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Abstract

Thispaperaddressestheproblemofbasiccontrol
loopsinwastewatertreatmentplants. Bybasic
controlloopswearereferringtothetraditional
dissolvedoxygenandnitrates. Theyaretheba-
siccontrols moresophisticatedcontrolsolutions
canbebasedupon.Thereforeitisimportantthat
theseloopsperforminanefficientway.Theprob-
lemisaddressedherewithintheframeworkpro-
videdbytheBenchmarkSimulation ModelNum-
ber1(BSM1)andbytheuseofanevent-based
solution.Itwillbeverifiedthatthesolutioncan
slightlyimprovetheperformanceofthealreadyex-
itingcontrollersbothatlooplevelaswellasat
plantoperationlevel.

Keywords: Event-basedcontrol, Nutrientre-
moval, Wastewatertreatmentplants.

1 Introduction

Theincreasinghumanactivitieshavegenerated
theneedofusingappropriatemethodstoreduce
theirimpactontheenvironment. Oneofthees-
sentialcomponentsofthiseffortistheimplemen-
tationofwastewatertreatmentplantsinorderto
bringtheeffluenttoacceptablepollutantconcen-
trationlimitsbeforeitisdischargedintonatural
recipients(lakes,riversetc.). Wastewatertreat-
mentplants(WWTPs)areusedworldwidetoen-
surethesuitablewaterqualityforthereceiving
environment.Someofthepollutantsarereduced
toallowedlevelsbythedefault WWTPstructure
withoutapplyinganyautomaticcontrol. How-
ever,otherpollutantsaremoredifficulttobere-
duced.Forthisreasonandalsotorestrictoper-
ationalcosts,theapplicationofcontrolengineer-
ingin WWTPsisplayinganimportantrolein
researchinrecentyears[1]and[2].

Anefficientsolutiontoimprovetheefficiencyof
wastewatertreatmentplantsistoadoptautomatic
control methods.[3,4,5]. Theiradoptionfor
thesesystemsisslowinthecaseofwastewater
treatmentplants,themainreasonsbeing,onone
hand,thefactthattheyareextremelycomplex

processesandthelackorthehighcostofthe
measurementequipment,andontheotherhand,
thesignificantreticenceoftheindustrytoallow
thetestingofthecontrolsolutionsonrealplants,
giventhepotentialenvironmentalrisks[6]. Nev-
ertheless,afewcasesofplantautomation,made
possiblebynew monitoringinstrumentation,[7]
havebeenrecentlycitedintheliterature,[8]and
morearebeinggraduallyimplementedinfull-size
facilities.

Anotherproposedsolutionistobuildsomebench-
markmodelswhichallowdifferentuserstotest
theircontrolstructuresandalgorithmsonthe
sameplatform. AfirstmodelistheBenchmark
SimulationModelNo.1(BSM1)[9]whichincludes
onlywaterprocessingunitsanddefinesthreesce-
nariosfortheinfluent,basedontheraincondi-
tionsthat mayarise. BSM1includesacontrol
strategythatiscalledDefaultControlStrategy
(DCS).ThisisbasedonPIcontrollersinorder
tocontrolthedissolvedoxygeninthefifthtank
(DO5)andthenitrateinthesecondtank(NO2)
bymanipulatingtheoxygentransfercoefficientin
thefifthtank(KLa5)andtheinternalrecycleflow
rate(Qrin)respectively.Obtainingasatisfactory
controlperformanceofthesevariablesisofgreat
importance,especiallywhenapplyingmorecom-
plexcontrolstrategiesthatvarytheset-pointsof
thedefaultcontrolloops.Inthesecases,withbet-
terperformanceofthedefaultcontrolloops,efflu-
entqualityisimprovedwithlowercosts.Inthis
way,forseveralyearsandstillrecentlythereare
manyworksthatfocusontheobjectiveofimprov-
ingtheperformanceofDO5andNO2control,as
in[10]and[11].

