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ABSTRACT: The most typical method used in DC 
microgrid(MG)applicationsforbattery-
supercapacitorHybridEnergyStorageSystems(HESSs)isFiltra
tion-
Based(FB)power/currentallocation.Inthismethod,theinputpo
wer/current of the HESS is divided into high-
frequencyandlow-frequencycomponents,andthehigh-
frequencycomponentsaresubsequentlyassignedtotheSC.Addit
ionally,thisstrategynecessitatesarule-
basedsupervisorycontroller,whichmaycauseSCtostopfunction
ing, in order to prevent the State of Charge violation(SoC) of 
SC. In order to study the effects of an FB currentallocation 
system on the dynamic stability of an islanded 
DCMGinwhichagrid-formingHESSsuppliesaConstantPower 

B.SYMBOLS 

d1 DutycycleoftheBESSconverter. 
d2 DutycycleoftheSCconverter. 
dcom Compensation term 

added/subtractedto/from the 
SC/BESS referencecurrent. 

iCP ResultantcurrentoftheCPLand CPS. 
icom MPCcompensationcurrent. 
iHESS HESSoutputcurrent. 

Load(CPL),thispaperfirstpresentsasmall-
signalstabilityanalysis.Then,itdemonstratesthattheongoingope
rationif 

iHPF Outputcurrentofthehigh-passfilter. 

the grid-forming HESS is loaded by huge CPLs, of SC 
iscrucial. In order to solve this problem, this research 
suggestsa Model Predictive Control (MPC) method that 
collaborateswithahigh-
passfiltertocarryoutthebatteryandSCcurrentassignment.This
methodensurestheongoingoperationofSCby automatically 
restoring the SoC of SC after abrupt loadchanges and 
limiting its SoC variation in a pre-set 
range.IndirectlyenablingtheMG'sProportional-
Integral(PI)voltage controllertoworkwith largergain 
values,whichimprovestransientresponseandvoltagequality,ist
hegoalofthesuggestedFB-
MPCtechnique.Thesystemisthensimulated in 
MATLAB/Simulink to validate the performanceofthe 
suggestedapproach. 

Index-Terms-Filtration-
basedpower/currentallocationsystems,battery/supercapacitor
hybridenergystoragesystems, model predictive control, 
stability analysis, state ofchargerecovery. 

NOMENCLATURE 
 

A.ABREVIATIONS 
 

BESS
 BatteryEnergyStorageSystem.C
PL ConstantPower Load. 
CPS
 ConstantPowerSource.
DC DirectCurrent. 
DER
 DistributedEnergyResources.
FB FiltrationBased. 
HESS
 HybridEnergyStorageSystem.
HPF HighPassFilter. 
LTI LinearTimeInvariant. 
EMS 
 Energymanagementsystem.
MG MicroGrid. 
MPC Model Predictive 
Control.MPPTMaximum Power Point 
Tracking.PPL Pulsed PowerLoad. 

PV PhotoVoltaic. 
SC Super 
Capacitor.SoC
 StateofCharge. 
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iL1 InductorcurrentoftheBESS. 
 

iL2 InductorcurrentoftheSC. 
iLoad LoadCurrent. 

 
iPV PVoutputcurrent. 
iref  Reference current of the 

HESScomputedbythevoltagecontr
oller. 

SoCmaxMaximum allowable SoC for 
SC.SoCminMinimum allowable SoC for 
SC.SoCref ReferenceSoCofthe SC. 
SoCSC SoCoftheSC. 
vb TerminalvoltageoftheBESS. 
vref

 Referencevoltageofthevolt
agecontroller 

 
vSC TerminalvoltageofSC. 

 
I.INTRODUCTION 

A. LITERATUREREVIEW 
Micro Grids (MGs) are autonomous active distribution 
networksthatcanimprovetheperformanceofconventionalpowerg
ridsbyboosting customer engagement, penetration of 
renewable energysources, stability of the power grid, and grid 
resilience [1], 
[2].Becausetheyhavelesscontrolcomplexityandfewer 
powerconversionlossesthanACMGs,DCMGshaverecentlyattra
ctedalotofattention.DCMGscanbeviewedasworkableoptionsfori
mprovingtheresilienceofpowersystems,electrifyingruralareas, 
and assisting local energy communities [3]. The existenceof 
Continuous Power Loads (CPLs) and Pulsed Power 
Loads(PPLs), which call for a quick dynamic reaction and a 
substantialstabilitymarginofthecontrolsystem[4]-
[6],mightmakecontrolling DC MGs difficult. Highly-
dispatchable DistributedEnergy Resources (DERs) as well as 
other technologies can beused to increase the system's 
transient response, stability, 
andflexibility,improvedcontrolandmanagementmethodsarenee
ded[7]. 
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One of the most common energy storage sources for 
MGapplicationsareBatteryEnergyStorageSystems(BESSs).BESS
s have low energy losses, are dispatchable, and are 
veryinexpensive. Additionally, they are well suited for peak 
shavingandsteady-
statepowerbalancingduetotheirhighenergydensity[8],[9].Duetoth
eirlowpowerdensity,theBESSsmay,however,exhibit very poor 
transient response during rapid load changes[7],[10].As a result, 
in the presence ofPPLs, grid-formingBESSsmaynot 
deliversatisfactoryperformance and voltagequality for a DC MG. 
BESSs also have a constrained lifespan.Therefore, the BESSs 
lifetime may be shortened 
byfrequentbatterycharginganddischargingduetotheinstantaneousd
ifferencesinrenewableenergygenerationorloadpowerfluctuations[
10], [11]. 

