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Sommario

Le attivita di disseminazione condotte nell’ambito della LA1.11 sono state preparatorie rispetto ad eventi e
articoli pubblicati nel corso della terza annualita. Piu nello specifico, si sono intraprese sia azioni volte a
disseminare i risultati del progetto verso una platea piu ampia che non comprendesse solo la comunita
scientifica (azioni di comunicazione), sia azioni che consentissero una divulgazione pil specialistica rivolta
alla comunita scientifica (azioni di divulgazione scientifica). In relazione alle prime, si & proceduto ad
organizzare un ciclo di seminari tematici in collaborazione con il progetto ESPA dell’ENEA e si € provveduto a
selezionare eventi sul tema di interesse del progetto 2.7. In merito alla divulgazione scientifica si & intrapresa
I’organizzazione di una special session nell’ambito della conferenza internazionale EEEIC 2021. In parallelo, i
diversi partner di progetto hanno avviato la fase di redazione degli articoli di disseminazione scientifica. In
sintesi, le attivita condotte hanno riguardato:

e Organizzazione della special session “Reliability and energy efficiency issues in DC and hybrid AC/DC
microgrids” nell’ambito della Conferenza Internazionale EEEIC 2021 on Environment and Electrical
Engineering.

e Organizzazione di un ciclo di 4 seminari tecnici sul tema dell’affidabilita delle reti elettriche ibride
AC/DC.

e Preparazione di 7 articoli scientifici da sottomettere alla special session “Reliability and energy
efficiency issues in DC and hybrid AC/DC microgrids” nell’ambito della Conferenza Internazionale
EEEIC 2021 on Environment and Electrical Engineering.

1 Organizzazione Ciclo di Seminari

Nell’ambito delle attivita della LA1.11, e stato organizzato un ciclo di seminari di tipo divulgativo da erogare
nel corso del Il SAL. Le attivita di tipo organizzativo condotte sono di seguito sintetizzate.

Data la natura divulgativa dell’evento e la necessita di coinvolgere una platea piu ampia della sola comunita
scientifica, il ciclo di seminari & stato organizzato in collaborazione con il progetto ES-PA! (Energia e
Sostenibilita per la Pubblica Amministrazione) e di concerto con I'Ufficio Comunicazione dell’lENEA. Il ciclo di
seminari e stato pianificato su quattro giornate con interventi tecnico scientifici relativi ad entrambi i progetti
e con focus specifico sulle tematiche delle Smart Grid e delle Fonti Rinnovabili (progetto ES-PA) e
dell’affidabilita delle reti ibride MT/BT per la divulgazione del progetto 2.7 di Ricerca di Sistema. In relazione
al progetto 2.7, di concerto con le universita, si € pianificato di far intervenire un diverso partner per ciascuna
giornata cosi da illustrare le attivita condotte e i risultati ottenuti in relazione alle specifiche LA. Alla luce di
tale decisione, sono stati fissati temi, relatori e date degli interventi e costruite le locandine riportate di
seguito. Per I'erogazione dei seminari si & deciso di procedere utilizzando la “modalita webinar” per le
problematiche connesse alla pandemia e di rendere altresi disponibili le registrazioni dei video via YouTube
sul canale dell’ENEA. Successivamente, sono stati fissati i canali di promozione del ciclo di seminari e le date
(aprile — settembre 2021) in cui attivare le azioni di invito alla partecipazione. Al fine di coinvolgere il maggior
numero di partecipanti dai diversi settori, si & deciso di utilizzare i seguenti canali di promozione: sito
istituzionale ENEA, canale YouTube ENEA Eventi, newsletter ENEAinform@, sito Progetto ES-PA (per il
coinvolgimento degli addetti delle Pubbliche Amministrazioni) e account ENEA sulla piattaforma online
LinkedIn.

Le locandine predisposte sono di seguito riportate.

L https://www.espa.enea.it/
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LE SMART GRID PER UN FUTURO PIU' GREEN

21 aprile 2021
14.00 - 16:00

It Programma Oparativo Nazionale Governance 8 Capacta istituzionake @ 4 principale .
strumento della poltica di coesiane 2014-2020 dell'Unione europea per auare le procks F ENEREIA £ SISTENBILITA
siralegiche in matena di ratforzamento ¢ nnavazicne deffa Pubblca Ammnsirazione In p FEA

quesTomca & Programma ha finanziato # Progetto SSTENEA *Energia @ Sostenibfitd per |

Nelfambito del Progetio, Il Technology Bried sulle Smant Giid, peedisposto ca ENEA, formisce una pancramica delle
carattenstiche 1acnichs & dello stato di svluppo Bcnologco debk smart gnd in ambilo nazionals @ memazionale, ponendo
particolare attencione ake soluzicni 1ecnologiche innovative a supporto di retl enarpatiche inteligent chea consentana
una maggiors imegrazions di fanti rinnovabil preservando i3, sicurezza ed atfidabina,

n colbboramone ton’
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WAELETTRICO

PROGRAMMA

14.00 Saluto di benvenuto e apertura del lavorl
« Viviana Cigolotti ENEA

14.10 11 Progetto ES-PA per le Pubbliche Amministrazioni locali
= Viviana Cigolotti ENEA

14.30 Technology Brief sulle Sman Grid
+ Maria Valentl, ENEA

15.00 Le problematiche di affidabilita nelle reti ibride di distribuzione
+ Giovanna Adinolfi, ENEA

1530 Question Time
16.00 Conclusioni

Figura 1 —Locandina primo seminario 2021
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TECNOLOGIE PER L'EFFICIENTAMENTO
E LA GESTIONE OTTIMIZZATA
DELLE RETI ENERGETICHE INTEGRATE

Venerdi 4 giugno 2021 | ore 10.00-11.30

Il Programma Operativo Nazionale Governance e Capacita
F ENERGIA £ SOSTENIBILITA  Istituzionale é il principale strumento della politica di coesione
p PERLA 2014-2020 dell'Unione europea per attuare le priorita
PUBBLICA AMMINISTRAZIONE  strategiche in materia di rafforzamento e innovazione della
Pubblica Amministrazione. In quest'ottica il Programma ha
finanziato il Progetto dell’'ENEA “Energia e Sostenibilita per la P.A.” (ES-PA), che mira ad un
rafforzamento delle competenze dei pubblici amministratori sui temi energetici e della
sostenibilita.
Nell’ambito del Progetto, il Technology Brief sulle tecnologie energetiche per I'efficientamento e
la gestione ottimizzata delle reti energetiche integrate, predisposto da ENEA, fornisce una
panoramica delle caratteristiche principali delle reti energetiche integrate con una rassegna
critica delle tecnologie piu significative per l'efficientamento e la gestione ottimizzata di tali
sistemi in presenza di poligenerazione distribuita da fonte rinnovabile e non, e sistemi di
accumulo elettrico e termico.
1l presente documento si colloca nell’ambito dell’Attivita 1.6.2 del Progetto ESPA che si pone
come obiettivo il miglioramento della pianificazione energetica regionale nel settore della
produzione da fonte rinnovabile e delle reti energetiche.

in collaborazione con:
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PROGRAMMA

10.00 SALUTO DI BENVENUTO E APERTURA DEI LAVORI
Marialaura Di Somma, ENEA

10.10 TECNOLOGIE PER L'EFFICIENTAMENTO E LA GESTIONE OTTIMIZZATA DELLE RETI
ENERGETICHE INTEGRATE
Marialaura Di Somma, ENEA

10.40  SCENARI ENERGETICI ED EVOLUZIONE DELLE RETI ELETTRICHE DI
DISTRIBUZIONE
Salvatore Favuzza e Gaetano Zizzo, Universita degli Studi di Palermo
11.10 QUESTION TIME

11.30 CONCLUSIONI

Figura 2 Locandina secondo seminario 2021
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STRUMENTI DI ANALISI ECONOMICO/AMBIENTALE
DELLE STRATEGIE DI GESTIONE
DI RETI ENERGETICHE INTEGRATE

i

Venerdi 25 giugno 2021 - ore 10.00-11.30

1l Programma Operativo Nazionale Governance e Capacita

F ENERGIA € SOSTENIBILITA  Istituzionale & il principale strumento della politica di coesione

PER LA 2014-2020 dell'Unione europea per attuare le priorita

PUBBLICA AMMINISTRAZIONE  strategiche in materia di rafforzamento e innovazione della

Pubblica Amministrazione. In quest’ottica il Programma ha

finanziato il Progetto del’'ENEA “Energia e Sostenibilitd per la P.A.” (ES-PA), che mira ad un
rafforzamento delle competenze dei pubblici amministratori sui temi energetici e della
sostenibilita.
Nell’ambito del Progetto, & stato realizzato da ENEA uno strumento di analisi
economico/ambientale delle strategie di gestione di reti/microreti energetiche caratterizzate
dalla presenza di impianti di poligenerazione distribuita e fonti rinnovabili elettriche e termiche,
che consente di determinare il costo energetico totale giornaliero e la quantita totale di
emissioni di CO2 giornaliere relative alle strategie di gestione adottate per il funzionamento
della rete/microrete energetica in esame. Tale strumento si rivolge alla Pubblica
Amministrazione allo scopo di migliorare la pianificazione energetica regionale nel settore della
produzione da fonte rinnovabile e delle reti energetiche, consentendo di effettuare una
valutazione tecnico-economica e ambientale delle diverse strategie/soluzioni adottabili
nell’ambito di reti/microreti energetiche.
Il presente documento si colloca nell’ambito dell’Attivita 1.6.3 del Progetto ES-PA, che si pone
come obiettivo il miglioramento della pianificazione energetica regionale nel settore della
produzione da fonte rinnovabile e delle reti energetiche.

PROGRAMMA

10.00 SALUTO DI BENVENUTO E APERTURA DEI LAVORI
Marialaura Di Somma, ENEA

10.10 STRUMENTI DI ANALISI ECONOMICO/AMBIENTALE DELLE STRATEGIE DI
GESTIONE DI RETI ENERGETICHE INTEGRATE
Marialaura Di Somma, ENEA

10.40 LOGICHE DI GESTIONE ENERGETICA DI UNA RETE IBRIDA PROPRIETARIA PER
L'ALIMENTAZIONE DI SISTEMI DI MOBILITA
Giovanni Lutzemberger, Universita di Pisa

11.10 QUESTION TIME

11.30 CONCLUSIONI

In collaborazione con:

7.5 RICERCA

SISTEMAELETTRICO

Figura 3 Locandina terzo seminario 2021
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IL RUOLO DELLE RETI IN CORRENTE CONTINUA E SMART
NEI FUTURI SCENARI ENERGETICI

Lunedi 27 settembre 2021 - ore 10.00-11.30

Il Programma Operativo Nazionale Governance e Capacith

F EXERGIA £ SISTENIBILITA  Istituzionale & || principale strumento della politica di coesione

p L 2014-2020 dell'Unione europea per attuare e prionta

PIEELCA MUNGTRADBE  sirategiche in materia di rafforzamento e innovazione della

Pubblica Amministrazione, In questottica il Progeamma ha

finanziato # Progetto dell'ENEA “Energia e Sostenibilita per la P.AL" (ES-PA), che mira ad un

rafforzamento delle competenze dei pubblic ammimstratorl sul teml energetici e della

sostenidilita,

Nell'ambito del Progetto, | Technology Bref sulle Linee guida sul quadro regolatorio ¢

normativo delle Smart Gnd, predisposto da ENEA, fornisce una panoramica sul quadro

regolatorio ¢ normativo e sullo stato & sviluppo tecnologico delle smart grid in ambito

nazionale & intéemazionale, ponéndo particolare atteénzione alle soludon| tecnologiche

Innavative smart a supporto di retl energetiche Intelligent! che consentano una maggiore
Iintegrazone di fonti rinnovabili preservando disponibilith, sicurezza ed affidabiits.

PROGRAMMA

10,00 SALUTO DI BENVENUTO E APERTURA DEI LAVORI
Maria Valent!, ENEA

10.10 LINEE GUIDA SUL QUADRO REGOLATORIO E NORMATIVO DELLE SMART GRID
Salvatore Fabozzi, ENEA

10.40 I VANTAGGI DELLE RETI IN CORRENTE CONTINUA NELL'AMBITO DELLA
TRANSIZIONE ENERGETICA VERSO TECNOLOGIE SOSTENIBILY
Morris Brenna, Politecnico di Milano

11.10 QUESTION TIME

11.30  CONCLUSIONI

in collaborazione con:

Figura 4 Locandina quarto seminario 2021

2 Special session - Conferenza EEEIC 2021

In piena complementarita con I'azione divulgativa mirata a raggiungere un piu ampio target di stakeholder,
si & intrapresa un’azione di divulgazione mirata al raggiungimento della comunita scientifica da erogarsi nel
corso della terza annualita di progetto (SAL 2021). In tal senso, nel corso del SAL 2020, si € organizzata una
special session sul tema delle problematiche di affidabilita nelle reti elettriche DC e ibride AC/DC, ovvero con
focus sulla tematica specifica del progetto 2.7 allinterno della conferenza internazionale International
Conference on Environment and Electrical Engineering (EEEIC 2021). Nel corso del 2020, si &, quindi,
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proceduto a definire un abstract illustrativo della special session (obiettivi, titolo e topic ammessi) da
sottoporre, per 'approvazione, al Comitato Scientifico della conferenza. | dettagli relativi alla Special Session
sono di seguito riportati nella locandina dell’evento stesso.

SPECIAL SESSION

Reliability and energy efficiency issues in DC and hybrid AC/DC microgrids

ORGANIZED AND CHAIRED BY
Maria Valenti (ENEA, ltaly)

CONTACT EMAIL
maria.valenti@enea.it

OBJECTIVE AND TOPICS

Distribution grids are evolving including new technologies, ICT, power electronics and so on. In this transformation, two key factors
must only be taken into account: reliability and energy efficiency. New grid models must as reliable as the traditional ones or, if
possible, assure an higher level of security of supply. Moreover, they must provide efficient ways for exploiting the energy resources
connected to their nodes, such as renewables. energy storage systems and so on. These issues become more and more important if
we consider the possibility that whole portions of the utility distribution grid could become DC or hybrid AC/DC microgrids, creating
a new systems using components and devices whose reiiability is still not tested in the filed like those for traditional AC systems.

In this context, the special session accepts papers on the issue of reliability and energy efficiency in DC and hybrid AC/DC microgrids.
A non-exhaustive list of topics is reported below:

1. Reliability in LVDC and MVDC microgrids;

Reliability and energy efficiency in DC and hybrid AC/DC microgrids;

Case studies of microgrids with DC components and devices;

Future energy scenarios and their impact on DC technologies penetration in distribution grids;
Distributed DC resources;

Protection of DC and hybrid AC/DC microgrids;

Energy management systems for hybrid AC/DC microgrids.

. IR N 8N

Figura 5 Special session Conferenza EEIC 2021

3 Articoli di disseminazione scientifica

Nel corso del SAL 2020 si & proceduto a predisporre la stesura di sette articoli (3 ENEA, 2 Universita di
Palermo, 1 Universita di Pisa, 1 Universita di Milano) da sottomettere alla Special Session della conferenza
EEEIC 2021, la cui deadline di consegna del full paper (preliminary submission) era prevista per il primo
trimestre 2021. Di seguito si riportata I’elenco delle pubblicazioni dei 7 articoli redatti nel corso del SAL 2020,
di cui si allega anche copia conforme agli originali.
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Elenco Pubblicazioni redatte nel corso del SAL 2020

Atrigna M.; Adinolfi, G.; Ciavarella R.; Graditi, G.; Merola R.; Ricca, A.; Valenti, M. (2021). A novel Tool
for Hybrid AC/DC Grids Optimization and Reliability Assessment, 2021 IEEE International Conference
on Environment and Electrical Engineering and 2021 IEEE Industrial and Commercial Power Systems
Europe (EEEIC / I&CPS Europe), pp. 1-6, doi: 10.1109/EEEIC/ICPSEurope51590.2021.9584648.
Adinolfi G.; Ciavarella R.; Ricca A.; Merola A.; Valenti M.; Graditi, G. (2021). A reliability prediction
model for power transformers, 2021 IEEE International Conference on Environment and Electrical
Engineering and 2021 |IEEE Industrial and Commercial Power Systems Europe (EEEIC / I&CPS Europe),
pp. 1-4, doi: 10.1109/EEEIC/ICPSEurope51590.2021.9584596.

Sforza, G.; Adinolfi, G.; Atrigna, M.; Buonanno, A.; Ciavarella, R.; Merola, A.; Pascarella, F.; Ricca, A,;
Valenti, M.; Graditi, G. (2021). PowerLab: a flexible experimental architecture for smart microgrid
testing, 2021 IEEE International Conference on Environment and Electrical Engineering and 2021 IEEE
Industrial and Commercial Power Systems Europe (EEEIC / I&CPS Europe), pp. 1-6, doi:
10.1109/EEEIC/ICPSEurope51590.2021.9584644.

Universita di Palermo (UNIPA)

4)
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Simulation Analysis for Assessing the Reliability of AC/DC Hybrid Microgrids — Part I: Underground
Station and Car Parking, 2021 |EEE International Conference on Environment and Electrical
Engineering and 2021 IEEE Industrial and Commercial Power Systems Europe (EEEIC / I&CPS Europe),
pp. 1-6, doi: 10.1109/EEEIC/ICPSEurope51590.2021.9584826.

Boni, A.; Favuzza, S.; Ippolito, M.G.; Massaro, F.; Modari, S.; Musca, R.; Porgi, V.; Zizzo, G. (2021). A
Simulation Analysis for Assessing the Reliability of AC/DC Hybrid Microgrids — Part Il: Port Area and
Residential Area, 2021 IEEE International Conference on Environment and Electrical Engineering and
2021 IEEE Industrial and Commercial Power Systems Europe (EEEIC / I&CPS Europe), pp. 1-6, doi:
10.1109/EEEIC/ICPSEurope51590.2021.9584607.

