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Abstract

Power quality (PQ)as beergaining increasedattentionin relation to Active Distribution
Systems (ADSSs), especiallyith regard tovoltagerelated PQ problems (i.e., voltage variation
events).Voltage variation eventswhethershort or longterm, can cause serious consequences
such as process interruptions, falof computercontrolled and sensitive equipment, alada loss
Onecommon form of shotterm voltage magnitude variatioissvoltagesagevents which may be
caused by fault conditiontpad condition variationghe starting of large motorsyr the inrush
current of transformers. Voltaggmgevens caused by motorstarting current oa transformer
inrush current are more localizdthnvoltagesagscaused by faults. However, voltagag caused
by faults propagates in the systench thasystemlevel voltagesag mitigation is required.

Thanks to the high penetratioate of both Renewable Energy Sources (RESs) and Battery
Energy Storage Systems (BESSs), an increased number of irhasstst Distributed Energy
Resources (DERs) exist in the ADSs. Theseiiterbased DERs have fast controllabilégd thus
can be utilzed to mitigate thisype ofvoltagesag event while achieving their main objectofe
supplying energy to the systeritherefore, the active management of RESs and BESSs can swiftly
alleviake the voltagesag problemExisting DERsin the systentan be considered controllable
power resources with adjustable active/reactive power sigealactive and reactive power
management of invertdrased DRES is proposed in this resedmhperforming systemlevel
voltagesag mitigation in ASs. The propose¢bltage controframework is based on two parallel
and complementing actions. The firstriggctingactive and reactive powers to restoresistem's
voltageclose to tha®ond., and he secod actioninvolves he identification andsolation of the
voltagesagorigin (i.e., faults).

This thesis has four mapartsthatachievethe two actionsequired in ordeto mitigate voltage
sagsThe first part of the thesdevelopsavoltagesag orign identification methodologto identify
the fault origin and detegthether the fault is upstream or downstream fronstlyes t moimtdfs
common coupling (PCC). This developed technique is assumed to run in the background and is
initiated by thevoltagesag eventThetechnique is fast, efficient, and castective based on the
application of voltage and current estimation techniques in conjunction with Tellegen's theorem for
identifying and detecting the exact location of the voksagorigin in ADSs.

At the samdime thedevelopeddentification subroutine is runninga voltagesag mitigation
subroutineis alsorunningto achieve the first action of the proposed framewlorthe second part,
a novel systenfevelbasedvoltagesagmitigation algoiithm is proposd for solving voltagesag
problems in ADSs. Tdalgorithmis based opartitioningthe systeninto virtual mitigation zones
to mitigate thevoltagesag agjuickly and optimdly as possible.nformationregardinghe voltage
sag origin will relp mitigatevoltages ags t hat could not be over come
capacity Thereforeif the fault is within the system bounddre.,downstream from the PGQhe
voltagesag origin should be isolated which is achieved by the second actiomnning in the
background.If the voltagesag mitigation requirement§.e., injection of active and reactive
powers)are beyond th® E R sapabilites parts of thesystencan face unintentional islandinfo
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preventthis unintentional islandinghe plaming of intentional islandingvill isolate the voltage
sag origin from the systeandhence improg supply continuity and system reliabilityhtentional
islanding of this kind can be achieved via partitioning the systenoirclusters of survivable
microglids. The partitioning approach withot onlyisolate the faulted zone that causedvbiéage
sagevent but will alsoensure that the constructed microgrids are survivable in terms of supply
adequacy and microgrid stabjiit

In the third part, dramewok based on smablignal stability is proposetth construct survivable
microgrids according ta stabilityconstrained partitioning scheme. The partitioning of the system
into survivable seladequate microgrids during prolged voltagesag evens can isolge the
voltagesag root cause. Thus, by isolating the voltagg origin from the rest of the system, voltage
sag mitigation is accomplishelloreover, his partitioning scheme is valuable to the DSOsiand
leads to voltagsag mitigation without addinghg resources to the system.

Finally, in thefourth part,a recovery algorithm for posltagesag mitigation is proposed. &h
recoveryalgorithm is bas# onreconnecting thaeighbouing microgrids. These microgrids should
have the ability to seamlesslgaonnect when necessary. To facilitate ithplementatiorof the
proposed recovery algorithna smooth reconnection method between two microgrids is/a ke
feature that should be adopted by the microgrid control scheme. Morsormgvable microgrids
mustbe synchronized before reconnection. §éhgynchronization conditionare same voltage
magnitudesamerequency, andamephase anglat theterminal luses of the two microgrids. The
effectiveness of the synchronization algoritisnproven by multiple cse studies, and the
microgrids are successfully returned to synchronization and connected together to form one
microgrid.
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Chapter 1

l ntroducti on

1.1 Preface

One of themost significant operatioal challenges of autime is tke transformationto energy
networksthat arebased orRenewableEnergy Sources (RES and Battery Energy Storage Systems
(BESSs) This transformatiorhas forcedistribution SystemOperator§DSOs)to change their usual
passive control approaes toActive SystemManagemenfASM) approacks[1]. A major challenge
within Active Distribution Systems (ADS) is voltagerelated Power Quaty (PQ problems (i.e.,
voltage variation events]These can take tHferm of shortterm voltage magnitude variatiosach as
voltagesag eventswhich are caugskmainly by electricalfaults the on/off switching ofheavy loads

(e.g.,largemotors), and badconditionvariations.

Thanks tothe high integation rate of RESsand BESSsan increased number of inveHesised
Distributed Energy Resources (DERS) exist in ADB projectedgrowth of theinstalled capacity
globally for differenttechnologesis illustrated inFigure1l.1 As shown RESs(e.g.,mainly solar and
wind) arecurrentlymore popular with developers and inves{@is Figurel.2 presentshe annual US
BESS deployments from 2012 to 2021, as reported by US Energy Storage Monitor publif2itions
From these figures, it is clear ttaat intelligent gid with anASM scheme is indispensalita allowing
for the propecoordinatiorof power system operatipwhichfacilitatestheimplementation of different
voltage variation mitigation techniquethe use otommunication systems ameattime controlfor
DERs(i.e.,RESs anBESS) facilitatesthis transformation oénergy network#4].
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1.2 Research Motivation

Differenttypes of voltageelatedPQ problemscan occurn ADSs.Some commonxamples of these
problemsare 1) shorttermvoltage magnitude variatio) long-term voltage magnitude variaticemd
3) voltage imbalanceShortterm voltage magnitude variatignknown as voltagsag eventsare
usuallycaused belectrial faultsin power systenmetworks the on/off switching oflarge load, and
the switching onof a large motor The exisenceof thesetypes of voltagerelatedPQ problemsis
considered an early warnifigr upcoming critical ppblems in the system



Theexpectedighpenetratiomateof RESSand BESSs1 ADSspromptsthe need fonew techniques
to control ADS operation byDSOs Utilizing traditionalvoltage variation mitigation techniqués.g.,
installing a DVR at théoint of CommonCoupling[PCQ) canbe onepossiblesolutionto deal with
theproblemat the local levelHowever the existencefdERs in the systerields extraopportunities
that can be utilized to improve the voltage quaditythe systentevel. Therefore, lhe participationof
DERs inASM scheme$iasmotivatedthe development ofoltagevariation mitigationtechniques and

promoted the ideaf self-healing grid.

1.3 Research Objectives

Based on the above discussi&«gM scheme thattake into account the high peradton rates of
RESs andBEESs are necessary to deal with voltage Aaion problems in ADSsA proposed
frameworkwill beintroducedbased on twaomplementingparallelactions. The first action deals with
the optimal active andreactivepower managementf @ ERs deployedin the systenmo mitigate the
voltage variation problengince the output power of RESs is highly dependent on weather conditions
(which can change during the dayheir abilities to mitigate voltage variat®wary considerably. The
secoml action is the identification and isolation of the voltaggorigin (i.e., faults).Identifying the
voltagesag origin(i.e., upstream or downstream from the PCC of the system)igical stepin
prevening the propagation advoltage variation everin the systemrlhe idea ofiself-healing system
is adaptedn the proposed framewotk improwe bothsupply continuity and system reliability.

In this work,different network partitioning techniques are introdutzeticilitate the implementation
of the proposed frameworkA study of systemlevel voltage variation mitigatioiechniquess also

presened The research objectiwof the study can beummarized as follows

1. Proposing aroltagesagorigin identification algorithm in ADSs. The proposed alduritis a
fast, efficient, and cosdffective approach based on the application of voltage and current
estimationtechnique and Tellegeis theorento identify and detedhe exact location of the

voltage-sag originin ADSs.

2. Proposing asystemlevel voltagesag mitigation algorithnby using DERs. The proposed
algorithm aims to optimize the utilization of existing ADS assets (i.e., DERg)itigate

voltagesagwithout the need to reinforce the systefith new equipment.

3. Proposinga voltagesagmitigation algarithm using eigenvalue analysis to obtaiStability-
ConstrainedPartitioning Scheme(SCPS) This partitioning schemwill be used by the DSOs
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to isolate the portion of the network that contaims $ource of the voltageag enabling the
mitigationto bedone without the need for any additional resources.

4. Proposinga recovery algorithm for postoltagesag mitigation This algorithm is based on
proposing a reconnection techniqueistanded microgrids constructed according to the SCPS.

1.4 Thesis Outline

Thethesis outlings structuredas follows Chapter 2 provides a background and literature survey on
the previas work achieved in the areaailtage variation mitigationChapter 3 presents voltage
sagorigin identification algorithm in ADSSChapterd givesa detailed descriptionf the systerevel
algorithm proposed for mitigating voltagags in distribution systemb Chapter 5, a voltagsag
mitigationalgorithm based on a SCPS is introdudgtiapter 6 proposes a recovery algorithm for-post

voltagesag mitigationFinally, the conclusion and future pkare presented in Chaptér



Chapter 2

Background and Literature

2.1 Introduction

Distribution networks areurrentlyfacing numerouschallengessuch as limited expansion space,
incrementaincrease in load demands, &g infrastructureandenvironmental issue€oping with
these challengesequiresplaming and uplaing conventional distributiorsystemsinto ADSs. In
general ADSs should accommodatediverse variety o0DERs, along withdeviceshatare attachedo
intelligent technologiethat carintegrateand acceptore complexity into the system operatigiRSs
shouldthereforebe intelligent and modernizing gridthathavethe ability to fit with bidirectional
power flow andinformation exchangbetweendifferent resourcesHowever, the infrastructure and
technolgies of conventional distribution systenimit the adoptionof active managementn

distribution systemb].

Controlling the ADS voltage isne d the most importargoalsfor DSOs [6]. Theavailable capacity
of variable power generatigourcege.g, RESs andBESSs)offers an excelleh opportunity todeal
with voltagevariationissuesin contrast, theonsideral® penetration level of RE®&an pose asevere
threat tothe permissibléimits of ADS voltage. Thereford)SOs may applan ASM strategyin order
to operatehe ADS assetsippropriately

A variety of voltage control approachésve been investigated tmitigate the violation of voltage
permissble limits in systemsas will be discussed latePartitioningthe whole system into loosely
coupled active/reactive power control communities $silaject undergag intensestudy for voltage
regulation. Hence, a detailed literature review for networktjmming approachewill be presenteth
this chapterAfter that, a literature review of how tapply ASM schemego ADS is provided These
ASM schemewwill maximize the usage ofhe capability ofexisting network assets (i.e., DER®s)
actively managevoltageconstraintsMoreover, hese schemesill facilitate the integration of larger

volumes ofRESwithout considering the neddr expensive network reinforcements.

At the same timethe ASM schemesvill optimally utilize the flexible operation of DERsased on;
1) thereactive power capability ®ESs 2) realand reactive power control BESSsand3) generation
curtailmenttechnigues Approaches foASM schemes irADSs can be classified based on various
aspectsso this study will presetite specum (i.e., from centralized to decentralizedA&M schems

in detail. ADSs areableto operate in islanded or gritbnnected modes (i.e., microgrids). However, the
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survivability of these microgrids is questionable and stability studies should have begioiated.
Finally, this chapter presents aeliitue reviewof the stability evaluan of microgrids

2.2 Voltage Variation Problems

ADSsarewidely consideredhe next generation of electric power distribusgystemsgor sustainable
and securenergy deglopment.As an essentiapartand asignificart elementof the powersystem
infrastructureADSsshould beawardedreferenceowardsevolvingfuture smart gridsThis isbecause
most eneusers and low carbon technologies (e.g., RESs, heat pumps, and)B&®&%in these
networks. As mentioned previously, the penetration levalitbérent energy resoursds rapidly
increasingn theglobalmarkett s p ower s mhtibus ooantriesvairgieiththeaxparsion of
their renewableenergygeneration Furthermore rising oil and gas rates havet only ensuredbut
speeed up the demand forRESs thus introdudng considerable challengeo both DSOs and

transmission system operator

One of the maissuedaced byDSOsis voltage variation problemsaused B reverse power flow
[7]. An additional issue imaintainingvoltageprofileswithin particular limits as desired by the typical
supply standards qualitiong-term voltage magnitude variations (e.g., over and undiage) may
show up in the ADSfor different reasons. For exampthe intermittehnature of RESSs, such aslar
resourcesand wind farms comes fromthe stodhastic d@ solar radiation andwind speedAnother
example iswhen the load demand peaks and RES outputs have not occurred simultadacdngly
high RESgeneration and low load conditios changdan the RMSvoltagevaluebeyondthe standard

voltagevalueis defined as shoiterm voltage magnitude variations (e.g., saw, swell, or interruption).

The IEEE Std. 1159,3.1.73 defines voltage adia sudden decrease in voltage magnitude for a
time greater than 0.5 cycles of the porequency but less than or equaltoninut®. Voltagesag
eventsn power systemoccur for severaleasonsas provided byolin [8]. One of theeis electrical
faults which carcritically affect a power plant's operation aaré of crucial concern. According to the
typeof fault (e.g.,symmetical or unsymmetricgl voltagesagdepthscanhavethe same valum each
phase or unequalalues respectively.Symmetrical voltageags arecaused byinduction motors
starting as each phase draws more or lessaimgin-rush curent.In this scenarigthe induction motor
characteristics antthe network's strengtht the connectionodeof themotor are affecting the voltage
sag depth. Anothiesource for voltagsags isransformerenergizing which often occurgdue tothe

overfluxing of the transformer core.



In most situationsa threephase balance igptimal for a power grid. Neverthelessinglephase
loads, singlgphaseDERs asymmetrichthreephase devices and equipment, unbalanced faauits
numerous other reasooanlead to power system imbalancaeslbadly affect the PQFor a balanced
threephase powenetwork the threephase voltageshould be equal in magnitude andibe 120°
phase shift.

Voltage utbalance level isnothercrucial PQindex forADSs Thereasondor voltage imbalances
can be separated into two groupamelytypical reasons and abnormal reasg@jsTypical reasons for
voltage imbalanceareuneven load allocations among the three phases, random loaddoes, and
threephase transformer basmkonnectedn awye-open deltaAbnormal reasons covéault events in
the systenandsinglephase operation of motorEhus,anacceptable voltagebalance level is desired

to deliveradequatelectricity totheendusers

The mitigation of voltagesagscan be done with a number of available methods using custom power
devices such asStatic Synchronous Compensaf&TATCOM), Superconducting Magnetic Energy
Storage (SMES), Dynamic Voltage Restorer (DV&)dUnified Power Quality ConditiondtJPFQ.

In the main DVR is moreefficient and capableof proposingdirect solutions fore-establishinghe
voltageprofile qualityat its loadside terminalsf thevoltage profile qualityat its sourceside terminals
is disturbedFigure2.1shows eacategorizatiorof DVR topologieq10].

DVR

DVR with no storag
and supplyside
shunt connected

converter

DVR with no storag DVR with energy
and loadside shunt storage and consta
connected convert DC link voltage

DVR with energy

storage and variabl
DC link voltage

Figure2-1 Different DVR topologies
Generally, theSMESis utilized tomitigate voltage fluctuationslue to itshigh power densityfast

response speed, long lifetimand lower amounts oenvironmental pollutio{11]. However,the



SMEShbasedower devicesuchasDVR werenot ascosteffectiveasthose operated with traditional
BESS due ttheexpensive capital casof the SMESs [12].

Thus, a SMES/battery hybrid energy storage is tmeaiitigatng bothlong- and shorterm voltage
variations[13]. This hybrid concept hasmany advantagesn reducing costs and enhancingltage
support capabilitgomparedo a SMESbased systentn addition reducingthe required battery power
rating is anotheadvantage for the SMES/battery hybrid umMbreover thehybrid unit's battery life is
expected to be improved more than a battarly systenbecausef thedecreasé the peak discharge
power andattery power cycling. Although tlemergy source at th2C bus has high cost,a minimum

rating ofDVR is granteddue totheinjected inphasevoltage with thevoltage at thé®CC[14].

Fora selfchargingDVR, a significam amount of active power is required from I¥e-link capacitor
to compensatéor the voltagephase jump. Térefore thistechniquewill lead to a shorter voltageag
support ime anddemanda largercapacitorOn the other hand new control strategy tmprovethe
voltagesagmitigationtime while compensatindor the voltage phase junip presented ifil5]. This
strategyaimsto regulatethe active power contributioto thelowest possibleoption Integrating an

ultra-capacitor with DVR will give active power capability to the system to mitigate deepdil&igs

A novel coordinated control algorithm for distributed BESSs to achsavmre stable and reliable
operationis given in[17]. The raditionalfi ma sst| eaooreépis utilizedin [17] to coordinateseveral
BESSs in the aggregationanner However, his algorithmwill lead tothe earlyageing of the master
batteryduring the projecandwill bring inanundesiredeplacement costT.herefore thereturn of the
capital costis not justified Inspired byFlexible Alternating Current Transmission SystépACTS)
equipmentthe hterlineDVR (IDVR) was introducedh [18] as an economical solution for mitigating
voltagesag events multi-feeder distribution systems. This new configuratiameaseshemitigation
capacity of the IDVR at gh power factordMoreover it improvesthe mitigationperformanceén order

to compasatefor profoundvoltagesageventsatmoderatgpower factors.

In [19], aUPQC is used to mitigate voltagag as well asstudythe UPQC allocationmpact on
distribution systemsThe authors base their stuaty determininghe load voltage required with respect
to phaseangle shifting In [20], a new control algorithm witha synchronous reference frarbased
power angle control methas presentedwhile in[21] a novel UPQCconfigurationthatimprovesthe
PQ in the installed araa proposedThis configurationis different fromthe typical UPQCin thatthe
UPQCusuallycontainsa single deviceapable ofmproving the PQ atthe locallevel only. However,

afurther investigtion is neededo provide the optimaiating andocationof a UPQC inthe system
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STATCOM isalsoused to mitigate voltageags and swells. STATCOBbuld bemplemented with
just a DC capacitdi22] or with a BESS.The BESSprovides additional capacity for DSTATCOND
be utilized inload balancingreactive powecompensationand harmonic current eliminatiof23].
Furthermore, theeference currents aobtainedby thecontroller for VSCin the DSTATCOMbased
onSRF theory withthecarrierbase PulseWidth Modulation (PWM) techniquélowever, these direct
solutions deal with the problem at the local level only areistablish the voltage profile quality at its
PCC.

A

To the best of the authors6é knowlesaygreblemdfae w met
the system level. Most of these methods are based on the use of innovative handling of customer power

devices.

