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Abstract— This paper explores a new nonlinear control
algorithm for variable speed centrifugal pumps at
water/wastewater pump stations that leads to specific energy
savings over the conventional linear one. The algorithm is useful
for facilities where pump speed is a linear function of liquid level
in order to transport fluid and smooth inflow peaks. A non-
linearity in the form of a quadratic term is added to the
conventional linear one in order to produce efficiency gains, with
a single parameter, curvature, varied to optimize energy savings.
Results obtained by implementing the new algorithm on a pilot-
scale pump station show significant energy savings for fixed
pump flow, with a parabolic correlation of specific energy
savings versus curvature of the nonlinear quadratic determined.
In addition, the cost of implementing this algorithm is minimal to
none, so the work presented has major industrial potential.
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I. INTRODUCTIONO

Growing@wareness@fGssues@uchC@sQustainable@nergy©
use@nd@nergyCfficiencyChave@romptednterestGnCenergy©
saving@researchCinCvariousCindustrialCpplications,Cincluding©
pumping© systems.© Particularly,© Goldstein and Smith©
[1]@eportedCthatCnearlyC4%CofCUnitedCStatesCelectricityCis©
consumed@yGvastewater@reatment@lants@nd@lmost@B0% DO
the@lectricity@n@heQvastewater@reatment@rocessQs@sedDy©
pumps.CBasedConCtheClargeCproportionCofCenergyCusedCfor©
pumping,@nd@he@ast@umber®fGvastewater@lants@cross@he©
country,Qust@@mall@eduction@n@nergy@se@an@ead@o@arge©
savings.@Here,Gve@eport@ew@ontrol@lgorithmCorGump©
pumping@ystems,Jor@xample@n@vastewater@reatment@lants©
that@esultsGn@Qip@oCACsG@avings@ompared@o@heQurrently©
used@ontrol@lgorithms.©

In@eneral @avings@n@ump@nergy@an@®e@chieved@n@wo©
mainOways.©0neOisObyCdesigningOmoreCefficientOpumps.©
Another,&discussedCandCpresentedChere,CisCimprovingCpump©
performance@vith@ffective@ontrol@trategies.CI' he@atter@ften©
times@nvolves@mploying@peed@ontrol@f@entrifugal Qumps©
with@requency@egulated®y ariableSpeed®Drives@VFD) By©
regulating@ump@peedQ@ccording@o@rocess@arameters@uch©
asCtank©Clevel, ©pumpOpowerCcanCbeCreducedCsignificantly©
comparedCtoCronstant-speedCcontrol. GCHowever,CtheCprecise©
speedCcontrol@algorithm©canCresultCinCadditionalCsavings. @
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Roughly,GhereCreGwoCalgorithmicCapproaches.@DneCisCo©
attempt@o@naintain@peed@tGhe@est-efficiency@oint@fGhe©
pump.CBakman, Geverkov and Vodovozov [2]CdiscussedCa©
method©forOsingle©and©Omulti-pump©Opredictive©controlOto©
maintainCoperationCinCtheCbest-efficiencyCregion.Clang and
Zhang [3]@onsidered@@nodel@redictive@ontrol@pproach@o©
improve@perational@fficiency@ncorporating@ariables@uch@s©
TOU@ariff@ndGvater@emand.Zhang,Zhen@ndCKusiak [4]©
developedCaCschedulingCmodelCtoCgenerateCenergyCoptimal©
operational©schedules©OforOwastewaterOpump©Osystems.©As©
discussedCin€[2-4],EmostCofCtheCpumpCrontrolCresearchChas©
focusedConCpredictiveCrontrolCstrategies,CwithCemphasisCon©
schedulingCvariableCspeedCrentrifugal pumpCrunsChasedCon©
modelling@f@uture@nlet@ow@ates. @Vhile@hese@ethods@iave©
potential@o@ring@bout@fficiency@ains@nd®detter@peration,©
they@re@ften@ostly@nd@equire@arge@nvestments@n@xisting©
pump©control©systems.©OTherefore,©a©simpler©Omore©cost-
effectiveCrontrolCstrategyCthatCresultsCinCenergyCsavingsCis©
highly@esirable.@
Wastewater@reatment@lants@sGvellQs@ther@pplications©
usually@ave@n@nput@umpdor@ollecting@nletFlows.@&Since©
the@nletGlowsQrehighlyGrariable,Gt@s@ssential @oChave@n©
effective@ontrolGtrategy@hatGwillGdjust@utflow.F orGump©
stationsGhatCemployCrentrifugalCoutflowCpumpsCnCrariable©
speed@lrives,@wo@ypes@fControlGtrategies@xist.Qonstant©
sump@levelOcontrol,CaOform©ofOclosedCloopOProportional-
Integral(PI)CrontrolCwhereCpumpCfrequencyCisCadjustedCto©
maintain@he@ank@evel@t@@esired@et@oint,ds@ne@nethod.©
VariableClevelCrontrol,CaCsoftCrontrolCstrategy©OwhereCpump©
frequency@s@@inear@roportionalFunction@fFumpQevel Qs©
the@econd@nethod,@nddas@he@dvantage@f@moothingdarge©
inflow@eaks@ompared@o@onstant@evel@ontrol. dnGhe@atter©
strategy,GpumpCspeedCincreasesCasCinletCflowCincreasesCand©
level@ises,Gvith@oGctual@evelBet@oint@ndCrrorGrariable,©
untilCaCnewCequilibrium©levelCisCachieved. GCAllCreported©
algorithms© for© speed-level© control© show© pump© speed©
increasingClinearlyGwithClevel CCInCthisCpaper,CaCnonlinear,©
quadratic@erm@@dded@oGhe@peed@ersusdeveldunction@nd©
is© explored© experimentally© to© show© lower© energy© use©
comparedCtoCtheClinear-onlyCfunction.CParticularly,CusingCa©
quadraticCnegative-curvatureCfunction,CaC4CCreductionCin©
energy@sCfoundor@@articular@urvature.@WhileGhe@xact©
curvature© for© a© particular© sump© pumping© system© that©



