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ABSTRACT

Thisarticledescribesaframeworkforloadsheddingtechniquesusingdynamicpricingandmulti-
agentsystem.Theislandedmicrogridusessolarpanelsandbatteryenergymanagementsystemas
asourceofenergytoserveremotecommunitieswhohavenoaccesstothegridwitharandomized
typeofpower in termsof individual load.Thegenerated framework includesmodelingof solar
panels,batterystorageandloadstooptimizetheenergyusageandreducetheelectricitybills.Inthis
work,theloadsareclassifiedascriticalandnon-critical.Theagentsaredesignedinadecentralized
manner,whichincludessolaragent,storageagentandloadagent.Theloadsheddingexperimentofthe
frameworkismappedwiththemanualoperationdoneatKisijuvillage,Pwani,Tanzania.Experiment
resultsshowthattheuseofpricingfactorasademandresponsemakesthemicrogridsustainableas
itmanagestocontrolandmonitoritssupplyanddemand,hence,theloadbeingcapableofshedding
itsownapplianceswhenthepowersuppliedisnotenough.

KEywoRDS
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1. INTRoDUCTIoN

The aging grid technologies coupled with the need for a greener energy system have urged the
developmentofthesmartgrid.InformationandCommunicationTechnologies(ICT)aretheheart
ofthesmartgrid.Thesmartgridisconsideredasasystemofsystemsthatengendersaplethoraof
advancedandsmartapplicationssuchasdistributedintelligence,smartmeteringinfrastructure,demand
responseschemes,andself-healing(Bayindir,Colak,Fulli,&Demirtas,2016).Accordingto(Zaballos,
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Vallejo,&Selga,2011),thesmartgridisanelectricitynetworkthatcanintelligentlyandsmartly
integratetheactionsandusersconnectedtoit(generators,consumers,transmitters,distributorsand
thosethatdoboth)soastoefficientlydeliversustainable,economicandsecureelectricitysupplies.

Developingcountriesarefacingarduouschallengestomodernizetheaginggriddueto,among
others, poor ICT infrastructure unregulated energy market. For instance, the Tanzania Electric
SupplyCompany(TANESCO),whichisthesolesuppliercompanyoftheelectricityinTanzania,
thetransmissionside, is thepart,whichhasbeenimplementedintheprocessofmonitoringand
controllingwithsmartgridand lesserextent to theprimarydistributionsideof thegridsystem.
Thereisstillaneedtoautomatethecontrolofelectricpowertoincreaseefficiencyinallaspectsof
theelectricpowersystem,optimizecosttoconsumersandreducethenumberofstaffandhuman
errors.Inaddition,theuseofrenewableenergiessuchassolarandthewindismorevaluableinthe
utilizationandprovisionofelectricityinplaceswithoutaccesstothenationalgrid.Whenthesmart
networksystemhasbeenintegratedwithrenewableenergiesasasourceofpower,thisisreferred
totheassmartmicrogrid.AccordingtoKihwele&Kyaruzi,(2004),microgridsystemiscapableof
rapidlydetecting,controlling,managing,analyzingandrespondingtovariousperturbationsinthe
networkbyintegratingadvancedcontrolmethodssuchasagent-basedsystems.

Thecontrolandmanagementofdistributedenergysystemsusingmulti-agentsystemsinthe
smartgridhavebeenseentoworkeffectivelyintheprovisionofautonomousactions.Thestudyby
Jiang,(2006)discussedthatagent-basedsystemcanbeappliedinthemanagementofdistributed
energysystemsincludingdemand-sidemanagement,storage,andgeneration.Anotheruseofmulti-
agentsystemshasbeenimplementedinthesimulationofdiscreteeventemergencymedicalservices
inLondonhospitals,(Anagnostou,Nouman,&Taylor,2013).Othersectorsbywhichmulti-agent
systemscanbeappliedaree-health,transportations,andinfrastructure.

Inmicrogridsystems,theroleofcontrolisimportantforreliablecommunication,efficiency
operations,andautonomousactions.Thelevelofcontrolandmonitoringinmicrogriddependson
different aspects incorporated such as latency, memory consumption, security issues and power
management.Normally,themicrogridcanbeeitheroperatesinsynchronousmode(connectedtothe
grid)orasynchronousmode(islanded).Figure1describedtheDirectCurrent(DC)microgridconcept
basedonanislandedmodewithsolarasarenewablesourceofenergy.Someadvantagesofmicrogrid
systemsareincreasingreliability,moneysaving,revenuegenerationandaidingeconomicgrowth.