2.3 Network Partitioning Approaches

Information, tebnological, andacial systems caregulaty bedepictedascomplex networksThey
aredescribedasa groupof interconnected nodeserging botltrandomness amatganizatior{24]. The
idealisticsize of largesystemdike mobile phone networlandsocial network servicds now coungd
in millions of nodesand moreGiven their &rge sizethesesystem sizeseeknewalgorithmsto obtain
global information based ortheir topology A schemethat divides the systeminto communities or

partitionsis presented if25], with thepartitionsrepresenting groups sfronglycouplednodces

Some of the active/reactive power combined control algorithms deal with the pawerksén bulk
[26, 27] However, this approach requires an extensive computatiordéitand the complexitguch
a burdercausesvhen applied in large systems. It isrth mentioning that, due to the modern nature
of ADSs, some voltage control algorithms are based on partitioning the network into communities (i.e.,
zones). These algorithms offer a promising path to mitigate vetegid PQ problems in ADSs with
a feaible computational burdg@8, 29]

Power network partitioning has been endively investigated using a variety of approaches. The
spectral clustering method has been applied for network partitionif8@jnThe method requires a
pre-defined number of clusters for obtaining the partitioning scheme. Line power flows and iacksitta
could be considered as weight iogls in partitioning. IM31], the spectral clustering succeeded in
reducing the convergence time without compromisiregsolution accuracy for partitioninige power
system under stud@ptimal partitioning is utilized to obtain optimal AC power flow while neglecting

thepower system's geographical topology



In [32], electrical distancplaysan important role in partitioning the electrical netwawith the K-
means clustering algithm beingapplied as a primary todWWhile neglecting th@etwork's topology
under study, the operational constraints such as the energy policy and ownership are cdhsidered
majoraspects irbtairing anoptimal partitioning algorithm if33].

More recently, complex network theory has attra¢texhttentionof researcherto look closer at
networked systemdn [34], a divisive méhod for detecting subetworks is introduced; however, this
method does not apply to larger networks. Therefore, a hierarchical agglomeration is prof&ed in
A genetic algorithm is utilized in [38) identify the group thatcontain nodes with a dense relationship
but a sparse relationship between groups. By optimizing two objective functions, the optimal number
of subnetworks can be obtained automatically. In order to have both accuracy andxitgymple

method to dedct subnetwork based on the atttiangle centrality is proposed jB6].

The methods for network partitioning utilized in complex networks can be applied to the power
networks. In[37], a novel methods introduced fodetecting sulmetworks that define a new similgrit
index. This index is considered a major tool for examining the effect of bridging nodescauliog
failuresin power networksThe penetration of RESs in ADS caussseadystate overvoltage problem
Thus, to mitigate this overvoltage probleanetwak partitioning algorithm based on the improved
modularity for voltage control is presented38].

From the brief literature survey above, we can say network partitioning algorithms in complex
systems offer great potential to be utilized with ADSs. However, therellia siesearch gap in
mitigating voltagesag at the system level. Existing solutioesldwith the problem at the local level
only and reestablish the voltage profile quality at its PCC. Thus, to achieve a siestehsolution for
voltagesag problems, nre mitigation devices should be installed in the system. Another approach
presentedri [39] focuses on mitigating voltagsagevens based on reactive power support omye
to the highR/X ratio in distribution systemsas shown in[40], both active and reactive power

requrements from DERSs should be considered for volsagemitigation

2.4 Active Distribution System Management

Active distribution systemsdicatethe direction ofgaining benefits fromthe flexibility services
presentedoy DERs for /A8M in addition to distribubn automation. The deployment bitelligent
Electronic Devices (IED)Advanced Metering Infrastructures (AMBndadvancednformation and
Communication Infrastructures (ICWill improve distribution automation through the facilitation of

those moderffunctionalities.In the caseof low voltage distribution networkshe ASM applicationis
10



achieved by integrating active elements(e.g, RES and BESS$ along with advanced ICT

infrastructures.

Amid theseradical and innovative changesnsidered fotthe system operation, the &M will
authorizefunctionalities andeatures oftlisturbance managemeaset management, and congestion
management. Thactive elementsnposeinstrumental importance on t#e&M, since theypersistin
attemptingactive participatia in network operation from technical and economicepspective

The different controllable resources existingADSs can be controlled in variousays (eg.,
separately or coordinately using differentontrol approaches (i.e., the decisibaking atjorithm).
A typical control process is shared between all of these approaobléecting information of the
network states from monitoringnd thenobtairing the control decisions followed by the control
adions. On the other handpntrol approaches aeatirelydissimilar and should be categorized based

on different aspects.

From the perspective tiiecorresponding network model's requiremeatsitrol approaches can be
classified into modebased and madfree [41]. From the prspectiveof dealing with uncertainties
such as unpredictable renewable generation, data dropping, and data distortion cmsuek,
approaches can be shified into stochastic and robu3the first techniqueconsidersthe uncertain
variables based otine probability density functionwherea the second guarantees that the solution
works for all instances within the range of uncertain variables. Furtherfnam a more practical
viewpoint of implementationthe control approach's network coveraigeone of the foremost vital
angles, especially fddSOs Based on this guideline, the spectrunABDIS management schemes can
be classified into threeontrol appoaches, namelgentralized, seratoordinated, and decentralized
shown inFigure2.2

Decentralized Semicoordinated [ Sy (NI f

h[ ¢/ K59w

I 22 NRAY I (.

U Local measurement U  Multiple measuremerd i Wide meaurement
U Covering local point U  Covering multiple poirst i Covering the whole network
i Local control Ui Coordinatedcontrol i Extensive control

Figure2-2 Spectrum of ADS management schemes
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2.4.1.1 Centralized Control

Centralized control involves the whole networldaequires &igh standard of coordination among
the different network elementch as generators, transform&ESunits, storage units, and switches.
During the control scheméhe whole network states are measuredtarddelivered to the control
center to obtai the control settings. Later on, these settingsameback to the controllable equipment
to perform the control actions. The comprehensive perceptibility and optimal cestinfys usually
make the execution of centralized control apptes the ks amongthe three categoes when
consideing the voltage behavior amettworkloadings. In ontrast, this type of carol approach mainly
depends omemote monitoring and the corresponding communication infrastryet2feMonitoring
the wholenetwork could lead to high investmerudstsand reliability issue# light of the potential
data dropping and distortion issues related to the communicati@mgisy.,due to lack of metering
infrastructure omprivacy matters)Centralized approachesve beenimplementedn a considerable
number of ADS management applicason

2.4.1.2 Semi-Coordinated Control

In contrast taentralized contrahpproaches, whidtiequire the entire observability and coordination
of the controllable network resources, s@wordinated control approachésalwith only part of the
network and exclusively coorditeaandcontrolRESunits andOn-Load Tap ChangéOLTCs). Within
the cantext d this method only twofold (pinch points) are monitorgslich aghe RESunit coupling
point and the secondary OLTCs. The recorded measurementsent to a controcenter for
determining control decisions f®RESunits and OLTCswhereaRES coupling pmt measuremas
can be sent to OLTC3hus,the OLTCscan obtain coordinated control actions in cashereRES

units are locally controlled.

Overall, heapproaches thagly on a control centaran result in preferable performance, wiibst
effectiveand robust solutions can be achieved from the second appFaatiemore compared to
centralized approachesemicoordinatedtrategieslemandnuch les®bservability of the network and

a much lowercost However, tharadeoff is that theperformancewill be worse.

2.4.1.3 Decentralized Control

The decentralized control approaches gather the data only in a single point and obtain the settings
locally, depending orthe site's measuremeniBhe central processahentakes controbf decisions

regarding the whel network.In thedecentralized control approadhe states at the coupling point of
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the controllable elements are measured and deliverdwelodal controller. Followinghe setting's
determination, they returo the controllable elements directlydrecute control actions.

Note thatimited monitoring andx lack ofcommunication infrastructure acensidered advantages
in decentralized appazhesHowever,the local controller has to be placedaaontrollable resource.
This approacls motivated bythe pursuibf reattime (nearly instantaneous) control that dande the
goals betweenmultiple controllersas every controller takes care of a smalleectionof goals In
addition, the solution of the sydroblemswill not seek global informationynlike the solutionof
centralized control. Hence decentralized approaches are @ffctive solutions, especially for

networks with restricted access to communications.

Furthermore, nadlepending on communication results imare obustapproachas comminication
issues can be avoideA. relatively simple control strategy thus achieved with limited available
information and controllable elementslowever, his will lead to a worse overall performance
regardinghe optimization algorithm compared wittet previous two control approachbsthe main,
due to th& simple and lowcost naturedecentralized approachaee preferable optionsompared to
the implementation afore complex centralizei@chniquesFor that reasonytilizing the active and
reactve power capabilies of the available DERs in a decentralized control strategy is the focus for
developing the ASM schemes in this thesis

2.5 Voltage Coordination Management

The DSOs mainly focus otle security, reliability, and efficiency of the electricigrid. Thus, a
consideral® number of ASM schemes have been presented in the literatunmanage network
constraints while considering the existence of different network resoéio&management aims to
actively manage voltageslated PQ limits, thermadimits, and fault levekonstraints in this context
The presentvork focuses on voltageariation mitigationin ADSs that leadto massie investments
from DSOs to reinforce the existing networke high penetratiolevel of DERunits installed in ADSs
can cause reverse poweoMl, increasinghe probabilityof voltagevariation problens, as shown in
Figure 2.3 This figure shows thathe percentage of network nodes with operational constraint
violations increases with more renewables connected to thensyader studyOn the other hand,
voltagesagand voltage imbalance are common power problems that can caessceasequences in
the network This section presents therious ASM schemes found in the literatutkat utilize

controllableresources ithe network to manage voltage constraints.
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Figure2-3 Numberof networknodeswith operational constraints violatiors connectedREScapacity[43]

As mentioned abovepltage regulation is one of the masticialcontrol functionalitiesn ADSs. It
is used inHigh Voltage (HV) transmission networks to build tbentrol concepbased on reactive
power managementowever,a similar assumptiodoes not applyo distribution systemdrigure2.4
showsthe requirements afctive and reactive power demand to regulathe voltage magnitudef a
specific bus in the system underdtiby 2%as a function of thaetwork linesR/Xratio [44]. Note
thatas the R/Xratio increasegherequirements aictiveand reactive powers should be considered fo
voltage regulatiorHence voltage controhpproaches in ADSs must depend on both active and reactive

power outputegulation

% 10*

15

IQ

0.25 0.75 1.25 1.75 2.25 275
R/X ratio of the lines
Figure2-4 Active and reactive poweequirementsvs differentR/Xratio ofthe lines[44]

Avtive (W) and reactive (Var)
power injections

The voltage managemesttategiesan badividedinto twomaincategorie: autonomousife.,local)
and communicatiobased A deeper classification of éhcommunicatiorbased categorgan be
determinedaccording tahe type of informationbeingexchangd among the participating resourges
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such as centralized, decentralizadd distributed. In addition, a hybrid combination betwibentwo

categoriesd ako applicable.

In autonomous control, the local controllers are referred tntaigent Hedronic Controllers
(IECs), as showrin Figure2.5. Thesdocal controllersneedmeasurements at tiRCConly, without
therequirements of any other remote measurements in the nefituskstrategycan respond quickly
to RESunit variability and any other shetrm voltage variationgvloreoverjocd controllersare not
affected bycommunication failures. In contrast, without any coordination between respilreg do

not achieve the fulpotential of the available DERs, which can cause a globallyoptimal control

solution[45].

Figure2-5 Local control scheme
In centralized contl, the strategy relies on one Centrab@dinator(CC), which collectsall the
required measuremerftem the gridby utilizing remote terminal units argimart meters that retrieve
the solution to the control problerAfter that,these metersommunicatehe setings (setpoints for
DERs)backto the IECH46], as shown irFigure2.6. It should be n@&d that any control actiogan
only be initiated by theCC.

Figure2-6 Centralized control scheme

In distributed controlthe IECs are not remotely dispatch&hther all the IECs collaboratgo
achieve a combined decision with respech&taskset by the grid operator enduserf47], asshown
in Figure 2-7. Each IEC seeks to communicate only witleighbour nodes Therefore, global
information of the networKi.e., the state of all node&3 not neededio obtain the ontrol goal The
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target of the Dstributed Coordinator (D3 to attaina selforganized power networka this way the
network will havethe capabilityto adapt effectivelyo anysituation that might appear when applying
only local interactionsandsaci ng #@Apl ug and playo capability.

DC : Distributed coordinator
- Communieaton e
Figure2-7 Distributedcontrol scheme
An intermediate level betweelistributed control andentralized control isefined as decentralized
control. This indicates thathe strategy is paly centralized ancparly distributed with espect to
decisionscomputatios, or command/information signalas shown irFigure2.8. A straightforward
example of decentralizambntrolis partitioning the network into zongt8]. Eachpatrtition (e.g.zoné
is provided by its own controlleii.¢., Zone @ordinator[ZC]) that performs in the same manner
compared with the central coordinator in its zohke ZCs are authorized tbe couplel in orderto

accomplish a specific ggaimilar to distributed entrol.

Figure2-8 Decentralized control scheme
A decentralized scheme can preseffitctive, flexible, andobust control of the ADS. Furthermore,
it canovercome the limited communication situations @huch less influenced bigiluresin the
communication linesAll these qualitiegive decentralized schemeashigh priority to be utilized in
ASM schemes

2.6 Stability Evaluation of Microgrids

A group of DERSs, such d@&8ESsand BESSsthat operate locally as single controllablainit, is

defined asa microgrid. Based oiits size and functionalitiesa microgrid can have multiple possible
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configurationsin this way two different operation modearm existsuch as griecconnected mode and

islanded modeFigure 2-9 shows a general microgrid configuratioAs shown,the PCC breaker

determines the operation mode of thierogrids Commonly,a microgridconsists okeveraldifferent
componentssuch aRRESs, loadsand ESS. As well, thereis a communication infrastructure between
switches, metering devices, DERsO®G primary contrc

"""""""""""""" Control & Communication link
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Figure2-9 Typical layoutof an MG
The microgrid control systemantainsthreecore functionsl) keepingthe frequency, currents, and
voltages withinrequiredstandards2) maintainingthe balance betweepowergeneratiorandloads
and 3) transitioning between different modes of operatiorshégvnin Figure2-9, the control system

of microgridsincludes primary andecondary control.

Increasinghepenetration of DERs or exchanging conventional generators with inased DERs
enableghetransition fromtraditionalpowersystemsnto a number osmallerpower networks®iamed
MGs. These MGsre characterizedy low equivalent system inertial' hus, these MGsare more
sensitive to stabilityproblems In the case of a minor disturbance, such as load switching and output
power of DERs deviation might lead tsignificant frequency androltage fluctuations or system
instability [49]. Therebre, gridconnected MGs faca stability problem that mainly depends on the
i ndi vi du al stabiloyfem.caspeaifit BER or a group of local logdsd their impact on the
system[50].
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As IEEE Standard 1547 allows tpewer systemso operate in islanded operati{i], islanded
MGs are consideregh essential part of ADSEhus the system frequency @wmoltage are not specified
by theutility any longer, andseveraDERs will play a significant role in keeping these variables within
acceptable ranges. As discussedbi2], the microgrid hasystemic differenceand unique intrinsic
features.slanded mode operation, iherefore more stimulating than conventional power systems,
fronting specific system adequacy and stability problg8k

Many researchers have studied the stability issues in MGs in thid4jadto thatend,Small-Signal
Stability (SSS) anlgsis of networks, including several interconnected synchronous genetatoes,
beenadapted in MG studies. Various approache=used in[55, 56] such as eigenvalue, frequency
responseandgain-phase margin criterion. Other techmégp like reducedorder,dynamic phasors, and
matrix pencil to assess the dynamic stability of inventesed order, rotatindirect-quadratire Q1)
frame and harmonic linearizatiparereviewed in[57]. Similarly, [58] discusses several SSS analysis
schemesegarding vtiage and transient stabilitiésr islanded andjrid-connected MGs.

Generally, a microgrias formulatedin an eigenvalu@riented techniquéhrougha combinationof
statespace equationft.is then required to formulate the equivalent overall state matreciotG and
determindts eigenvalue$s9]. This approach is considered [0, 61]to examine the SSS of an MG
with DERs. Referensd60, 62, 63]look atrenewable sources with internal dynamics in SSS agslys
while [64] neglects the converters and filters internal dynamics to achiesguceebrder technique.
In addition [65-67] studies MG stability while considering the effect @nergy storage systems,
constant power and induction motor loadsnp rates of DER¢$he uncertainty of renewable resources,

communicatia delays, and smnance in inverters.

2.7 Summary

This chapter firstonsideredhe high penetration level of distributed energy resousgitls various
voltage variation problemseing presented andliscussed indetail After that severalnetwork
partitioning methodwerereviewed With thebackgrounknowledge of th®ERDHflexibility in ADSs,
the spectrum of network managemeas presentedcalong with a detailed overview oéntralized to

decentralized classificatian

In conclusion, it can be seen that actwelreactve powercombined control schemes drecoming
an essentiaissue in thevoltagesag mitigatiorresearch fieldHowever the algorithms that treat the
power network abulk suffer fromtime-consuming computatienlmplementinghese algorithmsith

large ystemsis challengingand, in many casesnpractical According to the previously surveyed
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literatureandbecause ofhe intermittebnature ofthe RESs a systemlevel voltagecontrol algorithm
relying ondifferentnetwork partitioningechniqguesvasproposed asn effectivesolution tomitigate
the voltagevariatiorsin thenetworks More research work in the arefwvoltage management schemes
is required taesolveall thevoltage variation problemassociated withDSs

Chapter 3
Detecting awdll&g®triigg msActi ve Distri

Syst ems

3.1 Introduction

The fastand accuratéletection of voltagsag in the distribution systemsds essentiatool, as it
would allow DSGs to perform fast voltageag mitigation systenrecovery andrestoration As faults
are one of thenajor causes of voltageagevens, accuratdault identification in the systeman help
expedite théhealing process. However jtiv the trendtowardadopting moreinverterbased DERS in
the system, traditional fauttetection schemdsave become inappropriat@s theyrely on excessive
fault currents.ldentifying the fault origin and detecting whether the fault is upstream or downstream
from the PCC of the system ascrucial piece of informatiorior prevening the propagation of the

voltage sageventthroughouthe system

In generalfault detection is composed of two parts: 1) determining the inception time of the fault
and 2) determining the geographical location of the fhulthis thesis the detection of the inception
of the fault is determined by detecting the voltegpgeven, whichis a direct effect of the faulvhile

the geographical location of the fault is determinedheypoposed method in this chapter.

In thischapter we developa fast, efficient, and cogfffective voltagesagorigin (i.e., geographical
location of the faul) identification methodologybased on the voltage and current estimation in the
system and T e [THe degetoped techrtighecisoassemed to asrabackgroundoutine
and is initiatedby the voltagesag evenfi.e., the fault inception time)The chapter's structures
presenteds follows:section3.2 discusses survey about different techniques to detect faults in the
system(i.e., the fault inception time)More details about locatiy faults in the systerti.e., the faults
geographical location)are presented insection 3.3. Details about the proposed voltagsag
methodologyare illustrated irsection3.4. Finally, a case study is performedsattion 4.5 to evaluate

the effectivenss of the proposeaethodology.
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3.2 Fault Detection Techniquesn Active Distribution Systems

In order b maintainthe stability of the systerfaultinception timedetection techniqueshould detect
the fault inafast, efficientand costeffectivemanner Several differenfault detection techniques have
been reported irthe literature thatconsist of mainly datadriven andmodetbased methods in
distribution systemg68]. Modelbasedapproachesleal with therecognitionof how the system
compaments workcomprehensivgl

In [69], a fault detection technique is proposedording tahe phase differenaaf thenodevoltage
and feedercurrent ofthe positve sequence fault componelnt.[70], the voltage magnitude is used to
determinethe relay operating timbased ora communicationless method, whereas [inl], for both
islanded andyrid-connected modes of operatjamfault detection method witla communication
assisteds presentedThe strategysito useovercurrent and undervoltage relaies detect tk fault.
However,backup protectiofis requiredin the situationof a failure in the communication linksThe
authors in[72] utilize the sequence Thevenin equivalents of the sources to detect the faulted section
along with the 3ph voltage and current phasor data at the local bus of the DER unit. This method
records the voltage and current data by fitting data fligiital fault recorérs. However, thtechnique
needs fault contribution from the DERs affected by the calculation errors and the current transformer

saturation.