minimizes@nergy@mnayQlepend@pon@he@particularGumping©
system,@ve@emonstrate@ere@hat@dding@he@uadratic@ntoGhe©
algorithm©can©result©inOsignificantOenergy©Osavings,©and©
potentially© reduce© overall© United© States© electricity©
consumption@n@he@rder@f@@enth@f@@ercent.©

II. THEORYO

A. Background on Pumping

Over@he@astC 0-15Gears,@herethasdeen@@arge@ncrease©
in@heGrumber@fGnunicipalities@daptingGrariabledfrequency©
drives@VFDs)@o@heir@umpGtations.CAdvantages@fGrariable©
speed@peration@nclude@he@otential®f@ecreased@nergy@se,©
more@lexibility@nd@he@bility@oGoftStart@ump@notorsGo©
extend@ifetime.@Vhile@ot@lI@ump@tations@re@ecessarily@it©
for@ariable@peed@peration,@articularly@hose@vho@re@olely©
liftGtationsGvithChighGtatichead,@GnanyCccrue@onsiderable©
benefitdrom@nstalling@doptingGhese@rives. & nergy@avings©
for@entrifugalumps@nGariable@rives@re@@irect@esult@fO
theCpumpCaffinityClaws.CEquationsC( 1 )Cand€(2)CshowsCthe©
relationships@®etween@ump@peedN;@nd@N,»,@ischarge@low©
Q:1@nd@Q,,@nd@ump@ower@onsumption®;@and@,».©
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Based@n@he@ffinity@aws,Qust@@mall@eduction@n@ump©
speed@an@esult@n@@Gnuch@arger@eduction@n@umpGower©
consumption.© However,© for© municipalities© determining©
whether©Oto©incorporate©variableOspeed©operation,Osimply©
looking@tGowerCGonsumptionQloesGotGhowGheComplete©
picture@egarding@nergy@avings@nd@otential@ayback.CThe©
most@isefulGrariable,Gnd@ne@hatGvillbe@eferred@o@n@his©
paper,@@pecific@nergySEGvritten@s:©
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where@@Ehe@nit@nergy@nd ¥V @sEhe@nit®olume.SpecificO
energy@kes@to@ccount@he@mount@fdischarge@ow@or@0
unit@f@nergy@onsumed,@nd@herefore@erves@s@he@referred©
statistic@or@omparing@nergy@®@avings@or@ifferent@ontrol©
algorithms@n@@iven@umping®@ystem. FigureQ@@romXylem©
Corporation@5|Ghows@n@xample@fEhree@ifferent®ystem©
curves@perated®y@®ingle@ump.Since@heGtatic@nd©
dynamic@ead@omponents@re@ifferent@or@ach@ystem,&he©
specific@nergy@urves@hown@n@igureQ@re@ramatically©
different. @
@@n@etrospect,§3@rings@he@nost®enefit@@ncorporating©
variable@peed@peration,®ince@he®@ystem@urve@oughly©
follows@he@ath@f&heGsoefficiencydines.&his@articular©
aspect@fEhe@ystem@s@mportant@n@eveloping®@ump@ontrol©
algorithms@hat®ring@bout@fficiency@ains. @ ften@imes,Ehere©
is@n@ptimum@peed@hat@inimizes@pecific@nergy,@nd©
operating@s@lose@s@hysically@ossible@o@he@oint&hould®e©