Figure 1. DC Microgrid control system
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Thisworkisanextensionofourpreviouspaper(Rwegasiraetal.,2017).Specifically,ademand
responseschemeisproposed to reduce theenergybill for individualhouses.Adynamicpricing
algorithmisproposedtoshednon-criticalloadsandtoreducethepeaktoaverageenergyconsumption.
Thedynamicpricingalgorithmpermitsauserwithsurplusenergytoearnmoneybysellingunused
energywhenthepricesclimbup.Therestofthepaperisorganizedasfollows:Section2describes
relatedwork.ProblemStatementisformulatedinSection3.Themathematicalmodelsforthevarious
blocksinaDCmicrogridareelaboratedinSection4.Section5detailsthemulti-agentsystemfor
control andmanagement of theDCmicrogrid.Simulation results usingRepast are discussed in
Section6.Finally,Section7concludesthepaper.

2. RELATED woRK

Itiswellacceptedthatpeaksofenergyconsumptionorthedecreaseofpowergenerationmaycausea
poweroutage,gridinstability,frequencyvariations,etc.Load-sheddingandenergystoragesystemare
twowell-knowntechniquestoshavepowerpeaksandincreasegridstability(Seethalekshmi,Singh,
&Srivastava,2011).Loadsheddingtemporallyeliminatessomeloadsoutofthesystemduringpeak
demands.Load-sheddingtechniquesareappliedonthecustomersidewiththeobjectiveofreducing
theelectricitybills.IntheDCmicrogrid,prioritizationstrategiesareusedtopreventpoweroutage
forcriticalloads.InXu,Liu,Chen,&Gao,(2016),theauthorsproposedanoptimalloadshedding
usingMarkovdecisionprocessforanislandedmicrogrid.Aconnectedmicrogridisattheriskof
severislandingintheeventofafaultinthemain-grid.Loadsheddingtechniquesforseverelyislanded
microgridareviabletopreventinstabilityandtomatchsupplieswithdemands(Das,Nitsas,Altin,
Hansen,&Sorensen,2017;D’Agostinoetal.,2017).

IntheDCmicrogrid,theintermittencyproblemofsolarenergyiswardedoffusingbatteries
energystoragesystem(BESS)(Fuetal.,2013).Inindustrialsettings,peakdemandsandcostsavings
canbe shavedusingBESScoupledwithoptimal sizing (Oudalov,Cherkaoui,&Beguin,2007).
Datacentersareasenergy-hungryfacilitiesintheICTindustryinwhichbatteriesareconsideredas
thesuitablecandidatetolowertheelectricitybillandreducepeakpowerdemands.Acost-efficient
centralizedBESSwithpartialdischargethataccountsforthenonlinearityofthebatterycapacityand
itsreliabilityisdevelopedby(Aksanli,Pettis,&Rosing,2013).

Demandsidemanagementisafactor,whichgoesinparallelwiththeprovisionofconstantand
efficientpowertotheendusers.Theimportanceofdemandresponseonconsumersidehasbeen
addressedinCiara,The,Engineering,Supervisor,&Duignan,(2011)todescribehowitcanbein
cooperatedwiththegridformaximumproductionoftheelectricity.Itinvolvesreducingelectricity
usethroughactivitiesorprogramsthatpromoteelectricenergyefficiencyorconservation,ormore
efficientmanagementofelectricenergyloads.(Saini,2007)Describedonhowdemandresponsecan
haveagreaterimpactonthesocietywithrespecttoenergyusageandutilization.

Multi-agent system, MAS, has become popular in control and optimization (Leitão, 2009)
(Lee&Kim,2008).Intheenergysector,MAShasbeenappliedto,forinstance,control,optimize,
simulate,andmanage thesmartgrid (Merabetetal.,2014)andmicrogrid(Kantamneni,Brown,
Parker,&Weaver,2015).Thecontrolof islandedandgrid-connectedmicrogridwithdistributed
energyresources,DERs,isacomplextask.Tocreateanautonomousmicrogrid,proposedatwo-layer
controlalgorithmcombinedwithMAS.Threetypesofagentswereused:alocalagent,aregional
agentandaserviceagent.TheDERunitiscontrolledandmonitoredbythelocalagent.Aregional
agentcontrolsalllocalagentswithinagivenregion.Finally,theserviceagentprovidesservices,
e.g.weatherforecast,tobothlocalandregionalagents.Inresidentialareaswithrenewableenergy,
decentralizedcoordinationandload-sheddingamonghousesaretreatedby(Celik,Roche,Bouquain,
&Miraoui,2017).Thearchitectureisarticulatedaroundanaggregatortodynamicallychangethe
price.Theauthorsconsideredcontrollableandnon-controllableloadsforoperationscheduling.They
furtherdefinedtwoagents:homeagentandaggregatoragent.Homeagentsuseageneticalgorithm
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to control theoperationof the controllable appliancewith the aim to reduce the electricitybill.
Logenthiran,Srinivasan,Khambadkone,&Aung,(2012)Presentedthemulti-agentforrealoperation
inamicrogridwherebythefocuswasoncentralschedulinganddemand-sidemanagement.Themodel
formulatedbasedonthepowergeneratedandthoseconsumedbythebatteryaswellastheloads.
InthemodelingofDCmicrogrid,threemainareasofconcentrationaregenerationpart(sourceof
power),storagepart(battery)andtheconsumptionpart(loads).Inmodelingofthesourceofpower,
themaincharacteristicsarethe(currentvsvoltage)I-Vand(powervsvoltage)P-Vbehaviors.For
storagemodeling,thefocusisoncharginganddischargingbehaviorswhileontheconsumerside,
themostcasescenariodependsontherandomgenerationofpoweranddemand-sidemanagement.In
thisresearch,themodelingfocusonsolarandPhotovoltaic(PV)panels’characteristicswithrespect
tosunirradiations,batterystoragewithrespecttoStateofCharge(SoC)whileonloadthefocusis
onuniformdistributionwithrespecttotimet.

