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Quantumparticleswarmoptimizationformicro-gridsystemwith
considerationofconsumersatisfactionandbenefitofgenerationside①

LUXiaojuan,CAOKai,GAOYunbo
(SchoolofAutomationandElectricalEngineering,LanzhouJiaotongUniversity,Lanzhou730070,China)

Abstract:Consideringcomprehensivebenefitofmicro-gridsystemandconsumers,weestablishamathematicalmodelwiththe
goalofthemaximumconsumersatisfactionandthemaximumbenefitofpowergenerationsideintheviewofenergy
management.Animprovedmulti-objectivelocalmutationadaptivequantumparticleswarmoptimization(MO-LM-AQPSO)
algorithmisadoptedtoobtaintheParetofrontierofconsumersatisfactionandthebenefitofpowergenerationside.Theoptimal
solutionofthenon-dominantsolutionisselectedwithintroducingthepowershortageandpowerlosstomaximizethebenefitof
powergenerationside,anditsreasonablenessisverifiedbynumericalsimulation.Then,translationalloadandtime-of-use
electricitypriceincentivemechanismareconsideredandreasonablepeak-valleypriceratioisadoptedtoguideuserstoactively
participateindemandresponse.Thesimulationresultsshowthatthereasonableincentivemechanismincreasesthebenefitof
powergenerationsideandimprovestheconsumersatisfaction.Alsothemechanismmaximizestheutilizationofrenewable
energyandeffectivelyreducestheoperationcostofthebattery.
Keywords:micro-gridsystem;consumersatisfaction;benefitofpowergenerationside;time-of-useelectricityprice;multi-

objectivelocalmutationadaptivequantumparticleswarmoptimization(MO-LM-AQPSO)

0 Introduction
 Atpresent,therehavebeenmuchresearchon
micro-gridoptimization.Asfortheoperationof
micro-grid system,thelinear costfunction of
renewableenergyinthepowergenerationsideand
thequadraticcostfunctionofconventionalenergyin
thepowergenerationsidewereproposed,andday-
aheadschedulingstrategyisadoptedtominimizethe
generationcost[1].Fromtheperspectiveofenergy
storage,aneconomicanalysiswasperformedonthe
batterystoragesystem ofthe micro-gridsystem
underdifferentconfigurations[2].Forthesafetyand
stabilityofmicro-gridsystem,themeshadaptive
directsearch (MADS)algorithm was used to
minimizethecostfunctionofthesystem while
constrainingittomeettheconsumerdemandand
safetyofthesystem[3].Inordertoensurethe
economyandstabilityofthesystem,anenergy
managementmethodbasedontheminimumservice
cost and energy storage state balance was
proposed[4].Andaneconomicoperationoptimization
methodof micro-gridsystem based on scenario

decomposition and scenario strategy aggregation
mechanismwassubmitted[5].Inthisliterature,the
operationcostandenvironmentalcostofthemicro-
gridsystemwereoptimizedandanalyzedbyimproved
geneticalgorithm[6].Basedontheobjectivefunction
of micro-power supply output and micro-grid
operationcostminimization,theoptimizationmodel
ofmicro-gridsystemwasestablishedtodeterminethe
output of each subsystem[7]. However, in
Refs.[5-7],onlytheeconomyofmicro-gridsystem
isconsideredwhiletheusersidewasnotanalyzed.
Anoptimaldispatchingmethodformicro-gridsystem
consideringtranslationalload wasproposed.The
translationalloadmodelwasestablishedconsidering
translationalload units with different electrical
characteristics,andtheloadtranslationalsolution
strategywasproposed[8].Ahybridgeneticalgorithm
basedonmatrixrealnumberandintegers0and1was
presentedin Ref.[9].Byformulatingreasonable
charging and discharging strategies for electric
vehicles,theelectricbillofconsumerscanbereduced
andthegoalofpeak-cuttingandvalley-fillingcanbe
achieved[10-11]. However, the researchers only
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considerthemaximizationoftheeconomicbenefitsof
theconsumerswhiledonotconsidertheimpactof
translationalloadontheconsumersatisfactionin
Refs.[8-11].
 Animprovedparticleswarmoptimization(PSO)
algorithmwasadoptedtostudydynamiceconomic
schedulingofmicro-grid,buttheproblemssuchas
premature convergence were not completely
avoided[12].ChaosgreyWolfalgorithmwasadopted
tooptimizethemicro-gridfromtheperspectiveof
economicscheduling,whichimprovedtheglobal
searchability[13].NSGA-Ⅱoptimizationalgorithm
wasadoptedtooptimizethemicro-gridoperation
economyandloadsatisfaction[14].However,itis
easy to fall into the local optimal trap in
Refs.[13-14].Insomelitueatures multi-objective
problems are transformed into single-objective
problemstobesolved[15-16],buttherationalityand
effectivenessofweightsettingweredifficult.The
layeredcontrolstrategywasadoptedtomeetthe
powerdemandandcompletetheoptimizedoperation
ofthe micro-grid system[17],but the stepped
electricitypriceunderthetime-of-useelectricityprice
wasnotconsidered.Inthisliterature,thegeneration
costwasanalyzedfromthesystemlevelofthemicro-
gridconsideringthetime-of-useelectricity price

