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Abstract:Tosolvethesevereproblemofwindpowercurtailmentinthewinterheatingperiodcausedby“powerdeterminedby
heat”operationconstraintofcogenerationunits,thispaperanalyzesthermoelectricload,windpoweroutputdistributionand
fluctuationcharacteristicsatdifferenttimescales,andfinallyproposesatwo-levelcoordinatedcontrolstrategybasedonelectric
heatstorageandpumpedstorage.Theoptimizationtargetofthefirst-levelcoordinatedcontrolisthelowestoperationcostand
thelargestwindpowerutilizationrate.Basedonpredictionofthermoelectricloadandwindpower,theoperationeconomyof
thesystemandwindpoweraccommodationlevelareimprovedwiththecooperationofelectricheatstorageandpumpedstorage
inregulationcapacity.Thesecond-levelcoordinatedcontrolstabilizeswindpowerreal-timefluctuationsbycooperatingelectric
heatstorageandpumpedstorageincontrolspeed.TheexampleresultsofactualwindfarmsinJiuquan,Gansuverifiesthe
feasibilityandeffectivenessoftheproposedcoordinatedcontrolstrategy.
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0 Introduction
 Atpresent,duetooperationconstraintof“power
determinedbyheat”ofcogenerationunits,thepeak-
shavingcapacityofpowersystemisinsufficientin
heatingperiod.Therefore,maincontradictioninthe
developmentofwindpowerisstillcausedbywind
powercurtailment[1-2].Besides,windpoweroutputis
volatile,intermittentanduncertain.Ifitisparalleled
inpowergrid,thereexistsagreatchallengetoits
stable operation and difficulty of wind power
integrationaccommodation[3-4].
 Inordertodecoupleoperationconstraintof“power
determinedbyheat”ofcogenerationunits,stabilize
wind power output fluctuations, and improve
networkingscaleof wind power,energystorage
technologyhasbeenwidelyconcernedathomeand
abroad because of its good wind power
complementarity[5-7]. Recently, in addition to
pumpedstoragewhichhasbeenmature,otherenergy
storage methodsarefaced with problems whose
scale,cost,lifeand efficiency cannot meetthe
requirementsofmodernpowersystem.Asforwind

poweraccommodation,in Ref.[8],configuration
theorywasusedtoexpandwindinpoweroperation
feasibledomainbyoutputdistributionbetweenwind
powerandpumpedstorage.InRef.[9],windpower
acceptancecapacityandsystemeconomywerestudied
incaseofdifferentwindpowerpermeabilitiesand
different storage capacity scenarios. Through
configurationofthermalenergystorageandelectrical
boilerin cogeneration plants,thethermoelectric
couplingrelationshipisbroken[10-11].Asforwind
power stabilization,in Ref.[12], power was
distributedbetweensupercapacitorsandbatteriesto
stabilizewindpowerfluctuationsatdifferenttime
scales. In Ref.[13], electric vehicles and
interruptibleloadweredirectlycontrolledtoreduce
theburdenofpowergridoperation.InRef.[14],the
first-orderlow-passfilterwasusedasawindpower
stabilizationmethod.However,mostofthecurrent
studiesseparatelyconsidertheproblemsof wind
power accommodation and its fluctuation
stabilization,toacertainextent,whichleadstothe
difficultyofcoordinationmanagement.
 Inviewofdifficultyofwindpoweraccommodation
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andstabilizationofwindpowerfluctuations,atwo-
levelcoordinatedcontrolstrategybasedonelectric
heatstorageandpumpedstorageisproposedinthis
paper.Theoptimalcontroliscarriedoutaccordingto
plan of previous day and real-time situation at
differenttimescales,whichcannotonlyimprove
windpoweraccommodation,butalsoreducethe
impactof wind powerfluctuations onfrequency
adjustmentunits.