In [70] and [71], the slow respons@oted duringfault detectionemerges aa drawbackwhile in
[73], the inverter output currelié usedasa local variable to measuteansient monitoring function.
However, thdength of themoving windowfor the current waveformaffectsthe performance of the

algorithm.A longer windowlengthimproves accuracybutreduceshe speed and time response

Datadriven methodglependon discovering the relaticghip between the input and output state
variables In [74], a fault identification method based on wavelet transform and decision tetgdwe
and preprocedbe current signal measuremeistapplied. Inthis approactselecting theight wavelets
for aparticularmode isusuallychallenging Another data minindpased differential protection method
that extracts differential featuressng the DiscreteFourier Transform (DFT)is presented if75],
wherea decision treto examnethe faulttypeis built based orhiese featuredhe researcheemploy
dataoriented methodge.g.,neural networ76], support vector maching7], adaptive neurduzzy
logic with Artificial Neural Network ANN)-based method§8]) to detectthe faultbased on the input
from measuringor transforming featuresfter whichthe decisionis concluded fothe status of the

system
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Faultdetection techniques based Bhasor measurement umi(PMUs) are also getting more
attention from researchers. Tf@lowing studiesillustrate the possibilityof detectingthe faults for
distribution system&ased orPMU. In [79], high-precision synchronized datae acquired bythe
deployment of PMUsmotivated topreservethe equilibrium betweencommunication latency and
deployment costslhe ratiobetweerthe current anthe fault component dhe voltage is calculated
based on the phasor informatiaollectedby bothof thePMUsinstalledattheline s 6 in 80],dalled
the integrated impedance angle. HowevieMUs are requéd to be installed at every bus timt
method which isneitherefficient nor costeffective It is worth mentioning thaBtate Estimation (SE)
is commaly utilized in PMU-based fault detection techniqués[81], a single lineto-ground(SLG)
fault is detected by hybrid SE,while in [81], according tomodified SE and PMU dat#he correct
fault location is diagnosed lpalculaing residual indexes. The synchrophabased parallebE with
everystate estimatodescribedby avariousstructurearediscussedn [82]. In another SE algorithm
simulated PMUs are used to extrdlae realtime dataof the distribution systenfi83]. However,
converg@ace rate and computational complexity problems argjor drawbacksn these Skasel

algorithms.

3.3 Techniques to Locate Faults in Active Distribution Systems

Once the fault inciden(i.e., fault inception time)s detected, @othercritical stepto maintainthe
system's stabilitys locating the geographical position tfefaultin the sywtem[84]. According td85],
this can be accomplished using a varietiechniquesFigure3-1 shows asummary othetechniques
that havethe potentialto locak afault in the systenfi86]. In [87], a phasotbased method depends on
afrequency compeent and line parameteia locatingthe system's fault, while a timdomainbased
method depends dransient components of signals and distribuireel parameterg-urthermorethe
travdling wave theory iadaptedn the phasoebased methotb detect he fault location according to
multiple synchronized measurement unitdoweve, synchronization errors may affect the
performance of that method if myhronization signals are losdn the other handgexpert systems,
neural networg, or fuzzy logic are # main engingfor locaing system faul usingthe timedomain

based method.

In [88], the researcheremploythe Gaussian Markogpproachto measurghe pha®r anglefor
differentbuses in the system #stimate the fault locationvhile the athors n [89] propose a fault
location techniquéased on the source impedaniteginspecthe system'siiesfrom one or two ends

to locate the fauliin [90], the poposed technique dependswaitagesag measurementsdetermine
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the location ofa faultcaused by shat circuit fault, switching on/offof a large capacitoQr turning
on a large load. Another methddsed on State Estinmat is proposedn [91] to determine théault's
exact location based on a mathematical meth&gpecifically,State Estimations used to determine
each bus's voltagae the systembased on studying the fault currdram the mainsourceonly. It is
worth noting herettatthe power system's size is a critical factffecting the accuracy imost of these

proposedechniques

Fault Location
Techniques

PhasoBased Time Domain
Method Based Method

High
Frequency
Components

Artificial
Intelligence

Fundomental
Frequency

Phasor
Quantities

Travelling
Waves

Figure3-1 Fault location techniques
Impedancebased techniques hawdso beenstudied by researchers due to their relatively low
implementatiorcost and high accura¢y4]. Thesamethodautilize measured voltages and currents to
calculate the impedance to the faald theruset h e | i-unidelgth parametets transform tle
impedance ito distancd92]. In [93], synchronized measurements from the main grid and DER units
are employedAs the synchronization angle may have an error atigleis considerednknovn, an

iterative load flow algorithm is used to calculate the error.

3.4 Proposed Voltage-Sag Origin Identification Methodology

One of theleadingcauses of voltageag events ia fault in the electrical system3herefore, an
efficient, quick, coseffective and accurat&ault Identification (FI) method is neededan essential
step for mitigating voltagesags in distribution systemBhe proposed-| methodologyhasthreestages.
First, the entire distribution system is divided inseveralzones using theroposed network
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partitioning scheme. Thethe faulted zone is detedteising the measaments fronthe available
PMUs installed in the systerm this way, a smallesearch area for the fault's exact locatiorecuired
based on the partitioned zone'sopknowledge Finally, the exact location of the fault is identified
inside the faulte zone The proposed! algorithm has the following assumptsn

1 The entire system is divided inseveralzones using th@roposednetwork partitioning
conceptasexplained in the next section.
9 The bus with the minimum voltageside the faulted zone &ssumed to be the fault location.
Figure 3-2 illustratesa flowchart of the proposed FI algorithm. In the algorithm, the Plids
installed at all the branching nodes in the system antieéind nodes in the sysh to monitor the
current and voltage phasamline For each phase of those zones, the proposed FI algorithm is executed
at the same time. First, the fault®eb-portsystem (i.e., zone) is detected. The faultedpad systems
are detected based ondbhold values chosen from empirical observations. Then, in that faulted zone,
the exact faulted branch is identified based on estimating the line currentseacaiplée voltage
profile of the zone. The adjoinsystem is created offline and stored in da¢abase, asis constant in

nature. More details about the proposed algordheprovided in the following sections.
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Figure3-2 Flowchart of proposed Fl algorithm

3.4.1 Observability-based Network Partitioning technique

Theinitial stage of the proposed FI algorithisrto definethe virtual boundaries of the divided zones
in the original systenilhis netwak partitioning echnique is introduced in the proposed FI algorithm
and differs from other network paitioning techniques that will be discussed latbletwork
connectivityand PMJ locationarethe keyto forming the zones. For the given sample systefigpuire

3-3, three types of nodes (i.e., busas? identifiedas follows
1) An end nodas any nodeconnected to only one branch
2) A branching nodés the start node of a lateral

3) An intermediate nodis anyothernodenot definedn 1 and 2
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Table3-1 shows the type of each node in the sample system.

(—— N )
1 2 31 4 W 6
H5— I

\ 11 J

I end node

branching node

I intermediate node

Figure3-3 Sample system with virtual boundaries of zones

Table3-1
TYPE OFNODES INSAMPLE SYSTEM

# of Node Type
1,6,9 10 11 end node
3,5,8 branching node
2,4,7 intermediate node

In the proposed Fl algorithrthereis a set of ruleshatshould be followed to formulate the boundary
for each zoneThese rules are:

1) The PMUs arenstalledat each branching bus in the system and albyiseem's end buses

2) All DERs in the system report their power generatioa ¢entral unitocated at the substation
bus

3) The PMUs placement stratedges not depend othhe number of DRs existing in theystemor
their location.

4) For buses adjacent to any PMius, the voltage and current phasors are obtained through the
known information from the PMibus and distribution line parametefus, forany laeral
with just two nodege.g.,laterals 56, 511, 8-9, and8-10), it is sufficient to identify the fault by
usingone PMU at thextreme enaf these laterals.
According to the previous nodeds dei§degrmined on and

by following the next @ps

1) Identify the primary feeder branching from the source (e.g., for the systéigure 3-3, the

primary feeders: 1-2-3-4-5-6).
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2) Identify end and branching nodes in the systerg.(end and branching node®ad, 3, 5, 6, 8,
9, 10,and 1).

3) Determine the first end node (e.g., 1), then search for the first branching node (e.g., 3) to

formulate the first zone.

4) Seart for the next end/branching node (e.g., 5) in the primary fded@rmulate one more

zone.
5) Repeat stept until all the primary feeder nodes are included in zones, satidRued.

6) For each branching node in the primary feeder (e.g., 3, 5), repesiepise(i.e., step and step

5) until all the sukfeeders nodegaincluded irthe zones.
342ldentif i cati on of Faulted Zone Based on Tell egenbs

3421Tel l egends ThetNetwarksand Adj oi n

In generalterms T e | | e g e[84Dis badedmaidyroenm Ki r ¢ h h o thedet Wwaarwkso sa n d
topdogy. Moreover, his theorem is applicable to all electrical systems fobdw Ki r ¢ h fawsf f 6 s |
these systemsan be linearnonlinear, activipassive,or time-varianttime-invariant. According to
Tell egends theor em, reatectto thaaompléxewreny padsingatigaigh alb r e

network elementsas follows[94]:

w00 m (3-1)

where Ois the branch voltage drof)is the branch current, amdliis the total number of branches

in thenetwork

Tellegen's theoreris consideredalid for voltages and currentglatel to the original system and
another adjoint systeifithey have the same topolag@iven an electric systeth containing tweport
elements, gadjointsystem) hasthe same system topoladyowever, iis not reqired to havesimilar

elements istalled in the samieranches. Thug3-1) can be modified as follows

®00 mh ®JO0 1 (3-2)
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where @ ‘O and 'O are the branch voltage drop and the branch current of the adjoint siystem
respectively. Moreover, the adjoisystem is formed bgxponentialsinusoidal, random, and periodic
excitation with differentinitial conditions. All the branches within thgssem are categorized intewo
types as follows:

1) Inputandoutputportbranchegr)) are connected to the nodes on the zone boundary.
2) An intermediate brancfb) is every other brancthatis not defined in 1

Therefore(3-2) is separated as follows:

GO0 00 m oN & 39

1 v ~r, Ry Nt 1 N 5 \
w 00 w00 mh OoN W 1 (3-4)
where the indice® andr) are the intermediate dmport branches of the system, respectivélgr

example, if there is a twport network, will equal two. From(3-3) (3-4), the difference form of
Tell egends theoreg9:is defined as foll ows

»00 @00 »00 &00 (3-5)

3.4.2.2Terminology

Figure 3-4 showsa sampledistribution system integrated with DER#ccording to the network
partitioning schemén section 3.4.1the systenis divided into three zonesd o K &€ @ , asshown
in Figure3-5. Eachzone is repreentedoy three tweport networks correspondirig thethreephases
and thePMU is installedbased on therevious network partitioning schem&n agent is assigned
each zone to collect the measurements from the PMUs. Thahealgents communicateitir the
central unit to share their data in order to detketvoltagesagorigin using the fault identi@iation
algorithm in[96]. Each PMU is responsibfer extractingthe P andQ dataflow in the upstream and
downsteam feedersmeasuring the voltage magnitudg the PCC and communicatinghese
measurementsackto the central unit through the zone agétuwever the central unit ish charge of
knowing the impedance of each linadthe system topologyand calcultingthe complete voltage

profile and branch currents for the faulted zone.
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Figure 3-6 (a) shows the details of a twmart system representing zone & , with two PMUs
located at the inpul U and outpuhi ports ofcy . Between node§ and( is adistribution line

a . For @, the branchcurrents in phase A fod intermediate brancheare expresseds )

"0 RO B RO , and the brarft voltage drops in phase A férintermediatenodesare expresseds
6% [ ® o w B ho W

N1 Nz Nn Nn+1 Nn+2 Nn+m

DER unit Nn+m+1 Nn+m+2 Nn+m+p
Central unit --- -fl.lﬂ

Central unit

Phase Measurement Unit

Figure3-5 Partitioning scheme with PMUs céisiple radial system
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To create a adjoirt systemfor &, calledd’O , excitation sources aiastalledatd and0 of the

system, as shown iRigure3-6 (b). It should be noted that the adjoint systemthasameo internal

branches ané internal nodes as the original system. Therefore, branch currents and voltage drops for

00 are denoted as "O HO B FO and6 $ w o h o Bho ®
respectivelyAccordingtoT el | egendés theorem, tH¥:difference
6% $) 6% $) w0 0 w0 O w0 0 wO ° (3-6)

wheres is the éementwise multiplication@w O ,"O andw O ,"O are thevoltages and currents
atd U andd O of the original system measurbgPMUs, respectivelywhile 'O ,"0 andw O
'O arethe) § andd 0 voltages and currents of the adjoint system, respectiVabyrighthand side

of (3-6) is denoted asy

Further, it shouldbe notedthat both the adjoint systenand the original systenhave the same
topology, but the element with each adjoint systess arbitrary characteristics. One condition is
considered for choosing the excitation souafdbe adjoint systerat input and output portasshown
in (3-7), sud that the determinate of tie) and0 U voltages of the original system and adjoint

systemcannot equal zero

O n (3-7)
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Figure3-6 Actual circuit and & adjoint system in threphase representatiof@) Zone 1 @ and(b) Adjoint
system 100

Assumingan SLG faultis detectedn phase A, zone 1 of th@iginal system(3-6) gets modified as
follows:

Inthecase of an ISG fault, the set of the shedircuited buses is represented’@y, such that

w0 0O 1

(3-8)
while (3-6) can be rewritten as:
w w (@] w w O w w (@] Y (3-9)
However, before the instant of the fauth @ 'O equals ® @ 'O for the healthy

brancheso™ & "Q . Then, he final form of(3-6) thatused to detect the faulted zdses follows:

W w (@] Y (3-10
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The same calculations are repeated for each of the phases (i.e., A, B, and C) of all the zones (i.e.,
cphix i & &) of the original systemAll of the faulted @nes arghendetected for angLG fault, if
oneexists. Based on prspecified thresholds, the faulted zone is identified by calculating the difference
form of Tellegenbs theorem. These threshold valu
from [96], and the thresholds are not systdependentin the case ofn SLG fault, if the™Y

magnitude Y is increased above threshold (i.€Q p mtimes of the prdault value) the

magnitude of that zone is identified as a faulted zbeeause of the existence of 8LG fault. Once
the faulted zone (i.e., twport network) is identified, the search for the exact fault location is initiated

in that faulted zone, as will be shownthefollowing section.

3.4.3 Detection of Exact Location of Voltage-Sag Origin

The voltage and current estimation techniqu§9if] is utilized to detect the exact location of the
faulted buswithin the faulted MGFor a distribution feeder with a number of DERs connected inside

zone | as shown irFigure3-7, the voltage and current estimatiaredetermined as follows:

Zone i

m cout m+l1 in I
S Sn

T A

Figure3-7 Sample distribution feeder

The magnitude of bus voltage(i.e.,  andtheP andQ flowstoward the downstream bus of
each phasaremeasured by the PMU at bds(e.g., PMU1)Based on the PMUfneasurement and
the information abouthe DERs powers the sum of the totalownstreamloads “Y to busé is

calculated for each of the three phasg8-11):

vty Y 311)
whereY is themeasurediownstream power flow by the RVat busx , and™Y s the total power

injected by all t he DERs between the two PMUs.

and the measured value is sent to the centralTimie P MU16s measurements are
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unit as well. The"Y is assumed to be ated equally among all the buses downstream to PMUL, as

shown in(3-12):

Y Y E Y YF&¢ «a (3-12)

whereY 7Y ,and’Y are the estimategower of eacload, andhe number of buses downstream
from PMULlis¢ & . Thecentral unit calculates tieedempower flows by usingach load's estimated
powerand the system topologis a first estimation, the central unit calculatesféselercurrents and
voltage profile using3-13) and(3-14). The voltage angle of bus is considerethereference bus .@.,

angle of phase (a) equals zem)ch that:

O YaTor h Gy YpTwr h G YR Tog (3-13)
Wi W GO R GO GO
wp W GoOor GO GO (3-14)

wp Wy Gop Goig Go
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where®w f, andw  are the3-ph voltages at bugind busQrespectivelyand’O ; andY j are
the 3-ph current angpower flow from bugQo busQrespectively. Similarly, theoltagemagnitude of
bus¢ and theP andQ flows from the upstream bus are measured by the PMU at rig., PMU2).
The PMU2 measurements are sent to the centiglandthe measured powelY; is assumed to

equd each load upstream to PMU2, as show(BH.5).

Y E oy vy (315
The central unit thercalculates théeedercurrents and voltage profile usiig13) and(3-14) as a

second estimatiordere the voltage angle of busis consideredhe refeencebus (i.e., angle of phase

(a) equals zex). To updatall the voltageSand current@anglesbased orthelast estimation, the central

unit subtracts the voltage angle of iusrom thefirst estimation from each voltage or curranigles

in the las estimation.Hence the busa voltage is ensured to be the reference angle for the two

estimationsTo estimate the mostaurate voltage profile, the central unit performs a weighted average

of both estimations, as {3-16).

Wy Wy @ W @ (3-16)
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wherewy;, isthe updated estimated voltage at bifisr each phse,wy; is the estimated voltage

valueat bus@rom the first estimationpy, is the estimated voltagalueat busQrom the second
estimation, andv andw are weights that can be desbed as ir(3-17) and(3-18):
o £ 0
E a (3-17)
" Q a
I & (3-18)

The central unit also usése weighted average to estim#ie feeder currents accuratedg, in(3-19):

Q  Q w Q @ (3-19)
where’@ is the updatedalue forestimatedeedercurrent flowing tathe bus for each phas&)
is the estimated branch curreraviing to bus from the first estimation, an@ is the estimated
feedercurrent flowing to bu€irom the second estimation. Generally, for a feeder with a number of

laterals such as the feeder fromsl to bust inside zonéQas shown irFigure3-8, the central unit

performs the same estimation with the modificatio(Bt@1) as shown ir{3-20):

vty “y “y (3-20

where™Y  is themeasured downstreapower flow into bug, andB"Y s the totaldownstream

power flow to bug . Similarly, (3-15) is modified as shown ir{3-21). However, if a DER is installed
at a specificbus, the DER power should be considerég measurd power by PMU2, as shown in
(3-22). Finally, théline currents and theomplete voltage profile of the feed®eestimated accurately
andthe bus with the minimum voltage is cidered the faulted bus

nY nY E nY nY “Y (3_2 1)

Y Y E Y Y Y Y (3-22)
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Figure3-8 Sample distribution feeder with a number of laterals

3.5 Case Study

A modified threephase balanced 12.6& |IEEE 33bus distribution network, with DERs htises
6, 10,14, 25,and 28, is selected as the system for the case study. The topolbgynaftwork with
candidate DER locations is shownhigure 3-9. The specific parameters for the DERs are listed in
Table3-2.
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Figure3-9 Layout for IEEE33 bus system
Table3-2
CAPACITY AND LOCATION OFDERS
DER Location Unit Capacity kVA)
PV 6,1025 300
wind 14,28 400

As shown irFigure3-10, the IEEE33 bus system jgartitioredinto severzones (i.e ¢phix 8 o).
Thus for each zone, there are three {part systems corresponding to 8y h.d & creatahe adjoint

systemd’'O , a3-ph sinusoidal excitatiothat hasamagnitude ofl2.66kV and6.33kV is connected

tod and 0 of the zonestespedtwely. However,if a zoneconsiss of only one branch, the measured
data fromone PMU will be sufficient to detect any fauthat occurs.According to theobservability
basedhetwork partitioningechniquen section 3.4.1,lie PMU locationsaredeterminedIt shouldbe
notedthat the proposed network partitioning scheme succeaadeducingthe number obothPMUs
and zones. Thushere is a reduction in both therdware and communication burdé¢o determne
the fadted zone andletet the exact locatio of the faulted node.
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Figure3-10 Network partitioning scheme based on proposed algorithm
The following two sectiondllustrate the proposed algorithm'effectivenessn identifying and
detectingan SLGfaultin the distribution systenThis SLG fault is considered to be the voltagag

origin in the system.