A successful combination of Super Capacitors (SCs) 
andBESSscaneffectivelyaddresstheaforementionedBESSshortco
mings[7],[12].TheSCsofferagreaterpowerdensityanda quicker 
dynamic response than the BESSs. Therefore, they 
canrelease/absorb more energy for a much shorter period of 
time.They also have a substantially longer lifecycle than BESSs 
do.Therefore, the repeated charging and discharging of SCs has 
noimpact on their lifespan. However, because to their low 
energydensity,SCsareinappropriateforlong-
termenergystorageapplications [13]. Battery-supercapacitor 
Hybrid Energy StorageSystems (HESSs) combine a BESS and a 
SC to increase thesystem's dynamic performance and lengthen 
its lifespan whiletaking into account the structural capabilities 
and limitations ofeach these BESSs. To do this, the SC absorbs 
transient powerfluctuations from loads (such as PPLs) or 
renewable resources(such as PV or wind), while the BESS is 
utilised for steady-statepower balancing[10]. 

The active topologies, which are more desirable due 
totheir better controllability, can be built for HESSs made up of 
aBESSandSC.Othertopologiesincludepassive,semi-
active,andactive topologies. Aside from the active topologies, 
the 
entiredispatchcapabilityofBESSandSCcanbeused[11].Eachofthe
HESScomponents(i.e.,theBESSandSC)inthesetopologieshasa 
separate current control system and is coupled to the MG DCbus 
via a power electronic converter to offset the higher expenseof 
theactivecomponents(suchaspowerelectronicconverters),amoreso
phisticatedcontrolandEnergyManagementSystem(EMS)should 
be used[14]. 

The creation of adequate offline and online 
managementand control algorithms is necessary for the HESSs 
to functioneffectively and reliably. To determine the appropriate 
size of 
theSC,BESS,andotherDERsusingofflinemethods,variousoptimiz
ationalgorithms(suchasstochasticprogrammingorgenetic 
algorithms) can be implemented based on the cost of 
thesystem'sequipment,theamountofpowerthattheloadsarerequesti
ng, the availability of renewable energy sources (such aswind or 
PV), and the size of the SC, BESS, and other DERs. Onthe other 
hand, online algorithms are required to guarantee 
thesystem'sdependablereal-
timeperformance.Forvariousobjectives, the MG's various control 
layers can execute real-timemanagement and control procedures. 
For instance, they can 
beusedinthesecondarycontrollayeroftheMGforreal-
timepowersharing between the HESS components (i.e., the 
BESS and SC)and other DERs, or they can be implemented in 
the tertiary levelof the MG for the best (or most economical) 
State of Charge(SoC) management of the BESSs. To increase 
the MG's 
transientvoltagestabilityandvoltagequality,theycanalsobeincorpor
atedin the primary control layer for efficient current sharing 
betweenthe BESS andSC[11]. 

In DC MG applications, a HESS can function as a grid-
forming unit when the DC MG is islanded or as a grid-
followingunitwhentheDCMGis connectedtotheutilitygrid.In 
thegrid-connected mode of the MG, a bidirectional AC to DC 
converteris used to connect to the superior AC grid and regulate 
the DCMG's voltage. Since the HESS is in power (or current) 
controlmode in this instance, its functioning has no effect on the 
MG'stransient voltage stability. In this working mode, the SC 
absorbstheinstantaneouspowerfluctuationsandtheEMS(i.e.,thetert
iary control layer) of the MG computes a reference power 
fortheBESSandSC.Inordertoachieveefficientpowerallocation 

betweentheHESScomponentsandreducetheoperationalcostofthe
MG,real-timeoptimization-basedenergymanagementsolutions 
can be implemented at the tertiary level of the MG. Toachieve 
this, real-time optimal EMS techniques often take thesystem's 
operation over the medium term (i.e., over the course ofa few 
hours), ignoring the system's rapid dynamics connected 
toprimary-level controllers and power electronic converters 
[11],[15]. 

The HESS module is in charge of preserving the 
dynamicstability and voltage quality of the DC MG during grid-
formingoperation(i.e.,theislandedmodeoftheMG).Inthisinstance,t
heProportional-
Integral(PI)voltagecontrollercomputesareferencecurrent signal, 
which the HESS receives in order to manage 
thevoltageoftheMGDCbus.Asaresult,thevoltagecontrollerandcurr
entregulatorofthe BESSandSCconverters, aswellasotherprimary-
levelcontrollers,mayinterfacewiththeHESSpower/current 
allocation system. As a result, the system's voltagequality and 
transient response may be indirectly impacted by theHESS 
activities. 

Thus, in order to efficiently share the HESS 
referencecurrent calculated by the MG voltage controller 
between the SCand BESS, the HESS power/current allocation 
system shouldhave a substantially faster dynamic reaction than 
grid-followingoperation. [7],[16],[17]. 

Themostpopularmethod 
forMGapplicationsthatcanbeusedforgrid-followingandgrid-
formingHESSdevicesisFiltration-
Based(FB)power/currentallocation.BecauseFBtechniques are 
computationally simple, they can be used in real-time 
applications, such as grid-forming HESS units [11], [18]. 
Inthismethod,theHESScontrolsystemdividestheHESSreferencecu
rrent/powerintohigh-frequencyandlow-
frequencycomponentsusingalow-passorhigh-
passfilter,andthendistributes the high-frequency parts to SC and 
the low-frequencypartsto BESS (i.e.,operating mode"BESS-
SC"). 