the@ocus@f@@articular@lgorithm. @
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Fig.@. @n@rbitrary@ump@ystem@vithGhree@ystem@urves,§1,82@ndS3.©
Isoeffieincydines@re@lotted@sG@vell. @ dapted from ‘Variable®@peed©
wastewater pumping”, 2013, White Paper,3.©

Specific energy

’_1|,\e;|f:; anargy tkwh/m*)
c

o 1o 20 30 40 50 &0
Frequency (Hz)

Fig.@ @pecific@nergy@s@@unction®f@requency@or€he@ystem@urves@rom©
Figure@.@dapted from ‘Variable speed wastewater pumping”, 2013, White
Paper,@.©
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B. Variable Level Control

ForCpumpCstationsCemployingCtheCtechniqueCknownCas©
variable@evel@ontrol, @ump@peed@s@@unction® fGump@evel©
where@he@peed@ncreases@roportionally@vith@evel @he@ump©
speedOwillOfluctuate©OwithOtank©levelOuntil©aOtemporary©
equilibrium@oint@@eached@vhere@he@nlet@low@natches@he©
outlet@lowdrom@he@ump.CT hus@ar,@nlyClgorithmsGvhere©
speedCvariesClinearlyGwvithCevelChaveCbeenCinCuse,Chowever©
exploring©adding©aCnonlinearityOcan©potentiallyOresultOin©
specific@nergy@eductionsCfor@umpQystems.EspeciallyCfor©
systems@ike@33An@ igure@,@tAs@ossible@hat@leveloping@n©
algorithmCthatCGresultsCin€aChigherCaverageCsumpClevel,Cand©
lower@verage@ump@peedFor@@iven@perationalPeriod@an©
bring@bout@fficiency@ains. @

Compared@o@n@lgorithm@vhere@umpB@peedAs@Qinear©
functional@elationship@fGumpQevel Curved,&oncaveQip©
relationship@ne@nay@esult@n@@eduction@n@pecific@nergy©
due@o@perationGatCahigherCverageGumplevelGndCower©
average@ump@peed. @igureG@howsdhow@Potential@oncave©



upCrontrolCfunctionCcomparesCtoCaClinearConeCGwhereCpump©
speed@@Qunction@fdevel.©
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Fig. 8. @ump@peed@s@dunction@fSumpdeveldordinear@d@oncave@p©
control@elationships.©
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Experimentally,@he@urvature@f@he@uadratic@erm@an®e©
alteredGoCfindCanCptimumCne. A fGheCrurvatureCreachesC©
certainCvalue,CitCisCpossibleCtheCpumpCspeedCwillCactually©
increase@o@n@xcessivelyhighGraluedor@@rolongedPeriod©
due@o@he@ower@nitial@eaction@o@ncreasing@ump@evelFrom©
anCinletCflowCspike.CTheCexactCoptimumCeurvatureCcanCbe©
determined@or@@articular@ump@ystem@Dy@xperimentation.©
It&hould@lso®e@otedGhat@fGuch@@ontrol@nethodGvereG@o©
result@n@avings,@he@xact@lgorithm@ould@eGrogrammed©
directly@nto@n@xistingGrariable@evel@ontrol@rogramGwith©
minimal@mplementation@ost@ue@@Gts®@implicity. @