1 Thermoelectricloadandwindpower
outputcharacteristics

1.1 Characteristicsofthermoelectricloadand
wind power output distribution during
heatingperiod

 Byanalysisofpreviousdata,thedistributionof
electricloadisoppositetothermalload,andwind
poweroutputcharacteristicsandthermalloadtrends
areroughlythesame.Inthenightofwindpower
season,thesituationofwindpowercurtailmentis
mostseriousinthisperiod,asshowninFig.1.If
windpowercanbeconvertedintoheatandthen
stored,theheatwillbeusedasthepeakingsourceof
thermalnetwork at night,which can not only
improvepeak-shavingcapacityofhotgrid,butalso
decouplethermoelectric coupling of cogeneration
units,soastoimprovepeak-shavingcapacityof
powersystemandallocatemorenetworkingspaceto
windpower.Sinceonlypeak-shavingofelectricheat
storagecannotcompletelyconsumewindpower,
large-scalewindpowerintegrationisdetrimentalto
powersystem stability.If pumped storage and
electricheatstorageoperatetogther,thewindpower
curtailmentand its fluctuations can be further
eliminated.

Fig.1 Thermoelectricloadand windpowerdistribution
duringheatingperiod

1.2 Characteristicsofwindpowerreal-time
fluctuation

 Thereal-timeoutputprocessofwindpoweris
generallydescribedbyfluctuationcharacteristicsof
timescaleinminute.Theoutputfluctuationcurveof
awindfarmisshowninFig.2.

Fig.2 Real-timefluctuationcurveofwindpoweroutput

 Accordingtofluctuationrange,thefluctuations
aredividedintotwocases:smallfluctuationsarein
[-1%,1%],andlargefluctuationsareoutside
[-1%,1%].In[-1%,1%],windpoweroutputs
arerelativelystable,andthefluctuationsaresmall;
outside[-1%,1%],thefluctuationsarelarge,will
causealargerpredictionerror.

2 Combined system structure with
electricheatstorage

 Thestructureofthecombinedsystemwithelectric
heatstorageisshowninFig.3.

Fig.3 Structurediagramofcombinedsystem

 Electric heatstorage hasadvantagesoflarge
capacity and high efficiency, which can supply
cogenerationunitswithheattogethertoreducethe
effectof “powerdetermined by heat”operation
constraintofcogeneration units on peak-shaving
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capacityinheatingperiod.Besides,ifelectricheat
storageparticipatesinheating,theelectricalloadof
thesystem willbeincreased,thusexpandingwind
poweraccommodationspace.

3 Coordinatedcontrolstrategybasedon
electric heatstorage and pumped
storage

3.1 Coordinatedcontrolstrategy
 Basedontheabove-mentionedanalysisofwind
powerfluctuationcharacteristicsandthecapacityof
windpoweraccommodationofthecombinedsystem
withelectricheatstorage,atwo-levelcoordinated
controlstrategybasedonelectricheatstorageand
pumpedstorageisproposedtopromotewindpower
accommodationandstabilizeitsfluctuations.The
processisshowninFig.4.

Fig.4 Blockdiagramofcoordinatedcontrolstrategy

 Forthecoordinatedcontrolofelectricheatstorage
and pumped storage,the first-levelcoordinated
controlbelongsto planning dispatch control.It
mainlypromotes wind poweraccommodationand
operationeconomy,andtheadjustmenttimescaleis
longer.Bymeansofcoordinatedoperationofelectric
heatstorageandpumpedstorageatdifferenttime
intervals, wind power curtailment generated by
restrictionsofthecapacityofconventionalunitscan
beeliminatedasmuchaspossible.Thesecond-level
coordinatedcontrolisareal-timetrackingcontrol.It
requires faster regulation, therefore it needs
complementaryadjustmentcapacityofelectricheat
storageandpumpedstoragetorespondandregulate
real-timefluctuationsofwindpower.

