outsignal = state.control ;
};

:};

CLASS PID_controller
(* class = "controller"; category = "simple" *)
"controller"
SPECIALISES
PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal (* terminal = "in" *)
"Input Signal, i.e (set_point - variable to set to set_point) " :

Signal := {: causality <- "CIN" :};
OBJ Outsignal (* terminal = "out" *) "Manipulated variable" :

Signal := {: causality <- "COUT" :};

};
parameters <-
{

// PID parameters
OBJ kp : PhysicalQuantityType := {: value <- 11.31977725 :};
OBJ Ti : PhysicalQuantityType := {: value <- 0.5062161847 :};
OBJ Td : PhysicalQuantityType := {: value <- 0.2531080923 :};

};

independent <-
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{
OBJ t "independent variable time": Time

};

state <-
{

OBJ control_1: PhysicalQuantityType ;
OBJ control_2: PhysicalQuantityType ;
OBJ control_3: PhysicalQuantityType ;

};

equations <-
{

DERIV(state.control_1, [independent.t]) = state.control_2 ;
DERIV(state.control_2, [independent.t]) =

-(10/parameters.Td)*state.control_2 + interface.Insignal ;

interface.Outsignal =
+ (10*parameters.kp/(parameters.Ti*parameter s.Td)) *state .contr ol_1
+ (-10*parameters.kp/parameters.Td
+ (parameters.Td*parameters.kp
+ 10*parameters.kp*parameters.Ti)/(parameter s.Td*p aramet ers.Ti ))
*state.control_2
+ parameters.kp*interface.Insignal ;

};
:};

CLASS IMC_controller
(* class = "controller"; category = "simple" *)
"controller"
SPECIALISES
PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal (* terminal = "in" *)
"Input Signal, i.e (set_point - ( variable to set to set_point-model output) " :

Signal := {: causality <- "CIN" :};
OBJ Outsignal (* terminal = "out" *) "Manipulated variable" :

Signal := {: causality <- "COUT" :};
};

parameters <-
{

OBJ a " filter parameter": PhysicalQuantityType := {: value <- 0.1 :};
};

independent <-
{

OBJ t "independent variable time": Time
};

state <-
{

OBJ control_1: PhysicalQuantityType ;
OBJ control_2: PhysicalQuantityType ;
OBJ control_3: PhysicalQuantityType ;

};

equations <-
{
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DERIV(state.control_1, [independent.t]) = state.control_2 ;
DERIV(state.control_2, [independent.t]) = state.control_3 ;
DERIV(state.control_3, [independent.t]) =

interface.Insignal
- 0.1680159049/parameters.a * state.control_1
- 1/parameters.a * state.control_2

*(0.1680159049*parameters.a + 2.064128479)
- 1/parameters.a * state.control_3

*(1 + 2.064128479*parameters.a) ;

interface.Outsignal = 1/parameters.a *
( (865.0207428 - 0.01880573034/parameters.a) * state.control_1
+ (672.7526482

-(0.01880573034*parameters.a + 0.2310343392)/parameters.a)
*state.control_2

+ (120.4006217
-(0.2310343392*parameters.a + 0.1119282746)/parameters.a)

*state.control_3
+ 0.1119282746*interface.Insignal) ;

};
:};

CLASS IMC_model
(* class = "controller"; category = "simple" *)

"controller"
SPECIALISES
PhysicalDAEModelType :=
{:

interface <-
{

OBJ Insignal (* terminal = "in" *)
"Input Signal, i.e. Control OutSignal " :

Signal := {: causality <- "CIN" :};
OBJ Outsignal (* terminal = "out" *)

"Model of the observable variable" :
Signal := {: causality <- "COUT" :};

};

independent <-
{

OBJ t "independent variable time": Time
};

state <-
{

OBJ so : PhysicalQuantityType ;
OBJ ss : PhysicalQuantityType ;
OBJ xbh : PhysicalQuantityType ;

};

equations <-
{
DERIV(state.so, [independent.t]) =

-1073.630304*state.so - 0.02116201945*state.ss
- 1.860847195*state.xbh + 8.934293000*interface.Insignal ;

DERIV(state.ss, [independent.t]) =
-3095.849407*state.so - 2.064127331*state.ss
- 3.910446047*state.xbh ;
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DERIV(state.xbh, [independent.t]) =
2074.219103*state.so + 0.04296531223*state.ss
- 0.000001147972827*state.xbh ;

interface.Outsignal = state.so ;
};

:};

// End of LibAeration.msl
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