3.5.1 Single-Line to Ground (SLG) Fault

To provetheeffectivenessf detecting an SC fault (e.g., single line to a ground faulthéyroposed
algorithm a high impedance fault is created at phase A of bus 8((iJe), As shown irFigure3-11
(a), the SC fault is createdat T®& i, and the input port voltage of phasasAlecayd Once the SC
fault begins the”Y  magnitude Y of all the zors calculated fron{3-10), will fluctuateurtil
they reacha steadystate, as shown iRigure3-11 (b). To identify the faulted zone, the zone with
magnitude readhg athreshold valuedQ for a shortcircuit fault (i.e., 10 times the préault value
[96]) is identified as the faulted zorees shown ifrigure3-11(c). The fault flag réated to tkat particular
phase in thsecond zone is turned ontat & p ip Based on the results Figure3-11, phase A in

Zone 2 is identified as the faulted zone.
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Similarly, in the second stage, the propo&édlgorithm detects the exact location of the faulted
node in the faulted zone. The compl@te currents andoltage profile of the faulted zoreeestimated
accuratelyby using(3-13) and(3-14). Hence, the node with the minimum voltage is considered the
faulted nodg98], asshown inTable 3-3. It can be inferred fronTable 3-3 that branch0O  is the
faulted nodesoanother flag associated with the faulted node is turned on to detect the exact location
of the fault. Fom this, we can see thtte proposed Fl algorithm succeededletectingthe faulted
zone and identifing the exact location of the faulted node in approxinTehe@d o ¢,ccéipared to
P& & &  in T96].
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Figure3-11 High impedance faultype in Z2
Table3-3
VOLTAGE PROFILE OF PHASEA IN ZONE 2
# ofnode Node Voltage(A)

1 0 0.722
2 0 0.69

3 0 0.6

4 0 0.617
5 0 0.625
6 0 0.626
7 0 0.627
8 0 0.63
9 0 0.633
10 0 0.632
11 0 0.631
12 0 0.63
13 0 0.629

3.5.2 Comparative Assessment

The proposed FI algorithm succeeded in detecting and protecting the systethdr8LG fault.
Moreover, the proposed algorithdemonstrated &ast response and high accuracy in identifying the
fault nodeinside the faulted zoné\ detailed comparative assessmenplissentedn Table 3-4 to
summarize the effectiveness of the proposed FI algorithgncan be seenhé algorithmwas able to
deted the voltagesag origin withmuch fewePMUsthan in[96] or [80], which leads to a redtion in
the cost. It can also be observed froable 3-4 that the algorithmachieved a fast voltaggag origin
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detectioncompared tg96] and [80]. Hence,it can be concludedtom the previous comparative
assessmetihat the proposed Fl algorithm is simple, fassteffective,and accurate in ideififing the
voltagesag originby utilizing relativelyfew PMUs in the system.

Table3-4
COMPARATIVE ASSESSMENT OFPROPOSEDF| ALGORITHM

Method Test system DER locations # of PMUs PMU Locations Faultdetection time

2,3,6,18, 22,25

Proposed FI 7 33 p @ iforSLG
IEEE 33bus
6, 10, 14, 28 1, 3, 6,10, 14, 18 i
[96] system 10 22 25. 28 33 ¢ 1a i for SLG
[80] 33 All buses T ®aifor SLG

3.6 Conclusion

This chaptedeveloped dault-locating algorithm fowoltagesagorigin identification in ADSs. The
schemeproposeghe integration of an intraone fault location suboutinethat utilizes avoltage and
current estimation technigwéith a fault zone identification suloutinebasedom e | | egen 6 s
A network partitioning technigu&as also presented in this chaptersnetwork connectivity is the key
to forming the zonesCompared tdhe existing voltagsag identification techniques in the literature,
the proposed scheme cawiftly and efficientlydetectthe exact voltageag originwith minimumunits
allocated To evaluatethe proposed mettdology's effectiveness in identifying and detectingféults
in the systm, a modified IEEE 33us systenwas consideredor the case stuigs Fast andaccurate
voltagesagorigin (i.e., fault)idertification was achievedn less tharp gx i with 100% accuracylhe
proposed scheme #&so costeffective as it dependsnly on the measurementsom the available

PMUs in the system.

Furthermore, \ile the developedoltagesagidentification subroutine is runningi.e.,asdiscussed
in this chapter)a voltagesag mitigation swpoutinerunsto calculate theoptimal active and reactive
power injectionsfrom the DERs deployed in the systémorder to mitigate theoltagesag This
voltagesagmitigation via injection of D E R svih be propo®d and discussed idetail in the next
chapter.The fast identification of voltageag origin in the system is1a&xcellert advantage in the

healing process and system restoration duaivgitagesag event.
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Chapter 4
System-RBRaewved V&dlatgadle t i gmg | DER SAS i

Di fferent Network Partitioning

4.1 Introduction

Distributed energy resources are mostly inteth via invertsinto the network. Therefore, the
availability of inverterbasedDREs in ADSs is fastgrowing along with thedeployment of thee
resourcesRevisedgrid codes will permithe inverterbased DREg0 provide ancillary services by
controllingtheir activeandreactiveoutputpowerand considering their high energy den$g9]. One
crucial ancillary service that DERs can provide to the system is vedtgenitigation.This chapter
proposs a voltagesagmitigation subroutinebased on thactiveandreactive power management of
inverterbasedDERs The proposed algorithnakesinto consideratiorthe available voltampere
capacity intheseinverterbased DRE$0 boostthe voltage profileas closeas possibldo T@on38
Moreover, the proposed saqitigation framework is unique ithat it mitigatesthe voltagesag from a
systemlevel perspective while optimizing the injections throughovel system partitioning technique
based on a network sensitivity indd he indexanks tle mitigation zones according to their potential

in successful eltagesag mitigation.

The structure of this chapter is presenssdfollows The details of the problem formulation are
demonstrateéh section 4.2 while ®ction4.3 provides an irdepth anajsis ofthe proposed network
partitioning approachks. The mitigation zone optimization contrébrmulationis then presentedn
section4 .4, with section 4.5 providinfurther details of tke formulation In section 4.6,He tools used
in this study are exjained Finally, a case study is performedsaction 47 to provethe effectiveness
of the proposed voltage control algorithm.

4.2 Problem Formulation

In the present work, a partitidmased voltage control algorithm for solving voltesge probdms is
develomd. This algorithm is based on partitioning the system into mitigation zones by considering the
participation of DERs. The DERs are motivated by incentives from DSOs to provide voltage support
during voltagesag periods. The proposed algamttakes advaage of the available capacity in DERs
to supply ancillary services associated with the voltage control in ADSs, which can reduce the

investment of voltage regulating equipment and guarantee the profitability of DERs. Each group of

40

Te



DERs is cosidered in on@artition with its controller agent. Adif the partitions (i.e., mitigation zones)
communicate with each other through communication media to share the required injections from
DERs withintheir zones. The advantage of the propos&dorithm is utilizingthe DERs which are
already existing in the system without the need to install any new hardsillustrated inFigure4-1.

(_ __\\I Mitigation
|
|

| Zone 1

| Y Communication media

—— //I — |
— e —_— @ Zone agent
T (o T
ﬂ i ll@ _.__ et = Power line
_1 —_—— __:-- == Control signal
| | _| — | d | —I =+ Injected P&Q
! — l IY — | 1 wind DG
] m = EH B8 soarnc
— 1 L N By BEss
™ = o
- @
Mitigation
fone 2
(a) (b)

Figure4-1 Main idea of proposed algorithrfa) traditional voltagesag mitigation by using DVR, (b) proposed
systemlevel voltagesag mitigation

The proposed voltagestoring framework can loivided into three components, as shamiigure
4-2. The first of these is the detection component, where node voltages are monitored or estimated
through power flow calculations to detect voltage problems in omt to trigger the mitigation
algorithm. The second component divides the network into prioritized partitioning mitigation zones.
This component ident#sthe optimal partitioning scheme for the given network, followingZzbee
Capability Index(ZCl) values which are calculated tprioritize all mitigation zones. The partitioning

is executed offline and is triggered by changes

Finally, the third componeritvolvessolving a multiobjective optimization algorithm within each
mitigation zone in sequential order according to the prioritization obthimedhe ZCl The algorithm
mounted in each zone finds the required changes in autiyeeactive power injectiongdm DERSs
while achieving two objectives: 1) minimizing the totati@unt of the active/reactive power changes,
and 2) minimizing the voltage magnitude differences of all buses within each mitigation zone. A short,

high-level pseudecode for the proposed adthm is presented iRigure4-3.
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Figure4-2 Flowchart of partitiorbased voltage contralgorithm

Algorithm System LeveBased Voltagesag Mitigation

: procedure offline

read network data

initiate the moduarity concept algorithm
end procedure
. procedure online
if voltagesag event is detected

load mitigation zones boundaries

end if

oNoaRONME
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9: rank all mitigation zones based on the ZCl

10: execute the optization algorithm for each mitigation zone following their rank
11: calculate/send the optimal scheduling for each DER

12:end procedure

Figure4-3 General structure of proposed algorithm
4.3 Network Partitioning Techniques

The increasing penetration of thariousDERscauses a mandatoopportunity to solve voltagsag
problemsin ADSs. Some approaches, suabthe Fit & Forget approach, considthe passive use of
available resources withoatontrolstrategy butthese approaches are expensive and-tiomsuming.
To get the most out of tHRERsintegratednto the network while satisfying the voltage constrsiiit
is crucialto apply more adte control ontheseenergyresourcesA variety of control algorithmare
found in thdliterature rangingfrom centralized to deceralizedcontrolapproaches. fesealgorithms
mainly focuson utilizing the ability of invertesto regulatethe active ad reactive output poweklence,
they arehighly relianton the relations between the bus voltagethedctiveandreactive output power

of theresource plant.

Some of thective/reactivgpower combined control algorithmsentioned in the tieraturedeal with
thepowernetworksas a whole. However, thisethodis time-consuming in computation in addition to
the difficulty of applyingthem toexistinglarge systems. It is wortihentioring that, due to the modern
nature ofADSs, some voltage control algorithnaebased ormpartitioning thenetworkinto mitigation
zones. These algorithmll be a promising trendn orderto mitigate voltageelated PQ problems
across thé\DSs

As =nsitivity analysiss oftenapplied to figure outhe relations between variabjéise present work
will f ocus on findingheincremental change ipltageconcerninghe DERactiveY0 and reactivé/0
power injectionsVoltage sensitivity coefficientsra obtained based on this analyJike fnsitivity
coefficients will be very helpful for th®SOsto deal with voltageaelated PQ problemthrough a
control algorithmWhile the contol algorithm ains todetermine theptimal setpoints of active and
reactive power injections fromERYS its effectiveneswill stronglydepend upon the accuracy of the

calculated voltage sensitivity coefficients.

A large number of energy resources (eRESs and BESSs) allocated in AB®ses challeging
management issues to DSOs due to the intermittent nature of the RE@seffident to control all
available resources in a centraliZzadhion andoptimizing the system in bulk for reéime operabn

is not possible unless some approximatiaesraade Accordingly, it is more practical to gatheodes
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with a high oupling degreeand manage them as a mitigation zoimethis approachthe system is
divided into a number of manageable zotrex areformed based on structural characteristics (e.g.,
coupling degrees among different nodes) for achieving the desired vsi#tggaitigationlt is worth
mentioning that the nodes the samesubsectionhave a high coupling degréecompared to other
system nodes

In this chaptey two different network partitioning techniques gmeesentednamelythe network
partitioning based on thanodularity conceptand the minimum power floveoncept These two
techniquesave twodifferent perspectives in studying tisérength of connectivity between the nades
The network partitioning scheme based onrttoelularity concepstudies the strength of connectivity
between different nodes in the network according to a voltage sensitivity an@ysihe other hand,
the netvork partitioning scheme based on the minimum power #imdies the strength of connectivity
between different nodes in the network with respect to energy balance (i-adesglfate clustersjhe
suitability of each of thesnetwork partitioning technigesfor voltagesag mitigation is investigated

later in this chapter

4.3.1 Electrical Influence Intensity

In general, from the network structural point of view, an adjacent matrix is commonly used to
represent undirected and unwhtied networks. A network with vertices is represented by @an ¢
binaryweighted adjacent matrix , with its elements defined as:

p Qe Qi 5@8 é‘é ,'S‘fﬂ)'(‘)l QQ (4-1)
T EMMi V&I Q
whered is the weighted adjacent matrix and can be simply represented by zero or 1.

However, as has long been appreciated, most of the practical netwoflitsdamentally weighted
networks astheir edgedavedifferent strengths. Thus, to ignore them is to thrownoaryuseful data
that could help to understand these systems preferdtieugh ADSscan be considered as a sort of
complex network, the previous straightforward representation is not con@mies isbecausgower
flows onthedistribution feederarenot the sameasdifferent DERsareusuallydistributed across the

wholenetwork ConsequentiyADSsshould be analyzed as weightather than unweighted networks.

In the proposed algorithnthe weighted adjacent matrixd ~ of an ADS is described bythe
Electrical Influencelntensity (El). Moreover,thed will represent the electrical connection between

any two node# the networkThe elemergof thed0 matrix areexpressedas
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. (0] QaHE WY1 @t & & OO QQ
0 s s e (4-2)
I €I VQI Q
whereO illustratesthe edgé weighted valudetween node¥and QMoreover,O  Thin case of
no edge connecs the two nodes.The proposed Ellicomprehensivelyreflects the strength of

connectivitybetween ndes to ensure that the structural charaties areappropriatelyrepresented

There are two main steps to calculate@hdndex.The first $ep is to determine the reactive power
voltage 0 ) andthe active powewvoltage § &) sensitivity matrix The following sensitivity
matrix representdhie relationships between the voltages (i.e., incremental change in voltage magnitude
Yo and incremental change in phaseleY ) and the changes in the power injections (i.e., adtive
and reactive poweY0 ), as follows

% 3 3 Y0

6 3 3 1 (4-3)
whereY and"Y describethe voltage angle sensitivifpr Y0 andY0, respectively”Y and"Y
describethe \oltage magnitude sensitivifpr Y0 andY0, respectivelyand™Y and"Y ared 0§

matrecies.

The second stepnalogous to the definition of electrical distancfld0], calculateghe Strength of
Connectivity (SC) betweaetwo nodes. A popular definition for the electrical distance betweeibus
and busQs the equivalent impedande , which considers the i nilmpgdanceandconnectsand’Q

as follows[101]:

® U U U U (4-4)
where® is the equivalent impedance of the circuit whose ends are f@aesQandU is the O
"QBelement of the impedance miatr

The SC is defined in the proposed algorithogording tethe @ @) sensitivity matrix Therefore,

the strength of connectivity based@n o sensitivitymatrix"Y® is calculated s

v Y Y Y Y 1@ Q

\ e (4-5)
T £ 1 VR
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If the connection between no@&nd nodéQs tight, their mutual active poweltage sesitivities

will have almost the same value and th¥i6 will be small. Similarly, the strength of connectivity

based o)  wsensitivitymatrix"Y6 is calculatedas:

Y Y Y Y 1R Q
I E/MI V&I Q

Y8 (4-6)

Finally, to illustrate thestrength of connectivity betwedwo nodesproperly, an average weigh
formula will be used toillustrate the averagestrength of connectivitypetween any two nodes

Considering thatyd is out of proportion t6Yd , this average valumay becalculated as

YO YO (4-7)
C

"YO

Based on thabovediscussion, th® indexmay beexpressed as:

"YO

° P TAGS (48)

where"Y0 is the totaktrength of connectivithetween any twaodes in the networléfter that, he
'O index is utilizedto obtan the weighted adjacent matrikhis matrixwill be considereds the input

parameter to obtain theetwork partition scheme basedtbemodularity concept, as will be discussed
in thefollowing section.

4.3.2 Modularity-based Network Partitioning Technique

There are several methods for detectingsetwvorks in complex networks. A popular and widely
used mdiod is the Newman fast algorithm, which is based on the modularity cgf62ptNewman
introduced the modularity indeQ to judge the quality of the network partitionirtgowever, wlike
other community detection methods, this method can reach the optimal humber of comrfumities
mitigation zones) without previous knowledge of the number of clysigpsedetermining thaumber
of clusters in a dataset is not requirddlarge modularity index implies that the nodase densely

connectedvithin the same community.
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On the oher hand, nodes that are in different communities have scattered connections with each
other, in which casehe larger the modularity index, the more efficient the partitioning. It should be
notedthat theQ index of a partitioning scheme is a scalar vddagveenl1 and 1.

The modularity indeX is defined as follow§103]:

« P . ’O’O@| 5 & dB ¢ ¢
0 T o) @ o ¢ £ a (4-9)
o 0 (410
. P .
6 6 (4-11)

whereO O is the degree of nodgQ It is expressed ahetotal edgesiveightsconnectedo node
"(JChas shown in(4-10), while & is the totaledges' weightsn the network as shown in(4-11).
Furthermord], "fiQis the Kronecker delta ariil ¢ 46 ¢ & represents the community to which node
"(JQ belongs.In cases wherenode Gand nodeCare in the same community, d ¢ d0 £ & p;
otherwise] 6 &€ d® £ & Tt According to the modularitgoncept the optimal pditioning, the

associated modularity indices, ath@ mitigation zondoundariesre obtaied.A pseudecode for the

steps of the modularity concept is showirigure4-4.

Algorithm Modularity Concept

1: read network data

2: procedure weighted adjacent matrix
3: for'Q pto0 do

4 for'Q ptol do

5: calculaty and"Y asin(4-3)
6: end for
7

8

end for
calculate thetrength of connectivitiy 6 according tq4-7)
9:  calculate the electrical influence inten&tyaccording tq4-8)
10: end procedure
11: procedure modularity index
12: catulate modularity index according ¢4-9)
13:end procedure
14:return mitigation zones boundaries (at which modularity index is maximiz

Figure4-4 Modularity concept structure
The former stage discussed the modularity concept and how the modularitysiecdagidered the

strength of the connectivity factor. A high valuelofneansa high strength of connectivity between
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nodes within the same mitigation zomewever opposite ith respect to the other zones. Therefore,

optimal partitioning can bachievedby seeking the partitioning results with the maximbim

4.3.3 Minimum Power Flow (PF)-based Network Partitioning Technique

In the method described [104], the weakly loaded linewith minimum flows are selected as
Candidatelines(CL). Thus,the boundary buses for selflequate clustersacea n di d abuses. | i ne s 6
At these virtual boundaries, gheffect ofinjections from the DERs located within the cluster has
vanishedleavingthe nodes within these clusters strongly coupled with the energy balance criteria. The
selected candidate libedoading should notsurpassa pre-specified threshold, demarcated as a
percentage of thine's rated vale and calculated from the deterministic &

50 OB 6 Q" 5 (4-12)

The voltage control algorithm can be implemented within these boundaries to optimize the injections
from DERs to mitigate the voltageag problemsThe latterstageidentifies howthe voltagesag

mitigationalgorithmis implemented in eachitigation zone.