3. PRoBLEM STATEMENT

Access to reliable and affordable electricity is still a problem in Tanzania, especially in rural
communities.According toMwinyiwiwa,Kivaisi,&Msoka, (2013),only14%of theTanzanian
population has access to electricity in rural areas. At the same time, the increase of productive
investments has also increased the demand for electricity. More people need access to quality
healthcare, communication, and education which all depend on a reliable supply of electricity.
TANESCO,themainpublicly-ownedsupplierofelectricityinTanzania,failstosatisfythisdemand
(Peng&Poudineh,2017).Asaresultofthis,theRenewableEnergyAgency(REA)andothersolar
powercompaniessuchasHelveticSolar,TAREA,andEnsolhaveinvestedinsolartechnologiesand
projectsinTanzania.Theseeffortshavehelpedmanycommunitieswheretheyhavebeenimplemented
(Couderc,2017;Aly,Jensen,&Pedersen,2017;Jadhav,Chembe,Strauss,&VanNiekerk,2017).

However,despitetheseefforts,manyofthesesolarprojectssufferfromcontrolandoptimization
challenges.Thereisstillanimbalancebetweenthesupplyanddemandforelectricity.Sometimesthe
demandexceedsthecapacityofthesolarimplementations.Thiscancauseinstabilitiesinthesystem
andreducethequalityofpowerthatisgenerated.Inordertodealwiththissituation,skilledpeople
areusedtocontrollingandoperatingthesesolarimplementations.Theymonitorandmakesurethat
everypartofthesystemisworking.Theyalsomanuallyrespondtoanyeventsthatmayoverloadthe
system.Thisprocesstendstobeinefficientandslow.Asaresult,peoplecannotreliablydependon
theavailabilityofelectricityatalltimes.

Inorder tosolve thesechallenges, there isaneedformoreautonomousandreliablecontrol
mechanismstobalancesupplyanddemandofelectricity.Solar-basedmicrogridinthesecommunities
needsnewapproachesforautomaticloadschedulingaswellaspeer-to-peerpower-sharingmechanisms
in cases of excess power. Existing approaches depend on centralized architectures where one
componentcontrolstheprocess(Hatziargyriou,Asano,Iravani,&Marnay,2007).Theseapproaches
donotscalewelloncethescopeofthemicrogridincreaseswithdemandfactors.Inaddition,they
introducesinglepointsoffailurethatreducethereliabilityandresilienceofthewholesystem.There
isaneedformoredecentralizedmechanismswhichcanalsoofferotherdesirablefeaturessuchas
faultdetectionandtolerance,self-healinganddynamicpricing(Olivaresetal.,2014).

4. MATHEMATICAL MoDELS FoR A DC-MICRoGRID

4.1. DC Microgrid-Kisiju Pwani Model
Theneedofmodelingofanysystemisveryimportantforthesuccessandpredictionsoftheresults.
Theworkby(Mwinyiwiwaetal.,2013), focuson theproductionofpower throughphotovoltaic
panels.Thissectionexplainshowthemodelingofsolar,batteryandloadshavebeendoneinorderto
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achieveloadsheddinganddemandresponsebasedonpowerandprice.Table1showsthealgorithm
andthestateswhichhavebeenusedtomodelthework.

4.1.1. Solar Modelling With Power Consumption
Themeansofconvertingthesolarenergyintoausableamountofdirectcurrent(DC)electricity
can be done through the absorption of sunlight into the solar panels. Modelling of the solar
panelsisacommonsolutionwhendescribingdifferentcharacteristicsandbehaviorofsolar.This
characteristicofthesolarpanelsarenormallybasedonthevoltage,illuminationsandtemperate
ofthesurroundings(Chen,2011).

