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Abstract—In microgrids, the voltage source inverters often use
the droop control technique along with voltage and inner current
control loops to achieve a reliable electrical supply. Because
of the unmatched line impedance, the standard droop control
technique makes it difficult to uniformly distribute power and
limit circulating flow across parallel connections, especially in
highly nonlinear systems. The purpose of this research is to
introduce a neural network-based virtual impedance integrated
with a bi-directional grid inverter control technique that im-
proves stability during the dynamic operation of microgrids.
In order to track demand and reference power accurately
with less deviation and better stability under various operating
scenarios, the suggested technique employs the Feed-Forward
Neural Network (FFNN) to learn the nonlinear model during the
transient state of the inverter. It consists of adding compensation
voltages without any further tuning procedure. The proposed
FFNN controller’s extensive transient stability analysis, power
tracking, and operational performance are assessed in various
dynamic scenarios using the power hardware-in-the-loop (PHIL)
technique. In addition, the robustness and performance of the
proposed approach are validated on the IEEE 33-bus standard
distribution system. All findings are compared to the tried-and-
true conventional technique to demonstrate its efficacy.

Index Terms—feed-forward neural network, inverter-based
power system, virtual impedance, microgrid, droop control.

I. INTRODUCTION

THE concept of microgrids which are integrated with
distributed energy resources (DERs), has been utilized

commonly in recent years due to the devastating environmental
effects of classical power generation stations into power grids
and the growing worldwide need for decarbonizing energy
[1], [2]. Distributed generation (DG) systems that can pro-
vide electricity in both off-grid (islanded) and grid-connected
(GC) functioning modes have been made possible because of
developing technologies, advances, and enhanced control in
power converter/inverter systems [3].
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Droop control techniques are among the strategies that assist
in controlling the interchange of shared power in inverter-
based microgrids, and their importance has recently grown
[4]–[6]. The droop controller is the main device that is
frequently used in grid inverters/converters to increase the sta-
bilization of microgrids [7]. Reactive power-voltage magnitude
droop control and active power-frequency droop control are the
two main operating principles for typical conventional droop-
controlled inverters. The droop control is become more popular
as a result of its benefits, including simple installation, adaptive
parameter adjustment, active and reactive power adjustment
in the absence of DERs’ data connection, and a significant
level of dependability [7]–[9]. In contrast, the standard droop
control system has significant drawbacks and shortcomings,
including frequency and/or voltage variations, DGs’ system
transient behavior impact, a drop of inertia assistance in mega
inverter-based grids during dynamic operation, inaccuracies in
delivered power value with variable coupling impedance, and
instability states due to insufficient dynamic action [10]–[13].

Conventional droop controllers function poorly when ap-
plied to grids with unknown line compensations, transmission
lines with complex impedance, or distribution systems that are
primarily resistive. Additionally, the impedance mismatch at
the terminals of side-by-side inverters has a negative effect
on droop controllers. Otherwise, the synchronized virtual
impedance is formulated using a complex virtual impedance
that incorporates both inductance and resistance elements.
These components, inductance and resistance, are utilized to
offset discrepancies in reactive and active power, respectively.
By concurrently adjusting virtual resistance and virtual induc-
tance, the compensation is extended to address incongruities
in line impedance among DGs. This dual-tuning approach not
only ensures accurate power sharing but also contributes to
bolstering the overall stability of the microgrid system by
augmenting damping across the entire system [14]. As a result,
these circumstances lead to uneven power distribution and,
ultimately, instability. Since the correct frequency and voltage
regulation in microgrids and accurate active and reactive
power-sharing capabilities are both essential for converter-
controlled distributed generators, many adjusted droop control
structures are developed to tackle this problem. In [15]–
[18], the concept of virtual impedance is implemented. An
optimal adjustment of complex virtual impedance is adopted
for each inverter to enhance power-sharing accuracy by calcu-
lating feeder impedance using an online estimation algorithm
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[15].In[16],authorsproposeanadaptivevirtualimpedance
controllerforreconigurableAC/DC MicroGridsthatenables
autonomousadaptationofoutputimpedanceofinvertersto
ensurepowersharingenhancement.Itisnoteworthythatthe
virtualimpedanceconceptcanbedeployedtoameliorate
powerqualitybycompensatingharmonicpowersharingwhile
supplyingnonlinearloads[17].