Thepresentworkisbasedmainlyontheappli-
cationofevent-basedcontrolinordertoimprove
theperformanceofDCS.Event-basedcontrolis
atechniquealreadyusedinotherareassuchas
in[12]forpHcontrolfortheeffectiveuseofflue
gasesorin[13]forgreenhouseproductionpro-
cesses. However,itisanoveltyintheliterature
relatedto WastewaterTreatmentPlantcontrol.
Incommoncontroltechniques,thecontrolsignal
isactualisedbasedontime.Inthecaseofevent-
basedcontrollers,theverificationofeventsisreg-
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ularlycarriedout,butthecontrolsignalisonly
actualisedwhenoneormoreeventsoccur.

Therestoftepaperisasfollows. Firstofall,
thesimulationscenarioispresented. TheBSM1
layout,performanceindexesanddefaultcontrol
strategyispresented.Secondly,insection3,the
event-basedcontrolstrategybasedontheinter-
nalmodelcontrolformulationisoutlined. This
genericstructurewasfirstpresentedin[14]in
moredetail,sojustthebasicstructureanddesign
principlesareoutlinedhere.Itfollowssection4
withthedefinitionoftheeventbasedcontrollers
fortheBSM1basicloopsandpresentationofthe
simulationresults,Thepaperendswithconclud-
ingremarksandsuggestionsforfurtherwork.

2 MaterialsAnd Methods

Thissectionpresentsthebasicelementsthatcon-
stitutetheworkingscenario. Ononeside,the
wastewaterplantlayoutandevaluationindexes
thatwillbeusedtoassessthecontrolstrate-
gies. Alsothegenericevent-basedcontrolap-
proachbasedontheIMCevent-basedpresented
in[14]willbepresented.

2.1 BenchmarkSimulation Model #1

Thissectionprovidesabriefdescriptionofthe
workingscenarioprovidedbytheBSM1.Thisisa
simulationenvironmentdefiningaplantlayout,a
simulationmodel,influentloads,testprocedures
andevaluationcriteria.

2.2 PlantlayoutandInfluentloads

Theschematicrepresentationofthe WWTPis
presentedinFig.1.Theplantconsistsinfivebio-
logicalreactortanksconnectedinseries,followed
byasecondarysettler.Thefirsttwotankshavea
volumeof1000m3eachandareanoxicandper-
fectly mixed. Therestthreetankshaveavol-
umeof1333m3eachandareaerated.Thesettler
hasatotalvolumeof6000 m3andis modeled
intenlayers,beingthe6thlayer,countingfrom
bottomtotop,thefeedlayer.Tworecycleflows,
thefirstfromthelasttankandthesecondfrom
theunderflowofthesettler,completethesystem.
Theplantisdesignedforanaverageinfluentdry-
weatherflowrateof18446m3/dandanaverage
biodegradablechemicaloxygendemand(COD)in
theinfluentof300g/m3.Itshydraulicretention
time,basedontheaveragedryweatherflowrate
andthetotaltankandsettlervolume(12000m3),
is14.4h. Thedefaultwastageflowrate(Qw)is
fixedto385m3
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Figure1: BenchmarkSimulation Model1with
defaultcontrolstrategyonthebasicloops

abiomasssludgeageofabout9days.Thenitro-
genremovalisachievedusingadenitrificationstep
performedintheanoxictanksandanitrification
stepcarriedoutintheaeratedtanks.Theinter-
nalrecycleisusedtosupplythedenitrification
stepwithNO.BSM1definesthreedifferentinflu-
entdata[15,16]:dryweather,rainweatherand
stormweather.Eachscenariocontains14daysof
influentdatawithsamplingintervalsof15min-
utes.

2.2.1 Testprocedures

Asimulationprotocolisestablishedtoassurethat
resultsaregotunderthesameconditionsandcan
becompared.Sofirsta150daysperiodofsta-
bilizationinclosed-loopusingconstantinfluent
datahastobecompletedtodrivethesystemtoa
steady-state,nextasimulationwithdryweather
isrunandfinallythedesiredinfluentdata(dry,
rainorstorm)istested. Onlytheresultsofthe
lastsevendaysareconsidered.

2.2.2 Evaluationcriteria

Inordertocomparethedifferentcontrolstrate-
gies,differentcriteriaaredefined.

