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Introduction

PSYCO(PrototypeSYmbolic COntroltoolbox)is softwarewhich allows oneto analyzea dynamicsystem
from a control engineeringooint of view. It wasbornasa collaborationbetweenthe DSI (Dipartimento
Sistemie Informatica)of the faculty of engineeringof FlorenceUniversity andthe BIOMATH department
attheagriculturalfaculty of GentUniversity within theframevork of a Socrates/Erasmistudeniexchange
program.

PSYCOis relatedto a wider projectcalledWEST++. WEST++is a softwarefor modelingandsimulation
of dynamicsystemsjn particularWasteWater TreatmentPlants(WWTPs)and hasbeendevelopedat the
BIOMATH departmenWEST++is a powerful softwareto build modelsand simulatethem, but sofar no
controlfacilitieswereavailable. Thepurposeof PSYCOhasbeento give theopportunityto auserto analyze
modelsthroughclassicalcontroltoolsandthendesigncontrollersto imposea desiredsystembehaior.
Both PSYCOand WEST++ are basedon the samephilosophy thatis to solve problemsin a symbolic
fashionas much as possible;that meansthey seekfor an analyticalsolution of a problem,wheneer it
exists, or usesymbolicmanipulationdo improve performancef subsequenumericalapproaches.
Thisreportis composeaf threeparts:

e Background
e PSYCO
e AerationTank

The"Background”parttriesto explainall theknowledgewhich hasbeennecessarto build thePSY COsoft-
ware;thatmeangheoreticaknowledge(symbolicmanipulation WasteWaterTreatmenPlants(WWTPS),
modeling and simulation) and the correspondingcomputerimplementation(computeralgebrasystems,
WEST++modelingandexperimentakervironment).

Parttwo (PSYCO)is adetaileddescriptionof the PrototypeSymbolicControl Toolbox. Eachchapterstarts
from issuedn SystemTheoryandAutomaticControlandexplainshow it hasbeenpossibleto realizethem
in asymbolicmanipulationervironment.

As aresultof the strongorientationof BIOMATH towardsWWTP applicationsPSYCOhasbeenapplied
to asimplifiedIAWQ [7] modelof n.1andtheresultsareshavn in thethird partof thisreport.

Figure 1 shavs whatcanbe doneby meansof PSYCO.The startingpoint is a modelof a plant, eitherin
stateequationform or in transferfunctionform. Then,a menudriveninterfaceallows the userto reachall
theblocksdepictedn thefigure. Thefinal goalis to assistin thedesignof controllersfor the plant.

Oncea controllerhasbeendesigneda completecontrolledsystem(i.e., plant, controllerandtheir inter
connectionstanbe simulatedby meansof WEST++. From a userpoint of view, thatis an easytask: it
is sufiicient to chooseand connectblocks,andautomaticallyMSL-EXEC code(Model SpecificationLan-
guageExeclevel, basicallyC++ code)is availablefor the simulation. Actually, our work to link PSYCO
andWEST++wasnot trivial. In fact, althoughlibraries supporting WTP modelswere alreadypresent,
controllibrarieswerenot anda further programmingeffort in MSL-USER(Model SpecificationLanguage,
Userlevel) hasnecessaryFigure 2 depictslinks betweenPSYCOand WEST++. Hereby a Romanfont
denotestaticentities(suchasa StateSpacanodel),whereasnltalic font denotegransformatioractuities.
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SymbolicManipulation

Symbolic Manipulationis concernedwith finding symbolicor exact solutionsto mathematicaproblems.
This avoids roundingerrorsand the needfor an error analysis. From a symbolic solution one may get
moreinsightinto a problemandderive whole classe®f solutions.Exactor symboliccomputatiorhasthe
disadwantageo be morecompute-intensie thannumericalcalculation.However, assymbolicmanipulation
is usually performedonly onceasopposedo numericalcodewhich getsexecutedtime andagainduring
simulation,the one-timeintensve symboliccomputationcostis largely compensatethy the performance
gainat simulationtime.

1.1 Scientific Calculation and Algebraic Calculation

Fromthe startof electroniccalculation,oneof the main usesof computershasbeennumericalcalculation.
Very soon,applicationsto managemenbeganto dominatethe scene asfar asthe volume of calculation
assignedo themis concernedNeverthelessscientificapplicationsarestill the mostprestigiousgspecially
if we look at the performanceaequiredof the computer:the mostpowerful computersaareusuallyresered
for scientificcalculation.

This conceptof “scientific calculation” concealsan ambiguity which it is importantto note: beforecom-
putersappeare@nthesceneacalculationusuallyconsistedf a mixture of numericalcalculationandwhat
we shall call “algebraiccalculation”, thatis calculationby mathematicaformulae. The only exampleof
purely numericalcalculationseemdo have beenthe featsof calculatingprodigiessuchasInaudi: the au-
thorsof tables,especiallyof logarithms,did indeedcarry out enormousiumericalcalculations but these
were precededyy a restatemenbf the algebraicformulaeand methodswhich were essentiaif the work
wasto bewithin the boundsof whatis humanlypossible.For example, the famoudarge calculationof the
19th centuryincludea large proportionof formula manipulation. The bestknown is certainlyLe Verrier's
calculationof the orbit of Neptune which startedfrom the disturbance®f the orbit of Uranus,andwhich
led to the discovery of Neptune.The mostimpressie calculationwith pencilandpaperis alsoin thefield
of astronomy:Delaunaytook 10 yearsto calculatethe orbit of the moon,andanotherl0 yearsto checkit.
Theresultis not numerical,becausét consistsfor the mostpart of a formulawhich by itself occupiesall
the 128 pagesof Chapterd of his book.

The ambiguity mentionedaborve is the following: whencomputerscameon the scenenumericalcalcula-
tion wasmadevery mucheasierandit becamecommonplacdo do enormouscalculationswhichin some
casesnadeit possibleto avoid laboriousalgebraiomanipulation.Theresultwasthat, for the public at large
and even for most scientists,numericalcalculationand scientific calculationhave becomesynorymous.
However, numericalcalculationdoesnot rule out algebraiccalculation: writing the mosttrivial numerical
programrequiresarestatemendf the formulaeon which the algorithmis based.

13



14 CHAPTER1. SYMBOLIC MANIPULATION

Thusalgebraiccalculationhasnot lost its relevance. However, it is mostfrequentlydonewith penciland
paper eventhoughthefirst softwareintendedto automatat is alreadyquite old. It wasvery quickly seen
thatsuchsoftwarefor helpingalgebraiccalculationwould have to be a completesystemwhich includeda
methodwith a very specialstructurefor representinghon numericaldata,a languagemakingit possibleto
manipulatehem,anda library of effective functionsfor carryingout the necessarypasicalgebraicopera-
tions.

This disciplineis known as“Symbolic Manipulation”,or “AlgebraicCalculation”or “ComputerAlgebra”.
The mostintuitive, althoughsomevhat restrictve, approachto ComputerAlgebra systemss to saythat
they aremadefor the manipulationof everydayscientificandengineeringormulae. A mathematicafor-
mulawhich is describedn oneof the usuallanguagegFORTRAN, PASCAL, C, BASIC,...) canonly be
evaluatednumericallyoncethe variablesandparameterfiave themselesbeengiven numericalvalues.In
a languagewhich allows algebraicmanipulation the sameformula canalsobe evaluatednumerically but
above all it canbethe objectof formal transformation:differentiation,developmentin series,variousex-
pansionsintegration,etc...

Theareagypically coveredby computeralgebrasystemsare:

¢ Operationnintegers,on rational,realandcomplex numberswith unlimitedaccurag.

¢ Operationson polynomialsin oneor morevariablesandon rationalfractions. In short,the obvious
rationaloperationscalculatingtheg.c.d.,factorisingover theintegers,...

¢ Calculationon matriceswith numericaland/orsymbolicelements.
¢ Simpleanalysis:differentiation.expansionin series,..

e Manipulationof formulae: varioussubstitutions selectionof coeficient and partsof formulae,nu-
mericalevaluation,patternrecognition,controlledsimplification,...

Startingout from this commonbase the systemmay offer possibilitiesin specificareaspossibilitieswhich
to someextentcharacterizeéheir degreeof development.For example:

¢ Solutionof equations.
e Formalintegration.
e Calculationof limits.

e Tensorcalculus.

1.2 Symbolic Manipulation: Why

Imagineyou aretrying to solve anequationfor anunknawvn variable,suchas:x - 5 = 0. We saywe have an
analyticsolutionif we canactuallysolve the equationexplicitly for the unknavn variable.In this casejt is
easyto seethattheexplicit analyticsolutionis x = 5, andthatthisis the exactsolution.

If wewerenotsosmart,we mightdevelopan“algorithm” onacomputeito solve this equatiomumerically
The algorithm would test variousvaluesfor x, and then stop with a “solution” when the equationwas
satisfiedto somechosentolerance. For example,we might demandthat the computershould solve this
equationto anaccurag of 0.5. Thenthe computemwould follow the algorithmuntil it found a solutionto
thisdegreeof accurag. Givenaninitial guessx = 1, dependingonthealgorithm,it mightcomeup with the
following guessesx = 2.2 (no good),x = 3.3 (no good),x = 4.6 (goodto the tolerancewe specified) and
returnthe“solution” x = 4.6. An efficient algorithmwould comeup with a solutionquickily.

Notethatif we wantto be moreaccurateasscientistsdo in their predictionswe might specifyatolerance
thatis muchsmaller like 0.001. The computemight eventuallygeta resultafter the following sequence:
2.2,3.3,4.6,5.2,5.05,4.98,5.0005,andthenreturnwith thesolutionx = 5.0005.0f coursejt takesmuch
morework to solve the equationto this level of accurag.
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For sucha simple equationwe would never usea computerto geta solution. Whenthe equationgo be
solved arelarge and comple, describingmary coupledphysicalprocesseslynamicsandcontaininga lot
of terms,several efforts have to bedoneto obtaintheright solution;onehasto dealwith someissuesabout
how to reachit in the mostefficientway andwhy oneshouldpreferoneway to tacklea problemratherthan
another Sereral problemscanbe tackledbothin a numericalanda symbolicalway. Gettingthe solution
usingonemethodratherthanthe other canhave adwvantagesanddisadwantages.

Themainadwantagesn favor of asymbolicapproactare:

¢ Performanceif you know a quantity analytically you can avoid somecomputationsand decrease
the computationtime (for example,two identical expressionswith oppositesign composedf a lot
of terms,canbe simplified beforedoing all the calculationsinvolved, provided that expressionsare
known analytically);

¢ Re-usejf you getananalyticalsolution,you geta whole classof solutions(for example,if you have
to computean integral on anintenal [a, b] andthenon [c, d], if you have computedthe analyti-
cal primitive you have just to evaluateit twice, otherwiseyou have to proceedwith two numerical
integrations,surelymoreCPU consuming)

¢ Correctnesssometimest is impossibleto obtaina correctsolutionnumerically(e.g., , if you have a
linearsystemof equationswith determinanequalzero,you have infinite solutionsthatcanbewritten
only symbolically)

¢ More accuratenumericalresults,becausepreprocessinglatawith symbolicalmanipulationsmore
adwvancednumericaltechnicscan be exploited (e.g., , usinganalyticalforms of derivatives for the
purposeof Taylor approximations)

Onthe otherhand,symboliccomputatiorprogramsareregardedasfairly limited in mostof the following
areas:

e Solvingnon-linearODEsandPDEs
¢ Solvingnon-linearalgebraicequations
¢ Solvingnon-linearoptimizationproblems

Theseproblemsare the province of numericalcomputation,becauseadequateanalytic solution methods
may not exist andthereforemay not be implementedn a symboliccomputationpackage.However sym-

bolic methodscanbe usedto derive expressionsiecessarfor performingnumericalcomputations—suchs

gradientsandJacobiarandHessiarmatrices.Thus,thetraditionalrolesof numericandsymboliccomputa-
tion arenotdistinctandmary benefitsarisefrom meiging thetwo.

1.3 Symbolic Manipulation: How

Sereral computeralgebrasystemscan handlesymbolic manipulation(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 providesmathematicafunctionssuchasmentionedabove. For example,if onewants
to obtaintheindefiniteintegral of
(22 4+2)(z — 1)
z?(22 4+ 1)

MuPAD givesthe solution:

In(z? + 1)

21n(z) + 2/x — arctan(1/z) — 5
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Expressiongnay notonly be computedsymbolically onemayalsodo numericalcomputation(for example
evaluationof the previousintegral at a certaininstant).Let ushave alook moredetailedat the components
of the MUuPAD system.

MuPAD is a generalpurposecomputeralgebrasystem.MuPAD consistsof a so-calledkernelwhich, for
speedandefficiengy, is mainly implementedn the programmindanguageC andpartially writtenin C++.
The MuPAD kernelis composef thefollowing basicparts:

¢ thearithmetic,handlingnumbersof arbitrarylengths.

the parserreadingandcheckingthe usersinput.
¢ theevaluator evaluatingandsimplifying input data.

¢ thememorymanagememIAMMUT (Memory Allocation ManagementniT), handlingall dataof
the systemMAMMUT usesa (weak)uniquedatarepresentatiomndsenesasan interfacebetween
the hardwareandthe MuPAD kernel.Apartfrom the graphicaluserinterface, MAMMUT is theonly
platformdependenpartof the MuPAD system.

¢ huilt-in functions.Theseareuseraccessibléunctionswhich areimplementedn thekernelfor speed
andefficiengy, e.g., , oftenneededunctionsfor manipulatingarithmeticalexpression®r polynomials.

The MuPAD kernelfeaturesa high-level programmindanguagethe MuPAD language.The mathematical
expertiseof MUPAD mainly residedn librarieswrittenin the MuPAD languagevhich arethusindependent
of theunderlyingsystenmplatform.

SocalledDynamicModulesallow to extendthe MuPAD kernelor integratesoftware packagesvithin Mu-
PAD. A dynamicmodulecontainsso-calledmodulefunctionswhichare,in contrasto library functions,not
writtenin the programmindanguagebut arecompiledmachinecodefunctionswrittenin C/C++. They can
directly accessnternalkernelmethods.

MuPAD offersdatatypes(graphicalprimitivessuchaspointsandpolygons)andfunctionsfor plotting two-
andthree-dimensionatunesandsurfaces.A two- or three-dimensiongblot (a“scene”)is displayedwith
the MUuPAD graphicstool VCam. A sceneconsistsof anobjector a sequenc®f objects. For eachobject
severalparametersuchastext, color andstylescanbe defined.Furtherparameterarethe “viewing point”
definingthe perspectie, the scale,axesandtheir labeling,back-andforegroundcolor, andmore. A scene
canbe savedin differentgraphicformats,or canbe sendto a printer VCam even offers the possibility to
generat@ndmanipulatea scendnteractvely. Any suchscenecanbetranslatedo acorrespondindgiuPAD
input.

Thegraphicalfront-endof the MuPAD helptool is organizedasa hypertet system.The usercannavigate
to thelist of availablefunctions,to the index or to the contentgpageof the on-line manualscancreatehis
own hyperlinks,setbookmarksandsoon. TheentireMuPAD documentatiorfi.e, thelanguagedescription
aswell asthe completelibrary documentation)s organizedashypertet documentgor the MuPAD help
tool.

In additionto this, MUPAD hasawindow basedSource-Cod®ehbuggerfor detugginguserdefinedproce-
duresanddomainswhich werewritten in the MuPAD language.

MuPAD is availablefor differentcomputemplatformsincluding variousUnix systemgLinux, SunOS, So-
laris, SGI, ...), the MacintoshOS andMicrosoft Windows 95/NT.



Modelling andSimulation

2.1 Theory of Modelling and Simulation

In the following, a shortintroductionto the basicconceptsof modellingandsimulationis given. Further
the currentWEST++implementatiorwill berelatedto theseconcepts.
Figure 2.1 presentghe interrelationbetweendifferentmodellingand simulationrelatedconceptsasintro-

ducedby Zeigler.

Object is someentity in the RealWorld. Suchan objectcanexhibit widely varying behaiour depending
onthecontet in whichit is studied theaspect®f its behaiour which areunderstudy . ..

BaseModel is a hypotheticalformalised(abstractyepresentationf the objects propertiesjn particular
its behaiour, whichis valid in all possiblecontets, describesll theobjects facets,. ..
A basemodelis hypotheticalaswe will never —in practice—be ableto construct/represémsucha
“total” model. The questionwhethera basemodelexistsin theoryis a philosophicalone(cfr. hidden
parameteproblemin quanturmphysics).

System is a well definedobjectin the Real World under specific conditions,only consideringspecific
aspect®f its behaiour.

Experimental Frame (context) Whenonestudiesa systemin therealworld, the experimentalframe(EF)
describegxperimentakonditions(contet), aspects,. . within which thatsystem(andcorresponding
models)will beused.A descriptionof the ExperimentaFrameasusedin WEST++is given belaw.

Lumped Model gives an accuratedescriptionof a systemwithin the contet of a given Experimental
Frame. The term “accuratedescription”’needsto be definedprecisely Usually certainproperties
of the systems structureand/orbehaiour mustbe reflectedby the model (within a certainrangeof
accurag). Note: a lumpedmodelis not necessarilya lumpedparametemodel (dueto the diverse
applicationsof modellingandsimulation,terminologyoverlapis very common). The currentstate-
of-the art of modellingrepresentsnodelsin differentformalisms. Formalismtransformatiormakes
anoverall systemmodelsuitablefor simulation.In WEST++,the ODE (OrdinaryDifferential Equa-
tion), DAE (DifferentialAlgebraicEquation) andPDE (Partial DifferentialEquation)formalismsare
supportedenhancedvith WasteWaterTreatmenPlantknowledge.

Experiment(ation) is the physicalactof carryingout an experiment. An experimentmay interferewith
systenpperatiorn(steelinputandparametersjrit maynot. As such theexperimentatiorervironment

17



18 CHAPTERZ2. MODELLING AND SIMULATION
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Figure2.1: Modelling andSimulation

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

Simulation of a lumpedmodelin a certainformalism (e.g., algebraic,Petrinet,...) will calculatethe
dynamicinput/outputbehaiour throughsymbolicor numericaloperations.Simulationyields sim-
ulation results Note the above statementhat simulationmay use symbolic as well as numerical
techniques. Simulationcanbe seenasvirtual experimentationandassuch,the particulartechnique
useddoesnot matter Whereaghe goal of modellingis to meaningfullydescribea systempresent-
ing informationin anunderstandable&g-usablevay, the aim of simulationis to befastandaccumate
Symbolictechniquesreoftenfavouredover numericalonesasthey allow thegeneratiorof classe®f
solutionsratherthanjusta singleone(e.g., sin(x) asasolutionto the harmonicequationasopposed
to one single approximatetrajectorysolution). Furthermore symbolic optimisationshave a much
largerimpactthannumericalonesthanksto their globalnature.