Theaforementionedsystemshavecertaindrawbacks,in-
cludingalackofpreciseactiveandreactivepowerdecoupling,
dependenceonthestructureof microgrids,andaneedfor
more measurementinstruments. Therefore,severalcurrent
methodsseektoimprovethedroopcontrollersevenfurther
throughintelligentcontrolmethods[19]–[22].Forthepurpose
ofload-sheddingandpowersharinginadroop-controlled
islandedmicrogrid,theauthorsin[19]presentaprobabilistic
waveletfuzzyneuralnetworktechniquetotaketheplace
ofthevoltageregulator, whichisbasedonaPIcontroller.
Evenyet,the methodhasalongexecutiontime,andits
deploymentislimitedtomicrogridspoweredbybatteryenergy
storage.Fortheenhancementofpower-sharingin microgrid
systems,ahierarchicalcontrolframeworkbasedonradial
basisfunctionneuralnetworks(RBFNN)isadoptedin[23].
Inthisapproach,abasicPI-basedvoltagecontrolloopis
addedtothe multilevelcontrolscheme,usingthePIRBFNN
methodologytosolvepowerlowequationsandobtainreactive
powerreferences.Asaresult,thelow-passilterinthedroop
controlsystemisnolongerrequired.ButsincethenewPI
controllermustbeproperlytunedinorderforthistechniqueto
beaccurate,thesystembecomesmorecomplicated. Moreover,
itdoesnotincludeanyphysicalapplicationofthepresented
strategyorgiveevidenceoftheofferedmethod’saccuracyin
reactivepower-sharing.In[21],areinforcementlearning-based
data-drivenintelligentcontrolisprovidedforcustomizing
thesettingsofvirtualinertiaemulationforfrequencycon-
trol.Asopposedtopower-sharingcapabilities,thefrequency
managementof microgridsisthe majortopicofthis work.
Thistechniqueisa model-basedstrategythatnecessitates
knowledgeofthesystem modelbeforehand.Forvoltageand
frequencystabilizationandpower-sharingcontrol,theauthors
in[22]suggestadata-drivenonlinelearning methodtotake
overthetraditionaldroopcontroltechnique.The method’s
limitationisthatreactivepowersharing musttakeprece-
denceovergreatervoltagefaultsinordertoachieveboth
voltagecontrolandreactivepowersharingconcurrently.To
addresstheconstraintsoftuningback-to-backPIregulators,
separatetuningforvarioussystemsizes,andthecalculation
complexityoftheother methods,thecascade-forwardneural
network(CFNN)approachtodrivinginverter-basedgridsis
presentedin[24].TheCFNNsystemgainsbeneitfromthe
onlineweightsadaptationtechniquebyfollowingthenominal
systemvoltageandfrequency,oractiveandreactivepower,
inislanded/grid-connectedmode,respectively.Otherwise,this
CFNNtechniqueexhibitssomedivergenceduringthedynamic
transition.

Thefeed-forwardneuralnetwork(FFNN)trainedusingthe
back-propagationalgorithm,asopposedtothe moststraight-
forward(PIcontroller)and widelyusedsystems,isrecom-
mendedincontrasttothepriorapproaches.Theadvantageof

theFFNNisthatitcanhandlenonlinearconnectionsbetween
inputandoutput while maintainingalinearrelationship.
Besides,tofollowthereferenceparametersbasedonthe
operationalmode,aliveneuron-weightmodiicationalgorithm
isusedtodrivethefeedbacksignalstozero.Inthecontextof
ourapplication,theadvantageofappliedFFNNisnotonlyits
inherentabilitytohandlenon-linearrelationshipsbutalsoits
lexibilityinmanaginglinearity.TheusedFFNNarchitecture
allowsforamorecontrolledandinterpretableadjustmentofits
parameters,makingitfeasibletointroducelinearcomponents
whenneeded.Thislexibilitycanbeadvantageousinscenarios
wherepreservingorincorporatinglinearcharacteristicsis
beneicialforspeciicaspectsofthecontrolstrategy. Also,
theconventional modelingandstandardvirtualimpedance
control maybeeffectivein manyscenarios, whileneural
networkscanofferadvantagesinsituationswherethesystem
dynamicsarecomplex,non-linear,orsubjecttouncertainties
thatarechallengingto modelaccurately. Accordingly,the
FFNNvirtualimpedancetechniqueissuggested with mini-
maloscillationduringdynamicoperation,suchasafaultor
transitionstate,toaddresstheother methods’limitationsof:
i)singletuningforvarioussystemsizesand/orinstallation
locations;ii)theconventionalmethod’sunstableconditionin
highlynonlinearcases;iii)thecomplexityoftheadaptationin
theothercommontechniques.Theproposedapproachisunit-
based,makingitgeneralenoughtobeappliedtoavarietyof
converter-controlleddistributedgeneratorsizeswithoutextra
tuning. By monitoringthereferenceandactualcurrentsin
islandedorgrid-connected mode,thelive weightsadaption
techniqueaddsvaluetothesuggestedsystemandresultsin
lessoscillationduringdynamicoperatingconditionssuchas
faultsortransitionstates.

Inbrief,thecontributionofthepaperis:

• Introducingavirtualimpedance-baseduniversalFFNN
toenhanceinverter-based microgridswithbi-directional
islanded/grid-connectedmodescontrol.

• Thefeedbackerrorsaredriventozerobyonlineneural
networkneuron-weightadaptation,which makesitsim-
plerforthesuggestedtechniquetomonitorthereference
valuestoincreasesystemstability,lessoscillation.

• TheFFNNvirtualimpedancetechniquegetsaroundthe
limitationsofsingletuningforvarioussystemsizes
and/orinstallationlocations,theconventional method’s
unstableconditioninhighlynonlinearcases,andthecom-
plexityoftheadaptationintheothercommontechniques.

• Multiple PHIL experimental assessments on 1MW
BESSsusingtheIEEE33-busstandarddistributionsys-
temandreal-timeplatformcoupled withOP4510pro-
cessordemonstratetheeficacyoftheproposedapproach.
Asaresult,theofferedschemeisveriiedandcontrasted
withtheconventionalsupported method,revealingthe
effectivenessandrobustnessofthesuggestedstrategy
intheoperating modesofislanded,grid-connected,and
dynamic(fault/transition).

SectionIIanalyzesthedroopcontrolandconventional
virtualimpedanceconceptsinmicrogrids.TheproposedFFNN
virtualimpedanceisexecutedforgrid-supporting VSIsin
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SectionIII.Besides,inSectionIV,atransientstabilityanalysis
isconductedtoprovetherobustnessoftheproposedtech-
nique.ThePHILexperimentalresultsfortheproposedand
conventional methodsarepresentedinSectionV,aswellas
theIEEE33-busstandardtestinSectionVI.SectionVIIwraps
uptheresearchwithacomprehensiveoverviewandadetailed
conclusion.

II. VIRTUALIMPEDANCE THEORYINMICROGRIDS

Fig.1. Three-phaseVSIwithLCiltercircuitlayout.