4.4 Mitigation Zone Optimization Control

As discussed in the previous section, the ADS is partitionedsiteral mitigation zones in the
proposed algorithm's first stage. In each mitigation zone, the buses have a more robust electrical
connestion from the strength of connectivity perspectividne network partitioning algorithms
described above are used toidévthe system int® optimal mitigation zones. The zones are denoted
as & hd h 8y ha&Bhd |, and there is no overlap among them. Due tdigji coupling among
these zones, the optimal voltage mitigation algorithapplied independently in a sequential order set
by the prioritization algorithm. As mentioned earlier, the optimal voltage nidgigalgorithm has a
multcobj ective function applied within the mitigatic
mitigate the voltagesag adopts doublayer control architecture (as demonstrated in detail in the

following subsections) by considig a general mitigation zone, , as an example.

4.4.1 Unified Mitigation

Conventional centralized system optimization is based on managing the system as a whole. This
management concept can be considerpdracularcase of the portioning concept, with thetwork

partitioned into oneone or unified priority for all zones. Therefore, all of the network compoiients
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including DER unitsi are treated as one mitigation zone. The optimal acthereactive power
injections are determined by applying the oftiation algorithm presentddter to the one zone. This
optimization algorithm will solve the systeafl at once and determine all the injections at all nodes
according to the y s t aumedbtstate

4.4.2 Sequential Mitigation

A novel management conceptirgroduced based on the sequentptimization approach. The
optimization algorithm is executed in each zone of the available mitigation zones following a pre
defined sequendhat isbased on zonprioritization and useshe Zone Capability Index (ZCIYhis
prioritization layer is implsented directly after the network partitioning@mpleted A novel® 0 i©
introduced as the main engine for this step and is calcukgeghown if{4-13):

& 80 M 413
wheregws representthe average value of bus voltage magnitudes inside mitigatiorkzamelo &
represents the ratio of available resources capacity to total loading inside the mitigation zone K. The
number of buses inside the mitigation zone is desciilyed . The: # grranges all the mitigation
zones from the highestlue(i.e., the most successful voltaggag mitigation}o the lowest, based on
the previous three factortn this way all of the mitigation zones are sorted in descending order

acording totheir potential in successful voltaggag mitigation

This arranging process will create a priority list for the mitigation zones in the network. The priority
list determines the sequential order to execute the optimization algorithm in trebkevaiitigation
zones. Thus, the mitigation zone with the highe® @Il be selected as the first mitigation zone to
conduct the mitigation algorithm to optimize the injections. It is wadting that, when optimizing
injections inside a zone, the current previpst e mbs

zonesO nmttemptsgat i on

4.4.3 Mitigation Zone Active/Reactive Power Control

In the second layes multtobjective function is used in the optimization algoritifhe optimal
voltage control algorithm in each mitigation zone is formulated in thee@keAlgebraic Modeling
System (GAMS) as a ndinear programming problenThe problem is solved by the MINOS solver,
which performs dinearly constrained Lagrangian methdé order toreachthe optimalscheduling of

DERswithin amitigation zone, operatinconditions should be assumed ttoeseDERS.
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As mentioneckarlier, power electronicbasedRESs are controlled to operate wighunity power
factor. Howeverdue to thee sources' low efficiencyhe active powegeneragd by RESinvertersis
lessthantheir actual power ratingsn addition,invertess can be controlled to operate wilpower
factor different from oneThus,the remaining capacity of RESs generation may be used to produce
reactve power

As shown irFigure4.1, whenthe RES inverter generatastive poweb , it has anaximumreactive
power capabilityd to mitigate the voltage variation problem, which will he&dto a redudion in
RESactive powerThe cap of0 that can be injected or absorbegdthe RESinverter reles on the

actuald generated by thRESsource and the inverteated power.

F N

Qpg

Qy
Q2

Q3

—0Q4

Figure4-5 Limits in reactive power outpuf RESinverter

4.5 Mitigation Zone Optimization Model

A multi-objective model is developed to optimize injections from DERs. This model will be mounted
in each zone and will be executed according to alpfimed sequence. Equatiof#s14), (4-15) and
(4-16) show the multiobjective function of the proposed algorithm. The constraints considered in this
model are power balance constrajrs expressed in Eqg-17), (4-18), (4-19) and(4-20), as well as
in the capacity limits oORESs andBESSs(4-21).
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4.5.1 Objective Function

"0 Y0 \i! i (4-14)
O 0 g 0 ) (4-15
a QO v O 0 O (4-16)

where’O and™O are the first and second normalized objective functions, respectivelyis the toth

number of batteries in the mitigation zo@; andY0  are the active and reactive power injected
from a battery, respectivelyi s the totalnumber of RESs in the mitigation zoné) is the
reactive power injecteffom a RESw is the voltage reference valug; is the voltage magnitude

of node N inside the mitigation zong; is the total number of buses included in the gaition zone;

and 0 and 0 are the weighting factor assigned ttee first and second objective functions,
respectivelyThe weighting factors will alsdepend on the priority assigned to each objective function

by the system operator atite system opetard sxperience. It should be matthat during normal
operation RESs are operating in a constant active power control mode with zero output reactive power
(i.e., unity power factor)105]. With this being said, at any time, tRESs are already injecting their
allowed active power, and are not capable of injecting more active power. However, to inject more
active power, the input power coming from tR&S (i.e., wind speedor solar irradiance) must be
increased. Therefore, the praea framework assumes tiRESscan not contbute to the increase in
active power injections. In summary, renewable resources are assumed to inject their maximum
achievable active power at any time to maximize their profit. Therefore, they can notritorie to

the power change requedb. Oncethe voltagesag event is detected, a new output reactive power

referenceY0 ) is optimized based on the available owlmper e from the RES®&s i n

4.5.2 Power Balance Constraints

The following power bance constraints asonsidered for the full nefork, including the updated

Y0 andY0 changes in the resources within the mitigation zone under control
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0 0 0 WOREH— 601 Q- h Q0 (4-17)

i 0 0 [ wOi Q- 6 wéi h by 0 (4-18)

where
0 0 0 Yo (4-19)
0 0 Y0 0 N (4-20)

andwhered and0 are the active and reactive power generated by thergsidectivelyMoreove,

0 and0 arethe total active and reactive power injected by DERs with the mitigation zone
respectively, as explained Eygs (4-16)(4-17), w andw are the voltage magnitude of the nd@Gand
nodeQrespetively; 'O andé are the conductance and susceptance of beawohnsising of nodes
"nd’ Qrespectively— is the phase differendetweemode’@nd nodéQand) s the total number

of buses irthe network.
4.5.3 RES and Battery Capacity Limits
The following capacity limits are applied to all DERs in the network
i Ri00 0 Y0 Y (4-21)
iqpi® Yoo 0 Y0 Y (4-22)
where {7 £ and {|ﬁi2are the installed capacity of both the RESerter and BESS inverter,
respectivel. It should be noticethat theinjected power is needed for a short duration (according to

the standards, voltage sag duration is within 1 min). Thus, the energy supplie®Bp®is negligible

concerning the SOGf the battery.
The following constrait is added to ensure that the required injections from DERs are always
positive.
Yo Y0 Y0 T (4-23
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After the optimal algorithm for the mitigation zowe is executed, a power flow calculation is
performed for the entire network. The power flow saomtiupdates the voltage profile, and this
mechanism will coordinate the efforts of all the mitigationein the network. The updated voltage
at the buses of other mitigation zones will be obtained and considered while executing their
optimization algoritm process. Albf the partitioned zones are examined to ensure that all bus voltages
are regulated tthe required reference level or until all the DERs units are exerted and no more capacity
is available for voltage support.

4.6 Tools Used in the Proposed Study

In this study, anulti-agentsystem (MAS) frameworks assumed to be available for facilitating the
voltage control algorithm, as shownRigure4-6. Each mitigation zone is represented by an affent
optimal energy dispatghas well & a DSO agent. Each agent has the ability to adjust the power
generation/consumption of any energy rtese (i.e., DER) within its own mitigation zoneawhile
supplying the load demand. The coordination among agents plays atiatsste, where each agent

can updatdts local information and exchange data with neigltba zones.
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DSO Agent

Figure4-6 Architecture of multiagent system

By employing the MATLAB environment as the master platform, different models (e.g., GAMS,
OpenDSS) have been integrated to achieigerttitigaion subroutine's goals A high-level pseudo-
code for the proposed algorithm is presentegigure4-7.

Algorithm System Levebased Voltagesag Mitigation
1. procedure offline

read network data

3 initiate themodularity concept algotim
4: end procedure

5: procedure online

6: if voltagesag event is detected

7

8

9

1

load mitigation zones boundaries
end if
: rank all mitigation zones based on the ZCl
0: execute the optimization algorithm fach mitigation
zone following their rank
11: calculate/send the optimal scheduling for each DE
12:end procedure

Figure4-7 General structure of proposed voltagpgy mitigation algorithm
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4.7 Case Studies

A modified threephase balanceti2.66kV IEEE 33bus distribution networkvith DERs atsome
candidate buses eonsideredn orderto demonstratthe effectiveness of theroposed voltage control
approach The topology of théADS under studyand detailed DERonnectedocations areshown in
Figure4-8. There are 32 load nodes with a total nominal loaapfp v - 7E& - 6 & e network.
Each DER unit is integrated into the network through a power electronic interface (i.e., inferter).
the practical systenthe total installeccapacity of PV units is abo@.8 MVA, the totalinstalled
capacity of wind nits is about 1.2 MVAand the totainstalledcapacity of battery units is about 1.2
MVA distributed across the entireetwork. The specific parametefer the capacity and location of
DER unitsare listed inTable 4-1. The information and parameters thfe network (i.e., the line
impedance and load demand of each bus shown imable4.1 andTable4.2, respectively

N23 N24 N25

N26 N27 N28 N29 N30 N31 N32 N33 RES
Bat4

10 N11 NI12 NI13 NI14 NI15 NI16 NI17 N18
N20 N21 N22

| ||3|“|;|||||||a|
Illll

Figure4-8 Topology of ADS under study

Table4-1
CAPACITY AND LOCATION OFDERUNITS

DER Location Unit Capacity kVA)
Wind 3,10,17,25 300

PV 2,6,8,28 200
Battery 14, 19, 26, 29 300
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4.7.1 Network Partitioning Results

The aforementioned two partitiorg algorithms are applied to the system under study to define the

mitigation zones.

4.7.1.1 Partitioning Based on Modularity Concept

Before applying the modularity concept to the modified IEEEb@S distribution networkD is
calculated by using4-8). The results fothe’© calculation according tq4-8), are shown inTable
4-2. Afterward, the modularity inde, calculaed from(4-9), is determined for all the possible number
of mitigation zones, as shown kigure4-9. As evidentin Figure4-9, the modularity index reaches its
maximum valug(i.e., equalto @ x)wvhen the number of mitigation zones is equal to Bixs is
considered to be the optimal partitioning layout based ocaheectivitystrengthof the network under
study. Accordinglythe IEEE 33bus is partitioned into six mitigation zones, as showfigire4-10.

Table4-2
DATA FOR Ell RESULTS
FromBus ToBus ©O FromBus ToBus ©O
1 2 0.9944 16 17 0.8817
2 3 0.9694 17 18 0.9491
3 4 0.9773 2 19 0.9878
4 5 0.9763 19 20 0.8916
5 6 0.9384 20 21 0.9664
6 7 0.9637 21 22 0.9376
7 8 0.9580 3 23 0.9701
8 9 0.9287 23 24 0.9372
9 10 0.9284 24 25 0.9379
10 11 0.9884 6 26 0.9873
11 12 0.9780 26 27 0.9821
12 13 0.8956 27 28 0.9199
13 14 0.9500 28 29 0.9395
14 15 0.9560 29 30 0.9678
15 16 0.9489 30 31 0.9227
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Figure4-9 Modularity indexQ vs number ofmitigation zones

Table4-3
MODULARITY INDEX VALUES
No. of mitigation zones Q No. of mitigation zones Q No. of mitigation zones Q
1 0 12 0.569 23 0.259
2 0.431 13 0.545 24 0.228
3 0.598 14 0.522 25 0.197
4 0.635 15 0.499 26 0.166
5 0.664 16 0.469 27 0.134
6 0.678 17 0.44 28 0.103
7 0.659 18 0.41 29 0.072
8 0.649 19 0.382 30 0.041
9 0.627 20 0.352 31 0.010
10 0.611 21 0.322 32 -0.021
11 0.59 22 0.291 33 -0.053
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Figure4-10 Mitigation zone boundaries afnetwork under the modularity concept
The obtained mitigation zones are then ranked according to the ZClI that is calculatgd-a8§)ng

and show in Table4-4. This priority list of thenecessarynitigation zones mimics the effect of the

DER6s i njecti on oofthetndtveorkv ol t age profil e
Table4-4
MITIGATION ZONESRANKING BASED ONZCI
Mitigation Zone Buses @ 6 'O Rank OptimizationComputation Time (s]
@ 1,2,19,20,21,22 0.1927 3 0.34
(@) 3,4,5,23,24,25 0.0721 5 0.33
@ 6,7, 26, 27 0.2844 1 0.25
@ 8,9,10,11,12 0.1992 2 0.28
@ 13, 14, 15,16,17,1 0.1881 4 044
@ 28, 29, 30, 31, 32,3 0.06353 6 0.34

Total optimization problem time=1.98 s

The mitigation zone with the darkest caighades represents the highest ZClI value, andveica.
It should be mentiortehere that these boundaries fcétious (thatis, system lines stay intgcand

none of the boundary lines are disconnected.

58



4.7.1.2 Network Partitioning Based on Minimum PF Concept

Based on the minimum power flow calculations for the IEEE system under shedpptained
mitigation zone boundarigas petthe discussion isection4.3.3,are shown irFigure4-11. To ensure
selfadequacy, a certain threshplthlculated by4-12), should not be exceeded by the loading of
selected CLs, which in thigork is considered 30% of the rated value of each Tiherated valesof
the linesare calculatedaccording toa deterministic power flovalgorithmbased ordata presented in
[106]. Note that the threshold is set according to operator preferences and is considgratitarnhe

networkpartitioning algorithm.

Zone 2

Zone 8

N26 N27 N28 N29 N30 N31 N32 N33 RES

()
T
@ Zone 6

Zone 7

N16

N15

LB
=)

N17 N18

N20 N21

N22

Figure4-11 Mitigation zone boundaries of network under minimum power flow concept

4.7.2 Zone-based Mitigation Results

Shortcircuit faults and large motorstartingare consideredsmain source®f voltagesagevents
The depth ottheseevens varies for different nodebasedon thefault's origin (e.g., transmission
system local, or remote distribution feedgrg107]. Network topology alsoaffects voltagesag

propagation.

To assess the proposalgjorithmd s e f f eircnitigatirg modlagessagevens, disturbances in
remote feeders and large mogtarting are considered theprimarysources for taseevents A three

phase fault is assumed to occur at a remote distribution feettenpropagatess a voltagesagevent
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at the ADS under study. Thepact of the mentioned fault on the network is reflected as a vedtgge
of ™ T R&®8magnitudei(e., voltage magnitude & v Y. This voltagesag is simulated at bus
1 in the network. All interfacing inverters used with RESs are controlleahistant active power mode.
Afterward, voltagesag mitigation is perforad through solving the zoAmsed optimization model for

the ones obtained from various partitioning technigues and ranked according to their ZCI.

4.7.2.1 Modularity Concept

The prioritized sequence of mitigation zoneg, & hd Fd Ko hd K |, sothe proposed coordinated
zonal voltagesag mitigation algorithm starts with mitigati@onec . Subsequently, the voltage at
nodes in other mitigation zones is updated forherrtimplementation of the voltagag mitigation
algorithm. All the mitigation zones communicate with each other throughl zggents, which are
responsible for all the DER units inside their assigned mitigatime. Once thsystemlevel voltage
sag mitigation algorithmis initiated, the totalinjected Y0 and Y0 are calculatedbased on the

optimization model irsection 4.5 as presented ifable4-5.

. Tablev4-5
INJECTEDYD AND YU INTO SYSTEM
Modularity min PF Centralized
YO A8 YO n®8 | YO 8 YO n®8 | YO a8 YO n&v8
Y 'OpYdp 0 0.173 0 0.173 0 0.015
Y 'OCY G 0 0 0 0.18 0 0.18
Y 'OG8Y 6 0 0 0 0.18 0 0.18
Y'OtYoo 0 0.173 0 0.173 0 0.173
Y 'OUY 6x 0 0.173 0 0.173 0 0.173
Y 'OQY 6x 0 0.18 0 0.18 0 0.18
Y 'OXY G 0 0.174 0 0.18 0 0
Y O dxp 0 0 0 0 0 0.173
6 6o ap 0.202 0.222 0.205 0.219 0 0
6 xo Co 0.200 0.223 0 0 0.244 0.174
6 ¢ v 0.3 0 0.226 0.197 0.138 0.1
0 6o Qxp 0.089 0 0.193 0.137 0.235 0.186
Total 0.791 1.319 0.624 1.792 0.617 1.534
Base is 1 MVA

It should be noted that not all the DERs existing in the system are utilized for vediggeitigation.
In addition, several RESHd not change their schedulks shown iriTable4-5, the proposed algorithm
succeeded in mitigating the voltagag by injectindl,319 kVar reactive power and@91 kW active
power in total. Thesystem's voltage profildsr different scenario.g.,normal operationthe system
under voltagesagevent andsystemunderthe proposed partitichased voltage control algorithrare
shown inFigure4-12.
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Figure4-12 Voltage profile ofsystemunder different scenargo
4.7.2.2 Minimum PF Concept

The prioritized sequence of mitigation zones based on the Z&b i&b hd hid Fed Fdo Ky, & . The
total YO andY0 to mitigate the voltagsag are given iffable4-5. Although the voltagesag problem
is solvedat the system level, this approach requires more injections from the DERs compared to the
modularity concept approach. The node voltage profilb@same three cases using the minimum PF

concept is sown inFigure4-12.

4.7.3 Proving the Effectiveness of the Proposed Algorithm

In order toprovethe effectiveness of the proposed algoritardetailed comparisaa madebetween
the simulation results obtained frometproposed algorithrandthose obtained from a ngrartition
based (i.e., centralized) approach. The t¥faland Y0 to mitigate the same voltagag using this
approach is presented Tiable4-5. The totalY0 is 617kW (compared to 79kW), and the totaV0 is
1534kVar (compared to 131@Var). The norpartition algorithm required more injections &mlving
the same voltageag problem. Furthermore, the Apartition algorithm executes an optimization
model casidering all the DER units, which increases the computational burden and delays the control

action.

To realize this centralized strategy, a moomplex and expensive communication system is needed
to facilitate communication among all the system nd@8$. The extensive communication adds

increased control action Etcy. Owing to the fact that the proposed partibased algorithm executes
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the optimization model within mitagion zones, the required computational burden and execution time

are much shorter. When dealing with voltesge mitigation, the action timedsucial.

It is worth mentioning that the power injections obtained from a mitigation algorithm are the set
points of0 and0 fortheDERs & i nvert er s .effedtinenessf the proposed soltage b | e
control algorithm is that local inverters are utilized to reguéateh mitigation zone's voltagwhile
inverters inside other mitigation zones are not &fig@As well, a complex and timeritical problem
is split into individudsmall subproblems, which are simple andn be swiftly optimized. The number
of communication |inks between the systemds nodes

to the centralized control even while achieving the voltage regulatiks tas

The proposed algorithm is applied to the PG&Eb&8 systerfil04]. The optimal partitioning layout
is obtained based onetmodularity concept. Accordingly, the PG&E-BAs system is partitionedto
nine mitigation zones, as shown kigure 4-13. The obtained mitigation zones are then ranked
according to the ZCl, as shownTiable4-6. The optimization problem is solved@® o it for all the
mitigation zones following the prioritized sequendete thatalthoughthe system size is doubled from
the 33-bus system to the 88us system, the computational time for th@imization problem is
increased bynly 16.7%. This is becausehe algorithm for network partitioning is run offline and
therefore doenot affect the computational time of the proposed mitigation algorithm.