Because SC has a low energy density and a quick 
chargetime (a few seconds, for example), it can be fully charged 
ordischargedrightawayafterafastchangeinload.TheSoCfluctuation 
of SC (and its terminal voltage) cannot, however, 
beautomaticallyconstrainedbystandardFBtechniquestoaspecificra
nge. As a result, they frequently use a rule-based 
supervisorycontroller that, if the SoC of SC deviates from a 
specified range,may disable the filter and transfer the HESS 
reference current tothe BESS (i.e., "BESS-only" operation). In 
order to keep the 
SCSoCvariationwithinapredeterminedrange,theHESSmayfreque
ntly switch between several operating modes. As a result,the 
continuous operation of SC is not guaranteed.The voltagequality 
of MG may be impacted by these switching instances 
andtransient voltage variations that may occur when the system 
isoperating.Additionally,thisarticlelooksattheMGvoltagecontrols
ystem's marginalstabilityandcomparesittothe"BESS-
only"operationwhenagrid-formingHESSoperatesinthe"BESS-
SC" mode. Therefore, it is crucial to ensure the 
ongoingoperationofSCduetothedestabilisingeffectofCPLs,especi
allyif the grid-formingHESS isloadedbya significant CPL. 

InordertoensurethatSCoperatescontinuously,inpractise 
either the size of SC needs to be large enough to handlethe 
significant power/current variations, which raises the initialcost 
of the system, or the cut-off frequency of the filter needs 
tobelowered,whichshortensthelifetimeoftheBESS.Thepreviousre
searchoftheauthors[19]aimedtoresolvethisproblem by creating an 
active compensating filtering techniquethat automatically 
recovers the SoC (or terminal voltage) of SCin order to 
drastically lower the necessary number of switchinginstances. To 
ensure that the SC's SoC variation stays within apredetermined 
range, that technique still requires a rule-basedEMS that can 
deactivate the SC. A virtual capacitance drooptechnique that 
may automatically restore the SoC of SC to areference value is 
also suggested in the proposed work in [20]. Itis further 
demonstrated that, provided the droop parameters 
areproperlychosen,thisstrategycanmarginallyenhancethemarginal 
stability of MG. One inherent shortcoming of the droopcontrol 
strategies is that this method may result in a steady-statevoltage 
deviation [21]. Additionally, selecting the proper 
droopcoefficientsinDCMGswithnumerousloadsorDERsmightbe 
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a difficult issue. 

ModelPredictiveControl(MPC)techniqueshaverecentlyatt
ractedalotofinterestinHESSapplications.Themainprinciple of 
MPC is to compute a series of future control 
actionstominimiseapredefinedcostfunction(i.e.,optimizationstep)
byusing the dynamical model of the system to predict the 
system'soutputs(i.e.,predictionstep)withinamovinghorizon(i.e.,pr
ediction horizon) [22], [23] The real-time optimization 
processofMPCcontrollersisoneoftheirintriguingaspects.MPCtech
niques can therefore automatically keep the SoC fluctuationof 
the HESS components within a given range. However, 
ascomparedtorule-
basedtechniques,theyhaveamuchlargercomputationalcomplexity. 

The MPC techniques can be used in many control 
levelsfor various purposes in DC MGs with HESS technologies. 
Forinstance, the references [24]-[28] offer an MPC-based 
EnergyManagementSystem(EMS)forHESSs,inwhichtheMPCcon
trollers are positioned at the tertiary level of the MG and arein 
charge of scheduling and managing energy usage for 
variousDERs, including the HESS units. The sample time or 
action timeof the MPC controller in these applications is 
typically in 
theregionofafewminutes.Consequently,theMPCpredictionmodel 
(i.e., the prediction step) does not take the system's 
rapiddynamicsintoaccount(e.g.,primarycontrollers,powerelectron
icconverters, and circuit dynamics). As a result, these 
techniquesdon'ttargettheMG'svoltagestabilityortransientresponsi
veness;instead, they concentrate on enhancing the system's 
steady 
stateperformance.Additionally,theMPCcontrollersatthislayerofte
nhave centralised architectures that require knowledge from 
allDERstoguaranteetheefficientoperationofMG.Asanalternative,t
heoutputvoltageandcurrentsofthepowerelectronic converters can 
be controlled using MPC controllers inthe primary controller 
layer of the MG (for example, using directMPC methods) [22]. 
For instance, the reference [29] suggestsusing a Finite Control 
Set -MPC (FCS-MPC) strategy to increasethe grid-forming 
HESS unit in a DC MG's transient response andresilience. 
According to this method, the FCS-MPC is 
positionedattheMG'sprimarycontrollayeranddirectlycontrolsthec
onverters' switches to regulate the output current of the 
BESSandSCtotheirrespectivereferencevalues,whicharebothcalcul
ated by an FB power/current allocation system. 
However,becausetotheirgreatcomputationalcomplexity,FCS-
MPCtechniquescouldinherentlyresultinunsolvableoptimizationiss
ues [23]. They also result in variable frequencyswitching,which 
affects the output filter design of the converter [30], 
[31].Furthermore, their useinDC MG applications necessitates 
asignificantredesignoftheinnerloopconvertercontrollers,whichma
ynotalwaysbepossible.Thereal-timecontrolandmanagement 
strategies of HESSs are compared in Fig. 1 to 
theconventionalcontrol hierarchy of DCMGs. 

 
B. CONTRIBUTIONANDSCOPE 
Thisworkmakesthefollowingcontributionstoaddresstheissuesraise
d andenhancethefunctionalityofagrid-
formingHESSunitincontrollingtheMGDCbusvoltage(i.e.,improvi
ngthefunctionality ofthe MGprimarycontrollayer): 

1) Thisstudypresentsacomprehensivestate-spacedynamicmodel 
of an islanded DC MG that receives a CPL from a grid-
formingHESS.Furthermore,itisanticipatedthattheHESShasastand
ard FB supervisory controller and power/current 
allocationtechnique. 

