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Abstract

In modern electricity distribution networks the vertically integrated grid paradigm is
rapidly changing due to the ever growing presence of generation sources connected at
lower voltage levels. These units, although having each a small size respect to the main
generation plants connected to the bulk grid, in the last years are becoming more and

more relevant due to their high number.

If on one hand the connection of distributed generators is encouraged by the reduc-
tion of their cost and the incentives for renewable energy policies, on the other hand this
process is resulting in serious concerns on the power system’s stability and security. From
the bulk grid standpoint, for example, the increasing share of distributed generation in
the power generation mix is becoming a key issue as regards the system’s frequency reg-
ulation. Concerning the operation of the distribution system, the presence of renewable
intermittent generation resources (e.g. photovoltaic) and new storage-capable loads (e.g.
plug-in hybrid electric vehicles), commonly referred to as Distributed Energy Resources
(DERs) is often cause of undesired voltage and current unbalances and higher network

losses.

To face the mentioned issues, several national and international standard bodies stated
new technical requirements for the generators connected to the distribution network with
the aim of improving their integration in the grid regulation. A remarkable share of
generators being connected to the distribution grid use static converters as an interface
to the system: with the new standards these units need to be capable of changing their
operating point supporting the grid regulation either on a local basis (e.g. frequency and
Volt/Var control), as a response to remote signals from the DSO or remaining connected

in presence of transient fault conditions (fault-ride-through).

As clearly appears from the decisions being taken updating the grid codes, the integra-
tion of DGs and in general of distributed energy resources (DERs) will have a key role in
the future electrical grids, both for security reasons and to improve the system’s efficiency.
For this reason, other than the technical requirements for the grid regulation support,
decisions at regulatory level are going to be taken in order to path the way towards the
“smart-grid”.

The mentioned challenges related with the integration of distributed resources in the

grid operation highlight the importance of modelling with higher detail a distribution
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network in order to represent correctly all the active users which may participate to its
regulation. Having suitable simulation tools, scenarios of integration of these resources
may be studied proposing strategies for their management. These aspects are addressed
in this thesis in which active distribution networks are studied both from the representation
and management points of view.

This thesis presents a methodology to represent distribution systems and, in general,
multi-conductor networks enabling the consideration of asymmetrical systems, even in
presence of specific grounding options and of circuits with different number of phases. From
the management point of view, this thesis proposes a decentralised energy management
system suitable for Medium Voltage networks aiming at involving DERs in the network’s
regulation. A coordinated control is also presented for the management of DERs connected
in Low Voltage distribution networks, aiming both at limiting the voltage unbalance and
aggregating services to be provided to the upstream MV grid.

Both the modelling methodology and the management strategies are simulated in
several case studies to demonstrate the applicability of the proposed tools to different

power systems.
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Sommario

Nelle attuali reti elettriche di distribuzione, la struttura verticalmente integrata sta rapi-
damente cambiando a causa della crescente presenza di fonti di generazione connesse ai piu
bassi livelli di tensione. Queste unita, pur avendo dimensioni ridotte rispetto alle centrali
tradizionali connesse alla rete di alta tensione, negli ultimi anni stanno diventando sempre

piu rilevanti a causa del loro elevato numero.

Se da un lato la connessione di generatori distribuiti € incoraggiata dalla riduzione
del loro costo e gli incentivi per politiche a sostegno delle energie rinnovabili, d’altra
parte questo processo si ripercuote sulla stabilita e la sicurezza del sistema elettrico. Dal
punto di vista della rete di trasmissione, la crescente percentuale di energia prodotta
nelle reti di distribuzione rispetto ai quella proveniente dalle centrali elettriche tradizionali
sta diventando una questione di importanza fondamentale nel risolvere problemi come la

regolazione di frequenza.

Per quanto riguarda il funzionamento del sistema di distribuzione, la presenza di risorse
di generazione rinnovabile e intermittente (ad esempio fotovoltaico) e nuovi utenti in grado
di accumulare energia (ad esempio veicoli elettrici connessi alla rete), comunemente indi-
cati come Distributed Energy Resources (DER) & spesso causa di squilibri indesiderati di

tensione e corrente e incremento delle perdite di rete.

Per affrontare i suddetti problemi, diversi enti normativi nazionali e internazionali
hanno aggiornato i requisiti tecnici per i generatori connessi alla rete di distribuzione, con

I’obiettivo di favorire la loro integrazione nella regolazione di rete.

Una quota rilevante di questi generatori connessa alla rete di distribuzione utilizza
convertitori statici per interfacciarsi con il sistema elettrico: con le nuove norme, queste
unita devono prevedere la possibilita di modificare il proprio funzionamento per contribuire
alla regolazione di rete attraverso controlli basati su logica locale (ad esempio controllo di
frequenza e tensione), sulla base di segnali inviati da remoto dal Distributore e rimanendo
connessi in presenza di condizioni di guasto transitorie (fault-ride-through).

Come appare evidente dalle decisioni prese sul piano normativo per aggiornare i codici
di rete, l'integrazione dei DER avra un ruolo predominante nella futura gestione delle
reti elettriche, sia da un punto di vista della sicurezza che nel migliorare 'efficienza en-
ergetica. Per questo motivo, oltre all’aggiornamento dei requisiti di connessione per la

partecipazione al supporto di rete, decisioni a livello regolatorio dovranno essere prese per



favorire il passaggio alle cosiddette “smart-grid”.

Le suddette problematiche associate all’integrazione delle risorse distribuite nella ges-
tione delle reti elettriche evidenziano I'importanza di rappresentare con elevato livello di
dettaglio la rete di distribuzione, in modo da includere modelli di generatori distribuiti che
possono partecipare alla regolazione. Avendo strumenti di simulazione adeguati, scenari
di integrazione di queste risorse possono essere studiati, proponendo strategie per la loro
gestione. Questa tesi affronta emntrambi i temi, trattando sia la rappresentazione della
rete che la sua gestione.

Questa tesi presenta una metodologia per la rappresentazione di reti di distribuzione
e, in generale, di reti multi-conduttore, includendo sistemi asimmetrici anche in presenza
di particolari configurazioni di messa a terra e di sezioni con diverso numero di conduttori.
Dal punto di vista della gestione del sistema, in questa tesi viene proposta una strategia
decentralizzata per la gestione di reti di media tensione con l'obiettivo di coinvolgere i DER
nella regolazione di rete. Un controllo coordinato viene proposto anche per la gestione di
DER connessi alla rete di bassa tensione, con il duplice obiettivo di limitare lo squilibrio
di tensione e aggregare i contributi delle risorse distribuite per fornire servizi ancillari.

I criteri di rappresentazione e gestione delle reti di distribuzione sono stati applicati

ad alcuni casi studio per dimostrarne ’applicabilita in diversi sistemi elettrici.
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Chapter 1

Introduction

Due to the renewable energy encouraging policies applied by many countries in the last
decade, the number of distributed generators (DG) has strongly increased, leading to a
change in the network paradigm. As a consequence, electrical distribution networks have
become more and more active, meaning that increasing shares of energy are produced
in these system. This process is involved in the transition from the passive distribution
networks to smart grids, for which a number of new standards and technologies will be
necessary in order to tackle the challenge of controlling those systems. In this chapter, some
of the concepts related to active networks are recalled focusing on the actual trends in the
DG development in the electricity systems. An overview of the regulatory context and the
recent updates in the grid codes both at national and international level are summarized
to discuss the actions taken from the standard bodies to face the DG integration challenge.
A brief summary of the ongoing projects on the smart grid development in Europe is also
reported with some data taken from up-to-date reports. Finally, the case of the Italian
regulatory resolution aimed at increasing the integration of DGs in the ancillary services
provision is recalled to give an example of future pathway to the smart-grid exploitation

in the energy market environment.

1.1 Distribution networks evolution

Since the electricity market liberalisation process started, about a decade ago, electric
power systems are undergoing a clear change of paradigm from the traditional vertically
integrated structure in which few large scale generation plants provide the production
for a mainly passive grid to a system where generators are embedded in the distribution
network, closer to the loads.

While the diffusion of Distributed Generators (DGs) increases, new challenges arise
from the grid operation standpoint and from the economic point of view too. Given the
increased environmental awareness, a growing attention is being paid to the electricity

supply efficiency and sustainability, other than economics.
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Distributed generators usually have sizes between few kWs to few MWs, therefore they
are going to be connected near the loads in distribution networks and typically are associ-
ated with renewable energy sources like photovoltaic or wind which can be unpredictable.
Among other sources, photovoltaic, due to the modules price decline and the intensifi-
cation of incentives for the connection of new units to the grid, has seen an exceptional
increase in its power production, reaching a total world installed power of 178 GW, of
which 88 GW in Europe alone [1,6].

As reported in Figure 1.1, the strongest effort in installing new PV plants was made
in European countries, but a strong increase of the Asian market already started, where
Japan set a national goal of 60 GW of PV capacity by 2030 [7].

A challenge to the electrical power systems operation is given by the fact that a large
share of the installed capacity is connected to Low Voltage networks, also due to a reduc-
tion of the installation price. For instance, [7] reports a 70% share of PV installations in
the Low Voltage network in Germany.

In Italy a similar situation is observed, standing the statistical report on photovoltaic
released in 2014 by the Italian Energy Services Manager (GSE in Italian) [2]. In Figure
1.2, taken from the report, it could be seen that the number of installed units increased
dramatically starting from 2011 (when the number of PV plants more than doubled the
one from the previous year). As reported in the chart and further expressed by Table 1.1,
the average power of the units installed in Italy is in the range of few kW, especially those
in the last two years of this analysis, confirming the fact that most of DGs powered by

this technology are installed in LV networks.

Table 1.1: Average installed PV power in Italy cumulative and per year from 2008 to
2014 [2].

2008 2009 2010 2011 2012 2013 2014

Average P [kW] 13.9 16.5 22.3 39.2 34.6 30.5 28.7

Average P (year) [kW] 13.5 18.2 27.5 53.4 25.9 13.0 8.1

160 —

140 —
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W The Americas
Asia Pacific

W Middle East & Africa

W Europe

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 1.1: Installed PV capacity in the world by country [1].
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Figure 1.2: Evolution of the PV installed capacity in Italy between 2008 and 2014 [2].

1.2 Grid connection rules for Distributed Generation

As a result of the high increase in Distributed Generation (DG) penetration in Medium
and Low Voltage systems, several challenges arise regarding either technical, commercial
and regulatory standpoints [8].

On the technical point of view, modern power systems are likely to experience is-
sues regarding voltage deviation, power quality (e.g. voltage sags, harmonic distortion),
protection (e.g. loss of selectivity, unintentional islanding) and stability.

In order to support the development of active distribution networks towards a mature
smart-grid scenario, innovative concepts for the system management need to be imple-
mented involving signals communication to the active users connected. This process in-
volves the activation of new market frameworks in which the distributed resources may
offer ancillary services but at the same time requires a coordination among the regulatory
actions taken by the standard bodies updating the rules for connection to the network.

Starting few years ago, several national and international standard bodies updated
their grid codes with new technical specifications which introduced additional require-
ments to the distributed generators connected to distribution networks, especially those
interfaced through static converters.

Although those requirements may be slightly different from one case to another, all
of the updated standards share a common objective that is making DGs more responsive
to the actual working conditions of the network, participating to its management by
supporting voltage and frequency and even considering the control by remote signals.

A summary of the common requirements to distributed generators stated by the latest
updates in the grid codes are reported in Table 1.2, focusing in particular on the Italian
and German cases and on the decisions taken at European level by CENELEC [9-15].

The table lists several of the requirements for generators, which can be summarized as:

3
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Table 1.2: Requirements for generators interfaced with the network through static con-
verters.

Europe Germany Italy Europe | Germany Italy Europe
BDEW
EN VDE-AR-N EN . EN
Standard 50438 4105 CEI 0-21 50549-1 Tec.hmf:al CEI 0-16 50549-2
Guideline
Applicability| T < 16A LV LV LV MV/HV MV/HV MV
1 d f
e arse v v v v v v v
range
P(f) v v v v v v v
P<3.68 3 kW< P
fixed p.f. v VA <6kW v v v v
P>3.68
1 (P >
p.f. (P) v VA P> 3kW v v v v
Q (V) v X P>6 kW v v v v
P remote X P>100 kW P>6 kW v v P;}\?O v
t
Remote X X v v v v v
trip
LVRT X X v v v v v
OVRT X X X v X v v

* The meaning of the first column abbreviations can be found in the text below.

e Frequency regulation action, acted by enlarged frequency operative range and with

P(f) droop characteristics;

e Voltage support action, performed by a reactive power provision either with fixed

p-f., active-power-dependant p.f. or reactive power as a function of the local voltage
(Q(V) droop);

e Remote control availability, obtainable through signals communication by the DSO,

for active power management (i.e. P curtailment) or protection trip on remote signal;

e Transient voltage deviations tolerance, identified as Ride-Through capabilities, both
in case of reduction (LVRT) or increase (OVRT).