Theperformanceassessmentismadeattwolev-
els.Thefirstlevelconcernsthecontrol.Basically,
thisservesasaproofthattheproposedcontrol
strategyhasbeenappliedproperly.Itisassessed
byIntegraloftheSquaredError(ISE)andinte-
gratedabsoluteerror(IAE)criterias.Thesecond
levelprovidesmeasuresfortheeffectofthecontrol
strategyonplantperformance.ItincludesEfflu-
entQualityIndex(EQI)andOverallCostIndex
(OCI).

Variable Value
Ntot <18gN.m−3

CODt <100gCOD.m−3

NH <4gN.m−3

TSS <30gSS.m−3

BOD5 <10gBOD.m−3

Table1:Effluentqualitylimits
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Theevaluation mustincludethepercentageof
timethattheeffluentlimitsarenotmetandthe
numberofviolations. Thislasttermisdefined
asthenumberofcrossingsofthelimit,frombe-
lowtoabovethelimit. Theeffluentconcentra-
tionsofNtot,TotalCOD(CODt),NH,TotalSus-
pendedSolids(TSS)andBiologicalOxygenDe-
mand(BOD5)shouldobeythelimitsgiveninTa-
ble1. NtotiscalculatedasthesumofNOand
Kjeldahlnitrogen(NKj),beingthisthesumofor-
ganicnitrogenandNH.

Forwhat matterstotheglobalplantoperation
evaluationtheEffluentQualityIndex,EQI,isde-
finedtoevaluatethequalityoftheeffluent.Itis
relatedwiththefinestobepaidduetothedis-
chargeofpollution.EQIisaveragedovera7days
observationperiodanditiscalculatedweighting
thedifferentcompoundsoftheeffluentloads.On
theotherhand,theOverallCostIndex,OCI,is
definedas:

OCI=AE+PE+5·SP+3·EC+ME (1)

whereAEistheaerationenergy,PEisthepump-
ingenergy,SPisthesludgeproductiontobedis-
posed,ECistheconsumptionofexternalcarbon
sourceandMEisthemixingenergy.Foracom-
pletespecificationoftheseindexesanditsconcrete
computation,thereaderisreferredto[15].

2.2.3 Defaultcontrolstrategy

ThedefinitionoftheBSM1includeadefaultcon-
trolstrategy,whichiscommonlyusedasarefer-
enceforcomparison.Thedefaultcontrolstrategy
ofBSM1[9]usestwoProportional-Integral(PI)
controlloopsasshowninFig.1. Thefirstone
involvesthecontrolofSO,5bymanipulatingKLa
inthefifthtank(KLa5).Theset-pointforSO,5is
2mg/l.Thesecondcontrolloophastomaintain
SNO,2ataset-pointof1mg/lbymanipulating
Qa.

2.3 Event-basedInternal ModelControl

TheInternal ModelControl(IMC)approachfor
controllerdesignaspresentedin[17]andfurther
developedin[18]isbasedontheverybasicprin-
cipleofclosetheloopwhennecessary. Thisis
alsooneoftheessentialsofevent-basedcontrol.
Aneventwillbegeneratedjustincasethereis
theneedtofeedthecontrollerwithnewinfor-
mationregardingtheprocessoutputandtouse
thisinformationtochangethecontrolaction.In
thissectionwewillprovideaquickreviewofthe
IMCbasicswithspecialemphasisontheconcep-
tualmeaningofthedifferentkeysignalsinorder

toseethat,evenonacontinuostimebasis1,the
event-basedrationaleisinherenttotheIMCstruc-
ture.Thisisnotthecaseoftheclassicalfeedback
controlconfiguration.