2) It offers a small-signal stability study to contrast the 
MG'smarginal stability between the HESS's "BESS-SC" and 
"BESS-only" operating modes. According to the stability 
analysis, 
theDCMGexhibitsnoticeablygreatermarginalstabilitywhenrunnin
g in the "BESS-SC" mode. This means that the MG 
PIvoltagecontrollercanoperatewithnoticeablyhighergainsettingsa
nd remain stable for longer communication delays if the 
HESSonly executesthe"BESS-SC"operatingmode. 

3) ThecurrentassignmentbetweentheBESSandSCisperformedusi
ngaLinearTime-Invariant(LTI)filterandanMPCcontrol system 
using an FB-MPC strategy. In this method, afterabrupt load 
changes, the MPC module immediately recovers 
theSoCofSCandmakessurethatitsSoCvariationstayswithina 

predetermined range. As a result, the grid-forming HESS is 
abletooperatecontinuouslyin"BESS-
SC"mode,ensuringSC'suninterrupted operation. As a result, the 
PI voltage controller 
fortheMGmayfunctionatgreatergainlevels,improvingthevoltageq
uality and transient response, especially when the DC MG 
isheavily loadedbylarge CPLs. 

4) The proposed MPC controller is different from other 
MPCstrategiesusedinDCMGapplications 
inthatitinteractswiththevoltage and current regulators of the 
power electronic convertersbut is not in charge of controlling 
their output voltage or current.Instead, it is situated at the 
primary control layer of the 
MG.Instead,bycomputingacompensationtermandaddingorremovi
ng that value from the reference current of the BESS andSC 
power electronic converters, it is in charge of controlling theSC 
SoC fluctuation. It is not necessary for it to be as quick as 
thedirect MPC approaches because of this feature (e.g., FCS-
MPC).For instance, the direct MPC techniques should have an 
actiontime of less than amillisecond, whereas the suggested 
MPCcontroller's action time can range from a few milliseconds 
tomore. 

 

 
Fig(1):A comparison between different real time control 
andmanagementstrategiesofHESSswithrespecttothestandardhi
erarchicalcontrolstructureofDCMGs. 

As aresult,thismethod'soptimizationstageis 
simpler(i.e.,moresuitableforreal-
timeapplications)Additionally,neitherthepowerelectronic 
converters nor the dynamics of the MG circuit modelare required 
by its prediction model. Additionally, it does notneed details 
about other DERs, such as their output currents orvoltages. Just 
the filter model, nominal current, and SC 
chargecapacityareneededinstead.Becauseofthis,ithasamuchsimpl
erpredictionmodel.Itsdecentralisedarchitecture 
alsomakesitsimple to modify for the multi-generation/multi-bus 
DC MGs.ItshouldbementionedthatthesuggestedFB-
MPCmethodseekstoenhance the primary control layer 
performance of the MG. Thiswork concentrates on the short-
term operation of the system (i.e.,in the range of a few seconds) 
to explore the transient responseand voltage stability of 
thesystem under rapidload changesbecause the fundamental 
control layer of MG has very quickdynamic reactions. Therefore, 
the SoC management of BESSswhich often calls for long-term 
(or mid-term) EMS and powersharing methods and necessitates 
the right responses from thesecondary and tertiary control layers 
of the MG—is not coveredin this work. In terms of the control 
hierarchy of DC MGs, Fig. 1contrasts the extent and 
contribution of this research with that ofthe reviewed literature. 
The remainder of this essay is structuredas follows: In order to 
perform a small-signal stability 
study,SectionIIbuildsthedynamicalmodeloftheDCMGandoutlines
thesuggestedsystemdesign.TheperformanceoftheMGvoltagecontr
olsystemcanbenegativelyimpactedbystandardFBtechniques, 
which is why using the suggested FB-MPC 
methodmaybebeneficial.ThesuggestedMPC-
basedSCSoCrestorationtechniqueisthencoveredinpartIII.InpartIV
,computersimulation is used to confirm the effectiveness of the 
suggestedFB-MPC technique. The next directions for research 
are coveredinSection V,and theworkis concludedinSectionVI. 
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Fig(2):Theschematicmodelofthecasestudysystem. 
 
 
 
 
 
 
 
 
 
 
 

 

Fig (3): The circuit model of the case study DC MG 

system.II.SYSTEMANALYSIS: 

The effect of an FB power/current allocation system on 
thedynamic stability of MG is examined in this section. Figure 
2depicts an islanded DC MG with a PV power production 
system,aHESSmodule, 
andaCPL;theHESS,load,andPVcurrentsarerepresented, 
respectively, byiHESS,iLoad, and iPV . The differencebetween the 
load and PV currents is also represented by iCP 

(i.e.,iCP,iLoad,iPV).TheconventionalsinglebusislandedDCMGsugges
ted in [17], [18], on which the case study system in thiswork is 
based, and in which the HESS regulates the common 
DCbusvoltage.Ascanbeseen,aBESSandSCarecontainedwithinthe 
HESS module and are both connected in parallel to the MGDC 
bus by means of bidirectional boost converters. The CPL 
isregarded as a DC load that is coupled to the MG DC bus via 
apower electronic converter (also known as a load converter) 
andrequires a constant amount of power under variable MG 
voltage.Here, it is assumed that the PV is operating as a Constant 
PowerSource(CPS)inMaximumPowerPointTracking(MPPT)mod
e.Additionally, the HESS functions as a grid-forming device 
tocontrol the MG DC bus voltage. The equivalent circuit model 
oftheislandedDCMGisshowninFig.3,wherevbandvSCrepresentthet
erminalvoltagesoftheBESSandSC,respectively.Theoutputcurrent
softheBESSandSCareiL1andiL2,respectively, while the DC bus 
voltage is vdc. PCP is also thedifference between the power that 
the CPL (also known as PLoad)demands and the power that the 
CPS generates (i.e., PPV). As aresult, the grid-forming HESS 
module is charged by a CPS whenthe PV power generation 
exceeds the power required by the load(i.e., PCP<0). On the other 
side, the HESS is loaded by a CPL 
iftheloadconverter'srequiredpowerisgreaterthanthePVgeneration 
power (i.e., PCP > 0). It is important to note that CPLsnegative 
incremental resistance may reduce the dynamic 
stabilityofDCMGs[32],[33].Inordertoensuretheirdependablefunct
ioning,DCMGsthatcontainbigCPLsneedacontrolsystem 
withahighmarginalstability. 