Verification is the procesof checkingthe consisteng of a simulationprogramwith respecto thelumped
modelit is derived from.

Validation istheprocesof comparingexperimentmeasuementswith simulationresultswithin thecontext
of a certainExperimentaFrame. Whencomparisorshavs differencesthe formal modelbuilt may
not correspondo thereal system.A large numberof matchingmeasuementsandsimulationresults
doesnot prove correctnessf the modelhowever. For this reasornPopperhasintroducedthe concept
of falsification theenterpriseof trying to falsify (i.e., disprove) amodel.

Theuseof simulationhasprovento beinvaluablein the studyof complex systemsThe simulationactiity
is partof thelargermodel-basedystemsanalysisenterprise A frameawork for theseactuities is depictedn
Figure2.2.

The Framevork startsby identifying an ExperimentaFrame.As mentionedabove, the framerepresentthe
experimentalconditionsunderwhich the modellerwantsto investigatethe system.As such,it reflectsthe
modellers goalsandquestions.

Basedon a frame, a classof matchingmodelscanbe identified. Throughstructurecharacterizationthe
appropriatanodelstructureis selectecbasedon a priori knowledgeand measuremerdata. Subsequentjy
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Figure2.3: SystemversusExperimentaFrame

parameterdentification(or estimation)yields optimal parametewraluesfor reproducinga setof measure-
mentdata.Usingtheidentifiedmodelandparameterssimulationallows oneto mimic the systembehaior
(virtual experimentation)lt is notedthatsimulationcanbe embeddedn a plethoraof virtual experiments:
initial valueproblems shootingproblems pptimisationproblems parametefit problems, ..
Thequestiorremainshowvever whetherthe modelhaspredictie validity: is it capablenot only of reproduc-
ing datawhich wasusedto choosghemodelandto identify parametersut alsoof predictingnen behaior
2

In Figure2.2, onenoticeshow the differentstepsin the modellingprocessmay eachintroduceerrors. As
indicatedby the feedbackarravs in Figure 2.2, a modelhasto be correctedonceproveninvalid. A very
desirabldeatureof thevalidationprocesss theability to provide hintsasto thelocationof modellingerrors.
Unfortunatelyhowever, very few methodsaredesignedo systematicallyprovide suchinformation.

The conceptof ExperimentalFrame(seeFigure 2.3) refersto a limited setof circumstancesinderwhich
a system(real of model)is to be obsered or subjectedto experimentation. As such,the Experimental
Framereflectsthe objectivesof the experimentemwho performsexperimentson a real systemor, through
simulation,on a model. In its mostbasicform, an ExperimentalFrameconsistsof two setsof variables,
the Framelnput Variablesandthe FrameOutputVariableswhich matchthe systemor modelterminals.On
the input variableside,a geneator describeghe inputs or stimuli appliedto the systemor modelduring
an experiment. A generatormay for examplespecifya unit stepstimulus. On the outputvariableside,a
transducerdescribeghe transformationgo be appliedto the system(experiment)or model (simulation)
outputsfor meaningfulinterpretation A transducemayfor examplespecifythe calculationof the extremal
valuesof someof the outputvariables.In the above, outputrefersto physicalsystemoutputaswell asto
the syntheticoutputsin the form of internalmodelstatesmeasuredyy anobserer. In particular in caseof
amodel,outputsmay observanternalinformationsuchasstatevariablesor parameters.

Apartfrom input/outputvariablesa generatoanda transduceran ExperimentaFrame mayalsocomprise
an acceptorwhich comparedeaturesof the generatoiinputswith featuresof the transducedutput, and
determineswvhetherthe the system(real or model)“fits” this ExperimentaFrame(andhence the experi-
menters objectives).

Theabove presentatiomf anexperimentaframeenablesa rigorousdefinitionof modelvalidity. Let usfirst
postulatehe existenceof auniqueBaseModel This modelis assumedo accuratelyrepresenthe behaior
of the RealSystemunderall possibleexperimentalconditions. This modelis universally valid asthe data
D Rreqisystem Obtainablefrom the Real Systemis alwaysequalto the dataD gy senro4e; Obtainablefrom the
model.

DBaseModel = DRealSystem

A BaseModelis distinguishedrom a LumpedModelby thelimited experimentalcontet within whichthe
lastaccuratelyrepresentReal Systembehaior.
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A particularexperimentaframe E maybeapplicableto arealsystenor to amodel.In thefirst casethedata
potentiallyobtainablewithin thecontext of E aredenotedy D greqsystem|E- In thesecondase pbtainable
dataaredenoteby D,,,q4;| E. With this notation,a modelis valid for a real systemwithin Experimental
FrameFE if

DLumpedModel |E = DRealSystem |E

Thedataequality= mustbeinterpretedas“equalto a certaindegreeof accurag”.

Theabove shavs how theconcepf validity is notabsolute but is relatedto theexperimentakontext within
which Model andReal Systembehaviorarecomparedandto theaccuacy metricused.

Onetypically distinguishedbetweerthe following typesof modelvalidity:

Replicative Validity concerngheability of theLumpedModelto replicatetheinput/outpuidataof theReal
System.With the definitionof a BaseModel, a LumpedModelis replicatvely valid in Experimental
FrameF for a RealSystemif

DLumpedModel | E= DBaseModel |E

Predictive Validity concerngheability to identify the statea modelshouldbe setinto to allow prediction
of theresponsef theRealSystemnto any(notonly theonesusedo identify themodel)inputsegment.
A LumpedModelis predictively valid in ExperimentaFrameFE for aRealSystenif it is replicatively
valid and
FLumpedModellE - FBaseModellE

where F is the setof I/O functionsof systemS within ExperimentalFrameFE. An I/O function
identifiesafunctionalrelationshipbetweennputandOutput,asopposedo agenerahon-functional
relationin the caseof replicative validity.

Structural Validity concernghestructuil relationshipbetweerthe RealSystemandthe LumpedModel.
A LumpedModelis structurallyvalid in ExperimentaFrameF for a RealSystemif it is predictively

valid andthereexistsa morphismé from BaseModelto LumpedModel within frameE.
LumpedM odel |E 2 BaseModel|E

Whentrying to assesmodelvalidity, onemustbearin mindthatoneonly obseres,atary timet, D%, , System
asubsebf thepotentiallyobserabledataD reqisystem - This obviously doesnotsimplify themodelvalida-
tion enterprise.

Whereasassessingnodel validity is intrinsically impossible,the verification of a modelimplementation
canbe donerigorously A simulatorimplementsa lumpedmodelandis thusa sourceof obtainabledata

Dsimulator- 1T it IS possibleto prove (oftenby design)astructuralrealtionshiplmorphism)betweer_umped
modelandSimulator thefollowing will hold unconditionally

DSz’mulator = DLumpedModel

As mentionedbefore,differentmodellingerrorsmay be introducedduring differentstepsof the modelling
processasdepictedn Figure2.2:

Experimental Frame Error: In defining the boundariesof the processor systemto be modeled,some

importantcomponentsnay be missed somesignificantdisturbanceso the systemmay be ngglected
andsoon. All of theseintroduceerrorsinto themodel.

Structural Error: Dueto for instancdack of knowledgeof the mechanisnof the procesgo be modeled
or dueto anoversimplificationof themodel,onemayassumeawrongmodelstructure. Typical errors
includechoosinganincorrectnumberof statevariablesor incorrectlyassuminghon-linearbehaior.
Structuralerrorsmay accidentallybe producedthroughincorrectchoiceof parametergusually 0),
wherebysomepartof the modelstructurevanishestherebyalteringthe modelstructure.
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Parametric Err or: Either by improperor inadequatelatausedfor parameterdentificationor by inade-
quatelydesignedalgorithms,onemayuseincorrectparameteralues.

Thereareseveralreasonsvhy abstractnodelsof systemsareused.Firstof all, anabstractmodeldescription
of a systemcaptues knowledg@ aboutthat system. This knowledge can be stored,shared,and re-used.
Furthermoreif modelsarerepresenteth a standardvay, theinvestmenmadein developingandvalidating
modelsis paid off asthe modelwill be understoody modellingandsimulationervironmentsof different
vendorsfor alongtimeto come.

Secondlyanabstractnodelallows oneto formulateandanswemuestionsaboutthe structureandbehaiour

of a system. Often, a modelis usedto obtainvaluesfor quantitieswhich are non-obserable in the real

system. Also, it might not be financially ethically or politically feasibleto performa real experiment(as
opposedo asimulationor virtual experiment).Answeringof structue relatedquestionss usuallydoneby

meansf symbolicanalysisof themodel. Onemightfor examplewish to know whetheranelectricalcircuit

containsaloop. Answeringof questionsaboutthe dynamicbehaviourof thesystemaredone(by definition)

throughsimulation Simulationmaybe symbolicor numerical. Whereaghe aim of modellingis to provide

insightandto allow for re-useof knowledge theaimsof simulationareaccurag andexecutionspeedoften
real-time,with hardware-in-the-loojp

Onepossibleway to constructsystemanodels(particularlyin systemsdesign)is by copying the structure
of the system. Suchis not a strict requirement. A neuralnetwork which simulatesthe behaiour of an
aerationtankin anactivatedsludgewastewatertreatmenplantis consideredh “model” of thetank. It may
accuratelyreplicatethe behaiour of the tank, thoughthe physicalstructureof the tank andits contentss

no longerapparent. For purposesf control, we are often satisfiedwith a performant(real-time) model
of a systemwhich accuratelypredictsits behaiour underspecificcircumstanceshut bearsno structural
resemblancavith therealsystem.

2.2 General Systems Theory

A generalmathematicaframenork exists for the descriptionof causal deterministi¢ statebasedsystem
models. The framewvork is causalasit assumesheinputsto the systemareknown andthe systemmodel
allows, in principle,the calculationof the stateandoutputtrajectoriedi.e., evolution in functionof time) in
aunique deterministicfashion

SYS=<T,X,w,Q,6,Y, A >

T time base
X input set
w:T—X input segment
Q stateset
0:TxQxQ — Q transitionfunction

outputset
A:Q—-Y outputfunction

In this systemtheoreticaframavork, the state() andstatetransitionfunctiond needto satisfy

Vg € [ti,tr] + 6(tis wity e, 6i) = 0t Wity 15 (i Wity 1,7, i)

As depictedin Figure 2.4, this meansthe (state)transitionfrom atime ¢; to atime ¢ canbe split up into
ary numberof intermediatestatetranstionsandstill give the sameresultattime ;. Thisis afundamental
propertywhich formsthebasisfor theimplementatiorof all (i.e., bothcontinuousanddiscrete)simulators.
For any deterministic,state-basethodel, a solveror simulationkernel will generatestateand outputtra-
jectoriesfor a given input sggment. At eachpointin time, A is usedto calculateoutputfrom state. For
eachtime sggment,d computeshe stateatthe endof thetime sggmentfrom the stateat theinitial time and
from theinput segmentover thetime segment.This is depictedn Figure2.51t is importantto notethatthis
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Figure2.4: StateTransitionProperty
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t tf ¢

Figure2.5: General Deterministic, StateBasedSimulationKernel
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Figure2.6: Pendulum

computatiorstructureis the generictemplatefor ary causal state-basedimulator
The SY S =< T, X,w, @, 4,Y, A\ > formalismcapturegnary differentspecificformalisms. As a simple
continuouqT = R) example,apendulumasdepictedn Figure2.6fits the SY S template:

PENDULUM =<T,X,w,Q,4,Y,\ >

T=R

X=0

w:T—X

Q= [_ga %] xR

0:TxXOAxQ—>Q

8(ts, Wit g0, (0(8:), B(2:))) = (0(t:) + fi) $le)da, p(ts) + fyf £6(a)da)
Y=Rt xR

A:Q =Y

A0, ¢) = (L cosh, Lsind)

In fact,the SY S templateallows for the classificationof differentformalismsusedto modelthe dynamic
behaiour of systems.Classificationis donebasedon the natureof the time setandof the stateset. Some

typical formalismsaredepictedn Figure2.7

2.3 A-Causal Modelling

Physicalsystemsanoftenby usedin different“causalcontets”. For example,anelectricalresistorcanbe
usedin a context wherethevoltagedrop overit is knovn andonewishesto determinethe currentflowing
throughit, or the currentflowing throughthe resistormay be known and one wishesto determinethe
voltagedrop. It is obvious thatthereis only one physicalsystem:the resistoy thoughthereare multiple
causalgiveninput, calculateoutputymodelsto describethe input/outputbehaiour. Froma re-usepoint of
view thisis hardlyelegantor efficient. Hence|t is appropriatdo represenimodelsof physicalbehaiour in
ana-causabr implicit form (asopposedo a causalbr explicit form). Below, asmalldemonstratiofis given
of symbolictransformation®f implicit modelsto an explicit form which canbe simulatedefficiently and

accurately

1. A generalsetof implicit equationgs transformedo a causalform: for each—possiblynon-linear
equation,we determinewhich variablein that equationcanbe uniquely determinedrom the other
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Figure2.7: Classificatiorof CausalFormalisms

variablesin thatequation.Thus,eachequationis assigne@ne“output” variable whereagheremain-
ing onesare“input” variables.The setof equationdelov

rtyt+z 0 Equationl
z+3z+u?> = 0 Equation2
z—u—16 = 0 Equationd
u—5 = 0 Equationd

is transformedy meansof “bipartite graphmaximalcardinalitymatching” (the graphis bipartiteas
the equationsandvariablesaredisjoint sets)into

r+y+z = 0 Equationl
z+3z+u?2 = 0 Equation2
z—u—16 = 0 Equationd
u—5 = 0 Equationd

Hereby the underlinedvariablesneedto be determinedrom the remainingones. The causalityas-
signments notalwayspossible.In caseof failure of the causalityassignmenthis is anindicationof
amodellingerrorof the sethasto besolvedimplicitly by meansf anumericalsolver (e.g., DASSSL
DAE solwer).

2. Theabove canbetransformednto explicit form throughsymbolicmanipulation(underlinedvariables
areunderlinedandbroughtto theleft handside).

y = —T-Yy
z = —3z—u?
z = u-+16

u = 5

3. This still resultsin a setof equationswhich, whenwritten in an arbitrary orderin a programming
languagewith sequentiakemanticsuchasC++, will leadto erronousresults. Hence the “sorting”
of equationsasedon Tarjan’s TopologicalSortalgorithm. This leadsto

= b

u 4+ 16;

—3z—u
= T

2.
’

< 8 w £
Il
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Figure2.8: FormalismTransformatiorGraph

Note how cyclic dependengc betweernvariablesmay occur These“algebraicloops” needto be de-
tectedfor solutionby eitheranimplicit numericalsolver or —-wherepossible-by meansof symbolic
manipulation(usually only in caseof linear systems).The reasonto not usean implicit numerical
solver from the startis thatsuchis highly inefficient (dueto theiterative natureof sucha solwer).

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

2.4 The Formalism Transformation Graph (FTG)

Whenmodellingcomplex systemspftendifferentabstractiongareused.More formally, thoseabstractions
are“formalisms” suchasBond Graphs DAEs, ODEs,Finite StateAutomata,. ..

The FormalismTransformationGraphillustratedin Figure 2.8 represenpossible*formalism transforma-
tions”. The arronvs denotethe possibility to transformfrom oneformalismto a “lower” one. This often
entailsloss of information. It shouldbe notedthat the “total” information contentof the modeland the
solver usuallystaysconstant.In the figure, the “data” level denoteghe resultsof simulations.The dotted
lines denotenumericalsimulationasa meansof transfomration.The solid lines denotesymbolictransfor
mations.Thefigure chartsthe currentlyused-albeitoftenin hard-codedorm-formalismtransformations.
An algorithmwasdevelopedwhich determineshasedntheinformationin the FTG, whichtransformations
needto be appliedto a comple coupledmodel(consistingof diversecoupledsub-modelspftendescribed
in differentformalisms)andin which orderto “optimally” arrive at 1 simulatablemodel(at MSL-EXEC
level, seebelow).

2.5 MSL-USER vs. MSL-EXEC

The aim of modelling—therepresentatiorstorageandmeaningfulre-useof knowledgeaboutthe dynamic
behaiour of systems-on the one handandthe aim of simulation—the efficient and accuratesolving of
modelsto make systembehaiour explicit in theform of statetrajectories-arealmostcontradictaryHence,
therepresentationf modelknowledgeat a high level (in MSL-USER)on the onehandandat a low level
(in MSL-EXEC) ontheotherhand.
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2.6 MSL-USER

MSL-USERIs anobject-orientedanguagevhichallowsfor thedeclaratie representatioof systendynam-
ics. Declaratve meanghatthe model (*what”) is presentedvithout specifying“how” to solve the model.
The latter is called an operationalspecification. This declaratie specificationis automaticallychecled
(syntaxand semantics)and transformednto a low-level representatiofMSL-EXEC, with C++ binding
in this case)suitablefor effecient(numerical)simulation. The translationinvolves symbolic manipulation
(computeralgebra)andgraphmanipulation.

Themaincharacteristicef MSL-USERare:

¢ MSL-USERIs huilt arounda numberof generic'types” correspondingo abstractmathematicaton-
ceptssuchas Integer number Real numbey productset, mapping,matrix, .... The “meaning” of
objectsof thesetypesis given in a “denotational’fashionby referringto the correspondingnath-
ematicalconcepts.By meansof thesetypesandwith extra semanticrules, it becomegossibleto
representifferentformalismssuchasPetri Nets,Bond Graphs,SystemDynamics,Differential Al-
gebraicEquationgDAE), ...

¢ MSL-USERallows oneto represenabstracimodelsof the behaiour of (physical)systems.In par
ticular, it is possibleto representsystems”in the systentheoreticalstate transitionfunction,output
function,...) sense.