3.2 First-levelcoordinatedcontrol

 Consideringpriorityofwindpowerintegration,the
optimalschedulingmodeldoesnottakeaccountof
costofwindpowergeneration.Cogenerationunits
needtoheatthesystem,soitcannotstopworking.
Theelectricandthermaloutputofcogenerationunits
areconvertedintotheoutputunderpurecoagulation
conditions.Theoptimizationobjectivesofthefirst-
levelcoordinatedcontrolarebuiltconsideringwind
powerutilizationandsystem operationeconomy,
respectively.
 1)Objectivefunction1:Theoperationcostofthe
systemisthelowest,namely

minF1 =∑
NT

t=1
∑
NR

i=1
Ui,t[f1(PH,i,t)+(1-Ui,t-1)Si+ 

Cri(Ru
i,t,Rd

i,t)]+∑
NG

j=1
f2(PE,j,t,PC,j,t)+

∑
NH

k=1

(Sgenk,t +Spumk,t) , (1)

whereUi,tisthestart-stopstateofthermalpower
unitiintimeintervalt;PH,i,tandf1(PH,i,t)arethe
outputpowerandthepowergenerationcostsof
thermalpowerunitiintimeintervalt,respectively;
SiandCri (Ru

i,t,Rd
i,t)arethestartingcostsand

reservingcostsofthermalpoweruniti,respectively;
Ru

i,tandRd
i,tarethepositiveandnegativespinning

reservecapacityofthermalpowerunitiintime
interval t, respectively; PE,j,t, PC,j,t and
f2(PE,j,t,PC,j,t)aretheelectricoutput,heatoutput
andoperatingcostsofcogenerationunitjintime
intervalt,respectively;Sgenk,tandSpumk,tarethestart-up
costsunderthe power generation condition and
pumpingconditionofpumpedstorageunitkintime
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intervalt,respectively;NTisthenumberoftime
periodsforaschedulingcycle;andNR,NGandNH

arethe total number ofthermal power units,
cogeneration units and pumped storage units,
respectively.
 Theoperatingcostequationofthermalpowerunits
is

f1(PH,i,t)=aiP2
H,i,t+biPH,i,t+ci, (2)

whereai,biandciaretheoperatingcostcoefficients
ofthermalpowerunits.
 Theoperatingcostequationofcogenerationunits
is

f2(PE,j,t,PC,j,t)=aj(PE,j,t+CvPC,j,t)2+

bj(PE,j,t+CvPC,j,t)+cj, (3)

whereaj,bjandcjareoperatingcostcoefficientsof
cogenerationunits,andCvisconversioncoefficientof
purecondensatestateofcogenerationunits.
 Theequationofreservingcostis

Cri(Ru
i,t,Rd

i,t)=kui,tRu
i,t+kdi,tRd

i,t, (4)

wherekui,t andkdi,t arethepositiveand negative
reservingcosts,respectively.
 Theequationsofstartingcostsofpumpedstorage
unitunderdifferentoperationstatesare

Sgenk,t =SgenkIgenk,t(Igenk,t -Igenk,t-1),

Spumk,t =Spumk Ipumk,t(Ipumk,t -Ipumk,t-1), (5)

whereSgenk andSpumk arethestartingcostsunderthe
powergenerationconditionandpumpingconditionof
pumpedstorageunitk,respectively;Igenk,t=1andIpumk,t

=1meanthatpumpedstorageunitisinthepower
generationconditionandpumpingconditionintime
intervalt,repectively.
 2) Objective function 2: The wind power
curtailmentistheleast,namely

minF2 =∑
NT

t=1

(Pwind
f,t -Pwind

plan,t), (6)

wherePwind
f,t andPwind

plan,tarewindpowerforecastand
planningdispatchoutput,respectively.
 Theconstraintsareasfollows.
① Thepowerbalanceconstraintis

∑
NR

i=1
PH,i,t+∑

NG

j=1
PE,j,t+∑

NH

k=1
PPS,k,t+Pwf,t =

Pload,t+PES,t, (7)

wherePPS,k,tistheoutputofpumpedstoragekin

timeintervalt;plusandminusrepresentthepower
generationstateandpumpingstate,respectively;
Pwf,tandPES,tarethewindfarmoutputandconsumed
electricpowerofelectricheatstorageintimeinterval
t,respectively.
 ② Theheatbalanceconstraintis

∑
NG

j=1
PC,j,t =Pthload,t-PthES,t, (8)

wherePthload,tandPthES,taretheheatloadofthesystem
andheatingpowerofelectricheatstorageintime
intervalt,respectively.
 ③ Theunitoutputconstraintis

Ui,tPi,min≤Pi,t≤Ui,tPi,max, (9)

wherePi,maxandPi,minaretheupperandlowerlimits
ofunitt,respectively.
 ④ Theunitclimbingconstraintis

|Pi,t-Pi,t-1|≤Irampi , (10)

wherePramp
i istheriseandfallspeedofuniti.