mechanism[18],butitdidnotconductspecificanalysis
andresearchontheoperationcostincombination
withthemicro-source.
 Inourstudy,themulti-objectivelocalvariation-
adaptivequantumswarmoptimizationalgorithmis
improvedbasedonthecomprehensiveconsideration
of benefit of power generation and consumer
satisfaction,anditsParetooptimalboundaryis
obtained.Thetranslationalloadandtime-of-use
electricitypriceincentivemechanismareproposed,
andthedetailedresearchandanalysisarecarriedout
incombinationwithspecificmicro-sources.

1 Structureofmicro-gridsystem
 Thestructureofmicro-gridsystemisshownin
Fig.1.Itcanbeseenthatthemicro-gridsystemis
composedofwindturbines,photovoltaicarrays,
energy storage devices and energy management
system.Thetypesofloadincludeinterruptibleload
(translationalload)anduninterruptibleload(non-
translationalload).In our work,the dynamic
optimizationmodelofthepowergenerationsideand
the consumer side is established, and the
optimizationofthemicro-gridsystemisresearched
consideringboththebenefitofthepowergeneration
sideandtheconsumersatisfaction.

Fig.1 Structureofmicro-gridsystem
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2 Dynamicoptimizationmodel

2.1 Modelofbenefitofpowergenerationside
 Inourwork,oneoftheobjectivesistomaximize
thebenefitofthepowergenerationsidewiththe
isochronalstepoptimizationwithaspanof24h,the
specificexpressionis

F1=∑
24

t=1
∑
N

n=1
Pn,PV(t)+∑

I

i=1
Pi,WT(t)  ×Cprice-

CPV-CWT-CBAT, (1)

wherePn,PV(t)andPi,WT(t)areoutputpowerof
photovoltaicarraysandwindturbines,respectively;
NandIarethetotalnumberofphotovoltaicarrays
andwindturbinegeneratorsets,respectively;Cpriceis
Sellingelectricitytariff;andCPV,CWTandCBATare
theoperatinglosscostsofphotovoltaicsystems,
windturbines,andenergystoragesystemsinmicro-
gridsystem,respectively.
 1)Modelofphotovoltaicpowergenerationsystem
 The modelofphotovoltaic power generation
systemisexpressedas

PPV =PSTCGAC
1+ω(TC-Tr)

GSTC
, (2)

wherePPV,PSTC,GAC,GSTC,ω,TCandTrarethe
actualoutputpowerofthephotovoltaicsystem,the
maximumtestpowerunderstandardtestconditions,
theactualilluminationstrength,theillumination
strengthunderstandardtestconditions,thepower
temperaturecoefficient,andtheactual working
temperatureofthephotovoltaicsystem,respectively.
Trisreferencetemperature.
 2)Modelofwindpowersystem
 Themodelofwindpowersystemisexpressedas