¢ MSL-USER allows oneto express“physical” knowledge suchas units (m, kg, ...), quantitytype
(Length,Mass.,...), physicalnature(acrossthrough) ,boundaryconditions, .. Thesemantic®f these
areknown to the MSL-USERcompilerwhich will checkmodelconsisteng and,whereappropriate,
applythis knowledgein thetranslationtowardsMSL-EXEC.

e MSL-USER allows for the declaratre, non-causalimplicit) representatiorof models. Through
causalityassignmentgausalexplicit) equationsareobtained.

¢ Re-useof modelsbecomegossiblethanksto the EXTENDS inheritancemechanism.This mecha-
nism allows for the extensionof an exisiting model. Thus, startingfrom genericmodels,a tree of
extendedmodelscanbe built.

o Classificationis madepossiblethroughthe SPECIALISESmechanism. Hereby it is possibleto
indicatethata particulartypeis a sub-typeof anothettype. This notonly allows for classificationbut
alsofor rigoroustype-checking.

The MSL-USER compileris written in lex(flex), yacc(bison),and C++ and makesintenseuseof LEDA
(Library of Efficient DatastructuresandAlgorithms).
Examplesof MSL-USERwill begivenfurtheronin thisreport.

2.7 MSL-EXEC

MSL-EXEC is generatecutomaticallyfrom MSL-USERandcontainsboth codeto describedynamicsas
codeto representhe symbolicmodelinformation. Figure2.9 depictsthe generaktructureof a“simulator”.
The solver communicategfficiently (vectorsarebeingpassedwith the modeldynamicspartof the MSL-
EXEC model. In essencethe modeldynamicsencodeghe statetransitionfunction asright handsidesof
ODEsandasalgebraicequationsThe simulatorasawholecanbeaskedto performanumericalsimulation.
This entailsusingthe solver to generate statetrajectoryfor the particularMSL-EXEC model. The simula-
tor canalsobe queriedfor symbolicinformation. This will beretrieved from the symbolicinformationpart
of theMSL-EXEC model.

Below is aexcerptof anautomaticallygeneratedMSL-EXEC model.In the constructoiof the C++ class
MassSpringClass |, all symbolicinformationis registered.
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Figure2.9: Model-Soher Architecture

rﬂ Model: Parameters R
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1. Apply | [RestLength iew ||m | 0 | 1es300 | 03 |02 o
2. Aoy | [k igw ||kqfs"2 [ 0 | tes300 | 314159 [271E38 a4 o
3. Apply | M igw ||kg | 0 | fes300 | 01 023 4 o
4. Apply | | noise_fraction Wigw ||DIMLESS | 0 | es300 | 1 |nos 4 o
ak | Apply | Refrest | Cancel

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(O, new MSLEParamClass("RestLength", "m", 0.3, 0, MSLE_PLUS INF,
"Length of the spring \n in rest"));

This symbolicinformationis displayedn the WEST++GUI asdepictedn Figure2.10.
Information—theright handsidesof equations+or thenumericakolveris givenin theComputelnitial( ),
ComputeState() ,ComputeTerminal () ,andComputeOutput( ) methods:

void MassSpringClass :» Computelnitial(void)

{
_factor = K/ M
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}
void MassSpringClass ;= ComputeState(void)
{

_deviation_ = X_ - _RestlLength_;

D x = _v;

Dv = - factor_ * _deviation_;
}
void MassSpringClass :» ComputeOutput(void)
{

int  random_sign;

int max_num = 256;
double noise;
_x.out_ = _Xx;

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

2.8 Solvers

As depictedin Figure2.11,a generalsolver integratesthe stateequationspossiblyadaptingthe integrator
stepsize Eventsarehandledby a discrete-eentkernel.
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Figure2.11: Hybrid SimulationKernel



The WEST++Modelling andSimulationEnvironment

The WEST++ Modelling and SimulationEnvironmentimplementsthe conceptgresentedn the previous
chapter Thearchitecturenakesastrict distinctionbetweera modellingervironmentwhich aimsto provide
insightandenablere-useof modelknowvledge,ontheonehandandthe experimentatiorervironmentwhich
aimsto maximiseaccurag andperformance.

3.1 Modelling

As depictedin Figure 3.1, the WEST++ modelling ervironmentallows for componentbasedmodelling
(in this caseof a simple WasteWater TreatmentPlant): the userconnectsmodeliconsin a hierarchical
fashion. From this abstractspecification togetherwith an MSL-USER library of dynamicmodels,one
single MSL-USER modelis produced. A compilerthen generatedSL-EXEC from this modelfor use
within the experimentatiorervironment.

3.2 Experimentation

Thefollowing distinguishesbasedon generaimodellingandsimulationtheory betweerdifferent’experi-
menttypes” asimplementedvithin the WEST++ervironment. It is importantto make a strict distinction
betweertheuserview of anexperimentexperimentypes)andthekernelview of anexperimentthesolvers
usedto implementthe experiments) It is arguedthatall but expertusersshouldbe presented "userview”

of thesystenratherthana’kernelview” in theinteractve GraphicalUserInterface.

3.2.1 Kernel View

Thekernelconsistsof a numberof "solvers” which, whenlinkedto a”model” (in MSL-EXEC), andgiven
someparameterpertainingto the kernels operation(suchas accurag, terminationconditions,...), will
"solve” that model. The "model” is just a "standard”definedrepresentatiorfiin C) of the mathematical
object(suchasan ODE) to be solved. In WEST++,a generalMSL-EXEC modelmay containanarbitrary
sequencef Explicit AlgebraicandOrdinaryDifferentialEquation§ALGODE), (IALG) Implicit Algebraic
EquationsandImplicit Differential AlgebraicEquationgDAE).

In the WEST++contet, thefollowing kernelsareused:

1. Explicit ALGODE solver

This solver integratesa sortedsequencef explicit algebraicandordinarydifferentialequations.

dr

E = f(x',a:,y,u,p,t)y = g(x',x,y,u,p,t)

31



CHAPTER3. THE WEST++MODELLING AND SIMULATION ENVIRONMENT

=Y | GE B

File Oplions Actions Graph Help |

miging aeradion_tank

ek L ACAER S

ek AR AE L S
v |8 | | | T

| SBR

Figure3.1: SimpleWWTP Model

werebyz is avectorof dervedstatevariablesy is avectorof algebraiovariablesu is avectorof knowvn
inputsp is a vectorof parametergconstanduring onesimulationrun) ¢ is theindependentariable.
Integrationis doneover [t;,,tsi,] f is @, possiblynon-lineay vector function (imagedimensionis
equalto thedimensionof z) g is a, possiblynon-lineay vectorfunction (imagedimensionis equalto
thedimensionof y)

The abore mathematicatepresentatiolis extendedwith the requirementhatall individual (scalar)
equationsare sorted: for eachequation,the right handside only dependson variableswhich are
availablefrom (left handsidesof) precedingequations.

To solve themodel,initial conditions(for the statevariables)yaswell ast;n andtin mustbegiven.

The integrators stepsizemay be variableto increasecomputationspeed. Changesn stepsizeare
driven by anaccurag estimatecomputedby the solver. Suchanaccurag estimateis usuallybased
on anestimateor the stepwisearrorwhich is computedrom the differencebetweernwo subsequent
orderapproximations.

2. Implicit ALG solver

This solvertakesanimplicit algebraianodel

0=g(z',z,y,u,p,t)

wherebythex andx’ areassumedknown (aswell asp, u, andt) andtriesto find a ¢* for which the
above equationholds. Theabove equationis representeth MSL-EXEC in theform of residuals

r= g(xla z,Y,u,p, t)
Thesolvertriesto make theresidual9 (in amannemwhichis not unlike whatanoptimiserdoes).

In WEST++, different solvers are usedfor an implicit algebraicmodel of dimensionl and one of
higherdimension.

3. Implicit DAE solver
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This solver takes

0=g(,z,y,u,p,t)
andsolwesit for x andy (u, p, andt areknown).
In WEST++,Linda Petzolds DASSL solveris used.

. Optimiser

This solver takesareal-valuedgoalfunction
G(v)
andtriesto vary thev asto extremise(minimiseor maximise)thegoal. Possibly optimisationcanbe

constrainedy algebraidnequalities.

Note how anoptimisertriesto extremisea singlerealvalue.If multiple criterianeedto be optimised,
anappropriateveightingof theseneedgo be encodedn the goalfunction.

As theresultof a simulationis usuallya trajectory(x(t), y(t)) over [¢;n, tpin], the goal functioncan
make useof all x andy valuesin thatinterval. Typical usesare:
o useonly valuesattsin (shootingproblem)
¢ usetheintegral overtime of atrajectory(total cost)
¢ useadiscretesumof valuesat particulartime instants(comparingsimulatedvalueswith mea-
suredvaluesatthosetime instants).

WEST++usesBrent's Praxisaswell asa Simplex method.

. MiscellaneoudMatrix Solvers

Eigervalues,eigervectors,matrix inversion,... areoftenused(e.g., in controldesignor in sensitvity
analysis).

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

Certainsolversareableto increasgerformancend/oraccurag by makinguseof "extra” information(such
asthe Jacobiarof themodel)providedin the MSL-EXEC model. Suchinformationmay have beenarrived
atthroughsymbolicmanipulationof the original model.

In the above we have not yet mentionecthe handlingof “events”. An "event” interruptsthe "continuous”
integrationdueto somecondition(seebelown). The eventhandlingthentakescareof the appropriatesvent
code.Theeventhappensinstantaneously”simulatedime doesnot advance.An eventwill typically

modify statevariablegcontinuousaswell asdiscrete’mode” variables).Typically, acontinuousstate
variablewill begivenanew valuewherafterthe continuousntegrationresumega "re-start”) from a
consistensetof initial values.

"schedule’aneventto take placeat somefuturetime

"schedule’aneventatthesameime: asanabstractiorof real-world processachainof instantaneous
eventsmay have to beiteratedthrough.A typical exampleof thisis whenthe behaiour of adiscrete
controlleris modelledusinga Finite StateAutomaton.

Eventsatasingleeventtime arehandledn ahighestpriority first, FirstIn FirstOut (FIFO) for equalpriority,

order

Usually adistinctionis madebetween
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¢ Time Events: the time of the eventis known in adwance. Typical time eventsarethe terminationof
the simulationat ¢;n andthe synchronisatiomwith externalinputswhich aregiven at particulartime
instants.

¢ StateEvents:thetime of the eventis implicitly givenby a conditionsuchas(v + w < 5) whereby
v andw arestatevariables. The conditionis calleda "zero crossing”(v + w — 5 crossesero)or
"indicator” function.

3.2.2 User View

Theuserthinksin termsof different’virtual experiments’onthemodelof asystem.Typically, thesequence
of theseexperimentsthe "modelling andsimulationlife-cycle” or "modelling andsimulationprocess’{(see
elsavherefor moredetails)comprises:

e structurecharacterisation

e sensitvity analysisw.r.t. parameters

e parameteestimation

¢ simulation(eitherinitial valueor shootingproblem)

¢ optimisationof agoalfunctionusingthe modelwith knovn parameters
e sensitvity analysisw.r.t. inputs

Thefollowing experimenttypesareimplementedn WEST++:

1. SimulationExperiment(Initial ValueandShooting)

Mathematicallya modelis specifiecby

e EQ:its equations
e |V or TV: Initial or TerminalValues

e BC: BoundaryConditions(in caseof a systemwith morethanoneindependentariable)
Currently in WEST++,therearetwo typesof simulationexperiments:

¢ Initial Valueproblem:statevariablevaluesaregivenatt;,. The simulatorcalculateghetrajec-
tory over [tin, t in]. Thisis usuallyimplementedisingaforwardintegrator

e TerminalValue,or End Value,or "Shooting” problem: statevariablevaluesaregivenat ¢ ¢;,.
The simulatorcalculateghe trajectoryover [t;,, t¢in]. As a side-efect, the statevariableval-
uesat t;, result. Thesecould be usedasinitial valuesin an Initial Value problem. This is
implementedn WEST++ usingan optimisationalgorithmwherebythe varied entitiesare the
unknawn initial conditionsandthe goal functionis the sum of absolutevaluesof differences
betweersimulatedend-valueanddesiredend-\alue.

In theory a mix of bothis possible.
Sometimest is necessaryo "synchronise’with externaldata. Thisis for examplethe casewhenthe
inputu(t) is givenasatableof measurementdwo optionsareavailable:

(a) theintegratorcanbeforcedto "synchronise™with the externaldata. This is doneby meansof
time-events(astheinputtimesareknown in adwvancefrom thetable).
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(b) the integrator can determineits own integration times and when a value is needed-at those
times—, interpolationis used(0-th, or 1-st order). Whenthe input is given asa continuous
function,nointerpolationis required.

Obviously, thelattersolutionis fastey thoughpossiblyincorrect.

2. ParameteEstimationExperiment

Certain(determinedy user possiblyafterhintsfrom modelsensitvity —w.r.t. parametewariations—
analysismodelparameterarevariedto minimisethe”distance”betweerasimulatedrajectoryanda
given(measuredirajectory Thedistancaneasures typically asumof square®f differencedetween
measure@dndsimulatedvaluesthoughabsolutevaluesarealsoused.Differencesetweemmeasured
andsimulatedvaluescanbe calculatedat differentpointsin time: asdescribedabore, theintegrator
canbe forcedto "synchronise”with the external data,or interpolationcanbe used. In generalthe
differencesanbeweighted.

3. OptimisationExperiment

Themostgeneraluseof the optimiserwheresomeparameterarevaried(possiblyconstrainedasto
extremisea goalfunction.

4. Sensitvity AnalysisExperiment

Thesensitvity of the modelwith respecto initial valueor parametewrariationscanbe investigated.
If sufficient symbolicinformation (partial derivatives)is available (provided in the MSL-EXEC by

the MSL-USERcompiler),thisis straightforvard. If thisinformationis not available,eithera Monte

Carlotechniqueor somelocalnumericatechniqudtypically assumindocal quadratidoehaiour) can

beused.
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ApplicationArea

WEST++is amodelingandsimulationervironmentfor ary kind of processvhich canbedescribedin an
Object—Orientedashion)asa structuredcollectionof DifferentialAlgebraicEquationg DAES). Currently
however, WEST++is appliedto Waste-VéaterTreatmenPlant(WWTP) designandoptimization.

The PSYCO symbolic control designtoolbox describedin this reportis demonstrategnd validatedin
subsequenthapterdy meansof WWTP modelsasusedin WEST++.In particularthe IAWQ1 model(4.2)
is the basisfor a simplemodelof thedynamicsof a basicWWTP.

4.1 Wastewater Treatment Plants

Environmentalconcerndbecomencreasinglyimportantin mostindustrializedcountries.In particular wa-
ter quality is deterioratingrapidly. This fact hasgeneratednterest(both legislative and scientific)in the
deploymentof Waste-Véter TreatmenPlants(WWTPS).

Theproblemof modelingandsimulationof wastavatertreatmenplantsis gainingimportanceasaresultof
growing ervironmentalawarenessComparedo the modelingof well-defined(e.g., electrical,mechanical)
systemsill-defined systemsmodelingis morecomple. In particular choosingthe “right” modelis anon-
trivial task.

Thewastevatertreatmenprocesdealtwith in WEST++is of the “activatedsludge”type. This meanghe
reductionof wasteis performedby bacteriawhich consider(non-toxic) wastecomponentsasfood. The
generaWWTP structure(configuration)in its simplestform is shavn in Figure4.1. In real-life plants,
mary morecomponentsvill be present( cfr. section4.2). The basicoperationprinciplesremainthe same
however.

Thetime-varying load (influent) entersthe biological reactorwherebiodegradablecomponentsre con-
vertedby the catalytichiomasgo gaseouproducts.Becausef the consumptiorof oxygenin thereactor
it is oftencalled“aerationtank”.

The effluent streamof the bioreactoris sentto the settlerwhereboth clarification and sludgethickening

(throughsedimentationjake place. The effluent of the settleris the clarified wastevater This clarified

effluentis typically returnedto the naturalervironment(river, lake, .. .).

A regycle flow of sludgefrom the settlerto the bioreactotkeepsthe biomassnsidethe system.

The (non-linear)dynamicsandpropertiesof the biological processearestill not very well understoodAs

aconseguencey uniguemodelcannotalwaysbeidentified. This, in contrastto traditionalmechanicaknd
electricalsystemsvherethe modelcanbe derived from physicallaws. Also, the calibrationof wastevater
treatmentmodelsis particularlyhard: mary expensve experimentanayberequiredto accuratelydetermine
modelparameters.

Oneway to constructsystemmodelsis to copy the structureof the system. Thoughotherapproachesre
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Aeration Sedimentation
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Activated sludge unit Clarifier

P T T I LI L Lttt L L L et LI L L LI I LTI I T T LTI IIerreer r

Recycle (return) flow

Figure4.1: WWTP configuration

possiblg/12], it is commonwhenmodelingWWTPs.
Increasinglythe“system”modeledranscendthe WWTP andincludesthe“environment” (in theengineer
ing sense) The WWTP modelis integratedin the overall modelof a polluting plant, or of theriver (andits
naturalwaterpurificationpropertiesor toxicity tolerance)n which theeffluentis dumped.

A pertinentexampleof explicitly modelingtheernvironmentin WWTPsconcernghe“experimentatiorervi-
ronment”. Often, sensorareusedto monitorbiological variables.Thosevariablesaredifficult to measure,
resultingin non-lineardistortionsof valueshy the sensoror by delaysdue to samplingand processing.
Obviously, failureto includeanexplicit modelof the sensomwill completelydistortresults(no matterhow
excellentthe actualsystemmodelis). Thisis particularlybadif onewantsto estimatenodelparameterdy
fitting simulationresultsto measurediata(the sensotbehaior will belumpedinto the parameters).

In generalmodelsmayberepresentedsingdifferentabstractionge.g., Algebraic(ALG), OrdinaryDiffer-
ential Equationg ODE), PetriNets,Bond Graphs, . .). Currently WWTP modelsareall of the ALG+ODE

type.
4.2 Activ ated Sludg e

Theprinciple of activatedsludgeis thatin areactora communityof micro-oiganismss constantlysupplied
with organic matterand oxygen. The micro—oganismsconsumethe organic matterand transformit by
meansof aerobicmetabolismpartly into new microbial biomassandpartly into carbondioxide, waterand
minerals. The flow of waterbringsabouta constantwashout of the micro—oganismsfrom the reactorto
the settler Here,the micro-olganismswhich grow in flocs andhave acquireda densitysuficient to decant,
areretainedandremovedwith theunderflav. Part of this sludgeis thenregycledto provide biomasgo treat
thenaw influent. The surplusamountis wasted.