The necessity of integrating the distributed generators in the grid support strategy
was highlighted in 2011 by the German VDE-FNN committee with a study about the
consequences of restrictive frequency thresholds to Low Voltage generators [16]. The
study pointed out that without a change in the rules for connection of active users, in
case of frequency values exceeding 50.2 Hz all of the LV connected DGs were going to be
automatically disconnected, causing an instantaneous power loss estimated in about 20
GW just from photovoltaic generators in the German area. Such event could seriously
compromise the system stability, so the updates in the German standard for connection to

LV networks [11], requiring grid supporting actions from DGs, were necessary, as it was the

4
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Figure 1.3: Capability areas (a) and characteristic (b) for reactive power provision by DGs
as stated by the standard EN50549.

retrofitting of generators already connected to the grid (the VDE-FNN study estimated
315000 units that needed to be converted).

After the updates in the German grid code to face the mentioned “50.2 Hz problem”,
other countries updated the respective standards, especially in Europe. Among others,
the Italian Electrotechnical Committee (CEI in Italian) released, starting from 2012, very
innovative rules for the connection of generators to LV and MV distribution networks,
adding several requirements for the DGs aiming at an increase in their network support
action. The latest update was released in September 2014 and included, among other
prescriptions, the requirements listed in Table 1.2. It should be noted that respect to the
German situation, converters interfacing DGs in Italian LV networks already need to be
capable to perform a Volt/Var regulation on a local basis and to deal with external signals

coming from the DSO for the active power curtailment or for protection tripping.

At European level, CENELEC released updated requirements for generating units
connected to MV [15] and LV networks [13,14] (note that the latter covers LV installations
with phase current below 16 A). The technical specifications 50549 (divided in two parts,
for MV and LV level respectively) were released at the start of 2015, requiring a complete
set of actions to be available from DGs. These specifications trace the guidelines for
the development of the national grid codes revision, setting the control characteristics to
implement the grid supporting actions. Converters are expected to remain connected to
the grid with an enlarged frequency range between 47.5-51.5 Hz (maximum values are set
at 47-52 Hz but not mandatory), with a droop function causing an active power reduction,
when frequency overcomes the 50.2 limit, with a slope between 2% and 12%. Along with
the stability support action, reactive power provision for Volt/Var local regulation is also
considered, adopting the capability areas depicted in Figure 1.3a and control function of
the type in Figure 1.3b, which can be used, with suitable control variables to be selected

by the DSO, for the requested regulation mode (e.g. Q or p.f. as function of V or P).
In the United States, IEEE has amended the standard IEEE 1547 regulating the DER

interconnection systems, permitting the converters to remain connected to the grid with

wider voltage and frequency ranges for ride-through purposes and voltage support [17].

5
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In [3] the state-of-the-art of the services that may be provided by inverter-interfaced
PV units, reported in Figure 1.4, is discussed, in compliance with the new grid codes.
It should be noted that many of the functionalities offered by the converters are already
taken into account in the rules for connection above mentioned, but in most of the cases
the adoption of these controls is up to the local DSO discretion [3].

Regarding the grid forming capability of the converters connected to a distributed
source as in the example depicted in Figure 1.4, a recent update of the mentioned rules for
connection of DGs to the LV system in the Italian grid was released in December, 2014,
stating new requirements for units equipped with storage as reported in Figure 1.5 [4].
In Figure 1.5a the capability area required for bi-directional converters connecting stor-
age units to the LV grid is reported, showing possibly different active power capabilities
for charging and discharging (Poprax and Pparax respectively) and the required range
of variation of the reactive power respect to the actual working point. While other re-
quirements set for all the DGs discussed above are still valid, a new frequency regulation
action, shown in Figure 1.5b, needs to be accounted for by storage units: with the gener-
ators convention, if the storage is absorbing power from the grid for recharging (negative
P semi-plane) but the frequency falls below 49.7 Hz, the converter is required to change
gradually the active power exchanged, even changing its sign, up to the capability range

for the discharging function.

1.3 Active networks management

Standing the actual trends in the generating sources diffusion in distribution networks
and the updates in the grid codes discussed previously, going into the future a key role
in the network’s management will be played by the coordinated control of those units. A
term that has been widely used to define modern electrical distribution power systems is

“active network”.

An active distribution network should allow the connection of generators and loads

Multifunctional PV System Technical Services

4 R CCOrnpensaﬁon of Reactive Power) 3

Module Inverter Grid

D J R ‘ (e )
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g
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Figure 1.4: Technical services from inverter-interfaced active users [3].
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Figure 1.5: Capability area (a) and P(f) (b) for storage capable units stated by the CEI-
021 update of 2014 [4].

that take decisions in real time about their operation [18]. To implement this concept,
electrical systems will need to increase the connectivity between the DSO and the users
through Information and Communication Technologies (ICT). As a result, in the future
networks it is expected that the system management will be implemented coordinating
the bulk grid operation with the local actions taken at distribution level by aggregates
of distributed energy resources (DERs). In [18] the concept of virtual utility is used to
define an infrastructure integrating several DGs for the provision of energy (electricity and
heat), controlled by a central unit called Energy Management System (EMS). By running
an optimization of the DERs working point, a virtual utility can participate to the energy
market, possibly competing with traditional plants for the provision of ancillary services.
The same concept is used in [8], speaking about Virtual Power Plants (VPP) which should
have the function of aggregating DGs and loads in order to participate to the market. In
this perspective, the multi-microgrid concept is introduced, consisting in a set of secondary
substations connected to the same Medium Voltage network and acting like active cells in

a hierarchical control architecture.
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Figure 1.6: Number of smart grid projects in Europe and stage of development per year [5].
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Given the challenges and opportunities associated with the increasing amount of DERs,
a large number of research projects are being developed in Europe. The 2014 outlook
on Smart Grid projects released by the European Commission Joint Research Centre
(JRC) [5] reported a total of 459 R&D and Demo & Development projects averaging a
budget of 7.5 M€ each and involving 578 sites of implementation.

In the UK several projects about smart grids have been funded by Ofgem during
the period 2010-2015 through the Low Carbon Networks (LCN) Fund. Those projects,
sponsored by the distribution network operators (DNOs) propose potential technical and
commercial solutions to face some of the challenges in distribution networks [19]. An exam-
ple is the Customer-led Network Revolution (CLNR) project resulted in the deployment
of an Active Network Management system for the control of Electrical Energy Storage
(EES), voltage regulation, real-time thermal rating and Demand Side Response interven-
tions [20]. Another project dealing with the management of distribution networks is the
Accelerating Renewable Connections (ARC) project aimed at improving the integration
of DGs through novel commercial and technical approaches [21].

As could be seen from the chart reported in Figure 1.6 taken from the 2014 JRC’s
outlook, the number of smart grid projects per year dramatically increased starting from
2009, registering a prevalence of Demo & Development ones, indicating that some of
the smart-grid technologies involved reached a mature stage, ready for implementation.
This increase is ascribable to large publicly-funded projects like those mentioned above
regarding the Low Carbon Network Fund in the UK.

Smart grid applications considered in those projects mainly involve the following areas:

e Smart network management: increase of flexibility of the electricity grid though
observability (e.g. smart metering, real-time monitoring, fault identification) and
controllability (e.g. voltage and frequency controls, controllable inverters, auto-

reconfiguration of the network, voltage conditioning MV /LV transformers);

e Integration of large scale RES: integration of renewable energy sources in the trans-
mission grid (e.g. planning tools for market integration, ancillary services from DSOs

to TSOs and forecast tools);

e Integration of DERs: improving the control of DERs for enhancing their integration
in the system (e.g. ancillary services provision, production forecast, advanced pro-
tection devices and new control architectures centralised or decentralised for their

integration);

e Aggregation (VPP and Demand Response): implementation of VPP and Demand

Response concepts to face grid constraints and market signals;

e Smart customers and smart home: proposal of appliances and tariff schemes for

active participation of consumers;



1.4. REGULATORY CONTEXT FOR ACTIVE USERS PARTICIPATION TO GRID MANAGEMENT

e Electric Vehicles (EVs) and Plug-in Hybrid Electric Vehicles (PHEVs) integration

in the electricity network, considering Vehicle-to-Grid (V2G) services;

e Smart metering: investments for the installation of smart meter devices on the

network.

The map reported in Figure 1.7 from [5] shows the number of implementation sites
weighted with the respective budget in the European countries. It could be seen that EV
and V2G projects are mainly being implemented in central Europe and in the continent
extremities (e.g. Italy, Spain, Ireland, Finland) while Smart Customer projects have larger
shares in the west-side and northern part of Europe. Large budget shares are devoted to
DERs integration projects especially in countries with availability of wind (Denmark) or

solar (Italy, France) resources.

1.4 Regulatory context for active users participation to grid

management

In the previous two sections the technical aspects related with the power systems improve-
ments were addressed, regarding respectively the grid codes update and projects testing
new approaches to the grid operation. These solutions, in order to be effective in the tran-
sition towards the smart-grids, need necessarily to be supported by regulatory decisions

aimed at integrating the resources in a modern energy market context. Nowadays, RES
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feed significant shares of energy demand, resulting in a reduction of the market energy
price and, on the other side, a consistent increase of expenditures for ancillary services

due to RES inherent not programmability.

This is the reason why the Italian Regulatory Authority for Electricity Gas and Water
(AEEGSI) started analyzing the different options towards the implementation of a future
regulatory framework where distributed generators and loads are expected to play an active
role in supporting bulk system balancing and could therefore compete with traditional
power plants in offering ancillary services. The Italian Authority with a specific resolution
(DCO 354/13 [22]) proposed three possible market models for enabling the provision of
ancillary services by DGs connected to the distribution network, pictorially shown in
Figure 1.8.

The first market model, depicted in Figure 1.8a assumes that the DG units connected
to the distribution network have the possibility to participate directly to the Ancillary
Services Market (ASM) presenting offers to the TSO, while the local services are managed
through the DSO’s direct call. The DSO verifies the sustainability of the modified power

flow and in case of contingencies requests local ancillary services to the DGs.

In the second market model, shown in Figure 1.8b, the DSO aggregates the contri-
butions coming from the active users connected to the distribution network verifying the
technical feasibility of the solution and makes an offer to the ASM, therefore TSO should
not act directly on the DGs connected on the distribution network. This model assumes
the presence of an Ancillary Services Market for Distribution network (ASM-D) through
which the users present their offers.

The third market model, reported in Figure 1.8c, hypothesizes that the DSO is respon-
sible for maintaining a scheduled power profile at the HV/MV interface, without offering
ancillary services on the ASM. The solution of contingencies occurring within the distri-
bution network is performed by the DSO through an ASM-D like in the previous case.
In this way the bulk system services operated by the TSO are separated from the local

services for which the DSO is in charge, so reducing the volumes traded on ASM.

TSO < > ) ) TSO ) )
(ASM) SV (ASM)
b

Figure 1.8: Market models for the integration of ancillary services from DGs as for AEEGSI
DCO 354/13.

10



1.5. THESIS OBJECTIVES AND OVERVIEW

As highlighted by the decision taken by the Italian Authority, the provision of ser-
vices for the power system is both an opportunity and a necessity. The share of not
programmable energy sources that are making the balance between load and generation
more expensive and risky causes the necessity. The opportunity is represented by the
availability of more flexible resources embedded in the system that increase the number
of players in the market and make it possible a wider participation of customers. For this
reason, aspects like representing in more detail the distribution grid and proposing solu-
tions for its management are becoming of fundamental importance in order to continue

the study of more efficient and reliable ways of operating the system.

1.5 Thesis objectives and overview

The issues related with distribution networks operation in presence of an ever growing
share of distributed generators are addressed by this thesis which has the aim of developing
a methodology for the representation of multi-conductor networks (enhancing the detail
level in the network modelling) and proposing controls for the Medium Voltage and Low
Voltage networks management aiming at allowing DERs to provide ancillary services.

The second chapter presents in detail a power flow methodology developed to consider
generic multi-phase circuits, including the possibility of interconnecting systems with dif-
ferent voltage level and number of phases. The latter feature is made possible with a
self-developed generalized approach for the representation of multi-phase transformers,
allowing to model a unit connecting a generic number of buses each with a generic number
of phases. Some applications are shown including the results of collaborations with other
Institutions contributing to the final development of the methodology.

A management strategy for Medium Voltage active networks is presented in the third
chapter. It consists in a decentralised Distribution Management System in which a cen-
tral unit evaluates a suitable set-point for the On-Load-Tap-Changer (OLTC) in Primary
Substation and active and reactive power requests to the DERs clustered through an
adaptive-area selection. This procedure, in part developed within the Italian research
project “ATLANTIDE”, was applied to several case studies presenting possible scenarios
of implementation.

In the fourth chapter, a management scheme for Low Voltage networks is proposed,
considering a central unit, placed at the PCC which evaluates P and Q signals for the
DERs in order to pursue the voltage unbalance mitigation and, in case, the provision of
ancillary services to the MV grid. The applications of this methodology highlight the
importance of suitably coordinate the local intervention of each DER.

The two management strategies are then simulated together in an example of coordi-
nated DMS for MV and LV networks regulation in the fifth chapter.

Finally, the most important achievements and perspectives for future developments

are discussed in the sixth chapter.
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1. INTRODUCTION

The case studies considered throughout this research were implemented in several
network models (duly detailed in the Appendices) in order to further demonstrate the
applicability of the methodologies to systems with different characteristics and peculiari-

ties.