Universita di Pisa (UNIPI)

6)

Fioriti D., Lutzemberger G., and Poli D. (2021). Development of an Energy Management System for
AC/DC hybrid networks: from abstract functional requirements to the flexible tool, 2021 IEEE
International Conference on Environment and Electrical Engineering and 2021 IEEE Industrial and
Commercial Power Systems  Europe (EEEIC / I&CPS  Europe), pp. 1-6, doi:
10.1109/EEEIC/ICPSEurope51590.2021.9584645.
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A novel Tool for Hybrid AC/DC Grids Optimization

A novel Tool for Hybrid AC/DC Grids Optimization and Reliability Assessment

and Reliability Assessment

Maure Atnigna Giovanna Adnolfi Roberto Cravarelln
ENEA ENEA ENEA
Depravimens of Energy Techmologies Dpxartovent of Enovgy Teckwologier Oepartavent of Exergy Technologies
and Remewabie Sources and Renewable Sources and Renewable Sourcex
00196 Rome, Iraly 10196 Rame, Haly 00196 Ranse, Taly
MOuro. ntrignalaene. it govasna adinol fif enea.it roberto.clavarellai@enea.it
Giorgso Gradits Angelo Merola Antanio Ricea
ENEA ENEA ENEA
Depuroment of Energy Technologies Deprartavent af Energy Teckmalogies Department of Energy Technalogies
wird Rewenatle Sources e Renowahle Sonrces aml Renewallp Sowrces
00196 Rome, lraly 00194 Rame, Haly 00196 Rame, Italy
iongio. graditi Eemea it anpelo merola@eme. it 1000 NCCRDENE. It
Mana Valenti
ENEA
Depornment of Energy Technologies
and Remewable Sources
00196 Rome, ltaly

maria valenti@enca.it

Abstract—The growing imterest towards the remewable
emergy sources remarks (he relovance of smart grid exploiting
in the electrical scenario. If kn ane hand smart grids introduces
new perspective in the global energy management, on the other
hand sach lapovative approach highlights the necessity to face
with several issues related to the hybrid networks. Among them,
the reliability of AC/DC kybrid grids is # erucial aspect for the
effective development of hybrid smart grid Studies om
reliability of hybrid grids are present in the lterature at
component bevel, while the reliability related to the integration
of smart grids in a traditional AC network is not exhaustively
discussed, The present work proposes o Refiability Assessment
Tool (RAT) nimed to the cvaluation of specific hybrid grid
configurations, as well as to manage contingency issues aimed (o
Improve the safety and sustaimability performances.

Keywords—hybrid grids, microgrids, retiability assevsment
fool, aptimizetion

LINTRODUCTION

Microgrids (MG) are key factors for enabling a paradigm
shift from large fossil fuel-fired power systems to localized
and distnbuted generation. The chance wo isolate MGs from
the larger distnbution grid makes power systems more
flexible, resibient and competitive and allows the integration
of higher share of volatle renewables [1], Ths far, AC MGs
have been the most used configuration, but AC-DC hybnd
MGs arc gaining interest due 1o the benefits provided by the
DC MGs {no synchronization need, reducing number of DC-
AC conversions, no  reactive power, ctc.). Therefore,
evaluating the reliability of AC-DC hybrid MGs is essential,
but atso a challenge due to the relative novelty of thw topec and
the limited number of models cusrently available to evaluate
the reliability of AC-DC hybnd MGs and their components
121,131

A microgrid is not characterized by o single technology,
bul it incorporates & wide number of generations, loads,

This rescarch was funded by the Research Fend for the Balian Electrcal
System wader the Contact “Accoedo di Programma 2019-2021
PTR_19.21_ENEA PRG_IO" between ENEA and the Ministry of
Eccaamis Developroent.

O78-1-6654-361 3-721/571 20 €22 | IEEE

interconnections between several devices and its control
systems [4]. In a complex project, it is pecessary to assure an
appropriste generation sizing m order to satisfy steady state
constraing, an appropriate conductors’ sizing to assure the
correct voltage levels, the validation of the controls supporting
actions to manage, and the validation of the peotectsons and
the simubations of abnarmal conditions [S]. A unified 100l is
not present amoeng the commercial techmnscal software, and the
design of micrognd is only possible by using different tools:
such approach 15 required because in the design phase severanl
simulations characterized by different nature and different
analytic base are employed. In addition, it is not usual that
used software relies to different degree of readiness, while a
wide number of simulations are necessary in the grid design
plsase. Therefore, despite a large number of 1ools are available
for the different simulation scenarios [6], a lack ol overall
technology is still peesent for the comprebensive microgrid
controls simalation devoted to the reliability assessment.

In this comexy, the project 2.7 “Models and wols 1o
increase energy efficiency in the cycle electricity generation-
trunsport- distribution’™- adms to study, design and develop
methodologies and tools for evalating and improving the
reliability of AC/DC distribution hybrid grids st Medium
Voltage (MV) and Low Voltage (LV) levels, This goal will be
achicved by designing and developing several research
products:

o relisbility assessment madels for evaluating, in
sumulation environment, relability inxdsces for hybnd
AC/DC (MV and LV) topologies, inchxling enabling
technologies for future encrgy scenarios;

*  control actions improving the reliability of AC/DC
hybeid MGs in both stationary and dynamic regimes;

*  energy management logics for AC/DC hybnd MGs;

*  power system prosection bogics and schemes for the
reliability improvement.

11
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All models are integruted and aggregated in & novel
Relinbility Assessment Tool (RAT) amming to evaluate the
rehability of specific grid configurations as well as to manage
their contingency issues for improving the safety and
suitability performances.

The tool 15 focused on AC/DC hybexd MGs at MV and LV
voltage levels and considers operation issues by introducing
controllers to solve them while impraving reliability,

By integrating several methods for the reliabality
evitlmation (at different levels) and management of grid
criticalitics, the RAT emerges an as useful wol i supporting
AC/DC hybﬂd MGs  development uhhzmg flexibility
potential coming from renewables and emerging technologics
such as storage systems, demand response and clectric
vehicles for contributing o the achicvement of the 2030 and
2040 EU energy and climate objectives.

1. DESCRIFTION

A, Overview

The proposed ool offers methodologies to analyse and
improve the relishlity of AC/DC hybnd networks, both in
medium voltage and low voltage, The core of the approach is
focused on the evaluation, in the simmlation enviroament, of
the reliability of hybrid network setup in which crucial
technologics for the ongeing energetic scenarios are included.
In details, the proposed toel is developed according to a
modular approach, thus emabling the evaluation of the
relability for specific network configurations, as well as the
apphcation of specific procedures aimed o the contingency
management and to the system performances improvement in
termns of safety and adequacy. In this sense, the proposed tool
emables facing management issues for the integration of
innovative MV/LV DC grids in the existing AC grids, thus
assuring an overall relinbility improvement for the network.
The proposed approach arouses further interest in a scenario
in which the peesence of distributed generation via renewables
and ebectrical vehicles recharge stations is more significant,

The evaluation of the reliability of the neswork, and its
components, is based on peculiar parameters for the network
frems, as well as on the operative data: this approach allows 10
carry on comparative reliability analyses of different opologic
solutions, thus enabling the definstion of novel pasadigms in
the context of intercannected hybnd network, The comparison
between relinbility indexes of the different configurations, in
& conceptunl point of view, defines a ranking of the proposed
topologies, providing relevant information for the future
development of electrical hybnd grids and for the speead of
innovative energetic scenarios, thus resulting in notlocable
positive drawbacks for the electrical system. In fact, the
possibility of dentifying of reliable configurations enables
sedecting the most performant solutions in terms of electrical
services continuity.

B. Configurations

From & practical point of view, the user can select 3
different analysis typologies:

Basic configurarions; It is possible to calculase the
reliability of a (hybrid) grnd through sclected reliability
indexes, and 10 evaluate the intesruption costs based on the
referenced time mterval. The tood will automstically samulate
contingency events for the selected grd architecture, applying
the relubility models for the involved grid components, Thus,

the overall grid configuration reliability will be evaluated, and
in addition the contingency solution actions will be simulated.

Advanced configurations on specific logics: actions
related to 3 specific logics are applicable by the tol:
protections, controls and energy management. By selecting a
specific logic, the tool will ensble 2 different configuration (on
the basis of the sclected logics, eg. considenng
supplementary profection devices if “protection” is selected,
or by managing controllable loads if “controls™ is selected),
thus  evaluating the reliability degree for the new
configuration. The comparison between the basic and the
advancad configuratsons will provide the effectiveness of the
proposed sctions, in terms of evaluation of system reliability
improvement.

Advanced configuration on multiple logics: Such
modality allows to simulaneously test twa or more
actonslogics. Also in this case, the user can understand the
effectivencss of the proposed action n terms of system
reliability improvement. In addition, such configuration will
also highlight the impact related o the interference between
the different control  stages, thus providing relevant
information about the advanages of applying on¢ or more
control actons to the innovative AC/DC hybrid networks.

O Structure

The proposed tool allows to opemate on pre-doaded
(workbench) or user-defined networks configurations for
reliability analysis. The workbench networks focus on typical
gnd representing a city arco and o port area, simulating
realistic configurations. For each workbench network five
scenarios could be selected, corresponding 10 the Italian
electrical distribution system referred 1o the year 2020, and 1o
ather 4 forecasted scenanos comespanding to the years 2030
and 2040, assuming an increasing of remewable energy
resources exploitation m o centralized of in a distnbuted
context.

Starting from a load flow analysis, it is possible to select
the amalysis target (economic or refiability), ©t is possible o
evaluate reliability indexes or iderruption costs. Morcover,
the wol s able to simulate reliability models for each grid
component, allowing the overall network reliability
evaluation in the selected grid configuration and simulating
solution actions. In particular, it is possible to simulate cach
acton for protection device. control and energy management,
thus validating the effectiveness of the proposed actions in
terms of system refiability improvement, as well as renewable
resource exploiting. The outcoming results will be accurately
documented, describing the operating conditions for ench
action and/or multiple control logics, nimed %o the reliability
performances for the selected grid

The Reliability Assessment Tool is developed in Python
Innguage, offering to the users @ user-friendly mserface from
which it is possible to access to all the functionalities, It
integrates the possibility to be interfaced with two of the maost
diffused software for the gnd  analysis:  DIgSilent
PowerFactory® and Neplani. In both cases, the user can
charge m the wol custom grids designed with the former
mentioned software.

For the integration with PowerFactory, the tool requires
that the simulation software shoubd be installed on the client
PC in order 10 exploit the interface between the tool and the
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software; the tool will communicate with the PowerFaclory in
background, thus the software interfoce should be off,

The insegration with Neplan is based on WebServices:
such festure does not require that the software shoald be:
mstalled on the client PC, smee it explosts remote licences
with the software house,

All the RAT functionalities refer to the analysis modes
embedded in the dedicated software (LoadFlow, EMS, RMS,
Relinbibity Analysis, efe.). or to dedicated Python scripts
devoted to custom analysis, protection devices simulation and
grid controls for performances optimization,

L TOOL FUNCTIONALITIES

A, First stage: analysis seloction

In the proposed tool, user con select 3 different analysis
criterions to be considered for the operations on the grid under
investigation, In particular, the choice is addressed between:

*  Grid elecirscal protecnon, in whach it is possible 10
define the optimal pratection suitable to the grd under
nvestigation, or n technical/economic analysis for a
protection system based on different types (eg,
clectromechanical, clectronic, cfc,).

s Reliability evaluation for the grd clements, through
madels based on experimental data or design standard
reférences.

¢ Grid relinbility optimization through the stnking of
tfechnical or cconomic goals, by describing the
existing system operation in terms of storage capacity,
electrical power feed duty, operation time, efc. This
stage includes advanced control  strategies  for
evaluatmg the optimal sec of resources {i.e., the grid
configuration) to avoxt grid ssues (e.g.. congestion)
whik: improving grid relablity,
After defined the desired function. the user in a flest stage
(Fig.1) can select the simulation functionality, the
performances indicatar, and the operating scenano,

B, Second stage: Network characterization

In u second stage (Fig 2), the user can seleot o grid in
which an cquivalent methodology is applicable: the equivalent

methodology allows simplifying some grid sub-parts, assuring
the interaction and flexibility features for the distrnibuted
resources; alternatively, the user can use o custom moded of an
clectrical grid, according %o the design construins necessary
for a full compatibiliry with the 1ool,

More in the detuil, the user can choose to mmport in the tool a
custom network  model  (generated  wath  DigSikent
PowerFuctory or Neplan based on the selected analysis type)
or can select one of the proposed benchmark networks. In the
lntter ¢ase, the user can choose 10 load a specific seenario: in
particular, the scenario 20240 is representative of & nowadays
electrical - situation in ltaly, Scemaries 2030 and 2040
represents a forecasted modification of energy consumption
und renewable generation penctration. In panticular, for both
vears, an enlargement of renewable production plants and

‘stornge systems was simulated, moreover it was simulated a

case in which renewable penctration is more relevant in 4
centralized production (CEN), and a case in which the
rencwable penetrution B more relevant in & distributed
production (DEC). Therefore § scenanos were selectable for
each benchmark networks: 20200 2030-CEN; 2030-DEC;
2040.CEN; 2040-DEC,

After sebected the network model to be investigased, the 1ol
wilk ask 1o the user 1o provide paramesers and time series based
ot the pre-defined analysis in order to totally characterize the
2rid under investigation, In particular, PVs and wind power
generators  size, enesgy storage cupacity, lines length,
convession unit size, etc, could be totally customized on the
basis of specific requirements of the tool's user, In addition,
time series for the loads” duty, or for the generation plants
productivity could be selected among a list of pre-set curves;
mareover, custom peofiles could be imported by users for cach
device, or for groups of them, At the end of this suge, the
network is totally configured, and the scenario is delived. thus
the network is ready lor the snalysis stage. [11s worth noting
that the network configuration and the defined scenario could
be exparted by the wser, thus allowing o fast reconfiguration
in future analyses,

wing sarmtinty onalyss

saparimmetyl dotn

Fig |, Tool functionalifios - first stape
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€. Third stage: simulation and results

Fmally, in the thind stage the ool will carry on the
simulation, responding  with the analyxis results. The
methodologies implemented in the proposed tool, described
through a dedicated compilation form in the carly stages,
allow to user the selection of the most suitable solution on the
basis of the identified operating function 10 be employed for
the investigated distribution grid and scenario,

The description anl grid compasition stages are designed
to guide users in order to select the most appropriate control
or protection, on the basis of the required goal for the grid
under investigation.  The simulstion  functionalitics are
scloctable among a list related 1o the use cases. KPI1 and
operative scesarios are enabled according to the admintible
combinations, on the basis of previously selected study cases:
cach study case requires a specific functionality simulation,

1} Provection and techno-economical assessment

In the case of the protection and techno-economical
assessment, the tool in carry out a load flow analysis through
the PowerFactory software, that provides a full frame of the
erd in the selected scenario. Once defined the grid model
status, the ol will run a custom routine ammed w define the
type, the number and the relay settng for the activated
protection. Finally, the tool will perform 2 cost assessment for
the proposed solution, in order to provide to the used a clear
overview of the protection impact on the grid under
investigation,

At the end of the analyss, the user can choice 1o esther
perfarm a relinbility analysis of the gnd, oc if the analysis is
terminated, In the laster case, o report file was generuted in
which the protection configuration and the economic analysis
are summanzed. In the other case, the Reliobility Evaluation
routine will be performed.

2i Reliability evaluation

Ins the reliability evaluation, the RAT wal will perform a
detailed analysis of the relability of each companent of the
grd under investigation, as well as of the network as a whole.
Based on the relinbility prediction methods reported on the
MIL-HDBK-217F (7] and FIDES 2019 {8] guides, the tool
invites the user 1o provide a serics of reliability parameters for
each clement in the network, on the basis of the refated
operating conditions. Alternatively, the user can sedect default

parameters for the components, accepting a reduced accuracy
of the downsiream evaluations.

Once charactenized the network under the reliability pont
of view, the tool will perform a LoadFlow analysis
the PowerFactory software. In addition, the ol will identify
all the protections in the network, that will be considered in
the relinbility analysis.

Once defined the operating conditions of the grid, the tool
will carry out the failure rate of each component, through the
evalvation of their stress factors at the selected o :
status. The appeoach for the evaluation of the failure rate of
the companents though the calculation of stress factors is
reported elsewhere [9]. Finally, the failure rate of the global
network, or of brunches of it (to be selected by the user
through a dedicated interface) will be camried out, and KPIs
parameters {mostly composed by reliability indexes) will be
stored m an output file.

3} Grid optimization

The grid optimization functionality aims to define a grid
analysis and a network reconfiguration in order o counter
failure events. thus improving the global reliability, or 10
achseve an economucal optimazation.

The failure events should be embedded in the gnd model
fike (10 be generated through Neplan software). If no failure
events are defined in the file, the ol will prompt to the user
a dedscated mterface for define the position and the nature of
the failure event. In the case the user will skip the fulure event
definition, the sub-routine inherent to the failure event
management will be skipped.

At the beginning of the routine, the twal will perform a
LoadFlow analysis through the Neplan software, to define the
operating conditions of the model. Then the tool checks
whether any failure event is occurring in the network (of
course, in the first run of the software, the failure cvent is
defined by the user). [fa failure event is detected, the sofiware
will start a sub-routme in which the control actions operate 10
solve the gnd failure and then to improve the network
releability. After each control actions stage, the RAT ool wall
repeat the LoadFlow analysis in ordes to check whether other
failure events are present in the network under investigation
(maybe generated, in & different section of the grid, by the
former control actions). The control actions will be repeated
until ony fuilure event is present in the network model: once
solved any failure event issue, the results of the control actions
and the reliability analysis results will be reported in a file.

Once concluded the failure event management, the user
can decide to operate an economical optimization of the grid
under investigation, in which renewable energy resources, and
the relative emergy storage systems, will be reconfigured in
order 10 maximize the RES exploiting. The EMS control will
operale on 4 defined time mnge, according to the Ume series
selected by the users in the early stage of the tool, Dedicated
dutasheet and time-diagrams will be provided at the end of the
EMS coatrol in order to show the control actions, and to
highlight the economical {or technical) advontages generated
by the tool.

IV,  CONCLUSIONS

This paper presents & brief descraption of the methodology
devised within the project 2.7 “Madels and tools to increase
energy etficiency in the cycle electricity generation-transport-
distribution™, aimed at facilitating and mmproving  power
system reliability and operation, with special focus on high-
RES penctration, a challenge for the future 2030+ power
networks. The methodology described in this paper will be
tramsformed into & Pythor-based wolbox interfacing with
DIgSILENT PowerFactory and Neplan in the simulation
phase in stages 2 and 3.

The three main stages of the tool allow the grid
optimization from a techno-economical point of view, the
protection sizing and choosing and the reliability evaluation
for hybnd AC/DC grids.