In mary respectsthe aerationbasinis comparablgo a conventionalfermentationreactoror chemostat.
However, the purposeof the processs notto producemicrobial biomassor a particularmetabolite but to
mineralizeincomingwastematerialsasmuchaspossible It is herebyof paramountmportanceo minimize
biomassproductionsincethelatterhasto beremoved andtreatedn a subsequernphase.

Two importantcharacteristic$urther distinguishthe activatedsludgesystemfrom corventionalmicrobial
fermentations.First, the active biological componentcomprisesnot a pure culture but an associatiorof
bacteria,yeast,fungi, protozoaandhigherorganismsasrotifers. Theseorganismsgrowv on the incoming
wasteandinteractwith oneanother Secondthe sludgeconsistsjn contrastwith its qualification“active”,
for animportantpartout of deadcellsandcell debris.Indeed youngactive microbialcellstendto grow in a
dispersedvay. Thesystenis thereforeoperatedn suchawaythatthesubstratés limiting andthemicrobial
biomasss quasistarving.Undertheseconditionscellsgrow slowly andin flocs. Becausef this, thewater
in thedecantoseparate a clearsupernatanandathick layer Hence the crucial partof activatedsludge
treatments to selectamicrobialcommunitywhich mineralizesatafair ratetheincomingwasteandthereby
producesa minimumof new biomasswhich furthermoresedimentseadilyandcompletelyout of thewater
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whenthelatterreacheshe decantar

4.3 Activ ated Sludg e Model No.1 (IAWQ1)

Wastevatertreatmenipracticehasnow progressedo the point wherethe removal of organic matter nitri-

ficationandnitrogenremoval by biological denitrification,canbe accomplishedn a singlesludgesystem.
Becausef the interactionswithin suchsystemsthe mathematicamodelsdescribingthemare quite com-
plex, which hasdetractedrom their use. This is unfortunatebecausét is with suchcomple systemshat
the engineehasthe mostto gainfrom the useof mathematicainodels.

Realizingthe benefitso be dervedfrom mathematicamodeling,while recognizinghereluctanceof mary

engineerdo useit, the InternationalAssociationon Water Pollution Researchand Control (IAWPRC)
formed a task groupin 1983 to promotethe developmentof, and facilitate the applicationof, practical
modelsto the designandoperationof biologicalwastevatertreatmensystemsThegoalwasfirst to review

existing modelsand secondto reacha consensugoncerningthe simplestone having the capability of re-

alistic predictionsof the performancef singlesludgesystemscarryingout carbonoxidation, nitrification,

anddenitrification. Themodelwasto be presentedn away thatmadeclearthe processesicorporatednto

it andthe proceduredor its use.

The task group chosea matrix format for the presentatiorof the model. The first stepin settingup the
matrix is to identify the component®f relevancein themodel. The secondstepin developingthe matrix is

to identify the biological processesccurringin the systemi.e., the conversionsor transformationsvhich

affectthe componentdisted.

Within a system,the concentratiorof a singlecomponenimay be affectedby a numberof differentpro-

cessesAn importantbenefitof the matrix representatiois thatit allows rapidandeasyrecognitionof the
fateof eachcomponentwhich aidsin the preparatiorof massbalancesquations.The basicequationfor a
massbalancewithin ary definedsystemboundaryis :

dMass
dt

Theinput andoutputtermsaretransportermsanddependuponthe physicalcharacteristicef the system
beingmodeled.Thesystenreactiontermcanbe easilyobtainedfrom the matrix terms.

Anotherbenefitof thematrix is thatcontinuitymaybe checledby moving acrosshe matrix, provided con-
sistentunits have beenusedbecause¢henthe sumof the stoichiometriccoeficientsmustbe zero.

13 componentsreconsideredn themodel: solubleandparticulateinert organicmatter readily andslowly

biodeggradablesubstrate active heterotrophicand autotrophicbiomass,particulateproductsarising from

biomassdecay oxygen,nitrateandnitrite nitrogen,N H;~ + N Hj nitrogen,solublebiodegradableorganic
nitrogen,particulatebiodegradableorganic nitrogen;the processare 8: aerobicandanoxicgrowth of het-
erotrophsaerobicgrownth of autotrophos'decay’ of heterotrophgandautotrophsammonificatiorof soluble
organicnitrogen,'hydrolysis’ of entrappeadrganicsandof entrappedrganicnitrogen.

Typical parameterangesdefault values,andaffectsof ernvironmentalfactorsaresupplied[7].

Input — Output + Reaction = Accumulation =
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PSYCO
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Introduction

This partis areportaboutthe MuPAD programPSYCO.This programgivestoolsto manipulateandstudy
modelsfrom a control point of view in a symbolic(asopposedo numerical)fashion.Figure5.1 chartsthe
interrelationship®etweendifferentcodemodules.

It is assumedhata statespaceepresentationr atransferfunction of themodelis available. Thefollowing
MuPAD codepresentsheuserwith thatchoice:

1 * *

I Main menu

I

repeat
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - State variable system input");
print(Unquoted, "b - Transfer function input");
print(Unquoted, "g - 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 composef several routines;eachroutine containsmore proceduresandis de-
scribedin achapterof this part;eachchaptethasthreesections:

1. Theoretical basis theoryexplanation
2. MuPAD codeMuPAD programwrittento carryouttheabore theory

3. Example application MuPAD programappliedto a simplesystem

Finally, chapterl6 containsthe commonproceduresisedby severalroutines.
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Figure5.1: PSYCO



StateSpaceRepresentatiomput

6.1 Theoretical Basis

We assumehata statespaceepresentationf a nonlinearmodelis available:

{ X — f(X,U)
Y =¢(X,U)

whereX ¢ R, U € R™,Y € RPandf : R" x R™ — R", g : R" x R™ — RP arenonlinearfunctions
of X andU. X arethe statevariables,U the (known) inputs,Y arethe outputs,andt is the independent
variable“time”.

6.2 MuPAD Code

Theproceduresisedare:
¢ statevariableinput()
e sysinput()
¢ egnsprint(FG); seesectionl6.5
sys_input:=proc()
local test;
begin
/Il Nonlinear system input (MIMO systems)

/I This step allows the input of a nonlinear system Multiple
/I Input  Multiple Output. The following guantities have to be

Il specified:

/I - state variables and relative equations

/I - input variables and relative nominal values
/I - output variables and relative equations
input("State variables number: ", n):

/I X[] contains the state variable labels

/I 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):

/I U[] contains the input variable labels
/I Unom[] contains the input nominal values

U:=M(m,1):
Unom:=M(m,1):
repeat
for i from 1 to mdo
print();
U[i,1]:=input("Input variable label: ");
print();
Unom([i,1]:=input("Input nominal value: ");
end_for;
print(V);
print(Unom);
input("Are these data right ? (y/n): " test):
until  test=y  end_repeat;
print();
input("Output variables number: ", p):

/Il Y[] contains the output variable labels
/I G[] contains the right hand side of the output nonlinear
/I 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

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

repeat

eqgns_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

We considera statespacearepresentationf a SISO(Singlelnput Single Output)nonlinearmodel,basedon
the Monodequation:

Yy ks+s
dx __ uss

E_ks+3$_bx_xd

{ ds — L. g — sd+ s;d

wherex, s denotethe biomassand substrateconcentrationsn a bioreactoy respectiely; s; denotesthe
substrateconcentratiorin the influent; d is the flow rate/ volumeratio; y is the yield coeficient; b is the
biomasdecaycoeficient; i is the maximumspecificgronth rate, k; is the half saturatiorcoeficient of the
substrates.

We have U=d andwe canchoseY=s (i.e. g(X,U)=s). Let us setthe following,physicallymeaningful,
parametevalues:

s; = 10mg/l y=0.6 b=10.02day ! p=1d ' ks, = 2mg/l

Thisleadsto:

02z — zd

:—Sx

{ s = — L5tz — sd+10d
dt 2+s —0.
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Linearization

7.1 Theoretical Basis

We have to find the equilibrium points (X=X, suchthat X = 0): setU = U (U: nominalvalueof the
inputs)we have to solve a systemof nonlinearequations:

f(X,U0)=0
Fromsystemsheory the correspondindinearizedsystemin the equilibriumpoint X = X,, U = U is:

{dA_XzanU|(X FAX + 20| S AU

dt

X, U 0, XU
¥ = 23, ) AX + 2, ) AU

whereAX = X — X, andAU = U — U. To getasimplernotation,let us substituteA X with X andAU
with U rememberinghatthesevariablesarenow differencesrom X, U. We canrewrite sucha linearized
modelasfollows:

{ dX — AX + BU

Y = CX + DU
where
of (X, U If(X,U
A= af%)){cU”(Xe,U) B = af%)gU”(Xe,U)
¢ =25 D=27"x1

Thelocal stability of the equilibrium point canbe obtainedby finding the eigervaluesof A, i.e. therootsof
det]\I — A] = 0.
Structuralpropertie{Reachability/Obseabity) canbe checledby thereachability(R) andthe obserabil-
ity (O) matrices:

R:[B AB A’B ... An—lB]
C
CA
0= C A2
CA'n—l
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Thesystemis reachabléi.e. controllable)if R hasfull rankn.
Themodelis obserableif O hasfull rankn.

7.2 MuPAD Code

Theproceduresisedare:
¢ linearization()
¢ symboliclinearization()
¢ equilibrium.pointinput()
¢ symboliclinearizationin_Xe()
¢ linearizedegnscompute()
¢ eigewvalues();seesectionl6.7
e reachobsmenu()
e computeR()
e computeO()
e totalr_o()
e U_i_choice()
e R_i_compute()
e singler()
e Y_i_choice()
e Ob.i_compute()
¢ singleo()

e singler_o()

symbolic_linearization:=proc()

begin

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

for j from 1 to n do

Ali,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 mdo
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B[i,jl:=diff(F[i,1],

end_for:
end_for:
print(Unquoted, "B = ",
C:=M(p,n):
for i from 1 to p do

for j from 1 to n do
Cli,jl:=diff(G[i,1],
end_for:
end_for:
print(Unquoted, "C =",

/I WARNING: We can not use the D label
/l it is a MuPAD keyword.

Di:=M(p,m):
for i from 1 to p do
for j from 1 to mdo
Di[i,j]:=diff(G[i, 1],
end_for:
end_for:
print(Unquoted, "D =",

end_proc:
equilibrium_point_input:=proc()

local test;
begin

U[i, 1))

B);

X[, 10):

C);

as identifier because

We shall use Di

Ui, 1)):

1 Equilibrium point  input

/I this  purpose).
/I with the input vector
/I Xe contains the state
Xe:=M(n,1):
repeat
for i from 1 to n do
print();
print(Unquoted,
Xeli,1]:=input("™);
end_for;
print(Xe);
input("Are these data
until  test=y  end_repeat:

end_proc:

symbolic_linearization_in_Xe:=proc()
begin

/Il Linearized

REDUCEshould solve a nonlinear

U

(REDUCE program should be used for
system of equations

set to its nominal value Unom

equilibrium point

right

model evaluation

/I Aee represents A evaluated
Ae:=M(n,n):
Aee:=subs(A, [ X[i,1]=Xe[i,1]

Ae:=subs(Aee, [
print(Unquoted, "Ae =",

Be:=M(n,m):

U[i,1]=Unom[i,1]

Ae);

"Equilibrium value of ".expr2text(X[i,1]));

? (y/n): " test):

in the equilibrium point
in Xe, but not in Unom yet

$ hold()=1..n 1)
$ holdi)=1.m ] ):
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Bee:=subs(B, [
Be:=subs(Bee,
print(Unquoted,

Ce:=M(p,n):
Cee:=subs(C, [
Ce:=subs(Cee,
print(Unquoted,

Die:=M(p,m):
Diee:=subs(Di,
Die:=subs(Diee,
print(Unquoted,

end_proc:
linearization:=proc()
local test;

begin

/I linearized

symbolic_linearization():
equilibrium_point_input():
symbolic_linearization_in_Xe():
linearized_eqgns_compute(X,

repeat
print();

egns_print(F_lin,

print();
print(Unquoted,
print(Unquoted,
print(Unquoted,
print(Unquoted,
print(Unquoted,
print(Unquoted,
print();
input(",test);
case test

of a do eigenvalues():
of b do reach_obs_menu():

X[i,1]=Xe[i,1]
U[i,1]=Unom[i,1]

CHAPTERY. LINEARIZATION

$ hold()=1..n 1)
$ hold()=1.m ] ):

Be);
X[i,1]=Xeli,1] $ hold(i)=1..n 1)
U[i,1]=Unom[i,1] $ hold(i)=1..m 1)
"Ce =", Ce);
X[i,1]=Xe[i,1] $ hold(i)=1..n 1)
U[i,1]=Unom[i,1] $ hold(i)=1..m 1)
"De Die);
system study
Y, U, "_lin"):
G_lin):
"a Eigenvalues");
"b Reachability/Observability");
"c Transfer  function analysis/Control design");
"d Linearized system time response");
"e Validation");
"X Exit");
break:

break:

of ¢ 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
/I Starting from matrix representation, write  the corresponding
/I equations. Furthermore, starting from the user variable

/I labels, form 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
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

end_for:

delta_Y:=M(p,1):

for i from 1 to p do
delta_Y[i,1]:=text2expr("delta_").Y_for

end_for:

delta_U:=M(m,1):

for i from 1 to mdo
delta_UJi,1]:=text2expr("delta_").U_for

end_for:

delta_Unom:=M(m,1):

for i from 1 to mdo
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
/I Reachability matrix  computing from all
R:=M(n, n*m):
for i from 0 to n-1 do

R_block:=Ae"i*Be:
for j from 1 to mdo
for k from 1 to n do

fix):
malfi, 1]
malfi, 1]
malfi, 1]
inputs and relative rank

reachable  system");

R[k, i*m+j]:=R_blocklk, il:
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
end_if:
end_proc:
compute_O:=proc()
local  i,j,k;
begin
/I Observability matrix ~computing from all

/I WARNING: we can not use O as identifier
/I Weshall use Ob
Ob:=M(p*n, n):

outputs and relative rank
since it is a MuPAD keyword
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for i from 0 to n-1 do
Ob_block:=Ce*Ae”i:

CHAPTERY. LINEARIZATION

for j from 1 to p do
for k from 1 to n do
Obl[i*p+j, k]:=Ob_blockf[j, K]:
end_for:
end_for:
end_for:
rank_Ob:=linalg::rank(Ob):
print(Unquoted, "O =", Ob)
print(Unquoted, "rank(O)=" .expr2text(rank_ODb));
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

/I Reachability
compute_R():
compute_0O():

and observability of the whole system

end_proc:

U_i_choice:=proc()

local test;
begin
/Il 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  testz=y  end_repeat:
end_proc:
R_i_compute:=proc()
local i,j;
begin
/I 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:=Ae"i*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,
else print(Unquoted, "Completely reachable system from ".expr2text(U[i_reach,
end_if:
end_proc:

single_r:=proc()
local test;
begin

/I 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
/I 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

/I 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, jl:==Cel[i_obs, il:
end_for:
for i from 0 to n-1 do
Ob_i obs_col:=Ce_i_obs*Ae"i:
for j from 1 to n do
Ob_i_obs[i+1, j]:=0Ob_i_obs_col[1, il:
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,
else print(Unquoted,
end_if:

"Not completely  observable
"Completely observable

end_proc:

single_o:=proc()
local test;
begin

/I Single
repeat
Y_i_choice():
Ob_i_compute():
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Observability
print(Unquoted, "X - exit");
print();
input("™,test);
until  test=x

output  observability procedure

from another

end_repeat;

end_proc:

single_r_o:=proc()
local test;
begin

/I Single
repeat
print();
print(Unquoted,
print(Unquoted, "a - Single
print(Unquoted, "b - Single
print(Unquoted, "X - exit");
print();
input(",test);
case test
of a do single_r():
of b do single_o():
end_case;
until  test=x

reachability/observability options  menu

"Options: ");
reachability");
observability");

break;
break;

end_repeat;

end_proc:

reach_obs_menu:=proc()
local test;
begin

/I Total
/I (single

reachability
output

(observability) or
observability) options

single
menu

input

system
system from

CHAPTERY. LINEARIZATION

from ".expr2text(Y_lin[i_obs,

".expr2text(Y_lin[i_obs, 11));

input");

reachability

10));
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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( s, z. suchthat % = 0, % = (), we settheinputd to a nominalvalue

d = 0.2 day~! in theexampleof section6.3; hencewe have to solve the following nonlinearsystem:

s~ —0.02x —0.22 =0

{ —is5r— 025 +10%02=0
2+s

This systemhasthreeequilibrium points:(s,x)=(0.56,5.15)(-2,0), (10,0); only one hasphysicalmeaning
(non-ngative, non-zero):

se = 0.56 mg/l
ze = 5.15mg/l

By calculationwe obtainthe symbolicmatriceswhich arethenevaluatedat the equilibriumpoint:

A = XU | —2.82 -0.36 B — 9f(X.U) o 9.44
- 9X |(Xe,U)_ 1.57 0 » P T Tau |(Xe,U)_ 515 |’

dg(X,U _ _ 99(X,U _
0= =1 0], D=2 x5 =0

where

u=d, U=d=0.2, X:ls]’
X

0.56
Xe = l 5.15 ] ’

Hence we obtain:

~2.82 —0.36 9.44
X _
dt [ 157 0 ]X+l—5.15]“

y:[l o]X
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Thelocal stability of theequilibriumpoint canbe obtainedby finding the eigervaluesof A, i.e., therootsof
det|\I — A] = 0; thoseareequalto [ -0.22,-2.6],implying thatthe point X, (0.56, 5.15) is locally stable.
Thereachability(R) andthe obserability (O) matricesare

R | 944 241
~| -515 14.84

1 0
0= [ -2.81 -0.36 ]

Therankof Ris 2i.e., themodelis reachableTherankof O is 2 i.e., themodelis obserable.