The traditional FB power allocation technique in a grid-
formingHESS unit is shown in Fig. 4. In this configuration, the 
HESSmodule's reference current, or iref, is computed by a 
Proportional-Integral (PI) controller as part of the voltage 
regulator, whichcontrols the DC bus voltage. The HESS power 
allocation modulethen applies a high-pass filter to the HESS 
reference current (i.e.,iref) to extract its high frequency 
components. The HESS currentallocation system then performs 
two modes of operation dubbed"BESS-SC"and"BESS-
only"inordertoguaranteethesecureand 

dependableoperationofthesystem.Thesystemallocatesthehighfreq
uency components of the HESS reference current (i.e., 
iHPF)totheSCduring the"BESS-SC"operating mode(i.e.,S=1) 
(i.e.,iSC=iHPF)(Forexample,ib,iref,iHPF).Ontheotherside,thesuperviso
rycontrollermaydeactivatethefilter(orSC)andswitchto the "BESS-
only" operating mode to avoid SC SoC violation(i.e., S =0). In 
this instance, the system assigns the BESS all ofthe reference 
current (i.e., ib, iref , iSC). Therefore, when the powerallocation 
filter is turned off (i.e., in "BESS-only" mode), theHESS 
functions like a single BESS. Fig. 5 depicts the 
condensedlogicoftherule-
basedsupervisorycontrollerforSCSoCmanagement.Inordertoregul
ate theoutputcurrentsoftheBESSand SC converters to their 
reference values, i.e., d1and d2, thecurrent controllers determine 
the duty of cycle of each workingmode. The closed-loop 
system's state space dynamical modelutilising the dynamical 
model to compares the marginal 
stabilityoftheDCMGintotwodifferentoperatingmodes,namely“BE
SS-SC” and “BESS-ONLY”, by analysing the small -
signalstability of the system. It will also go over how the filters 
timeconstant(orbandwidth) affectstheclosed-loopsystem 
stability. 

 

 
Fig(4):Thegrid-
formingHESSstructurewiththetraditionalFBpower/currental
location approach from[17],[18]. 

III. THEPROPOSEDFB-MPC METHOD: 
TheproposedFB-MPCapproachisdisplayedinFig.6.Thevoltage 
controller at the MG's primary control layer computes 
areferencecurrentinthisway,whichissimilartotheFBapproach,tom
anagethecommonDCbusvoltage.TheFB-
MPCpower/currentallocationmechanismreceivesthisreferencecur
rent after that. To ensure the continuous operation of the SCand 
filter, the suggested technique substitutes an MPC module(see 
Fig. 4) for the rule-based supervisory controller employed inthe 
traditional FB approach (see Fig. 3). In this method, the 
MPCmodule controls the SoC of the SC to a reference value 
whiletaking the SoC limitations of the SC into account. In order 
toaccomplishthis,theMPCcontrollerusesthediscretizeddynamical
modelofthe systemtoforecastthe SoCofSC'sfutureerror 
fromitsreferencevalueoveramovinghorizon,alsoknownasthepredi
ctionhorizon.Then,itcalculatesaseriesofcompensationcurrents(icom

)withinamovinghorizon(i.e.,controlhorizon)andappliesthe 
firstoneto reducetheerror.Asaresult, the MPC compensator 
transmits a compensation term tothe HPF depending on the SoC 
fluctuation of SC and the 
HESSreferencecurrent(i.e.,iref).Thecompensatingtermisaddedtoth
ereference current of the SC after leaving the HPF and 
subtractedfrom the reference current of the BESS after leaving 
the HPF. Asa result, the MPC compensator offers additional 
BESS and SCcoordination so that the BESS gradually charges or 
releases theSC. As a result, the suggested FB-MPC can regulate 
the 
SoCvariationwithinaspecifiedrange,ensuringthecontinuedoperati
on of thefilterandSC. 
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Fig(5):JustificationoftheproposedFB-MPCapproach 

 

Fig (6): The structure of a grid-forming HESS unit with 
theproposedFB-MPC power/current allocationsystem 

 
As can be seen in Fig. 6, the MPC compensator receives the 
SoCof SC (i.e., SoCSC) and the HESS reference current (i.e., iref) 
fromthe voltage controller in order to regulate the SC SoC 
variationwithin a predetermined range. In order to achieve this, 
the MPCcontroller uses a dynamic model of the FB current 
allocationsystemaswellasadynamicrelationshipbetweentheSC'scu
rrentand the SoC value during the prediction stage. In this case, 
theMPCcontrollerusesthedynamicmodeloftheFBcurrentallocatio
n system to determine how much of the HESS 
referencecurrentwillbeassignedtothe SC,and thenforecaststhe 
SCSoCfluctuation throughout the course of its prediction 
interval 
(i.e.,thepredictionhorizon).TheMPCwillthenperformoptimization
.By taking into account the SC SoC limitations specified in, 
thecontroller calculates a series of compensation terms, or icom, 
inorder to reduce the error between the SC's SoC and its 
referencevalue,orSoCref.Afterapplyingthefirstvalueinthesequence
,theMPCcontrolleradvancestothefollowingtimestep.Fig.7depictst
he MPC compensator's flowchart. The HPF is then sent 
thecompensationterm. 