VoltageSourceInverters(VSI)areutilizedinmodernutil-
itiestoincorporatebothbatteryenergystoragedevicesand
distributedpowersources.Therefore,anLCilter, whichis
regardedasaninterfacedevice,isusedtoconnecttheVSIto
thegrid.Thepowersource,VSI,LCilter,andgrid-connected
impedanceareshowninFig.1.TheLCilterconsistsofLs,
Rs atthe VSIsideandparallelcapacitorCf,andLg,Rg
atthegridconnectionpoint.vabc

i andiabc
i arethe VSI3-

phasevoltageandcurrent,andvabc
g andiabc

g thegridorload
sidevoltageandcurrent. Also,vabc

o istheilter’stie-point
voltage.Adroop,alongwithcurrentandvoltagecontrolloops,
makeupthetraditionalcontrolframeworkfor VSI-based
microgrids.The mathematicalcontrol modelisconstructed
usingtheconventionalcontrolapproachdescribedin[7]as
abenchmarkmodel.

A. DroopControlmodel

Aprimary-levelcontrollerknownasa”droopcontroller”is
usedinmicrogridstoregulatetheoutputpower(P, Q)using
thefrequencyandamplitudeoftheinverter’sterminalvoltage.
Thealgorithmforconventionaldroopcontrolisdevelopedas
follows[24],

ω=ωo+mp(Pref−Pact) (1a)

E=Eo+mq(Qref−Qact) (1b)

whereE andωaretheamplitudeandangularfrequencyof
theinverter’sterminalsignal,Eoandωoarethereferenceor
nominalvaluesofvoltageamplitudeandangularfrequency,
mqandmparethedroopcontrollergains,PrefandQrefare
activeandreactivereferencepowervalues,andPactandQact

arethemeasuredactiveandreactivepower,respectively.

B. CurrentRegulatorControlLoop

1)Islandedmode:Themainfunctionofthecurrentcontrol
loopistoimprovethevoltagelevelof microgridsinIS
operatingmode.Thevoltageregulatorblock,whichmodiies
theoutputvoltageoftheinverter,ispartoftheoutercontrol
loop.Itisimportanttounderlinethatthevoltageregulation
loopisonlytriggeredinislandedoperation. Thevoltage
controlloop’smathematicalequationsareexpressedas,

iref
d =Kp1evd

+Ki1 evd
(2a)

iref
q =Kp2evq

+Ki2 evq
(2b)

where, evd
=vref

d −vgd=E−vgd,evq
=0−vgq,vgdq

isthedq-axisvoltageatthegrid-side,iref
dq isthereference

currentondq-axis,Kp1,2 andKi1,2 arethePIcontrollers’
gains.

2) Gridconnected mode:Theprimaryobjectiverevolves
aroundtheconceptofdistributingbothactiveandreactive
power within microgrids.Thisisachievedbyimplementing
intricatecontrolmechanismsthatencompassinner/outerloops
forvoltageandcurrentregulation.Thesecontrolloopswork
harmoniouslytoensurethatthesharingofpowerisoptimized
andbalanced,contributingtotheeficientoperationofthe
microgrid.Thisisaccomplishedbyadjustingvoltageampli-
tudeandcurrentinordertoregulatethesharedactiveand
reactivepower.Theactivepowerdeviationisthedrivingsignal
ofthePIcontrollerintheactivepowercontrolloop,whose
outputcreatesthed-axisreferencecurrent.Thereactivepower
deviationissenttothePIcontroller,anditsoutputappoints
theq-axisreferencecurrent,thusdrivingthereactivepower
controlloop.Therefore,itispossibletoderivetheactiveand
reactivepowerequationsas,

iref
d =Kp5eP +Ki5 eP (3a)

iref
q =Kp6eQ +Ki6 eQ (3b)

where, eP =Pref − Pact,eQ =Qref − Qact,Kp5,6

andKi5,6arethePIcontrollers’gains.

C. ConventionalVirtualImpedance

Thevoltageregulatorcontrolloopoutputvoltagesvdq are
writtenas(4),

vd=vgd+Riref
d +L

d

dt
iref
d −ωLiref

q (4a)

vq=vgq+Riref
q +L

d

dt
iref
q +ωLiref

d (4b)

where,R=RgandL=Lg.

Thecurrentregulatorunitisthe maincomponentofthe
innercontrolloop,whichservesastheinvertercurrentregu-
lator.Thevoltageloopcombinedwiththecurrentloopcanbe
reconstructedfrom(4a)and(4b)asfollows,
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vd=vgd+Ri
ref
d −ωLirefq +

ωLvi
ref
d

Kp3eid+Ki3 eid (5a)

vq=vgq+Ri
ref
q +ωLirefd +

ωLvi
ref
q

Kp4eiq+Ki4 eiq (5b)

where, eid =i
ref
d − idandeiq =i

ref
q − iq.Kp3,4

andKi3,4arethethePIcontrollers’gains.LvistheVirtual
impedance.Further,thecontrollerdesiredvoltagevdqcanbe
writtenas,

vd=vgd+Ri
ref
d −ωLirefq +v+d (6a)

vq=vgq+Ri
ref
q +ωLirefd +v+q (6b)

whereintheconventionalcontrolsystem,v+dqcanbedescribed
asfollows,

v+d=ωLvi
ref
d =Kp3eid+Ki3 eid (7a)

v+q=ωLvi
ref
q =Kp4eiq+Ki4 eiq (7b)

Theinverteroutputimpedance,virtualimpedance,and
feederimpedanceareallincludedinthetotaloutput
impedance.Thekeyportionoftheoveralloutputimpedance
thatinluencessystemstabilityanddynamicperformanceis
theinverteroutputimpedance.Thevoltageandcurrentcontrol
loopstructureswithdecouplingelementsareusedtotrackthe
voltagereferencepreciselyandquickly.TheconventionalPI
regulator(5)isusedinthevoltagecontrolloop(ωLvi

ref).
ThecharacteristicsofLvarerelatedtovoltagestability.
Thegainsshouldbetunedinsuchawaythattheoutput
voltagedoespreciselytrackthereferencevoltage.Infact,the
lineimpedanceinlow-voltagemicrogridsisbothresistiveand
inductive[1],makingtheseparationofreactiveandactive
powerregulationchallenging.