 ⑤ Thepumpedstoragecapacityconstraintis

V0-Vmax

ηpum
≤
∑
τ

t=1
Pgen
PS,tηgen

ηpum
-∑

τ

t=1
Ppum
PS,t≤V0-Vmin

ηpum
,

(11)

whereηpumandηgenarethewater-electricityconversion
coefficientsforpumpingandpowergenerationof
pumpedstorage;V0istheinitialwatervolumeofthe
upperreservoir;VmaxandVminarethemaximumand
minimum watervolumeoftheupperandlower
reservoirs,respectively.
 Theaboveformularepresentstheupperreservoir
capacityconstraintofpumpedstorage.Becausethe
totalstorage capacity of the upper and lower
reservoirsisconstantduringpumpingandpower
generationprocess,thecapacityconstraintofthe
lowerreservoirisalsoconsidered.
 ⑥ The minimum starting and stoppingtime
constraintsare

(Ui,t-1-Ui,t)(Ton
i,t-Ton

i,min)≥0,

(Ui,t-Ui,t-1)(Toff
i,t-Toff

t,min)≥0, (12)

whereTon
i,tandToff

i,tarethecontinuousrunningtime
andcontinuousdowntimeofunitiintimeintervalt,
respectively;Ton

i,min and Toff
i,min are the minimum

continuousrunningtimeandtheminimumcontinuous
downtimeofuniti,respectively.
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 ⑦ Thespinningreserveconstraintis

Ru
i,t≤min(Ui,tPi,max-Ui,tPi,t,Ui,tPramp

i ),

Rd
i,t≤min(Ui,tPi,t-Ui,tPi,min,Ui,tPramp

i ). (13)

 TheplanningdispatchoutputofwindpowerPWplan,t

generatedbythefirst-levelcoordinatedcontrolisthe
maximum wind poweraccommodation withinthe
regulation capacity of electric heat storage and
pumpedstorage.Itispassedtothesecond-level
coordinatedcontrolasreferencevalue.

PWplan,t =Pwind
plan,t+ΔPES,t+ΔPPS,t, (14)

where ΔPES,t and ΔPPS,t are the wind power
accommodationquotaofelectricheatstorageand
pumpedstorageintimeintervalt,respectively.

3.3 Second-levelcoordinatedcontrol

 Thesecond-levelcoordinatedcontrolbasedonthe
first-level coordinated control is to eliminate
fluctuationsbetweenreal-timeoutputandplanning
outputofwindpowerbyregulatingworkingstate

and outputofelectricheatstorageand pumped
storage.
 Accordingtotheplanningoutputofwindpower
obtained by Eq.(14), the real-time output
fluctuationsofwindpowercanbecalculatedby

PW =|Pwind
real -PWplan|. (15)

 Accordingtothereal-timefluctuationsofwind
poweroutput,thepowerfluctuationsaredividedinto
smallfluctuationsandlargefluctuations.Theoutput
powerwhichfluctuateswithin±1%oftheplanning
output(withinthedottedlineinFig.2)hasasmall
fluctuation,andtheoutputpowerwhichfluctuates
outof±1% oftheplanningoutput(outsidethe
dottedlineinFig.2)hasalargefluctuation.For
smallfluctuationsandlargefluctuations,thesecond-
levelcoordinated control method are shown in
Table1,wherePW,maxandΔPPS

maxarethelimitofwind
powerfluctuations and thelimit of adjustment
capacityofpumpedstorage,respectively.