12



Chapter 2

Multi-conductor power flow

analysis

Large part of the ever-growing Distributed Generation (DG) diffusion is taking place in
Low Voltage networks, which generally have an asymmetrical structure with customers’
powers unevenly distributed on the phases. For this reason, in order to study the effect
of the DG penetration in these systems, it’s important to rely on a computational tool
capable of dealing with a generic number of phases mutually coupled. Furthermore, an
important feature to be considered is the flexibility in allowing the implementation of
customized control strategies, which may be included in a smart grid. This chapter firstly
discusses the state of the art in the power flow calculation for distribution networks, then
the development of a network analysis tool allowing the computation of the steady-state
power flows in a generic multi-phase asymmetric network is presented, considering also an

original generalized approach to the transformer modelling.

2.1 Power flow solution methods for distribution grids

Given the growing importance that low voltage networks play in the modern power sys-
tems, several research works were presented lately regarding the improvement of existing
methods for the power flow calculation, dealing with the peculiarities of the distribution
networks [23]. These systems may arise several challenges when considered for power
flow calculation, for example modelling of single-phase appliances, voltage control equip-
ments, asymmetrical lines and specific transformer connections. A tool capable of dealing
with all the cited features can offer the support needed in studying the behaviour of the
whole distribution grid, helping the research of new solutions to include the small-scale
distributed generators (DGs) in innovative network management strategies. A wide num-
ber of algorithms have been developed to date, but they are generally classified in three
groups: backward/forward (BF) sweep, Newton-type and Gauss-Seidel (or fixed-point)

methods. In the following, a brief recall of the main algorithms for the power flow solution

13



2. MULTI-CONDUCTOR POWER FLOW ANALYSIS

in distribution networks is made.

2.1.1 Backward-forward sweep method

This kind of algorithm is widely suggested as the preferred solution in case of distribution
networks with the necessity of considering multi-phase circuits because of its robustness
and simplicity of implementation. The BF sweep method was initially developed for radial
systems [24] and then further refined to solve weakly meshed systems [25]. Its application
was also proposed to solve a three-phase power flow problem [26] and also including four-

wire systems [27].

Bus k

Bus i
a I ,f?(

Bus j

abe
In

Substation c

(b)

Figure 2.1: Backward/Forward sweep method: busbar numbering (a) and circuit design

(b).

This kind of formulation relies on the approach used in power system design, by a
sequential application of the Kirchhoff’s voltage and current laws to the network branches.
The first requirement for the BF sweep application is the initialization of the busbar layers
in a structure which can be seen in Figure 2.1a. With the system defined in such a way,

the following steps are followed to calculate the power flow:

1. calculation of the branch impedance matrix (in case of multi-phase circuit like the

one in Figure 2.1b)

2. the nodal currents are calculated starting from the complex powers of loads or gen-

erators. For the bus k£ the currents associated to each phase is:

abc
Sk
abc
Ek

Iabe — (2.1)

where S is the complex power and E* is the complex conjugate of the phase-neutral

potential, in each phase (a,b and c).

3. Backward-sweep: calculation of the branch currents summing the nodal contributions
starting from the bottom layer up to the root node. For the generic branch k — j,

the flowing current can be calculated as:

Tibe = Ighe 4 Y Jsbe (2.2)
mey?
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2.1. POWER FLOW SOLUTION METHODS FOR DISTRIBUTION GRIDS

where J%¢ is the total current flowing in a branch and f2 is the set of branches

connected to branch k — j.

4. Forward-sweep: calculation of the busbar voltages starting from the upmost layer

towards the bottom one. For example, for bus j the voltage is given by:

‘/jabc — kabc . ijJgJI;C (23)

5. Convergence is checked for each of the bus voltage magnitudes and angles comparing
them with the previous iteration values. If not reached, the procedure returns to

step 2.

As could be seen in Figure 2.1b and described in a generalized form above, the algo-
rithm is easily applied to multi-phase systems, after the network’s impedance matrix is
calculated. Beyond the basic implementation described by the 5 aforementioned steps,
some solutions were presented to deal with unbalanced loading [28-30] and in particular
with the necessity of calculating the effects on the neutral conductor [27]. Especially in the
latter one, the scope is to allow the calculation of neutral-wire and ground-return currents
by adding a fifth conductor to the scheme shown in Figure 2.1b and performing a so-called
voltage correction before the convergence check, in order to compute the actual neutral
potential depending on the current flowing through the grounding impedance. This kind
of solution, although solving the problem of representing the neutral potential shifting
with different grounding options, introduces elaborations on the result of the voltage drop
calculated at step 4 which may lead, in particularly ill-conditioned systems, to convergence
problems, depending on the grounding conditions and couplings between the conductors

and earth.

2.1.2 Newton-Raphson method

The Newton-Raphson method has been applied widely to solve the power flow calculation
on electrical networks, given its robustness and fast approach to the solution. Power flow

algorithms based on this method solve a non-linear system of equations in the form:

npQtnpQ
Pj = Z \Vi||Vi| (Gij cos 01, + Bij sin0jy,) (2.4)
j=1
npQtnrQ

Qi= > [|VillVkl(Gijsinbjx — Byjcosbyy) (2.5)
j=1

for any bus j, with Gj;, and Bj, conductance and susceptance between buses j and
k, 0, phase angle difference between the two buses voltages V; and V. Depending on
the bus type (i.e. PQ or PV for fixed P and Q or fixed P and V magnitude), active and
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2. MULTI-CONDUCTOR POWER FLOW ANALYSIS

reactive powers P;, Q; and the bus voltage magnitude V; may be known or unknown,
while voltage is fixed in magnitude and angle at the slack buses (usually one).

To solve the power flow problem, the Newton-Raphson method requires to set the Ja-
cobian matrix by the form in equation 2.6, including by the partial derivatives of equations
(2.4) and (2.5) respect to the voltage magnitude and angle, computed at each iteration
until the convergence given by a variation on the power balance staying within a given
threshold.

oP oP
AQ 9Q 9Q AV
00 oV

Although being one of the most robust and reliable for the solution of the power flow
problem, this method may not be suitable when applied to ill-conditioned systems like for
example the distribution networks which are characterized ususally by asymmetrical lines
with high R/X ratios, unbalanced loading and particular grounding options (especially on
the LV side).

To overcome these issues, one of the first proposals for power flow algorithms working
on radial distribution feeders has been presented in [31]. In [32] the authors adopted
the Newton-Raphson’s algorithm to compute the power flow in four-wire systems and
was thereafter improved adding specific component models for unbalanced three-phase
networks in [33] by composing the Jacobian matrix starting from the current injection

equations written in rectangular coordinates.

2.1.3 Gauss Zp,s method

The Gauss Zy,ys method is also a well-known approach for the power flow problem solution.
It uses a sparse Ygyus matrix to define the network structure, including branch and shunt
elements, adopting a current injection technique to solve the power flow problem.

Using the power flow problem definition given in equations (2.4) and (2.5) for the
application of the Newton-Raphson algorithm, in this case the system admittance matrix is
directly employed in the algorithm, without the necessity of forming the Jacobian matrix.
This feature, besides allowing a more flexible approach to the network modelling, may
result into a worsening in the convergence ratio, especially with a high number of PV buses.
This aspect anyway may be neglected when considering distribution systems, generally
composed by PQ buses with a slack bus with voltage reference [34].

Its application has been recently presented as a solution for the calculation of power
flow in unbalanced distribution systems in a loop frame of reference and using the current-
injection technique [35] and in a phase-decoupled version to improve its computational
efficiency [36]. A similar approach has been adopted by EPRI to develop OpenDSS, an

open source multi-phase power flow tool [37]. A Gauss-Seidel method is also applied

16



2.2. MULTI-PHASE NETWORK REPRESENTATION

in GridLab-D, a simulation environment developed by the U.S. Department of Energy
(DOE) [38].

2.2 Multi-phase network representation

Starting from the considerations made in the previous paragraphs, an algorithm for the
power flow calculation in distribution systems has been developed taking into account the
presence of multi-phase circuits with uneven power distribution on the phases, as it often
occurs especially in low-voltage networks. The proposed algorithm allows the considera-
tion of customizable voltage dependencies for loads and generators while permitting the
inclusion of virtually any number of wires in the system, even the case of different number

of phases from one area to another.

The algorithm described in the following is derived from the methodology presented
in [39] which proposed the solution of the power flow problem through the application of
the current injection technique directly to the system’s admittance matrix in which both
loads and generators were included as shunt elements. The main advantages given by
this method are the simplicity of implementation and robustness respect to particularly

ill-conditioned systems, including low-voltage networks with high R/X ratios.

A description of the approach was presented in [40] and further enhanced in [41]. This
correction-current injection algorithm evolved from the complex admittance matrix power
flow methodology described in [39] by including a multi-conductor network structure in
order to consider any number of phase and earth conductors. The main feature of this
method is the inherent flexibility in how multi-conductor network models and their associ-
ated effects are considered. Mutual coupling influences between the phases are computed
through a method that was originally developed for calculating electromagnetic coupling
of complex conductor geometries [42]. The use of such a multi-conductor approach facil-
itates accounting for any kind of interaction between phases meaning that any network
shunt element connections can be considered in terms of the system’s phase and reference
potentials and with respect to specific grounding (earthing) options. This feature intrin-
sically allows to consider any generic network with asymmetrical structure and operating

under unbalanced conditions.

Figure 2.2 shows a schematic representation of the distribution system, incorporat-
ing network structure, load, generation and grounding elements. The branch element
admittance matrix is composed through an incidence matrix approach computing the
mutual admittances between the system’s buses, which are represented as n-phase ports
(“nodes”). The network shunt elements and grounding admittances are connected to these

nodes, providing a linkage between the phase potentials and the system ground.
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2. MULTI-CONDUCTOR POWER FLOW ANALYSIS
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Figure 2.2: Schematic representation of the distribution system in the multi-conductor
correction-current-injection power flow algorithm

2.2.1 Branch Elements

Branch elements are included in the network admittance matrix by considering a n-
phase m-model. Each branch admittance matrix comprise longitudinal impedance Z and
transversal admittance Y; matrices as described in equation (2.7) and illustrated in Figure

2.3:

Yt
Z—1+—2 —Z!
Y Branch = % (27)
_ _ t
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Figure 2.3: Circuital representation of a line section with the multi-phase m-model.

The YBranch matrix represents the relationship between currents (positive if entering)
and voltages (with respect to a common zero-voltage reference) of the 2n ports of the
branch element. The construction of the Z and Yt sub-matrices within the m-model is
obtained using the classical Carson-Clem formulation for a n-phase branch as described
in [42] also presenting an approximation of the correction terms for the real and imaginary

components of the external part of the self and mutual impedance with earth return. It

18



2.2. MULTI-PHASE NETWORK REPRESENTATION

is important to note that in practical cases these correction terms could be the dominant
component in the 4-wire model, especially when considering unbalanced operation. The
longitudinal impedance matrix Z contains the self and mutual impedances for each phase.

Given two generic circuits 7 and j those terms are calculated as in equations (2.8-2.9):

D.
D.
Zij =Re+jw-2- 107%-1In <d> (29)
ij

where:
R;: DC resistance [Q2/km];
r;: phase conductor radius [m];
d;j: mutual distance between conductors ¢ and j [m];

while the terms subscripted with e refer to the earth return path with depth D, and
resistance R, [42] which takes into account the soil’s finite conductivity. Those terms are

calculated as for equations 2.10-2.11:

_ Q
Re=nf-107% [km} (2.10)

D, = 659 \/§ [m)] (2.11)

where:
f: system frequency [Hz];
p: soil conductivity [Q2m] (typically 100 Qm).

The transversal admittance matrix Y represents the capacitive self and mutual sus-
ceptances, as evaluated through the Maxwell’s potential coefficients. For the power flow
problem in LV networks however, these terms have only a marginal effect. Once Yg,qnch 18
computed for each longitudinal element, the system’s nodal admittance matrix can be eas-
ily constructed through an incidence matrix that defines the topology of the network. For

an m-bus, n-conductors network, Yy crwork 1S @ square matrix with size (m xn) x (m xn).

2.2.2 Shunt Elements representation

Loads, generators and in general any shunt element, can be represented by a combination

of a constant shunt admittance as calculated in 2.12 and, if needed, through suitable

19



2. MULTI-CONDUCTOR POWER FLOW ANALYSIS

correction current injector as highlighted in Figure 2.4. For a single-phase shunt element
connected between nodes k£ and h, the nominal complex admittance can be calculated as
follows:
Sin(0)
Yinh = 75, (Ukp = Ex, — Ep) (2.12)
|Ukh(0)]
where S (o) is the shunt element’s rated power and E' are the potentials of the £ and h
nodes. The subscript (0) indicates that the values are referred to the initial guess (nominal
values). This kind of approach enables the inclusion of the shunt elements within the
system admittance matrix allowing the voltage dependency to be customised according to
the chosen model. The shunt element apparent power can be described through equation
2.13, which refers to the i-th iteration. Separating the constant admittance term facilitates
the definition of a correction-current vector A, which allows the introduction of a specific
voltage dependency without changing the shunt element’s admittance. In this way, the
shunt element nominal admittance can be included in the system admittance matrix, which
is then composed entirely of constant values as depicted in Figure 2.4.