 

Fig (7): The flowchart of the proposed MPC strategy for 
SCSoC recovery 
The continuous operation of the SC and filter cannot be 
ensuredbythetypicalFBpower/currentallocationtechnique.Asares
ult,the HESS can alternate between the "BESS-only" and 
"BESS-
SC"modesofoperation.TheMGvoltagecontrolsystemthenhas 

muchhighermarginalstabilityinthe"BESS-
SC"operatingmodecomparedtothe"BESS-
only"operation,accordingtotheproposed small-signal stability 
analysis in II.B. As a result, anMPC controller is used to keep 
the SC's SoC variation within aset range, ensuring the continued 
operation of the SC and 
filter.TheHESSwillthereforealwaysbeinthe"BESS-
SC"operationalmode. In order to accomplish this, the MPC 
controller computesa compensation term (icom) and sends it to the 
HPF (see Fig. 6).As a result, the MPC controller adds the dcom to 
the SC referencecurrent and subtracts that value from the SC 
reference current tooffer extra coordination between the SC and 
BESS. 
Practicallyspeaking,theMPCactiontime(orMPCsamplingtime)iss
ubstantially longer than the MG voltage controller since 
thedynamics of the SC SoC change are significantly slower 
thanthose of the DC bus voltage.Inthe MPCcost function, 
thevariationoftheMPCcompensationcurrent(i.e.,themovedvariabl
e)isalsoconstrained.Thecompensationterm(i.e.,dcom)isconsequentl
y viewed from the perspective of the MG voltagecontroller as a 
minor disturbance with very slow fluctuations. Asa result, dcom 
does not alter the dynamic model of the 
MGvoltagecontrolsystem(suchas theclosed-loop polesof 
thelinearized model). Practically speaking, the MPC action time 
(orMPC sampling time) is substantially longer than the MG 
voltagecontrollersincethedynamicsoftheSCSoCchangearesignific
antlyslowerthan thoseoftheDCbus voltage. 

IV. SIMULATION RESULTS: 

The dynamical behaviour of Case 1 (FB) and Case 2 (FB-
MPC)systemsisevaluatedinthreeseparaterapidload(orPCP)variatio
nsituations in order to assess the effectiveness of the FB-
MPCmethodandcompareitwithtraditionalFB 
powerallocationstrategies. In the first scenario, the PCP is 
abruptly increased 
from10to15kWattimet=10s,andthenabruptlydecreasedfrom15to 
10 kW at time t = 25 s. The DC MG undergoes a quick 
andperiodicpulsed-
shapechangeinPCPinthesecondscenario.Inthefinal scenario, PCP 

rapidly rises from 10kW to 19kW at t = 70sbefore dropping back 
to 10kW at t = 90s. The PCP profile in thesethree load conditions 
is shown in Fig. 8. It ought to be It shouldbe emphasised that in 
reality, the first and third load 
changescenarioscouldoccurwhenaloadorsourceconverterisaddedo
rremoved,whilethesecondloadchangescenarioisbroughtonbytheP
PLs(suchaselectricpropulsionorlaserweapons)insidetheDCMG. 

Duringthediscussedloadchangesituations,theoutputpowerofthe 
BESS and SC in Case 1 (i.e., FB) and Case 2 (i.e., FB-
MPC)systemsisshowninFig.9.PSC>0indicatesthattheSC 
isdischarging, while PSC< 0 indicates that the SC is charging. 
Inboth the FB and FB-MPC approaches, the output power of 
theBESS is smoothed, and the high frequency changes of the PCP 

areassignedtotheSC,asshowninFig.9(a)and(b).Additionally,inbot
h scenarios, the HESS output power (i.e., PHESS = Pb + PSC) 
isequal to the PCP (i.e., PHESS=PCP), indicating that power 
generationandloadareinbalance.DuetotheinfluenceoftheMPCcom
pensator, the BESS and SC have slightly different 
outputpowerprofilesintheFB-
MPCmethodcomparedtotheFBapproach. 

As can be observed in Fig. 11(a), the MPC compensator 
addsanother level of coordination between the BESS and SC in 
theFB-
MPCapproachbyallowingtheBESStoprogressivelychargeand 
discharge the SC while controlling its SoC variation within 
apredetermined range.Alargequantityofpoweris 
suppliedtotheSCin 
thethirdloadchangescenario(seeFigs.8and9)asaresultof the severe 
PCPvariations. As a result, according to the 
FBapproach,theSoCofSCachievesitslowestpermittedvalueatt 
= 73.1s (see Fig. 11(a)). In order to operate the BESS solely, 
therule-
basedsupervisorycontrollerdeactivatestheSCanddistributes PHESS 
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power to the BESS. At t = 90 s, the load 
powerabruptlydrops,causingtheHPFoutputtoturnnegative(iHPF<0). 
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Asaresult,therule-
basedsupervisorycontrolleractivatestheSCandthe HESSreturns to 
working inthe"BESS-SC"mode. 

 
The SoC of SC, on the other hand, roughly reaches its 
minimumvalue at t = 74.3s in Case 2 (i.e., FB-MPC), as a result 
of theabrupt change in load at t = 70s. The MPC parts in Case 1 
(FB)and Case 2 (FB-MPC) systems are currently available. As 
can beobserved, the HPF allocates the SC the reference current's 
highfrequencycomponents(i.e.,abruptfluctuations)inordertosmoot
h out the BESS reference current. Additionally, it can beseenthat 
theSCinbothscenariosentirely absorbsthe highfrequency pulsed-
shape load changes (i.e., Case 1 and Case 2).As previously 
mentioned, the SC (or filter) is disengaged at t =73sinthethird 
loadscenario. 