III.FFNNVIRTUALIMPEDANCEINVERTER-BASED
MICROGRID

A.Feed-ForwardNeuralNetworkBasedVirtualImpedance

ThecontroldiagramoftheFFNNvirtualimpedance-based
bi-directionaldroopcontrolapproachthatisproposedin

thisworkisshowninFig.2.Itcontainsa3-phasevoltage
sourceinverterandanintegratedconventionaldroopcontroller
withFFNNvirtualimpedanceformicrogridapplications.The
distributedgenerationunitsinthemicrogridsystemcannot
determinetherelativeamountoftheirlineimpedance,making
itimpossibletochangethevirtualimpedance.Tocorrectfor
lineimpedancemismatch,anFFNN-basedvirtualimpedance
controlapproachispresented.Tosatisfythesituationthat
thetotaloutputimpedanceismainlyinductive,thevirtual
inductanceLvmustberegulatedtoregulatetheactualcurrent
arounditsreferencevalue. Whiletheexistingcurrentcon-
trolleraddressestheimmediatereferencecurrentrequirements,
theFFNNisdesignedtolearnandadapttomorecomplexpat-
ternsanddynamicaspectsofthesystem.Itsgoalistopredict
andcompensateforpotentialdisturbances,uncertainties,or
nonlinearitiesthatmayaffectthesystem’sperformance.

Accordingly,theproposedFFNN-basedvirtualimpedance
aimstocompensateforthedropvoltagevalueandbooststhe
desiredvoltagetoavoidanyunstablesituationduringdynamic
operation.ThevirtualimpedanceLvisafunctionoftheactual
current(iact),referencecurrent(iref),andthedeviationof
thesecurrents(ei=i

ref − iact).

Forthegridinverter-basedcontroller,extractinganaccu-
rateadaptivevirtualimpedancemodelrequiresunderstand-
ingthelinkbetweenthecompensationvoltagev+dqandthe
load/referencecurrent.Thesuggested modelenhancesthe
VSI’sstabilityingrid-connectedandislanded modesfor
microgridapplications.Theneuralnetwork-implementedtech-
niqueproducesthecompensatingvoltagev+dqwithoutusing
anyofthestandardvirtualimpedance(PIcontroller).This
isabletobeaccomplishedbycreatingtherequireddq-axes
voltagestobeaddedtothedesiredvoltageinordertomaintain
stability.

Thereferencecurrentirefdq andactualcurrenti
act
dq areused

toidentifytheinputsignalsfortheFFNN.Theproposed
feed-forwardneuralnetworkistrainedtoutilizeanofline
trainingapproachusingthedataprovidedbytheconventional
virtualimpedancemodel,asyntheticdataset(SectionII-C).
Feedbacksignalsarerequiredtoreduceunexpecteddeviations
causedbyvariationsintheequivalentoutputimpedanceof
theVSIandmakeupforthedifferencebetweenthereference
valuesandrealvaluesofthedq-axescurrents.Asaresult,
eid =i

ref
d −iactd andeiq =i

ref
q −iactq determinetheidq

Fig.2.FFNNVirtualImpedanceBi-directionalInverter-BasedMicrogridControlBlockDiagram.
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currentfeedbackerrors(ei). Thestrategyofliveneuron-
weightsadaptationisemployedtoreducetheseerrorsto
zero.Thesuggestedapproachisunit-based,makingitgeneral
enoughtobeappliedtoavarietyofinverter-basedsystem
sizeswithoutfurthertuning.Thecompensationvoltagev+

dqis
addedtotherequiredvoltage,asillustratedinFig.2.

B.Feed-ForwardNeuralNetwork

Fig.3. ProposedFeed-ForwardNeuralNetworkscheme.

Insystemswherethereislittleunderstandingofthebehav-
ior,complexity,anddynamicsofthesystem,neuralnetworks
arefrequentlyusedforestimation,modeling,andcontrol.The
parallelizationandtrainingcapabilitiesofneuralnetworksen-
ablethemtoreachtargetvalues.Theuniversalapproximation
theoremforneuralnetworksstatesthatthey mayproperly
estimateanynonlinearordynamicproperties[24].Thead-
vantageoftheFFNNisthatitcanhandlenonlinearinput-
outputinteractions while maintainingalinearrelationship.
Thefollowingisadescriptionoftherelationshipbetweenthe
inputsandoutputsoftheFFNN.

φ
(1)
j =b

(1)
j +

m

i=1

w
(1)
jixi (8a)

O
(1)
j =f

(1)
j (φ

(1)
j ) (8b)

φ
(h)
j =b

(h)
j +

h−1

p=1

n

k=1

O
(p)
jkw

(p+1)
jk (9a)

O
(h)
j =f

(h)
j (φ

(h)
j ) (9b)

where,xiistheinputsignalforindexi,m isthenumberof

inputsignal,w
(h)
ji isthe weightofnodejoflayer(h)for

inputi,b
(h)
j isthebias,f

(h)
j istheactivationfunction,and

O
(h)
j istheoutputsignal.Layerindex1:1sthiddenlayer,h:

hthhiddenlayer,ando:outputlayer.n:numberofneurons.
Lastly,theFFNNoutputsignalsŷcanbedeclaredasŷ=
[y1,y2,..,yl],wherelisnumberofoutputsignals.