Table1 Second-levelcoordinatedcontrolstrategy

PW Controlmethod Controlobjective

<PW,max Electricheatstorageregulation Stabilizesmallfluctuations

[PW,max,ΔPPSmax] Pumpedstorageregulation Stabilizelargefluctuations

>ΔPPSmax Windpowercurtailmentregulation Quasiregulation

 Theregulationamountiscalculatedasfollows.
 1) The fluctuation PW of wind power are
determinedbasedonthecomparison ofplanning
outputandreal-timeoutputofwindfarms.
 2)Accordingtotheelectricalsplitinformationof
localsourcepath,thedistributionfactordW1 =
Pwf-ES/Pwfwhichissenttoelectricheatstorageby
windfarm outputpowerPwfandthedistribution
factordW2 =Pwf-PS/Pwf whichissenttopumped
storagebywindfarmoutputpoweraredetermined,
andtheabsorptionfactordF1=Pwf-ES/PES whichis
absorbedfrom windfarmsbyelectricheatstorage
powerPESandtheabsorptionfactordF2=Pwf-PS/PPS

whichisabsorbedfrom windfarms by pumped
storagepowerPPSaredetermined,wherePwf-ESis
thesum oftransmissionpoweronallsplitpaths
betweenwindfarmsandelectricheatstorage,and
Pwf-PSisthesumoftransmissionpoweronallsplit
pathsbetweenwindfarmsandpumpedstorage[15].
 3)Accordingtowindpoweroutputfluctuationsin
eachtimeperiod,theregulationamountofelectric
heatstorageand pumpedstoragefor windfarm

outputfluctuationsiscalculatedby

ΔPwind
ES =dW1dF1PW = P2wf-ES

PwfPES|
Pwind
real -PWplan|,(16)

ΔPwind
PS =dW2dF2PW =P2wf-PS

PwfPPS|
Pwind
real -PWplan|.(17)

4 Solvingmethod
 Inthispaper,acomplexmulti-objectiveandmulti-
periodoptimizationmethodisproposed,whichhas
characteristics of high dimension, multiple
constraints and nonlinearity. The traditional
optimization algorithm is difficultto solve this
complicated optimization problem, therefore a
harmonysearchalgorithm (multi-objectiveharmony
search,MOHS)isadopted,whichhasastrong
searchabilityandfastconvergencespeedtosolvethe
optimization model[16-17].Moreover,the weighted
scale method is used to make multi-objective
decision.Assumingthatthesystemoperatorhasthe
samepreferencefordifferentobjects,the weight
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coefficientisK=[0.5,0.5].Theimplementation
processisasfollows.
 1)Theparametersisinitialized.Thealgorithm
parameterstobeinitializedincludeharmonymemory
search(HMS),harmonymemoryconsideringrate
(HMCR)andthenumberoffinaliterationsGmax.
 2)Thedominantrelationshipisdetermined.The
multi-objectiveoptimizationisdefinedas

min{F1(X),F2(X),…,Fm(X)},X∈V,(18)

wherethedecisionvariableX=(x1,x2,…,xn)Vis
withintherangeofV.Ingeneral,eachobjectis
mutuallyexclusive,soitisnecessarytodetermine
the dominant relationship between the various
harmonies.IfthedecisionvariablesX1andX2satisfy
Eq.(19),itcanbedeterminedthatthedecision
variable X2 is dominated by the other decision
variableX1,namely

∀i∶fi(X1)≤fi(X2),
∃i|fi(X1)<fi(X2),  i=1,…,m.(19)

 3)Thecrowding degrees ofthesamelevel
harmoniesarecalculated.Besides,theyaresorted
accordingtothecrowdingdegrees.
 4)Thehybridstrategyisusedtoproducenew
harmonies.Asthenumberofiterationsincreases,
thediversityofthesolutioninthealgorithm will
decrease,butincreasingthediversityofthesolution
willleadtothedecreaseoftheconvergencerate.
Therefore,thispaperuseshybridstrategytoproduce
new harmonies. The new harmonies generation
algorithmis

Xnew =XNd±rand|XNd-Xd|, (20)

whereXnewisthenewharmonyproduced;XNdandXd

are the randomly selected non-dominated and
dominatedharmonies,respectively;andrandisthe
randomnumberwhichisgeneratedbytheHMCR
algorithm.
 5)Theharmonymemory(HM)isupdated.The
harmony whose solution is the worst after
initializationisreplacedbythenewharmony.
 6)Determinewhetherthealgorithmreachesthe
terminationcondition.Ifnot,returntostep4to
cycleuntilthenumberofiterationsisGmax,orelse
thealgorithmends.