PWT=12πρR
2v3Cp(v,ωr,θ), (3)

whereρistheairdensity;Ristheradiusofthe
rotor;visthewindspeed;θisthepitchangle;λis

thetipspeedratio,λ=Rωr
v
;andCpisthewind

energyutilizationcoefficient.
 3)Modelofenergystoragesystem
 Themodelofenergystoragesystemisexpressedas

Ex,ESS(t+1)=
(1-ω)Ex,ESS(t)+ηx,cδx,ESSc(t)Px,ESSc(t)Δt-

1
ηx,d

δx,ESSd(t)Px,ESSd(t)Δt, (4)

δx,ESSc(t)+δx,ESSc(t)≤1, (5)

whereEx,ESS(t)isthecapacitylevelofenergystorage
systemxintimeperiodt;Px,ESSc(t)andPx,ESSd(t)are
thecharginganddischargingpoweroftheenergy
storagesystemintimeperiodt,respectively;ηx,cand
ηx,darethecharginganddischargingefficiencyofthe
energystoragesystem,respectively;ωistheself-
dischargerateofenergystorage;Δtistimeinterval;
andδx,ESSc(t)andδx,ESSd(t)arethechargingand
dischargingoperationstate(0/1)ofenergystorage
systemintimeperiodt.
 Equipmentcostsinthemicrogridcanbeclassified
intofixedinvestment,equipmentoperation and
maintenancecosts,andenergystoragesystemcostof
wastage.Thefixedinvestmentexpenseshallbe
specificallyanalyzedincombinationwiththemicro-
gridsystem,butitdoesnotaffecttheoptimal
operationofthemicro-gridsystem.Thecalculationis
notdescribedhere.
 Theoperationandmaintenancecostofwindpower
generation and photovoltaic power generation
equipmentarerepresentedas

Mi =KiPi, (6)

whereMitheoperationand maintenancecostof
equipmenti;Kiistheoperationandmaintenance
costcoefficientofequipmenti;andPiistheoutput
powerofequipment.Theoperationandmaintenance
costofphotovoltaicarrayis0.0096(Yuan/kW).
Theoperationand maintenancecostofthewind
turbineis0.0096(Yuan/kW).
 Inenergystoragesystem,theoperatingwastageof
batteryisdefinedas

FB(Δ(t)=β|Pb(Δt)|Δt×f(Db(t)), (7)

f(Db,t))=
1, 0≤Db(t)≤Dmax,

fp-1
1-Dmax

(Db(t)-Dmax)+1,Dmax<Db(t)≤1, 
(8)

whereFB(Δt)istheoperatingwastagecostofenergy
storagesystemintimeperiodΔt;βistheoperating
costcoefficientofthebattery;Db(t)andPb(Δt)are
thedischargedepthanddischargepowerattimet;fp
isthepenaltycoefficientdeterminedbydischarge
depth;andDmaxisathresholdvalue.

2.2 Optimizationmodelofconsumersatisfaction
 Optimization objective F2 is the maximum
consumersatisfaction.Throughthesamplingsurvey
ofconsumers,itcanbeknownthatloadsatisfaction,
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usercomfortandelectricity priceareimportant
factorsinuserexperience.Therefore,thedefinition
ofconsumersatisfactionisconsideredfrom the
followingthree aspects:load satisfaction,user
comfortlevel,andelectricityprice.Inordertobetter
reflectconsumers’electricityconsumptionexperience
and morecomprehensivelyandobjectivelyreflect
consumers’satisfactionwithelectricityconsumption,
consumersatisfactionisdefinedintheform of
multiplicationofthethreefactors,andweobtain

F2=
∑
24

t=1
∑
L

l=1
Pw,l(t)  +∑

24

t=1
∑
L2

l=1
Ps,l(t)  

∑
24

t=1
∑
L

l=1
Pw,l(t)  +∑

24

t=1
∑
L2

l=1
PI,L(t)  