III. EXPERIMENTALSETUPO

© Testing©ofOthe©proposedOcontrol©algorithm©was©done©
experimentally©on©aOpilotOscaleOpumpOstation.©DataOwas©
collectedCandCanalyzedCtoCdetermineCifiCthereCwereCspecific©
energy@eductions.CI he@xact@nethods@sed@or@eveloping@Ghe©
nonlinear@ontrol@Ilgorithms@re@ighlighted@n@his@ection.©

A. Description of Pilot Scale Design

A@ilotGcale@umpGStation@@esigned@or@xperimenting©
with@ifferent@lgorithms. @ Xylem@.75HP@entrifugal @ump©
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IHP@ECO-Westinghouse@ ariableSpeedDrive@VFD),©
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Programmable@.ogic@ontroller@LC).@Vater@@umped@ver©
a@otal@istance@fA0Feet@rom@he@ump@ @A §9diter@500
gallon)@nk@hat@s@ocated®.5@et@bove@roundd@evel,Gvhich©
comprises@he@tatichead@n@he@ystem.@

Fittings@@he@ipe®ystem@nclude@@ull-bore@anual®all©
valve,@8wing@heck@alve,@@lobe®@alve@n@he@ischarge©
side@sed@or@ntroducing@rictional@esistance@nto@he®@ystem,©

as@vell@s@everal®0-degree@bows.@n@ntegral@low@neter@sO
also@ocated@n@he@ischarge®ide,@vhich@ecords@he@otaldlow©
produced®@y@e@ump@or@@iven@xperimental@ycle. @

A®imulated@ump/system@urve@vas@reated@sing@FTO
Fathom,@Gteady-state@luid@nechanicsSoftware@sed@or©
modelling@icompressible@ow.@he@urve@@eveloped@vith©
the pump manufacture’s data and interpolation at variable
speeds,@vith@he@ystem@urve@reatedFor@Sump@nkdevel @ fO
58@entimeters@20@nches). Based@n@he@fficiency@urves,GO
is@ound@hat@l1@perating@oints@romB0-60@1zQieGvithin&©O
10%@fEhe@B@est@fficiency@ointBEP)@t@@iven®peed. @ his©
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on-off@alves,@s@vell@s@@roportional@nalog@ontrol@alve©
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Fig. 3.€a)@ he@ilot@cale@u@tation@/hich@he@l goriths@re@sted@pon@
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process@arameters,@ncluding@ump@ontrol@lgorithms@nd©
sump@nlet@low@ate. @rocess@ata@as@ollected@ia@erial©
communication@nd@ent@@Puman@lachine@nterface@HMI)©
for@iewing@nd@nalysis. Qump@ower@onsumption@vas©
recorded@hrough@®lug@oaddogger@t@n@nterval @f@ne©
second@nd@@lso@ollected®@ia@ata@ollectionSoftware. G\ tO
the@nd@f@very@ow@ycle,Ghe@ump@nkd@evel@@cturned@©
a@redetermined@alue,@nd@he@ext@ycle@ommences.©