Tocomputethealtitudeandazimuthangles,(1)and(2)wereused:
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Table 1. Algorithm for the DC microgrid

Algorithm PV Solar panel Storage Battery Cri.Load Non-Cri.Load

Function

Performload
sheddingbasedon
demand,Display
thepriceonhourly
basis

Stateofcharge(SoC)
ofthebattery

Maintainthe
powerlevel,no
shedding

Controlthepowerusageonthe
allocateddevicesforshedding

Action Providepowerto
themicrogrid

Actasabackupof
mainsolartoprovide
powertotheloads

=loadprofilingat
certaintime.

=loadprofilingatcertaintime.
Rangeofthepowerconsumptionof
thedevices
Important devices:Lights,
fridge,TV
Non important devices:AC,
washingmachine

Rules1
Ps=powersupply,
Pthreshold=Threshold
power

Power supply and consumption

Ps>Pthreshold SoCbattery>=50% SwitchON SwitchON

Ps<Pthreshold SoCbattery>=50% SwitchON Isolatefromsolar,getfromstorage

Ps<Pthreshold SoCbattery<=50% SwitchON Isolatefromstorage,getfromits
ownbattery.

Rules 2 Algorithm of the price

Price is high:
Ifthedemand
ishighthanthe
supply

Controlthedevicesandeither
(i)switchofftheNonimportant
devices
(ii)useyourownbattery
(iii)ifyouhavesurplus,selltothe
grid

Price is low:
Demandislow
thanthesupply

Switchallthedevices
Reservethebatterypowerforfuture
use

Results
Power
consumption,price
againsttime

Powerconsumption
againsttime

Powerconsumption,priceagainst
time
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wherea istheapparentsolartime, L thelatitudeindegree, δ thedeclinationangle,and ω the
hourangle.
4.1.1.1. Solar Modeling With Power Production
Tocomputethetotalsolarirradiationofthesun,(3)wasalsoused:
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whereA,C,andkarefactors,whichdependsonthenumberofsolarcells,calculatedas:

A N= + × −( ){ }{ }−1160 75 360 365 2751�sin ( / )  (4)

k N= + × −( ){ }{ }−0 174 0 035 360 365 1001. . sin ( / )  (5)

C N= + × −( ){ }{ }−0 095 0 04 360 365 2751. . sin ( / )  (6)

ThecalculationofthePVmodelwasbasedonseveralconstantvaluesastabulatedinTable2,
whichleadtohaving(7):

Table 2. Solar cell parameters

Parameter Constant Value

NumberofSuns,G 1000W/m2

Temp,T 273

Boltzmann’sconst,K 1.38e-23

Chargeonanelectron,q 1.60e-19

Diodequality,A 1.2

Bandgapvoltage,Vg 1.12

OpencctvoltagepercellatemperatureT1(25),Voc_T1 32.9V

ShortcctcurrentpercellattempT1,Isc_T1 8.21

OpencctvoltagepercellattemperatureT2(75),Voc_T1 29.9

ShortcctcurrentpercellattempT2(75),Isc_T2 6.62

arrayworkingtemp,TaK TaK=273+TaC

referencetemp,TrK TrK=273+25
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4.1.2. Solar Modeling with Pricing Control
Thecalculationofprice-aheadwascontrolledbydifferentparametersinclude:numberofhousesin
themicrogrid(N),predictableavailableenergyforthenexthour(E),predictablepoweratthenext
hour(avectoroflengthN),themaximumandminimumpriceofinthemicrogrid,(qmax,qmin)asafe
marginenergy( ζ ),thestepofthepriceincrease,(L)andthecurrentprice(qi).

Thealgorithmworksasfollows:Attheithtimeandatthekthday,thealgorithmcomputesthe
consumedpowerbyallNhouses.Thisvalueischeckedagainsttheproducedenergy.Incasethetotal
energydemandsareveryclosetothegeneratedenergy,thenthepriceforthenextintervaloftimeis
increasedbyaconstantstepT .Incasethedemandsinenergyislessthantheproducedenergy,then
thepricesareloweredbyaconstantstepT .Thealgorithmsguaranteesthatthepricewillnotleave
themargin,thatisq k q q

i min max( ) ∈ 

 .Thealgorithmshouldmaintainhighvaluesforq

max
sothat

onlycriticalloadsarepoweredon.
Functionprice-control(i, N, k , ζ )

{

P k p k
i
d

j

N

j
i( ) ← ( )

=
∑

1

;//Computethecurrentenergyconsumption

E k e k
i
p

j

N

j
i( ) ← ( )