Sy = Yen - Ui | = Utknay) - Aoy (2.13)

Considering equation (2.13) as for the ZIP model formulation, the concept of the
aforementioned correction-current approach can be applied to separate the contributions

of different voltage dependencies as shown in equation 2.14.

Ui\ Uki(i
k‘z<| kh()’) -l-kz(' kh()|>+kp
|Uknh(0)| Uk (o)l

+ Siny, T Skngiypr kz ki +kp=1 (2.14)

SZh(i) = SZh(O)

= SZh(

i)z

With regard to the constant impedance part, the AI component in equation 2.13 is set
to zero. For the constant current part of the ZIP model in equation 2.14, which describes
a linear voltage dependency, the correction current Al can be obtained as for equations
(2.15-2.16):

\Ukhi)l

2 2
|Ukh(0)|) Yin | Ukn(o)I* = k1 (Yen - 1Ukn(n)|* = Ukn(iy Aoy ) (2-15)

S;ckh(i) = kr <

with

Yin
Ukn(i)

Alyn(iypy = k1 <\Ukh’%i) — |Uknl ) - !Ukh|(o)) (2.16)

The constant power share may also be expressed through a suitable correction-current
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Yir
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Figure 2.4: Shunt element representation with constant admittance part and correction
current term.

term as described in equations (2.17-2.18):

Slth(i)p% =kpYip - |(]lch(0)|2 =kp (Ykh : ‘Ukh(l)‘Q — Ukh(i)AIkh(i)p%) (217)

with
AL e k(2 2 2.18
kh(i)po, — PUkh(z’) | k:h|(i) _| k:h|(()) ( : )

Finally, equation (2.19) describes the composition of the ZIP model, with an emphasis
on the fact that the different voltage dependency shares may be represented by separate

current injectors.
Sy = Y Uk |* = (Al o + AlknGi) ) - Uit (2.19)

2.2.3 Connections among nodes and grounding

One of the most important features of this kind of power flow calculation is that it allows
to customize the connection between network phases and ground at any point of the
system. This allows for a consideration of the specific connection layouts and grounding
options without the necessity of utilizing the sequences approach. As shown in Figure
2.4 for the shunt elements representation, the system is composed by simply including
admittances defining the coupling among conductors. The same approach is applicable
for the connection between neutral and ground (green elements in Figure 2.2), which can

therefore be represented as a self-admittance at the grounded bus.

2.3 Generalized transformer model

The transformer is a network element whose representation in a multi-conductor environ-
ment is quite challenging, especially when dealing with particular phase connections, due
to singularities in the admittance matrix. This reason led to the choice of reserving a

separate section to the representation of this branch element.
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2. MULTI-CONDUCTOR POWER FLOW ANALYSIS

Several works in literature include the transformers in the power system by using
reference-frame transformations. For instance, in [43] the a/30 stationary reference frame
is adopted, while the sequence frame is used in [44]. Although correctly representing the
symmetrical system admittance, a more detailed definition of the mutual couplings among
the conductors is obtainable working on the Y matrix of the transformer as proposed for
example in [45]. The concept was also adopted to develop multi-winding multi-terminal
transformer models in [46-48]. Other works were presented to model particular trans-
former topologies for the connection of traction loads, for instance [49].

This section discusses about a generalized method for modelling transformers in a
multi-conductor grid representation in order to allow analysis on asymmetrical networks.
The aim is to represent any transformer connection through an incidence matrix approach,
knowing the impedance for each single-phase equivalent circuit. Some examples on how to
build the model considering several specific connections are given and tested to validate
the approach.

The multi-phase transformer model described in this section is built by connecting
each single-phase equivalent circuit through suitable incidence matrices in three sequential

steps:

1. Definition of the transformer’s primitive admittance matrix
2. Calculation of the admittance matrix for the unconnected transformer model

3. Application of the connections among the phases to represent the connection and
group.
In the following, a detailed description of the approach used to model the multi-phase

transformer is given.

2.3.1 Single-phase equivalent circuit

The single-phase circuit defines the impedances associated to one of the transformer’s
phases, allowing to set the impedances between the primary and secondary side. The
most common way to represent it is through the model shown in Figure 2.5a, where the
short-circuit and the magnetizing impedances z.. and zy are referred to the primary side
voltage F1 which is intended to be the phase-to-ground potential of node h.

Another way to define the self and mutual impedances for the single-phase circuit is
to adopt the well-known m-model shown in Figure 2.5b, applicable in the per-unit system,

with the admittances defined as:

yr—1=m (2.20)
Zce ‘
—1
yr = mm = 1) (2.21)
ZCC
ym =" (2.22)
’ZCC
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Figure 2.5: Equivalent circuits for a single-phase 2-windings transformer.

E N
where m = K =X is the transformation ratio and K = — is the turns ratio. The Zo term

2 2
shown in Figure 2.5a is related to the open-circuit losses and will be added separately

since it only involves the primary side bus.

2.3.2 Unconnected n-phase transformer

Once the m-model for each single-phase circuit has been defined, a primitive matrix for
the multi-phase system can be built placing on the diagonal the admittance terms defined
in equations (2.20-2.22) for each single-phase transformer composing the model, obtaining

a square matrix of order 4n (where n is the number of phases).

Y 0 e e B, 0

0 "0 0 e e e e 0

0 Y 0 oo e 0

T 0 (2.23)

: 0 Y"” 0 0

0 0 O

0 Yoo O

_0 0O 0 0 0 0 O |

The transformer’s admittance matrix composition is given by applying a suitable incidence
matrix to the primitive matrix defined in equation (2.23). It is worth noting that the
definition of the incidence matrix depends on the order used to group the m-model’s terms.

In this case the incidence matrix is:

(A.B.)  (ab.)

o T
PO R (2.24)
v —[1] 1]
vl om0
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Figure 2.6: Connection scheme of a Delta-Wye three-phase transformer. The P and S
letters indicate the Primary and Secondary busbars.

where [1] is the identity matrix and [0] is a zeros matrix, each with order equal to the
number of phases m. In equation (2.24) the column indexes refer to each phase on the
primary side (capital letters) and on secondary side (lower case letters): the number of
phases in this system is equal to the single-phase circuit in parallel. For a two-windings,
three-phase transformer A will then be a [(4 X n) X (2 X n)] matrix where n = 3 is the

number of single-phase circuits in parallel.

2.3.3 Delta-Wye transformer

After the composition of the unconnected transformer, an interface between the trans-
former ports and the buses at primary and secondary sides is needed. In the following
this process is described relating to a Delta- Wye connection of a three-phase transformer
which is depicted in Figure 2.6.

Once the nodal admittance matrix is built for the three-phase transformer, the topology
of the external connections can be set by defining a suitable incidence matrix as shown in

equation (2.25).

A B C N a b c n
[ 1 0 0 0 0 0 0 ]
- 0 1 -1 0 0 0 0 0
B_ O -1 0 1 0 0 0 0 0 |_ [Bp] [0] (2.25)
a—n 0o 0 0 1 0 0 -1 [0] [Bs]
b—n 0 0 0 0 1 0 -1
en | 0O 0 0 0 0 1 -—1|

Assuming a 4-wires busbar on the primary side, in (2.25) it could be seen that the
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number of elements on the delta-connected side is still kept as 4 with the explicit neutral
node to show how the number of phases can be chosen independently from the ports actu-
ally used in the model. Considering both the incidence matrices A and B the transformer

nodal admittance matrix is given by:

Yr =B {AT Yp,im A}B (2.26)
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2.3.4 Three-windings transformer model

To generalize the method discussed so far, this section shows how to represent a three-
windings transformer demonstrating how the same approach could be applied to a device

connected to multiple busbars, each consisting in a generic number of phases. In this

I’n2 .
ZCCPS
E
i 70 | S
EP ZO |:] ccPT m3 A

Figure 2.7: Single-phase equivalent circuit of a three-windings transformer.

case, the single-phase equivalent circuit is designed as shown in Figure 2.7: the short
circuit impedances are defined for each pair of buses identified as P, S and T (Primary,
Secondary and Tertiary sides). The circuit’s nodal admittance matrix can be obtained
by considering a common node (called O) and then calculating the share of short circuit

impedance referred to each side as for equation (2.27).

zp 1 =1 1| |Zeprs

Zyye = | zs :% 1 1 —1| |2zesT (2.27)
zr -1 1 1 ZeePT
z;l

Yige = | 25" (2.28)
z;l

The three impedances defined in equation (2.27) compose the star inscribed in the
Delta-connected short-circuit impedances. The admittance array calculated as for equa-
tion (2.28) can be included in the diagonal of a primitive matrix, as shown in (2.29), while
an incidence matrix can be defined as for equation (2.30) setting the connections of each

admittance term of the multi-phase transformer.

[Ye] [0] [0o] [o] [O]
0] [ys] [0] [o] [O]
0] [0 f[Yr] [0] [0] (2.29)
[0f o] [0] [Yo] [0]
[0 o] [0 [0] [Yol

YPrim(f) =
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P(a,b,...) S(ab,...) T(ab,...) O(a,b,...)

ve [ (1 o) o] [
vs | (0] 1] o] [
Agy=vr | [0] [0 LUt (2.30)
vo | (] [0 [0] [0]
vo | [0] [0} [0] LI

The primitive matrix in equation (2.29) is built by diagonal matrices with order 3 (since
there are three single-phase circuits coupled) containing each the respective admittance
terms calculated in equation (2.28) shown in Figure 2.7. The open-circuit losses are
included by adding the Yo term, while it’s important to note that a term called Yo has
been added to introduce a reference to earth for the common node in each circuit. These
terms are defined as tiny admittances (in the order of 107! respect to the short-circuit
terms) and are considered only for numerical reasons, in order to prevent from issues when
inverting the admittance matrix.

With this reference, the incidence matrix can be easily built by using identity and
zeros matrices with order 3 as shown in equation (2.30). In case of a three-phase-three-
windings transformer, Ypyim(r) and A(g) are matrices with order (5-n) and [(5-n) x (4-n)]
respectively, where n = 3 is the number of parallel single-phase circuits.

Since the common node O is not defined in the system’s admittance matrix (in which
the transformer’s one will be included), a reduction is required and obtained through the

procedure described in the following:

1. Calculate the nodal admittance matrix for the unconnected transformer from the

primitive and incidence matrices (2.29-2.30) as for equation (2.31):
Y1) = Afty Yee) A (2.31)

where the signed term indicates that the nodal admittance matrix doesn’t include

the connections among the phases

2. Invert Y7 obtaining the order 15 impedance matrix with the explicit common node

Zrr) = (Yrgr) (2.32)
3. Delete the rows and columns relative to the common node, reducing the impedance
matrix to order 12: Zyg) — Zr;

4. Invert Zp to get the reduced admittance matrix for the unconnected transformer:

Yr = (Zr)™ (2.33)
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With the approach followed in this case, the information about the actual transfor-
mation ratio is not directly contained in the impedances definition and it needs to be set
separately linking the ports in the 1-Volt-reference system to the external ports of each

side. This process is depicted in Figure 2.7 as three couplings with turns ratio defined as:

mp = kp
ms = 1/ks (2.34)
mp = 1/kp

where k;, = Exr/FEyBase (With x = P, S, T') is the ratio between the winding’s rated voltage

and the respective busbar’s base voltage.

With the turns ratios calculated as for equation 2.34, the nodal admittance matrix of
the generic multi-phase transformer can be calculated similarly to the two-windings case
shown in section 2.3.3 but adjusting the voltage reference to the actual values of each side.

This process is obtained by introducing the matrices B and C:

Bp] [0] [0]
B=110 [Bs [0 (2.35)
0] [0] [B]

mp 0 0
0 .0 0
C-— 0 ms 0 -0 (2.36)
0 . 0 0
: 0 mp O
L 0 ‘ .

where the Bp._ 1 sub-matrices contain the topology for each side similarly to equation
(2.25), while C is a diagonal matrix containing the turns ratios as defined in equation
(2.34).

Standing the choice (explained in section 2.3.3) of keeping the full number of phases
of the 4-wires system at the external ports, the order of B will be [(3-n) x (4 - n)] with
the same meaning for n, while C is a square matrix of order (4 - n) containing the actual
turns ratios defined in equation (2.34). The nodal admittance matrix for the multi-phase

3-windings transformer is then given by equation (2.37):
Yr=BT{CcT Y C}B (2.37)

It is worth noting that the method described in this section to build a three-windings
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2.3. GENERALIZED TRANSFORMER MODEL

transformer with a generic number of phases could be as well applied to a model with
any number of windings by simply adding new ports to the circuit (and of course comput-
ing the impedances in the single-phase circuit accordingly), including the two-windings

transformer considered in the previous sections.

2.3.5 Transformers with special connections: Zig-Zag and Scott

The method for representing n-phase transformers with any number of windings has been
shown so far, discussing a generalized method for implementing the relations between the
phases. In this section the Zig-Zag and Scott connections are considered as examples on

how to realize specific connection schemes through the presented method.