Back-propagationlearningisusedtoacquiretheFFNN
weightandbiasparameters. Theonline weightadaptation
lawisalsoresponsiblefor maintainingtherobustnessofthe
closed-loopcontrolsystemasfollows,

ŵ
(h)
ji =w

(h)
ji +eiw

(h)
ji (10a)

ŷ=f
(o)
l (b

(o)
l +

h−1

p=1

n

k=1

O
(p)
jkŵ

(p+1)
jk ) (10b)

where, ei=xref
i −xact

i ,eiisthefeedbackdeviation/error
oftheinputsignal(i),xact

i istheactualvalueoftheneural
networkinputsignal,andxref

i isthereferencevalueofthe
inputsignal(i).

AsperFig.3,thesuggestedFFNNismadeupoftwolayers.
Tenneuronsmakeuptheinputlayer,1stlayer,whichisused
toconnecttheinputparameters(i.e.,iref

d ,iact
d ,iref

q ,andiact
q ),

andtwoneuronsbuilduptheoutputlayer,2nd layer,(i.e.,vd

andvq).Theirstandsecondlayersareactivatedusingthe
Purelintransferfunction.

Thesuggestedneuralnetwork’strainingdataisgenerated
usingtheconventionalvirtualimpedancetechnique,asyn-
theticdataset.Inthis model,therangesfortheload’sactive
powerandreactivepowerare[−1 1]puand[−0.7 0.8]pu,
respectively,instepsof0.001and0.002.Thelearningdata
matrixiscreatedusingtheconventional modelindingsin
SectionII-C.Themeansquareerror(MSE)objectofthetest
syntheticdataset,MSE = (yi− pi)2/n,issetat0.0005,
whichrepresentshalfoftheactivepowerstep,[24],[25]

Diversescenarioswherethe microgridissubjectedtodif-
ferentgridconditions,transientevents,andloadvariations
aresimulated.Thecorrectvalueofthevirtualimpedancefor
systemtrainingisdeterminedthroughasystematicprocess.
Initially,comprehensivestudiesandsimulationstoassess
themicrogrid’sperformanceundervariousvirtualimpedance
settingsareconducted.Thesesimulationsinvolvescenarios
withchanginggridconditions,transientevents,andload
luctuations.Tocaptureawiderangeofoperatingconditions,
thevirtualimpedanceofthegridisintentionallyvarieddur-
ingthetrainingprocess.The Neural Networkisexposedto
scenarioswithdifferentvirtualimpedancevalues,allowingit
tolearnthesystem’sresponsesanddynamicsundervarying
impedanceconditions.Throughtheextensivetrainingprocess
thatincludesadiversesetofscenarios,theFFNNlearns
togeneralizeand makepredictionseveninsituationsnot
explicitlyencounteredduringtraining. Additionally,thelive
weightsadaptationschemeplaysacrucialrole.TheFFNN
iscontinuallyupdatedbasedonreal-timedata,enablingitto
adapttounforeseenchangesinoperatingconditionsthatmay
nothavebeenexplicitlycoveredduringthetrainingphase.

IV. TRANSIENTSTABILITYANALYSIS

TheactiveandreactivepoweroftheDGpresentedinFig.1
canbeexpressedasfollows:

P=
vovg

xo
sin(δo−δg)=

vovg

xo
sin(δ) (11a)

Q=vg
(vo−vg)

xo
cos(δo−δg)=vg

(vo−vg)

xo
cos(δ)(11b)

where,voandδoaretheinvertertie-pointvoltagemagnitude
andphaseangle,andvgandδgarethegrid/loadsidevoltage
magnitudeandphaseangle,respectively.Also,thepowerangle
δisthephaseangledifferencebetweentheinvertersideand
gridsidevoltage.Inaddition, xo=x+xv, Lo=L+Lv,
andtherelationshipofpowerangleδandtheangularvelocity
ωisderivedas: ω=dδ/dt.
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Forthemicrogridsystemduringthetransientstate,even
thoughtheinverter-basedgridisasecond-ordernonlinear
system,determiningitsanalyticalsolutionmakesitdificultto
determinethetransientstability.Itisdiscoveredthatthereisa
structuralsimilaritybetweentheinverter-basedgridnonlinear
modelandtheswingequationofthesynchronousgenerator.
Theinverternormallysendspowertotheloadundernormal
operation,whichdemandsthatthepoweranglebenohigher
thanπ/2, maximumboundary[26].Asaresult,thedrop
ingridvoltageandriseinlineinductancearedetrimental
tothestabilityofsynchronization.From(7)and(10),itis
foundthatthevirtualimpedanceiscloselyrelatedtothePI

parametersKp3,4,Ki3,4,orŵ
(h)
ji,andthedroopparameter

mp.Thenegativedamping/acceleratingzoneextendswitha

dropinKpandariseinKi,̂w
(h)
ji,ormp
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Fig.4. Simulationresultsforpowerangleδandangularvelocityωunder:
(a)smalldisturbance;(b)largedisturbance;(c)faultdisturbance;(d)grid
transitiondisturbance.