=
∑

1

//Computetheactualavailablepower

{
if(P k E k

i
d

i
p( )+ ≥ ( )ζ )

q k q k T
i i+ ( ) ← ( )+1

min( , � )q
max

//increasetheprice
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elseif(P k E k
i
d

i
p( )+ < ( )ζ ) 

q k q k T q
i i min+ ( ) ← ( )−1

max( , ) // reduce the price


else
q k q k T

i i+ ( ) ← ( )+1



endif
}

returnq
i+1



}

4.1.3. Storage Modeling
In a PV- microgrid, the electricity generated by PV panels depends on the weather condition,
orientationofthepanels,etc.Thisandotherfactorscreateelectricitygenerationintermittency.To
circumventthisproblem,batteriesshouldbeusedtostorethesurplusenergyandusedwhenthe
PVpanelsdonotproduceenoughelectricityforthehouse.Chemicalbatteriesarethewidelyused
technologyintherenewableenergysector.Electrolyte,anodeandcathodearethemostimportant
elements thatdetermine theelectricalbehaviorof thebattery.Duringcharging,chemicalbattery
convertselectricityintochemicalenergyusingtheprincipleofoxidation-reduction.Batteriesare
chargedanddischargedusingasolarchargecontroller(SCC).Figure2showstheconnectionofa
solarchargecontrollertothePVpanel,abatteryandDCappliancesinsidearesidence.

Thesolarchargecontroller is anembeddedsystem that implementsacharging/discharging
algorithmalongwithotherprotectionfeaturessuchasprotectionagainstoverchargeandundercharges
(c.Batterieshaveseveralparametersthatdependonthebattery-type,applications,etc.InDC-microgrid
andforlead-acidbattery,themostimportantparametersareSoC(Stateofcharge),DoD(depthof
discharge),ratedcapacity,voltagerating,capacity,Coulombicefficiency,andcyclelifetime.TheDoD

Figure 2. Connection of a solar charge controller
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foraleadacidbatteryshouldnotdropbelow50%ofitsratedcapacity.Thecapacityofthelead-acid
batterycanbedeterminedusingPeukert’slawasgiveninequation(12):

C I t
bat d
=  (12)

whereC
bat

isthebatterycapacityinAmp-hour,I
d

isthedischargecurrent(whichissupposedtobe
constant),andαisthePeukert’scoefficient.TheoriginalPeukert’slawhasbeenfoundinaccurateby
(Doerffel&Sharkh,2006)andtheyproposedseveralempiricalequationsforlead-acidbattery.

Inthiswork,SoCisthemostappropriateparameterthatneedstobecontinuouslytrackedfor
homeenergymanagementsystem.Foralead-acidbattery,SoCcanbedeterminedusingthedynamic
modeldevelopedby(Ceraolo,2000)whichisshowninFigure 3: Lead-acid equivalent circuit model.
Thecharginganddischargingofthebatteryhasbeencalculatedusingequation(13):

C t C t
t t

V t
P t P tb

b

rew u( ) = −( )+
∆ × ( )

( )
× ( )− ( )










1

�
� �

� �

Ψ




 (13)

whereP t
u  

 ( ) istherenewablebatterypower,  
 

P t
rew ( ) isthetotalrenewablepower,V t

b ( ) isthe
voltageofthebatteryterminalsattimet, Ψ

b
t( ) isthebatteryefficiency,andC t C t( ) −( )and 1 

arethebatterychargesattimetandt-1respectively.

4.1.4. Load Modeling
Withmodelingoftheload,themainattributeistogeneratetherandomvaluesatgivennumberof
intervals.Equation(13)wasusedwhichbasedontheuniformdistributionwithaspecifiednumber
ofvaluesneeded:

r Ai Ai Bi rand N= + +( ) ( )* ,1  (14)

Figure 3. Lead-acid equivalent circuit model
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whereA,Brepresentintervalsoftherandomnumberstobegenerated,Nrandomgeneratednumbers,
anditheithnumbergenerated.

Moreover,thetwoscenariofunctionsforbuyingandsellingpowertogridaredescribedasfollows.
4.1.4.1. First Scenario: Buying From the Grid
Theload(house)isresponsibleforenergycontrolandmonitoring.Thekeepsonmonitoringthestatus
ofthebattery(SOC)topredict,inanhour-ahead,theavailablepower.Incasetheenergystoredinthe
localbatteriesdoesnotcoverthepredictedneed,thentheagentchecksfortheenergypricesinthe
nexthour.Ifthepricesareaffordable,thentheagentwillbuytheextrapowerfromthemicro-grid.
Incasethepricesarehigh,theagentwillpower-offnon-criticalloads.
4.1.4.2. Second Scenario: Selling to the Grid
Incasetheenergystoredintheavailableenergyinonehour-aheadissignificantlyhigherthanthe
predicteddemands,thentheagentwillcheckthecurrentpricesatthemicro-grid.Ifthepricesare
high,thentheagentcansellthesurplus.Thehousecanalsodecidetoattachmorebatteryandsave
theextra-powerincasethepricesarelow.