Zig-Zag

The Zig-Zag connection is typically used to create a common reference for the neutral
conductor in three-phase/three-wires systems or, in general, to reduce the amount of
voltage unbalance on the transformer’s primary side while feeding an unbalanced load.
Figure 2.8 shows the voltage diagrams at both sides referring to the circuit depicted in
Figure 2.9.

VA

Ep

(a)

Figure 2.8: Vectorial diagrams for the Primary (a) and Secondary (b) sides of a Wye-
ZigZag transformer.

Defining the phase voltages on each side of the transformer as Ep and Eg (similarly

to the case shown in section 2.3.3), the turns ratio is given by:

{mP = EPBase/EPn =1 (2 38)

ms = ESBase/ESn = 2/\/g

where Eppese and Egpqse are the base voltages of each side.

Applying the general approach described in section 2.3.4 the impedance related to each
side can be obtained as half of the short-circuit impedance introducing the common node,
then the same considerations made to calculate the admittance matrix are still valid. In
this case, considering both the vectorial diagram and the three-phase circuit shown in

Figures 2.8 and 2.9, the incidence matrix of a Wye-ZigZag transformer with group 11 can
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Figure 2.9: Connection scheme of a three-phase Wye-ZigZag transformer. The path for
the phase-neutral voltage in phase-a is highlighted at the secondary busbar.

be built as in equation (2.35) with the sub-matrices defined as:

1 00 -1 05 —05 0 0
Bp=|0 1 0 —1|; Bs=| 0 05 —05 0 (2.39)
00 1 -1 —05 0 05 0

As could be seen from the vectorial diagram in Figure 2.8b, the secondary voltage is
obtained as composition of two half-winding voltages Ep,, taken from different phases. To
include this aspect in the incidence matrix definition, the connections among the phases

have been set to 0.5 as shown in (2.39).

Scott
The Scott transformer is employed for the connection of traction systems to a three phase
network, in order to reduce the amount of unbalance on the three-phase grid due to the
asymmetrical nature of the traction system. The main advantage of this configuration is
the possibility to maintain balanced voltages at the primary side while feeding a system
with 2 phases displaced by 90°. This kind of connection can be represented through the
general approach to the n-phase transformer given in the previous sections by simply
setting a suitable incidence matrix defining the interaction between the windings, in order
to obtain the voltage vectors composition shown in Figure 2.10a.

As for the Zig-zag connection, one of the windings (here on the primary side) is divided
in two half-windings, so the incidence matrix will involve fractional terms. Furthermore,
since the number of windings is different from the number of phases in the system, the

incidence matrix will not be square as in the previous cases and could be built as follows:
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A | —

A a éé} é
[N ]
g'j "

(a) (b)

Figure 2.10: Vectorial diagram (a) and connection scheme (b) of a Scott transformer: in
red the voltages applied to each phase-winding on the primary side.

n USQ b

Ups

A B C N a b n
P1 1 —-05 -05 0 0 0 0
P2 0 1 -1 0 0 0 0
B= (2.40)
S1 0 0 0 0 1 0 —1
S2 0 0 0 0 0 1 -1

From equation (2.40) it could be seen that the number of phases on the primary side
is still kept as 4 with the explicit neutral node to show how the number of phases can
be chosen independently from the ports actually used in the model. In this scheme, the
neutral point needs then to be connected to earth through an external impedance not to
cause inversion problems when including the transformer model in the system admittance
matrix.

In this case, differently from the previous examples, not only the turns ratio changes
from one side to the other, but also from one phase-winding to the other. In particular,
for the Scott connection the transformation ratios can be calculated as follows, defining

the phases with 1 and 2:

mp1 = Ep1Base/Ep1n = 1/1.5
mpz = Epapase/Epon = 1/V3 (2.41)
ms1 = Es1Base/Esin =1
ms2 = EsaBase/Eson =1

NOTE:

An observation that arises from the examples mentioned above is that the incidence matrix
B includes not only unitary values but in general real ones, depending on the specific
connection option. This feature allows basically to obtain any kind of topology, also

reducing the number of phases on the transformer’s sides.
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2.4 Correction-Current-Injection (CCI) power flow algorithm

The power flow algorithm is formulated as a set of non-linear equations which compose

the system:
I=Y E (2.42)

As proposed in the methodology described in [39], matrices for the mere network
structure and shunt elements may be computed separately as discussed in the previous
sections and aggregated in the total system admittance matrix, which will include both
the busbar connections and shunt elements contributions following the scheme depicted in
Figure 2.11. Calling Y petwork the system’s admittance matrix, the power flow problem

can be represented as in Figure 2.12.

N1 N2 N3

Ybrl,, Y\\i sz f

Nl + rl, N Ybr2y, .

N2 Ybr2, N

N1 o Ybren oy
o load 1 ) N bl

N2 Ybrl,, +

pr \\ Yloa 1
NN d!

2 load 2 T ————

N3 N3 //Y/er/Z] ) L+

Iy N

Figure 2.11: Example of admittance matrix composition for a three-bus system.

In Figure 2.12, the system has been partitioned to highlight the components concerning
the slack bus (SL). It should be noted that, since the system is made by multi-phase buses,
the number of elements composing the current and voltage vectors I and E is given,for a
total number of buses n and phases m, by [n x m]. The partitioned system can be written

as:

Ist. = Ysi-st - Est + Ysi—su - Esu (2.43)
Alsyg = Ysi-su - Es. + Ysu-su - Esa (2.44)
T
|
Ist Ysr-su YsL-sH Esr,
|
WWWWW e - — —
- |
‘ L]
|
Algy YSHst.% YsH-sH Esu
|
|
— [ S—— [ p—
I Ynetwork E

Figure 2.12: Partitioned system for the power flow problem.
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Since both the shunt elements’ admittance and ground connection matrices are in-
cluded in Y petwork, the values composing array Algy are defined as correction-currents
which adapt the power absorption or injection of the shunt elements according to their

voltage dependency as discussed in section 2.2.2. Solving equation (2.44) for Esn,, yields:

Esug = Yon su- (AISH(H) — YsH-sL- ESL) (2.45)

in which subscript i stands for the i*" iteration. The inclusion of the shunt elements’
constant admittance part in the system matrix contributes to increase the calculation
speed since it allows to operate the matrix inversion in equation (2.45) only once at the
start of the iterative process. In the following, the power flow algorithm is schematically
described.

Input: Branches length and connection type, loads and generators active and
reactive powers.

Result: Voltage vector E solving the power flow problem.

Initialize of the admittance matrices:
e calculate the branches sub-matrices as for equation (2.7);
e calculate the ground connection matrix;
e calculate the shunt elements’ admittance matrix whose components are calculated

as for equation (2.12);
Compose the network admittance matrix Y petwork @S the sum of the previous

matrices;
Invert Ysm_su;

Initialize the voltage vector E;

14 0;
while |[E|<ey and /E<es and i <=max; do
141+ 1;

update the shunt elements’ currents vector AISH(i_1);
calculate E;) as for equation (2.45);

end
Algorithm 1: Correction-Current-Injection (CCI) power flow algorithm

2.5 Generalization of the CCI power flow

The advantage given by the introduction of the correction-currents concept is that any
kind of shunt elements’ voltage dependency may be considered and suitably taken into
account by simply adapting the respective term in the Algy array included in equation
(2.45).
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The ZIP-model described in section 2.2.2 can be used to represent the behaviour of
PQ buses, defining the correction-current as a function of the constant admittance part
and of the voltage variation. To generalize the approach explained so far, a representation
of the PV buses is given in this section. PV busbars are characterized by constant active
power and fixed voltage magnitude and are used to represent the presence of traditional
generation plants which have the ability to control the voltage magnitude at the connection
bus by means of a reactive power variation. This type of operation is obviously related
to sections of the power system where the branches’” R/X ratio is below 1, leading to a
prevalent link between reactive power and voltage magnitude. In this vision a way to
adapt the generator currents at PV buses was presented in [39] for the current-injection
implementation in the equivalent single-phase system and its application to multi-phase

circuits is discussed in the following.

Starting from the power flow problem formulation given by equations (2.43) and (2.44),
it is possible to subdivide the system between generators (G) and loads (L) buses con-

sidering the first ones connected to Slack and PV buses and the latter ones to PQ buses,

obtaining:
Ic =Yg Ec + YaL - EL (2.46)
Al =YgL Eg+ YL EL (2.47)

where the terms indicated with subscript G include the slack bus too. Solving equation
(2.47) for Ey, yields:

ErL=-Y;;Yic Ec+ Y] Al (2.48)
leading to:
Ic = (Ygc — YGLYEIIJYLg) -Eg + YGLYEI{ - Aly, (2.49)

which can also be written separating the slack and PV buses (i.e. the Eg array is decom-

posed in the two components Egy, and Epy) as:

IsL
Alpv

Finally, the correction-current that needs to be injected at the PV buses is given by:

A B
CD

Esi,

Epv

+ [YGLYLE] : [AIL] (2.50)

Alpy =C - -Egr, + D - Epv + YGLYEﬁ - Al (2.51)

where Epvy is the vector of voltages whose magnitude needs to be maintained constant
and Aly, corresponds to the Algy array defined in equation (2.44), for the remaining PQ

buses.
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In a general case in which the neutral point at the PV busbar shifted due to voltage
unbalances, the Epy potentials need to be set in order to obtain a phase-neutral voltage
with the desired magnitude and an unmodified angle. An example referred to phase a is

shown in Figure 2.13. In the example, since the objective is to obtain the dashed voltage

A
AE
Pl
E,
E, E!
On,
00 \0.,
>

Figure 2.13: Voltage diagram for phase-a of a generic PV bus.

vector variation, phase-a potential E/, needs to be set as:
E =E,+AFE-&° (2.52)

where AFE is the magnitude difference between the actual phase-neutral voltage and the
desired one and o = 6, — 6. Applying the same concept to the other phases, vector Epvy
in equation (2.51) is defined for the respective iteration. In order to control the voltage
magnitude by means of a reactive power variation, the currents composing the array Alpv
in equation (2.51) need to be set in quadrature with the relative phase-neutral voltage as

for the discussion in [39].

2.6 Case study applications of the CCI algorithm

This section reports several applications in the study of the steady-state operation of
electrical networks, focusing on different aspects of the CCI power flow algorithm discussed
in the previous sections. Case studies are presented to validate the obtained solution
compared to other simulation environments and show some of the possible applications of

the algorithm.

2.6.1 Analysis of an Irish multiple-grounded 4-wire distribution network

In this case study, the CCI algorithm was adopted to model and simulate the operation
of a Low Voltage distribution network including both three-phase and single-phase lines,
with multiple ground connections. The system considered below, whose layout is depicted
in Figure 2.14, is a suburban distribution network within the city of Dublin, Ireland,
which incorporates users’ single-phase connections, also provided with neutral connection
to earth as well as DG connections.

The system hosts 74 households distributed on a 10-bus feeder radially departing from a

10/0.4 kV Secondary Substation. The neutral conductor is connected to ground in several

35



2. MULTI-CONDUCTOR POWER FLOW ANALYSIS

e 4xcoOre 1855q, XLPE
e 4xcore70sq, XLPE
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Load profile number
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DWG installation DpvG installation

Figure 2.14: Layout of the Irish LV distribution network.

points around the network: each busbar along the main three-phase line (i.e. pillars B-J)
have a 1 Qearth electrode, while customers have distinct earth connections through a 5
Qimpedance. The neutral conductor is grounded at the Secondary Substation (i.e. pillar
A).

The sending voltage at the Secondary Substation is varied in accordance with the
assumed maximum voltage drop limits as defined in the EN50160 standard for the Irish
DSO’s distribution code [50], requiring the DSO to deliver electricity in a voltage range of
+10%(V4,). In the application presented in the following, the sending voltage at the feeder
bus is fixed at +5% respect to the nominal voltage.

The three-phase branches composing the main feeder, with a maximum extension of 327
m, have three different types as reported in Figure 2.14 although in the analysis discussed
below only one cable type was employed to represent all the three-phase connections (i.e.
the 185 mm? XLPE cable). A complete description of the network’s model is given in
Appendix A.

Distributed generators are connected to some of the customers as can be seen in Figure
2.14, distinguishing in PV units and micro-wind generators. Daily power profiles are
considered for the variation of loads consumption and generators production. In particular,
for the customers the power profiles are deduced from a representative year data [51]. Both
generators and loads in this analysis have been represented as constant power units in each
instance of the 24-hours simulation, so in respect to the ZIP model description in equation
2.14, the value of parameter kp is 1 (while, of course, kp = k;r = 0).

The network’s reaction to variable load/generation over a 24-hour period has been
analysed by mixing the three power profiles shown in Figure 2.15 for the loads, referring
to different seasons (load 1, 2 and 3 representing Autumn, Winter and Spring respectively)
assigned as reported in Figure 2.14. The wind speed, solar irradiance and temperature con-

sidered to calculate the DG output power profiles shown in Figure 2.15 refer to recordings
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Figure 2.15: Daily power profiles for load and generation in the Irish LV distribution
network.

over 24-hours in the Autumn period.