×

1-
∑
24

t=1

ΔP(t)
2  

∑
24

t=1
Pload(t)  × ε1􀭺Pprice∑

24

t=1
Pload(t)

∑
24

t=1
(Pprice(t)Pload(t))

.(9)

 InEq.(9),thefirstpartisloadsatisfaction,the
secondpartiscustomercomfortlevel,andthethird
partispricesatisfaction.Amongthem,Pw,l(t),
Ps,l(t)andPI,L(t)aretheuninterruptibleloadpower
ofunitequipment,theinterruptibleloadpowerof
unitequipment,andthemaximumdemandpowerof
unitequipmentintimeperiodT,respectively;ΔP(t)
isthetransferredload;Ploadisthetotalloaddemand;
Pprice(t)(0.4≤Pprice(t)≤1.2)and􀭺Ppricearetheselling
priceof micro-grid system andtheconsumer’s
expectedprice,respectively;andε1istheinfluence
factor.

2.3 Physicalandoperationallimits
 Thepowerbalanceconstraintisexpressedas

∑
24

t=1
∑
N

n=1
Pn,PV(t)+∑

I

t=1
Pi,WT(t)+∑

24

t=1
Pbat(t)= 

∑
24

t=1
(Pload(t)-Punload(t) , (10)

whereNandIarethetotalnumberofwindturbines
andphotovoltaicarray,respectively;Pn,PV (t),
Pi,WT(t)and Pbat (t)are the output of unit
photovoltaicarray,windturbineandbatteryattime
t,respectively;Pload(t)istheloaddemandattimet;
andPunload(t)isthecuttingloadattimet.
 Theoperationconstraintsofwindpowersystem
andphotovoltaicsystemareexpressesas

0≤Pn,PV(t)≤Pmax
PV, 0≤Pi,WT(t)≤Pmax

WT,

(11)

wherePmax
PVandPmax

WTarethemaximumoutputpowers
of unit photovoltaic array and wind turbine,
respectively.
 Energystoragesystemconstraintisexpressedas

Emin
x,ESS≤Ex,ESS(t)≤Emax

x,ESS,

δx,ESSc(t)Pmin
x,ESSc≤Px,ESSc≤δx,ESSc(t)Pmax

x,ESSc,

δx,ESSd(t)Pmin
x,ESSd≤Px,ESSd≤δx,ESSd(t)Pmax

x,ESSd,

0.05Emax
x,ESS≤Ex,ESS(t)≤0.95Emax

x,ESS,

Estx,ESS=Efix,ESS, (12)

whereEmin
x,ESS and Emax

x,ESS representthe minimum
capacityandthemaximumcapacityoftheenergy
storagesystem,respectively;Pmin

x,ESScandPmax
x,ESScarethe

minimumchargingpowerandthemaximumcharging
powerofenergystorage,respectively;Emin

x,ESSdand
Emax

x,ESSdaretheminimumdischargingpowerandthe
maximum discharging powerofenergy storage,
respectively;andEstx,ESSandEfix,ESSaretheinitialand
finalstateoftheenergystoragesysteminthe
optimizedperiod,respectively.

3 Proposedalgorithm
3.1 Basicquantumparticleswarmoptimization
 Quantum particleswarm optimization (QPSO)
combinesquantumtheorywithPSO.Itmakesuseof
the polymorphism and uncertainty of quantum
behavior,sothatparticlescanappearatanyplacein
spacewithacertainprobability.Insteadoffocusing
on the moving speed of particles[19-20], QPSO
determinestheprobabilityofparticlesappearingata
certain position ata certain timethrough the
probabilitydensityfunction.Byintroducingthe
averagebestposition,theglobalsearchabilityofthe
algorithmisimprovedgreatly.TheQPSOisdesigned
as