5 Simulation

5.1 Basicdata

 Inordertoverifythefeasibilityandeffectivenessof
thecoordinatedcontrolstrategybasedonelectricheat
storageandpumpedstorage,takingthewindfarmof
JiuquannewenergybaseinGansuasanexample,the
simulationwascarriedout.Theinstalledcapacityof
thewindfarmis300MW,anditspredictionis
showninTable2.Thepredictionofelectricloadand
thermalloadisshowninTable3.Theparametersof
pumpedstorageunitareshownin Table4.The
parametersofthermalpowerunitareshownin
Table5.Theparametersofcogenerationunitare
showninTable6.Thedispatchcycleis1d,and1h
isadispatchperiod.

Table2 Windpowerprediction

Time Prediction(MW) Time Prediction(MW) Time Prediction(MW) Time Prediction(MW)

06:00 130.05 12:00 95.48 18:00 101.32 24:00 232.46

07:00 77.01 13:00 67.64 19:00 134.48 01:00 212.16

08:00 17.18 14:00 78.01 20:00 169.29 02:00 224.35

09:00 67.55 15:00 40.25 21:00 183.45 03:00 182.83

10:00 57.83 16:00 73.01 22:00 197.04 04:00 167.46

11:00 97.02 17:00 87.26 23:00 216.17 05:00 156.25

Table3 Predictionofelectricloadandthermalload

Time Pload(MW) Pthload(GJ/h) Time Pload(MW) Pthload(GJ/h) Time Pload(MW) Pthload(GJ/h)

06:00 1077.19 767.58 14:00 1237.54 736.44 22:00 1014.79 795.20

07:00 1089.76 783.47 15:00 1226.15 675.91 23:00 1023.62 881.18

08:00 1099.61 766.16 16:00 1135.93 683.25 24:00 1012.23 899.53

09:00 1124.38 787.93 17:00 1172.08 694.81 01:00 1005.32 884.26

10:00 1188.02 712.55 18:00 1204.92 709.73 02:00 1022.45 892.75

11:00 1205.25 694.32 19:00 1228.55 774.56 03:00 1017.63 875.08

12:00 1216.41 631.24 20:00 1167.62 817.42 04:00 1031.22 818.36

13:00 1291.33 648.39 21:00 1103.41 782.12 05:00 1053.38 759.24
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Table4 Operatingparametersofpumpedstorageunit

Unit
Upperreservoir(×103m3)

Vmax Vmin V0 Vend

Lowerreservoir(×103m3)

Vmax Vmin V0
Sgen($) Spum($)Pgenmax(MW)Ppum(MW)

PU-1 15 5 10 10 45 35 40 250 400 60 40.1
PU-2 15 5 10 10 45 35 40 250 400 60 40.1

Table5 Operatingparametersofthermalpowerunit

Unit Pmin(MW) Pmax(MW)Pramp(MW/h)Tonmin(h) Toffmin(h) a($/h) b($/MW)c($/MW2)S($)

G1 400 150 200 8 8 0.00048 16.19 1000 5960
G2 400 150 200 8 8 0.00031 17.26 970 5960
G3 130 60 100 6 6 0.00220 16.61 700 2620