The proposed tool integrases assessment and optimization
features. The user can evaluate the reliability at system and
component Jevels, and mmprove it by acting on the grid
configuration {e.g.. resources redistnbution, islanding of
specific gnd areas, etc.) or by operating each component
according to conditions nsmed af improving its relinbility (e.g.,
by reducing over-temperature in operation). Furthermore, two

15
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additiomal features allow to identify and size the peatection
devices integrated inte the grid, and to perform the
energy’cconomic optimization of the system for maximizing
the renewable exploitation respectively,
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Abstraci— Power systems reliability assessment represests &
complex task due to large number of systems and subsystems
and for the significant number of different stresses affecting on
individunl components. Different models, metbods and metrics
can be used for electric and electromic systems in specific
applications. The aim of this paper consists In the development
of a reliability prediction models for power transformers in
hybrid AC/DC grids. Future energy scenario with bidirectional
power flows could stress transformers compoacents. The propose
approsch intemds (0 evaluate thermeo-mechanical, environment
and quality stress fuctors for each transformer subsystem with
particular attention (o ageing  phenomona, The overall
trunsformer rellabllity performances are caleulated o real
operating conditions characterizing 2034 scemarios.

Keywonds—power transformery, thermo-mechanical stress,

siyle, stress factors, failure ratwe
L. INTRODUCTION

Traditonal power systems were organized according 1o
unidirectional power flows from generators 10 users.
Nowadays the energy panxhgm s changing  toward
badirectional models including renewables sources [1] and
distribute stornge systems,

In this context. power systems operating conditions are
madified and usually grids systems and devices are subject 1o
stressful condiions that affecting thewr performance in the
short and long term,

This paper focuses the attention on power transformer in
hybeid AC/DC grids chamactenized by Low Voltage and
Medium Voltage DC microgrids able 1o inject power into the
main AC grid, In this specific application, a buge number of
interface converters must be employed with bidirectional,
overtonding and harmonics criticalitics impacting grid devices
performance,

The transtormer represents o crucial element for the
correct functionality of the clectnical system. The choice of a
specific type of transformer depends on many factors, among
which the most significant ore environmental conditions,
place of installation, fire hazard, thermal behaviour, poltution,
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maintenance, type of users 10 be powered, The most used
types of transformers are transformers with liquid diclectric
(minecral oil or silicone oil} and dry transformers with resin
insulation

Fuilure of the transformer can not only affect the
continuity of service of various users, but can also cause
extensive damage (oil Jeakage, explosions, fires), Therefore,
the definition of a model characterizing its reliability
performance i recent real operating contexts represents a
crucsal task [2-3].

In literature, a reliability model for Oil Natural Air Natural
(ONAN) vansformers s proposed in [4] according 1o a
Markov process representation. Transfoemer performances by
Markovian approschwes are also analysed in [S-7], while in (8]
a relizbility model is proposed and developed based on field
data, In this paper, an alternative approach is implemnented by
considering transformer main subsystems and  analysing
thermo-mechanical, environment and quality stress factors,
also including ageing phenomena impact, affecting the
relisbility. Based on this approach, a reliability prediction
model for power transformers is developed.

The paper is organized as follows: the first section
describes the power transfomers reliability prediction modet
and all functions, indexes and hypothesis considered for s
development; in the second section, the model is applied 10 &
case study constructed by supposing a MV/LV transformer
comnected to a 2030 grid. Finally, the main results are
summarnzed in the conclusions.

I, POWER TRANSFOMERS RELIABILTIY MODEL

The transtormer functioning mode is modelled by means
of the corresponding equivalent cireuit whose parameters are
caleulated starting from manufacture provided data,

Climatic umeseries (ambrent temperature data, relative
humidity, irradiation, wind speed of the sites installation) and
grid generation, loads and storage equipment profiles are
necessary input to study the transformer operating mode in
real conditions {Fig. 1),
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In detail, the main subsystems of a power transformer
consist of the windings, the core and the oil tank in ONAN
transformers, For the purposes of assessing relinbility, the
transformer i3 corsidered as a system consisting of the
connection between these three subsystems,

This is » series-type logical connection in the sense that it
1s enough for onc of the three subsystems to be in fauls
conditions to affect the functionality of the entire transformer.
The failure rate will therefore be determined by the following
formmla:

Aznan(€) = Auenamps (1) + Acore (8) + Agigracerec (D (1)

where:
® Muiep = windings failure mte;
07 Kives = core failure rate;
* dgoun ™ diclectric liquad failure rate;

In the proposed model each failure eale is cadculated
sccording 1o Eq.2 [9):

A(L) % Avvir antin) (T 4 T8 AT+ 1o D) (2)
where:
LI 2% is the thermos-mechanical stress factor:
LI is the environment factor;
. xXg is the quality factor;
¢ hcwws 85 1he failure rate due o aging phenomena

In this paragraph authors proceed with the assessment of the
stress fiactors affecting each subsystem of the transformer.
With reference o the windings. the thermo-mechanical
phenomenn affecting both the copper conductors and the
insulation are considered.

Input times series and manufscturer rating data allow the
calculation of the resistances of the windings on the primary
and secandary of the transformer i the different considered
operating conditions.

Then  oveniempernture  and, therefore, the  operating
temperature for each operating condition is calculated, The
inmovative aspect |8 represented by the ovenémperiture
estimations obtained considering not only trunsformes copper
losses but also nstallation operating conditions in terms of
temperature  and  irodiance.  The  identification of the
maximum operating temperature among <alculated ones and
the subsequent introduction of this valoe in the Norris-
Lundzherg (Eq3) model will allow to quantify the thermos-
mechanical stress factor for transformer windings.

1 e et T
)

Tarex <y

¢ Taw = Ambient Temperature (K)

® Nl oo = Cycles ma year {cyeles)

® et = Timme over a year (houssy

* ATy = Temperatire rmnge in a cycle (K)
®  Tony o = Max temperature in g cycle {(K)

In the implemented model winding conductor thermal data
are used o calculate insulating layer temperature amd the
consequent xs fctor.

In o similar manner thermo-mechanical stresses are evaluated
for transformes core and distectric Lguid.

The environmental stress m is  determined by the
envivanmental stressey - affecting the system of interest.
Similar to Military Handbook 217F. The types. of
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environment considered in the specific context of electricity
aruds are:
o Ground, G: a non-mobile environment, characterized
by uncontrolled temperature and humidity;

o Ground, Benign GB: it represeats @ non-mobile
cavironment, casily accessible for maintenance,
characterized by controlled temperature and humidity.

¢ Ground, Fixed GF: it represents o moderately
controlied environment with an adequate cooling
system and possible instaliation in unheated buiklings,

o Naval, Unsheltered NU: it represents the environment
in which surface naval equipment is placed,
unprotecied, exposed to weather conditions and
equipment immersed in salt water,

o Naval N: it represents an underwater enviroament,

In the rebability model, thwe =q factor provides an evaluation
of the quality level of a system/device that depends on how
the production process takes place. In fact, the products can
be manufsctured in a gualitatively differemt manner in
accordance with specifications and standards for wse in
military or commercial applications,

The wear of a system due to aging phepomena is considered
in the rehability model of each element by means of the
failuee rate ey s [t is determined on the basis of the results
of studics on the subject which have shown that the
experimental daty fit the Weibull distribution with scale
factor a and the form factor [3, as reported in Eq. 4.

Flit,af)=1- ,'(5)' t>0 4

The proposed relability model therefore allows to represent
each system or subsystem by means of the failure rate &
determined by the joint action of the stresses m (thermo-
mechanscal, environmental, efc.) comsidered and by the
deserioration due 1o aging of the compoenent and ! or system
of interest, as schematically reported in the following Eq. S,

Fatlures

A= Auear.ouc " SA T 105 howrs (5)

where x; is the i-th stress factor,

I A CASESTUDY

A case study represented by a MV/LV  transformer
connected to a 2030 grid is analysed by applying the described
prediction model,

The studied transformer is affected by two thermal
cycle/day with 90°C and 30°C maximum and minimum cyck:
tempemture values respectively.

Furthermore, 1t is suhjected w0 ageing phenomena
madelled by the above reported Weiball distribution
characterized by a scale factor of 3200000 houwrs and a shape
factor of 2,

The application of the proposed model provides the
cvaluation of affecting stressed (by = factors values) and
reliability indices,

In detadl, the transformer s mstalled in 8 non-maobile
environment, characterized by uncontrolled temperature and
humidity. It is manufactured with systern and subsystem
quality level according to TEC 60076-11,

In those conditions, the following x, factors and fatlure
rates are obtained.

e = 1.626 @

ﬂo =1 (8)

Awear oue = 3.2396- 107 I::: i
_a fuilure

iy = 27934 - 1974 (10)

The calculated fatlere rate demonstrates the system
reliability level due to achicved technology maturity,

This case study has also been analyzed to validate the
proposed reliahility prediction model which can be applied 10
different power systems components and to different energy
puradigms, The identification of reliability criticalitics in grids
and micro-grids coukd contribute to design, optimize and
control the power systems devices in order to assure service
continuity and overstressing conditions avoidance.

CONCLUSIONS
This paper propases o reliabality predictson model for
power transformers by considering windings, core and
diclectric liquid subsystems and estimating related affecting
stress factors,

In detail, thermo-mechanical, environment and quality
factors are calculnted to quantitatively estimate the whole
converter failure rate. Furthermore, ageing phenomena are
taken into account to an accurate reliability evaluation, A
transformer case stody s analysed to evaluate reliability
inlices and to validate the proposed prediction model.

Without Joss of genemlity, the reported reliability
prediczsion model can be applied o different power systems
components,
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Abstract—Interest in microgrids is advancing as they con-
tribute to local energy management while preserving the main
grid operation. However, their introduction poses problems of
rediability, particularly when remewable sources are presenl.
Therefore, devices and management systems need preliminary
tests in kab facilities wsing emulators before their deploymsent
om the field. This paper presents an architecture designed to
Iedp researchers test the envisloned management algorithms and
control technigues on » lab-scabe microgrid facility. On that
base, o profolype control system was implementod (o assess the
operution in close to real conditions of an advanced control legic
aiming at avoiding congestion issses. The physical architecture of
the microgrid wis easily adapted to the purpose. Results show
(hat the microgrid efectivedy acted as expected, loflowing the
commands dispatched by the control system.

This sesesech wis femded by the Rescsrch Fusd for S Julisn Electrical
System wder the Comtract Ag “Accondo & Prog 20082021
PTR_IY_21_ENEA_PRG_I0 berween ENEA und the Minisiry of Econcmic
Developaent.

VIR 1.6054.3013. 72183100 ©MI2Y [EEE

Index Terms—smart microgrid, resewables, oneegy emulators,
advanced control

I INTRODUCTION

A large electrification across all energy sectors s the key to
aclieve decarbonisation targets by 2050, but poses risks for the
secursty and reliability of power systems [1]. The isegration
of microgrds (MGs) allows the gain of the advantages of
electrification, while preserving correct working conditions
of the overall network, Cooperation mechanisms between a
vanety of iMemal resources, as well as control-communication
mechanisms towards the distribution grid, enable proper man-
agement of the MGs (2], [3], In this scenario, lab-hased
experimental grids are essential for testing devices and smart
management logics from the development 1o the prototypal
stage. PowerLab is an experimental MG installed at ENEA
Research Centre of Portici, based on a reconfigurable physical
grchitecture and on o software management system that s
scalable and open to embed new equipment. PowerLab MG
can work in “island mode™ or “connected™ with the mam grid.
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Furthermore, it inclodes DC (range 40 V - 1000 V) and AC
(range up to 300 V) levels, the MG can also be operated
i “hybrid AC/DC mode”. Testing larger systems on a lab-
scale facility involves economic and space proddems, which
can be tackled with approaches combining the most significant
methods for testing — real-tme sunulations, hardware in the
loop (HIL) and emulation [4]. To enable the analysis of the
behavioar of this MG within a distribution grid, an HIL system
[5] is connected to the physical architecture of Powerlab,

Therefore, a combined approach using HIL simulation and
hardware emulation can be adopted to stwdy extended grids
(e.g, distribution grids) including small size MGs. Here, the
MG can be operated through PowerLab and imerconnected
— as a single technology — to the extended grids simulated
with HIL. The designed MG cun be used as testbed for
diverse studies, including reliability and stability of a MG,
control under particular operative conditions, communications,
systems of multiple MGs, as well as feasibility studies. In
particular, this arclutecture was designed with the purpose of
simulating realistic setups and experimenting on enesgy min-
agement and other strategres relating to the MG's operation.
Moreover, the time series formed by the stored measurements
cun be used in machine Jearning tasks, such as o increase
the amount of data for training or to validate load forecasting
methads [6]. While the software components required by this
architecture are under development. a control system prototype
wis implemented, 1o test a possible use of the PowerLab MG
redated o an ancillary service and the reliability improvement
of MG lines [T).

The paper is structured as follows. Section |l describes the
physical architecture of the macrognd. Section [ describes
the communication architecture designed. Section 1V presents
a case study tested on a protorype architecture, Secnon V
summarises the main conclussons and the fulure work.

I, PHYSICAL ARCHITECTURE
The microgrid is currently operating as depicted in Fig, |
It is composed of severnl units described below.

« A three-phase 30 kVA grid emulator with generative and
regenerative capabilities, In generative mode (source) it
operutes using single or three phase output in AC or
AC+DC mode, with pre- or user-defined voltage wave-
form;

« Three mono-phase 5 kKVA gnd emulutors, with the same
properties of output voltage waveform configuration;

o Three solar arvay stmulators having 4 maximum power of
425 kW, in which the user can define the environmental
parameters of solar brradiance and temperature 10 test
coaditions of shadowed and dirty photovoltaic arrays:

o A modular solar array smulator having a maximum
pawer of 1.2 kW, compased of two internal modules that
can openite in senes o in parallel;

« A group of programmable DC power supplies that pro-
vide ndequate power both to the DC-DC converters and
1o the inverters, including bipolar 4-quadrant and bidirec-
tionul regenerative power supplies: these DC power sup-

plics allow the emulation of several distributed resources
(e.g., electric vehicles - EV, storage systems, ete.);

e A group of programmable electronse loads, including a
linear DC load that dissipates a maxunum power of 0.8
kW and allows low-voliage operation;

o Three AC/DC loads providing parallel and 3-phase con-
trol, which dissipate a maximum power of 5.4 kVA and
allow the simulaton of a broad runge of copsumptions:

o A 15 KW pon-linear AC/DC regenerative load that pro-
duces significant epergy savings in cyclic testing:

« A photovoltaic experimental plant with a rated power of

1.2 KW, for testing in real owdoor conditions;

A 50 kW Power Encrgy Interfoce;

A 4.8 kWh Li-lon battery system;

A M0 Wh supercapacitor sysiem,

A device for real-time bardware-in-the-loop (HIL) simu-

lation of the electne grid.

HE COMMUNICATION ARCHITECTURE

The main vanables to control in # microgrid are voltage,
frequency, active and reactive power [8], To accomplish this
task, a hierarchical orchitecture was designed based on three
layers (Fig. 2)

o The upper layer, that consists of the masugement ser-

vices,

o The middle layer, 10 supervise and coptrol all the instru-

ments and meters (acting as a SCADA system);

o The bottom Layer, with the local controllers of the nstru.

ments of emulation and the melers.

Hierarchical models [9] are adopied by several micrognd
control systems in research labs [10]-[17]. Such an architec-
ture can be operated in centralised or decentralised mode (9],
depending on the functions assigned to the local controlless.
Its flexible concept admits thye inegration of different commu-
nscation protocols. In the following, the functionalies of each
layer are detailed.

A. Middle layer

This layer accomplishes core tasks i the micrognd. The
availability of two control centres s intended 1o lighten the
workload of this layer. The control centre component coordi-
nates the control achions over the instruments, manually given
from the operator through the command services companent.
oF semt by an energy management algorithm, and 1t routes the
communds to the controllers of the instruments. 1t archives:

o The state of the instruments;

o Measurements bocally generated by the instruments;

o All the events happened during its operation. ¢.g.. control

and measure evenls.

The measurements monHor centre compoeoent aggregates
data produced by the meters located in strategic points of the
whole network. Normally the meters are always active, This
component receives manual configurations or it can be preset
1o work autonomously. Also, it supervises the status of the
meters. It archives:
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« The state of the meters;
« The messurements produced,

B. Upper layer

This layer groaps three components, The epergy manage-
ment & ancillary services component allows the crestion and
application of management policies to the gnd, by meuns of
the control centre. It includes ancillary services such as fre-
guency resynchronizution with the main grid resuming from an
Istanded state, It may request forecasting and multi-objective
optimisation for its operation, and it archives and retrieves
data relating 1o the control strasegics of the microgrid, The
command management services companent enables the grid o
be manually configured by means of the control centre. The
SuMis - management services component manages the status
information of both the instruments and the meters in the
network. by means of the control centre. The energy and the
command mumagement services components provide coafig-
uration functionalities 10 the electrical network. whereas the
status management services component ennbles #s monaitoring.

All the services components can communicite specific
needs 10 the central controller for accessing the physical
units without having to deal with the network infrastrocture,
Based on the requirements, synchronous (e.g., REST API)
or asynchronous {(e.g., publish/subscribe PUB/SUB: protocols)

communication cun be adopted between upper and middle
layer components, Relying on the services in the upper layer,
advanced management services can be creased, to nllow for ex-
ample the wst of specific scenunos of the MG and experiment
o0 the controd strutegies designed, as depicted in Fig. 3.

C. Botrom layer

All the cantrollers of the physical devices pertain to this
luyer. The local controliers exchonge information with the
centrul controdler. Each controller manages o quese of com-
mands received from the control centre that feeds to the
instruments. They possibly use different protocols to interfoce
with the nstruments. The assocsated gueve 18 abso meat 10
store the output of the instruments (status, measurement) that
will not be lost In case of communication faults. An instrument
refers to an actuol energy equipment that is configurable and
emulates generation, load or epergy storage. Controtlers enable
the petwork 1o rapidly adapt 1o changes such as physical unid
losses or reconnections.