Mb=1M∑
M

i=1
Pi,

P=γPi+(1-γ)Pj,

Xi(t+1)=P±β|Mb-Xi(t)|×ln1
μ
,

β=1-12
Niter
Niterm

, (13)

whereMisthepopulationsize;γandμarerandom
numbersdistributedontheintervalof[0,1];Mbis
theaveragebestpositionofparticles;PiandPjare
theindividualoptimalpositionandtheglobaloptimal
positionoftheparticle,respectively;Xi(t)isthe
position whereparticleiiteratesttimes;βis
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accommodationcoefficient;NiterandNiterm arethe
numberofcurrentiterationsandthenumberof
maximum iterations,respectively.Although the
globalsearchabilityofQPSOalgorithmhasbeen
improved,likethetraditionalPSOalgorithm,ithas
great blindnessintheinitialstageand strong
convergence in the later stage. It has not
fundamentallysolvedtheprematuredefectofthe
algorithminthelaterstage.Asthenumberof
iterationsincreases,itiseasytofallintolocal
optimization.Studies haveshownthat when B
changeslinearly,withtheincreaseofiterationtimes,
particleswarmwillgraduallygatherandgather,and
particle diversity will gradually decrease until
stagnation[21].

3.2 LM-AQPSOalgorithm
 InordertoovercometheshortcomingsofQPSO
algorithm,weproposeanimprovedlocalmutation
adaptiveQPSOalgorithmbasedonRef.[22],called
LM-AQPSOalgorithm.
3.2.1 Localvariationstrategy
 Attheendofeachcrossovermutation,theoptimal
solutionoftheparticleiscross-mutatedinasmall
scaleandcomparedwiththeoriginaloptimalsolution
topreventthealgorithmfallingintothelocaloptimal
solution.

Fig.2 Caseoflocalmutation

3.2.2 Parameterdynamicadjustmentstrategy
 Accordingto Eq.(13),onlyβinthe QPSO
algorithmistunable,whichnotonly makesthe
QPSOalgorithmeasytoimplement,butalsomakes
theselectionmoreimportant.Generallyspeaking,β
decreaseslinearlywiththeincreaseofthenumberof
iterations,and it is easy to fallinto local
optimization.Therefore,weintroducetwoindices,
particleevolutiondegreeandparticleaggregation
degree,andthenobtain

L1(k)= 12
[Pm(k)-Pgb(k)]2+[Pm(k)-Pbad(k)]2,

L2(k)=∑
T

k=T-t
[Pgb(k)/Pgb(K-1)], (14)

whereL1(k)andL2(k)aretheparticleevolution
degree and the particle aggregation degree,
respectively;Pbad(k)istheworstcaseofparticle
swarm;Tandtareobservationtimeandobservation
period,respectively;WhenL1andL2arelessthana
certainthreshold,particleswarmcanberegardedas
slow evolution withlow diversity,and particle
swarm maybetrappedinlocaloptimum.Atthis
point,byadjustingβ,theproblem ofthelocal
optimaltrapcanbeimprovedas

β=β+c
1+c

, (15)

wherecisaconstant,andcissettobe0.07.

3.3 Multi-objective optimization algorithm
basedonLM-AQPSO

 Multi-objectiveoptimizationaimstoobtainasetof
non-dominatedoptimalsolutions.Atthistime,the
existenceofglobaloptimalsolutionsisnolonger
reasonable.Therefore,inordertoadapttomulti-
objective optimization problems, LM-AQPSO
algorithmisadjusted,inwhichtheobjectoflocal
variationisadjustedto Paretooptimalsolution.
Thus,theindividualoptimalpositionandtheaverage
optimalpositioninEq.(13)areexpressedbyPareto
optimalsolution,andtheconceptofglobaloptimalis
not considered. The particle position updating
equationisadjustedto

P=γPζ
Pareto(t),

Xi(t+1)=P±(1-γ)β|Pζ
Pareto(t)-Xi(t)|ln(1/μ),(16)

wherePζ
Pareto(t)istheζthsolutionofParetooptimal

solution;ζistherandomintegerwithin[0,m2],and
m2isthenumberofsolutionsinParetooptimal
solutionset.