TransferFunctionAnalysis

8.1 Theoretical Basis

Startingfrom thematricesA,B,C,D, by Laplacerules,we cangetthetransferfunctionrepresentatioof our
system:

H(s) = C(sI-A)'B+D

We noticethatfor aMIMO (Multi Input Multi Output)systemH(s) is arationalmatrix of dimensionp*m.
Let usconsideranelementh(s) = H|i, j]; h(s)is the transferfunction betweerthe j-th input andthei—th
output. The externalstability (i.e. 1/O stability) of the openloop linearizedmodelcanbe checled finding
the polesof h(s). Oncepolesandzerosof h(s) areavailable,we canwrite the Zero—Polgorm:

B (s—21)...(8s— 2zm)
e = o = pw)

H(s)in theabore form impliesthat,with the Laplacetransformatiorof theinput U(s), the Laplacetransfor
mationof the outputcanbe obtainedwith a simplemultiplication:

8.2 MuPAD Code

Theproceduresisedare:
¢ transferfunctionanalysis()
e computeH()

e h_choice()
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¢ h_study();seesectionl6.6

transfer_function_analysis:=proc()
local test;
begin

/I 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

/I Transfer  function matrix ~computing.  Since we consider MIMO
/I systems, we have a matrix of transfer functions H:

1 H= Ce*(s*ld-Ae)"(-1)*Be+Die

/I His 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):

/I H1l 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
/I form of H(s)
for i from 1 to p do

for j from 1 to mdo

HIi,jl:=numer(H1[i,j])/denom(H1[i,j])

end_for:

end_for:

end_proc:
h_choice:=proc()
begin

/I Choice of a SISO transfer function h(s) from a MIMO transfer
/I 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 our examplewe get:

h(s) = C(sI—A)™'B+D
= [10] s+ 2.82 +0.36]1[ 9.44]

—1.57 s —5.15
6.01s +1.18
0.64s2 +1.85 +0.36

Notethatnow sis avariablein the comple plane(do not confuset with the substrate).
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h(s) polesareequalto the eigewvaluesof the matrix A; thezeroof h(s)is locatedats = —0.2 andthe gain

h(0) is 3.28.We canthusrewrite h(s)in the zero—poleorm:

5+0.2
(s +0.22)(s + 2.6)

h(s) = 9.38
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Freqgueng Responsélots

9.1 Theoretical Basis

Fromh(s)we canobtainthefrequeng responsef the system:
H(w) = h(s = jw)

Fromthefrequeng responsave canplot thefollowing diagrams:

Bode |H(w)|4p Versusw andphase(H (w)) versusw

Nyquist I'm(H (w)) versusRe(H (w))

Nichols |H(w)|sp Versusphase(H (w))

9.2 MuPAD Code

Theproceduresisedare:

¢ plots(); seesectionl6.6.2

9.3 Example Application

Fromthefrequeng responsef thesystem

6.01jw + 1.18
1.8jw — 0.64w? + 0.36

we canplot:
¢ figure9.1,9.2:Bodediagram
¢ figure9.3: Nyquistdiagram

¢ figure9.4: Nicholsdiagram
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Figure9.1: Bodeamplitudeplot
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Figure9.2: Bodephaseplot
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9.3. EXAMPLE APPLICATION
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Control Design— Stability AnalysisTools

10.1 Theoretical Basis

Thepreviouschaptershavedhow to getalinearizedsystermfrom anonlinearoneandhow to have atransfer
function h(s) from theformer For agivenh(s) (i.e., choseraninputandan output),we cantry to build a
controller(c(s)). Figure10.1shavs the usualfeedbackschemeUsefultoolsto designcontrollersare:

Root locus givesthe closedloop poletrajectoriesasafunctionof the feedbackgain k. Rootloci areused
to studythe effectsof varying feedbackgainson closedloop pole locations. The closedloop poles

aretherootsof
q(s) =1+ ke(s)h(s)

Gain and phasemargins allow to get the stability degreeof the closedloop system,basedon the open
loop frequeny plot. The gain magin is the amountof gainincreaserequiredto make the loop gain
unity atthe frequeng wherethe phaseangleis —180°. In otherwords,thegainmaginis |1/g|dB
if g is gainatthe —180° phasefrequeng. Similarly, the phasemargin is the differencebetweerthe
phaseof theresponseand—180° whentheloop gainis 1.

VS PR T N VS R T . Y(s)

set

Figure10.1: Feedbackontrolscheme

10.2 MuPAD Code

Theproceduresisedare:
e controLmenu()

¢ stability_analysistools()
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rootlocus()
maigins()
gainmaigin()

phasemamgin()

control_menu:=proc()

local test;
begin
/I 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, Kk _fin, k_step, |,
data, data_denh, data_numh, dim_data, dim_elem_data, j, re_data,
points,
plotpoints_numbh, plotpoints_denh;
begin

/I 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(datafi])<degree(locuseval) then

if >0 then

data[i]:=datal[i-1]:

else

data[i]:=array(1..degree(locuseval)):

for | from 1 to degree(locuseval) do

data[i][l]:=0:

k,

k1,

im_data,

re_data_denh, im_data_denh,re
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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], 0);
im_data[dim_elem_data*(i-1)+j]:=Im(op (data[ i-1], 0
end_for;
end_for;

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

re_data_denh[j]:=Re(op(data_denh, 0);

im_data_denh[j]:=Im(op(data_denh, D)

end_for:

plotpoints:=[point(re_datali], im_datali]) $ hold(i)=1..nops(re_data)];

plotpoints_denh:=[point(re_data_denhli], im_data_denh([i]) $ hold(i)=1..nops(re_data_denh)];

if numh_deg=0

then  plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=0rigin,
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, 1.01]D:

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

re_data_numh[j]:=Re(op(data_numbh, D)
im_data_numh[j]:=Im(op(data_numbh, D)
end_for:
plotpoints_numh:=[point(re_data_numh([i], im_data_numh[i]) $ hold(i)=1..nops(re_data_numbh)];
plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=Origin,
AxesOrigin=[0, 0], Labels=["Rel[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, 21.001,
[Mode=List, plotpoints_numh, PointStyle=Squares,
Color=[Flat, [0.0, 0.0, 21.01ID:
end_if:
end_proc:

gain_margin:=proc(h_formal)
local w_setw_g,g_m,i;
begin

/l  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_setw_p,ph_m;
begin

/I Compute the phase margin of a transfer function
amplhw2(w):=amplhw(w)"2:

w_set_p:=float(humeric::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 _ml,g _m_db,p_mi,;
begin

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

g_m1l:=float(gain_margin(h_formal)):
p_m1:=float(phase_margin(h_formal)):
g_m_db:=float(20*In(g_m1)/In(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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Re[s]_ 180

-160 -140 -120 -100 -80 -60 -40 -20 0
1 1 1 } 1 1 1 1 } 0
Figure10.2:RootLocus(k = 0. .. 20)
Re[s_]7

Figure10.3:RootLocus(k =0...0.5)

stability_analysis_tools:=proc(h_formal )
local test;
begin
/I 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

Therootlocusequationwith ¢(s) = 1is:

q(s) =1+ kh(s) = 1.18k + 1.85 + 6.01ks + 0.64s> + 0.36
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Im[s]

Im[s]

Figure10.2is theplot of ¢(s) rootsfor & varyingfrom 0 to 20 (step=0.01)Figure10.3is therootlocusfor

k varyingbetweerD and0.5 (step=0.005).
Thegainmamgin is plusinfinity, the phasemagin is 106 degrees.
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ControlDesign— Controllers

11.1 Theoretical Basis

We have consideredsomestandardcontrollershasedon the classicschemeshawn in figure 11.1; alsowe
have analysedh controlbasedn theinternalmodelcontrol (IMC) schemdseefigure11.2).

PID have afixedstructure: .
=K,(1+1T, —
c(s) p(1+ ds+TZ-s)
Wewill fix the parametersisingthe Nyquistcriterion. Theusercanchoosdhe designfrequenyg (wg)
and canimposethe phase(the differencefrom —180°) andthe amplitudeof the forward chainfre-
queng responsatw = wy. Furthermorebecaus®f the PID integral action,this feedbackcontroller
yieldsbothasymptotidrackingandconstantdisturbanceejection.

Dir ectdesign Whenafixedcontrollerstructures notrequired aftersettingthe closedioop characteristics,
we cantry to designa suitablecontroller wheneer possible.Startindrom the openloop transfer
functionh(s),a desiredclosedloop transferfunctionw(s) is obtainedoy meansof the controller:

c(s) = b w(s)

h(s) 1 —w(s)

Thechoiceof w(s) hassomeconstraintsdependingn A(s).

Trial and error/User controller The userhasthe possibility to choosea controllerc(s) andto checkthe
controller theforward chainandthe closedloop behaior obtained.

Robust control Thisis basedonthe IMC structure(figure 11.2)introducedasan alternatve to the classic
feedbackstructure. Its main adwantageis that, if the processis stable,the closedloop stability is
assuredsimply by choosinga stableIMC controller We have useda two-stepdesignprocedure In
thefirst stepthe controlleré(s) is selectedo yield a“good” systemresponséor theinput of interest
(we have considereanly thecaseof astepinput). In thesecondstepé(s) is augmentedby alow-pass
filter f(s) to achieve robuststability androbustperformanceThelIMC controllerwill be:
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u(s)

h(s)
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1,6 ——(O— .
)

yset (S) -kj

IMC
controller

u(s)

Figurell.1l:Feedbackontrolscheme

Process

~ Y(s)

Model

11.2 MuPAD Code

Theproceduresisedare:

controllers()
PID_nyquist plot()
P1D_nyquist()
h_analysis()
W_input()
directdesign()
usercontroller()
robust.control()

controlleranalysis()

Figure11.2:IMC controlscheme

controlledforward.chainanalysis()

closedloop_analysis()
controlverify()

plots(); seesectionl6.6.2

pole zero();seesectionl6.6.2

y(s)
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PID_nyquist_plot:=proc(h_formal)
local w_in, w_fin;
begin

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

PID controller

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[({w)]"],
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, 21.01ID;

end_proc:

PID_nyquist:=proc()

local amplhw, amplhwO, phasehw, phasehwO,

des_amp, des_phase,

des_phase_rad, phasehwO_rad, K_p, T.i, T_d, pid, new_h;
begin

/l PID tuning with Nyquist criteria

input("Enter the frequency of design wO0:", wO0):

amplhw:=amplitude(h(s)):

amplhwO0:=float(subs(amplhw, w=w0)):
phasehw:=180.0+phase(h(s)):
phasehwO:=float(subs(phasehw, w=w0)):

PID_nyquist_plot(h(s)):

print(Unquoted,

"Open loop amplitude at wO0=" .expr2text(w0)
print(Unquoted,

"Open loop phase at wO0=" .expr2text(wO)
print():

print(Unquoted,

"Enter the desired forward chain
input("™, des_amp):

print();

print(Unquoted,

"Enter the desired forward chain phase
input("™, des_phase):

print();

des_phase_rad:=des_phase*P1/180:
phasehwO_rad:=phasehw0*P1/180:
K_p:=float(des_amp/amplhw0*cos(des_phase_
T_i:=float((tan(des_phase_rad-phasehw0_ra

+sqgrt(2+(tan(des_phase_rad-phasehwO_rad
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
C(s):=pid(s):

.expr2text(amplhw0));

.expr2text(level(phasehw0)));

amplitude at wO0=".expr2text(w0));

(degree) at wO=".expr2text(w0));

rad-ph asehwO _rad))
d)
)2)  Iw0):

0);
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/I new_h(s) is the new forward chain (PID * h(s))
new_h(s):=expand(pid(s)*h(s)):
/I 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

/I Open loop h(s) study to suggest conditions that the closed

/I loop W(s) has to satisfy in order to get a realizable controller
/I 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(hum_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

/I 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
/l  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, hO, hpzO, k, hpz;
begin

/I Robust control using Internal Model Control (IMC) approach

/Il 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):

/I denominator in factorized form
if n_hden>0 then
z_hden:=roots_finding(hden(s)): /I 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 D);
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)): /I 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)):

ji=j+L:
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,ji)):
ji=j+L
else facthnum(s):=facthnum(s)*(s-op(z_hnum,i)):
end_if:
end_for;
else facthnum(s):=hnum(s);
end_if;

if j mod2 =0
then gain_correct:=1:
else gain_correct:=-1:
end_if:

/I h_formal in pole-zero form: hpz(s)
ii=-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); /I wrong gain !
C_nom_1(s):=facthden(s)/facthnum(s); /I 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: /I 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)"(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

/I 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)))
print(Unquoted, "Are these data right ? (y/n)");

input("™,test);
until  testz=y  end_repeat:

end_proc:

controller_analysis:=proc()
local test, C_normal;

begin
/Il 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 0
local test, L, L_normal;

begin

/I 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
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 ¢ do stability_analysis_tools(L_normal(s)):
end_case:

until  test=x  end_repeat:

end_proc:

end_repeat;

break:

79



80 CHAPTER11. CONTROL DESIGN—-CONTROLLERS

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

/I 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
/I 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 ¢ do closed_loop_analysis(): break:
end_case:
until  test=x  end_repeat:
end_proc:
controllers:=proc()
local test;
begin
/I 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 ¢ 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 referenceo the exampleof section6.3we have built somecontrollers:

PID We have madetwo PID controllers:

81

¢ with achoiceof wy = 1, |c¢(jwo)h(jwo)| = 3.4 andphase(c(jwo)h(jwo)) — (—180°) = 160°,

weget: K, = 1.011, T; = 1.41, T; = 0.7.

¢ with achoiceof wy = 0.5, |¢(jwo)h(jwo)| = 3.5 andphase(c(jwo)h(jwo)) — (—180°) = 171°,

weget: K, = 1,T; = 2.82, Ty = 1.41.
Directdesign We have tried with two w(s):

_ 1. _ 0.645241.8540.36
o w(s) = ;7 wegete(s) = 5T,

_ 4 _ 2.565247.25+1.44
o w(s) = 1oy We getc(s) = 6.0153125.2252+4.725

Trial and error/User controller We have chosera simpleintegrator

1
c(s) = S
andwhich leadsto a closedloop transferfunction
6.01s + 1.18

w(s) = 06457 ¥ 1.8 4 6.375 + L.18

Robust control We get:
1 (s+0.22)(s +2.6)

) =938 5102
1
f(s) = (tas?
1 (s+0.22)(s + 2.6)
9.38 (1+ as)?(s+0.2)

c(s) =

the parametern hasto bechoseronline.

Thethird partwill discussmorein detailcontrollers.
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LinearizedSystemTime Response

12.1 Theoretical Basis
It canbe usefulto studythe stateplot or the outputplot for differentkinds of inputs.

12.2 MuPAD Code

Theproceduresisedare:
¢ linearizedtime_response()
e tmp_set();seesectionl6.2

e computeresponse()seesectionl6.4

linearized_time_response:=proc()

local test;
begin
/I Linearized and delta linearized options  menu
repeat

print():

print(Unquoted, "Linearized system:");

egns_print(F_lin, G_lin):

print(Unquoted, "Delta linearized system:");

eqgns_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, Xin, 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: As(t) freeresponselot
end_case:

until  test=x  end_repeat:

end_proc:

12.3 Example Application

For examplewe canplot thefollowing diagrams:

e figurel2.1,12.2:freeresponsef thestatefor thelinearsystem(As(t), Az(t)),with initial conditions
setto s(0) = 0.84, z(0) = 7.725.

e figure12.3,12.4freeresponsef the statefor thelinearsystem(s(t), z(¢)),with initial conditionsset
to s(0) = 0.84, z(0) = 7.725.