The suggested FB-MPC technique (Case 2) and the standard 
FB(Case 1) are compared in Fig. 12, where Fig. 12(b) shows 
theoutput currents of the HESS components in the Case 1 (FB) 
andCase2(FB-MPC)systemsandFig.12(a)displaysHESSreference 
currents determined using MG voltage controllers. Ascan be 
observed, the HPF allocates the SC the reference current'shigh 
frequency components (i.e., abrupt fluctuations) in order 
tosmooth out the BESS reference current. Additionally, it can 
beseenthat theSCinbothscenariosentirely absorbsthe 
highfrequencypulsed-shapeloadchanges (i.e., Case1andCase2). 

As previously established, in the third load scenario, the SC 
inorder to prevent a SC SoC violation, is turned off at t = 73.1s 
inCase1andtheHESSswitchestothe"BESS-only"operation.TheSC 
current is quickly switched to zero as a result, which can leadto a 
significant transient voltage sag. However, by including 
acompensating current, the suggested FB-MPC approach 
ensurestheuninterruptedoperationofSCduringthefullsystemoperat
ionadding that amount to the SC and deducting it from the 
BESSreference current. 

AsseeninFig. 13,whentheSoC ofSChitsitsminimalvalueatt = 
74.3s, the dcommoves relatively quickly. The MPC forecaststhat 
its output constraint (i.e., the SC SoC allowed range) will 
bebroken att =73.1s. 

 
TheBESSandSCterminalvoltagesduringthesimulationinterval are 
shown in Fig. 14. As can be observed, the terminalvoltage of the 
BESS (i.e., vb) stays largely consistent during 
thesimulationsessiondespitetheBESShavingasubstantiallylongerc
harge time (i.e., 2 hours). It is also important to note that 
thesuggestedFB-
MPCstrategyresultsinadifferentterminalvoltageof the SC in Case 
2 compared to Case 1 due to a distinct SoCvariation caused by 
the FB method (i.e., vSC). As a result, duringsystem operation, 
the reference currents of the HESSs in Cases 1and 2 estimated 
by the MG voltage controller have somewhatdistinct profiles. 

 

Fig(8).Theloadchange scenarios in the test systems 

 
The dynamical behaviour of Case 1 (FB) and Case 2 (FB-
MPC)systemsisevaluatedinthreeseparaterapidload(orPCP)variatio
nsituations in order to assess the effectiveness of the FB-
MPCmethodandcompareitwithtraditionalFB 
powerallocationstrategies. In the first scenario, the PCP is 
abruptly increased 
from10to15kWattimet=10s,andthenabruptlydecreasedfrom15to1
0kWattimet=25s.TheDCMGundergoesaquickand 

periodic pulsed-shape change in PCP in the second scenario. 
Inthe final scenario, PCP rapidly rises from 10kW to 19kW at t 
=70s before dropping back to 10kW at t = 90s. The PCP profile 
inthese three load conditions is shown in Fig. 8. It ought to be 
Itshould beemphasised that inreality, the first andthird 
loadchange scenarios could occur when a load or source 
converter isaddedor removed,while the second load change 
scenario isbrought on by the PPLs (such as electric propulsion or 
laserweapons) inside theDCMG. 

 
Duringthediscussedloadchange situations,the outputpowerofthe 

BESS and SC in Case 1 (i.e., FB) and Case 2 (i.e., FB-
MPC)systems isshowninFig.9.PSC>0indicatesthattheSC 
isdischarging, while PSC< 0 indicates that the SC is charging. 
Inboth the FB and FB-MPC approaches, the output power of 
theBESS is smoothed, and the high frequency changes of the PCP 

areassignedtotheSC,asshowninFig.9(a)and(b).Additionally,inbot
h scenarios, the HESS output power (i.e., PHESS = Pb + PSC) 
isequaltothePCP(i.e.,PHESS=PCP),indicatingthatpowergeneration 
and load are in balance. Due to the influence of 
theMPCcompensator,theBESS and SC 
haveslightlydifferentoutputpowerprofilesintheFB-
MPCmethodcomparedtotheFBapproach. 

 

Fig (9).The output power of the HESS components in the 
test(a)Case1(i.e., conventional FB), (b) Case 2 (i.e., the 
proposedFB-MPC). 

 

Fig (10). Transferred power from BESS to SC because of 
theMPCactionsinthe FB-MPCmethod. 
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Fig (11). The SC and BESS SoC variation (a) SoC of SC, 
(b)SoC ofBESS 

 
As can be observed in Fig. 11(a), the MPC compensator 
addsanother level of coordination between the BESS and SC in 
theFB-
MPCapproachbyallowingtheBESStoprogressivelychargeand 
discharge the SC while controlling its SoC variation within 
apredeterminedrange.Alargequantityofpowerissuppliedto theSC 
in the third load change scenario (see Figs. 13 and 14) as aresult 
of the severe PCP variations. As a result, according to theFB 
approach, the SoC of SC achieves its lowest permitted valueat t 
= 73.1s (see Fig. 11(a)). In order to operate the BESS 
solely,therule-
basedsupervisorycontrollerdeactivatestheSCanddistributesPHES
SpowertotheBESS.Att=90s,theloadpowerabruptly drops, causing 
the HPF output to turn negative (iHPF<0).Asaresult,therule-
basedsupervisorycontrolleractivatestheSCandthe HESSreturns to 
working in the"BESS-SC"mode. 

 
The SoC of SC, on the other hand, roughly reaches its 
minimumvalue at t = 74.3s in Case 2 (i.e., FB-MPC), as a result 
of theabrupt change in load at t = 70s. The MPC parts in Case 1 
(FB)and Case 2 (FB-MPC) systems are currently available. As 
can beobserved, the HPF allocates the SC the reference current's 
highfrequencycomponents(i.e.,abruptfluctuations)inordertosmoot
h out the BESS reference current. Additionally, it can beseenthat 
theSCinbothscenariosentirely absorbsthe highfrequency pulsed-
shape load changes (i.e., Case 1 and Case 2).As previously 
mentioned, the SC (or filter) is disengaged at t =73sinthethird 
loadscenario. 