TheIMCschemeisbasedonthenotionoffeed-
ingbacktheuncertaintytotheIMCcontroller.If
thereisnouncertaintythereisnoneedtoclosethe
systemotherthantostabilizeit.Therefore,inthe
casetheprocesstobecontrolledisopen-loopsta-
ble,therequirementofaccurateset-pointtracking
canbeachievedbyanopenloopcontrolsystem.
Withanopenloopcontrolscheme,thestabilityof
thesystemisguaranteedprovidedthatboththe
plantandcontrollertransferfunctionsarestable.
Also,thedesignofthecontrollerinanopenloop
controlschememaysimplybeapproachedbydy-
namicinversion. Thedrawbackofsuchanopen
loopcontrolsystemisthesensitivityto model-
ingerrorsandtheinabilitytodealwithexternal
disturbancesenteringthesystem.Infact,anex-
ternal,notmeasurable,disturbancecaneasilybe
assimilatedtoakindofuncertainty.Inthiscase,
theonlywaytoinformthecontrolleroftheeffects
oftheuncertaintyonthecontrolledvariableisby
theuseoffeedback.Therefore,aclosed-loopsys-
temshouldbeusedtodealwithuncertaintywhat-
everitssource.TheIMCcontrolscheme,depicted
infigure(2(a))obeystothepreviousprinciple.

WithintheconventionalIMCstructure,where P
istheprocesstobecontrolled,Pm representsthe
modeloftheprocess,andQistheIMCcontroller.
Thesignalthatisfeedbacktothecontrollerto
formthe,inaconfusewaycalled,error.Itisgiven
by:

e = r−y+Pmu=r−P(u+d)+Pmu−n(2)

= r−Pd+(Pm−P)u−n (3)

whereobviouslyiftherearenomodelingerrors,
Pm =P,andthereisnoexternaldisturbance,
d=0,normeasurementnoise,n=0,thefeedback
iszeroandthesystemoperatesinopen-loop.In
suchcase,theIMCcontrollerisjustdrivenbythe
referencesignal.Itisjustwhenuncertaintyin
anyoneofthepreviousformsappearsthatthe
feedbacksignalisdifferentfromzeroinorderto
informtheIMCcontrollerofit.

Wecanthinkofthissituationineventterms.
Theappearanceofuncertaintyislikesignalingan
eventthatforcestoclosetheloop. Wecanextend
thisrationaleandconsidertheneedtoclosethe
loopjustwhentheuncertaintyissignificant,say
itisabovesomethreshold. Thisiswhatletsto
proposetheevent-basedschemeshowninfigure
(2(b)).

1thesameappliesifweworkonasampled,discrete
time,controlsystem.
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(a)ConventionalInternalModelControlConfiguration
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Figure2:Conventionalandevent-basedInternal
ModelControlconfigurations

Inthisscheme,apartfromtheIMCcontroller,Q,
therestisconsideredtobepartoftheeventgener-
ator.Therefore,theeventgeneratorincludesthe
plantmodel,Pm,aswellasareplicaofthecon-
troller.Theotherunitoftheeventgeneratoristhe
samplingunit.Theaimofthisblockistomeasure
andtosendanerrorsampletothecontrollereach
timetheeventconditionissatisfied.Forthispur-
posetheSSODsamplingalgorithmintroducedin
[19]hasbeenconsidered.However,thekeyprop-
ertiesoftheevent-basedIMCaretobeindepen-
dentofthischoice.Accordingtothestandardal-
gorithm,theoutputiscomputedbasedontwopre-
definedparameters:aneventthreshold∆∈R+,
andtheinternalstateofthealgorithmj∈Z+.
Therefore,ife(t)istheinputtotheSSODblock,
itsoutputiscomputedaccordingtoes(t)=j∆.
Inthiswaytheeventsaretriggeredwhenconsec-
utivelevelsarecrossedbytheerrorsignal,which
meansthatthesampledsignalchangesitsvalue
totheupperorlowerquantizationlevelwhenthe
inputsignale(t)increasesordecreasesmorethan
∆.

Theclosed-loopresponseofanevent-basedcontrol
systemisdrivenbytheoccurrenceoftheevents.
Aslongasnoneweventisgenerated,theinput
totheIMCcontrollerQwillbekepttoitsactual
valuees(t)=j∆andthecontrolsystemwillop-
erateinopenloop.Fromtheexpression(3)ofthe
signalbeingsampled,itisthepresenceofanysort
ofuncertaintythatmaydrivethegenerationofan

event.Thebehaviorofthesystemcanthereforebe
assimilatedtoasequenceofopen-loopresponses
oftheformyj(s)=P(s)Q(s)j∆.Aspertheprop-
ertiesoftheIMCthiswillalwaysbeastableopen
loopaslongastheIMCcontrollerandtheplant
arestable.