¢ figure12.5,12.6: stepresponsef thestatefor thelinearsystem(s(t), z(t)), with inputamplitudeset
tod=d+0.1(d=0.2).
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Validation

13.1 Theoretical Basis

It is importantto checkif the linearizedmodelis a goodapproximationof the nonlinearmodel. To verify
this, we have to make sometestscomparingthe responseof the nonlinearsystemwith the responseof
the linearizedsystem.We needboth a quantitatve validationanda qualitative validation. An appropriate
measuras the meansquareerror:

te

J T Y (a(t) ~ 3 1)

t=t;

wherez is thevariablein the nonlinearsystemto be verified, z;;;, is the correspondindinearizedvariable,
t; is theinitial time andt, denoteghe time of the end of the simulation. A qualitative validationcanbe
obtainedby plotting z andz;;,, together

13.2 MuPAD Code

Theproceduresisedare:

¢ validation()

eqgnsprint(); seesection16.5

¢ tmp_set();seesectionl6.2

¢ presetparameters()seesectionl6.4.1
¢ inputchoice();seesectionl6.4.2

¢ stepsizeset()

e computeresponsel(); seesectionl6.4.3
¢ valid_response()

e valid_Xj _or_Yj()

e computedataYj(); seesectionl6.4.4
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validationplot()
time_val()
errval()

plot.val()

time_val:=proc()
begin

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

repeat

print(Unquoted, "enter the validation starting time: ");
input(",tv):

if tv>tl then

print(Unquoted,

"the validation time must be less or equal to the final time");
end_if:
until tv<=tl end_repeat:

I start  time
i:=1:
while |_data_X[i][1]<tv do
i:=i+1:
end_while:
starti:=i:
end_proc:

err_val:=proc()

begin

/I Mean squared error computing

errsq:=0:

for i from starti to nops(l_data_X) do

errsqg:=errsq+(nl_data[i]-_data[i])"2:

end_for:

err:=sqrt(errsg/nops(l_data_X)):

print(Unquoted,"Mean squared error: "err);
end_proc:

plot_val:=proc()

begin

/I Overlapped nonlinear/linear plotting

plotpointsl:=[point(l_data_X[i][1],|_data [ $ hold(i)=starti..nops(l_data_X)]:
plotpointsnl:=[point(nl_data_X][i][1],nl_d atalii ) $ hold(i)=starti..nops(I_data_X)]:
plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=0rigin, 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=FilledCircle
[Mode=List, plotpointsnl, Color=[Flat, [0.0, 0.0, 1.0], Title="Nonlinear response”, PointStyle=Circ

end_proc:
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validation_plot:=proc()

begin
/I Mean squared error and plot printing
repeat
1 choose the validation starting time
time_val():
1 mean squared error computing of the chosen variable
err_val():
print(Unquoted,"Wait please"):
/I 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

I/l jth  state component or the j-th output component data
/I storing (nl/l_datali]). 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
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
|_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
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_tmpli,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_datali]:=data_Y][i]:
end_for:
tmp_set(F_lin, G_lin, X_lin, Y_lin, U, Unom):
G_tmp_U_sim:=subs(G_tmp, [ U_tmpli,1]=U_sim[i,1] $ hold(i)=1..m

compute_data_Yj(I_data_X):
for i from 1 to nops(l_data_X) do
|_data[i]:=data_Yi][i]:

chosen

")

):

):
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end_for:
validation_plot():
break;

of x do return():

end_case;

end_proc:

valid_response:=proc()

begin
/I 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
/I 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>tl then /I 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
/I Nonlinear/linear comparison
print():
print(Unquoted, "Nonlinear system:");
egns_print(F, G):
print(Unquoted, "Linearized system:");
egns_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, Xin, Y_lin, U, Unom):
compute_response_1():
|_data_X:=numeric::odesolve(%,Stepsize=st ep_siz e):



13.2. MUPAD CODE

valid_response():
end_proc:

time_val:=proc()

93

begin
/I Setting of the time at which the nonlinear and linear  system
/I have to be compared
repeat
print(Unquoted, "enter the validation starting time: ");
input("™,tv):
if tv>tl then
print(Unquoted,
"the validation time must be less or equal to the final time");
end_if:
until  tv<=tl end_repeat:
I start  time
ii=1:
while |_data_X[i][1]<tv do
i=i+l:
end_while:
starti:=i:
end_proc:
err_val:=proc()
begin
/I Mean squared error computing
errsq:=0:
for i from starti to nops(l_data_X) do
errsqg:=errsg+(nl_data[i]-_data[i])"2:
end_for:
err:=sqrt(errsq/nops(l_data_X)):
print(Unquoted,"Mean squared error: err);
end_proc:
plot_val:=proc()
begin
/I Overlapped nonlinear/linear plotting

plotpointsl:=[point(l_data_X[i][1],|_data
plotpointsnl:=[point(nl_data_X[i][1],nl_d
plot2d(Scaling=UnConstrained,

Labeling=TRUE,

[ % hold(i)=starti..nops(l_data_X)]:
atalilj ) $ hold(i)=starti..nops(l_data_X)]:
Axes=0rigin, 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=FilledCircle
[Mode=List, plotpointsnl, Color=[Flat, [0.0, 0.0, 1.0], Title="Nonlinear response”, PointStyle=Circ
end_proc:
validation_plot:=proc()
begin
/I Mean squared error and plot printing

repeat
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1 choose the validation starting time
time_val():
1 mean squared error computing of the chosen variable
err_val():
print(Unquoted,"Wait please"):
/Il 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
/I jth  state component or the j-th output component data
/I storing (nl/l_datali]). 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
|_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, [
compute_data_Yj(nl_data_X):

U_tmpl[i,1]=U_sim[i,1]

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, [

compute_data_Yj(I_data_X):

for i from 1 to nops(l_data_X)
|_data[i]:=data_Yj[i]:

end_for:

validation_plot():

break;

U_tmpl[i,1]=U_sim[i,1]

do

of x do return():

$ hold()=1.m ] ):

$ hold()=1.m ] ):
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end_case;

end_proc:

valid_response:=proc()

begin
/I 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
/I 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>tl then /I t1 is set in pre_set parameters()
print(Unquoted,"the step size must be less than or equal to the final
end_if:
until  step_size<=t1 end_repeat:
print():
print(Unquoted,"Wait, please... "):
end_proc:
validation:=proc()
begin
/I Nonlinear/linear comparison
print():
print(Unquoted, "Nonlinear system:");
eqgns_print(F, G):
print(Unquoted, "Linearized system:");
egns_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():
|_data_X:=numeric::odesolve(%,Stepsize=st ep_siz e):

valid_response():

end_proc:

time");
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Figure13.1: Validation,freeresponse

13.3 Example Application
To substantiat®ur work we have madesometestscomparingheresponsef the nonlinearsystemwith the
respons®f thelinearizedsystem.

1. We analyzethe free responsef the systemwith initial conditionsdifferentfrom s, = 0.56, z, =
5.15; we plot:
s(t) andx(t) for the nonlinearsystemandfor the linear systemwith initial conditionequalto s(0) =
0.84, z(0) = 7.725 (figure 13.1);themeansquarederrorwas0.035for s(t) and0.021for x(t);

2. We plot the stepresponsef boththe nonlinearsystemandthe linearizedsystem(figure 13.2): d =
d+ 0.1 (d = 0.2); themeansquarecerrorwas0.051for s(t) and0.083for x(t);

3. Sinusoidalresponsewe madethreedifferenttestschangingthe input sinusoidd = d + Asin(wt)
(d=0.2):
(a) figure13.3A=0.02,w = 1; themeansquarecderrorwas0.005for s(t) and0.004for x(t);
(b) figure13.4A=0.1,w = 1; themeansquarecerrorwas0.028for s(t) and0.019for x(t);
(c) figure13.5A=0.1,w = 10; themeansquarecerrorwas0.007for s(t) and0.005for x(t);

Fromthesedatawe obsenre thatthe linear systemis a goodapproximatiornto the nonlinearone;they have
very similar behaior. Hencethe linear systemcan be usedto representhe nonlinearsystemnearthe
equilibriumpoint.
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SystemTime Response

14.1 Theoretical Basis
Oftenwe needto simulatethe nonlinearsystembehaior to checkcertaincharacteristicef the model.

14.2 MuPAD Code
Theproceduresisedare:
e systime_response()
e tmp_set();seesectionl6.2
e computeresponse()seesectionl6.4
sys_time_response:=proc()
begin
/I nonlinear system parameters  setting and time
Il response computing
tmp_set(F, G, X, Y, U, Unom):

compute_response():

end_proc:

14.3 Example Application

We do not shaw ary explicit examplebecauseave have alreadydepictedthe nonlinearsystembehaior in
the comparisomlotsof chapterl3
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TransferFunctioninput

15.1 Theoretical Basis
If atransferfunctionof alinearSISOmodel
bps” + bp_18" L. 4 bys+bg
h(S) = 1
anS8" +ap—18""* +---+ais+ap
(with n > r) is availableit canbe usefulto geta statespacerepresentationf the system.This is calleda

“realization” of h(s). We point outthatthis transformatiors not unique.We choosdahecanonicakeachable
realization.We will getthesystem:

‘Zl—f = Ax + Bu
y=Cz+ Du
where:
0 1 0 0
0 1 0
A= ;
0 0 0 0 1
—ap —a1 —lp-—1
0
B=]|":
0
1
C=[b by - bus]
D=5, |
where

(ii = ai/an BZ = bi/an
I;i = 52 — Endi
Weobserethat[b, ... b,41] = [0...0]. Having boththetransferfunctionrepresentatioandthestatespace
representatiorgll the abose manipulationsanbe made.
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15.2 MuPAD Code

Theproceduresisedare:

¢ transferfunctioninput()

¢ h.input()

¢ h_study();seesectionl6.6

e 10.1SO()

¢ |0_ISO_transformation()

¢ eigemvalues();seesectionl6.7
e 10_ISO_response()

o F_G_I0O_compute()

¢ tmp_set();seesectionl6.2

computeresponse()seesectionl6.4

10_ISO_transformation:=proc()
begin

/I 10 ---> ISO transformation
p:=1: m=1: /[ SISO system
X:=M(n,1): /I state vector
Xe:=M(n,1):

for i from 1 to n do
X[i,1]:=x.i:

Xeli,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 /I matrix Be
Be[i,1]:=1:
else BeJi,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])
for j from 1 to n do
if i=n then /I matrix Ae
Aeli,jl:=-den_arr[j-1])/den_arr[n]:
elif  j=i+1 then
Aeli,jl:=1:
else Ae]i,j]:=0:
end_if:

1

matrix

CHAPTER15. TRANSFERFUNCTIONINPUT
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end_for:
end_for:

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

end_proc:

F_G_lO_compute:=proc()
begin

/I Starting from matrix representation, write  the corresponding
/I equations.

/I Xe=0, Unom=0

F:=Ae*X+Be*U:

G:=Ce*X+Die*U:

end_proc:

10_ISO_response:=proc()
begin

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

end_proc:

10_ISO:=proc()
local test;
begin

/I 10 ---> 1/S/O transformation and options menu
I0_ISO_transformation():
repeat
print(Unquoted,
print(Unquoted,
print(Unquoted,
print(Unquoted,
print();
F_G_lO_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 10_ISO_response(): break:
end_case:
until  test=x  end_repeat:

", Ae),
", Be),
", Ce);
", Die);

oow>»

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

/I Transfer  function input and causality check
print(Unquoted,"h(s)=(b[r]s"r+...b[1]s+b[ OD/(a [n]sn  +..+a [l]s+ta [O])")
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:

bl:= 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(bl);
input("Are these data right ? (y/n): " test):
until  test=y  end_repeat;

/I num_arr: array of n+1 elements: the first r+1 are equals to bl
/lthe 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+l1 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]*s"i

end_for:

den_h:=0:

for i from O to n do
den_h:=den_h+den_arr[i]*s"i

end_for:

h(s):=numer_h/den_h:

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

/I 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, "o - /O --> I/S/IO");
print(Unquoted, "x - Exit");
print();
input(",test);
case test
of a do h_study(h(s)): break:
of b do 10_ISO(): break:
end_case:
until  test=x  end_repeat:

end_proc:

15.3 Example Application

We considetthefollowing transferfunction:

6.01s + 1.18
0.64s2 + 1.85 + 0.36

h(s) =

Thegainh(0)is 3.28andwe canrewrite h(s)in the zeros—pole$orm:

s+0.2
(s +0.22)(s + 2.6)

h(s) = 9.38

Thecanonicakreachablaealizationof h(s)is:

0 1 0
A= l —0.5625 —2.8125 ] , B= [ 1 ]’

C = [ 1.84375  9.3906 ] D= [ 0 ]

Fromthis staterepresentatiowe have plot the following:
1. figure15.1:y(t) with u(t)=0.2 + 0.02sin(¢)
2. figure15.2:y(t) with u(t)=0.2 + 0.1sin(t)
3. figure15.3:y(t) with u(t)=0.3
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CommonProcedures

This chaptercontainghe codeof the proceduresisedby severalroutines.

16.1 roots _finding procedure

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

/I get the list
/I multiple roots
/I multiplicity.

of all the roots
they will

/I NB: pol must be a polynomial in

n := degree(pol);
data:=numeric::bairstow(pol);
if data=FAIL then
return(FAIL)
end_if:
if nops(data)
k = 0;
data_tmp := array(1..n);
for i from 1 to nops(data) do
q:=pol;
repeat
g_r:=divide(q,(s-op(data,i)));
q:=op(q_r,1);
r:=float(op(q_r,2));
if r=0.0 then
ki=k+1;
data_tmp[k]:=op(data,i);
end_if:
until  r<>0.0
end_for;
data:=data_tmp;
end_if;
data;

< n then

end_repeat:

end_proc:

appear

of a polynomial in s: if there are
a number of times equal to their

the variable S

109



110

16.2 tmp _set procedure
tmp_set:=proc(F_formal, G_formal, X_formal,
begin

/I 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_imaginary:=proc(h_formal)
local hw,recthw;

begin
/I Real and imaginary part a transfer function
I/l frequency response hw(w)= h(s=I*w)
print():
print(Unquoted, "Wait, please... "):
hw(w):=subs(h_formal,s=I*w):
/I rectangular form of h(jw): rectform is useful

/I that wis not complex
recthw(w):=rectform(hw(w),{w}):
/I real and imaginary part useful also
rehw(w):=expand(Re(recthw(w))):
imhw(w):=expand(Im(recthw(w))):

end_proc:

amplitude:=proc(h_formal)

local rehw2,inhw2,amplhw2,amplhw;
begin

/I Amplitude of a transfer function
real_imaginary(h_formal);
/I rehw and imhw square
rehw2(w):=expand(rehw(w)"2):
imhw2(w):=expand(imhw(w)"2):

Y_formal,

to Nyquist plot

CHAPTER16. COMMON PROCEDURES

U_formal, Unom_formal)

real_immaginary, amplitude , phase procedure

h

also to explain

(global  variables)

/I squared amplitude and phase useful to Bode plot
amplhw2(w):=expand(rehw2(w)+imhw2(w)):
/I functions must be declared f(w) (depending on the parameter

Il w before plotting)
amplhw(w):=sqrt(amplhw2(w));

end_proc:
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phase:=proc(h_formal)

local

begin

hnum,hden,n_hnum,n_hden,z_hnum,z_hden,
facthnum,facthnumrect,facthnumre,facthn
facthden,facthdenrect,facthdenre,facthd
K,p_tmp,hpzO,phase;

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

/I phase of hw(w)

/I numerator, denominator,
hnum(s):=numer(h_formal):
hden(s):=denom(h_formal):
n_hnum:=degree(hnum(s),s):
n_hden:=degree(hden(s),s):

degrees

/I numerator zeros and factorized form

if  n_hnum>0 then
z_hnum:=roots_finding(hnum(s)): 1
if z_hnum=FAIL then return(FAIL)
facthnum(s):=(s-op(z_hnum,1)):
for i from 2 to n_hnum do

facthnum(s):=facthnum(s)*(s-op(z_hnum

end_for;

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

end_if;

/I denominator zeros and factorized form

if n_hden>0 then
z_hden:=roots_finding(hden(s)): 1
if z_hden=FAIL then return(FAIL)
facthden(s):=(s-op(z_hden,1)):
for i from 2 to n_hden do

facthden(s):=facthden(s)*(s-op(z_hden

end_for;

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

end_if;

/Il 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*
facthnumrect(w,i):=rectform(facthnum(w,
facthnumre(i):=expand(Re(facthnumrect(w
facthnumim(i):=expand(Im(facthnumrect(w

end_for:

/I hw(w) numerator to the

/I term facthnum(i)

phasehnum(w):=0:

for i from 1 to n_hnum do
phasehnum(w):=phasehnum(w)+atan(facthnu

end_for:

phase is equal

/I like  numerator

for i from 1 to n_hden do
facthden(w,i):=subs(s-op(z_hden,i),s=I*
facthdenrect(w,i):=rectform(facthden(w,
facthdenre(i):=expand(Re(facthdenrect(w
facthdenim(i):=expand(Im(facthdenrect(w

numerator
end_if:

denominator
end_if:
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end_for:

/I like  numerator

phasehden(w):=0:

for i from 1 to n_hden do
phasehden(w):=phasehden(w)+atan(facthde
end_for:

/I gain:

hpz(s):=facthnum(s)/facthden(s);

/I h(0) or h(l) 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:

/I the gain hpz(0) (hpz(1))
h0:=subs(h(s),s=i):
hpz0:=Re(subs(hpz(s),s=i));
k:=h0/hpz0;

k:=float(k);

must be the

/I hw(w) phase is equal to the difference

/I the denominator phase
if Re(k)>=0 then

ph0:=0:

else

phO:=-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

i

pre_set_parameters():
input_choice():

print():

print(Unquoted, "Wait,
compute_response_1():
data_X:=numeric::odesolve(%):
response_plot():

please... "):

end_proc:

16.4.1 pre_set_parameter s procedure

pre_set_parameters:=proc()
local test;

nre(i)

same of h(0)

CHAPTER16. COMMON PROCEDURES
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begin
/I Initial values,  starting and stopping time setting
/Il 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
YO[i]:=input(");
end_for;
print(Unquoted,"enter simulation initial time: ");
tO:=input("):
print(Unquoted,"enter simulation final  time: "),
tl:=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
/I 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 mdo
print(Unquoted, "Input  variable: " U_tmpli,1]);
print(Unquoted, "Nominal value: " .expr2text(Unom_tmpl[i,1])):
print(Unquoted,
"Enter the function in the variable t, f(), to add to

.expr2text(Unom_tmpli,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
/I F_tmp evaluation in the U_sim input and parameters setting
/I for ODE solving
F_tmp:=subs(F_tmp, [ U_tmpli,1]=U_sim[i,1] $ hold(i)=1..m

set_parameters():

end_proc:

" expr2text(X_tmpl[i,1]));

]

):
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set_parameter s procedure

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

timeinterval,vectorfield,initialconditi ons,my option s;
begin
/I This procedure substitutes the X_tmp[i] variables (user
/I defined labels) in the F_tmp vector with internal variables
Il y[1]..y[n]; the result is stored in the F_sim list. This is
/I very important since the "numeric::odesolve" MuPAD procedure

/I needs the system of equations expressed as a function of a
/I known vector (y)

F_sim:=[0$n]; # initialize list for equations #
for i from 1 to n do
F_siml[i]:=F_tmp][i,1];
end_for;
F_sim:= subs(F_sim, [ X_tmpl[i,1]=y[i] $ hold(i)=1..n 1)
y0:=[0%n]; # initialize list  for initial data #
for i from 1 to n do
yO[i]:=YO[i]:
end_for;
TO:=tO0:
T1:=t1:
timeinterval:= TO..T1:
vectorfield = subs( proc(t,y) begin FF end_proc, FF=F_sim):
initialconditions:= y0;

myoptions:=  Alldata=1;
/I 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

/l 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(", testl):

plot_Xj_or_Yj():
until  testl=x end_repeat;

end_proc:
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plot _Xj_or _Yj procedure

plot_Xj_or_Yj:=proc()
begin

/I plot of the jth state component or the j-th output component
case testl

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][_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_tmpli,1]=U_sim[i,1] $ hold(i)=1..m 1)
compute_data_Yj(data_X):
for i from 1 to nops(data_X) do
data_plot[i]:=data_Y][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=0rigin, 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_Y] procedure

compute_data_Yj:=proc(data_X_formal)
begin
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/' Output points computing based on the state points
/I (data_X_formal), obtained via "numeric::odesolve"
for i from 1 to nops(data_X_formal) do
/I The following row of code is wuseful in case of input
/It dependence:
/I we must evaluate the output equations G_tmp_U_sim
/I (they could depend on the input vector) at the time
/I 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_Yij[i]:=
subs(G_tmp_U_sim_eval[_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
/I 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_study procedure
h_study:=proc(h_formal)
local test;
begin
/I Transfer  function study options menu
repeat
print();
print(Unquoted, "Options: ");
print(Unquoted, "a - Pole-zero  representation/Gain");
print(Unquoted, ' - 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 ¢ 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

begin

/I Pole-zero recover of a transfer function

/Il h(s) numerator, denominator and their

hnum(s):=numer(h_formal):
hden(s):=denom(h_formal):
n_hnum:=degree(hnum(s),s):
n_hden:=degree(hden(s),s):