The protocols bas s a virtual chanoel where all the com-
munications between the controllers and the instruments flow,
Controllers may use several adaptess or drivers for the commu-
nication, depending on the protocol adopted by the instrument,
e.g. TCP. UDP, MODBUS (the list could be extended 1o [EC
61850, DNP3. CAN and other protocols).
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Senay and the controlbers subscribe 1o recesve them. ln i, the
sss W:?":" control centre subscribes to the controller w receive data from
w MO EICES | o e PUB/SUB pattern seems suitable for this role as it could

manage all the requests in an asynchronows way, allowing a
more efficient management of the requests Joad.
EXrEnseENT COMMME Anadogue considerations apples to the communication in
o et s the measurements monitor side.
The use of gqueues and the proper use of the communication
@ protocols selected can contribute to a8 more reliable communi-
cation in the network, PUB/SUB protocols indeed can be ased
i o know the connection status (n real time thanks 1o events.
SESACES In addition, services in the upper layer neads to be protected
(for example replicated) 1o enforce continuity of the network
Fig. 3. bntogr with the dexigned archs of services for camying owt service.
expenments on te MG,

The controllers bus is a virtsal channel where all the
communications between the control centre and the controllers
flow. To interfuce with the local controlless, the control centre
could use a PUB/SUB event-based protocol (e.g, MQTT.
DDS. AMQP): the control centre publishes the control actions

1V, CASE STUDY

For the sake of testing the proposed architectiere, an exper-
iment was curmed out consisting of an advanced control logic
aiming to avoid congestion issues while improving reliabality
of the lines of hybad AC/DC MGs. A prototype system was
implemented in Python to reproduce & simplified version of
the communication architecture, and it was operated tailor-
ing the physical architecture to the instrumentation needed,
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Standard SCPI commands wese wsed to pass setpoints 10 the
Instruments. To this abm a specific control logic — previously
proposed in |7) and developed under the Project 2.7 funded
by the Research Fund for the lulian Electrical System under
the Contract Agreement “Accordo di Programma 2019-2021"
between ENEA and the Ministry of Economic Development
~— was implemented into the Powerlab MG. In particular,
the MG was configured nccording #o the architecture shown
in Fig. ¢ both to show the flexibility of the platform 1o be
adapted for testing different grid configurations and to venfy
the experimental results by comparing them with the simulated
ones,

PV System X Losd
[206Wp) (15%wW)
Power Supply
(30kVA}
™l | |
@ Ll 2 L 1
X b " i
|
| ACtasd
AC Loadt {15kW)
(54w} Storage

(15kwW)

Fig. 4. PowerLab MG comfigunnia for testing.

The architecture included: 4 lines L1, L2, L3 and L4,
characterised by different lengths (from ten to one hundred
of meters) and sectionx (starting by 4mm? to 16mm?). 1 Li-
lon Banlery (15 kW) coupled with a bi-directional DC/AC
converter, | DC Load coupled with o DC/AC converter, 2
AC Loads (54 kW and 15 kW), | PV System (10 kWp), |

Power Supply for grid emulation, The electncal cable coils,.

with different lengths and sections, are hosted in a dedicated
ruck connected with the PowerLab MG through contactors
managed by u centrulised system (Powerlab Management
System). The tested control strtegy aimed to avoid conges-
tions issues during the operation of the hybrid MGs, while
Impeoving relinbility of lines Included into them. The test.
in particular, consisted in emulating 0 congestion event by
overdoading the line L4 (at time steps 52-53) through ad-
boc time serses for load and generation resources connected
10 the MG, L4 test horzon-time was equal to 24 b with a
time slep equal to 15 min. When the congestion occurred. the
PowerLab Management System properly detected the anomaly
(Le., energy meters measured a line overcurrent greater than
X% of line loading) and sctivated the related control by
sending signals 1o chunge the setpoint of the active power
of the MG resources, according to the values assessed by the
control. The measurements from the energy meters integrated
into the physical MG (one energy meter per resource) are

plotted below in Fig. 5, 6, 7. The results obtained were
comparable with the simulation ones (deviathon: 14%) and show
the capability of the control both 10 solve congestions (in Fig. §
the Line L4 Loading is lower than threshold after the control
action} and improve relubility of the lives (the improvement,
evaluated according to the methodology proposed m [7], is
shown in 6), Finolly, Fig. 7 shows how the control is able
to decrease temperature rises for each grid line, especially
in the case of congested lines where temperature decrense is
approximately 5 “C thanks to the uction of the comrol.

w— O T e e Ay i 20N WL T

10U

Time stegn

Fig 5 Mas line ading per each time siep befoes and alter te comml
actine.

nans

B 1)

o

haoi

Fafabity vadation

Do

Fig 6 Line robabdey vamaoon altor thy control acon,

V., CONCLUSION AND FUTURE WORK

A labscele architecture was designed from the pliysical
and communication ssdes 1o emulate microgrids comaming
renewable sources. The Bexible architecture proposed can be
adapted to test different control schemes und energetic scenar-
ios. Also, it &5 scalable for the possibility 1o embed AC/DC
pawer devices with different interfuces as well as extend its
computatonal capacity, A coatrol system prototype was then
implemented using open source tools, to validate un advanced
control logic aiming to avoid congestions while improving
reliabifity for the microgrid. This software wrchitecture will be
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further developed 1o enable researchers explore more complex
soenarios.
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Abstract—This paper reports the results of a simulation
study with the alm of cvaluating the capability of twe portions
of a hybrid AC/DC MV/LV nctwork of maintaining their
operation in off-grid mode during the loss of the main AC grid
due to u fallure. In particular, the study alms to verlfy, in the
case of iskanded operation of the two microgrids, the continuity
of the clectrielty service by exploitimg the local generation
plants, Energy Storage Systems (ESSs), and other flexible
resourees managed by switable algorithms in differest energy
scenarios. The analysis was carried out comsidering two

s an umderground station and & car parking with
Electric Vehicles (EVs) For ussessing the perfermance of the
network, specific indicators have been defined and calcolated,

RKeowonds—ACDC  wicrogrids;  continuity;  vecurity;
rellability; flexibitlny.

L INTRODUCTION
In the last decade, the sciemtific community has

demorstrated an increasing interest in the concept of DC and
hybeid AC/DC microgrids.

In [1], the authors present an exhaustive review of the
power architectures, applications, and standardization issucs
for DC microgrids. In [2], the coalrol strategies and
stabalization techniques of such kinds of microgrids are
analyzed. Also in [3], the authors face the problem of voltage
control and  energy management  strategy  of  octive
distribution systems with 2 grid<connected DC micrognd as
well as for an islanded DC microgrid with hybrid energy
resources, In [4]; an application of multikevel DC microgrids
o residential buildings is presented, showing s method for
optimizing the efficiency of DC/DC converters in parallel In
{5]. 2 new and more flexible architecture for hybrid AC/DC
microgrids with a multport  interlinking  converter i
proposed. Finally, m (6], a solar photovoltae-battery energy
stomge-based micrognid with & multifunctional voltage
source converter s presented The above-cited papers
represent only o small sample of the wide recent literature on
the topic.

According 1o & meaningful mcrease m reliability and
availability of the networks in both customer and operators
point of view, one interesting aspect of hybrid AC/DC and
DC micrognds is to investignte their reliability and their
capability of ensuring service cominuity in case of loss of the
main AC supply, With this aim, the project “2.7 Modelli ¢
strumenti per incrementare Feflicienza energetica nel ciclo di
produzione, trasporto, distnbuzione dell'eletricstd”™, in the
framewark of the Research on Power Systems PTR 2019-
2021 program, is currently examining various micrognids in
order to coliect useful information on these aspects.
Considering previous studics and this poper, one topi
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appearing worthy o be investigated s bow local generators,
especially those based on Renewable Energy Sources (RES),
ESSs, both stutionasy and for mobility, and flexible resources
can comtribute to the islanded operation of specific hybrid
AC/DC microgrids.

In particular, in this paper, the authors analyze the impact
of different energy scenanos on two hybrid networks: an
underground station and o car parking with charging stations
for EVs, in terms of the possibility of maintaining the
continuity of supply for a given time, It is worth underlying
that the study considers n very particular case: microgrids,
operating in island mode due to & fault, are not equipped with
specific devices for emergency power supply. What the
study wants to investigate is, if it 18 possible and under such
hypotheses, mamtaining a microgrid with specific features in
operation mode during a fault with only its local resources,
and increasing the reliability for power supply of its kads.
the second challenge that this sty aims to address is: an
increase in the number of RESs and ESSs can impact the
results of such un analysis. Indead. greater penctration of
gencrating plants that exploit RESs, but also controllsble
loads, storage systems, and devices thar are capable of
implementing demand response actions, are expected m the
next decades.

In [6). the authors investgated experimentally the
feassbility of 8 smooth transiton from gnd-connected 10
standalone mode of a mucrogrd via a suitable control
algorithms and presented o simple case with o stomge system
and a PV system. The present study investigates the
possibility of such a transition from an encrgy point of view.
As a first step, five different energy scenarios are defined
based on the fast reports of Terna, WEC, REN2|, ENTSO-E,
and other prominent organizations [7]-[11]. Then, four
different microgrids are chosen and analyzed, showing the
different behavior depending on the flexible resources and
generators available: Photovoltawe (PV) and wind generators,
controllable loads, static storage umits, EVs and charging
stations wsing V2G technology. Finally, some indicators
defined by the same authors are calculated for assessing the
reliability of cach micrognd during a specific fault event.

The four microgrids considered in this study are: an
underground station; a car parking with EV charging
stations; & residentinl arca  downstream & dissribution
substation; a port arca. In this paper, the first two arcas are
examined while the residentinl area and the port area are
discussed in [12].

11 Tue HYBrID AC/DC MICROGRIDS

The hybnd network of the Underground station (Fig. 1) is
supplied by a 20 kilo volts AC grid and characterized by
vanous voltage levels. An AC/DC converter provides DC
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supply 10 the traction services; a MV/LV  transformer
supplics the 400 volts bus for the underground station
services; o further AC/DC converter allows the supply of DC
loads and the connection of a PV plant und storuge units, The
loads in the microgrid s comprised of lighting, ventilation,
air conditioning, shops, ¢tc.

The second micrognd, represented in Fig. 2, is that of a
car parking. The grid is supplied by the public 20 kilo volis
distribution grid by an MV/LV transformer, It has some AC
loads (lighting, security paint, video surveillance, electric
gate, exteroal lighting, ete.), and a DC bust connecting fass-
charging sations foe EVS o PV system. and an energy
storage system. The daily production profiles of the PV
plants in the microgrids, expressed in pou. of the tited power,
are shown in Fig. 3. For their construction, the historical
production datn for the Italian territory in 2020 were
considered [11]. The generation profile, on an hourly bosis,
of the individunl gencrators present in the two microgrids
were then obained by defining the rated power of the
generators for each scenario maltiptied by the profiles in Fig.
3.

The size of the statiopary ESS was estimated by applying
he following sseps:

* 15t Step: the base energy scenano (2020) % considered,
and the daily prodoction and consumption profiles are
defined for each area. While the production profile is
calenlated as described above, and the daily consumption
m:iles are estimated from previows studies for cach case
study:
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o Ind Step: the difference between generution and
consumption is celcnloted. The production/consumption
profiles are built on o quarter-hour basis and,
consequently, the different will appear as u row vector,
called “difference vector”, consisting of 96 elements
indicative of the average difference between the two
profiles (production and conswmption) for cach 15
minutes-time imterval;

* 3rd Step: the minimum value of the difference vector is
found:

* dth Step: the size of the static storage system s calculated
considering the commercinl size immediately higher than
the mimimum value extracted from the difference vector
and increased by 30%; the capacity of the battery is
calculated assuming type 2C batteries.

The above procedure for calculating the rated pawer and
capacity of the energy storage wis necessary because m all
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the energy scemaros deduced from the examined reposts,
although storage systems installation trend is clearly declured
in constant increase, it seems never reaching values suitable
for the aim of this study. The above-descnbed procedurs
appeared 10 be o good compromise for increasing the power
and capacity of the storage units present in the microgrid,
and at the same time, maintain these quantitics far from those
that would have choracterized a storage system working os
an emergency power supply.

Regarding the load, for the underground szation, the load
profile (Fig. 4) for cach momh were obtained by the study
presented in [13). where the authors carry out o monthly-
based evaluation of the emergy consumption of an
underground  station with an extension of approximately
3000 m? and an annual mflex: of approximately 5.3 million
passengers. The profiles shown in Fig. 4 only considers the
clectricity consumption attributuble to the typical systems
present in o station, such as lighting, sir conditioning,
veotilation,  video  surveillance,  efe,  oeglecting  the
consumption of the section devoted to the electric traction,
since this was assumed 10 be supplied by the other
underground station of the same line.

On the other hand, segarding the car parking. once the
typical systems present this aren were defined (for
example public lighting, signaling and video surveillance
systems, elc.) un analysis of the charging profile was carried
out considering typical occupancy profiles wvarying with
seasons and the days of the week (weekdays and weekend )
therefor, the charging profile of EVs is illustrated in Fig. §,
For the recharging section, to represent & more realiste
condition with regards to the number of EVs connected to
the electricity network, the study in [14] presems o
percentage estimation for EVs comnecied 10 the grid during
the different howes of u day.

Acconding to the methodology described for calculuting
the fentures of the storage units, Fig. 6 and Fig. 7 show the
daily trends of geoeration, consumption and the different
vector for the underground staton and cr parking
respectively, referred to the 2020 energy  scenorio,
chamacterized by a Jower penctration of distributed
resources. In this energy scenars, the capacity of the sttie
storage system was determined equal to 500 kWh for the
metrapolitan ares and 25 kWh for the car parking area.

Starting from the data reported i [T} 10]. finally, the
scenarios for the simulatons are defined (Table | and Table
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11y for both microgrids. Scennrio 2020 s the base scenano.
Scenarios  2030BC and 2030DEC are two  different
projections of the energy scenatio in 2030, based on the
annlysis made by Terna ondd Snam [9], Analogousty two
different future scenarios for 2040 are defined,

1L METHODOLOGY

The methodology implemented 10 assess the reliability of
hybrd AC/DC microgrids is the following.

Firstly, it s assumed that & fallure event occurs, causing
the loss of supply from the main grid, and finally keads 1w
operation of the microgrid in islanded mode. According to
the last data from the Ialian Regulatory Authority for
Energy, Networks and the Environment {ARERA), the
average duration of the fault is assumed 45 minutes [15].

By n Monte Carlo-like approach, the time interval in
which the fault oocuss is randomly drawn within the 96 15
minutes-time intervals of the day. Similarly, months of the
year and days of the week are drown.

On the bass of this information {months, days of the

week, time in which the foult occurs) the daily loud profiles:

und the duily production profile of the PV system to be used
in the simulations are selected within those available, In
presence of units and EVs, the number and type of
EVs(VIG or V2G) and the State of Charge (SoC) of all the

.
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Fag 6. Average profile of load, producton and eueryy balmce of the
undesgrinend wtalion i the 2000 enengy sodauro.
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TADBLE | UNDERGROUND STATIN: EXIsUY SCES AR
SCENARIO
2020 | 200 | 230 | IO | 240
BC | DEC | BC | DEC
Dully enerzy M| MM | 3N | MAd | e
W
PV systems eated pawer | 109 | 130 | 10 | 133 | 198
[&W)
Flectric omerygy storagy | 250 250 250 250 250
rated
Edectric cmergy stersge | S0 | S0 | So0 | S0 | so0
eapacity [KWh|
TABLEL,  CARPARKING: ENERUY SCENARKR
SCENARIO
W8 12030 | 2430 | 20 | 840
BC bEC |18 DEC
Dully energs 6433 | 0735 | 9738 | 1993 | 1998
comumplon [k
PV systom raded power | 20 3s i w | 1 |
KW
Electric energy storage 2 2% b=} 3 - |
rated perver [KW]
Flectric omergy storagy S0 0 0 » 50
cupacity [KWh|
VIGEV | [] 10 10 2% bX]
VIGEV jul 3 10 ) 25 15

hatteries are drawn wo. Particular attenbion has been paid 10
the SaC of the EVs™ batterics for which the probability of
bemng m charging at n given time of the day must be taken
into account [14],

As soan us afl the data of the system are known, it is
assumed that all flexible resources and gencrutors are
manoged by the coergy mansgement system of the
microgrids to maximize the time for which the microgrids
can operate in slanded mode. For doing this:

*  generntoss are coatrolled in ocder 10 regulate voliage
and frequency and supply the lond;

®  Dbattery storage systems can behave as generusors or
loads dcpendlng on the difference  between
production and consumgption in the micrognd. The
SoC" must be always tncluded in the range 10%-90%,
ouside this range the battery enters the stand-by
muode;

*  farerruptible Joads ure disconnected;

o flexible lomls are shifted m time if generutors are
nat able to supply the other loads. V2G EVs are
considered us mixlulable loads‘gencrators i the
Sol” allows the implementation of supporting the
microgrid during the islanded operation, while VIG
EVs are considered inserruptible loads, if necessary,

In the varous energy scenarios, the ahove quantities are
presemt with different entities, and  this  mfleences  the
outcome of the assessment. Therefore, & system which is not
able to maintain the stand-alone operation in the 2020
scenario could be able to do it in the 2080DEC,

Since the instamt in which the fault influences the
difference between production and consumption, the number
of EVs connected to the grid and their SoC, und the other
parumeters impacting the assessment, various -simulations
must be caried out and the most si one muss be
identified in order to clearly deseribe the behavior of the
stand-alone system.

For doing this, the two networks were simulsted in
Mathab'Simulink  eavironment sogether with the control
algocithins for loads, generitors, and sorage units.

IV, RESULTS OF THE SIMULATIONS

A large number of sunulations was done for the two
macrogrids. Three simulations have been chosen lor cach
microgrid based on the mie between production and
generabion and on the presence of flexible resources. For the
three simulations, table [II indicates the capability of eoch
microgrids to ensure operating in istanded mode during o 43-
minute fault event: sumber I marks microgrids are able 1o
operate in off-grid mode, and number 0 means. they can not
have o relisble operation during the fault event.

Table [11 reports only two coses for the station
microgrid; 2020 and 2040DEC. The results for the other
scetarios are not present since all scenarios for this
microgrid are quite similar in which the microgrid may not
operate in off-grid mode after the fault event (binary vanable
is0)

Below 1two  exampbes of calculation  are  reported,
followed by the calculation of some general mdicators for
assessing the behavior of the microgrids.

Fig. & shows the results of one of the simulations cartied
out for the underground statson microgrid. The loss of supply
oceurs &t 1800 and lasts 45 minutes, During this time ringe,
the phatovoltaic system present in the aren produces a low
amount of energy and is unable to guamntee the energy
demand. The storage system delivers encrgy in the first 30
minutes before discharging. Because batteries in ESSs are
able to supply only for 30 minutes, after 18:30 operator have

TABLE 1. OUTCOMES CF Tef SIMULATION
INDERGROUNDSTATION | CAR PARKING |

5! 52 7 ST | 82 | 8

i) 0 0 1 1 0 [

- - - 1 1 |

20MDEC - - - 1 0 |
204080 . § o ] 1 i
0HDEC 1 1 1
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1o start shedding Joads slaeply. Therelore, the mucrognd is
no more able to preserve its off-ynd opertion mode,

Fig. 9, analouglsy. shows the results of ome of the
simularions regarding the car parking mictogrd during a loss
of the maim AC grid. The faull oocurs in the MV network at
18:15. ut 30-minutes duration of the fault, both PV system
and ESS supply the demand electrc power, at 18:40 batteries
are depleted, and PV system is not able to generate enough
power. this is the point where V2G EVs start delivering
cnergy to the loads and compensate shortage power.
therefore, in such circumstance, only V2G EVs can help in
keeping the microgrid in stand-alone mode.