3 Event-BasedControllersDesign

Inthissection,wepresentthedesignoftheevent-
basedIMCcontrollerstothetwobasiccontrol
loopsdefinedintheBSM1scenario.Forsuchpur-
pose,inwhatfollows,thedesignofthecontrollers
ispresentedfirstasusualcontinuoustimeIMC
controllers,followedbyitsimplementationunder
anevent-basedstrategy.

3.1 Internal ModelControllers

InthissectionthedesignoftheDOcontrollerfor
thefifthaeratedtank,DO5,aswellasforthe
nitrateonthesecondtank,NO2areconsidered.
Forcontrollerdesignpurposes,alinearmodelis
derivedfirstforeachoneoftheloops.Inorder
tofacilitatetheimplementationofthecontroller
aswellasminimiseimpactonplantoperationthe
requiredexperimentstoidentifythe modelsare
designedassimpleaspossible. Theexperiment
carriedoutistodrivethesystemtoasteadystate
situationandtoapplya10%stepchangeinthe
manipulatedvariables.Theresultingdataiscol-
lectedandusedforidentification.Thelinearpro-
cessmodelswereobtainedusingsubspaceidenti-
ficationtechniques.Thealgorithmemployedwas
N4SID[20],whichexhibitsrobustnumericalprop-
ertiesandrelativelylowcomputationalcomplex-
ity. AsusualwithintheProcesControlcom-
munity,wheneverpossible,thesemodelswillbe
reducedtotheusualFirst-Order-Plus-time-Delay
(FOPTD)orevenjustFirst-Order(FO)inorder
tofacilitatetheapplicationofsimplecontroller
tuningrules.HerethefollowingFirstOrdermodel
isobtainedfortherelationfromtheKLa5tothe
DO5:

PDO5(s)=
KDO5
TDO5s+1

=
0.0163

0.01s+1
(4)

AsacomplementtotheDO5controlonthelast
aeratedtank,theBenchmarkframeworkproposes
thecontrolofthenitrateonthesecondtank,NO2,
byusingtheinternalrecirculatingflow,Qrin.The
NO2controllerwillalsobetunedaccordingtothe
IMCapproachbutnowusingthecorresponding
identifiedmodel.Theprocedurefollowsthesame
linesastheonefortheDOcontrollerinthepre-
vioussectionandthemodelthatwillbeusedfor
controlis:
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PNO2(s)=
KNO2
TNO2s+1

=
7.914510−5

0.02s+1
(5)

Asitcanbeobserved,themodelshavebeenre-
ducedtothe minimumcomplexity. Nohigher
ordermodelsareneeded. Asasidebenefit,the
correspondingcontrollerswillalsobeverysimple
fromboththedesignpointofviewaswellasthe
implementationone.

ThedesignofthecorrespondingIMCcontrollers,
followstheusualprocedure.InIMCcontrol,if
P(s)denotestheprocess model,theIMCcon-
trollerQ(s)isexpressedas:

Q(s)=P(s)−1F(s)=P(s)−1
1

(λs+1)n
(6)

whereF(s)isthewellknownIMCfilter. Theλ
parameter,determinestheclosed-looptimecon-
stant. Thistimeconstantcanbeselectedon
thebasisoftheopen-looptimeconstant,T,as
λ=τcT,whereτcexpressesthespeedofresponse
oftheclosed-loopwithrespecttotheopen-loop.
Here,weselectthedesiredclosed-looptomecon-
stantastentimesfaster. Therefore,forboth
loops,τc=0.1. TheresultingIMCcontrollers
readas:

Qx(s)=Px(s)
−1Fx(s)=

(Txs+1)

Kx

1

(Txτcs+1)2

(7)

wherexstandsforDO5andNO2ineachcase.

Atthispointitisworthtonoticethat,eventhede-
signofthecontrollerispresentedwithintheIMC
framework,thepresentedcontrollersare,infact,
filteredPIcontrollers.Therefore,thesamekindof
controllawastheonesimplementedinthebench-
mark.