Initially the instance at h. 12 is highlighted for consideration. In this regard, the
different load profiles identified in Figure 2.15 lead to total power consumptions of 0.469
kW, 0.479 kW and 0.806 kW (unity power factor) at the assigned consumer connections
(as illustrated in Figure 5). The total amounts of power produced by DGw and DGpv in
this instance are respectively 0.398 kW and 0.475 kW with power factor 0.95 applicable
to both DG types. Table 2.1 reports the results in terms of currents at the PCC and
busbar voltages detailed for the connections at pillars B and J (i.e. the extreme ends
of the feeder). For the sake of validation, the same analysis has been conducted with
the simulation software OpenDSS and DigSilent PowerFactory and the respective results
reported in Table 2.2 confirm the correctness of the solution obtained through the CCI

algorithm.

The voltage profile along the feeder on the 24-hours period is shown in Figure 2.16a
for each phase and the neutral conductor employing the same presentation logic used in
Table 2.1. Figure 2.16b illustrates the voltage unbalance at the respective pillars, defined
as the ratio of the voltage negative and zero sequence components over the positive one,

in percent [52,53], i.e.:

V_ - 100
VUF = —— (2.53)
Vi
Vp - 100
VUFy = - (2.54)
Vi

The maximum voltage drop along the feeder can be quantified as about 2% of the
nominal voltage, being similar in each phase, while the pillar voltage unbalance varies
from 0.002% to 0.198% and is within the acceptable tolerance (2%). This is mainly due to

the distributed neutral grounding throughout the grid (including customer buses) and to
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Figure 2.16: Voltage profile in each phase (a) and VUF (b) in the Irish LV network at h.

12.

the relatively low power flow values, as derived from the reference scenario considered for

loads and generators. An analysis of the possible effects coming from an intense growth

of DG power installed in this system has been conducted in [40]. It should be also noted

that with network configurations like the one considered here, having ground connections

at each household besides at the three-phase line pillars, it is unlikely that

the voltage

unbalance overcomes the statutory limit of 2%. Nevertheless this issue may occur with

other network structures having a single grounding point for the neutral conductor at

the secondary substation LV busbar, like, for example, in the Italian and

distribution networks.

Danish LV

Table 2.1: Irish LV network’s pillars and customers’ bus voltage magnitudes and angles:
results of the h. 12 instance.
Bus Vi YA Vo ZLVa V3 4V3 Vneut'ra,l
[pu] [deg] [pu] [deg] [pu] [deg] [pu]
B 1.0487 -0.04 1.0493 -120.01 1.0486 119.99 0.0002
1 1.0493 -120.01 0.0002
2 1.0485 119.99 0.0003
3 1.0483 119.99 0.0002
4 1.0493 -120.01 0.0007
5 1.0481 -0.04 0.0007
6 1.0481 -0.04
C 1.0469 -0.08 1.0483 -120.03 1.0466 119.97 0.0004
D 1.0449 -0.14 1.0472 -120.05 1.0444 119.95 0.0005
E 1.0432 -0.19 1.0463 -120.07 1.0425 119.93 0.0007
F 1.0413 -0.24 1.0453 -120.08 1.0402 119.91 0.0007
G 1.041 -0.25 1.0452 -120.09 1.0399 119.91 0.0007
H 1.0402 -0.28 1.0448 -120.09 1.0385 119.89 0.0008
I 1.0394 0.3 1.0444 -120.09 1.0373 119.87 0.0008
J 1.0391 -0.31 1.0442 -120.1 1.0369 119.87 0.0008
65 1.0363 119.87 0.0009
66 1.0439 -120.1 0.0006
67 1.0365 119.87 0.0008
68 1.0439 -120.1 0.0006
69 1.0385 -0.32 0.0013
70 1.0385 -0.32 0.0013
71 1.0388 -0.31 0.0011
72 1.0366 119.87 0.0008
73 1.0439 -120.1 0.0006
74 1.0438 -120.1 0.0006
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Table 2.2: Results obtained with the simulation software OpenDSS and DigSilent PowerFactory.

OpenDSS PowerFactory

Vi rar Va LV; V3 £LV3 Vo Vi Az Va LV; V3 £LV3 Vo

[pu]  [deg]  [pu] [deg] [pu]  [deg] [pu] [pu]  [deg]  [pu] [deg] [pu]  [deg] [pu]
B | 1.0487 0.0 1.0494 -120.0 1.0486  120.0 0.0002 | 1.0487 0.0 1.0493 -120.0 1.0486  120.0 0.0002
C| 1.0469 -0.1 1.0484 -120.0 1.0467  120.0 0.0003 | 1.0469  -0.1 1.0483 -120.0 1.0467  120.0 0.0004
D | 1.0450  -0.1 1.0472 -120.1 1.0445  119.9 0.0005 | 1.0450  -0.1 1.0472 -120.1 1.0444  119.9 0.0005
E | 1.0433 -0.2 1.0463 -120.1 1.0426 119.9 0.0006 1.0433 -0.2 1.0462 -120.1 1.0426 119.9 0.0007
F | 1.0415 -0.2 1.0454 -120.1 1.0403 119.9 0.0007 1.0414 -0.2 1.0453 -120.1 1.0403 119.9 0.0008
G| 1.0412 -0.3 1.0453 -120.1 1.0400 119.9 0.0007 | 1.0412  -0.3 1.0452 -120.1 1.0400  119.9 0.0007
H| 1.0404 -0.3 1.0449 -120.1 1.0387  119.9 0.0008 | 1.0403  -0.3 1.0448 -120.1 1.0387  119.9 0.0008
I]| 10396 -0.3 1.0445 -120.1 1.0375  119.9 0.0008 | 1.0396  -0.3 1.0443 -120.1 1.0375  119.9 0.0008
J | 1.0393  -0.3 1.0443 -120.1 1.0371  119.9 0.0008 | 1.0392  -0.3 1.0441 -120.1 1.0370  119.9 0.0008

IWHIIHODTV [ HHL 40 SNOILVDITddV AdNLS HSV]) °9°'C
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2.6.2 Proposal of a decoupled phase-tap-changer transformer

An interesting application of the multi-phase approach on which the CCI algorithm is
based is discussed in the following, presenting the case study of a phase-decoupled on-
load-tap-changer transformer for voltage management in LV networks [54].

One of the main issues modern distribution networks are facing these days is the voltage
management in LV networks. For this reason, some research have been presented lately
discussing the possibility of employing on-load-tap-changers even at the MV /LV interface
(i.e. the Secondary Substation) to control the voltage magnitude. Some commercial
products are already available relaying on electronic switching capabilities [55] and are
commonly referred to as Smart Transformers [56-59].

As will be deeply discussed in the following chapters, the problem of voltage unbalance
mitigation in LV networks may become of fundamental importance going into the future.
For this reason, the on-load-tap-changing capability of the transformer has been investi-
gated together with the possibility of independently varying the tap position on the three
phases allowing the voltage unbalance regulation at a specific busbar. The possibility to
switch the tap position independently on the phases could help to control the uneven volt-
age drop due to unbalances in the power flow, meaning that, for instance, in case one of
the phases is particularly loaded, the transformer will reduce the ratio just on that specific
phase, without involving configuration changes of the other two phases.

In Figure 2.18 the control setup is schematically depicted, showing that a remote bus is
taken as reference, assuming the presence of a communication infrastructure allowing the
voltage measurement signals to be sent to the Secondary Substation. The OLTC operation
is run through the control scheme reported in Figure 2.18b where an integral action is
shown for the tap changing feature: each time the respective phase-voltage overcomes
the Dead-Band (i.e. a voltage range around the nominal value V,.¢), the tap position is
increased or reduced accordingly.

The network considered for application consists in a 12-bus Danish LV feeder connected
to the MV network through a 10/0.4 kV Delta-Wye transformer as shown in Figure 2.17
[60]. The short circuit power of the main network is 20 MVA. Measurements on the real
system allowed characterizing the power consumption of the 33 single phase loads during
a 24-hours interval which resulted to be about 740 kWh, with a mean power of 30.8 kW.
For a full description of the network’s model, see Appendix B.

As reported in the network layout in Figure 2.17, the controlled bus in this case is Bus
10, placed at the feeder-end. The simulations have been conducted over a 24-hour period

under three scenarios:

1. Synchronized OLTC: the OLTC is operated simultaneously on the three phases,
taking as reference the phase voltage at phase a. The tap-changing ratio is the same

adopted for off-load operation in distribution transformers;

2. Phase-wise OLTC — discrete: three independent controllers are set referring each
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to the respective phase. The control uses the same tap changing ratio used for the

synchronized action;

3. Phase-wise OLTC — continuous: the independent action of each phase is con-

sidered with a higher number of taps with smaller variations.
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Figure 2.17: Layout of the case study Danish real LV distribution network.
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Figure 2.18: Control setup for the implementation of the decoupled OLTC.

The objective of the control is to minimize the voltage deviations respect to the nominal
value at the feeder end, considering a Dead-Band of +2%(V},), with the possibility by
the OLTC to switch on 5 positions for a total +£5%(V,,) variation, i.e. with steps of
AV = 2.5%(V,,). This capability is enhanced in scenario 3 where the total variation range
is covered by a finer tap regulation, with steps of +0.1%(V},) and a Dead-Band set at
+£0.25% (V3,).

The simulation of the Base Case (i.e. the non-regulated case applying the measured

power profiles shown in Figure 2.19) resulted in the phase-neutral voltage profiles shown
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Figure 2.19: Active (a) and reactive (b) power measured over a 24-hours period for the
three-phases and in total on the Danish LV network.

in Figure 2.20a. As it can be seen, the profile follows what is expected in a residential
area, with low loading during the night (from 0 to 6 a.m.) and higher absorption by loads
in the evening (from 6 to 12 p.m.). The maximum voltage sag could be observed around
8 p.m. in phase a, with 0.955 pu.

In scenario 1, the OLTC operates a synchronous tap variation on the three-phases. By
hypothesis, the reference voltage has been considered the one in phase a, so the voltage
profile, shown in Figure 2.20b, highlights the AV=0.025 pu variations introduced by the
tap changes occurring when the phase-a voltage overcomes the Dead-Band limit. Around
h. 6 the loads consumption starts intensifying, causing a voltage drop that is faced by a
+1 tap variation. The same situation occurs around h. 20 when the load in phase-a is
heavier than on the other two, so the tap adjustment causes an undesired voltage rise on
phases b and c.

Scenario 2, although still applying the voltage variation per tap considered in the
previous one, adopts the decoupled OLTC capability, allowing each phase to be controlled
independently. Figure 2.20c reports the voltage profile at bus 6 for Scenario 2, showing
that the tap controllers react to the Dead-Band overcoming by the relative voltage in
different instants reducing the deviations within the Dead-Band. On the other hand,
this operation could possibly adversely affect the voltage unbalance as shown in Figure
2.21, where the Voltage Unbalance Factor (negative sequence) in scenarios 1 and 2 are
compared.

In scenario 3, along with the decoupled OLTC operation on the phases, a finer regula-
tion is adopted by considering a higher number of steps. From Figure 2.20d it can be seen
that the voltage regulation at bus 6 results more accurate since the Dead-Band region is
respected during all the simulated period. In Figure 2.22 the VUF values for scenario 2
and 3 are compared, showing that a continuous tap adjustment may overcome the issue
of increasing the VUF due to a discrete control, as highlighted also in Table 2.3 reporting
the average values of VUF and phase voltages at Bus 10.
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Table 2.3: Average values of VUF and phase voltages at bus 6 during the 24-hours simu-
lation.

VUF Bus 10 Voltage [pu]
(%] ph a phb ph c
Base Case 0.2760 0.9746 0.9851 0.9819
Synchronized 0.2850 0.9960 1.0062 1.0019
Discrete Phase-wise 0.4500 0.9960 1.0018 1.0048
Continuous Phase-wise 0.2180 0.9996 0.9999 0.9997
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Figure 2.20: Phase voltage at the controlled bus 6 during the 24-hours simulation in the
three scenarios compared with the non regulated Base Case.
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Figure 2.21: Voltage unbalance factor Figure 2.22: Voltage unbalance factor
(VUF) in scenarios 1 and 2. (VUF) in scenarios 2 and 3.
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Figure 2.23: Single-phase toroidal Figure 2.24: Scheme of the experimental setup for
transformer with continuous tap se- the OLTC test.
lector.

The research conducted on this topic was part of the Energy Saving by Voltage Man-
agement Project (EUDP — Danish project) and included also an application of the dis-
cussed OLTC operation in presence of distributed generation on the same LV feeder, even
including the reactive power provision by inverters for local voltage support [61,62].

The model discussed previously has been validated experimentally in the research
infrastructure SYSLAB-PowerLabDK, a laboratory facility for the development and test
of control and communication technology for active and distributed power systems, located
at the DTU Risg campus [63].

The experimental setup, schematically shown in Figure 2.24 includes a cable with
impedance equivalent to the one between the LV busbar and Bus 10 in LV network in
Figure 2.17, a three-phase controllable load and a power source represented by an Electric
Vehicle (EV) performing a Vehicle-to-Grid (V2G) service. The Phase-Decoupled OLTC
used for the test has a rated power of 35 kVA and is capable of continuously changing the
tap position allowing a voltage regulation in the range +10%(V;,). A picture of one of the
single-phase transformers composing the three-phase OLTC is shown in Figure 2.23.