To quantify the reliobility of the hybrid networks, some
indicators have been defined. The firss set of indicators is
used for chameterizing the microgrids in the yarious energy
scenarios and during the failure event as follows:

* the RES indicator which evaluates the percentage of
generation from renewable sources Pygy compired o the
total power consumed in the exumined area £y ¢

RES = 185 100 n
Proad
* ihe FLEX indicaror that evalustes the flexibility of the
lond, Le. the amount of energy that can participate at
desmmnd response (lood shedding for example) Popan rrey
divided by the sowl load:

Piosd.riex
FLEX = ———+100 2)
= Proud z
* the BESS mdicator which evaluites the mite between the

pawer supplied by the stornge systems Pyegc and the total
power consumed in the examined arca:

BESS = :"“ 100 3

foad

Another set of indicators was defined 10 quantify the
impact that the individual energy scenarios have on the
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i V. Ui Parking: ssmsulason results - Scenano 2000,

safety of the electricity network examined, The first
indicator is defined as “rhe autonomy (ndex of e wicrognid®

which qumtifics ®e islamding capaeny of tho micrognd upo the
occurresce of 2 Tailt event. It I given by the rale hetaces the durnion of
the stomd aloac openrion ad the (wll desation:

by
= ? 100 (4

The second indicator s the “flexibility index” whach
quantifies the variation (mcreasing or decreasing) of active
power ayailable at the connection point between the islanded
macrogrid and the main network. It is given by:
"_3"mum+:’nu +4Pam_1w (%)

n

where An is the rated power of the transformer at the
point of common coupling between the two grids, and
APges . BPopasier 808 AFgeqq are, respectively, the
averge vanation, during the fiult, of the power generated by
all RES plants, of the flexible load demand, and of the power
delivered or consumed by the stomge systems in the
macrogrid

The last indicator is defined as "the power profile
modulation capacity index” which evaluates the encrgy
AE pypy supplied by all the flexible resources present in the
examined area compared to that theoretically gvallable 10
keep the AC/DC network in stand-alone mode following the
occurrence of the fault (5, )

,,-i‘;g:ﬂ.m (6)
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Table IV and V reports the calculation of the six
indicators for the underground station and the car parking
microgrids for the three most representative simulations.

TABLE IV LNDERIROURD STATIN BDICATORS

SCENARIO 2030

FLEX | BESS 4 i 4

0% ak% | 3% A7% | 4%

s
Y
' W 0% (3 41% 0%
by 0% 35% | 1004 | 41 | et

SCENARIO X40DEC

RES | FLEX | BESS | G b

0% | 0% 100% | 100% | 46% 100 %

1
T | 0% | 0% | Sute | 33% | 3% | so%m
3 D% | 10% | 0% | 0% | 43% | 0%
TABLEY.  CAR PARKING: INDK ATORS.
SCENARN) 2020
RES | FLEX | BESS | 4 & dy
36% | 37% | 44% | 100% | 2% | 1o0%
4% | 45% | 25% | 0% | 3% | 6t%
0% | 57% % | 00% | 4% | 1o0%
SCENARIO 201K
RES | FLEX | BESS | ¢ A e

178% | 4% 0% 100 % 3% 100 %%

37 N 98 % 100 %% % 100 %

[ P
"
&

0% | 1% | foa 100% | 3% | 100%
“SCENARIO 20300EC

RES | FLEX | BEss | & i

0% | k% | 100% | 100% | t0% | io0%

2 28 % 4% % 67 % 9" 100 %%

3 aT% 1K % 32% | 0% 2% 100 %

SCENARKD 2008
RUS | FLEX | BEsS | 4 M

0% K% | 100% | 100% | 0%

p 137% | 30% 0% 100% | 0%

] 0% 21% | 100% | 100% | 2%

SCENARID 2040DEC

rES | FLEX | BEss | 6 5

2iziEl-| |E/23]~
ﬂﬁlr Pl B P

100% | 17% | 0% | 100% | 13%
3 1S8% | S0% | 0% | 100% | J0%
3 0% | 4% | 0% | 100% | t7%

By comparing the values assumed by the indicators of the
first set with the capacity of the grid 1o operate in standalone
made for 45 minutes (results in stl_c 111, it can be stated
that the values of these indicatars give precious indications
on the flexible resources of the microgrids but they can't be
dmiummnwlm its reliability and with the continuity of

e service.

The [; index has very variable values for all the
stmulations since it depends on the instant 2t which the fault
accurs, the SoC of the batteries and, in geneml, the resources
of the network. The car parking microgrid shows higher
vilues of this indicator for aimost all simulations. This is due
10 the Fower load and to its low variability in time. The same
analysis can’t be said for the underground station.

f3 15, in general, quite bow (from 2% fo 22%) and this
indicates that in realistic scenarios like those considered in
this work, the power variation at the point of comman

coupling is, in general, not significant.

Finally, ¢ is nlways high, showing that the considered
microgrids can contribute t© the main gnd peeds by
madifying thelr consumption ansd  Increasing  the  grid
relsality,

V. CONCLUSION

This work has presented a simwlation apalysis of the
reliability of two microgrids investigating how the presence
of flexible resources and local generators can increase the
possibility of operating in stand-alone mode in case of loss of
the main grid. Two ses of indicators have been calculated:
e first one for characterizing the microgrd with regands o
the presence of storage, flexible load, and RES generators,
the secand one for assessing s relability, In general, it can
be concluded that, m realistic scemarios based on the
claboration of the most recent projections of prominent
energy and chectrical organization, distributed  flexible
resources seems ot 1o be able fo suppon solely the operation
of hybed microgrids for more than 15-30 minutes (as un
average), that is less than the average failure recovery time:
for lalian petworks.
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A Simulation Analysis for Assessing the Reliability of AC/DC Hybrid Microgrids — Part

Il: Port Area and Residential Area

A Simulation Analysis for Assessing the
Reliability of AC/DC Hybrid Microgrids — Part II:

Port Area and Residential Area

Antonio Boai, Salvatore Favuzza, Sesior Member, 1EEE, Mariano Giuseppe Ippolito,
Fabio Missaro, Salar Moradi, Rossano Musca, Vineenzo Porg, Geetano Ziz2o, Seninr Member, IEEE
Enginevring Department
University of Palermo
Palermo, ltaky

Abstract—This  paper  reports  the secomd part of a
simulation study with the aim of evaluating the abllity of two
portions of a hybrid AC/DC MV/LY network in maintaining
hedr operation in off-grid mode during the less of the main AC
#rid dwe to o fuilure. In particular, this paper follows a dual
purpose: first, it analysis two microgrids in a residential area
and a port zome capability of operating in Islanded mode,
applying a probabilistic approach, while there is different
emergy use eases, and second & to evaluate some redlablbiry
indicators.

Kerwonds—ACGIDC
reliabiltsy; flexibilisy.

wmicrogrids;  comtinuity;  vecurity;

I INTRODUCTION

In the last decade. the scientific community has
demonstrated an increase in resesrchers' interest in the
concept of DC and hybeid AC/DC macrogrds.

In [1], the authors present an exhaustive review of the
power architectures, applications, and standardization issues
for DC microgrids. In [2], the conwrol strategies and
stabilization technigues of such kinds of microgrids are
analyzed. Also in [3], the authors face the problem of voltuge
control  and  energy  management  strategy  of  active
distribution systems with a grid-connected DC microgrid as
well as for an islanded DC microgrid with hybrid energy
resources. In [4], an application of multilevel DC microgrids
1o residential buildings is presented, showing a method for
optimizing the effictency of DC/DC converters in parallel. In
{5]. & new and mare flexible architecture for hybrid ACDC
microgrids with & multipart  interlinking  converter is
proposl. Finally, in [6], a solar photovoltaichattery energy
storage-based microgrid with a multifunctional voltage
source converter i presented. The above-cited papers
repeesent anly a small sample of the wide recent liserature on
1he topic.

In particular, in this paper, the authars analyze the impact
that different energy scenarios have on the hybrid network of
a residential and & port arca with charging stations for
Electric Vehicles (EVs), in teems of the possibility of
maintaining the continuity of supply for a given time. It is
worth underlying that the study considers a very partscular
case: the microgrids are operatmg i islanded maode due to a
fault took place at AC main supply, and are not equipped
with specific devices for emergency power supply. What the
study wants to investigate is, if it is possible and under which
hypotheses, preserving a microgrid with specific features in
operation during a fault with only its own local rescurces,
increasing the reliability for its demand supply. A sccond
challenge that the study tries to tsckle is: bow an increase in
RES and ESS capacity can impact the results of such an

Thes rescarch was funded by the Research Fund %o the alim
Electrcal System ender the Contract t “Accordo di Progresma
2019.321 - PTR_19 21 ENEA PRG 107 beoween ENEA and the
Missstry of Ecomentic Devel I Progetio 27.

VIR-1-6654-361 3-220/53 ) 00 €2021 EEE

analysis. [ndeed, greater penetration of generating plants that
exploit RESs, but also controllable loads, storage systems,
and devices wlach are capable of implementing demand
response actions are expacted i the next decades.

In [6], the authors investigated experimentally the
feassbility of a smooth transition from god-coanected 1o
stand-alone made of o mucrognd wsang suitable control
algorithms and presented o simple case with o stomge system
and a PV gencrator, The present study investigates the
possibility of such a transition from an encrgy point of view.
As the first step, five different scenarios are defined
based on the last reports of Tema, WEC, REN2I, ENTSO-E
and other prominent orgamizations [7)-[11]. Then, four
different microgrids are chosen and analyzed. showing the
different bebavior of each grd, dependent on the flexible
resources und generators available: Photovoitaic (PV) and
wind generators, controllable loads, static storage units and,
EVs, and charging stations using V2G technology. Finally,
some indicators defined by the same authors are calculated
for assessing the reliability of each microgrid.

The four micrognds considered m this study are an
underground  station, a car parking with EV charging
statons, @ residential area downstream of  distribution
substation, and @ port arca. In this paper, the residentinl and
the port area microgrids are cxamined while the results of the
study of the fiest two networks are presented in [12].

1L THE Hysrm AC/DC MICROGRIDS

Fig. | and Fig. 2 show the residential arca and the poet
area microgrids, respectively. To study tlwe behavior of both
networks, in @ preliminary phase, it & necesssry to define the
load and generation profiles that characterize them.

For the residentinl network, the presence of a 400 kVA
MVILV secondary substation has been hypothesized with a
daly Joed diagram with a seasonal vasiation like that present
m [13]. As regards the port network, it was assumed a
consumption daily profile with no scasonal or manthly
vanations, linked to the services present withm the port and
defined by the study cammied out in [14]

In both macrogrids, there are distribated generation nodes
with PV and winkd power plants. By consulting the data base
of the "Transparency Report” platform of the ltalian TSO
Terma [11], it was possible to examine an hour-based daily
electricity produced data in ltaly divided per primary source.

Therefore, the energy produced by wind and PV plants for
the year 2020, and the daily data for cach month of the year
were collected. Each generic value £ of the dotabase is a
function of the /th month, the j-th day, and the &-th hour,
where:
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Fig 2. Por Asen Network

The energy values £ refers o one hous, therefore it is
possible to copsider it as a equivalent single value for the
averuge active power P e produced at the given hour. Fig, 3
and Fig. 4 show respectively the daily photovoltaic and wind
generation profiles (in per unit) obtained.

Within the port area micrograd, there 1s a parking lot with
shows und fost-charging stations for EVs For the fisst type of

-chorging station o maximum power of 3 kW has been

These stations are considered ns. the intermiptible

loads in the micrognd.  For fast-charging  stations, the

maximum power of 10 kW is assumed and aloag with EVs
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are considered  operating  with V20 wchnology, The
injection‘consumption profiles of the EVs depend on the
number of them connected to the network during the day and
on the demand of the network [15].

As regurds storage for the resadential network and cold-
ironing for the port network, the profiles vary according 10
the control Jogic applied mnd the microgrid Joad demand.

After extracting identified oll power profiles n pou,
before proceading witl the simudations, it was necessary 1o
identify, based on what was done in [12], the base values

w— RANUY — Felnsary — Maih
—aon! — ATy lune
— Y — —— S P TV DY
S e WJH P TR D re TDET

w—dmrage Vol ue

1

seloct the generation and consumption profiles relevant to the
nssessment, Therefore, the unalysis of the above-descnbed
networks focuses on the time interval between the instant of
finiture extracted and the final mstant, coleulnted as follows:

v o of e Bl = i i o the A ¢ dmarion o the Al
where, the duration of the faull, sccording to [17), is

ussumed equal 1o 45 minutes for faults teking place in MV,
Depending on the time instant extracted, according to
the profile in [16]) concerning the percentage of EVs

connected to the network during o typical day, it was
pussible 1o determune the number of fast-chargmg EVs and

TABLE L BASE VALUES #o# THE RESIDEXTIAL NETWORE.
D | 200 BC | 2600 DEC | 2080 BC | 20DEC
Reshdentind
Consumptian | 10000 | 1991 68 | 421044 | 429756 | M85
(AWh
Peuk Valie | 2ino | 3ma0 [ 390 [ 32080 | 3s2m
AW}

o B 41 Al (] L

Wind plants
Rated Power | 330 | &m0 | sooe | mew | s7oe
[AW)
02 MI! “';""' ™ 100 20 ) 0
- Swarmge 3o | wo 10 sm | 60
W
"“""z s 1 10 10 10
“""’T“' ‘ i 10 10 10
Fag. N, Photovoliaic system power mpat expressed.in [pa ] | chargy)
TABLE L BASE VALLUES FoR THE PORT NETWORK
lanusry ———Frebrumry ——March 7026 | 303 BC | 2000 DEC | 308 GC | HSIDEC
e Apel e My o ot S
— iy — Auguist ——— September Conswmpsen | 41550.11 | s24a35 | 3535738 | seazmisn | aromsar
—— Octobar — November —— Dicember | JAWh]
12 Peok Valie | o | 4x0m | awom | asem | s
L
Cautralled
Lot 0k | 20600 | 2x00 | 22m0 | 25200
AW|
¥V Rated
P y | 2me0 | smoo | jwam | wum | o
Wisd phants
Ratod Puwer | 35000 | ssuno | ssuno | wape | oo
ot e
ranieg
Pewertiohy | X000 | 2000 | X | g0 | s
Cold Irvming
Kocrp jawa] | 4050 | dwam | amam | amaw | monco
‘E‘““”“I : 5 10 10 25 Y
e REVECEw | -4 10 10 28 »
| tharge) 1| =

Faz. 4. Wind Fann power output expressod in {pa].

appropeiitely calculuted for all the considered scemarios, In
Table I, the base values deduced by [73[10] for the
residentinl urca micrognd for oll scenarios are shown. In
Table 11, those related to the port aren network are reported.

1L Carcurarion Cone

The model i implemented in the MATLAB enviranment
and is hased on a probabilistic Montecarlo-type appeanch,
stmulates the isknd operation of the considered networks by
randomly choosing the month, day, and mstant at which the
faiture ocours. Having such imformation, it was possible to

slow-charging EVs connected to the network through the
charging columns, For cach of them. through the Monte
carlo extraction. the State of Charge (SoC) has been defined
on which the clargeddischnrge nme depends, considering
that the EVs aperate with SoC values between 1096 and %%
of total capacity. Knowing the chargig and dischargmg
times for each EV, and comparing them with the duration of
the failure, it was possible o determine the profile of the
fastcharging EVs and the slowcharging EVs within the
foault time range, considering that, depending on the network:
rexuirement, the former can operate in V2G, while the latter

35
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can operate as 4 flexible load o guarantee, where possible,
island operation of the network and hence the balunce
between generated amd absorbed active power, The same
control logic was implemented with the storage present in the
residentinl network and that of the ships connected with cold-
ironing technology in the port network.

IV,  RESULTS

The results obtained for all sceparios are shown below.
According 1o the methodology explained in the first past of
this study [12). various simulations were carried out for cach
scenano. Three of the most significant  simulations
(Simulations S1, 82, S3) are reported in the 1ables below. In
particular, Table 11 indicates the capability of each
microgrids to ensure operating in istanded mode during a 45-
minute fault event; pumber 1 marks microgrids are able to
operate in off-grid mode, andd number 0 means they can not
have a reliable operation during the fault event. Table IV, on
the other hand, reports the minutes of the stand-alone
operation for cach simulation.