Accordingto[27],loadswitching,shortcircuits,oropen
circuitsin ACtransmissionlinesarethe maincausesof
gridphasedisruption. Also,authorsin[28]presenthow
gridfailurescandisturbtheinverter’svoltagephase.In
reality,regardlessofthetypeoflarge-signaldisturbance
(shortcircuitfailure,loadswitching),thedeviationsinpower
angleandfrequencydemonstratethesystem’sstabilityper-
formance.Thissectionpresentsexamplesoftransientre-
sponsestodisturbancesratherthanacomprehensivestability
analysis.Theintentistoshowcasetheperformanceofthe
proposedapproachundertransientconditions(gridconnec-
tion/disconnection,highrenewablepenetration,dynamicload
changes,andfaultevents[27],[28]).

Theinverter-basedmicrogridmodeliscreatedfor MAT-
LAB/Simulinksimulationinordertoinvestigatethestability

ofthesuggestedtechniqueduringtransientconditions.The
systemcharacteristicsareprovidedinTableI,andFig.6illus-
tratestheconiguration.Itshouldbenotedthatthedisturbance
usedinthisinvestigationisthegridphasedisturbance,as
deinedin[27],inordertoimmediatelyestablishthepower
angleafterthedisturbance,whichisusefulforthequantitative
studyofthestability.
Fig.4displaysthesimulationresultsundervariousdis-
turbances:(a)smalldisturbance;(b)largedisturbance;(c)
faultdisturbance;(d)gridtransitiondisturbance.Theterm
”Proposed”inFig.4referstothevirtualimpedancebased
onFFNN.Thesystem maintainsstabilityandreturnsto
equilibriumbecause,asillustratedinFig.4(a),thepowerangle
oftheproposedmethodfollowingasmalldisturbance(small
loadswitching)isstillcontainedwithinthestabilitylimit,as
wellaswithoutvirtualimpedancebutwithslightoscillation.
AsseeninFig.4(b),afterthesystemexperiencesalarge
disturbance(hugeloadswitching),thepowerangleoscillation
equals0.4radfortheproposedmethod,whileitis0.9rad
withoutvirtualimpedance,andthesystemcontinuestobe
stableinbothmethods.AsseeninFig.4(c),whenthesystem
facesasigniicantdisturbance(3-phasefaultdisturbance),the
severeoscillationprocesscausesδtosurpassthemaximal
stabilitylimit,whichultimatelyresultsininstabilitywhen
thesystemoperateswithoutvirtualimpedancealsounderthe
conventionalvirtualimpedance,Fig.14in[26]. Whileusing
theproposedvirtualimpedancemethod,thesystemcontinues
tobestable,andthepoweranglevariesintherangeof1.4rad.
AspresentedinFig.4(d),undergridtransitiondisturbance,
theproposed methodshowsatinychange.Incontrast,a
continuousoscillationof0.45radat12rad/sangularvelocity
clearlyappearsatthegridtransitionstatebecauseofthetotal
equivalentimpedancevariationattheinvertertie-inpoint.

V.PHILEXPERIMENTALVERIFICATION

A.PHILExperimentalSetup

ToassuretheeficiencyoftheFFNNvirtualimpedance
technology,experimentalvalidationsareconductedonaPHIL
system.LabVoltthree-phaseinverters,DCpowersupplies,and
OP4510real-timesimulatormakeupthePHILsystem,as
illustratedinFig5.TheArtemislibraryandMATLABSim-
PowerSystemsareusedtocreatethemicrogrid,powercircuit,
loads,andLCLilter.Sincetheentiresystemcomprisestoo
manyswitches,thestate-spacenodaltechniqueisrequiredto
delinkthepowercircuitmodeling,[29].
Applyingaprocessingtime-stepof100µs,thedescribed
controlscheme—whichincludestheFFNN—isconstructedon
ahigh-performancereal-timearchitecture.Opal-RTTechnolo-
gies’RT-EVENTlibraryblock,[30],isusedtoproducethe
drivingpulses,whichhaveaswitchingfrequencyof2.7kHz.
It’sbecausetheVSIgates’inputsareinterfacedwiththe
simulator’sdigitaloutputs.Usingtheanaloginputofthe
OP4510,theinverter’soutputvoltageisinstantlysensed.The
DCvoltagepowersourceandvoltagesourceinverters,scaled
to922VDC/1MW,makeuptheactualBESSs.InTableI,the
LCLilter’sparametersandpowersystem’sparametersare
listed.
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Fig.5.PHILExperimentalsetup[24].

TABLEI
POWERSYSTEMPARAMETERS[24]

Parameter Value

DCVoltage(V) vdc 922

Nominalgrid/loadfrequency(Hz) f 60

Nominalgrid/loadL-Lvoltage(V) vrms 600

Inverter-sideilter(mH, ) Ls 0.7,Rs 2.63 10 4

Parallelilter(kVAr) Cf
50

Grid-sideilter(H, ) Lg 0.06,Rg 0.003

B. MicrogridTestingmodel

Thetestingsystemisdevelopedtocoverthemajorityof
operatingscenariosanddemonstratetheeficacy,robustness,
andusefulnessofthesuggestedapproachsinceitisintendedto
beauniversalFFNNvirtualimpedancebi-directionalinverter-
based microgriddroopcontroller.Fig.6demonstratesthe
testingscheme,whichhasa1MWvoltagesourcesystem.On
theDCside,itiscoupledtoabatterystoragesystem,and
ontheACside,itisconnectedtoanLCLilterandisolation
transformer.