The results of this activity are still to be published, but the results of two of the tested
scenarios are reported here as enlighting examples. The first scenario is a passive case,
in which the loads connected to the three phases are increased simultaneously by steps of
1.1 kW from 0 to the rated power per phase (i.e. 11.6 kW). The second scenario considers
the presence of the EV as a source injecting active power to the network, connected to
phase a as could be seen in Figure 2.24. The controlled bus in this test is the PCC, while
loads and generator are connected to the bus at the end of the line. In both scenarios, the
OLTC device has demonstrated to behave as expected by the simulation activity, as can

be seen from the good agreement between the measured voltages and the simulated ones.
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Scenario #1 Scenario #2
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Figure 2.25: Phase Voltage results for the experimental test and simulation of the Phase-
Decoupled OLTC in scenario 1 and 2.

2.6.3 Application of the generalized transformer model

In this section an application of the generalized transformer model discussed in section 2.3
is presented to compare different connection options dealing with load unbalance. This
kind of comparison has been presented in [49], which has been used here as a reference for

the validation of the model discussed so far.

Slack bus PCC Load Bus
A 2 A a
3-phase b
B 2 B ¥
2-phase
phase L,| |1,
; transformer
C Zs C n

Figure 2.26: Three-phase circuit for the application. Different options are compared
changing the 3-phase/2-phase model and testing the effects of different load unbalances.

The circuit considered in this application is shown in Figure 2.26: the main three-
phase network feeding the system has been modeled introducing longitudinal impedances
between the slack bus (represented as a wye-connected triplet of voltage generators) and
the PCC. The loads are connected to the secondary side of the transformer in a 2-phase
plus neutral system as in the case of a traction load. In the following, the generalized
transformer model described in the previous sections will be applied to obtain three con-
nection options to the Load Bus. Even the source impedance connected between the Slack
bus and the PCC can be modeled as a transformer: using the Wye-wye connection with
a unitary transformation ratio (in pu), in fact, the result for the branch element will be a

three-phase m-model composed by longitudinal impedances only (called zg in Figure 2.26).

Figure 2.27 shows the connection schemes for the three options considered to connect
the Load Bus to the PCC. As could be seen, even if the phase connections on the primary

side change, each transformer is composed by two single-phase circuits, meaning that the
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(a) (b) ()

Figure 2.27: Connection scheme for the three options tested in the application: a) single-
phase, b) V-connection, c¢) Scott-connection

order of the corresponding incidence matrix B will be [(2 x 2) x (2 x 3)] = [4 x 6]. Its
composition for the three cases depicted in Figure 2.27 is shown in equation (2.55), where
it should be noted that real values may be used to compose the incidence matrix which

contains also the information about the specific topology (as for the Scott connection

matrix).

1-100 0
1-1000

Blph—
00 0101
00 00 1-1
(1 0-100 0
01-100 0

By = (2.55)
00 0 1 0—1
000 0 1-1
(1 05 -05 0 0 ]
0 1 -1 0 0

BScott:
o 0 0 1 0 -1
o 0 0 0 1 -1

The data for the test circuit shown in Figure 2.26 are taken from [49] and are recalled

in the following.
The Slack bus imposes three phase voltages E n:

Ey = Epy - exp’

Ec = Epy -expl 5
where the subscript LN stands for line-to-neutral. Defining the base values for apparent
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power and voltage as Spgse and Vpgse the impedance zg for each phase is calculated as:

E%L SBase
= _LL | . 2.57
zs SS E2 e (p ) ( )

where:
Sg is the three-phase apparent power for the equivalent source;

Er is the line-to-line voltage (Frr = V3ELN).

The transformer’s short-circuit impedance zp is calculated as:

Ese E2. SBase
2 = . . . 2.58
""" Enr Sk E%,, (pu) (2.58)

where:

Fs. is the short-circuit voltage in V;

Fh R is the rated voltage at the primary side in V;
Sk is the rated apparent power for one phase in VA.

Finally, the load impedance is defined depending on the apparent power:

_ E]%N . SBase
LS. E2

Base

(x=1,2) (p-uw) (2.59)

where the Ery term stands for the phase-voltage on the 2-phase system and Sy, is the

single-phase load power in VA.

In this example, assuming as Spgse the transformer’s single-phase rated power (Sg)
and as Epgse the phase-neutral voltage Ern, the magnitudes of the three phase-voltages
in (2.56) are 1 pu, while the impedances are calculated considering the following values:
Sg = 4000 MVA, Sg = 50 MVA, Evp = Ern, Esc = 8%(E1R), Sp1 + Sp2 = 50 MW.
With this set of data and the mentioned base values, the impedances in the circuit result:
zs = 0.035 pu and zy = 0.08 pu.

The three connection options in Figure 2.27 have been tested under different load
unbalance conditions obtained by changing the power ratio of each load and not varying

the total power Sp:
Sp1=k-SL; Spe =51 —S5n (2.60)

The result of the comparison is shown in Figure 2.28, where it could be seen that
the Scott connection is the only one to eliminate the voltage unbalance when the two
single phase loads are equal. The results shown here are consistent with the ones in [49],

validating the approach discussed so far.

The phase voltage results are reported in table 2.4 for each connection considering
three cases of load unbalance and the respective voltage vectors are shown in Figure 2.29.

A consideration should be done regarding the neutral point shifting under the different
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Table 2.4: Phase voltages under three unbalance conditions with each connection option.

Conn. | k EuB Egc Eca Ean Eyn E,
0.0 |1.728 /286 1.712 /—90.3 1.750 /149.6 | 0.998 /28.6  0.995 /24.0 0.498 /—153.7
lph |05 [1.730 £28.6 1.713 /—90.3 1.750 £149.6|0.998 /263  0.998 /263 0.499 /—153.7
1.0 |1.728 /286 1.712 /=90.3 1.750 /149.6|0.995 /240  0.998 /28.6 0.498 /—153.7
0.0 |1.750 £29.6 1.728 /=914 1.712 /149.7 [0.989 /—=30.3 0.995 /—96.0 0.417 /116.7
\ 0.5 |1.732 £29.6 1.740 /=90.9 1.721 /149.10.993 /—33.2 1.004 /—93.2 0.432 /116.6
1.0 |1.712 /29.7 1.750 /=904 1.728 /148.6 0.995 /—36.0 1.010 /—90.4 0.446 /116.6
0.0 |1.750 /29.6 1.728 /=914 1.712 /149.7| 1.000 0.0 0.995 /—96.0 0.334 /132.2
Scott | 0.5|1.731 /29.3 1.731 /=90.7 1.731 /149.3]0.999 /—3.0 0.999 /—93.0 0.353 /132.0
1.0 |1.710 /290 1.732 /=90.0 1.748 /1489 |0.995 /—6.0 1.000 /—90.0 0.371 /131.9

connections: its deviation, in absolute, decreases from about 0.5 pu with the single-phase
connection to about 0.35 pu with the Scott transformer. For the sake of completeness the

case with grounded neutral on the load’s side is also reported in Figure 2.30.

—e— 1-phase conn- 4 -V conn. - -® - Scott conn.
14
1.
. 1 : ~ P /:
o\o ) \‘\ -
- 0.8f ‘" e - _¢ =
<, o6} e
> u m
0.4
02 | |

o
0 01 02 03 04 05 0.6 07 08 09 1
k

Figure 2.28: Comparison among the three different kind of connections in relation to the
load unbalance.
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Figure 2.29: Phase voltage on the Load Bus with different connection options and isolated
neutral under three load unbalance conditions: k = 0 (blue), k¥ = 0.5 (green) and k =1
(red).

— k=0
1 1
05 05
0 0
-05 -05 -0.5
-1 -1 -1
-1 =05 0 05 1 -1 =05 0 05 1 -1 05 0 05 1
(a) Single-phase connection (b) V-connection (¢) Scott-connection

Figure 2.30: Phase voltage on the Load Bus with different connection options and grounded
neutral under three load unbalance conditions: k = 0 (blue), k¥ = 0.5 (green) and k =1
(red).
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Chapter 3

Medium Voltage Distribution

Management System

Contents
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The ever increasing penetration of distributed generation in distribution networks is
leading to a significant worsening of the system working conditions. As a result, Distribu-
tion System Operators (DSO) may be forced into new investments for network upgrade or
to find new solutions to tackle the problem of grid management. To face the challenge rep-
resented by the search for suitable management solutions, several strategies can be found
in literature, discussing both centralised and decentralised controls aiming at exploiting
the DERs capabilities in the network regulation. This chapter approaches the problem
of the distribution grid management proposing a strategy for the participation of the dis-
tributed resources aiming at regulating contingencies due to voltage magnitude deviations
or congestions in the network branches, supposing the presence of a local energy market
through which the DERs are allowed to offer and provide ancillary services. Several case
studies demonstrate the improvements in power quality obtainable by the application of
this strategy and its possible employment as a way to coordinate the MV distribution

network to offer ancillary services for the transmission grid management.
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3. MEDIUM VOLTAGE DISTRIBUTION MANAGEMENT SYSTEM

3.1 Active users as a resource for the network regulation

Standing the very fast growth of installed generation in distribution networks in the last
years, DSOs may consider the application of alternative solutions to the grid reinforce-
ment investments by implementing regulation strategies aimed at exploiting the presence
of Distributed Generation (DG), Active Demand (AD) and storage-capable users (e.g.
electric vehicles) summarized with the expression ”active users” at the scope of increasing
the energy efficiency of the system. In [64] the economical benefits deriving from such a
coordination strategy are compared with the reinforcement investments.

In literature, several solutions have been presented dealing with the necessity of in-
volving DERs in the network management and they can be summarized in mainly two
kind of approaches, distinguishing the centralised and distributed control. The debate be-
tween the two approaches is still open even though the vast majority of real applications
are based on light decentralised systems with a control system that operates in Primary
Substation and controls all the resources spread into the supplied system. The major
drawback of such systems is represented by the difficulty to operate in quasi-real time
systems with storage capabilities (i.e. electric, thermal and mechanical storage) in real
scale applications. On the other hand, simulations and experiments proved that decen-
tralized DMS can significantly reduce the amount of information exchange among players
and, thus, be applied in real time applications. Application of both the approaches are
presented in [65].

The centralised Energy Management System (EMS) is a concept based on the hypoth-
esis that the DSO is allowed to set the users’ operating conditions according to Optimal-
Power-Flow (OPF) calculations run by a central unit. The OPF optimizes an objective
function summing all the operational costs related to all the active management actions
which may be adopted and the distribution system’s technical constraints (e.g., line ther-
mal limits, nodal voltage, reserve, etc.). This kind of optimization based on price signals
offers the possibility to optimally coordinate the participation of DER in the network
regulation while suitably scheduling the cyclic operation of storage units.

An EMS resorts to the following operation options [66], depicted in Figure 3.1:
e Optimization of the On Load Tap Changer (OLTC) position;

e Active power generation curtailment (GC);

e Active power injection from programmable generators;

e Volt/Var regulation with DG and storage;

e Demand Side Integration (DSI), to involve customers that participate to Active
Demand (AD) programs, possibly including the payback effect [67]- [68] for a better

representation of its real impact;
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Figure 3.1: Schematic representation of the centralised Distribution Management System

(DMS).

e Energy losses minimization to improve the total energy efficiency;

e Storage devices charge and discharge used for load levelling and voltage regulation
[69]- [70].

Regarding the decentralised approach to network regulation, most of the research works
in literature rely on a Multi Agent System (MAS) to involve users in the network manage-
ment. The MAS concept for Power Engineering applications is described in [71]: although
a number of definitions of agent are given in literature, many of them agree to the con-
cept that it is an entity (either software or hardware) capable of autonomously react to
changes in the environment (i.e. the external system). As far as the distributed control
of a power system is concerned, agents need to be capable of a number of actions such
as: working conditions monitoring, manage availability and technical requirements of the

users composing it, communicate with other agents.

The MAS is used for instance in [72] and in [73] to coordinate voltage regulation in an
active network. Distributed algorithms for the active network management are presented
in [74,75] and [76] to implement the dissemination of control signals among agents in
order to obtain ancillary services from the Distributed Energy Resources (DERs) including

demand response.

Regardless of the approach chosen for the network control, the transition to a Smart
Grid environment needs a substantial improvement of the Information and Communication
Technologies (ICT) in the power system, allowing the exchange of signals from and to the
users. In [77] the IEC 61850/61499 communication protocols are used for the automation
of a distribution system applying the Multi-Agent approach to the fault location and power
restoration issues. In the following sections a DMS based on the decentralised approach
is presented and applied to several case studies to simulate a distribution network control

and coordination for its participation to the ancillary services’ market.
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3.2 A distributed procedure for active users participation

In the following, a strategy for the management of a distribution grid is presented con-
sidering the decentralised solution discussed in the previous section. The main goal of
the procedure is to ensure the free choice of any active element to participate or not in
network regulation, meaning that each user may decide whether to participate or not to
the network management according to power availability, offered remuneration for the
regulation service, priority level required and allowed maximum active and reactive power
variation set by the system operator. In other words, the aim of the developed procedure
is to implement a local energy market for the provision of ancillary services.