B. Proposed Algorithm

The@onlinear@peed@ersusdevel@ontrol@lgorithm©
experimented@ith@@@Quadratic@unction@hat@@oncave@p©
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and@hen@dding@hem@@hedinear@ontrol@unction.@he©
defining@haracteristic@f@ach@uadratic,@vhich@s@he©
curvature,@s@efined@s@e@ @alue,@vhich@sdisted@s©
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The@alues® Q. 1@nd@.2@an®e@hosen®ased@n@he©
physical@onstraints@f@ny@iven@etup. @ or@he@urpose@f&his©
experiment,@hey@re@hosen@s@7.9@m@!1 1@nches)@nd@8.30
cm@I19@nches)@espectively. ¥ or@@alues@reater@han@,Ghere©
exist@oints@here@he@erivative@fEhe@urve@s@egative@nd©
the@peed@ctually@ecreases@vith@ncreasing@evel @hese©
points@re@ejected,@nd@he@ast&nown@alue@vith@@on-
negative@erivative@@eld@ndefinitely. Since@he@evel©
endpoint@.1G@5Q7.9@m,@f¢hedeveldalls@elowGhis@alue,&he©
calculated@ump@peed@vill®e@eld@ndefinitely@vith@o©
further@ecrease@n@®@peed No@umpSpeed@alues@ess@han©
27.5Hz@re@onsidered@n@he@xperiment;@nGvastewater@lants,©
a@inimum@peed@@enerally@stablished@@rotect@gainst©
clogging@rom@olid@naterials@n@e@ump.©

The@lgorithm@tsel f@s@reated@ndGhen@mplemented@sing©
PLC@adder@ogic@rogramming,&here@hediquiddevel©
measurement@Ehe@nput@nd@he@umpGpeed@s@he@utput.©
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level@ndpoints,@.1@nd@.2,@nd@hoosing@n@@alue@hat©
maximizes@he®ystem@fficiency®ased@n@he@haracteristics©
of@he@ndividual@umping®@ystem.Essentially,Ehe@alue@fAO
can®@e@ned@n@rder@@naximize@ystem@fficiency.Since©
there@s@o@ctual@evel@et-point,&here@@o@rror@nput@@he©
algorithm@nd@herefore@o@dditional@esign@arameters@re©
considered. @
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C. Test Flow Regime

The@xperiments@onsist@f@@est@low@egime@ver@O
period®fd800&econds,@vhere@he@nlet@ ow@ Ehe@umpGsO
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is@peated@or@ach@est@ycle. Higure®@Shows@ow@ata©
collected@uring®@ne@f&he@ycles@GhowGvhat@he@ow©
regime@ooks@ike@ver@n@800@econd@eriod Noise@ooking©
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analog@ontrol@alve. @
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IV. RESULTSO

@5 achCpumpCrunCofCaCsingleCrurvatureCronsistedCofiCthree©
cycles,Gwvhere@he@ank@QevelsGvereGeset@oCaGpredetermined©
value@®etween@ycles. Figure@hows@Ghe@pecific@nergy@se©
of@ach@articular@urvature, denoted by “A” value, with A=0
representing@he@inear@nly@elationship.©
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TABLE@ .@xperimental SEQ/alues@nd©c@avings©
A Value
Par 0 25 5.0 73 100 125 150
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The©specificOenergy©Oroughly©follows©a©second©order©
parabolic@elationship@vith@@ninimum@t@A=7.5.@Jsing@n@ O
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Fig.@0.€a)®@umpSpeed,€b)Sump@evel@nd@c)dnlet@low® ate@ollected©
over@he@ycle@me®@fd800Seconds@or@ach@urvature@alue. Each@ine©
represents@he@verage@fChree@est@ycles@t@hat@articular@nstance.©