Fig.3 Hierarchicalsortingalgorithm

 Themulti-objectiveLM-AQPSOalgorithmcalled
MO-LM-AQPSOisshowninFig.3.Andthespecific
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stepsofMO-LM-AQPSOalgorithmareasfollows:
 1)ParticleswarmPpisinitializedandthenumber
ofparticlesm1issetinparticleswarmPp;optimal
solution PPareto isinitialized andthe numberof
solutionsm2issetintheoptimalsolutionPPareto;
maximumiterationnumberisset.
 2)Findthenon-dominatedsetPPareto,newfromthe
particleswarm.
 3)Asshownin Fig.3,theoriginaloptimal
solutionsetPParetoismergedwiththenon-dominant
solutionsetPPareto,new,andthenewPParetoisobtained
byhierarchicalsortingmethod.Thespecificprocess
isasfollows:firstly,allnon-dominantsolutionsin
PPareto∪PPareto,newaresolvedandputintothesetF1.
Next,thesolutionsofF2areremovedfromPPareto∪
PPareto,new,andwecontinuetofindthenon-dominant
solutionintheremainingsolution,andputitintothe
setF2untilwehavedonewithalltheelementsof
PPareto∪PPareto,new.
 4)Thecrowdingdistanceisusedtosortallthe
elementsinF=F1∪F2∪F3∪…fromlargetosmall.
Thecrowdingdistanceequalsthedistancethatisthe
sumoftwofrontsandarearsolutiononallobjective
functions,andthecrowdingdistanceofedgenodesis
settoinfinity.AsshowninFig.3,aftersorting,the
firstm2solutionsareselectedasthenewoptimal
solutionsetPPareto.
 5)ThePParetooptimalsolutionsetisobservedand
localvariationsaremade.AccordingtoEq.(16),Pp
isupdatedwiththenewParetooptimalsolutionset
toobtainthenewparticleswarmPp,new.Then,asin
steps3and4,mergingPpandPp,new.ThenewPp
particleswarmisobtainedbyhierarchicalsorting
method.
 6)Determinewhetherthemaximumnumberof
iterationsisreached.Ifthemaximum numberof
iterationsisreached,thesearchwillendandthe
optimalsolutionsetPParetowillbeoutput.Otherwise,
gotostep2andcontinuewiththeiterativesearch.

3.4 Optimizationprocess
 The MO-LM-AQPSO algorithmisadoptedto
obtaintheParetooptimalboundarywiththegoalof
themaximumbenefitonthepowergenerationside
andthemaximumusersatisfaction.Theday-ahead
optimizationsetthenumberofparticleswarmtobe
200,thesizeoftheoptimalsolutionsettobe50,and
themaximumnumberofiterationstobe200.The
flowchartofday-aheadoptimizationisshownin
Fig.4.

Fig.4 Flowchartofday-aheadoptimization

4 Resultsanddiscussion
4.1 Parametersettings
 The parameters of wind power generation
equipment,photovoltaicpowergenerationsystem
andenergystoragesystemareshowninTables1-3.

Table1 Parametersofwindturbine

Windturbine 1 2 3 4 5

Ratedpower(kW) 15 15 15 15 10

Table2 Parametersofphotovoltaicarray

Photovoltaicarray 1 2 3

Ratedpower(kW) 30 25 20

Table3 Parametersofenergystoragesystem

Equipment
Specification
(V/(A·h))

Quantity
Capacity
(kW·h)

Leadacidbattery 2/1000 980 200

 Thepredicted windspeed,temperature,light
intensityandloaddemandinadayareshownin
Fig.5.Thetotalloaddemandofthewholedayis
1273.8kW, among which the demand of
uninterruptibleloadis 733.2kW.The starting
powerofthebatteryisrequiredtobe1/2ofthe
maximum capacity,andthestartingandending
statesofthebatteryarethesame.
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Fig.5 Predictioncurvesof windspeed,lightintensity,
temperatureandload

4.2 Analysisofresults
 Strategy1:Withoutconsideringtranslationalload
andtime-of-useelectricityprice.
 Byoptimizingtheobjectivefunction,thePareto
solutionconsideringbenefitofpowergenerationand
consumersatisfactioncanbeobtained,asshownin
Fig.6.