Table6 Operatingparametersofcogenerationunit

Unit Pmin(MW) Pmax(MW) PCmax(MW) Pramp(MW/h) a($/h) b($/MW) c($/MW2) Cv

G4 150 70 200 50 0.00068 32 450 0.15
G5 150 70 200 50 0.00068 32 450 0.15

5.2 Resultanalysis

 Thecaseincludesthreesystemsasfollows.
 SystemI:Itdoesnotcontainelectricheatstorage
and pumped storage. Conventional cogeneration
plantssupplyheattothermalload,andconventional
powersuppliessupplypowertoelectricload.
 System Ⅱ:Itcontains electric heatstorage.
Electric heat storage and cogeneration units
collaborativelysupply heattothermalload,and
conventionalpowersuppliessupplypowertoelectric

load.
 System Ⅲ:Itcontainselectricheatstorageand
pumped storage. Electric heat storage and
cogeneration unitscollaboratively supply heatto
thermalload,andconventionalpowersuppliesand
pumped storage collaboratively supply powerto
electricload.
 Thecontrastcurvesofequivalentelectricloadand
equivalent heat load before and after the
configurationofelectricheatstorageareshownin
Figs.5and6,respectively.

Fig.5 Contrastcurvesofequivalentelectricload Fig.6 Contrastcurvesofequivalentthermalload

 Itcan be seen from the contrastcurves of
equivalentelectricload and equivalentheatload
before and afterthe operation of electric heat
storage,whenelectricheatstorageisinvolvedin
heating,theequivalentelectricloadisincreased
significantly,andtheequivalentthermalloadis
significantly reduced during the peak period of
thermalload.Itindicatesthatnotonlythepeakof
thermalload can be adjusted by electrothermal
conversionafterelectricheatstorageoperation,but
alsotheelectricloadofthesystemisincreased,
whichthereforeplaystheroleofcuttingthermalload

peakandfillingelectricloadvalley.
 Windpowerplanningdispatchoutputcurvesof
differentsystemsareshowninFig.7.
 ItcanbeseenfromFig.7,incasethatelectricheat
storageandpumpedstoragearenotequippedinthe
system,thewindpowercurtailmentisveryserious
from21:00ofthepreviousdayto8:00ofthenext
day.Whenelectricheatstorageisequippedinthe
systemandcollaborativelyheatswithcogeneration
plants,the effect of eliminating wind power
curtailmentisveryobviousintheheatloadpeak
period(23:00-07:00),butthesituationofwind
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powercurtailmentis notimprovedin the non-
operating period ofelectric heatstorage. When
electricheatstorageandpumpedstorageareequipped
inthesystemandworktogather,thewindpoweris
consumedtothemaximumextent.

Fig.7 Contrastcurvesofwindpowerschedulingoutput

 Accordingtotheaboveanalysis,thesystem
performsatthelowestcostand the maximum
utilizationofwindpower.Whenelectricheatstorage
andpumpedstorageworktogather.Therespective
adjustmentsareshowninFig.8.

Fig.8 Electricheatstorageandpumpedstorageregulation

 Itcanbeseenfromelectricheatstorageadjustment
curve,electricheatstoragebeginstopeakandstore
heatinelectricloadvalleyperiod(23:00-07:00).In
otherperiods,electricheatstorageisclosedandits
heatstoragesystemheatstheusers.
 Whenthewindpowerisstillobstructedinthe
system,pumped storagestartsto pump (pump
mode);whenthenetloadofthesystemismorethan
0butlessthanthestartpowerofpumpedstorage
units,pumpedstorageisatrest;whenthenetload
ofthesystemismorethanthestartingpowerof
pumpedstorageunits,pumpedstoragebeginsto
generateelectricity(turbinemode).
 The scheduling results before and afterthe
coordinatedoperationofelectricheatstorageand
pumpedstorageareshowninTable7.

Table7 Comparisonofdispatchresultsofthreesystems

System
Windpower

curtailment(MW·h)
Windpower

utilizationrate(%)
Totalcost
($)

SystemⅠ 705.75 76.98 814670.26
SystemⅡ 291.17 90.50 767096.78
SystemⅢ 0 100 736043.91