Effectively,thefeedbackcontrollerKx(s)associ-
atedtoQx(s)reads

Kx(s) =
Txs+1

Kx

1

λ2xs
2+2sλx

=
2Tx
Kλx

1+
1

Txs

1

λx/2s+1
(8)

ThisisaPIcontrollerwithparametersKp =
(2Tx/Kxλx),Ti=Txandfilteredwithalowpass
filterwithtimeconstantλx/2.Therefore,atthe
end,itcanbeseeneitherasaPIorasanIMC.

3.2 Event-basedimplementation

Fortheevent-basedimplementation,wejustneed
tospecifythesamplingtimeoftheeventgen-
eratorandtheprecisionintervalthatwilldeter-
minetheeventquantisation. Astheorderof
magnitudofbothloopsisthesame,thepreci-
sionintervalforeventdetectionhasbeenchosen
as∆DO5=∆NO2=∆=0.01.Also,thethesam-
plingtimeofforeventdetectionhasbeenfixed
to1min.Thismeansthataprocessmeasurement
willbetakeneveryminuteandtheevent-detection
willbeexecuted.Ifnoeventisdetectedthenno
signalwillbetransmittedtotheactuator.

Thesesettingsarisequitenaturallyfromthe
dynamicsoftheloopsunderconsideration. The
selectionoftheseparameterswilldeterminethe
trackfollowingcapabilitiesofthecorresponding
loop.Noticewhereasthecontrollersdefinedinthe
defaultcontrolstrategydooperateincontinuous
timeherethe manipulatedvariable movesare
drivenbythegenerationofthecorresponding
events.

Asamatterofcomparison,thePIcontrollerpa-
rametersthatwouldresultfromtranslatingthe
IMCdesignsintoitsPIformarecomparedwith
thePItuningspecifiedinthebenchmark. Ta-
ble(2)showsbothtunings.Itisobservedthat
theevent-basedimplementationallowshighercon-
trollergainsthataretraducedintobettertracking
andfasterdisturbanceattenuation.

Table2:PIcontrollertunings

Loop
Proposed Benchmark
Kp Ti Kp Ti

DO5 1.227 0.01 25 0.002
SNO2 25.2700 0.02 10.000 0.025

4 Simulationresults

Inthissection,wepresenttheapplicationofthe
designedevent-basedIMCcontroltothetwobasic
controlloopsdefinedintheBSM1scenario.The
motivationinshowingthisapplicationisalsoto
showthefactthatthedesignofthecontrollercan
beaddressedinacompleteindependentwayfrom
itsevent-basedimplementation.Thisisoneofthe
mainadvantagesofthismethodthatallowsthe
independent(re)adjustmentofbothpartsofthe
controlsystem.

Thetimeresponsesaswellasquantitativemetrics
thatshowtheperformanceoftheproposedcon-
trollersincomparisonwiththedefaultcontrollers
includedinthebenchmark. Here,justthetime
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responsescorrespondingtothedryinfluentpro-
fileareshown. However,intable(3),theperfor-
mancemetricscorrespondingtoallthreeinfluents
areshownandcomparedwiththeperformanceof
theoriginalbenchmarkdefaultcontroller.Itis
worthtohighlightthatintheliterature,theim-
provementinthesetwoloopsisusuallyaddressed
bytheuseofother,moreadvanced,controlap-
proachessuchas modelpredictivecontrol[21].
Hereweshowthatthereisstillroomforimprove-
mentifwhatisintroducedisnotachangeinthe
computationofthecontrollawitselfbutinitsim-
plementation.Hereasevent-drivencontrollers.

Aswiththeestablishedbenchmark,oneweekof
evolutionisconsidered.Figures(3)and(4)show
theevolutionoffifthtankdissolvedoxygenand
secondanoxictanknitratesconcentrationsalong
withthecorrespondingmanipulatedvariables.It
canbeseenthatthetrackingperformanceofthe
event-basedcontrollersissuperiortothatoneof
thePIcontrollersprovidedbythebenchmark.
ThebenefitsareremarkablybetterintheNO2
loop,where moreaccuratetrackingisachieved.
IntheDO5controlloop,quitehighprecisionis
alreadyachievedbythebenchmarkcontroller.In
thesolutionprovidedhere,inadditionwiththe
slighttrackingerrorreduction,thereisthefact
thatDOmeasuresareneededwithjustoneminute
sampling.Thispointwillallow,forexample,the
useofmodernsmartsensorswithwirelesscommu-
nicationcapabilitiesbyimposinglowerdatatrans-
missionneeds.