 
Fig(12).Theperformanceofthecurrentallocationsystemsinthec
asestudyMGs(i.e.,Case1andCase2).(a)HESSreference 
current(b)The SCandBESScurrents. 

 
The suggested FB-MPC technique (Case 2) and the standard 
FB(Case 1) are compared in Fig. 12, where Fig. 12(b) shows 
theoutput currents of the HESS components in the Case 1 (FB) 
andCase2(FB-MPC)systemsandFig.12(a)displaysHESSreference 
currents determined using MG voltage controllers. Ascan be 
observed, the HPF allocates the SC the reference current'shigh 
frequency components (i.e., abrupt fluctuations) in order 
tosmooth out the BESS reference current. Additionally, it can 
beseenthattheSC inbothscenarios entirelyabsorbs the 
highfrequencypulsed-shapeloadchanges(i.e., Case1and Case2). 

 
As previously established, in the third load scenario, the SC 
inorder to prevent a SC SoC violation, is turned off at t = 73.1s 
inCase1andtheHESSswitchestothe"BESS-only"operation.TheSC 
current is quicklyswitched to zero, whichcan leadto 
asignificanttransientvoltagesag.However,byincludingacompensat
ing current, the suggested FB-MPC approach 
ensurestheuninterruptedoperationofSCduringthefullsystemoperat
ionadding that amount to the SC and deducting it from the 
BESSreference current. 

 
FIGURE 13.The MG DC bus voltage during the load 
changescenarios. 

 
As seen in Fig. 13, when the SoC of SC hits its minimal value 
att = 74.3s, the dcommoves relatively quickly. The MPC 
forecaststhat its output constraint (i.e., the SC SoC allowed 
range) will bebroken att =73.1s. 

(a) 

(b) 
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Fig (14). The output power of the HESS components in 
thetest cases (a) Case1 (i.e., conventional FB), (b) Case 2 
(i.e.,theproposedFB-MPC). 

 
TheBESSandSCterminalvoltagesduringthesimulationinterval are 
shown in Fig. 14. As can be observed, the terminal
BESS (i.e., vb) stays largely consistent during 
thesimulationsessiondespitetheBESShavingasubstantiallylongerc
harge time (i.e., 2 hours). It is also important to note that 
thesuggestedFB-
MPCstrategyresultsinadifferentterminalvoltageof the SC in Case 
2 compared to Case 1 due to a distinct SoC
the FB method (i.e., vSC). As a result, during
the reference currents of the HESSs in Cases 1and 2 estimated 
by the MG voltage controller have somewhatdistinct profiles.

 

Fig( 15). The MG DC bus voltage during the load 
changescenarios. 

CONCLUSION 
 

FB techniques are widely used in HESS applications to 
achievethe power/current allocation between the BESS and SC. 
An LTIfilter is frequently used to separate the high and low
frequencycomponents of the HESS reference power/current, 
with the high-frequency components then being assigned to SC. 
This paperinitially presents a small-signal stability analysis to 
ascertain theimpacts of the HESS current assignment filter on 
the dynamicstability of a single bus DC MG in which a grid
forming 
HESSsuppliesaCPL.Thestabilityanalysisdemonstratesthatthepres
entassignmentfilterimprovesthemarginalstabilityofthe

 

 

Fig (14). The output power of the HESS components in 
(i.e., conventional FB), (b) Case 2 

TheBESSandSCterminalvoltagesduringthesimulationinterval are 
shown in Fig. 14. As can be observed, the terminalvoltage of the 

) stays largely consistent during 
ndespitetheBESShavingasubstantiallylongerc

harge time (i.e., 2 hours). It is also important to note that 

MPCstrategyresultsinadifferentterminalvoltageof the SC in Case 
2 compared to Case 1 due to a distinct SoCvariation caused by 

). As a result, duringsystem operation, 
the reference currents of the HESSs in Cases 1and 2 estimated 
by the MG voltage controller have somewhatdistinct profiles. 

Fig( 15). The MG DC bus voltage during the load 

techniques are widely used in HESS applications to 
achievethe power/current allocation between the BESS and SC. 
An LTIfilter is frequently used to separate the high and low-
frequencycomponents of the HESS reference power/current, 

omponents then being assigned to SC. 
signal stability analysis to 

ascertain theimpacts of the HESS current assignment filter on 
the dynamicstability of a single bus DC MG in which a grid-

ilityanalysisdemonstratesthatthepres
entassignmentfilterimprovesthemarginalstabilityofthe 

MG.The MG PI voltage controller canwork at 
highergainsettingsandwithstandlongercommunicationdelaysthan
kstothecontinuous operation of the SC and filter. 
TheSCandfiltercannot,however,workcontinuouslyunderrapidload
fluctuationswhen employing the typical FB techniques. In order 
to developan MPC-based SC SoC restoration solution that 
addresses thisproblem, the current allocation between the BESS 
and SC iscarried out in this research together with an LTI filter. 
In thissystem, the SC and filter are guaranteed to operate 
continuouslysince the MPC controller maintains the SoC of the 
SC within aset range. As a result, the suggested method 
indirectly enhancesthe system's transient response and voltage 
quality by allowingthe MG voltage controller to operate at 
greater gain levels. Afterthat, a case study DC MG simulation in 
MATLAB/Simulink 
isusedtoconfirmtheeffectivenessofthesuggestedFB
MPCapproach. 
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