RES Index:

2 Pns

RES =
Plol‘

<100 ()

where:

®  Pups: total power genemted by all the RES generation
plants present in the conssdered macrogrid,

3 ldndex;

h
ly = 'r"‘ - 100 (4)

where:

®  fy:the towe duration st which given microgrid can
operatein islanded mode;

* T failure durstion;

4 Llndex

_ QP iex + APges + Ppsss

5
v 100 (3)

f

where:

* A, i the apparent power of the node to which the
partion of the considered network is connected;

®  APggs is the overage vanation, in the time interval of
the failure, of the total power generated by all RES
generation plants present in the microgrd;

. prga,"" is the avenige variation, in the time
interval of the fatlure, of the wotal power of the
flexible londs;

®  APgegs I8 the average vanation, i the ume inteeval of
the fault, of the total power delivered by the storage

® systems in the mucrognd, required by the AC

network,
®  Pipao: total load of the microgrid;
5)  iindex:
1) FLEXndex: = rerery | (6)
Pioad.riex “==F )
FLEX w 220022 100 (#3] '*
Proad
where:
where: ) :
®  AEfiopecry- energy supplied by the flexible devices
TABLE Il [staxnesa Mook INDex present in the microgrid in the time interval of the
RESIDENTIAL AREA PORT AREA foult; A . 2
NETWORK NETWORK ® £, : encrgy required to ensure island operation of the
81 S: | sy | 81 8 | 3 partion of the considered network m the time interval
3008 1 e . : : of the fault.
ABLDEC i C 1 b . 0 For each simulation and for each microgrid (ressdentinl
[ C [0 i ( [ and port area), the indicators are repoeted at Tables from V to
20.DEC C ] i i XVI,
TABLE IV RanvGe: TIME iy BLANDING MODE
RESIDENTIAL AREA PFORT AREA A, Residentiol Area Network
NETWORK NETWORK
il 82 83 SU_L % S TABLEV.,  RESINDEX
030 040 | D0 | 045§ @000 | 0045 | 0000
JI0-BC | (045 | 0005 | 036§ G000 | 0045 | 0000 Scenerio Stwatoskan ¢ Shmulstion 2 Stovateion §
TABBDEC | 0031 | 00 | 0043 § 00 | o000 | 0000 | 2000 0% I5% e
1040.BC | 025 | D038 | 006 0000 | 0000 | 0027 2000 BC % A 16%
04-DEC_| 016 | 008 | 0043 OO0 | 0021 | ol 208 DEC 1% q6% P
®  Pross sex the 101zl power of flexible loads of the 2040 BC 42% 5% 15%
microgrids: 2046 DEC % H1% 0%
2 BESS Index; TABLE YL f—LEYNM.x B
Pagss Scewarks Simulative 1 Stwwbasion 7 Simulsnion §
BESS = P 100 (2 2020 I 115, 0%
fona 2030 BC 0% 41% 43%
) < 240 BC % 12% 42%
® Pagss the total power supplicdiconsumed by all 2000 DEC T 1% A%
storage systems;
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TABLE VIL  BESS Inoex
Scemaria Séewulativw 1 Sivvadation 2| Simulativw 2|
2020 6ir' 134 ul%
203 BC G 14% 02N
2030 DEC 3an 19% [TEN
2040 BC 3% 8% avh
2040 DEC A% ey NP
TABLE VIIL  #; BNDEX
Scewaria Siomulativw 1 Siovafotian 2| Simwlatiew 2
2020 67% 33 100F
2038 BC 100 o 33
2000 DEC R o 1K
2040 BC I 7% EEE
2040 DEC 3% % 10
TABLE IX.  f:INDEX
Scowaria | Siwwlativn || Siovalorien2 | Siwwlatwe 2
2020 23h 1% ITH
203 BC IZh S sa,
2030 DEC P 154G [
2040 BC 35 21% 62%
2640 DEC 2% 45% 56
TABLE X i3 INDEX
_ Seewarky Shwubariow | Siwadarion Sémulation #
2020 76 9% (G
2038 BC [ 24% S5
2030 DEC S1% 26% 1
2046 BC 3% 4% 53%
2040 DEC S3% Ta%. [
B, Port Area Network
TABLE X1 RES INOEX
Soewarin Sionularion | Siwatution 2 Sioawlarivw 3
2020 % e ™
2030 BC 2% % 2%%
2000 DEC 20% % 25%
2040 BC 3o At 2%
2040 DEC 13% §1% %
TABLE XIl.  FLEXY WDEX
Sowwari Siomulation Siwatution 2 Sivaslation 3
2020 = 2% %
2050 BC % 2% ™
2030 DEC 2% & %
2080 BC ™ 3945 P
2040 DEC 1% [ 10%
TABLE XIIl.  BESS INoex
Scomarin Sérnulation | Siwvatuian 2 Simulanivs
2020 35 42% 13%
2030 BC 3% % R,
 S—
2030 DEC B% ST% 5%
2040 BC 1% % 28%
T DEC 3 1% L
TABLE XIV, i NDex
Scenariv S [} Siwewdation 2 Stwnfevion 3
2020 0F% 10 044
2000 BC 0% 67 L
200 DEC % [ 0%
2040 BC o 33% 13%
2048 DEC 3% [ 100%

TABLE XV,  fiupex
Sconerio Sievatuion 1 Simularion 3| Sivvattion 3
2020 e a% [
200 BC 5 [ 12%
2036 DEC 3% 1% 13%
2040 BC ) % *
2040 DEC = [ [
TABLE XVL {2 Iunex
Sernariv Siwiaion 1 Simuleriow 3| Siveadotian 1
2020 % 10 20
2030 BC 2% 1 5%,
DEC % 2% (X
2040 BC 12% 91% %
2040 DEC 0% S0 100%

Analyzing the data in Table 1L it is possible to assert
that in 26.67% of the simulations carsed owt for the
ressdential area network it is possible to keep islanded mode;
and mm 20% of the simulations camed out for the port
network it is possible to keep islanded mode.

These low percentage values are justified by the fact that

there are services/activities that have a daily load profile that

with sudden variations over time aml therefore

cifficult to feed through generation from RES and/or stornge
systems.

The contributions of RES, storage and flexible loads in
the different energy scenarios from 2020 to 2040, on the
other hand, seem to have an imsignificant influence on the
outcome of the simulations,

It 15 of partcular interest to analyze the data m Table IV
where, for all simulations, the time for which the network is
able to maintain islanding is shown. Note s that, while the
resilentinl network 1s almost able 0 operate in off-grid mode
even for a few minutes, in the simulations of the port
network there is a clear cut so that the network is capable of
preserving islanded mode for low number of simulations in
the fault duranon (only 204 of the simulations). This
consideration is found to a lesser extent in the 2040-BC and
2040-DEC scenanos, where the growing stze of storage, cold
iroming and V2G EVs allow for greater load coverage, The
result above is obviously reflected in the calculation of the
indicators.

Also for these two microgrids, like for those examaned in
[12], the §; inddex shows its vanability as a function of the
instant in which the fault occurs, the availability of charge in
the batterics, and, in general, of the resources of the network.
The residential area microgrid shows higher values of this
inclscator for almost all simulations. This is due 1o the lower
load. The same can't be said for the underground station,

{y &5, in general, lower in the port area (from 3% o 13%)
than in the residential area (from 24% to 68%) and this
ixlscates that m realistic scenarios like those consadered in
this work, for the port arca micrognd, the power variation at
the paint of common coupling is, i general, pot significant.

Finally, {; 15 always high, showing that the considered
macrogrids can contribute to the main grd npecds by
modifying their consumption and increasing the  grid
reliability,

Finally, # 15 important 0 underline that in order for DC
macrogrids to be effectively able o improve the refinbility of
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a distribution system, o technologeal beap i necessary
regarding the introduction in networks such as reliable
supervision and control systems, reclosure systems mpid
buckup lines, clectronic DC / DC and PC / AC converiers
which are capable of being wally ensluved by the island’s
Epergy Manogement System in order 10 guoruntes the
aperation of the network.

All of this is still under study and is a central theme of
research on Smart Grids and the Efeotrical System.

V. CONCLUSION

The present work has been carvied out in the framework
of the project “2.7 Modelli ¢ strumenti per incrementare
l'officienza encrgeticn nel ciclo di produzione, trasporto,
distribuzione delfeletmicitd™, PTR 2019-2021, The paper has
presented o simulation analysis of the relisbility of two
microgrids, ihvestigating how the presence of flexible
resources axl local generalors can increase the possibility of
operating in stand-alone mode in case of loss of the main
giLTmaetsnﬁndicmhnwbewcuhlhtd:theﬁm
one for characterizing the ids with regards to the
presence  of nnugc system, flexible load, and RES

sccond one for assessing the microgrds -

generators, the

reliability. In general, ft can be concluded that, in realistic
scenanrios based on the elaboration of the most recent
projections of prominent energy and elecirical organization,
distributed flexible resources seems not be able 10 suppon
solely the operation of hybrid microgrids for more than 15+
30 manutes {as an avernge), that is Jess than the average
failure recovery time for Imlian networks.
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Abstracs—AMernating Curvent (AC) networks are the
predominant technologies used (o transmit and distribute
ehectrichty worldwide. However, the penctration of renewable
sources and the decreasing costs im power eleciromics are
making Direct Cureent (DC) systems 2 promising appresch to
increase energy efficiency, rellability, and resilience, while
exploiting synergios with AC systems, Therefore, appropriate
Encrgy Munagement Systems (EMS) are mandatory for
achieving energy efficiency and economic profitability, which
shall account for both AC amd DC components and networks.,
Mereover, la practical applications, multiple different comtrol
methodologies have been proposed o manage power systems,
with different simulation tools, development platforms and
software tools, which rarely have the same interface. This study
Aims at proposing the generalized framework and the tool for
the development of a flexible EMS, which could be casily
Interfaced with stamdard commercial tools, c.g. NEPLAN or
PowerFactory. The theoreticnl and functional requirements of
the methodology can lay the foundations for further research
studies and the proposed results conflrm the robustaess of the
methodelogy.

Mixed-Integer Linear Programming
( MIU'}. AC/DC hybeld energy systems, kpbrid vehicles, abstrace
cyber modelling

I INTRODUCTION

The power systemn is evolving towards a higher penctration
of rencwable sources that are often non-dispatchable [1], [2),
thus potentially leading 10 ssability and reserve peoblems. In
particular, the higher penetration of renewable assets may
cause i progressive reduction m the use of fossil-fuel-based
power generation, bence leading to bess profitable mvestments
and the possible commissioning of the tradibonal generation
plants. However, these power plants are also the backbone for
the power system stability, as they provide the main nertia 1o
the systemn and reserve; thus innovative storage devices,
control  systems and  encrgy recovery are needed w0
successfully meet the emergy transition targets [1]-[3),
according to the EU Clean Energy Package (4], [S].

Accounting for the uncertaintics in both the load and the
renewable production, the future energy gnds shall provide
flexibility and appropeiate  energy system control. In
particular, appropnate Epergy Management Systems (EMSs)
shall be developed to properly operate portion of the grids
with the gonl of supporting and efficiently use the local
renewnble gencration and storage. However, most renewable
sources supply power at direct cument (DC), while the

This rescarcd was (usded by the Rescarch Fund foe the Hadan
Electrical Systom undor the Coatract Agreement ~Accordo & Programma
2019-2021 - PTR_19 21_ENEA_PRG 107 Berwees ENEA and the
Ministry of E wc Deved
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traditional power system is based on alternating current {AC),
therefore advanced controls and ACDC converters are
needed for the efficient and reliable use of encrgy. Therefore,
EMSs shall properly operate mixed AC/DC systems.

The literature is rich in methodologics proposed to operate
power systems and microgrids with the goal of minimising
their operating costs [6]-[11]. However, the majority of the
studies traditionally focuses oa AC systems only or localized
systems without sccounting for a large area network [12]
Mixed ACDC systems are quite common for power
generating units where the DC node is used a5 common bushar
for connecting renewnble production and batteries; more
rarely, mixed AC and DC networks are accounted for [13].
However, given the large use of DC power gencrating asscts
and Banery Energy Storage Systems (BESS), in the
foreseeable future mixed AC and DC networks can be used
also in Medibm Voltage (MV) and Low Voltage (LV)
netwoarks [13]. For these reasons, the development of EMS
metheds sccounting for general AC and DC networks is
needed and discussed in this study,

Tackling the uncertaintes m the system opershion s very
challenging and many approaches have been proposed [14]-
{17].  Stochastic, Aggregating-Rule-based  Stochastc
Optimization (ARSO), robust, chance-constraint optimization
are the main methodologics used for this purpose [18]
However, they require not only the forecast, but also an
adequate calibration of the forccasting uncertainty that s not
casy to accomplish; the computational requirements may be
relevant, especially considering the traditional control
hardware used in the power industry. More simple predictive
methodologes, mstead, muy rely on o single forecast, but the
forecasting and optimization process are run more frequently,
c.g. mfm-daily, to update the optimal system dispatching and
promipely correct deviations from the expacted operation,

In this regard, the research center ENEA, in colluboration
with lakiun Universities, has promoted rescarch activitics on
future mixed AC and DC networks, accounting for
decentralized energy resources, BESS and electric charging
stations. The finul goal of the activity is 1he development of a
unigque 100l comprising the expertise of different parivers,
including the development of an EMS 1o be imerfaced with
genernl AC/DC networks Joaded in commercial software for
cnergy studies: NEPLAN [19] and PowerFactory [20].
Therefore, the EMS shall be developed m a geneml
framework so that it can be casily expandable to address
different petworks, yet first to compute,

In this stdy we describe both the main requirements of
the proposed energy management system and its mathematical
model. The novelties of this paper rely on the specific
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requirements, needs and genernl modulur framework aimed to
the future integration of the EMS with commercial software
for AC/DC networks.

1L FUNCTIONAL REQUIREMENTS OF THE METHODOLOGY

In this section we deseribe the functional requirements of
he methodology proposed to successfully model generalized
AC/DC networks, 10 be interfaced with external optimization
power systems simulation 1ools, such as LAN and
PowerFactory.

A, General requirementy

The momn general functsonnl requirements requested for
the proposed methodology are as follows.

a) Baxy o use and to be interfaced with other tools.
The optimization tool shall be easy to use and simple to be
interconnected with other external tools.

) Flexibitite fo incorporete mulliple components and
Ivpey of componensy. General power systems networks can be
compasex] by multiple components. General tools shall be
able 1o address the main typologies of components. yet being
able to be cusily expanded depending on the spevific needs of
the user.

o) Flexible v wccommdating  different  network
configiurmiony. General optimization tools sholl account for
the diversafied nature of the power systems both in ferms of
number of components, their type and how they are
connected.

) Comvergence towards the global optimal solution.
The optimization 100l shall guaransee the convergence of the
aplimezation strategy towands the global optimum of the
model representing the physical problem,

¢) Faxt to sohe. Speed is n critical element for the
operation of the system, as operators need to verify and act
fast when changes in the available renewable energy, load
and network asset oceur,

These generl requirements can guide the development of
further methodologies o interface existing soffware with
innovative optimization methodologics.

B, The need for an absiract model representasion

The proposed optimization strstegy shall be applied 10
general AC/DC networks, whose capacity ad opology may
be very diversified. Therefore, the methodology shall provide
an obstract structure for describing general networks, where
each physical component of the petwork 15 represented by 2
stereotyped nbstract component. However, the formulation
shall be simple 0 avoid a large growth in the problem
complexity,

Sanilarly to the topology, the network components can be
very different, with specific propertics; however, from an
energy point of view, comman characteristics can be derived
1o classify the components based on their more relevant
energy characteristics, For this reason, not only the network
but also the components are proposed 1o be classified as
absirct companems.

HL THE ABSTRACT OFTIMEZATION METHODOLOGY

A From the physical 10 the abstract network model
In order 1o accomplish the funcuonal requiremens stsed
in the previous section, we propese a  generalized

methodology 1o denve the abstract network model, based on
ihe physical components. The main procedure is compased as
follows:

1) ldentifys the main characteristics of the components in
ferms of

aj emergy flowz! disection, losses, among others:

b} characteristic functions: integral for storages, cost
penalties when applicable. power'energy constraints, net
power balance for bushars, ete.
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21 Focus on the main energy-related eharacieristics:
drop the compopents characteristics that lead so secondary
effects in terms of energy ouscome, 1o andle the complexity.

3) Mentifc  common  characleristics  among  the
components under conyideration, e.g. lass fimction, storoge
vwamies, mmber of nodes, ex,

4) Group the characrevistios to identify the abstract
components: define a set of ubstruct components that capture
and generalize the commonnalitics among the selected
physical components.
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B. The sofrware implementation

The most appropriate software implementation  shall
emerge from a compromise between (1) the complexity in the
development of the optimization and (2) the available
interfaces with the software expected to be used conjomtly
with the EMS, Based oo the state-of-theart, mathematical
programming may be recommended for the development of
EMS, given the ability to converge towards global
optimization, such as in MILP meshodologies or convex non-
linear approaches [21]. However, the description of physical
problem into mathematical can be sometimes very complex
Consequently, modelling algebraic frameworks 1o ease the
description of the constraints and equations of the
optimization models 8 recommended, as they enable
describing the problem by explicitly listing them with
algebraic symbols and simple mathematical operations. In this
regard, many modelling Janguages, such as MATLAR [22],
Python [23] or Julis [24] among others, can be chosen and the
preference among them shall also account for complexity in
he coding, execution speed and interfaces with external tools.

Maimn commercial tools (¢.g. NEPLAN and PowerFactory)
have developed interfaces for the Python code, which is a
well-established open source software with many libraries and
aplimization 1ools. In particular, the Python-based modelling
framewaork Pyomo [25] enables developers 1o casily
customize optimization methodologes, also giving flexibility
and modulanty to the code. Morcover, the solver used to solve
the problem can also be changed by the user depending on the
license availability.

For these reasons, m thss study we decaded to represent the

proposed abstract methodology in Python, using the Pyoma
Iibrasy.

IV. THE ABSTRACT ENERGY MANAGEMENT SYSTEM (EMS)

A, The software strwcture

The proposed abstrict EMS is composed by u flexible core
that converts the configuration files, loaded externally, into
the propesed mathematical problem, as shown in Fig. 2. This
formulation is powerful since there is no need to change the
main oplimization process for addressing a different system,
in agreement with the functional requirements previously

deseribed and the goals of the project.
(st )
. Configuration file:
I . =7 system structure and
i ‘ E o5t paramoters
|sawrca) -3
Python, Pyomo ‘ ' of toad
I L-~ renewable production
- N and prices
( End |

Fig 2. Abstract EMS opeimization peocess

B, The components

The first focus of the proposed EMS is the optimization
and monagement of decentralized renewable sources and
storage. Therefore, the following specific abstract components
have been defined and implemented:

1) Componens “grid"'- this component enables modelling
the intercompection of the portion of the local system to the

public grid. It is characterised by power limits and the energy
exchange leads 1o economic costs or profits. Each instance of’
this compenent can be added to only n bushar, Any
independent network shall have only a “gnd” component to
madel o unique connection paint, as typically done,

2) Component “bartery ™ this component is aimed at
modelling storage assets and in particular clectrochemical
batteries, which are very common devices in decentralised
networks. Energy limits are accounted for as well as
economic penalisation are considered 10 model the BESS
wearing with its use. Simularly to the component grid, cach
asset of this component can be added to only a busbar.

3} Component “converter”™: this component type enables
modelling energy losses due o the encrgy exchange between
any two busbars. Power limits are considered and specialised
depending on the energy flow,

4) Componens  “renewable':  this componem  type
enables  mwodelling  any  non-dispatchable  renewable
generation asset, such as PV wnis of wind wrbines, The
power limits with respect to the available energy production
are accounted for,

5) Component “load": this last component type enables
madelling a load unit. This unit block nccounts for relinbility
issues us it assures that the Joad shall be supplied at any time
step, otherwise an economic penalty is added to the objective
function.