The mainimpactoftheevent-basedimplemen-
tationcanbeseeninthemanipulatedvariables.
Whereasforthedissolvedoxygencontrolloop,the
controlsignalfollowsaverysimilarpattern(with
veryslightdifferences),theinternalrecirculation
flowratehashigherbandwidthasthe major
responsibleforthetrackingimprovement.

Figures(5)and(6)showamoredetailedviewof
theoperationofbothloopsduringday8th.Asex-
pected,thenumberofeventsismuchmoredense
whenthedisturbanceentersintoeffectandthe
controlledvariableisdrivenawayfromtherefer-
encevalue.Inbothcases,itcanbeappreciated
thatwhenthecontrolledvariablesuffershighde-
viationfromthereferencevalue,anhighernum-
berofeventsaregeneratedthatcorrespondsto
amorecontinuouscontrolaction(alwayswithin
theestablishedsampletimes)thatisslightlyan-
ticipatedwithrespecttothebenchmarkone.

A morequantitativeperformancecomparisonis
shownintable(3)wherethemetricsprovidedby
theBSM1scenarioareemployed.Performanceat
bothcontrolloopandplantlevelareused.Effec-

tivelythetrackingperformanceofbothloopsis
clearlysuperiorinabsoluteandaggregatedterms.
However,itis wellknownthatsometimes,to
achievethisincrementintrackingperformanceat
looplevel,hassmallrepercussionsatplantlevel
oreventitmayincreasetheoverallcostsatthe
expensesofnotimprovingtheplanttreatment
efficiency.Inthiscase,theproposedcontrollers
achieveanondespreciableimprovementonthe
planttreatmentcapacityattheexpensesofprac-
ticallythesameoverallcost.Clearly,theaverage
ofeffluentnutrientconcentrationsaswellasefflu-
entlimitviolationsareslightlyimproved.

Figure3: SO5 controlloopperformanceand
KLa5manipulatedvariable

Figure4: SNO2controlloopperformanceand
Qintrmanipulatedvariable

5 Conclusions

Thispaperhasanalysedtheapplicationofthe
event-basedstrategyforthecontrolofthetwo
basicloopsinwastewatertreatmentplants.the
event-basedcontrollersaredefinedintermsofthe
IMCcontrolformulation. Thisformulationpro-
videsthenicefeatureofallowingtoselecttheba-
siccontrollerswithouttheneedtothinkintothe
event-basedstrategies.Asasecondstep,thecon-
trollerisimplementedintotheevent-basedformu-
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Table3:BenchmarkDefaultControl(DC)andEvent-Based(EB)controlcomparison.

Dry Rain Storm
DC EB DC EB DC EB
NO2loop

IAE(gN/m3d) 1.25 0.26 1.57 0.40 1.52 0.40
ISE(gN/m3)2d 0.47 0.02 0.70 0.06 0.70 0.07
MaxdeviationgN/m3 0.86 0.22 0.90 0.52 1.0 0.60

DO5loop
IAEg(−COD)/m3d 0.25 0.14 0.21 0.12 0.24 0.13
ISE(g(−COD)/m3)2d 0.02 0.005 0.02 0.003 0.02 0.005
Maxdeviationg(−COD)/m3 0.26 0.11 0.24 0.1 0.26 0.11

Effluentaverageconcentrations
SNH(limit=4gN/m3) 2.53 2.45 3.21 3.35 3.05 3.07
TSS(limit=30gSS/m3) 13,0 13.0 16.17 16.09 15.27 15.28
TotalN(limit=18gN/l) 16,89 16.74 14.71 14.65 15.83 15.70
TotalCOD(limit=100gCOD/m3) 48,22 48.21 45.43 45.32 47.65 47.66
BOD5(limit=10g/m3) 2,75 2.75 3.45 3.45 3.20 3.20

Quality/Costvariables
EQI(kgpoll.units/day) 6115,63 6058.26 8174.98 8216.17 7211.48 7190.45
OCI 16381,93 16382.24 15984.5 16035.06 17253.75 17250.39

Effluentviolations
95%percentileofef.SNH(gN/m3) 7.36 7.02 8.03 8.0 7.76 7.62
95%percentileofef.total(gN/m3) 15.77 15.73 19.07 18.6 20.03 19.61
95%percentileofef.TSS(gCOD/m3) 20.18 19.70 21.70 21.6 20.78 20.76

Figure5: SO5 controlloopperformanceand
KLa5foronedayshowingeventgeneration

lationwithoutneedforanyotherchange.