Theaspectofloadcategorizationisbasedonimportantandlessimportantapplianceswhereby
theusercandecidetoswitchthedevicetoreducethecostwhenthepriceishigh.Table3showsthe
typesoftheappliancesselectedforthisworkwherebythelightbulbs,TVandFridgeareimportant
whiletheairconditionerislessimportant.

5. IMPLEMENTATIoN oF MULTI-AGENT SySTEM

5.1. Repast Simphony Platform
Inoursimulationwork,weusedRepastsimphonytodevelopandsimulatemulti-agentsystems.
RepastSymphonyisaJava-basedtoolkitthatoffersdifferentsimulationplatformssuchasJava,
Logo,GroovyandStatecharts, fordevelopingagent-basedmodels (Bragen,Collier,Murphy,
Ozik,&Tatara,2012).Itisanopensourcetoolthatallowstoeasilydesignandsimulatedynamic
systemsthatinvolvemultipleinteractingagentsandprovidethestepbystepsimulation.Repasthas
alreadybeenusedtomodelandsimulatedifferentapplicationsandusecasesintheelectricpower
domain.Ithasbeenusedtomodelandsimulatetheinteractionofsmarthomeswithdistributed
power generation in order to minimize individual power costs and peak power consumption
(Kahrobaee, Rajabzadeh, Soh, & Asgarpoor, 2012). It has also been used to simulate very
complexanddynamicdistributedelectricitymarketsinsmartgridscenarioswherecustomers
withcompetinggoalsandconstraintsbuyandsellelectricitytoeachotherwithdynamicprices
(Kahrobaee,Rajabzadeh,Soh,&Asgarpoor,2014).Moreover,Repastinagentexecutionprovides
atickdrivensynchronousandschedulersinglethreadapproachwhileintermsofinteractionit
allowsmethodcallsandresourcesharing.

Table 3. Appliances with their power consumption

Device Capacity Amount

Lightbulbs 13W 6

TV 40W 1

Fridge 150W 1

AirConditioner 1000W 1
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5.2. Agent Collaborations
Therearethreeagentsinthismicrogrid,whicharesolar,storageandload.Theloadagentshavetheir
ownsolarandstorage,whichhassimilarcharacteristicslikethemainsolarexceptthatit,canperform
loadshedding.Figure4showstheset-upoftheagentsandtheirinterconnectionbetweeneachother.
Table2alsosummarizesthefunctionsofeachagentimplementedintheRepast.

5.2.1. Solar Agent
Thisisthemainpowersupplytothebatteryandloads.Thebehaviorofthisagentistoobtainthe
solarradiationfromthesunshineandgeneratethepowerfromit.Thehigherthesunshineresultsin
themaximumpowerproduction.Theexpectedmaximumpowerwillbegeneratedatnoonwherethe
sunshineisthehighestpeak.Thesolaragentlearnsthebehavioroftheenvironmentsthroughsun
radiationsandilluminationsthenproduceanoutputofpower.Thatactionisautonomousanditchanges
accordingtothesunshineoftheday.Thisagentisalsoresponsibleforchargingthemainbatteryup
tothemaximumlevel(80%oftheSoC)andthensuppliestheloads.Moreover,thedistributionof
powerdependsonthenumberofloadsandtheirconsumptionofpowerperdailybasis.Themain
solarisaccountableforcategorizingthecriticalandnon-criticalloadsandtoperformloadshedding
whenthepowerisnotsufficient.Inaddition,thedemandresponseofthesolaragentisfocusingon
howtheloadsareabletoprovideextrapowertothemainstorageforcontinuousdistributionofpower.
Thisisalsoresponsibleforthepricingcontrolasdescribedintheprevioussection.

The“ChargeController”functionistheonewithattributestoperformthecontrollogic.Itis
responsibletocontrolandmonitorthestatusofthepowerconsumptionssuppliedtothegridand
notifythepricingfunctiononwhethertoincreasethepriceordecreaseit.Ateveryiteration,the
systemskeeponupdatingandcheckingtheproduction.Ifthesolarpanelshaveenoughpowerto
distributeintothesystem,thenthepricewillremainunchanged.Moreover,thecontrolofthebattery
levelforcharginganddischargingisdonewiththisagentandincasethereisaninefficientpower
supply,thefollowingcanbedone:(1)increasethepriceandannouncetothesystem,(2)disconnect
thenon-criticalloads.