©

It@s@pparent@rom@he@peed@ersus@me@esults@hat@s@he©
ACvalueCincreases,CtheCabsoluteCmaximumCrecordedCspeed©
increases.Plowever,Jor@ @alues@reater@han@.5,&he@uration©
of@peration@thigh@peeds@ncreases@ubstantially & or@A=15,0
whenCflowCrateCreachesConeCofCitsCfourCpeaks,CtheCspeed©
increases@@bove@0HzEor@@otal®fd78Geconds@n@verage,©
substantially@nore@han@he@3@econdsdorCA=7.5.Based@n©
the@ffinity@aws,@ince@ump@ower@ncreases@ubicallyGvith©
speed,Ghe@nergy@ise@ncereases@rastically@uring®eriods@fO
high@low@ue@o@he@ump@perating@t@eallydhigh@peeds@or©
an@xtended@uration. AtGhe@ninimum@pecific@nergyGralue©
ofA=7.5,Gvhile@he@bsolute@naximum@peedd5 1.9 z)Cvas©
higher@han@hat@or@A=0@49.9@ z),Ghe@uration@f®peration©
atCtheCmaximumCspeedCwasCcomparativelyCsmall,CandCthe©
reducedGpeedCluringGimesCoflowerCinletCflowCresultedGin©
significantCspecificCenergyCsavingsCcomparedCtoCtheClinear©
control.€The@otal@perational@imeCQtSpeeds@fGreater@han©
45HzG8vasQ48B@econds@orCA=0,d 96@econds@orCA=7.5,@ndO
313@econds@or@=15.I'he@ame@rends@an@®e@een@n@igure©
11,@vhere@ctive@ower@onsumption@s@onitored@ver@me.@
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Fig.@1.@ctive®@ower@lotteddor@inear@nd@urvature@alues@fd.5@nd@50
©

While@ctive@ower@onsumption@or@=15@emains@ess©
than@hat@fA=7.5@nd@A=0For@ore@han@0%@f¢he@ycle©
duration,@he@ower@eaches@alues@@xcess@fS00GV@uring®©
the@nflow@eaks,@vhich@ctually@onsumes@nough@@nd@p©
with@ore@nergy@rawn@uring@he@vhole@ycle@ompared@©
the@=0@lgorithm.@or@=7.5,Ghe@eak@ower@ctually@s@nly©
slightly@ore@han€hat@fA=0@nd@ntegrated@ver@eGvhole©
1800@econds@nd@ivided®y@otalFlow@roduced,deads@ @O

©

substantially@ower@pecific@nergy@ompared@@he@=0,6nO
the@rder@®f@%@ess.@

©
TABLE@I .@xperimental®@rocess@arameter&alues©
A Value
Parameter® 0 2.5 5.0 7.5 | 100 | 125 15.0
Ave. Tank | 327320| 33730 31%)@ 31?@1 38£@ 30980 | 41.240
Level (cm) o.(z©3© i@)gg@ 0.040| 0.130| 0.050 i@’g@ iO'g@
© © ©
Avs. In. Flow | 24190 | 24.180 | 24.050| 23.950 23.770| 23650 | 23.480
Rate £0.070 | 10.020 | £0.030 £0.010| £0.010| +£0.050| +0.040
(Ipm) © © © © © © ©
Avg. Pump | 38360 38120 37.78 | 3726 | 3641 | 36.790| 36830
Speed 10060 | +0.090 | £0.040 £0.070| £0.060 +0.070| +0.090
(Hz) © © © © © © ©
M“S’";“‘im" ig'ggg 49.600 | 5020 | 51.90 | 53.80 | 57.57©| 60.000
P : £0.100 | £0.050| £0.080| £0.070| +0.080 | +0.100
(HZ)O ©
Total Pumped | 0.81216| 0.8070 | 0.8016| 0.794 | 07876 0.7780 | 0.76930
Flow +© +O +© +O +© +© +O
(m3/eyele) | 0.00060] 0.0030 | 0.001€] 0.001€ 0.0016| 0.00060| 0.0020
© © © ©

V. CONCLUSIONO

This©Opaper©hasCexamined©an©Oenergy©efficientOcontrol©
algorithm@or@umpGtations@askedSvith@ontrolled@ump@evel,©
and@as@resented@xperimental@esults@howing@pecific@nergy©
reduction@n@xcess@fel%@omparedGvith@onventional,dinear©
variabledevel@ontrol. @V hileGhe@xact@mount@f@avingsGvillO
depend@n@pecificumpGtation@arameters,Ghe@xperimental©
dataCshowsCthatCthereCisCsavingsCfromCvaryingCpumpCspeed©
nonlinearly@vith@evel @nd@hat@here@@n@ptimum@oncave@pO
curve@hat@roduces@he@ost@duction@n@pecific@nergy. @
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