Theevent-basedapproachhasbeencompared
withthedefaultcontrollersprovidedinthebench-
markthatareimplementedascontinuousPIcon-
trollers.Ithasbeenseenthattheevent-based
approachoutperformsthecontinuousonebothat
looplevelandatoveralloperationallevel.

Astheproblemtackledinthispaperis,basically,
aregulationproblemwherethecontrollerstaskis
basicallytoattenuatetheeffectofinfluentload
inputdisturbances,itwouldalsobeinterestingto
studytheuseofothersolutionsratherthanthe

Figure6: SNO2controlloopperformanceand
Qintrforonedayshowingeventgeneration

usualIMCapproachthatusmoreaimedatset-
pointfollowing.Tothisend,thedirect-synthesis
approachforloaddisturbancewillresultpromis-
ingasitalsosharesthesamedesignprinciplesas
theIMCcontroller.
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radorasdeaguasresiduales: Modeladoysimu-
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Inforḿaticaindustrial,vol.14,no.3,pp.217–233,
2017.

[3]J.ZengandJ.Liu,“Economic modelpredic-
tivecontrolofwastewatertreatmentprocesses,”
Industrial & Engineering Chemistry Research,
vol.54,no.21,pp.5710–5721,2015.

[4]I.Santin,M.Barbu,C.Pedret,andR.Vilanova,
“Controlstrategiesfornitrousoxideemissionsre-
ductiononwastewatertreatmentplantsopera-
tion,”WaterResearch,vol.125,pp.466–477,
2017.

[5]C. Vlad, M.Sbarciog, M. Barbu,and A. V.
Wouwer,“Indirectcontrolofsubstrateconcen-
trationforawastewatertreatmentprocessbydis-
solvedoxygentracking,”ControlEng.Appl.Info,
vol.14,pp.38–47,2012.

[6] D.Vrecko,N.Hvala,and M.Strazar,“Theap-
plicationofmodelpredictivecontrolofammonia
nitrogeninanactivatedsludgeprocess,”Water
ScienceandTechnology,vol.64,no.5,pp.1115–
1121,2011.

[7] A.Capodaglio,A.Callegari,andD. Molognoni,
“Online monitoringofpriorityanddangerous
pollutantsinnaturalandurbanwaters:Astate-
of-the-artreview,”Manag.Env.Quality:Int.J,
vol.27,p.507?536,2017.

[8]P.IngildsenandH. Wendelboe,“Improvednutri-
entremovalusinginsitucontinuouson-linesen-
sorswithshortresponsetime,”Wat.Sci.Tech-
nol,vol.48,p.95?102,2013.

[9]J.Alex,L.Benedetti,J.Copp,K.V.Gernaey,
U.Jeppsson,I. Nopens, N. Pons, L. Rieger,
C. Rosen,J.P.Steyer, P. Vanrolleghem,and
S. Winkler,“BenchmarkSimulation Modelno.
1(BSM1),”DepartmentofIndustrialElectrical
EngineeringandAutomation,LundUniversity,
Tech.Rep.,2008.

[10] X. Du,J. Wang, V.Jegatheesan,and G.Shi,
“Dissolvedoxygencontrolinactivatedsludge
processusinganeuralnetwork-basedadaptive
pidalgorithm,”AppliedSciences,vol.8,no.2,
p.261,2018.

[11] H.-g.Han,L.Zhang,andJ.-f.Qiao,“Data-based
predictivecontrolforwastewatertreatmentpro-
cess,”IEEEAccess,vol.6,pp.1498–1512,2018.

[12] A. Pawlowski, J. Mendoza, J. Guzḿan,
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