Figure 4. Agent collaborations in DC Microgrid
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5.2.2. Storage Agent
Themaintaskofthisagentisthestorageconceptandactasabackupofthesolaragent.Itmonitorsthe
charginganddischargingactivitiesandensurestheconstantprovisionofpowertothecriticalloads.
Thisagentprovidespowerwhenthesolardonothavesufficientpowertosupporttheloads.Extra
powerisalsosharedtothisagenttomakedemandresponseschemebasedonpricingeffectiveand
efficient.Moreover,eachindividualloadagenthasitsownbatterystoragewhichhasthefollowing
functions:(1)controlthechargingprocess,(2)determinethehealthofthebattery,(3)forecastthe
powerdemandoftheload,(4)prioritizetheappliances,i.e.importantandlessimportantdevices
basedontheavailablepowereitherfromlocalbatteryorthegridand(5)guaranteesafeoperation
andoptimalperformanceofthebatterysystem.

The“SupplierBattery”functionwhichextendstothe“SolarBattery”functionmaintainstheSoCof
theLead-acidcharacteristicsandactasabackupintothemainsystem.Themainstoragebatteryfocus
oncontrollingtheoverallsystemwhiletheindividualbatterymonitorstheconsumptionoftheindividual
house.Thecapacityoftheindividualload(house)isspecifiedbytheownerbasedontheconsumptionand
need.Theindividualstorageagentkeepsonmonitoringtheconsumptionsandthelevelofthesupplied
power.Iftheload(house)hasbeendisconnected,thenthebatteryhastoautomaticallyswitchon.

5.2.3. Load Agent
Thisagenthasitsownsolarandstorageforpowerusagewhereitcanuseitasperdemand.Thepower
consumptionofeachloadisgeneratedrandomlyperhoursusing(14).Theloadagentprovidesautomatically
extrapowertothemainsourceandrespondstoitsownpowerwhenloadsheddingtakesplace.Inaddition,
theloadagenthasacapabilityofeitherdecidingtouseitsownpowergeneratedorthepowerfromthegrid.

The“RandomGeneratePower”functionprovidestheownerofthegridtospecifythemaximum
andminimumpowereachuser.Thiswasdoneinordertogeneratetheloadprofilingbasedonthe
contextofanelectriccompanyinTanzania,butalsotohavetheflexibilityofthesystem.Apartfrom
this,anotherfunctionisthe“consumer”functionwhichfocusesondemandandsupplyattributes.For
everyiteration,theagenthastomonitoronthepricingbehaviorinthesolaragentanddecideon:(1)
Switchoffthebatteryandusethegridifthepriceislow,(2)Continuetousethepowerfromitsbattery.

Also,dependingontheavailabilityofthechargingcapacity,theagenthastomakesheddingon
thelessimportantappliances.Thisisdonethroughthe“LoadPower”functionwhichforeveryiteration
itisabletoanticipatethepowerconsumptionoftheloadtobeused.Therefore,thiswillprovidethe
timeforimportantappliancestocontinuetobeused.Table4summarizesthefunctionsofeachagent.

Table 4. Functions of each agent

Agent

Solar Battery Load

Method at time t

Solarirradiationand
illuminationofthesun

    Chargingand
discharge

Randomvaluesgeneratedin
Kwh

Currentproductionfor24Vto
48Vdc.

Statusofthehealthof
charge

Getexcesspowermethod,Run:
forrunningsimulationand
Distributepowermethod

Run:forrunningsimulation Reservethepowerfor
futureuse Distributepowermethod

Distributepowermethod Performloadsheddingtoits
appliancesbasedonthedemand

ChargerControl,Supplier
function,powergridcontrol

Selling/buyingthepowertothe
gridwithrespecttotheprice
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6. RESULTS AND DISCUSSIoN

Theresultsaredemonstratedwith3houseswhichhavecriticalandnon-criticalloads.Thesimulation
hasbeenrunwith100tickcounts,whichisequivalentto100hours.Theworkingvoltageis24V
and48Vdcforindividualandmainstoragebatteryrespectively.WhenrunningtheRepast,thereare
severalparametersadeveloperhastoinsertbasedonthemodel.InourcaseFigure5showssomepart
oftheparameterswhichforeveryrunningoption,theusercanchangewithrespecttohis/hertargets,
i.e.increasednumberofhouses,storagelevel,pricevalues,powerfromthesourceandbeabletosee
howtheloadsheddingwilltakeplace.Inthiscase,whenrunningdifferentscenarios,itwillthenbe
possibletoanalyzethepowerconsumptionsinthemicrogridandmakeplansasrequiredespecially
onhowlongthegridwillprovidepowertotheloads.Sidewise,Figure6showsthe2-dimensional
figureofthemicrogridwithasolarpanelasasource,batteryasstorageandloadsindicatingcritical
andnon-criticalloads.Foreverystepofthesimulation,thechangesofthepowerconsumptionand
usagewillalsobechangedinallagentsuntiltheindicated100ticksdiminished.Thisisalsooneof
theadvantagesofusingtheRepastsimulationtoolwherethevisualizationoftheoutputcanbeseen
ateachstepofthesimulation.