/I numerator in factorized form
if  n_hnum>0 then
z_hnum:=roots_finding(hnum(s)):

I

degrees

numerator

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

/I denominator in factorized form
if n_hden>0 then
z_hden:=roots_finding(hden(s)):

I

0):

denominator

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

/I h_formal in pole-zero form: hpz(s)
ii=-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); I

N))8

wrong gain

/I the gain hpz(0) must be the same as h_formal(0)

hO:=subs(h_formal,s=i):
if i=0 then
print(Unquoted,

' the gain (transfer function evalued

end_if:

hpz0:=Re(subs(hpz(s),s=i));

k:=h0/hpz0;

k:=float(k);

hpz(s):=k*hpz(s): /I this is the

print(float(hpz(s))):

in s=0) is:"

right  hpz(s)
print(Unquoted,"The pole-zero  representation is:);

zeros

Zeros

float(h0));
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end_proc:

16.6.2 plots procedure

common_plot:=proc(h_formal)
begin

/I amplitude in decibels and phase of h_formal(lw)
/I global variables
amplhwdb(w):=20*In(amplitude(h_formal))/I n(10):
phasehw(w):=phase(h_formal);

end_proc:

bode_plot:=proc(h_formal)
begin

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

/l  Bode plot:  Amplitude

plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=Origin,
AxesOrigin=[0, 0], Labels=["frequency In(w)", "lh(jw)|dB"],
BackGround=[1.0, 1.0, 1.0],

ForeGround=[0.0, 0.0, 0.0],

[Mode=Curve, [In(w),amplhwdb(w)], w= [0.01, 100],
Grid=[50], Smoothness=[20]]);

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

input(™);

/I Bode plot: Phase

plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=Origin,
AxesOrigin=[0, 0], Labels=["frequency In(w)", "Phase"],

BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],
[Mode=Curve, [In(w), phasehw(w)], w=[0.01, 100],
Grid=[50], Smoothness=[20]]);

end_proc:
nyquist_plot:=proc(h_formal)
local wO,wl;

begin

/Il Nyquist plot
real_imaginary(h_formal):

print(Unquoted, "Enter the initial value for w (w>0)");
wO:=input("™):

print(Unquoted, "Enter the final value for w");
wl:=input("™):

plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=Origin,
AxesOrigin=[0, 0], Labels=["Re[h(jw)]", "Imh[({w)]"],

BackGround=[1.0, 1.0, 1.0],
ForeGround=[0.0, 0.0, 0.0],

. COMMON PROCEDURES
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[Mode=Curve, [float(rehw(w)), float(imhw(w))], w=[wO0,w1],
Grid=[50], Smoothness=[20]]);

end_proc:

nichols_plot:=proc(h_formal)
begin

/Il Nichols plot
common_plot(h_formal):

plot2d(Scaling=UnConstrained, Labeling=TRUE,  Axes=Origin,
AxesOrigin=[0, 0], Labels=["Phase", "lh(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 ¢ do nichols_plot(h_formal): break;
end_case;

until test=x  end_repeat;

end_proc:

16.7 eigenvalues procedure

eigenvalues:=proc()

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

print(float(eigenvls));

end_proc:
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Introduction

This part describeghe applicationof PSYCOto analyzeand control a simple aeratedactvated sludge
reactor Figure17.1shavs a biological plantwithout regycle of sludge which aimsto remove the substrate
containedn theinfluentwaterby meansof biologicalreactions.In thereactoy whichis completelymixed,
heterotrophidiomasss present.It biodeggradesthe substratehusremoved. This type of plantis not built
in practice but the functioningof otherplanttypesis quite similarto this one.

Inflow Outflow
y y
O A T O
@;@6@5\@ T\
/\ 63 (@\J

W
)

PPN RN R

m

Oxygen Pump

Figurel7.1: Aerationtank

Theplantmodelconsidereds asimplifiedversionof theIAWQ1 (section4.3). The processemcorporated
in themodelare: growth of heterotrophidkiomassanddecayof heterotrophidiomass.Thefollowing three
variablesare crucial to the model: the oxygenconcentrationthe substrateconcentratiorandthe biomass
concentrationln the context of modelingthe effluentquality, the following modelcanbe considered:

(L2 = Kla(S: — S,) + (S — S,) — 10

dSs _ Q(gin _ _ Tgrowth
i = v (55" = 55) 7

ax i
d?H = %(X?H - XBH) + Tgrowth — Tdecay

1-Y;
To = THTgrowth + (1 - fP)Tdecay

— S S
Tgrowth = Mmaz I, 43, mXBH

Tdecay = buXBH
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where

e S,, S; and X gy denoterespectiiely, theoxygen,substratendheterotrophibiomassoncentrations
in thetank

e Sin S and X, aresameconcentrationgn theinfluent

o Zistheflow rate

¢ Kla, S} aretheoxygentransfercoeficient andsaturatiorcoeficient

e Yy istheyield for heterotrophidbiomass

¢ fp denotegshefractionof biomasscorvertedto inert matter

® Lmaz IS themaximumspecificgronth ratefor heterotrophidiomass

¢ K,,, K, arethe oxygenandsubstraténalf-saturatiorcoeficient for heterotrophidiomass
¢ by denotedhedecaycoeficientfor heterotrophidiomass

e 7, istheoxygenuptale rate(OUR)

® Tyrowth, Tdecay @rétheaerobicgronth anddecayof heterotrophs

In eachdifferentialequationthereis atransporterm %(C"” — C) (C : concentration). Forthe S, there
is alsoanaeratiorfactor(Kla(S} — S,)) dueto the oxygenpumpednto thetank. The othertermsaredue
to thebiological processes.

Theparametersaluesusedin the studyreportecherearelistedin Table17.1.

Symbol Unit Valueat20°C
Yu gcellCODformed 0.67

Ko mgOa /1 0.20

K, mgCOD/l 20

bu day ™1 0.62

Hmaz day_l 6

Sy mg/l 9.1

Tablel17.1: Typical parametersaluesat neutralpH

Furthermoret is assumedhatin theinfluentthereareno oxygennor biomassij.e., S and X &, areequal
to zero. Theflow rate(i.e., Q/V) hasanominalvalueof 2 day~!. S is fixedto 1000mg/I. Kla hasarange
of [48,144] day~! andthenominalvalueis 50 day~—!.

The purposeof the biological plantis to remove the substratecontainedn the influentwaterby meansof
biologicalreactions.To attainthis aim we needa goodaerationin thetank soto let the biomassgrow and
consequenthfto decreasehe substrate.Figure 17.2 shawvs the control schemeappliedto the plant. The
controlleractson the oxygenpump, i.e., on the oxygentransfercoeficient (Kla). The goalis to fix the
oxygenconcentratiorequalto 2 mg/l ( S, — 2mg/I).



Inflow

Oxygen Pump

Controller

>

Sensor

Outflow
>

Set point (S_O)

Figurel7.2: Controlschemeof anaerationtank
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AerationTank: Analysis

18.1 State Space Representation

Thebiologicalplantmodel

(B8 = Kla(S; — S,) + £(SI" — S,) — 70

dSs _ Q/qin r th
s Q(gin — 5,) — T

X ]
d]?H = %(X?H - XBH) + Tgrowth — T'decay

1-Y]
To = ?H'rgrowth + (1 - fP)Tdecay

— S, S,
Tgrowth = MHmaz KsoiSo Kssj_ss XBH

\ Tdecay = buXBH

is a statespacerepresentationf a nonlineartime variantmodelwith threestatevariables:S,, Ss, Xgg. In
thisanalysigt is assumedhattheflow rateandthe concentratiorof the substraten theinfluentareconstant
andequalto their nominalvalues(Q/V = 2day~!, S* = 1000mg/l). The oxygentransfercoeficient,
Kla, is themanipulatedrariable(i.e. theinput of the system)andthe oxygenconcentrationn the effluent,
S,, istheobserablevariable(i.e. the outputof the system).Hence with the parametersaluesfrom Table

17.1,thesystembecomes:
G = Klo(o.1 — ) 25, 0504 — M

dSs __ o _ 8.955223885,Ss XpH
g = 2000 — 25, — =00 5 10.9)

AX 6505 X
2t = —2.62Xpy + m

y:So

WhenPSYCOis run,amenuappears:

¢ Statevariablesysteminput
¢ Transferfunctioninput
e quit

Choosinghefirst option,theright handsideof theabove systemis theinputrequiredby PSYCO.Also Kla
nominalvalue(50day 1) is necessaryThen,PSYCOgivesthechoice:

127



128 CHAPTER18. AERATION TANK: ANALYSIS

e Linearization
¢ Systentimeresponse

o EXit

18.2 System Time Response

We wantanalyzethe systembehaior with:

e Kla = 50day~! (thenominalvalue)
o stateinitial conditions:

- S, =0.2mg/l
— Ss =400mg/1
- XBH = 300mg/l

With PSYCO,settingthesevaluesandthe simulationtime parametersywe canobtainthe threeplots: S,,
Ss, Xy freeresponsdfigures18.1,18.2,18.3).

=] | -]
Scene © | Moty Save.. | Print.. | Defaults... |

02+

018 1

016 1

014 1

012 1

[A]

008 1

006 T

0.04 1

0oz

30 ]

Figure18.1:S,, freeresponse

We obtainthe sameplotsusingWEST++. Fromthe modelingervironmentin the HGE window we have to
draw the schemeof the system(figure 18.4).

For eachicon multiple modelshadto be built. AppendixA) shavs the MSL-USER library built for this
example.

Thenfrom the experimentatiorernvironmentwe cansetthe parametervalues,the initial conditions,the
simulationtime, chooseheintegratorandlet startthe simulation;figure 18.5shavs thebehaior obtained.
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Scene © | Moty Save.. | Print.. | Defaults... |
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Figure18.2: S,, freeresponse

18.3 Linearization, Eigenvalues, Structural Properties

Choosingthe option‘Linearization’ in the menuof pagel27we cangetthelinearizedmodelandstudyit.
Theequilibriumpoint of the systemis:

Xe =[S, = 0.165707, S; = 530.978, Xpy = 239.882]

PSYCOgivesfirst the symbolicmatricesof the linearizedsystemandthenthe valuesobtainedevaluating
theseattheequilibriumpoint:

—1073.630304 —0.02116201945  —1.860847195 8.934293
A=| —3095.849407 —2.064127331 —3.910446047 B= 0

2074.219103  0.04296531223  —0.000001147972827 0
c=[100] D = [0]

Hencethelinearizedsystemis:

—1073.630304 —0.02116201945 —1.860847195 8.934293
% = | —3095.849407 —2.064127331 —3.910446047 X + 0 u
2074.219103  0.04296531223  —0.000001147972827 0

y:[l 0 O]X

with:
AS,
e X o (X—X.)=AX=| AS,
AXpy

e U (theinput)is the differencebetweerKla andits nominalvalue(u = AKla = (Kla — 50))
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ewindow -

Scene © | Moty Save.. | Print.. | Defaults... |
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Figurel8.3: Xgy, freeresponse

¢ y (theoutput)is AS,

After theseresultsPSY COoutputsthe menu:

1. Eigervalues

2. Reachability/Obsenbility

3. Transferfunctionanalysis/Controtiesign

4. Linearizedsystemtime response

5. Validation

6. Exit

Theeigemvaluesof thelinearizedmodelare:

[—2.001156755, —3.609006164, —1070.084269]

Hencethelinearizedsystemis stableandthe equilibriumpoint of the nonlinearsystemis locally stable.
Choosinghe 2nd optionwe analyzethe structuralpropertiesof the systemthe PSYCOoutputis:
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" .
4| Ele  optons  Acions  Groph Help
Iz
T ! Pump
,_ﬁ_, .é. _ﬁ. fexation Tark Flow Output
R 7
I Ix = 50,0 oy = 206,0
Mew Open... FRewert | Sawve Save As.. Create edige Create group | Create text | Uncreate group | Edit | Mave | Copy | Delete
Current. filet Ausr/net_users/peoplesmarcos/westpp/dstaslibAeration/freeaeration, HGE, tol
Current library filet Jusrenet_users/people/marcoswestpp/data/mesHGE witp/oontralwute, HGE, 1ik, tol
Current modelbase filet Jusr/net_users/peoplesmarcoswestpp/datasLibAsration/LibhAeration,msl

Figure18.4:schemdor the simulationof the free behaior of the plant

8.934293 —9592.127712  10264499.69

R = 0 —27659.22569  29680407.92
0 18531.68121  —19897362.95
rank(R) = 3

Completely reachable system

1 0 0
O = | —1073.630304 —0.02116201945 —1.860847195
1148887.74 22.6839146, 1997.944695

rank(O) =3

Completely observable system

R is the reachabilitymatrix and O is the obserability matrix: the systemis completelyreachableand
obserable.

18.4 Transfer Function Analysis
With the 3rd optionwe getthetransferfunction of thelinearizedsystem:

h(s) = 0.00288589392552 + 0.005956855841s + 0.0004848760795
~0.0003230131277s3 + 0.347463423152 + 1.941492782s + 2.496358109

andthenanewv menu;
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Aeration tank: free response
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time [d]

Figure18.5:freeresponse

1. Pole-zeraepresentation/Gain
2. Bode,Nyquist,Nicholsplots
3. Controldesign

4. Exit

Point3 will beanalyzedn chapterl9.
Option1 gives:

Gain = 0.0001942333824

h(s) = 8.934293(s+0.08488912921) (5+1.97923935)
~ (5+2.001156755)(5+3.609006164)(5+1070.084269)

Hencethelinearsystemhastwo zerog(—0.08488912921, —1.97923935) andthreepoles(—2.001156755, —3.609006164, —1
equalto the eigervalues)all negative andreal.

Thechoicenumber2 givesa sub-menwvhereit is possibleto choosewhich diagramto plot:
¢ figure18.6,18.7:Bodediagram
¢ figure18.8: Nyquistdiagram

¢ figure18.9: Nicholsdiagram
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YiZam: Basewindow

Scene ¥ | Mosdite Save.. | Print.. ) Defaults... )
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Figure18.6: Bodeamplitudeplot

VCam: Basewindow

SCehe r) */ Save...) Print...) Defaults...)

20

101
s uenc;: In(wg
=375 25 -1.25 125 25 g5 5 625 75 875

Phase

Figure18.7: Bodephaseplot
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Figure18.8: Nyquistplot
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Figure18.9: Nicholsplot
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Figure18.10:S,(t), freeresponselot

18.5 Lineariz ed System Time Response — Validation

Let uschoosethe 4th optionin the menuof pagel30. After choosingtheinitial conditions,the simulation
time, the kind of input to sum over the nominal value we obtainthe plot of the linearizedsystem. Fur
thermorewe canchoosewhich variable(stateor output)to plot andwhetherwe want a plot relatedto the
equilibriumpointor to thezero.Figuresl18.10,18.11and18.12areanexamplefor afreeresponsevith Kla
andinitial conditionsasin section18.2.

Theb5thpointin themenuof pagel30givesthepossibilityof comparinghebehaior betweerthenonlinear
systemandthe linearizedone. Choosingthe sameoptionsasabore we getthe meansquareerror between
the variableschoseno be compared.Furthermorea qualitatve validationis obtainedby plotting both the
variablestogetherin the samediagram. Figures18.13, 18.14,18.15shaw this plot for Kla and initial
conditionslike in section18.2. The meansquareerroris 0.00441744537or S, 0.1329837320r S; and
0.07656611128r Xpp.

Fromthesedatawe obsenre thatthelinear systemis a goodapproximatiorto the nonlinearoneandhence
thelinearsystemcanbe usedto representnearthe equilibriumpoint, thenonlinearsystem.
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WZam: Basewindow

Scene ¥ ) B, - Save.. | Print... | Defaults... )

300 %
Linear response

215 1

201 Honlinear response

2251

200 1

175 1

150 1

1251

100 1

T

ST

257

istate variablk + + t + + + + + + !
05 1 15 2 25 3 35 4 45 5

Figure18.15: X gy (t), validation



AerationTank: ControlDesign

19.1 Stability Analysis Tools

Choosingthe option “Control design”in the menuof pagel31, PSYCOgivesthe possibility to build a
controller
Themenugivesthe choicebetween:

o Stability analysistools
e Controllers
o Exit

If we wantto studythe feedbackstability propertiesve canchoosethe 1stoption. Therootlocusequation
is:

0.0004848760795k + 1.941492782s + 0.005956855841ks + 0.3474634231s2
+0.0003230131277s% + 0.002885893925ks2 + 2.496358109

Figure19.1shavstherootlocusplot.

PSYCOalso givesthe opportunityto get the gain and phasemangins. In our exampleit will not return
arything becausef the particularbehaior of the system(seethe Nyquistplot, figure 18.8).

19.2 Controllers

PSYCOcanbuild controllerssuchas:
e PID
e DirectDesign
¢ RolustControl

e UserController

139
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Figure19.3: HGE controlledschemdor ‘classic’ feedbacksystem

Apartfrom robustcontrol,all thesecontrollersarebasednthe‘classic’ feedbackschemeseefigure 19.2).
PSYCOwill find the controllersandthenwill analyzethe controller the controlledforward chain,andthe
closedloop.

For the simulationof the feedbacksystem WEST++canbe used. For this purposeit is necessaryo have
a staterepresentationf the controllers. The latter canbe obtainedwith PSYCO:choosingoption2 in the
menuin pagel27,givenatransferfunction C(s),it returnsthe canonicakeachableealizationof C(s). This
canthenbeinsertedn aMSL-USERmodelandrunin WEST++.Figure19.3shavstheschemen the HGE
window (modelingervironment)usedfor this purpose.

Rolust control will be dealtwithin the section19.3. User controlis an option that givesto the userthe
opportunityto analyzea controllerfoundby otherstools.