N28 N29 N30 N31 N32 N33 N3 NS

|
/ N6 N37 Nas :69\‘

I
- Zone 5
2 [/S13 N1+ NIS N16 N17 NI18 N19 N20

] e - R
2 N43 Nu “\xs N46 N47 N48 N49 NS0 NS51 NS2 NS3 NS4 )
/

T Wind DG
BB soarnc
i

B BEess

Figure4-13 Mitigation zone boundaries of PG&E @f1s system under modularity concept
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Table4-6
RANKING OF MITIGATION ZONES FORPG&E 69-BUS SYSTEM

Mitigation Zone Buses @ 06 "t Rank Optimization Computation Time (s
) 1-3,5963 0.211 1 0.181
@ 4-6,3639 0.024 8 0.181
(%) 79,4044 0.111 5 0.187
@ 10-12,5558 0.075 7 0.488
@ 13-20 0.103 6 0.587
@ 21-27 0.118 4 0.179
@ 281 35 0.202 2 0.169
@ 457 54 0.005 9 0.184
) 64-69 0.146 3 0.178

Total optimization problem time=2.334 s

In another case stugyhe proposed algorithm is applied to a modified IEEE-0@8 system. The
optimal partitioning layout is obtained based on the nemityl concept. Accordingly, the IEEE 123
bus system is partitioned into ten mitigation zones, as showigime4-14. The obtained mitigation
zones are then ranked according to the ZCl, as shoWwatbile4-7. The optimization problem is solved
in ¢& p ixfor all mitigation zones following the prioritized sequenkethis casethe system size is
almost quadrupled frora 33-bus toa 123-bus systembut the computation timéor the optimization

problem is increased mnly 30.85%.
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Figure4-14 Mitigation zone boundaries of IEEE 1-B8is system under modularity concept

Table4-7
RANKING OF MITIGATION ZONES FORIEEE 123-BUS SYSTEM

Mitigation Zone Buses @ 6 C Rank Optimization Computation Time (s
(A 1-12, 14 0.087 4 0.194
@ 13,1524, 34,52 0.079 8 0.246
@ 2533 0.167 2 0.198
@ 3543 0.168 1 0.192
@ 53-66, 94 0.067 10 0.258
@ 4451, 109114 0.080 7 0.463
@ 97-108 0.081 6 0.345
@ 67-75 0.068 9 0.295
@ 76-85 0.081 5 0.231
@ 86-96 0.116 3 0.195

Total optimization problem time=2.617 s

The graph of the computational time wesghe number of buses is shoinrFigure4-15. A curve
fitting is used to extrapolate the trend. It is clear from the figae the proposed algorithm can be

used for larger systems without any difficulty.
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Figure4-15 Optimization computational timeswumber of buses

In summary, the proposed partitibased algorithm mitigated the voltageg problem witha
minimum number of energy injections and avoided unnesary usage of available resources.
Moreover, in the case of practical ADSs that include a considerable number of buses, the centralized
approach is expected to have a slow response, so it is challenging to mitigate thesagjtpgeblem
within the intemled riod (i.e., less than 1 min).

474Pr oof of Concept Using the Systemds Dynamic

The IEEE 33bus system is moleed using MATLAB/ SI MULI NK to
dynamics when reference injections from the optimization algorithm are broadcasteu/eftir
based DERs are maddled using the block diagram shown kigure 4-16. DERs are assumed to be
controlled in the P@node with reference power @gtions Any changsin injections (i.e.Y0 andY0
are adéd to the setting valués and0 dispatched from the DSOs to establish the reference
values for tle controllers. Under normal operating conditions ctienges in injections are zeros unless
values are sent through agemd the DER. Thus, considering the random occurrence of vedtage
each DER will be able to follow its active/reactive power reference seamlessly to control its injected
active/reactivgpower in reatime.

A voltagesag event is assumed to starbat p i, and the system is assumed to return to normal
operations ab 1 i. The optimization problem, formulated in ¢(2B), is solved in less thamwo
secondsfor all the mitigation zonesoflowing the prioritized sequenceéMoreover while the

optimizationproblem is solvingthe injection changes are distributedztmeagents and are assumed
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to be available to all DERsllowing the prioritized sequenc€igure4-17 shows the timeline of the
proposed voltageag miigation algorithm and the required injection from each mitigation zone.

[

Psetting P ref Id_ref 4 Vd_ref
Current ¥ | conrotler ———
2 AP calculator Id [P ISOLeJ:fe S
Setting S)Qref lg_ref % R Vq_ref> nverter ~ |
K
. . 88
Va vd
dq Qurrent Measurement
abc
g ™
dg
<
abc Voltage Measurement

Figure4-16 Inverterbased DER dynamic model

Voltage-sag event
is detected

| | | //

\ |
/A | | | " )
t=0 t=1  t=1.25 t=153 t=1.87 t=231 t=264 t=298 t=4 Time (s)
RES# RESS RES1 RES7 RES2 RES8
Bat?2 RES6 Bat1 Bat3 RES3 Bat4
Zone 3 Zone 4 Zonel Zone 5 Zone 2 Zone 6

Figure4-17 Timeline ofproposed voltagsag mitigation algorithm

The voltage profile at bu83 and busl8 areshown inFigure4-18 for the simulation time horizon.
In addition, therequiredpower injections from REBand Eatl are illustrated irFigure4-19, for the

simulation time horizon
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Active/Reactive Power Injections

Active/Reactive Power Injections
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Figure4-19 Active/reactive power injections from (a) RES6 and (b) Batl
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4.7.5 Comparison with Benchmark Voltage-sag Mitigation Scheme

The partitionbased and centralized approaches are executed at the system level and are based on
utilizing the availabl&kVVA capacity fromtheDERs 6 i nverters. On the other
that is dedicated onlp solving the voltagesag problems at the point of connection is considered as a
local solution for the problem. For benchmark comparison, & [¥/installed at bus 33, which
experiences the lowest voltage in the system. The optimization model is solved withuaee(se.,

DVR), while an injection of 124&VA is required to boost the voltage at 8% to T@n38The
investment cost of the\IR is given as 500 USKBYVA [108]. Consequently, the system level mitigation
through installed DERs can save approximately 624,225 US$ for the system under study.

Figure4-20 presents theegulated voltage profiles under the two management scheameglythe
proposed systeievel partition and norpartition-based algorithmsnd the DVR benchmark scheme.
As shown in the figure he benchmark schemailied to mitigate the voltaggagevert for the system
under study, as the mitigation is executed locally.

Vo]tage Profile =#=the proposed decentralized algorithm

with modularity
0.95 the centralized management scheme

benchmark scheme (DVR)
— 093
=
202 M
0.91 8

- S S S, S

Vier = 0.9 pu

o ¢
8

N1 N3 N5 N7 N9 N11 NI3 NI5 N17 N19 N21 N23 N25 N27 N29 N31 N33
node number

Figure4-20 Voltage magnitude profile under two different control algorithms
According to the af@mentioned discussion, boti the systemlevel schemes have successfully
solved the voltagsag problem for the system under study. However, the obtained results reveal that

the proposed partitiehased algorithm is the most effective solution for mitigatoltagesags.

4.8 Conclusion

The gowing deployment of DERs in distribution systems f®nsiderablé&VA capacitythat can
be utilized to improve system performanEerther, he utilization of already existingvA capacity
will achieveseveratechneeconomicbenefitsfor bothsystem operators al@ER ownersThis chapter

considered the contribution of DERSs to the efforts of voksag mitigationworking from the premise
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thatthe algorithms have to be fast and accurate. In order to speed up theatmimprocess and reach
accuratemitigation of voltagesagevent a novelnetwork partitioningtechniquewas proposed. The
network is partitionediccording toa voltage sensitivitystudy, with the systembeing divided into
smaller mitigation zones for zahvoltagecontrol. A novel ZCI based on the availabl®/A capacity
in DERsand average voltage magnitutieeachzonewas also proposed to prioritize thavailable
mitigation zoneskFor each mitigatiozone, an active/reactive powanltage zonal contrachemevas

introducedo mitigate the voltagsag problem based dine presenteaptimizationproblem

This chapter presentéadlo morenetworkpartitioningtechniquesthe modularity index concephd
the minimum PF concepiThese two techniquetdiffer from the first technique introduced in Chapter
3. A detaileddiscussiorwas presented fahe optimization problenexecuted in each zone following
the priority sequence to achieve the overall gaakentually, theproposed algorithm's effectiveness
was evalueed by applying the algorithto severaktandard distributiosystemdo ensure the success
and speedof the algorithm The resultandicatethat thezonebased algorithnhassucceskilly and
optimally mitigatedthe voltagesag problemThe proposed algithm iskeptgeneric and can be applied
to different ADSs It worth mentioning that the system partitioning is virtual and used to run the
optimization techniguehile the physical system stays intact. However, the physical partitioning of the
system may & used as another tool to mitigate voltaggs beyondthi appr oachdés capabili

The nformationon voltagesag origin(Chapter 3will help mitigatevoltagesags that could not be
overmme via thecapacity ofavailable DERs. Thus, the mitigation stdutine proposed in this chapter
will be successful ifthefal t i s upstream &nd thevoltagdsay depth swithmés PCC
the mitigationt e ¢ h n icapabiéty Idowever, if the fault is within the system boundary (i.e.,
downstream from the PCQJe voltagesag origin should be isolated, whicAn beachievedbased on
the information found byhe second action running in the backgrouHdnce, i the voltagesag
mitigation requirements (i.e., injection of active and reactive powers) are beydddties 6 capabi | it
(i.e., voltagesag is partially mitigeed), someparts of the systemill face unintentional islanding. To
avoidthis unintentional islanding, the planning of intentional islanding is discussed in the next chapter.
Specifically, a voltagesag mitigation algorithms proposedbased on aew netvork partitioning

technique denoted asstability-constrained partitioning scheme.
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Chapter 5
Vol t dBqaeg Mi ti gati o@Qormygt rSdiarbed i Rayr t i t i

Scheme

5.1 Introduction

Microgrids havethe ability to function in islandedor grid-connected mode of operation The
increagdpenetration of invertebased DERS in the systgromotesthe concept of sefjoverningand
selfadequatenicrogrids.Many researclworks haveproposedthe intentional islandingpf microgrids
during emergenciet® improve supply continwt[51]. However,the survivabity of these microgrids
in terms of supply adequacy astability is questionableand stability studies should have been
incorporated.

In this chapterastability-constrained partitioning scheme is proposed based on-signadil stability
to ensurghe microgids' survivabilitywhen physically partitionedoreover a sensitivity analysis of
active and reactive power droop gaigaitilized to establish aovel index formicrogrid marginal
stability. This intentional islanding will be achievday partitioning the system into clusters of
survivable microgridsthusisolaing the faulted zone that caused the voltagg eventBy isolating
the voltagesag origin from the rest of the system, voltagg nitigation is accomplishedas will be
discussed in this chtap.

The structureof this chapter is arrangeab follows Details am the proposedstability-constrained
partitioning schemarepresented igection 5.2 The next ection 5.3rovides thestability analysis and
power flow algorithm fothe microgrids. Fimlly, a case study is performedsection 5.4 to evaluate

the effectiveness of thproposed voltagsag mitigation algorithm

5.2 Stability-Constrained Partitioning Scheme

This sction presents a framework fpartitioningthe systeminto survivable microgrisl based on
Small-Signal Stability (SSS).The proposedrameworkexamineghe eigenvalug of the costructed
microgridsto establisha Stability-ConstrainedPartitioning Scheme(SCPS) This partitioning scheme
is valuablefor DSOsto ensure the continuityf service during emergenciey partitioning thesystem
into survivalandselfadequate microgrids artden isolaing the affected portion of the networkhe
approach would helf isolatethe voltagesag origin and thus mitigate a severgagésag prokem

that lasts more thampreviously specified criticaime duration, as will be explained later.
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In our stud, the system iassumedyrid-connected anid runningin a stable normabperation mode.
This assumption is validp tothe instant before theccurrenceof voltagesag.According to IEEE
15472018[109], all theDERSs in the systershouldremainintact within the system up tapreviously
specifiedcritical time duration(e.g, ten secondérom the volagesag instantor voltagesagsup to
50%). Beyond this critical time duration, the DERs start to feed the fault in the syatelih must be
disconnected from the systeffiherefore, to avoid islandinthe DERsand thusdisconnecting the
resourcegrom the systemthe system will be partitiomkinto clusters of survivable microgrids. The
microgrid that contains the origiof thevoltagesag (i.e.the fault) will not be survivablédout this will
beaddressd in the upcoming chapteh stability-constraind partitioning scheme @oposedo divide
the system int@a number of stableViGs. The general procedures of the proposed framework are
presented ifrigure5-1.

1€ the system survivable (1.6
o
No
Detect voltage-sag origin ¢
location (i.e., faulted bus) | Load curtailment |
v
_____ » Force/realize the SCPS
on the system understudy Discomnect from
7|  themain grid
17 No Yes j
Define a sub-MG p| Reconnect
inside the faulted MG healthy MGs
¢ the sub-M No = the“\-’-sag
> Yes rmien > Yes
Reconnect with

J "|  main grid
Yes

Figure5-1 Flowchartof proposed mitigation scheme

In the beginningthe MGsb borders are defined based on the minimum power flow partitioning

schemepropo®d in [104] to ensurethe selfadequacyof the constructed microgridéiowever, a
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stability studybased on the investigationtbies y s t edgeniradusis utilizedto examinethe stallity
of eachof the candidateMGs. From these stepgshe stability-constrained partitioning scheme is
obtained and will be available fthe DSO. The key resultfrom this studyis thecritical droop gaiis
resuling in the MG6 #stability. Thesedroop gain valugwill be denoted ast ;, where'ds the
number ofthe DER. The numerical value ai  for various DERswill differ, as will be showrater
in the casestudy A novelindexfor MG stability is defined, referred to as thearginalstability index

("Y)OIt can be expressed as:

o O
YOd 3 pmm (5-1)

where"Y'® a unique index for the M@ndis not affected by the rating of a specific DERdaA

anda arethe maximumand minimumallowable droop gain valserespectivelyWhen operating

witha ,theMGés frequency wi |l | frequencybgiQed f rUo.mhistindex n o mi n
determines thhighest acceptabfeequency deviatioof the MG from the nominal frequey before it

becomes unstablé larger Sl indicates a more stable MG against frequency deviation.

A later stage deals with the voltagag event when it lasts more than the allowable time for DERs
to be intac{i.e., critical timeo ) or whenthe voltagesag mitigation requirements (i.e., injection
of active and reactive powers) are beyonddieERs 6 capabi lity. The proposec
isintendedo initiate the physical partitioning of the system. This intentional ishandill be achieved
by partitioning the system into clusters of survivable microgfiigs, SCPS)The SCPSs formulated
in the background (i.e., offline) and stored in the database. Therefore, at any time, it is assumed that the
system operator knowhe stabilityconstrained borders and the Sl for each MG.

The objective of thepartitioning is to isolate theoltagesag origin from the rest of the systém
order toimprove supply continuity and system reliabilityloreover,based orthe information abat
thelocation ofthe voltagesag origin (i.e., Chapter 3je status odll switchesis updated to isolate the
faulted part The faulted bus number then communicated to all the agents of the MGs formed
according to the SCPS. If the faulted bus liestwhi n t he MGO6s boundary, a
indicate a AFaulited, MGlhe st laagswi IOt hlee wsstatis. t o 1 t

The boudlary switches are now accountable for actions. If the boundary switcbated at the
bourdary of a faulted MGt opens otherwiseit stays connected. These simple actions visitannect
the AFaulted MGO from the heal t hyaultedM&sndkegpo i sol .
suwpplying the load as possibla,restoration suboutinei s devel oped to be run ir
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indicated a faulty statusThis restorationsubroutine is initiated within each faulted MG and

accomplished by following thur stepsbelow.

1) Identifythe DG bussfrom the database.g.,for the system ifrigure5-2, DG connected buses
are {2, 9, and 11}andthevoltagesag origin (i.e.faulted bu¥is {4} .

2) ldentify theshortespathconnectingdG bussto faulted bus foreachD6y wusi ng Di j kstr
shortestpath algorithn{110], e.g., path {23-4}, pat {9-8-7-3-4}, and path {115-4}.

3) Open theébranchassociatedavith the fauledbusif that branch is in one of the paths in Step 2
e.g.,branch {34} and{5-4}.

4) Create new healthy stricrogrids from the rest of the systema.g., suBMG1, subMG2.

5) Check the survivability of the created smicrogrids.

Faulted MG

,"/ 2 3 ““\ 4 :’/__g______________.}
— . = i

I—H LT

I
I

SIJb'MGI # 7 g P
I

Im B DG connected bus
8

10 | . faulted bus

| /
. --- path /

Figure5-2 Sample case for restoration stgutine

The healthy MGs stay intgawvhile the faulted MG is identified artthe healthypart of it isolated
(referred to as sublGs). A healthy flag is introduced to determine the stafeaohMG. For example,

the healthy flag for every healthy MG will equal one.

A Multi-Agent System (MAS)is proposed to executbe control actiog required to isolate the
voltage sagprigin. Each MG is assigned an agent locaiedhe terminal bus of thB1G. The agent
represents the MG argkeatesa variety offunctions such asupervisory combl of all DERs within
the MGH Boundaries, communication with neighiiog MG agens, control of MG isolation switches,
and tweway communication with theMUswithin the M@&® boundariesMor eover , each MGOs
has access to the following informatioittwits MG: bus voltage, current in the feeder, droop gain value

for DERs, and MG topologylf there areseveralhealthy neighbouing islanded microgrids a
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reconrection subroutine isinitiated to reconnectthese microgrids¢ogether Details of the MG

reconnectiorroutineis explainedn thenext chapter

Given thedependency of the proposed framework on the communication between atjents,
communication delays shld be considered in the stud\ccording to[111], the communication delay
depends oseveral reasonsuch as discrete Fourier transform, datacemtration, the amount data
transmitted, type of communication link, transducer delays, processingpiiopagation delay, and
data rate Associated delay#n the proposedramework are presented ifrigure 5-3. It is worth
mentioning tlat the delay ofhevoltagesag identification algorithm presented in Chapter 3 is less than
p @ i, and thathe information about the voltagag origin is assumed to be available before the pre
specified critical time(o ). Therefore the overall delay in the proposed framework is about

o T ari from the localization othefault to he receipt ofthecontrol signals.

Control Signals and

Communication Process z

5 c =

-§ = { Transducers Delays )\ 5
c o Healthy flag date th : —— v o
S 8 | istriggered =) S\l:/?ccit:t;u?s [ Signal Processing Time ]__. Q %

O

£ %) for each MG [ Data Concentration and ] %J &

o = ! i Multiplexing Delays @

€ 8 1| MG Agent | prexing ¥ o

e B [ Propagation Delays ] =

\[ Transition Delays J/
{ — time
Leritical Depend on Communication Type 100 — 300 ms Leritical
+ 300 ms

Figure5-3 Associated delays to proposed voltageg mitigatiorframework
To summarize, the proposed voltaggg mitigation algorithm based on the SCP&cisomplished
by following these fivesteps:

1) Recall the FI algorithnfpresentedn Chapter 3to locate the voltageag origin (i.e., faulted
bus)

2) Identify the faultedG in the system according to thealthy flag of each MG

3) Updateeachs wi $statusdnd force the SCPS on the system (thdted MGis now isolated

from the rest of the systgm
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4) Within the faulted MG, nitiate the restoration susoutine to isolate théulted part from the
healthy pai(s) of the faulted MQi.e., susMG).