Fig.6. Microgridtestingscheme.
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Fig.7presentsthePHILexperimentalresultsfor1MW
BESSfortheproposedFFNNvirtualimpedanceincompar-
isonwiththeconventionalVIandwithoutVIaswell.To
evaluatethatinbothoperating modes,grid-connectedand

Fig.7.PHILexperimentalresultsfor1MWBESS.

islandedmodes,avariantloadandgridmodelarelinkedon
thecommonbusbar.Therefore,the1MWBESSistestedin
thissectionunder:

1)IslandedMode:Thevariantloadpowerischangedin
ivesteps,100/50,300/200,550/300, 00/500,and1000/600
kW/kVArasillustratedinFig.7(a),(b)between0 9sec
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.
FromActiveandreactivepowercurves,boththeproposed
andconventionalmethodsdeliverstableloadpower. While
withoutvirtualimpedance,thedeliveredactiveandreactive
loadpowerluctuatemoreatahighloadlevelthanatlow
power.Similarreactionsarerelectedonloadcurrentcurves,
Fig.7(e),forthethreepresentedmethods.

Theloadvoltageandfrequencycurves,Fig.7(c),(d)and
zoom-inscopesFig.,demonstratehowfartheproposed
andconventional methodssupplytherequiredactiveand
reactivepoweratthenominalvoltageandfrequencywithin
anacceptablevariationrange.Onthecontrary,neglectingthe

Fig..Detailvoltageandfrequencyresultsfor1MWBESSatislandedmode.
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virtualimpedance,theloadvoltagegoesoverthenominal
voltageby15,Fig.8(a),andtheloadfrequencychanges
intherangeof1Hz,butitexceedsthenominalfrequencyby
0.5Hz.
2)FaultDynamicPhase:A3-phasefaultisalsoapplied

duringthisphaseat9secfor0.4sec
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totesttheproposed
method’sdynamicsduringasigniicantdisturbance.Fig.9
focusesonthetransientstateoftheactiveandreactivepower,
loadvoltage,andfrequency.Fig.9conirmsthecapability
oftheproposedandconventionalmethodstosupplytheload
powerbackafterreleasingthefault.Nevertheless,dropping
thevirtualimpedanceleadstoavoltagedropandfrequency
swingoutoftheacceptablerangeduringandafterthefault.

Fig.9.PHILexperimentalresultsfor1MWBESSatfaultdynamic.

3)Islanded-rid-IslandedTransitionMode:Thetransition
fromislandedtogrid-connectedmodeisinvestigatedduring
thisphase.TheVSIisoperatedinparallelwithaswingbus,
andtheBESSsharestheloadperthereferenceactiveand
reactivepowervalues.Theloadpowerisheldat1000/600
kW/kVArwhiletheBESS’sreferencepowervaluesaremodi-
iedto300/200and-300/100kW/kVAr.TheBESSservesasa
loadandchargesthebatterywhentheactivepowerisnegative,
Fig.7between10 14sec.Backtoislandedmodeat14sec,
thegridisswitchedoff,andtheBESSsuppliestheloadat
avalueof1000/600kW/kVAr.Evenmore,atthetransition
points10secand14sec
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,thesuggestedapproachproduces
lessloadvoltageluctuationthantheconventionalmethod,
Fig.10(a);whiletheloadfrequencyisalmostthesameinboth
methods,Fig.10(b).Ontheotherhand,thedynamictransition
effectclearlyappearsinoperatingwithoutvirtualimpedance
ratherthanintheothermethodsbecauseitdoesnotmatchthe
grid-sideimpedance.Toimprovetheaccuracyoftheactive
andreactivepowersharingandreducethecirculatingcurrent
duringthetransientstate,thisimpedancemustbechanged.
Consequently,thevirtualimpedancetechniqueistheapproach
bywhichthedynamictransitionstatesmaybeavoided[16].

Fig.10. Detailvoltageandfrequencyresultsattransitionmode.

Otherwise,duringthesteady-stateperiodofgrid-connected
mode,theloadvoltageandfrequencysticktothegridvalues.
Besides,intheproposedFFNNandconventionalvirtual
impedancemethods,theadditionalvoltagevaluesplaythe
mainpartinsystemstabilitythroughouttransientstates,with

thesystemparameters’limitations,Kp, Ki,orŵ
(h)
ji. At

somepointsinthetransitionsandislanded/grid-connected
modes,theconventionalmethodcannotsustainthenominal
systemvalues,frequencyandvoltagetracking.Consequently,
thesuggestedFFNNmethoddemonstratesenhancedresilience
totransientdynamicsandvariationsinreference/loadpower.
Variationsingridorloadimpedanceproducerapidvariations
invdqvoltages.Thesuggestedapproachcanreactquickly
tosuddenchangesinthepowerlow,operating mode,or
overallequivalentimpedance.Thissolutionhastheadvantage
ofauniformandquickdynamicalreactionsinceitemploys
aliveweightadaptationapproachoverthevdqvoltages.The
suggestedapproachisgeneralandadaptabletoeachandevery
BESSsize,withnomoreadjustment/tuningneededsinceit
usesaper-unitbase.

VI.IEEE33-BUSSTANDARDDISTRIBUTIONSYSTEM

TheproposedFFNNvirtualimpedance methodisalso
conirmed withinthestandardIEEE33-bus microgridby
connectingfourinvertersatdifferentlocations.

Fig.11.IEEE33-busPHILExperimentalsetup.

Case1:Ringmicrogridmodel:
Fig.11andFig.12presentthestandardIEEE33-busPHIL
experimentalsetupandsinglelinediagram,respectively,as
proposedby[31]inaringmodel(tielines33,34,35,36,
and37arein-service);inaddition,itisintegratedwithfour
BESSs,1 MWeach.ThistestscenarioveriiestheFFNN
method’srobustnessingenericgrid/microgridapplications,
whatevertheinstallationlocationortotalequivalentimpedance
attie-inpoints.Thetestprocedureisdividedintotwostages.
Theirstone,Fig.13,offersthenormaloperationstageat
whicheachBESSoperatesingrid-connected modeatthe
referenceactiveandreactivepower,TableIIandFig.13(a),
(b).Theproposed methodachievesstablevoltageateach



IEEE TRANSACTIONS ON POWER SYSTEMS 9

Fig. 12. IEEE 33-bus single line diagram.

inverter’s connection busbar (Fig. 13(c)) while ignoring fre-
quency variations (Fig. 13(d)).