C Mathematical modelling

The main mathematical modelling of the abstract EMS is
detailed in this section.

a) Objective function: the objective function to be
minimized, shown in (1), accounts foe the expected operating
profit (OF), accounting for the net expenses (AGRID,) with
respect to the public grid, the peak costs (€'°™), the costs
(ACET) due o the energy not served and the wearing charges
of the batteey (AC").

max OP = Boer AGRID, — CF™* — ACH — A€ (1)

The net economse balance with respect to the grd is modelled
n (2) proportionally to the power dispatch injected and
withdrawn from any grd component g, where 17" and #]"”
are the selling and buying prces, and Py, amd Py, represent
the pawer injected (+) and withdrwn (<) from the public grid.
The peak costs are descrbed using (3)-(5). Equation (4)
specifies that the peak costs occur propoetionally 1o the power
withdrawn from the public grid exceeds a given fraction and
the economic cost is proportional to the exceeding power.
Equation (5) guarantees that this cost is non-negative, whercas
equation (3) enables accounting for networks having multiple
independent connection points. Egquation (6) describes the
casts due to the load curtailment, which are proportional to the
economic penalty ¢ for every type load componeat I,
Finally, the wearing costs of the BESS are denoted in (7) as
the sum over each battery-type components b of the praduct
between the encrgy exchange with the battery and the

eoonomic peoalty oy ",

GRID, = % pccmi™ By, — np™ By, (2
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" 2 LpecCit™ (3)

G 2 ™ (max(Pye P} = B™%)  (4)
o zo (5

CHF = Bier 6P (6)

Cr = B O (e + Pog) (7

B} Component grid: the construnts for the grid
components are the maximum power exchanges with respect
to the public grid, as specified in (8). Equation (9) expresses
the physical power dispaich at a generic node |, accounting
for the proposed two variable representation.

- 4=
Os il S B ®)
Pyia = =Pe+ Py %)

¢) Component batrery: the battery component s
characterised by both power and encrgy constraints, detailed
in (10)(14). Equation (10) guarantees the maximum nomimal
power of the BESS, whereas the constraint specifies that the
charging (-) and discharging (+) process cannot occur in the
same time step, where P:_’:‘ denotes the power dispatch of
the battey, The energy balance within the battery is
guaranteed by (13), where 2, is the battery efficiency and 4
is the time-step resolution. Finally, constramt (14) specifies
that the energy stored in the battery shall lay between the
maximum {af*) and minimum (") SOC of the battery.
Equation (15) specifies the physical power dispatch at the
genenc node i, accounting for the proposed two variable
representation of the battery,

0<pi, <P (10)
0= P, <2 ,M, (1
0S P s(1=2u)My (12)

& "
Epiajr = Ep ez + AP M — ',—‘“ (13)

apingiee < B, ., < atir g (14)
Pyip = —Poaie + Poip (15)

dy Component converter. the converter component
enables the energy flow between any two different nodes i
and j (16) and each component instance is characterzzed by
two main variables 2, . wheee (+) is non-null when the
power physically flows from i to j, otherwise the other
variable (-) is non-null. The power constraints are specified
in (16)418): equation 16 states that the power flow cannot
excewd the nominal capacity P57 and constraints (17) and
(18) guarantee that the variables cannot be non-null in the
same time step. Equation (19) and (20) finally specify the

physical power dispatch occurring ar the podes i and j due to
the converter connected between i and j.

0Py, < P (16)

0= P2 e € 20502 Me (7
0= Pl (1 -2, (18)
Peir = =Plicja * Pejus (19)
Pesia = Piapae = T (20)

e

It 1s woeth noticsng that this genene type converter can be
used to model any transmission component whase loss
functivn can be approximated as a lincar functhion, For the
purpase of this study, we consider a linear efficiency moded
for both electronic components and transmission asscts.

¢) Component  renewable:  a  generic  renewable
camponent is then described with equation (21), where P,
represents the power dispatch of the renewable esset under
consideration. B¥#* denotes the nominal capacity of the asset
and pEy is the specific renewable production for a time step
L

0% Pl < prapiee 2n

S} Component load: the model of a component load |
connected to the bus i s described in (22)-(23), where (22)
specifies thot the power injected (P ;) to the busbar i. Note
that the value is negative because the power is absarbed.
Constraint (23) specifies that demand can be curtailed but up
1o the limit of the available load (P, ).

P = =P + PIE (22)
03 Pif s P, (23)

&) Bushar balance: finally, the power balance at each
bushar i is implemented using (24), where 4 is the set of the
assets connected 10 node i, and P, , is the physical power
exchanged at node i

zm, Pa\-‘\l o o (24)

V. CasesTuDY

The proposed methodology bas been developed and tested
on & case study of & microgrid system for a tramway station
located m the northern part of Italy, Real demand has been
used [26] and realistic renewable production data have been
derived from [27] The load profile of the tram has been
properly measured for o day in April 2014 and adapted to 13-
min time resolution. A constant demand of | KW is considered
10 supply auxiliary devioes mcluding security and lighting.
The topology and design of the proposed system 15 shown in
Fig. 3.

The buying and selling prices are cbosen equal 1o
IS0EMWh and SOEMWh respectively [28). The roundtrip
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efliciency of batteries is considered equal to 96, the battery
being operated between 90% and 100 SOC. Transformer
efficiency is assumed 1o be 98%. Peak power costs are about
2.5 €5W when exceeding the base power of 80 kW, which is
assumed 10 be the standard peak typically paid for the

considered day of the manth [29],
Public gnd
{200KW)
Nok A
1
Come D O U.)J ~ N
[ %) 1AW ne oW
“l' Nk
o
o
Lavand s Load iy
a1
e v
(i
Load tmm

Fig 3. Yopology and charmcieristics of fhe case stody.

VI REsuLTs

The main results of the proposed methodology are shown
in Fig, 4 and Fag. 5. The methodology required 2 few secomds
10 be solved on an i7 core computer with 160H RAM, thus
confirming its possible use for practical applications.

The total expected operating cost for the [|-day
oplimizatson is about | 12 €: 0.14 € due to the battery wearing
and 111.9 € is the net econsmic balince due w0 the publs
clectricity market, Intercstingly, thanks to the energy shifting
enabled by the proposed optimization methodology, the peak
power cost of 80 kW is guaranteed, thus no additional penk
COSLS oCur.

Fig. 4 clarifies that the demand s fully met without any
curtailing, while losses in transformers, converters and battery
sysiem account for only 3% of it, Furthermore, the proposed
scheduling methodology efficiently dispatches the PV system,
and no renewable curailment occuss, Therefore, the
methodology enables achicying about 45% self-consumption,
which goes in favor of the environmental goals and economics
of microgrid mansgement.
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Fig 5. Power balence of nodes A-E.

To further clasify how the pruposed EMS operates, Fig. §
shows the power und energy balance gl euch bushar of the
microgrid under consideration. In particular, Fig, 5(a) clanfies
that the power dispatch with the grid does not go beyond 80
kW, Thercfore, the demand located at podes B, Cand E is only
partinlly met with the enesgy bought from the grid. In the first
hours of the day (6-8am). the senewnble production is not able
10 provide adequate production, as shown by the green pawer
peofile in Fig. S(a) that i the power supplied by the converter
“Cony AB” that enables the power How between the DC node
B, where the PV plant is fied, and node A. The largest power
fow in the microgrd oceurs through converer "Conv AD™
becouse the DC pode D is the one supplying the tram. In
particular, the tram demand is met both through “Conv AD™
and “Cony DE™. Since the batteries are tied at the bus E, the
power flow between D and E is bidirectional and the hanery
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charging occur during daytime, when the PV production is
abundant. This confirms the suitability of the proposed tool
for managing mixed AC-DXC networks, which are expecied in
the near future,

VIE ConcLusions

This paper reports the development of a flexible Python
tood for the optimal operation of n microgrid inchuding mixed
AC/DC networks. The proposed m has proven o
be robust, fast and accurate in finding the optimal scheduling
of a mixed AC/DC system for tram transport applications. The
described Energy Management System s flexible and proven
1o be able to successfully be used conjomtly with established
commercial tools, such as NEPLAN and PowerFactory.

This suggest that the teol discussed m this paper can be
used mn practical applications and lay the foundation for
addressing the operation of even more complex AC/DC
networks.

REFERENCES

1] I Panos and M. Densing, “The future developments of the clecincity
pelces in view of the imglemesttion of the Parks Agrecments: Will e
sument tresds provasl, or 3 revensad is abead %" Enoggy Four, vol 84,
poIMATE, 2009, doi: 10010164, encoo. 2019, 104476,

[2] L Fiorini, G A Puagssi, P. Pelscchi, D. Podi, and M. AjeBo, “Sizing
and Siimg of Lange-Scade Batteries in Tramsmission Grids so Optimine
the Use of Renewobles,” JEEE J Ewwrg. S, Top. Cirewins Sy, vol.
T.oo0 2, pp 285-294, 2017, ded 10,0109 FETCAS I01 7 2657795,

(3] A Bacood, L Femmar, F. Vizza, sed U. Desiden, “Potential energy
recovery by inlegraing us ORC in o hiogas plant,” 4. Evergr, vol.
256, 2019, doo: 1010165 apemergy 2019.1 13960,

(4] 1 Lowitesch, C. E Hoxka, snd F. ). van Tulder, “Rescwable cnegy
communities under S 2019 Esropem Chan Energy Pakape -
Govemance mode) for the energy asteos of the fumre?," Renew.
Satulu Rev, vol. 122, p 105489 Age. 2020, dal.
1010165 naer 2019109439,

IS]  Eurcpess Parlament, “Directive 20199948 1 Conunos Rules for S
Interml Market for Edectrcity,” OFF J. Bar Uniw, oo L 15K p 18,
2019, [Osbnc). Avadishie:
hape fwaw.omel. s filesidinective _eddex 320190984 o pdf.

(6] S. Kakran md S. Chianana, “Sesart cperations of smar grids integrned
with distriuied generation: A review,” Renow. Swasin. Evergy Rev.,
vol B, pp 524535, Jan, 2018, dos: 10,1016 521 20017,07 045

[7] C. Wang ¥ Liw X L, L Guo, L. Qoo, md H. Lu, “Energy
ramgemen sywiemn S sand-akee dicsel-wind-biomies macgnd
with eaergy siomge system,” Enevgy, vol. 97, pp. 90-104, 2016, doi:
101080 .energy 201 5.12.089,

18] R Palos-Behinke, C. Bersovides, F, Lanas, B Severien, L. Reves,
LEmos, and D Socz. A microgrid energy management sysiem based
oo the molling horzon T IEEE Trows. Smavt Grid, woi 4, no. 2,
7. 9961006, 2003, ot 1OLEIWTSG 20022231440,

9] M. N Oboadi, R-A Hooshimand, sed S, Rabimi, “Stochass
Operation Fremework of Micrognd wnder Uncersainties of Load,
Genematon, and Contingency.” J Energy Exng., vol 146, no, |, 2000,
ok 10,0061 asceley. 1993.7897 0000539,

[10] L. Bmhod S. Condmer, V. Mulone, and J. L. Rossi, "Hytrid

cacigy Sy for hossehold ancilliery services,” w1

Flectr ﬁmwé’n«p Sor., vol 107, pp. 282-297, May 2019, doi;
10,1016/ ijepes. 201 8,11 421,

[11] L. Banoleed, S. Cordiner, V. Mubne. V. Roccn, and J, L. Rossi,
“Renewable wnurce penetration and mucrognds: Effects of MILP -
Based coumal strategies,” Exvegy, vol. 152, pp. 416-426, 2018, dol.
10,101 6] energy 201 K 03,145,

[12] ¥. Yo, P. Wen, Y. Yen, snd L. Huo, “Jomt opesaton end transacuon
mode of rural meulti micrognd and disrbuticn network,” IEEE dcomy,
ol 9, pp. 11, 2021, doi: 1001 |{Fpocess 2021 J0S0T93.

[13] 1.1 Jusio, F. Muissly, J. Lee, and J, W. Jug, “AC-mbcrogriads versus
DC-smcropnds with distritutod eovngy rescurces A review,” Senen
Semae.  Evergy  Rev, wol. 24, ppo 30403, 2011 doi
10,101 iv]. 1502, 201 3 03 067,

[14] S. M. Bagher Sadati, 1. Moshagh, M. Shafickhal, A Rasgon. oad J.
r S.Cnﬂb.“ﬂpemuuh dulisg of & sasut disiridy

In A bi-kevel appecach,” ot J
Elerr.  Power M- &m_ vol. 108, 2009, do:
10,101 6] \jepes. 201 8.08.021.

[15] A. Abemad Khan, M. Nacemn. M. Iqhal, 8. Quisar, and A Anpolagan,
“A compendum of optimintion cb;uuves. consamints, scols and
algooithms for enengy 2 s, ™ Remew: Surioin,
Energy  Rev. wol, 5K, w 1664-1683, 2016, doi:
10,101 6/).rsex 201 5.1 2.259,

[16] ©O. O. Amuss, P, R.Shumu.md[ s MWWM
hyhod ua!y whle resources
Muctustions,” J &wng wul, lim 179-399, 2018, doi:
10,101 6/] 051,201 712,003,

[17] M. Giuoseki, P, Pelacobi and . Poli, “Om the wse of semplifiad rescane
power flow equations for parposes of fast rolabality assossment,” (EEE
LaroCon 38, no. 9299, 2013, doi:
10110 EVUROCON 2013, 56.51((1

[1%] D. Frocnti ond D. Poli, A sovel stochastic method 10 dispanch
microgrids using Monte Carle sosturks,” Electr. Puwer Syst. fes., vol,
175, s, October 2019, 2019, doi; 10, 101675 epsr 2019, 105596,

[19] NEPLAN, “NEPLAN,” 2021, bops:/www.neplan ch',

[0] DigSilent,  “Powefacwory.” 2021,  [Onlined
Sapec W w.digsilkent do'en'powerfactory html

[21] S, Boyd wnd L. Vandesherghe, Covrer Optimization, 2004

[22] MathWorks, “MATLAB,” MathWarks, 2021
P mathworks com’,

[23] Python, “Pydhon,” 2021 hitps2) wwe pythoe.ong’.

[24] Jodi, “dulin,” 1021. hnm"')wlhlmlmp'

[25] Pyomao, “Pyomo Python,” 2021,
Mgy reododives o ensable e M,

[26] M. Ceraoko. R. Gighodl G Lutzemberger. mdkw‘tas
effective stompe fof cncrgy ssving in feods "in
2009 IEEE Intermarionn’ Elecrric Velw fe Cw*m (IEV(‘I. 05,
o 106, doic 101 105 AEVC 20143056112,

[27] S, Plominger and | StafTell, “Rencwsbleinings platform,™ 2020,
Trepss/ ‘wew rencwabios ninja.

[25] ARERA, “Ohiettivi Strategici € linee di mtervento 2019-2021° A
Energa,” 2020,

[29] S. Barsli, R, Gigholi, M, Gientoli, G. Legeemmberger, and D, Poli,
“Comtrol strsegies and real time operation of storage syskems
nwwmmvmﬂwm i fut Conf ox Evv. and

Fnpiveering,  KEEIC, 2015, pp.  243-24K  doi:
so IIM'EEEICJDI‘ T165546,

Available:




ACCORDO DI PROGRAMMA MITE-ENEA

3.7

Bidirectional Solid-State Circuit Breakers for DC Microgrid Applications

Bidirectional Solid-State Circuit Breakers for DC
Microgrid Applications

Ivan Navoni Michela Longo Murris Brenna
depi. of Energy e, of Energy depr. of Energy
Politecnico di Milano Palitecnsco di Miluno Polatecnico di Milano
Milano, ltaly Milano, ltaly Mitano, ltaly
michela loogo polimi. st mormis brenna(@ polin. it

Abstracs—The alm of this work s to investigate on DC
microgrids and to find all the advantages and disadvantuges of
this type of configuration, in particular to find & solution for the
problem of protection devices. In this puper, different types of
cireuit breaker devices are analyzoed in order (o fimd a possible
solution to the maln criticality of this distribution system. Twao
different configuration of Solid-State Circuit Breaker (SSCB)
are amalyzed and simulsted in a2 DO microgrid using
Simmlink™Matlab,

Keywords— DC Microgrid, Distributed Geweration, SSCB,
Faule analysis, Protection devices

1. INTRODUCTION

Micrognd 15 & small distnbution network that can be
connected 10 the main grid or can be autonomous dependimg
an the operating mode [1, 2], Generally, microgrids have two
operating made: pormal and islandling modes. Dun'ng the
normal operations the microgrid is connected to the main grid
at point of common coupling, in which the voltage levels are
synchronized and kept at the same magnitude. Mtcmmds £
into islanding mode when a distarbance bappens in the main
arid. In islanding mode, they can be self-supplied thanks to the
Distributed Generation (DG) like fuel cell, wind turbine, and
photovoltaic array [3-5], Nowadays, with the imcrease of DG,
DC load and vehicle charging station the mterest on DC
rmcmmds inssend of traditional AC has increased in order to
improve the efficiency. On the other hand, DC microgrid have
some problems, the main problem is obout protection
strategics and protection devices [6-9]. In this paper, the DC
microgrids are analyzed, with a particular focus 1n the
advantages and disadvantages of DC mecrognds. Then, an
analysis about different possible protection devices is carmed
out anxd then the different solutions are compared in order 1o
present all the advantages and disadvantages of the different
types. Two different configurations of solid-state circuir
breaker are analyzed and simulated in a DC microgrid using
SimulinkMatiab,

Il GENERAL CONSIDERATIONS

Two different types of Solid-State Circuit Breakers
(SSCB) ore chosen the simulation and the comparison
between these different solutions are explained in this section.
It is important during the comparison o take m consideralion
that each topology is design for the same condition of
operation [ 10, 11]. For these simulations the data sheets of real
clectronic components are used to make sure that all the
configurations could be done and that are realizable.
Obviously, the same components are used for the breakers in
order to make the comparison more interesting and so ¢ven
the time delay and all the other physicol limits of the
component are the same for the two different configurations
[12).
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The two different topologies of DC circuit breaker are
proved in a simple circuit, only with clementary component,
and then so the correct behavior of these type of configuration
is proved. Omce this first step is done, then these circuit
breaker solutions will be tested on a complex DC microgrid
with the use of PV and hattery [13-15].

The mwo different solutions tested are two SSCB beeakers
with different clamping cureuit. This cireuit 18 used 1o reduce
the voltage across the power electronic compoaent during the
interrupting operation [16], Since without this type of circuit
the yoltage will be ta high for the electronic component, and
it will collapse and break, The configurations under analysis
are respectively the RDC confi ion, where the capacitor is
charged and discharged during the breaking simulation, and
the MOV configuration that used a metal oxide varistor in
order 1o keep the voltage within the maximum limits of the
electronic component. The cholce of IGBT is done in relation
to advantages and disadvantages of this electronic component.
The mam advantages of IGBT are:

e The low on-state voltage drops und high forward
conduction current density, Thus, due w very low on-state
voltage drop caused by the conductivity modulation and
the high forward conduction dersity compared 1o the
MOSFET and bipolar transistor, 1t is possible to use a
sauller clup and so 1o reduce costs,

*  Low driving power and a simple drive circuit due o the
input MOS gase structure, Thus, the IGBT can be
controlled in an easier way compared to current controtled
devices (thyristor, BIT) in high voltage and high current
applications.