 Itcanbeseenthatifelectricheatstorageis
equippedinthesystem,conventionalcogeneration
plantsandelectricheatstorageco-heatingcannot
onlygreatlyeliminate windpowercurtailmentto
improvethewindpoweraccommodationrate,but
alsohelptoreducethetotalschedulingcostto
improveoperationeconomyofthesystem.However,
becausepartofwindpowerisstillblocked when
electricheatstorageisequippedinthesystem,the
coordinatedoperationofelectricheatstorageand
pumpedstoragecanfurtherpromote windpower
accommodation and help to improve operation
economyofthesystem.
 Thesecond-levelcoordinatedcontrolofelectric
heatstorageandpumpedstoragewascarriedout
taking30minasaoperationcycle,andthereal-time
fluctuationsofwindpowerarestabilizedwithatime
scaleof1mintoensurethesafetyandreliabilityof
thesystem.Thereal-timefluctuationcurveofwind
poweroutputisshownin Fig.9.The maximum
fluctuationis2.88%,andthestabilizationtargetis
183.45MW.

Fig.9 Real-timefluctuationsofwindpoweroutputbeforethe
second-levelcoordinatedcontrol

 Thestabilizationeffectof wind poweroutput
fluctuations generated by the second-level
coordinated controlofelectric heatstorage and
pumpedstorageisshowninFig.10.Thewindpower
real-timeoutputwhichfluctuateswithin ±1% of
planning outputis smallfluctuation,therefore,
electricheatstorageadjusts;thewindpowerreal-
time output which fluctuates outside ±1% of
planning outputis large fluctuation,therefore,
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pumped storage adjusts. After the second-level
coordinatedcontrol,windpowerisstableataround
183.45MW with the maximum fluctuation of
0.58%, meeting the safety and reliability
requirementsofwindpowerintegration.

Fig.10 Real-timefluctuationsofwindpoweroutputafterthe
second-levelcoordinatedcontrol

6 Conclusions
 1)Throughthefirst-levelcoordinatedoperationof
electric heat storage and pumped storage,the
operationconstraintof“powerdeterminedbyheat”
of cogeneration units can be decoupled by
electrothermalconversion,andthe blocked wind
powercanbeconsumed.Therateofwindpower
curtailmentisdecreasedby23.02% comparedwith
thesystemwithoutelectricheatstorageandpumped
storage,anddecreasedby9.50%comparedwiththe
system only with electric heat storage without
pumpedstorage.
 2)Theoperationcostofthesystem withthe
coordinatedoperationofelectricheatstorageand
pumpedstorageisthelowest,whichisreducedby
9.65% comparedwiththesystem withoutelectric
heatstorageandpumpedstorage,andreducedby
4.05%comparedwiththesystemonlywithelectric
heatstorage.
 3)Themaximumreal-timefluctuationofwind
powerisdecreasedfrom2.88%to0.58%bymeans
ofthesecond-levelcoordinatedoperationofelectric
heatstorageandpumpedstorage.Thegrid wind
powerisbasicallystablearoundtheplanningdispatch
output.
 Therefore,thecoordinatedcontrolstrategybased
onelectricheatstorageandpumpedstorageproposed
in this paper can further expand wind power
accommodationspace,stabilizefluctuationsofwind
power,savetheoperationcostofthesystemand
provideanewcontrolmeansandtheoreticalmethod

forwindpowerintegration.
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基于电蓄热与抽水蓄能的风电消纳协调控制策略

李守东1,董海鹰1,张蕊萍1,马喜平2

(1.兰州交通大学 自动化与电气工程学院,甘肃 兰州730070;

2.国网甘肃省电力公司 电力科学研究院,甘肃 兰州730050)

摘 要: 为解决“三北”地区冬季供热期由于热电机组“以热定电”运行约束而导致的严重弃风问题,该文在

研究电热负荷与风电出力分布特性以及不同时间尺度风功率波动特性的基础上,提出了基于电蓄热与抽水

蓄能的两级协调控制策略。第一级协调控制以系统运行成本最小和风电利用率最大为目标,根据电热负荷

和风电预测出力,通过电蓄热与抽水蓄能在调节容量上的优化配置,提高系统运行经济性和风电消纳率;第

二级协调控制针对风电出力的实时波动,根据风电计划上网偏差,通过电蓄热与抽水蓄能的协调控制,平抑

风电实时波动,提高风电消纳水平。结合甘肃酒泉实际运行的风电场站,所提出的协调控制策略的有效性得

到验证。
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