5) Initiate the recovery algorithm for pegbltagesag mitigatior(as will be presented itChapter
6).

5.3 Stability Analysis and Power Flow Algorithm for MGs

The proposedvoltagesag mitigition framework forvoltagesags lashg more tharten secondsr
exceeihgt he avai | abl iesddpénissod convertimg thdfedtedslysteminto a number
of survivableMGs. In order to establisthe survivable MGs,her bordersneed to belefined based on
seltfadequacyand stability Therefore, a operationalplanningtool is developed tcestablishthe
stability-constrained partitidng scheme discussed in the previous section. For each IMGERS are
assumedo beusingdroopcontrol ford and 0 to share the demand between invert8msall-signal
stability models are used to study the stability of M@, which requiresan operating pointand a
power flow algorithm for islanded microgrids is used to caltuthe operating conditiefor each MG
(i.e., the voltage at each bus and current in each line) according to the chosen drealuglineach
DER. The small-signal stability analysi€an be studiedfor all of the MGs individually, and the
eigenvalue can bedefinedby developingthe state space modelfor the different MGsd components
(e.g.,inverters, network, and dynamic loads

5.3.1 Stability Analysis for Microgrids

In [112], modellingis used as a tool to study MG stabilignd acomprehensiveapproach is
introducedo model an invertebased MGTheouter power looglepend®nthedroop controbf each
DER inverterfor sharingthe fundamentab and0 with other DERsInternal inverter controls include
both wltage and current controllersvhich are responsiblefor dampingthe output LC filter and
blocking highfrequency disturbances &wertany resonance witthe systemThe variousomponets
of individual invertes (i.e., the three controllers, output LC filter, and coupling inductor on a
SynchronousReferenca~-rame[SRH) are consideredhenformulaing the Small-Signal State- Space
Model (SSM). The power controller of that inverter detenas therotation frequencywf the SRE A

common SRF is arbitrdy determinedaccording to ne of theDER invertersframes.

By using thesesimple transformation techniques, all the DER inverters in the systeare
transferred to tchosenSRF. It is inadequate tdormulate the SSM of the network witttateless
impedance models/hile consideringfull-order DER inverter models that containigh-frequency

modesHowever a dynamicSSM of the networkcan bemodelledon the commoiBRE In this way a
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complée SSM of the MG can bemodelledin order to calculate theigenvaluesi(., modes)for
studyingt he MGO&6s stability.

Active powersharingin the droopcontrol mode of operations achievedby relating thedroop
characteristics to the frequency of the D&Rput voltage at the PC@&s follows:

z

1T 1% abo (5-2)
wherg represents the angular frequencyh&DER output voltage, * representthe reference value
of thefrequencyd is defined as thdroop gain othe active power, anal is the3-ph injected active
powerfrom the DER.According to(5-2), negative feedback is provided by the droop characteristic to
ensure thatlathe DERs aresynchronized andjenerating voltages with the same angular frequency
that follows the system angular frequeratya steadystate[112]. In contrast, by controlling the DER
output voltage magnitude, tiie sharing among the different DERs in & is accomplished This
droopcontrol isachievedn aQ rframe that rotates with the angular spee&imilarly, reactive power
sharing in the droop control mode of operation is achieved by relating the droop characteristics to the
magnitude of the DER outpubltage at the PC(@s follows:

0 & &0 h o m (5-3)
wherel and0 arethéQ @ o '&idn & o €@mponents of the DER output voltage, respectjvely
W representshereference value of output voltage in e © w!@i is defined aghedroop gain of
thereactive powerand0 is theoutput3-ph reactive powefrom the DER.According to(5-3), the
i nv e ISSMeanly sonsiderthe output voltage magnitude the’ Q @ @ "Cmponenof the SRF

andfi @ w ‘€mponent ofhe output voltagequalszero.

Thevoltage and frequencstandards determérthe droop gaivaluesfor theDER unit & R,

as follows:
4 1 1
T (5-4)
€ We = We (5-5)
U i
wherg and| are the maximum and minimum frequgrstandards, reectively, I0s  and

s  are the maximum and minimum voltage magnitatindards, respectivelgndd and

0 j represent the DER inverter rating aétive and reactive powerespectively The minmum
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and maximunstandardvalues of the frequency and voltage magnitude are chaxsmrding tathe
allowablevoltage and frequency regulatiphl2]. To achieve thgroportional sharing o&ctive and

reactive powes, thed 1 and0 wdroopgain valuesn DERs, respectively, are calculated as:

a & i a a p E a & ; (5-6)
¢ & i ¢ & i E ¢ & ; (5-7)
The controktructure of a droopontrolled DERcomprises differet componentasshown inFigure

5-4. The power circuibf the DER inverteconsists ofl) the DC source of theER, 2) theinterfacing
inverter, and) theoutput LC filter in order tdlock the switching harmons formed by th®ER unit

Three nested control loops are considered for each DER controlleoutdrenost control loop is
responsible for achieving the proportional powbaring between the different DERBirst, the
required powesharing functionalityis determined Y the powersharing control loopAccording to
the droopgain equationglustratedin (5-2) and(5-3), the reference&alue of thdrequency and voltage
magnitudeof the fundamentalutput voltage at the PC#e generated hevoltageandcurrentcontrol

loops are responsible for realizinpis refeence voltage waveform at the PCC.

DER
Resource

* H

D p Vo l* 1 &
roop ower * > To the
. Voltage Current | V =
Control Sharing & PWM []9| Inverter Network
. Control Control e
Settings Control — —{ g
O
i
UO
p | Average Vo
Power

Q Calculation

Figure5-4 Control structure of droogontrolled DER
Specifically, the voltage across the LC filter capacitor is controlled by the middle control loop (i.e.,
the voltagecontroller) by obtaining the LC filter's reference signatluctor currentand tle LC filter
inductor current is controlled by the innermost control loop (i.e., current contipjleftainingthe

reference output voltage of tiveverter.

The inverter otput voltage rotates synchronously with angular speedn P & ffrendesThe
following equationexpresghe outputurrent and voltage dynamics:
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wherel , U , QandQarethe voltages and currents of itheerterin theQ @ o ‘&idry © w]Qi
0 ,"Q and’Q arethe output voltages and currents of the DEReiQ @ o ‘&idry <« w,@ndi ,

0 andoO are the pephase resistance, inductance, and capacitance of the LCrélpectively

The instantaeous injected activé) andreactive ()) power components are given by:

B0 00 (5-12)

n 0 0 Q (5-13
The instantaneousomponents of thactive and reactive powsflow in thelow-pass filterin order

to obtainthe fundamental congment ofthe average real and reactivé powers as follows
0 —0 (5-14)

0 —n (5-19
wherg is thecutoff frequency of théow-pass filter.

Based on thebtainedd and0 power components, the drogpin equationglustratedin (5-2) and
(5-3) areconsideredor the fundamental output voltage and frequency of BH#eR. Inverter output
voltage control is implemented fwovide close voltag regulation. The controller adapts standard
Proportionatintegral ( Y@egulators tmbtainthe reference current vector through the decoupling and

feedforward control loops. Thillowing equations expresstheo | t age dyoamics ol | er &' s

Q 0 v L 0 0 0 Qo076 Q (5-16)
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Q 0 v 0 0 V" 0 Qo071 060 Q (5-17)
whereb and0 are the proportional and integral gaaf¢he voltage control logpespectively

The voltage across the filter indac is shaped by the current controlferguarantee the minimum

current error A regularPI current regulator is employed for currergukation through the decoupling

and feeeforward control loopsThe following equations expresstheu r r e nt sdypamicssr ol | er 6
0 0 Q Q 0 N NQQ671°0Q 0 (5-18
vv 0 Q Q O N QQo71°07Q v (5-19

whereb and0 are the proportional and integral gaafghe current control logpegpectively.

Equivalent differential equations express the tooenain models othe network andhe load
elements. Through this smalignal mod#ing of an MG, the homogeneous form of an MG can be

expressed as follows:

Yo 6 Yo (5-20)
wherew refers toa vectorcontainingall the state variables of the DERs, lin@sd dynamic loads
within the MG, alldefinedin the’Q rframe. From(5-20), the eigenvalues of the MG (denoted/hyan

becalculatedas theroots of

Q'Q0 00 T (5-22)
whereQ'Q8 refers tathe determinate function affdepresentshe identity matrix of orded
At this stage, thective powerdroop coefficients od can be increased fromdt v 1 € o)
p PQi ¢ araund the operating pointaf in very small steps favery DER to perform a sensitivity
analysis.Similarly, the reactive power droop coefficientsofcan be increaseddm @ PQi ¢ ton
Y PQi € @raund the operating point ®f in very small steps for every DHR12]. Basel onthe S,
defined in(5-1), the stability margin of each MG is defined to ensure the survivability of thatadG

shown inFigure5-5.

Moreover the SCPS is formulateoh the background (i.e., offline) and stored in the database

According to thegeographical location afoltagesag origin (i.e., fault) inthe system,] I t he swit che
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statisesare updatetb isolate théaulted microgridrom the rest of the systebased on the restoration
subroutine Moreover, all the healthy neighor MGs should stay intac

r 3

w

wmax

th [] stable region of operation
[] unstable region of operation

Winin

A J

PG,max P
Figure5-5 Stability margin based on Sl

5.3.2 Power Flow (PF) Algorithm for Islanded Microgrids

As the droop values change to study the stability ofyhgem, the operating point walsochange.
Hence a power flow solution for theystem is requiredo define the new operating poirk. set of
power flow equations is used to modkbop-controlled MGs' overall steaestate behaviar [113].
Apart from traditional PF algorithms PF formulation for droopcontrolled MGs ha different
characteristics. First, droamntrolledDER units generatpower according tathe DER droop gain
characteristicdlustrated in(5-2) and(5-3). It should be noted that prior to solvitige PF equations,
the generated power cannot be-gpecified. Thus, for a DER operating with droop control,3tmd

injected active and reactive powase expressed in thimllowing PFequations

0 —1° 1 (5-22)

C-

P . :

= SASIINE A3 (5-23)
Second, no slack bus able to keep thesystem frequencgonstant in a droepontrolled MG.

Therefore, the&sSfrequency of the system is npteviously specifiedand frequency is considered as

one of thePFvariables. Finally, theniquephilosophy of a droojgontrolled microgridoperation can

be reflected in the set &F equations as follos: For each droop bu¥)there are two mismatch

equations:
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10 wsw ® ATe 1 (5-24)

p

T w$ ws 0 wsw & OB+ 1 7 (5-25)

whered and0 are theload active and reactive power at bigrespectively® and— are tre
admittance magnitude and angle, respectj\ahyl is the voltage angle at b3

The changes in system voltage and frequeocaysed bychanges irthed and0 requirements
should be mod&d accurately. The load characteristics otagé dependen@yreillustratedbased on
astatic load modehsfollows:

P

0 0 — 5-26

WS (>29

5 o 22 (5-27)
WS

whered and0 are the nominabperating point ofictive and reactive powsat the rated voltage,
respectively and| andi are the active and reactive power exponeRts.constant impedance,
constant currentand costant power models, the andf are equal to twos, ones, and zeros,

respectively. For residential, industrial, and commercial loads, the valuemndf are given if114].

5.4 Case Study

The proposed voltageag mitigation algorithm is testednd validated on the IEEE 2fis
distribution network.This section uses the small signal stability analysis presentgttion 5.3 to
assess thenarginal stabilityof the systemunder study andhe survivable MGs. To this end, the
proposed Sl is utilied to express the marginal stability of each MG based on the sensitivity anflysis
thed and¢ . Thestability constrained partitioning schemehenforced on the system to isolate the

voltagesag origin from the system.

5.4.1 System Under Study
A modified threephase balanced 12.&&% IEEE 33bus distribution network with DERs at some

candidate buses is selectedpimve the effectiveness of the proposed mitigation framework. The

topology of thesystemwith candidate DER locations is shownHigure5-6. The specific parameters
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for the DERs aréisted inTable5-1. These DERare controlledsia droopcontrol in the islanded mode
of operatiorto share the real and reactive powers in their MG

N23 N24 N25

[ DG unit J

N26 N27 N28 N29 N30 N31 N32 N33

1IIIII

N11 NI12 NI3 Ni4 N15 NI16 NI17 Ni8

|il“ii|||||||l|

Figure5-6 Topology of system under study

Table5-1
CAPACITY AND LOCATION OFDERS

N19 N20 N21 N22

DER Location Unit Capacity kVA)

RES 2,6, 2817 600
RES 3,10 800
RES 8, 25 400

In thiscase studytheinstalledDERs have differerratings. Henceghed ande of eachDERare
selectedhccording tq4-4) and(4-5) so thathe fundamental powers are shapedportionaly to their
ratings Theinitial frequency droopat thed ; ,isT® Pandthe initial voltage droogat thel
isT b As various types of DERs can exist in different scemthe system operators determine the

droop gains and sharing ratios base@oonomic intereqtL15].

5.4.2 Stability Constrained Partitioning Scheme

The fault location that initiated the volgagis determined to bepstreanor downstreanfrom the
system under studyas explained in Chapter B the fault is upstream, thehwsle systenmeeds to
disconnect and isolate itsgif survivable. However, if the fault idownstream, tasystem should be
partitioned based omé framework presented in this chapter. Thws, $cenariogire consideredo

examire the smallsignal stability of the system dar study. The first scenario shows Hystem's
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operating stability margias bulk when the voltaggag origin is upstream. the second scenario, the
operating stability margin is studied for all MGs within SCPS when the vediageorigin is

downstream

Based on the fault identification methpoesentedn Chapter 3the faulted MG is identified. The
exact faulted bus or bramas thendetectednside the faulted MGo allow for microgrid restoratian
The dfferent g/stem parametenssed in the casgtudesare given inTable5-2. Based on the power
flow algorithm outlined irsection 5.3.2the steadystate operating poishave beembtainal for each

operating scenario.

Table5-2
SYSTEM PARAMETERS

Inverter Parameters

Par. "Q 0 0 i 0 i 0

Value Yo 04 caO0 o Cmdra paO Mray o@ p

Par. a £ 0 0 0 0 O

Value yQ x p®Q v M pmm ¢m P 0.75

5.4.2.1 Scenario 1

In the first scenarioht system under study is disconnected from the grid as one MG. The trajectory
of the twapairs of comple eigenvalues as a function of the (i.e.,78t v b & p Bisshownin
Figure5-7. These eigenvalueme calculated according ¢6-21). Note thatas thedt is increased, the

eigenvalues move towards the stable redgidwerefore, the system under study will have a hilgging
can successfully disconnect frahe main grid tgrevent the propagation of the voltagpgg event into

the system.
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Figure5-7 Eigenvalue spectrum of system under study as a functiéin of
Whenthe¢ is increasedi.e.,m® P ¢ Y B, the eigenvalues move towards the stable region,

as shown inFigure 5-8. Thus, the stability constrained partitioning scheme for this scenario is

detemined as the whole system under starod he systems disconnected assurvivable MG to be

isolated from theroltagesagorigin.
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Figure5-8 Eigenvalue spectrum of system under study as a functién of
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5.4.2.2 Scenario 2

The second scenario shows tlesultsof the proposed algorithm when the voltaggey origin is
detected within theéboundariesof the system undeistudy. To ensurethe selfadequacyof the
constructed MGghe minimum power flow partitioning scheme194] was usedThe obtained MG
boundaries are shown KFigure5-9. A certain threshold should not be exceeded by the loaditige of
selectedboundarylines, which in tlat paperwasconsidered 5% fahe rated value of each lin€he
lines' rated values are calculated according to a deterministic power flow algorithm based on data
presentedn [106]). Note that tfs threshold isadjustable and cabeset according t¢éhe operadrd s
preferencesThese microgrids athus selfadequatehowever their stability needs to be iegigated.

A completeSSMof each MG components was obtained using the approach outlisection 5.3.1

/\2_3 N2 ‘:z<\ DG unit

] cB

N26 N27 N28 N29 N30 N3l N3z N33 Al MG Agent

Figure5-9 MGs boundaries of system under study
Figure5-10 shows the trajectory of the twaairs of complg eigenvalues as a function of the ,

wherer@t v b @& p bfor each MG.Figure5-11shows the trajectory of the twmairs of complete
conjugate eigenvalues as a function oféhewherer® b ¢ U bfor each MG The eigenvalues
marked with_ represent the sensitivitf those eigenvalugs theP andQ part of the power controller
of OO Figure5-10 (a) shows that agt is increased, eigenvalues moves towards the unstable
region making the MG1 more oscillatorynd leadng to instabilityat the endNote thatas thed is
increasedn MG2 and MG3 the eigenvalues are still in a stable reg@s shown irFigure 5-10 (b)
andFigure5-10 (c), respectivelyFor MG4, as thé s increasedeigenvalues. move towards the
unstable regiorOn the other handompared to thé , the operating stability margin is less sensitive

to the¢ [112], as shown irfrigure5-11.
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Figure5-11 Eigenmalue spectrum of each microgrid as a functiog af (a) MG1, (b) MG2, (c) MG3, and (d)
MG4

Based on the results Figure5-10, the Sl is calculated according {6-1), as shownn Table5-3,
and & the microgrids are ranked according to the Sshibuld benoted that MG and MG3 are the
most stable microgrids in the systelforeover, the MGs with high SI adeemedhe hostMGs, as

will be discussed in the next chapt®n the other handi the threshold droop gain valu@s ) for
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MG1 and MG}, eigenvalues enter the unstabdgion making the microgrid more oscillataryhis
leads tanstability in the end

Table5-3
STABILITY INDEX (SI)

Stability Index
MG # 1 2 3 4
SI(%)  85.2 100 100 57.9

The proposed algorithnensure that the microgrids wit defined boundaries amurvivable, sel
adequateandstable In addition thealgorithmdefinesthe operatingmargiral stability based on the Sl

To complete theictureof the proposed framework,ishpart explaindiow the franework will deal
with the faulted microgridife., the microgrid that has the fault within its bounie). The algorithm
presented in Bapter 3 locates the fault withirparticularzone. Theseones are defined based on the
optimal allocation of the PMUs. ®faulted zone will then be matched with the boundaries defined in
this chapte(i.e., SCPSJo identify the microgrid that aligs with the fault locatiofi.e., faulted MG)
Once the faulted miogrid is detectedt is isolated from the system. Then the exact fault location (i.e.,
faulted bus) within th faulted microgrid is detected, aftte healthypart of he microgrid is isolated

(i.e.,referred to as suMG) according taherestoration swvoutine

For the system under study, the fault was assumeewithin MG3, and the fault locating algorithm
was successfuh locatingthe faulted bus (i.ebus 29). The corresponding status of liealthflag
determines all the healthmicrogrids in the systemFor instance, Od"@ p, "O0'@D o}
"Oa'@ M, and Oa"@D p corresponds to a fault in MGAccording to the prelefined operating
marginal stability, the MG agents ensure that all the healthy and seigl@bourmicrogridsremain
intact andthat only the faulted microgrid is isolated from the syster® shown irFigure 5-12 (a).
Moreover, aly the faulted part within the faulted microgrid is isolabased on the restoration sub
routing and a new subG (e.g., suBMG3) is createdipstream to the faulted hussshown inFigure
5-12 (b). Becauseno DGs areinstalled downstrearfrom the faulted busall the buses downstream
from the faulted bus are included in the faulted pRytisolating the voltagsag origin from theest

of the systemthevoltagesag mitigation is accomplished
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Figure5-12 Postfault layout of system under study
In the end, lte survivablesubMG3 (i.e., Stable and seddequate)should have the ability to
seamlesslyreconnectto the neighboung healthy microgridsor enhancing supply cdinuity and

systemstability, as will be shown in the next chapter.
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5.5 Conclusion

This chapter proposedvaltagesag mitigation framework based molating thevoltagesagorigin
via the intentional partitioning of the system. In order to ensure the shititivaof the created
microgrids,stability constrained partitioning schemes developed based asnall-signal stability
study. This network partitioning techniqgue (i.e., SCPS) is the&tfotechnique introduckin this work
anddiffers from the otherdgchniques introduced in Chapter 3 and Chaftén investigation of self
adequate microgrid eigenvaluegas usedto constructthese survivable microgrids Through a
sensitivity analysis of active and reactive power droop gains, a novel marginal siabgitywas
definedfor each MG This indexwas thenused tadefine the stability margin for each MG and identify
the host MG irthe case of reconnectiaaf two neighbouing MGs, as will be discussed in detail in the
next chapterThe effectiveness of theqposed framework was illustrated via several casties The
case stuigs show thatthe partitioning of the system into survivable salequate microgrids during
prolonged sags can isolate the voltagg originand enhance supply continuifijhus, by solating the
voltagesag origin from the rest dfie system, voltageag mitigation is accomplishetio complement
the voltagesag mitigation framewaork's objectiva recovery algorithm for pesbltagesag mitigation
is proposed in the next chapter.