* Wile SOA: With respect %o output chamctenstics, the
IGBT has superior cument conduction  capability
compared with the bipolar transistor. [t has also an
excellent forward nnd revesse blocking capabilities.

The mam disadvantages ane:

* The switching speed is slower compared to that of the
power MOSFET=, but it is superior to that of the BJT. The
collector current tailing dwe to the minority carrier causes
the turm-off speed to be slow but this speed is still faster
than that of circuit breaker.

* There s the possibility of latch-up due to the internnl
because it is the PNPN thyristor structure,

Anyway, these disadvantages do not affect the required
charactenstic of the SSCH in this configuration. Thus, with
these advantages the IGBT is selected. The DC voltage level
used to carry on the simulation is 400V for both the circuit
breakers for both the first type of simulations and 1300V for
the simulation in the complex LVDC. So, the choice of the
IGBT and of the other companents such as MOV, Cx RS is
based on the system configuration al levels, but the choice of
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these auxiliary component will be discussed in further
sections, All the compasison will be done considenng the total
breaking time, the size of the components, the maximum
current in the fine and the energy dissipated in the breaking
process.

111, CmOUIT BREAKER MODELS

The first type of cireait breaker used is @ Solid-State
Circuit Breaker with an RDC soubber ircuit as shown in Fig.
1, namely a circuit in paralled to the breaker made of a resistor,
a capacitor, und o diode. The capacitor is essential for the
reduction of the voltage across the power electronic device
and so of the power losses during the tum-off of the breaker.
The resistor = used for the discharge of the capacitor afler the
toop of the breaker, and it is also fundamental for the reduction
of the penk value of the current during tarn off and tum on

SR

Fia. | RDC SSCH network ooofiguninion

The presence of this snubbes avoids a high value of ol that
could produce o high voltage during the transient resulting on
a fatlure of the SSCB. This, this component is used 1o stay
within the limit of safety operation of the clectroni
component such as IGBT in this case, and so ensure the
correct operation of the breaker. So, one of the most impartans
consideration for the snubber is the correct selection of the
component, and this choice {s based on the bebavior of the
sinubber gircuit. This interruption method has three different
stages as shown in Fig. 2.

IT 1

Fig. 2. Snubber pencess; Stage |, Stage 2 and Stage 3,

In Stage 1, the current commutates from the solid«stase
clreuit breaker to the snubber circuit trough the diode and the
capacitor, In Stage 2, the capacitor Cs get charged until it
reaches the maximam voltage value, Stage 3 represents the
moment when the capacitor discharge trough the resistor 8y
After the stabber cireuit turns on the bus current continue 10
increase its vadue, and during this rse of the current the current
suppression of the bus is weakened by the C, so the presence
of the soubber increases the peak wvalue of the curmens
compared to the simple circuat without the presence of the
RCD saubber, During Stage |{from O 10 1), the diode D, is
turned on and the bus current start (o commmite from the SSCB
path o the snubber circuit as shown in Fig. 2. Before this there

is a delny when the current in the solid-state circuit breaker
mcrease due 1o the gate driver that reveals a high current and
decide to turm-o1T the breaker. At 1 ihe snubber current is equal
to the bus current and the current in the SSCB becomes zero,
so the IGBT s completely reversed block. and this coincide
with the end of Stage 1. At the end of this stage the current
und voltage are considered as shown in Eq. (1)

ety =1
Ut =0 m

During Stage 2. the capaciior €, start charging tough £,
as shown in Fig 2. This step ends when the fault encrgy that
was stored in the stray inductance is wotally given to the
capacitar (Eg. (2)),

ue,(trl) = tpy
by = ‘l'afﬂlﬂlﬂ"ﬂ—l* t
0y G W

2)

The design of the purnmeters of RCD snubbers, is based
on the following circuit parameters: equivalent bus inductance
L.; equivakent bus resistor R; de-link voltage upc: rated bus
current /; the delay time #; the turn-off time for IGBT 1, the
shortest time for SSCB reclosure Ti,ps the peak current
through IGBTs allowed st SSCB reclosure /i, the junction
capacitance Cx the maximam voltage allowed foe SSCB s
L A% SSCBs on posstive and negative buses share uoc
equally when they reach the steady stute, the reference voltage
for wssey i 56t as upe (1.0 pu ) There are some different
techniques for designing a snubber, one of those is the
fallowing. The first step to do is to determinate the bus current
before the turn on of the swbber and it can be derived as
identified in Eq. (3):

Uge _£.¢,
ves == (==t ) e T8 n (3)
The second step consist In the calculation of the snubber
capacitance based on the epergy conservation law with energy
exhaustion on & neglected wsing Eq. (d):

1 1
1icm(u=.... ~ W esl0)) = 5 o (P s
C; - ﬂ(c_m

= Poults)) (g

In which a*cs(0) =0 and %, (t,) =0, md a; s a
purameter thot should first be chosen close to | according to
real capacitance values; and then could be increased if the
maximum overvoltage exceeds the limits. The third step is
related to the choice of R, The lower limn for saubber
ressstance R,y can be determined by caleulating the peak
current at SSCB reclosure as reported in Eq. (S)

.
" 2R$mln (5)

Re =z

The coefficient ay should first be chasen close 1o 1 in the
same way as @g, and then it has 1o be increased iof the.
overcurrent exceeds the lmits
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IV. DCIDEAL NETWORK SIMULATION

The first simulation is carvied oot in o simplified and ideal
DC network in arder 10 se¢ the behaviors of the different types
of circuit breaker. The simplified network has a voluge of
400V with a R-L load. In this network the swray indoctance
indicated with L, hos ' value of some mH to simulate the
intemnal mductance of the generator, This inductance is the
element that hes the energy stored during the steady state and
that has to dissipated during a fault or un opening condition,
In this case L~ 10 mH. This firt ssmulation is carried out in
a simple DC network in order to understand the behavior of
1he devices and 1o ensure the comect application for these type
of elrcuit breakers. The first DC circuit becaker con y
18 abown in Fig. 3. This configuration represents the RCD
type. so the circuit breaker with a parallel branch made of a
resastor a capacitor and a diode used o dissipate the energy
and protect the clectronic component. In both  the
configuration o gute drive circuit measure the current and if it
exceeds o limit, it decides nwomatically to activate the circuit
breaker and to open it. The correct chwice of the saubber
component is fundamental for the comet bebavior of the
SSCB, thas based on the previous considerations the
components that bave 1o be sized are C, and R,

Fag 3. RDC SSCH network configunstion,

In this case the yalues of these parameters are C =400 pF
and &, = 10 . With this configuration the results of the trip
of the circuit breaker with a line-to-line fault is shown in Fig.
4. As can be seen the sizing of the passive element can be
considered comected and the breaker is able 1o interrupt the
current. The  problem  with  this  configuration  is  the
avervaltage, since i fault condition the voltage reach a peuk
value higher than 900V, that s more than two times the
voltage level. This overvoltoge is applied to o capacitor of 400
MF, anxd »0 this element has 1o dissipate oo much in this
condition, and this higher voltage may cause short theough the
capacitor and burnup. For these reasons this configaration can
anly be wsed as a disconnectar.

Figure 5 shows 1he behavioe of the device in opening
operation dusing poemal condition and oot tn short clreuin
condition. As expected, the vollage peak across the circuit
breaker in this condition is lower than in shost circuit
condition, This overvoltage kower than 500V is acceptable and
50 this device cun be used cormectly a5 n contactor. As can be
seen in Fig. 5, the curvent in the device is instantancously zero
when the breaker opens, and the residual current flows
through the snubber path usd can be seen from the line curment,
that goes to zero causing @ low overvoltage across the SSCH,
When the transient finish the voliage across the SSCB reaches
the network voltage level of 400V amd the current reaches the
zero, This end the opening process, and the total clearing time
15 Tinwing= 20ms. The total energy dissipated in the process

from the carcuit beeaker is E e ~84.4 1. As cin be seen in Fig.
4 the current in the electronic device increases for the first
nunoseconds, this is due to the time delay th of the IGBT and
1o the gate drive cirouit that have to detect the fault. However,
the current reaches the value of 72A and in this case stuy
bebow the limit of the IGBT and so this s not dongerous for
the device itself. The second configuration is shown in Fig 6.

—
-

R " . wooowm wm wm
el

g & Behavio of SSCU with RCD subber in fauli conditions (3)
canraat gl (b) voluge,

—_——

Fig, 5. Beluwvlowm of SSCH with RCD soubbes working 5 o disconniector
() corent i () vohage

This circuit beeaker set up correspond 10 a double direction
solul-state circuit breaker with a  metal-oxide varistor

47
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connected in parallel w0 the electronic component. The
component, as said before, 15 used 1o avoid high overvaltuge
across the IGBT and dissipate the energy. It ks cither possibie
1 use one MOV for both the IGBT's or 10 use o use two
different MOV, since this companent is bidirectional, und the
fault current flow in one direction. The choice two MOV is
done since the MOV has not a long lifetime due o the
degradation during the process of energy absorption. for this
resson, it 1s possible o choose two MOV il increase the life
of the companent in case of fault m difterent directions.

i

Fag. 6. MOV SSCB netwerk configurations
The behuviar of this type of circult breaker is shown in are
shown in Fig. 7, As can be seen, as the gate drive circuit is the

same a5 before and the co are sized correctly, the peak
of the current is almost the same as in Fig 4,

'-LA\L.—’

Cw—

Fig 7. Hchavlous of MOV SSCH i fiek conditioss (u) volspe and (b)
curmmt

Thus, the cureent in the electronic component and in the
line remains within the fimits. In this condition due to the
effect of the MOV the maximum peak voltage across the
solid-state cireuit breaker remains Jower, and it reach only 500
V, that is u value acceptable for this configuration, Thais,
differently from the RDC SSCH, this configuration can be
adopted in case of short-cirewit and so can be used 0s a proper
circuit breaker. The current reaches the zero slower than with

the RCD SSCB, but even in fimlt condition it ensure o lower
viltage peak, that will not affect the network, The clearing
time in this configuration id Tiewe =12 ms The total encrgy
dissipated in the process from the cirouit breaker is Ea~72 ).
This reduction in dissipated energy is expected, since the
clearing time is fower than in RCD SSCB.

V. DCMICROGRID CONFIGURATION

The DC microgrid is a VSC-based LVDC transmission
Tine of 2MVA ot (+=750V), The inerconnection between the
gnid is made with a traditional three phase, wo level VSC
connected to the Low-Voltage AC geid with the interposition
of u transtoomer. VSC is the main technology able 1o commect
DC and AC netwoarks, a grid connected VSC is responsible for
the exchange of power between the AC and DC grds. The
pulse signal comes from a control loop used 0 keep the
voltage Jevel constant at 1500V on the Jow voltage DC
transmission line and control the badge, in particular with the
use of a PID regulator that controls the switching frequency of
the converter in order to Keep the output value constant. In
these simulations the configuration used IS 4 wo-terminal
structure, so with two converter stations configurated os in
Fig. 8, and the transmission line is powered from two different
terminals.

g B SVC Converter station

Thuss, in case of finlt in 2 portion of the transmission line,
or in case of disconnection of one feeder due to fault or
maintenance the distribution network remains powered by the
other feeder connected. The two elements connected to this
VCS-Based low voltage DC micrognd are a PV array and a
charging infrastrocture, the fisst one njects power 1o the grid
and 50 iy considered a8 3 generator, and the sacond ane acls
Tike n load, As done for the ideal network two different type
of circuit breaker will be tested in the following simulations,
and these SSCB are the RCD and the MOV gircuit breaker,
The design of the components wsed in these two types of
configurations must be done. The sizing approach is the same
as before for the two different conditions. In these simalation
as seen in Fig 9 the SSCB is a bipolar circuit breaker. it
redoces the overvoltage across  the  single  power
semiconductor device and increase the satety, smee if one of
the SSCB trip fails, the other one can anyway intesrupt the
current.

S222, 2

. - — Y -
G- = 3 B
. -
L QL. —— S —t
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The first type of coreut hakuconﬁguntim 15 shown in
shown in Fig, 10, This circuit breaker has the same topology
as the one shown in Fig. 3. The mwin difference is the
Didirectionality of this SSCB, since the use of two electronic
devices in opposite direction make it possible to the breaker 1o
trip in both the directions. As seen previously the i
of the correct sizing of the passive clements is fundamental for
a correct behavior of the circult breaker. In this configuration
the values for the companents are Cy = 10 uF and Ry = 10
obm, As seen m the simwiation for the ideal DC netwoek this
component is simulated in case of normal operation. and it
:pen Tt T=3.55 The case of line-to-line Bult is analyzed in

ig. 11,
il

| =

o " ‘
R T B
i
0 =
a =

R

el

Faz. | 1. Behavtoors of SOCH with RCD siwhber [ LYDC microgrid (1)
current and (b) voltage.

In this case as can be seen there 1s an overvoltage in the
line due to the operation of the solid-state circuir breaker. In
particular, the voltage measured before the line mductince Ly
drop to zerm when the short circuit occurs and stay at this value
until the gate drive svstem detect an over current and decide
1o trip the clectronic component, this time is equal to 2ms,
After this operation the real behavior of the circuit breaker can
be analyzed, After this moment the voltage start to rise and the
capacitor start the charging stage, and the current start 10
reduce s slope and 10 reduce umtil it reaches the zero and the
voltage stabilize at 1500V, the line voltage level. The peak
current value i 110 A thes value stays within the Himit of the
ling, so the overcurrent does not affect the insulation of the
cable. The total clearing time &5 Tacne™ 7 ms. In this network
topology this configuration of SSCB cannot work us 8 circuir
breaker, since in shortcircuit conditions, the overvoltage
reached in the denivative line before the indoctance is too high

and can damage the msulation of the cables and of the
even if the current is interrupted 10 o short time.

In the same way as foanded in the simulation for an ideal DC

network, this configuration can be used as o disconnestar,

The sccond type of SSCB simulated is the solid-stase
circuit breaker with a MOV in paraliel used %o dissipate the
energy stored during short circust as seen in Fig, 12,

> .Iu-
‘,. 3.]

_,,_.,-‘-

2 =

3
P 12 MOV SCOB conflignmesa in low voltlage trsmemission S

This crrcwit beeaker has the same topology as the ane
shown in Fig. 6, in fact the MOV is in paralke] w the IGBT,
and when the electronic component is opened the MOV is in
series with the line and can dissipate the energy created by the
shoct-cirouit,  With this configuration of the SSCB  the

_simwulation of shoet-coremt are carried on, and the result con be

seen in Fig. 13. As can be observed with this configuration the
solid-state circuit breaker is able to inserrupt the cyrrent in

short-circuit condiions. In fscl, the maximum

avervaltnge
reached is 2000V tlsat can be accepted by the cables and the
element present in the derivative line. As can be seen there are

some ripphes in the voluge line level, but these ripples value.

is about 20V that with a voltage line level of 1500V is less
than 2% and least for 20ms, so this oscillation will not affect
the other element in the DC distribution Hne, and i the AC,
Tine connected to the microgrid. The current is comectly
interrupted before It reaches the short-circuit value, in fact it

reaches BOA an then stan o reduces, it means that the gate.

drive cirouit is comect, and the value of the current stay within
the limit of the line eables, The total clearing time of this
configuration is Toacye~ Sms,

[
|

" - . " "~ -

Fo

T 1), Behaviomrs of MOV SCCB in LVDC micrugrid (a) current and
(b} valtage.
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V1. CONCLUSIONS

The aim of this work is to investigate on DC microgrids
and to find all the advantages and disadvantages of this type
of configuration, in particular to find o solution for the
problem of protection devices. In this paper, different type of
circuit breaker devices is analyzed in order to find a possible
solution o the main criticality of this distribution system,

Two types of solid-state circuit breaker with different
voltage clamping circuit are studied. The SSCB with the finear
voltage clamping solution use an RCD snabber ciscuit, when
he capacitor absorbs some of the inductive eneegy stored in
the line mductor, and the charging of the capacitor reduce the
voltage rise mte and the peak valoe of voltage across the
power semiconductor device. The resistor in series is used to
avoid the oscillation of the spubber and reduce the discharge
current into the power device, However, the presence of the
reaistance m the circuit increases the voltage drop and reflect
it o the power semiconductor device. In fact, as seen in the
stmulations even if this configuration has a high speed and low
switching losses the overvoltage could be a problem in some
applications, This topology is the simplest and offers the
lowest requirements  n order  of components  and
semiconductor devices, Another great problem is the sizing of
the component and in particular of the capacitor, since this
coofiguration need a high capacitor in the order of tens or
hundreds of pF, and this element cannot bear kigh voltages
without problems. Anyway, this configuration with some
improvement can he wsed s a disconnector, and so open the
circuit in normal condition, when the overvoltage caused by
the process is lower. The SSCB with the non-lincar cllwm'
voltage solution use n metal-oxide varistor connected in
paralle] to the electronic device. This non-linear component
can change its resistance value. Duning the circuit breaker
wm-off process, when the clamping voltage s resched, the
voltage across the MOV remains constant, with a progressive
decrense in voltage as the inductive energy stored in system
inductance s dissipated through this component. This
magnetic energy stored m the circuit is greatly influenced by
the system current and from the system inductance. The
selection an appropriate MOV, with a safe clamping voltage
is important for the power semiconductor device, This SSCB
topology s a bit slower and has higher losses compared 1o the
linear solution, but it allows o hkave lower overvoltage.
However, the MOVs have oot a long lifetime due to their
degradation during the process of encrgy absorption,

This is a limit for the number of tum-off operations that
can be done using MOVs. Another problem is that 8 MOV
with a satisfying characteristic may not be found and the
practical smplementation in the real circuit breaker could be
comphicatesd. There are a Jot of studies shout low voltage DC
circyit breakers technology in order to have more efficient and
fast devices. Furthermore, to have more realistic models the
stray components should be considered and some simulation
and experimental tests with resl component should be done in
arder to confirm the behavior of the configurations. There are
other different methods to interrupt the current in this type of
networks such as  hybrid circait breakers, and some
investigation and simulation about this type of circuit breaker
can be done. A possible solution for the improvement of non-
linear voltage clamping circuit is the use of TVS.
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