Fig.6 Paretosolutionconsideringofpowergenerationbenefit
andconsumersatisfaction

 A calculationstrategyofpowershortageloss
considering satisfaction-related constant is
introduced,whichcanbeobtainedbycombining
Ref.[23]andexpressedas

 Closs(Wloss,τ)=α1α2W2
loss

WR
+β1(Wloss-Wlossτ),(17)

whereClossisthelosscausedbyinsufficientelectric
quantity,α1andβ1arethevariableconstantsrelated
tothemissingelectricquantity,α2isthevariable
constantsnegativelyrelatedtosatisfaction,WRisthe
maximumdemandelectricquantity,Wlossisthelack
ofelectricquantity,andτistheusertype,τ∈[0,1].
 Anoptimalsolutionisselectedtomaximizethe
benefitofpowergeneration.Itcanbeseenfrom

Fig.7thatwhentheconsumersatisfactionis91.5%,
themaximum benefitofthepowergenerationis
653.2Yuan.Meanwhile,accordingtothesimulation
results,thesellingpriceis0.63Yuan/(kW·h),
andthedailysupplyis1167kW·h.Theoutputof
eachsystemafteroptimizationisshowninFigs.8and
9.Thestateofthebattery,theloaddemandpower
andactualgenerationsidesupplyareshownin
Figs.10and11.

Fig.7 Benefitofpowergenerationdiagram

Fig.8 Maximumallowableoutputpowerandoptimizedoutput
powerofwindpowergenerationsystem

Fig.9 Maximumallowableoutputpowerandoptimizedoutput
powerofphotovoltaicsystem

 AsshowninFig.8,theoutputpowerofwind
powergenerationdoesnotreachthemaximumpoint
in15:00—17:00.AsshowninFig.9,theoutput
powerofphotovoltaicpowergenerationdoesnot
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reachthemaximumpointin15:00-16:00.The
renewableenergyisnotfullyutilized.Asthecostof
windpower generationis greaterthanthatof
photovoltaicpowergenerationandthebatterytends
tobesaturated,thewindpowergenerationfailsin
15:00-16:00.

Fig.10 Batterystatus

Fig.11 Loaddemandandgenerationsidesupply

 AsshowninFig.10,becauseoftheconstraintthat
thebatteryinitialstateisequaltotheendstate,the
batterydoesnotdischargein21:00-24:00.The
problemsofpowershortageandpowerlosscanbe
solvedbyincreasingbatterycapacityappropriately
throughresearchingenergystorageequipment,but
therelationshipbetweenbatterycostandpower
shortage-loss cost should be considered
simutaneously.Inaddition,anincentivestrategy
considering multipleload types and time-of-use
electricitypriceisproposedtoimprovethebenefitof
powergenerationside,consumersatisfactionand
ratioofenergyutilization.
 Strategy2:Consideringavarietyofloadandtime-
of-useelectricityprice
 Duetothelargeamountofelectricityconsumption
from19:00to22:00,theelectricitycostisrelatively
high.Thelowpeakperiodisfrom13:00to17:00,
andthe electricity costisrelativelylow.The
electricitypriceofeachperiodisshowninFig.12.

Fig.12 Electricitypriceateach momentundertime-of-use
electricityprice

 When the translationalload is taken into
consideration, all interruptible loads can be
translated.Providedthatshift-outloadisequalto
shift-inload,itisverifiedbycalculationthatthe
powerofgenerationsidesupplycanfullymeetthe
loaddemandunderthiscondition.Thecomparisonof
supplyofpowerschemesofstrategy1andstrategy2
isshowninFig.13.