TABLE II
REFERENCE ACTIVE AND REACTIVE POWER

BESS1 BESS2 BESS3 BESS4
0 - 3 0 - 3.5 0 - 4 0 - 3 sec

300 / -100 400 / 100 200 / -200 50 / 200 kW / kVAr
3 - 6 3.5 - 5 4 - 8 3 - 6 sec

-300 / 200 -100 / -100 -300 / 200 300 / 100 kW / kVAr
6 - 10 5 - 10 8 - 10 6 - 10 sec

650 / -500 550 / 400 50 / 600 550 / 350 kW / kVAr

In the second stage (Fig. 14), the dynamic transient oper-
ation is divided into three phases, i) At 10 sec, a 3-phase
fault is applied and released at 10.5 sec. ii) At 11.5 sec,
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Fig. 13. PHIL experimental results for IEEE 33-bus ring microgrid integrated
by four BESSs at normal operation.
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Fig. 14. PHIL experimental results for IEEE 33-bus ring microgrid integrated
by four BESSs at dynamic operation.

the first substation’s (Sub1) frequency is changed by 1 Hz
before the protection system takes action and trips this feeder
at 11.7 sec. iii) At 13.5 sec, the second substation’s phase
angle is modified by 10 degrees before being adjusted back
to the normal phase angle at 14 sec. Fig. 14(a), (b), voltage
and frequency curves, confirm the proposed FFNN virtual
impedance stability advantages by keeping each independent
system stable during and after releasing the disturbances. On
the contrary, the proposed method shows some acceptable
deviation (close to 0.5 Hz) during high-impedance change,
BESS3 and BESS4 during Sub1 frequency change. As BESS3
and BESS4 are closer to the disturbance source. Besides, the
conventional virtual impedance method was also tested under
the same operating conditions and gave the same results. They
are not presented, however, because it is already confirmed in
Section IV.
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Case2:Radialmicrogridmodel
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Fig.15.IEEE33-busradialmicrogridintegratedbyfourBESSsatdynamic
operation.

Inthiscase,tielines33,34,35,36,and37areoutof
service,andtheabovedynamictransientapplicationsare
conducted.Fig.15demonstratestherobustnessofthepro-
posedmethodagainsttheconventionalmethod.Duringthis
test,thePIcontrollerofBESS2cannotcompensateforthe
highlynonlinearsystem.Therefore,theconventionalsystem
encountersunstableoperatingconditions.Ontheotherhand,
theproposedFFNNvirtualimpedancetechniquecankeepthe
systemsstableundersigniicantdisturbances.Thankstothe
onlineweightsadaptationmethodandFFNNstructurethat
dealwithnonlinearsystemsandcanadjusttheinvertertermi-
nalvoltage(gridlinkageimpedance)todelivertheassigned
powerandkeeptheoutputfrequencyinthestabilityrange.

VII.CONCLUSION

Forbi-directionalinverter-basedmicrogrids,acontroltech-
niqueusingfeed-forwardneuralnetworkvirtualimpedanceis
developed.Amulti-layerfeed-forwardneuralnetworktrained
usingtheback-propagationmethodwithonlineweightmod-
iicationisusedtobuildarobustcontrolmethodthatim-
provesstabilityduringthedynamicoperation.TheFFNNhas
onehiddenlayeroftenneuronsbehindtwoneuronsinthe
outputlayer.Additionally,themathematicalanalysisofthe
microgriddroopcontroltechniqueandFFNNstructureserve
asafoundationforthesuggestedtechnique.Combiningthese
twoapproachesguaranteesthatdistributedgenerationsystems,
suchasBESSs,supplythegridorloadswiththerequired
energy.Asaresult,theloadreceivesthedemandedactive
andreactivepower,maintainingthevoltageandfrequencyof
thesysteminislandedmode.Undergrid-connectedmode,the
referenceactiveandreactivepowerismaintainedatthenom-
inalsystem’svoltageandfrequency.Moreover,theproposed
methodisadaptedtooperatevariousVSIsystemswithout
anyadditionaladjustment.Usingreal-timePHILexperimental

studies,theeffectivenessofthesuggestedprocedureisexam-
inedthroughoutmanyphases.Simulinkreal-timesoftwareand
anOpal-RTplatformareusedtobuildthePHILsetup.Inorder
totestthe1MWBESS,theinverterbridgeisdrivenbythe
OP4510system.Also,theIEEE33-busstandarddistribution
systemistestedinvariousscenariosassistedwithfourBESSs,
thatarebasedontheFFNNvirtualimpedancetechnique.In
thehighlynonlinearsystem,theconventionalmethodcannot
beattheproposedone, whiletheproposedFFNNvirtual
impedancetechniquecan maintainsystemstabilityunder
signiicantdisturbances.Theneuralnetwork’soflinetraining
addsextravaluebecauseitminimizesthemassivecomputa-
tionalloadassociatedwithsuchtraditionalapproaches.This,
togetherwiththeliveneuron-weightmodiicationstrategy,en-
suresstableperformance.Finally,theexperimentaloutcomes
showhowsuccessfulthesuggestedcontroltechniqueisin
bothrunningmodes.Otherwise,theproposedmethodshows
somedeviationduringhigh-impedancechange.Thus,future
workwillinvestigateandanalyzethisstateperformanceand
improvementfortheFFNNcontroltechniqueandavoidthese
deviations.
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