19.2.1 PID contr oller s

We choosehedesignfrequeny (wo) equalto 1day—!. PSYCOgivesthe openloop amplitudeandphaseat
wo = 1, andplotsthe Nyquistdiagram(usefulto designthis controller).We settheforward chainamplitude
equalto 0.2andthe phasesqualto 165°. The parameterfoundare:

o K, = 9.042821354
o T, = 0.08958675716
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o T = 0.04479337858

With WEST++we have madetwo simulations:
1. figures19.4,19.5: theflow rateis constanti.e. Q/V = 2day ')

2. figures19.6,19.7: theflow rateis: Q/V = 2 + 0.2sin(4¢) + 0.1 * random (random is afunction
thatreturnsrandomvaluesin [-1;1])

Aeration tank: PID control
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Figure19.4: Stateplot, simulationn°1

19.2.2 Direct Design Controller

We setthe closedloop transferfunctionequalto

s+1

PSYCOgivesthecontroller:

C(s) = 0.0003230131277s% + 0.34746342315% 4 1.941492782s + 2.496358109
B 0.00288589392553 + 0.00595685584152 + 0.0004848760795s

Theforwardchainbecomes:

Thesimulationsarewith the sameconditionsasabove. Figures19.8,19.9,19.10,19.11shov the behaior.
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Aeration tank: PID control
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Figure19.5:kla, Q/V plot, simulationn®1

19.3 Robust Contr ol

Thisrobustcontrolis basednthelIMC schemdseefigure19.12).
TheIMC controlleris:

~0.1119282746(s + 2.001156754) (s + 3.609006166) (s + 1070.084269)

Cls) (1 + as)(s + 0.0848891292) (s + 1.97923935)

Theparametern hasto befixedonline, by thesimulation. The Model in figure 19.12is:

hs) = 8.934293(s + 0.08488912921) (s + 1.97923935)
~ (s +2.001156755)(s + 3.609006164)(s + 1070.084269)

To simulatethis, the HGE schemas morecomple (figure 19.13).
Figures19.14,19.15,19.16,19.17shav the behaior of the robust controlledsystemwith the samecondi-
tionsasin pagel42,andwith thevalueof theparametern equalto 0.1.

Figures19.18and19.19shaw the 2° simulationof the systenwith ¢ = 1.

Thevalueof ¢ = 0.1 turnsoutto be agoodcompromisebetweerperformancendrobustnesg8.
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Aeration tank: PID control
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Figure19.6: Stateplot, simulationn°2
Aeration tank: PID control
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Aeration tank: Direct control
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Figure19.8: Stateplot, simulationn®1

Aeration tank: Direct control
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Kla [1/d]

CHAPTER19. AERATION TANK

Aeration tank: Direct control
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Aeration tank: Direct control
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Aeration tank: IMC control

- | == S0
+ ss
—2 X xbh
400 — X
=
2 3
: =
< 200 - T
)]
7]
[ ' [ ' [ ' |
0 2 4 6
time [d]
Figure19.14:Stateplot,c = 0.1, simulationn°1
Aeration tak: IMC control
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Aeration tank: IMC control
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Aeration tank: IMC control
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Figure19.19:kla, Q/V, modeloutputplot, a = 1, simulationn°2



Conclusion

PSYCOis theresultof researchstudyandcomputemprogrammingwhich keptusintellectuallybusy for a
long period. Several hurdleshasbeenmet, but we alwaystackledthemasa challenge:it wasnot rareto
work until lateevenduringtheweelend,aslong asasolutionof aproblemwasnotreachedActually, fixing
a problemwasnothingbut anexcuseto have a nice glassof Belgianbeer

We areratherproudof our work andwe hopethatPSYCOcanbe usefulfor usersanterestedn analysisand
designof plantsfrom a controlengineeringpoint of view.

Of course,PSYCOis a completelyworking software, but we canalreadylook ahead:extensionsandim-
provementscanbe foreseen First of all, somemeaningfulcontroltechniqueandtool could beadded.The
currentversionof PSYCOconsidersontinuougime systemshput a similar systemcould be developedfor
discreteime systemsandthenconnection®f hybrid systemsouldbe consideredswell.

Currently PSYCOis written in MuPAD and so its performanceas not optimal; that means,since using
symbolicmanipulationis very CPU consumingagndMuPAD is a generalpurposeool, atranslationto C++
codewould allow betterperformancendlast, but notleast,a completeintegrationwith the WEST++ervi-
ronment.

It is claimedin this reportthat symbolic analysisoffers mary advantagesover numericalapproachegas
implementedn MatlabandSimulink [10]). A quantificationof this statemenshouldbe madein thefuture.
PSYCOhasbeendevelopedmainly at the BIOMATH departmenbf the GentUniversity (Belgium). This
waspossiblethanksto a Socrates/ErasmugtudentexchangeprogrammebetweenFlorenceUniversity and
GentUniversity;thatallowedusto spenda periodof ourlife in aforeigncountry It hasbeenavery positive
experienceandnotonly from a professionapoint of view. Living abroadaughtusdifferenthabits,thatcan
beappreciateanly in their context.

During this period,mary peoplesupportediusboth professionallyandmorally.

First of all, we would like to thankour supervisormat the BIOMATH Dept. HansVangheluwehe drove us
alongall ourwork, listeningto our problemsandgiving uspreciousadvice;we appreciatdim especiallyfor
his enegy andhis friendliness.A specialthanksto prof. StefanoMarsili Libelli who wasthe enthusiastic
promoterof this projectandgave usthe opportunityto go to the University of Gent;evenat a distancehe
keptalwaysin touchwith usgiving hisworthwhile opinionsbasedon his deepexperience.
Furthermorewe would like to thankthe BIOMATH departmentand particularly the simulationlab, our
families,all the peopleknown at“Home Merlijn” andour friends.

GianLorenzoLucchetti
MarcoZoccadelli
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MSL-USERcode

Thefollowing codeis aMSL-USERIlibrary built to simulatethe aerationtank behaior.

1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1

1

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: ASCIl 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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/I By virtue of this, "null", the only object of
/I type Bottom, can be used to denote an unassigned value
/I for objects of any type.

TYPE Boolean "builtin: Logic type" = ENUM({True, False};
/I 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 GenericlntervalType

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;

I3

TYPE ReallintervalType "Interval of real numbers"
SUBSUMESGenericinterval Type =

RECORD

{

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

lowerlncluded: Boolean;

upperincluded: Boolean;

b

/I type declarations for physical  systems

1

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 wused (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;
3

/l 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);
/I declared objects must be interfaces
parameters . SET_OF (ParameterDeclarationType);

/I declared objects must be parameters
h
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);

h

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); /I independent  variable (time)

state . SET_OF (PhysicalQuantityType); /I variables
/I those variables occurring in
/I DERIV(v, [t]) statements  are
/I derived state variables

initial : SET_OF (EquationType);

equations : SET_OF (EquationType);

terminal . SET_OF (EquationType);

3

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 Vvariables
equations are generated to sum all through variables to zero
all other labels are ignored

= DAEModelType;

/l  The meaning of TYPE and CLASS extension
I

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

1 SET_OF type signatures.
I

/I End of lib.generic.msl

/I Some type declarations

CLASS MassFlux = PhysicalQuantityType:= { nature <- "ACROSS" i}
/I = {{ npature <- "THROUGH":};
CLASS Time

"The type of time"
SPECIALISES PhysicalQuantityType =

{:

quantity <- "Time";

unit <- "day";

interval <- { lowerBound <- 0; upperBound <- PLUS_INF;};
g
CLASS Yield

"Yield"



SPECIALISES PhysicalQuantityType =

{:

quantity <- "Yield";

unit <- "

interval <- {; lowerBound <- 0; upperBound
g3
CLASS GrowthRate
"GrowthRate"
SPECIALISES PhysicalQuantityType =
{:

quantity <- "GrowthRate";

unit <"

interval <- {; lowerBound <- 0; upperBound
+
TYPE Components
" The biological components considered in
= ENUM{Q_V,S_O,S_S,X_BH}; // Q_Vis not

/I it is the flow

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

CLASS WWTPTerminal
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<- PLUS_INF};

<- PLUS_INF};

the WWTPmodel"
a component,
rate !l

"The variables which are passed between WWTPmodel building blocks"
= MassFlux[NrOfComponents;];
CLASS inWWTPTerminal SPECIALISES WWTPTerminal; //used to indicate inflow
CLASS outWWTPTerminal SPECIALISES WWTPTerminal; //lused 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;
/I Model Blocks
CLASS flowlnputGenerator
(* class = "input" category = "simple" ¥
"flowinputgenerator”
SPECIALISES PhysicalDAEModelType =
{:
interface <-
{
OBJ Outflow (* terminal = "out" *) "outflow: QV, SO, S S, XBH":
outWWTPTerminal = {i causality <- "COUT" :}
h
parameters  <-
{
OBJ S_Oin: PhysicalQuantityType = { value <- 0 :}
OBJ S_Sin: PhysicalQuantityType = {; value <- 1000 :};
OBJ X_BHin: PhysicalQuantityType = { value <- 0}
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Il QIV = Step+Asin(omega*t)+noise
OBJ Step " Q/V = Step+Asin(omega*t)+noise_fraction*random"

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

PhysicalQuantityType = { value <- 0 :}

3
independent  <-
{
OBJ t "independent variable time":  Time
h

equations  <-

{
interface.Outflow[Q_V] =

APPENDIXA. MSL-USERCODE

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
h
g
CLASS flowOutput
(* class = "output"; category = "simple" %)
"Output  flow"
SPECIALISES
PhysicalDAEModelType =
{:
interface <-
{
OBJ Inflow (* terminal ="in"  *) "inflow" :
iNWWTPTerminal := {: causality <- "CIN" :}
h
g8
CLASS signallnputGenerator
(* class = "input"; category = "simple"  *)
"signalinputgenerator"
SPECIALISES PhysicalDAEModelType =
{:
interface <-
{
OBJ Outsignal (* terminal = "out" *) “outsignal: Step + Asin(omega*t)"
Signal = {i causality <- "COuT" i}
h
parameters  <-
{
OBJ Step: PhysicalQuantityType = {i value <- 2}
OBJ A: PhysicalQuantityType = { value <- 0 :}
OBJ omega: PhysicalQuantityType = { value <- 0 i}
h

independent  <-

{

OBJ t "independent variable time":  Time



h

equations  <-

{

interface.Outsignal =
parameters.Step

h
g
CLASS Pump
(* class = "controller"; category = "simple" %)
"oump”
SPECIALISES PhysicalDAEModelType =
{:
interface <-
{
OBJ Insignal (* terminal = "in""  *) “insignal"
Signal = {{ causality <- "CIN" :}
OBJ Outsignal (* terminal = "out" *) "outsignal"
Signal = {¢ causality <- "COUT" i}
h
parameters  <-
{
OBJ u0 "Initial value for manipulated variable
PhysicalQuantityType = {{ value <- 50 :}
OBJ max "Max value of the pump output"
PhysicalQuantityType = {{ value <- 144 };
h

equations  <-
{
interface.Outsignal =
IF (interface.Insignal > -parameters.u0)
THEN IF (interface.Insignal
THEN parameters.u0
ELSE parameters.max

+ parameters.A*sin(parameters.omega*indep

+ parameters.u0
+ interface.Insignal

endent .t);

(no error action)"

< parameters.max)

ELSE O ;
h
38
CLASS Sensor
(* class = "sensor"; category = "simple"  *)
"sensor"
SPECIALISES PhysicalDAEModelType =
{
interface <-
{
OBJ Inflow (* terminal ="in"  *)  “inflow"
iNWWTPTerminal := {¢ causality <- "CIN"
OBJ Outflow (* terminal = "out_1" *) “outflow" :
oUutWWTPTerminal := {: causality <- "COuT" i}
OBJ Outsignal (* terminal = "out_ 2" *) "Sensor measured oxygen output"
Signal = {i causality < "CouT" i}
h
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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h
g8
CLASS Subtractor
(* class = "subtractor"; category = "simple" *)
"subtract_In1_In2"
SPECIALISES PhysicalDAEModelType =
{:
interface <-
{
OBJ Insignall (* terminal = "in_1" * " + "
Signal = { causality <- "CIN" }
OBJ Insignal2 (* terminal ="in2" * " "
Signal = { causality <- "CIN" }
OBJ Outsignal (* terminal = "out" *) ‘"Insignall - Insignal2”
Signal = {{ causality <- "COUuT" :};
h
equations  <-
{
interface.Outsignal = interface.Insignall - interface.Insignal2
h
g8
CLASS Subtractor2
(* class = "subtractor"; category = "simple" ¥
"subtract_In1_In2"
SPECIALISES PhysicalDAEModelType =
{:
interface <-
{
OBJ Insignall (* terminal = "in_1" %)
" +, value of the set_point "
Signal = { causality <- "CIN" }
OBJ Insignal2 (* terminal = "in_2" %)
Signal = { causality <- "CIN" }
OBJ Outsignal (* terminal = "out" ¥)
"Insignall Insignal2”
Signal = {¢ causality <- "COUT" :}
h
equations  <-
{
interface.Outsignal = interface.Insignall - interface.Insignal2
h
g3
/I 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"
oUutWWTPTerminal := {i causality <- "COUT" :}

. MSL-USERCODE



OBJ Insignal (* terminal
"Oxygen transfer

= "in_2" %)

coefficient, e Kla"

Signal = {i causality <- "CIN" :}
3
parameters  <-
{
OBJ S_O_sat "Oxygen saturation concentration”
PhysicalQuantityType = {i value <- 91 ;  unit <- "mg/l" }
OBJ Y_H "Yield  For Heterotrophic Biomass"
Yield := {wvalue <- 0.67};
OBJ f P "Fraction Of Biomass Converted To Inert Matter"
PhysicalQuantityType = {wvalue<- 0.08:};
OBJ mu_H "Maximum Specific Growth Rate For Heterotrophic Biomass"
GrowthRate := {ivalue <- 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 = {wvalue <- 0.62:};
h
independent  <-
{
OBJ t "independent variable time": Time ;
h
state  <-
{

/I flow variables: QN, S O, S S, XBH
OBJ C: PhysicalQuantityType[NrOfComponents;];

/I algebraic variables

OBJ ro: PhysicalQuantityType;
OBJ rg: PhysicalQuantityType;
OBJ rd: PhysicalQuantityType;
I8

equation  <-
state.C[Q_V] = interface.Inflow[Q_V] ;

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

DERIV(state.C[S_S],[independent.t]) =
state.C[Q_V]*(interface.Inflow[S_S
- state.rg/parameters.Y_H ;

DERIV(state.C[X_BH],[independent.t]) =

state.C[Q_V]*(interface.Inflow[X_BH]
+ state.rg - state.rd ;

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

state.rg =
parameters.mu_H*state.C[S_OJ/(paramet

t - state.C[S_O])
- state.C[S_QO])

- state.C[S_S])

- state.C[X_BH])

*state.rg

ers.K_ SO + state.C[S_O])

161
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*state.C[S_S]/(parameters.K_SS
*state.C[X_BH] ;

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

{FOREACHcomp_index IN {1
interface.Outflow[comp_index]
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+ state.C[S_S])

i

NrOfComponents}:

= state.C[comp_index];};

2
g3
/I 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 = {i causality <- "COUuT" :};
h
parameters  <-
{
/I Controller parameters
OBJ a2 : RealNumbers := {¢ value <- -0.1680159049
OBJ a3 : RealNumbers := {i value <- - 2.06412848 :};
OBJ bl : RealNumbers := { value <- 865.0207436 :};
OBJ b2 : RealNumbers := {¢ value <- 672.733843 :};
OBJ b3 : RealNumbers := { value <- 120.1695874 :};
oBJ d RealNumbers { value <- 0.1119282746 1},
%
independent  <-
{
OBJ t "independent variable time":  Time
h
state <-
{
OBJ control_1: PhysicalQuantityType ;
OBJ control_2: PhysicalQuantityType ;
OBJ control_3: PhysicalQuantityType ;
h
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
interface.Outsignal =
parameters.b1*state.control_1
+ parameters.b3*state.control_3

+ parameters.a3* state.control_3 ;

+ parameters.b2*state.control_2

+ parameters.d*interface.lnsignal ;
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h
g8
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 <- "COUuT" :};
h
independent  <-
{
OBJ t "independent variable time":  Time
h
state  <-
{
OBJ control . PhysicalQuantityType ;
h
equations  <-
{
DERIV(state.control, [independent.t]) =
interface.Insignal ;
interface.Outsignal = state.control ;
h
g8
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 = {i causality <- "COUuT" :}
h
parameters  <-
{
/I PID parameters
OBJ kp : PhysicalQuantityType = {i value <- 11.31977725 :};
OBJ Ti : PhysicalQuantityType = {¢ value <- 05062161847 :};
OBJ Td : PhysicalQuantityType = {¢ value <- 0.2531080923 :};
h

independent  <-



164

{

OBJ t "independent variable time":  Time
h

state  <-

{

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

equations  <-

{

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

-(10/parameters.Td)*state.control_2

interface.Outsignal =
+ (10*parameters.kp/(parameters.Ti*parameter
+ (-10*parameters.kp/parameters.Td
+ (parameters.Td*parameters.kp
+ 10*parameters.kp*parameters.Ti)/(parameter
*state.control_2

+ parameters.kp*interface.lnsignal ;

h
e

CLASS IMC_controller

APPENDIXA. MSL-USERCODE

= state.control_2 ;

interface.Insignal ;

s.Td)) *state .contr ol_1

s.Td*p aramet ers.Ti ))

(* 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" :}
h
parameters  <-
{
OBJ a " filter parameter": PhysicalQuantityType = {: value <- 0.1 :}
h
independent  <-
{
OBJ t "independent variable time":  Time
h
state <-
{
OBJ control_1: PhysicalQuantityType ;
OBJ control_2: PhysicalQuantityType ;
OBJ control_3: PhysicalQuantityType ;

I3

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

- 1l/parameters.a * state.control_2

*(0.1680159049*parameters.a + 2.064128479)
- 1/parameters.a * gstate.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) ;

h
g3
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" :}
h
independent  <-
{
OBJ t "independent variable time":  Time
h
state <-
{
OBJ so : PhysicalQuantityType ;
OBJ ss : PhysicalQuantityType ;
OBJ xbh : PhysicalQuantityType ;
h
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 ;

I3
'k

/I End of LibAeration.msl
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