Thepriceprofileofthegridisanimportantfeaturefortheforecastingdemandinthecountry.The
individualcustomerneedstoknowtheplanofitsusageuponknowingtheaheadpriceinthegrid.In
Figure7andFigure8showthetime-basedpriceofthepowerandthenextpriceaheadwhenthere
issheddingandwithoutshedding.Ifatthepeakhoursandthepowergenerationisnotenough,the
sourceagentcandecidetodisconnectthenon-criticalloadandleavethecriticalloadontheoperation
mode.Inthiscase,itiseasyforthecustomertodecideonitspowerconsumptionbyautomatically
switchingoffitsheavy-dutyappliancesordecidedtoconnectwithitsownbatteryifithasenough
storagecapacity.FromtheFigure7itshowsthepriceishighalmostalltimesduetotheshortageof
powerfromthesupplier.Theparameterofthepriceincrementwillbesetbythecontrolcenterin

Figure 5. Part of the parameters
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whichthepricedependsonseveralfactorssuchastheconsumptionrates,theweatherconditionsas
wellasdifferentoffersinthegridsystem.AlsoinFigure8thepricehasbeenlowmostofthetime
withsomefewspikesgoingtohighwhenthepowerwasrunningdownandthishashappeneddue
totheincreaseofsuppliersolarpanelsandbatterystoragecapacity.

With respect to the community, the utilization of the demand response schema and price
managementprovidesthestabilityofthesystemandmakesabetterprofit.Thereasonforthisis
duetothefactthatmajorityoftheuserswillkeepontrackingthepricingprofileandmakeuseof
electricityefficiently.Moreover,manyusersmaydecidetousetheirbatterystoragesduringpeak
hoursandleavethegridonlyforcriticalloadssuchashospitalsandschools.Inthelongrun,ifevery
communitycanmanagetocontrolandmonitoritsownmicrogridbasedonpricecontrol,thenthe
effectofdeficiencypowerwillbedecreased.

TheloadprofilegraphscanbeseeninFigure9showingthesheddingandnon-sheddingofthe
appliancestoanindividualhouse.Inthismanner,inthetimeofthehighestpricepeak,thehouse

Figure 6. 2D visualization of the microgrid
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decidestoswitchoffsomeofthelessimportantappliancesinordertoreducethecost.Therefore,
theonlyoptioniseitheroffoperationordecidetouseitsownbattery.Withrespecttothepriceto
becomelow,itcanbeseenthatthesupplierhasenoughelectricitytothesuppliertoconsumerload
andhence,noloadsheddingprocess.

Figure 7. Price vs time when shedding

Figure 8. Price vs time without shedding
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FromFigure10whentheloadsheddingtakesplace,thesuppliercontinuestoprovideelectricity
tothecriticalloadandcutoffthenon-criticalloads.Atthesametime,thepriceofelectricitywas
highduetothatfactthatithaslesspowertosupply.Thismaybeduetoweatherconditions,high
demandandsoon.Therefore,inthiscase,thenon-criticalloadsdecidetoutilizeitsownbattery
andreducetheconsumptionthroughswitchoffairconditionerandjustremainedwiththeimportant
appliances,i.e.TV,lightandfridge.Thespikesseenonthegraphsarewhenthepricewaslowered
bythesupplierandhence,thenon-criticalloadsreturnintothemicrogrid.

7. CoNCLUSIoN

Thedesignandimplementationofmicrogridsystemsdependmuchontheperfectmodelingofits
components.Thisworkshowstheeffectofbothloadsheddingandnoloadsheddingonmodelingof
thesolardrivenDCmicrogridwiththeeffectofdemandresponsebasedonpricing.Theideasofan
individualloadtodisconnectthenon-criticalapplianceshavebeenseentoworksuccessfullywhen

Figure 9. Consumer power consumption vs time without load shedding

Figure 10. Consumer power consumption vs time with load shedding
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theDC-microsystemsuffersfrompowerscarcity.Inaddition,theuseofbatterymanagementsystem
forchecking theDoDis important for themicrogridsystemto improve thebatteryhealth.With
differentnumbersofhousesanddifferentparameters,usingthemulti-agentsystem,thesolaragent
canprovidepowertothemicrogridandleavethecriticalloadinasafemodeaswellasmakeuseof
demandresponsetosolvetheissueofsupplyinganddemanding.Inaddition,theeffectofdemand
responsecanbeachievedwithloadagentstoprovideextrapowertocriticalappliancesautomatically.
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