The objectiveof this recovery algorithnis to reconnet all the healthy pas of the systemogether
to improve the stability and reliability of the systerowever, thereconnectionmust follow a
resynchronizatioprocess, whiclis developed in the next chapt
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Chapter 6
Recovery Algor-Vaoalhtm&der MiPtoisgat i on

6.1 Introduction

One critical featurgéhatmicrogrids bring to distribution systems is resilieacel sehealing.The
resilience depends dhe microgrid ability to island from the main grid undeertain conditions and
formulatea survivablegrid that suppies its own load Thesemicrogridsshould have the ability to
seamlesslyeconnecto neighboursavhen possible if this would result in a network witlenhancd
stability. To facilitate tle implementationof the proposed recovery algorithensmooth reconnection
algorithm is developed to allow for the reconnectiotvas neighboumicrogrids This reconnection
algorithm represents &ey featurethat should be aopted by the microgridl <ontrol scleme.
Furthermore it should bemandatedhat the microgridsbe synchronizé prior to reconnectionThe

conditions for synchronization atiee same voltage magnitudiequency, and phasagle.

The objective of this chapter is introducea recovery algathm for postvoltagesag mitigation.
The algorithm is based oproposing areconnectioralgorithm for islandedmicrogrids constructed
according to thetability constrained portioning schemesentedn Chapter 5The structure othis
chapter is preseedias follows Details an thebasics for microgrid reconnectiaine presented gection
6.2. The formulation of the reconnection technique is presentsettion 6.3. Finally, a case study is
performed insection 6.4 to evaluate ¢heffectiveness of thproposed recovery algorithm for pest

voltagesag mitigation.

6.2 Basics for Microgrid Reconnection

In this section, the reconnection technitgiustrated assuming the reconnection of two neighbour
microgrids.Figure6-1 shows a schematic layout of two microgrids with multiple DGs and loads. The
host micogrid (e.g.,0 "O) is connected tits neighboumicrogrid(e.g.,0 "O) througha static switch
or a circuit breakerThe synchronization check relay rams the terminal busvoltage of both
microgrids and calculates the information of the reconnection require(hents” ,& and— ).

The relaythensends this information to the DER controli@initiate the reconnectiqrrocess between
the two microgridsas will be discussed laterh@ operating state of the microgrid is determined by
that static switchWhen the static switch operieg MG is disconnectedrom the host microgrid, and

oncethe switch closes, the two magrids are reconnected.
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There are several events that usually trigger microgrid islanduay as scheduled maintenance,
blackouts and disturbance®uring islanded mode, thdG operategparallel with the main grid and
suppats theMG6 s | 0 a d s ERs.PBecdusetheawltagé® and frequency will fluctuate due to
differences between supply and demarsginchroniation between microgrids arttiemain grid is lost.

Once the everntasses and norrheonditionsarerestoredthe microgrid will attempto reconnet with

the host microgrid via the static switch. If voltages on both terminal buses of the two michageds

a similar frequency, voltage magnitude, and phase angle at the instant of reconnection, a smooth
reconnectin proces®ccurs Otherwise severeconsequences magsult such as system oscillation,
overvoltage, equipment damage, axdessivanrush currentFor examplea synchronous machine's

shaftmay break due ttheexcessive torsional effort from oscillation and transient p¢&s].

The wltage difference betwedheterminal buses of the two microgrids directly affgbie wltage

across thetatic switch (SS)as shown ifrigure6-1, and can be calculated as follows:

@ WS WS CWSAT © (6-1)

wherew andw are the voltage magnitude t@rminatbus A andterminatbus B, respectively, and

— is the corresponding phase angle difference.

Generally voltage magnitude at the terminal bus of the microfgid.,0 "O should be regulated to
match the terminal bus voltage of the host mid¢e.g.,0 "O. In this way thew s typically
determinecby —  at the instant of reconnectioBased or(6-1), if the twoterminal buses voltages

areentirely out of phasenaximum vdtage across the static switch is expected to egah8
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Figure6-1 Schematic layout of two microgrids in typical distribution system
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According to the IEEE 1547 standdfd 7], the reconnectiorof two neighbours MGeust follow
strict requirementssuch as frequency difference, voltage magnitude difference, and phase angle
difference, adllustratedin Table6-1.

Table6-1
MICROGRID RECONNECTIONREQUIREMENTS[117]

Average capacityfo Voltage magnitude  Phase angle diff.

Frequency diff. (Hz)

DERs(KVA) diff. (%) (degree)
0-500 0.3 10 20
500- 1500 0.2 5 15
1500- 10000 0.1 3 10

As noted inTable6-1, the highettheaverageaatingof DERs,thelowerthe tolerancedor example,
the difference in frequency tolerance drops fromHz2o 0.1 Hzas the average DER ratiecbanges
from 05 ~ 15 MVA to 1.5 ~ 10 MVA.Figure6-2 shows the toleranceer an MG with anaverage
DER ratingof 1.5 ~ 10 MVA.

Figure6-2 Requirements for microgrid reconnection
6.3 Proposed Reconnection Technique

ThissectionpresentsaMG reconnectiotechriquethatutilizesthe exisingd 1 andd  @droop

controls and theirestoratiorcontrols for altheDERSs in the system. T$technquemodifiestheDERs 6
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operatngfrequencies and phase angbgshe frequency restoration of the 1 droop control anthe

DERs éutput voltagenagnituds by the voltage restoration 6f @ droop control.

Figure6-3 shows thestages of the reconnection technique, along with the control sigisadan be
seen, lhiere are two main stages during the islaihdede of operation for the microgritieinitial stage
andthetransition stageThe initial stage starts once the voltesga origin is isolated and the SCPS is
forced on the systefne.,0 o T aui), as discussed in Chapteetime window of tleinitial
stage igdeterminedased on the time needfthe microgrid to reach a new steastate of operation.
Thetransition stage is thanitiated to start the reconnectitechnique for reconnectinggtmicrogrid
with the host micrgrid. Once the reconnection techn&achievethereconnectiomequirementsthe
synchronization check relaends a signal to close the SS.

Islanded mode MG-connected

«— Initial Stage —»«—————— Transition Stage ———» mode

»
»

restoration adjustment tracking

(FR=1] (vAa=1] PT=1

Re- 1]
starts

Figure6-3 Operation modes duringconnection process

[Normal Operation} [ Frequency } [ Voltage magnitude } [ Phase angle } [NSW Op eration ] time

The detailed control bloaliagramfor each DER irthe proposed reconnectitethniquds preented
in Figure 6-4. The controllerhasthree main partshe frequency restoration controller, the voltage
magnitude adjustment controller, and the phase angle tracking contvbdiezover, there are three
main inputs to the controller denoted as; the host MG frequency, @ , and— . Once the
transition stage is finishe&nd all the reconnection requirements are feadisa synchronization
checlersendg a signal to close the SBhis reconnectiotechniqueaddresssthe reconnectioprocess
of two microgrids withdroopcontrolled DERs. The proposed method regulate$)taed0 output
powers of the DERs to achieve the reconnedintpetwo microgrids.The details about the proposed

reconnectioiechniquewill be explained in the following sections.
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6.3.1 Frequency Restoration and Phase Angle Tracking

A block diagramfor the frequency restoration technique of the 1 droop control is shown in
Figure6-5. For the islanded mode of operation, the nominal frequencis set atg“ 8Q 1
Once the frequency restoration is commahdeb y t he MGG 67s draog emtrol is redefined

as:

T 17 a Y0 4o (6-2)

Frequency Restoration

.

Phase Angle Tracking P mp

Figure6-5 Frequency restoration and phase angle tracking controller
whereY0 is the output ofhe phase ang tracking control blockThe three operating scenarios for the

0 1 control ardllustrated inTable6-2.
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Table6-2
OPERATING SCENARIOS FOR THE) ] CONTROL

z

Scenaio 1 N

Normal operation ¢“"Q zero

Frequency restoratiol ] zero
Phase angle tracking 1 YO 0 — 0o —

As in Figure 6-6, the MG operatig frequency is restored to the host MG frequency basekeon

orange droop linewvhile the DER produces the same active power.

w? Droop line of islanded mode
After frequency restoration
After phase angle tracking

2T from T—_"7""7"° ==

1 >
R, +I AP P, P
Figure6-6 Proposed shiftingf droop-control for frequency restoration antigse angle tracking
For phase angle trackingDa‘€ntroller is used to regulate the phase angle difference, and the
output Y0 shifts the operting frequency to nullify the phase angle difference between the two
microgrids This modificaion changes the operating frequency and phase anthte BFER6s out put
voltage.In the end, tk PI controller settles into a zero , which means thahe twoterminal bus

voltages are synchronized in both frequency and phase angle.

Once the fequencyeference valuis modified, the DER will adjust its output so thaits frequency
canfollow the newreference valudt should be ntedthat the adjustment of thereference valués
in proportion to the active power capability of the DERina&-3). Thus, the same frequency change

is sensed for all the DERas follows:

« 0 ab E &b (6-3)
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6.3.2 Voltage Magnitude Adjustment

The block diagram of the voltage magnitude adjustment controller af thed droop control is
shown inFigure6-7. Once the volta magni t ude adj ustment i,shecommande

0  @droop control is redefined as:
w o &€Y0 ¢£0 (6-4)

|

Q¢ g

where Y0 comes from thecontrol block of thevoltage magnitude adjustmerfthe two operating

scenarios for thé @ control are shown iffable6-3.

Table6-3 _
OPERATING SCENARIOS FOR THE) @ CONTROL
Scenario W y1i
Normal operation @ Zero
Voltage Magnitude Adjustmen @ Yo 0 o 0 W

As illustrated irFigure6-8, a0 "Gontroller is used to regulate the voltage magnitude differ@nce,
and the outpuY0 shifts the operating point Thi s shi ft |l eads the DERs® o
towards the magnitude adjustmentof equals to zerovhich meanghat bothof theterminal bus

voltages are synchronized in voltage magnitudes.worth mentioninghat all of the DERs usehe
samed "Gontroller parameters in their controlterachieveproportional active/reactive powsharing

during the transion stage.
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Droop line of islanded mode
After voltage magnitude adjustment
-_——-— Limits of voltage difference

Viom — nqAQ AQ
Vn.am 7
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| |
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Figure6-8 Proposed shifting droepontrol for voltaganagnitude adjustment
Once the voltageeference valués modified, the DER will adjust it§ output so that tht1G 6 s
terminal voltagecantrack the newreference valueThe adjustment of thd reference valués in

proportion to theeactive power capability of the DER, as(615):
g0 &0 E &0 (6-5)

6.4 Case Study

In this section, the proposed recovery algorithntassidered for the survivable selfiequate
microgrids,based orthe stability constrained partitioning scheme from Chapt@hBse microgrids
should have the ability to seamlessly reconnect when necessary.thidygsy oposed al gor i
objective is to ensure that the reconnection technique of two neighbeatthyMGs can neet the

reconnection requirementssaction 6.2.

6.4.1 System Under Study

A modified threephase balanced 12.6& IEEE 33bus distribution network with DERs at some
candidate buses isonsideredto ensurethe proposed mitigation framework's effectivene3se
topology of the network with candidate DER locatisshown irFigure6-9. The specific parameters
for the DERs are listed ihable6-4. These DERs are controlled to shareabtveand reactive powers

in theirrespectiveM Gs.
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Figure6-9 Topology of system under study

Table6-4
CAPACITY AND LOCATION OFDERS

N19 N20 N21 N22

DER MG# Location Unit Capacity kVA) Marginal Stability from Sl

RES 1 2 600 ™iu b & T@ob
RES 2 3 800 m8tu b & p P
RES 2 25 400 m8tu b & p P
RES 3 6 600 8tu b pb
RES 3 8 400 m8tu b & p b
RES 3 10 800 ™iu b & pb
RES 3 28 600 m8tu b & p b
RES 4 17 600 ™o b a ™ P

6.4.2 Reconnection Operation of Survivable MGs

According to the SCPS forced on the system in Chapter 5, all the healthy MGs are recomsected b
on the MG reconnectiotredhniqueproposed irsection6.3. In this study, thgeographical location of
thevoltagesag origin(i.e., fault)is detected witim MG3. Therefore, the MAS will take control action
to isolatethevoltagesag origin(e.g.,faulted parj from the system, as shownkigure6-10. The MAS
then tas the objective to reconnect sMiis3 and MG4 with the healthy part of the systerhe
requirementge.g.,frequency difference, voltage magnitude difference, and phase affigterttg for

the reconnection process of the case studypresented ifiable6-5.

Table6-5
MICROGRID RECONNECTIONREQUIREMENTS
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The average . .
capacity of DERs  Frequency diff. (Hz) Voltage magnitude  Phase agie diff.

(KVA) diff. (V) (degree)
2400 0.1 219 10
MG1& DER unit

MG 2 N23 N24 N25

[] CB
Sub-MG 3 Faulted part

Al MG Agent

N26 N27 N28 N129 N‘i‘70 N31 Ni§2 Ni§3
a \ Fault
K | | | |

MG4

Ni2 N13 NI14 NIS NI16 NI17 NI18

N19 N20 N21 N22

Figure6-10 Postfault layout of system under study

First,the proposed recovery algorithm's success and speed to achieseotivgection requirements
for subMG3 ar tested The parameters used in this case study are list€dhle 6-6. Initially, the
frequency of sMG3 reaches a steady staie595 Hz andthevoltage at bugl reaches a steady state
at o ¢ Y88 while thefrequency of MG1 and MG24.€.,host MG) is 59.761z and voltage at bu3
is aboutr@o 3. In this case study, the simulation tinseassumed tstartafter the SCPS is forced
on the system,tawvhich pointall the corresponding S%re openedo isolate the voltageag origin
Henced Tcorrespondtoo o Tdni (i.e., defined in Chapterds the instant of isolating the
voltagesag origin from the systeniThis steadystateis assumed to be reachatb p8ti. Then, he
transition stagestarts ab  p8ti in order to reconnect stMG3 with the host MGSimulation results

for reconnecting sulMG3 with the host MG are presentedRigure6-11 andFigure6-12.

Table6-6
RELATED PARAMETERS OFCONTROLLERS INSIMULATION RESULTS

Controllers Parameters

Phase angle tracking 0 v T RT o

Voltage magnitude adjustmen v -0.L0 pd
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Figure6-11 shows the frequency and voltage magnitudes aBlus., theterminal bus of théost
MG) and bus (i.e., theterminal bus of theubMG3), respectivelyAccording to the SCPi& Chapter
5, the survivability of sWMG3 is ensuredDue to the droop control operationfraquency difference
exist between the two MG§ hereforethe frequency restorationiisitiated by the MASato  p8i .

As the frequency restoration is achedy subMG3 frequency is restodeclose to the host frequency.
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Figure6-11 Frequency and voltage on both sideS8f
As shown inFigure 6-12, the phase angle fferencedoesnot varyand tke voltage magnitude

adjustment is activated by the MAS@t p®i. The voltage magnitude at bdghusincreases to
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match the hostoltage magnitude at bt&s Ato ¢8ti, the MAS begins the phase angle trackifig.
this pont, the subMG3 operating frequency starts to speed up in order to match tevoliage phase
angle with the host voltage phase angle at-Zu@/hen the trandion stage is completedhe
synchronization checkesendsa signal to close the SS, atiek twvo MGs are allowed to reconnect at
0 ¢® O Theproposedeconnectiormethodverifies that the operation of droop control DERs can be

transferredrom islanded node to reconnect mode smoothly.
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Figure6-12 Voltage and phase angle diffeoenacros§S
In the next phase, the proposed recovery algorithmtseesa@nd speed to achieve theormection

requirements for MG4 are testems shown irFigure 6-13. This phasestartsafter the reconnection
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phase between the host MG and 93 is successfully accomplisheahd the new host MG (i.e.,
MG1, MG2, andsub-MG3) reaches a new steadtate According to the SCPS, the survivability of
MG4 is constrainedby the threshold droop gain valgee., & @ B. Therefore, the DSO must

choose the initial operating droop gain value to be within the stability mafriyitc4, based offable
6-4.

The sameparameterdisted in Table 6-6 areused in thisphase Initially, the frequency of M@
reaches a steady state5975 Hz andthevoltage at bud 2 reaches a steady staten®o )88 while
the frequency othe new host MAs 5989 Hz andthe voltage at bud1 is aboutr@o @)&. The
transition stage starts@at p8ti . Simulation results for reconnecting M@ith thenewhost MG are
presented ifrigure6-14 andFigure6-15. Whenthe transitio stage is completed, the synchronization
checker sends a signal to close the SS, and the two MGs are allowed to reconeaaa©
According to the results ifrigure 6-14, the reconnection technique succeed®ednaintaining the
survivability of MG4 and operated within the stability margiigure 6-16 shows that all three

operating points (i.e., A, B, and C) are located within the stability region of operation.

Thesyndronization algorithm's effectiveneass proven byeconnectindgoth subMG3 and MG4
to the healthy part of the system. Thus, all the survivable microgrids were successfully returned to
synchronization and connected together to formsameivablemicrogiid. After the voltagesag event

is finished, the syem starts another reconnection process with the main grietuonto normal

operation.
DER unit
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[] CB
Faulted part
Host A MG Agent
MG N26 N27 N28 N29 N30 N31 N32 N33
\ Fault
MG4
N1 Ni10 Ni11 N12 NI13 N14 NI15 NI16 N17 NiI8
—GD.U ...... c|| Dhesennnns O
A @

N19 N20 N21 N22
1 | |
| D

Figure6-13 Second stage layout of system under study
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Figure6-15 Voltage and phase angle difference ac®&Ss
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Figure6-16 Stable region of operation for MG4
6.5 Conclusion

A recovery algorithm for postoltagesag mitigationwas proposed based on developed
reconnectionalgorithm for neighbouing microgrids with multiple droofpased DERs. Using the
reconnectiontechnique all DERs atcooperativey to regulatehe microgrid's frequency and voltage
in order toclosely track those of the host microgrithe hostmicrogridis the more stablene,based
on the stability index defined i@hapter5. The microgrid's resilienceés enhanced by the proposed
reconnection methoaliminatingthe possibility of oubf-phase reclosing. A fast and deterministic
reconnection process is achieveyl relying on PMUmeasurement$or frequency and phase angle
tracking. Moreover, all theystem's healthy partsre connectedtogether whileisolated from the
voltagesag origin.The effectiveness of tlreconnectioralgorithm was proven bseveratase tudies,
andthe microgrids were successfulhgstoredo synchronization and connected together to form one

survivablemicrogrid.
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