Fig.13 Powersupplyschemesunderdifferentstrategies

 Non-translationalloadisindispensabletopeople’s
life.Itisrequiredthatthepowersupplyshouldbe
greaterthantheamountofnon-translationalload.
Thetranslationalload representsthe maximum
transferableloadatthismoment.Aftertranslation,
theloaddemandatacertainmomentshallnotbe
greaterthanthesumoftheoriginalloaddemandand
thetranslationalload.Underthetime-of-usepricing
strategy,thedemandforenergystoragesystemcan
bereducedbyencouraginguserstouseelectricityin
lowpeakperiod.AscanbeseenfromFig.13,the
loadismainlyshiftedtotheperiodfrom12:00to
17:00,which alleviatesthe pressure of power
consumption during peak periodandsolvesthe
problemofpowerloss.Butatthesametimethe
consumer’selectricitycomfortproblem occurs,
whichleadstoadecreaseinconsumersatisfaction.
Aftertaking translationalload and time-of-use
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electricitypriceintoconsideration,the measured
outputpowerofpowergenerationis1273.8kW,
whichmeetstheloaddemandofusers,thebenefitof
powergenerationis667.9Yuan,and consumer
satisfactionis92.91%.
 Renewableenergyefficiencyandbatterystatusare
showninFigs.14and15.

Fig.14 Outputofrenewableenergy

Fig.15 Residualpowerofthebattery

 AscanbeseenfromFigs.14and15,thewasteof
renewableenergyhasbeeneffectivelysolved,andthe
utilizationrateofrenewableenergyhasincreased
from91.59%to99.84%.Inaddition,thedischarge
depthofthebatterydecreases,whichreducesthe
wastageofthebattery.Strategy1andstrategy2are
comparedinTable4.

Table4 Comparisonofstrategy1andstrategy2

Indicator
Benefit
(Yuan)

Consumer
satisfaction(%)

Power
supply(kW)

Energy
efficiency(%)

Strategy1 653.2 91.50 1167 91.59

Strategy2 667.9 92.91 1273.8 99.84

5 Conclusions
 Micro-gridsystemcaneffectivelyutilizerenewable
distributedenergy.Thesystemoptimizationisan
effectivewaytoensuretheefficientoperationof
micro-gridsystem.Fromtheperspectiveofenergy

management,the day-ahead optimization ofthe
micro-grid system is achieved considering the
maximumbenefitofgenerationandthemaximum
consumer satisfaction. The proposed MO-LM-
AQPSOalgorithmisusedtoobtainthe Pareto
optimalsolutionboundary.Furthermore,thepower
shortageandpowerlossareintroduced,andthe
optimalsolutionisselectedtomaximizethebenefitof
powergeneration.Simulationresultsshowthatthe
algorithmisfeasibleandeffective.Onthisbasis,we
considerthetime-of-usepricingincentivemeasures
undervariousloadtypes,andobtainthepower
outputsituationunderstrategy1andstrategy2.Itis
ofgreatsignificancetoestablishthecorresponding
electricitypriceincentivemeasurestomaximizethe
utilizationofrenewableenergyandtoimprovethe
benefit of power generation and consumer
satisfaction.
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兼顾用户满意度和发电侧收益的
微电网系统量子粒子群优化

路小娟,曹 凯,高云波

(兰州交通大学 自动化与电气工程学院,甘肃 兰州730070)

摘 要: 兼顾微电网系统发电侧与用户侧的综合利益,从能量管理的角度出发,建立了以用户满意度和发

电侧收益为目标的优化模型。首先,采用多目标局部变异-自适应量子粒子群算法(Multi-objectivelocal
mutationadaptivequantumparticleswarmoptimization,MO-LM-AQPSO)获得用户满意度及发电侧收益的

Pareto前沿。然后,引入缺电损失,以发电侧收益最大为目标,选取了非支配解中的最优解,并通过算例仿

真验证其有效性。进而引入可平移负荷及分时电价激励机制,通过合理的峰谷电价比以引导用户积极参与

需求侧响应。仿真结果表明,合理的激励措施,可提高微电网收益和用户满意度实现可再生能源的最大化利

用及蓄电池运行损耗的有效减少。
关键词: 微电网系统;用户满意度;发电侧收益;分时电价;多目标局部变异-自适应量子粒子群算法
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