As previously mentioned, since the challenge is to involve an ever growing number of
distributed resources to the network management, the presence of communication infras-
tructures is necessary for modern distribution networks, so in this work the exchange of
signals among different subjects is assumed to be suitably working. Under this hypothesis,
the electrical network management could be imagined to be working as for an internet-
like model, using those infrastructures to collect the set of power contributions from the
distributed resources.

As proposed in the Multi-Agent-System (MAS) approach, the key feature of the stra-
tegy is to decompose the system complexity in separate levels communicating to each
other. The problem of managing the network, then, is not solved by a single optimization
problem, but rather as a set of sub-problems leading to local optimal solutions. In this
perspective, every node can be considered as a separate agent acting independently from
the others, just replying to signals received from the network according to its own tech-
nical constraints. Furthermore, the entire network system could be considered as a set of
sub-systems communicating to a cluster of buses, reducing even more the complexity of
the operation.

The procedure developed in this work can be depicted as in Figure 3.2, combining the
concepts introduced so far. The architecture of the control is similar to one of the protocols
used for computer networks operation, called token-ring [78]. A main network supervisor
monitors the grid collecting the remote voltage and current measurements coming from the
grid’s buses and branches. If a contingency occurs, either violating the voltage objectives
is any of the busbars or exceeding the ampacity of one of the branches, the network
is decomposed into several regulation areas clustering buses depending on their mutual
electrical coupling and on the operating conditions. Suitable signals aiming at obtaining
the needed active and reactive power variations are forwarded to each area, where the
active users are involved in the regulation though a local market logic, setting prices for
the services provision. The Primary Substation Transformer’s OLTC is also involved in
the strategy, varying the transformation ratio helping to reach the voltage objective.

The multi-level management ensures an overall objective to be achieved, by decompos-

ing the complexity of the management of system into micro-area levels. In the following
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Figure 3.2: Conceptual scheme of the distributed regulation procedure: the network is
divided in several areas where the quantity/price signals can circulate, the OLTC is also
a subject involved in the control.

the procedure is detailed in each part, describing the operations related to the occurrence

of a voltage or current contingency.

3.2.1 Primary Substation’s OLTC coordination

Standing the hypothesis of a well developed communication infrastructure, reliable infor-
mations about the grid status are expected to be available for the network supervisor (i.e.
remote measures or pseudo-measures). In this perspective, the regulation strategy exploits
the Primary Substation transformer’s On-Load-Tap-Changer (OLTC') coordinating it with
the requests sent to the local areas in order to help the overall network management.

As a common practice, since generally distribution grids are radial, the OLTC is em-
ployed to maintain a fixed voltage magnitude at the MV busbar downstream the Primary
Substation, acting in Automatic Voltage Regulation (AVR) mode by varying the trans-
formation ratio to compensate the voltage deviations. This kind of operation works well
in case of a passive grid, since the power flows are uni-directional, so changing the initial
voltage value will affect the voltage drops on the branches controlling the deviations at
the end of the line.

With the presence of distributed generation (DG) the power flow direction may not
be known for every feeder departing from the Primary Substation, so the OLTC action
as AVR may not be the best choice since the voltage drops are not known. Assuming the
availability of remote measurements through real-time communication, a coordination of
this device becomes possible aiming at reducing the overall voltage deviation.

The flow chart in Figure 3.3a shows how the remote voltage measurements (once the
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maximum and minimum are selected) are used to influence the choice of varying or not
the tap position and in which direction. Maximum and minimum thresholds are set in
order to evaluate the voltage objectives (they should be the same adopted for the network
regulation), then a truth-table combines the input states enabling the tap variation. In
particular, the OLTC action is enabled only if just one of the voltage extremes is beyond
the objective and even then only if the voltage variation caused by a tap change (indicated
with AVy) is less then the distance between the other voltage extreme and the respective
objective. This concept is explained pictorially in Figure 3.3b, where an example of voltage
profile is shown for a network with two feeders where one is passive (blue) and the other
hosts DGs leading to reverse power flow (red). In this case, since only the passive feeder
presents a violation of the objective (i.e. 0.95 p.u.), the OLTC action is allowed since the
voltage variation introduced by the tap change is lower than AV; (i.e. the range between
the maximum voltage on the other feeder and its objective). From the example it should
also be noticed that an AVR action by the OLTC, set on the nominal voltage (i.e. 1 p.u.)
would have lead probably to a voltage violation on the active feeder (red), confirming the

necessity of a coordinated action with remote measurements.

Measured Voltages
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Figure 3.3: Flow chart of the OLTC coordination procedure (a) and example of the voltage
trend in two feeders with opposite power flows (b).
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3.2.2 Congestions regulation

Before considering any control procedure for the voltage regulation aiming at improving
the power quality, a check on the actual network’s operating conditions is necessary. In
particular, a critical situation which may occur when a considerable amount of generation
is connected to the system is that one or more branches overcome their ampacity levels.
This would practically result into protections tripping with the consequent disconnection
of the overloaded branch and, if the network is radial, of the downstream feeder. To solve
this contingency, avoiding the loss of service, a procedure for the compensation of the
power flows through active power requests is described in the following.

As mentioned in the description of Figure 3.2, the network supervisor elaborates the re-
quest signals based on the remote current measurements acquired from the grid’s branches
and forwards them to the regulation areas, so the first step of the procedure consists in
the areas definition. This process is carried out through the definition of a Transmission
Congestion Distribution Factor (TCDF') which is an approach initially proposed for High-
Voltage grids where the active power flow mainly depends on the voltage angle due to the
ratio R/X < 1 [79]. This assumption may still be valid for many MV networks, especially
those connecting in large part rural areas, consisting generally in overhead lines.

The coefficients of the TCDF matrix represent the variation of active power in a line
due to a change in the power exchanged at the terminal bus, so for a generic line k
connecting buses ¢ and j it can be written:
AP;_;

AP;

TCDFF = (3.1)

where AP;_; is the active power variation on line k, while AFP; is the one at the ending
bus 3.

The active power on line k is given by:
-Pi—j = ViV}YiJ’COS(GU — (51 - 5j) - ‘/Z-2YvijCOS(9ij (32)

where ¢ indicates the voltage angle at the respective bus, 6;; is the phase difference between
the two buses and Y;j is the mutual admittance.

Using Taylor’s series approximation and ignoring terms with order higher than 1,
equation (3.2) can be written as:
OP;_; OP;_;

AV,
av, Vit v

P, Ab; + OF-

i Ag,
26; a9, Vit

Pij= AV (3-3)

then, substituting equation (3.4), defining the voltage phase variation Af through the

Newton-Raphson Jacobian relationship between voltage phases and active power:

a0 or\ !
A = aTDAP - (aa) AP (3.4)

o7



3. MEDIUM VOLTAGE DISTRIBUTION MANAGEMENT SYSTEM

in equation (3.3), neglecting the terms coupling active power and voltage magnitude as

for the aforementioned hypothesis of having R/X < 1, it can be written:

8Pi_j ) 00; 8Pi_j ) 89]'
00; 0P, ' 00, OP

TCDFF = (3.5)

The TCDF matrix coupling lines and buses allows to set a criterion on which the
network buses may be clustered in order to deal with the congestion on a certain branch,
identifying which buses may influence the relative power flow. Once the regulation areas
have been defined, the active power variation requests are evaluated for each contingency

as:

(kamp% - 100)

AP; = P;
J J 100

(3.6)
defining the active power variation neeeded at bus j as a linear dependency of the active
power with the ampacity level, defined as kg9, which is the percent ratio between the

actual current and the nominal one.

3.2.3 Voltage regulation

Aside from the congestion management described in the previous section, a distributed
voltage regulation procedure is also considered, still applying a local area approach similar
to the one described for the congestions management.

In this case, the criteria adopted to group the buses is the electrical distance which is
a measure of the mutual sensitivity among the network buses in relation to reactive power
variations [80,81]. Considering the sensitivity matrix, obtainable inverting the 0Q/0V
sub-matrix of the system’s Jacobian, the relation among two generic nodes 7 and j can be

expressed as:

IV /0Q;

AV = oy - AV =
Vi= oAb [5‘/}/8@

] - AV; (3.7)
from which the electrical distance can be derived in the form:
edij = —edij = —log(aij . Ozji) (38)

The electrical distance matrix ed composed by the terms defined in equation (3.8),
having dimension [n x n] for a system with n nodes, allows to quantify the influence in
terms of voltage variations due to the reactive power exchange at a certain bus, then
permitting a coherent clustering. This process needs the definition of a so-called pilot bus,
which consists in the most significant one within the area. In this case, since the objective
is to regulate the voltage, the pilot bus for each area is chosen selecting the one with the
most deviated voltage. After normalizing the ed matrix respect to its maximum value,

reducing the coefficients to values between 0 and 1 with 0 on the diagonal, it is possible
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to divide the network in areas setting a maximum range for the normalized electrical
distance, called electrical radius and applying it respect to the coefficient of the pilot bus.

A further criteria adopted to correlate the buses is based on their operative condition,
distinguishing, within each area, those with the most similar voltage magnitude. Using
the already defined pilot bus as reference, each area is suitably adapted to consider only
buses with similar working conditions. In this way, the area selection becomes dynamic,
being correlated to the actual power flow state and not only on the network’s topology.

Finally, after the definition of the control areas, the voltage regulation is possible using
the array of sensitivity coefficients related to the pilot bus and recursively estimating the
reactive power exchange at that bus:

AVj = {ggj} - AQ; (3.9)

where 7 is the pilot bus and j = 1---n is the complete list of buses.

3.3 Local market for ancillary services

An important feature to be taken into account when investigating the possibility of an
electrical network’s distributed management is the availability by the active users to con-
tribute to the regulation. This feature clearly depends on the technical constraints of a
relative user, but the decision whether to participate or not is also function of the economic
benefits obtainable.

As already mentioned for the centralised management approach in section 3.1, some
supply and demand dependency may be set for active users for this method too. In
particular, by defining a cost for each active user contribution, a local market approach
can be implemented by coupling the active and reactive power variation requests with

price signals.

—— Capability limit
- - - Availability limit
— Actual P

Q/Sn Q/Sn

AQuy :
AQcap

(a) (b)

Figure 3.4: Example of participation by an active user: availability limitation for technical
contraints (a) and economic considerations respect to the offered price.

An example on how both the technical constraints and economic convenience are con-

sidered affecting the decision by a user to participate to the regulation is shown in Figure
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3.4, where a capability for the DG production is represented as a semicircular region on
the P and Q plane. In Figure 3.4a the dependency of the availability from the technical
constraints is shown as a reduction of the active power variation which can be offered due
to a decrease of the capability range. How this quantity is offered on the local market is
shown in Figure 3.4b, where sequential contributions are considered coming from the user

while the price increases.

3.4 Distributed control implementation

The concepts described in section 3.2 regarding the distributed regulation strategy are
implemented in a steady-state environment based on the power flow solution with the
Newton-Raphson method, recalled in section 2.1.2. In the following, the algorithms de-

veloped to implement the procedure are described more in detail.

. B Power Request
V, I measurements (AP or AQ)

£(AP,AQ)>REQ

price = price + Ap

coordinated Congestion areas !
OLTC action definition: V buses € (A1 ...Ap):
¢ * TCDF matrix
Check
Xgég%foifeas technical constr
. s/dcondition APreq definition Check ‘ R
V areas eck convenience
cost < price
AQreq definition 1
¥ areas Areas current (AP,AQ)=
‘ regulation (AP,AQ)+AREQ
Areas voltage |
regulation
¥
Message returns
end to network supervisor
(a) (b)

Figure 3.5: Flowcharts of the distributed regulation procedure: Network Supervisor (a)
and local-area (b) controls.

Figure 3.5a shows a flowchart of the Network Supervisor control implementation. The
whole grid regulation scheme is supposed to be working depending on the requests for-
warded by this unit, which collects the remote voltage and current measurements. Once a
contingency is detected (one of the buses’ voltage or lines’ current overcomes the respective

objective) the regulation areas are identified adopting the techniques described in sections
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3.2.2 and 3.2.3, so the active and reactive power requests (AP, and AQ;.4 respectively)
are computed for each area. In particular, in case of voltage contingency the OLTC action
is operated according to the procedure described in section 3.2.1.

In figure 3.5b the algorithm for the control of each regulation area is depicted. The
flowchart is the same for both current and voltage regulation strategies and implements
the participation of active users for the fulfillment of the power request calculated by the
Network Supervisor. Since a local market logic is expected for this kind of management,
a price signal [€/MWh, €/MVArh] is composed by increasing the previous value by a
certain amount Ap. The buses included in the regulation area receive sequentially the
message for the contribution request, starting from the pilot bus, and evaluate the power
variation range due to technical constraints and comparing the offered price with the local
cost. The contribution possibly coming from each bus (aggregating offers from the active
users locally connected) are limited to the value AREQ in order to allow the participation
of the other buses too. Known the availability, the actual contribution is given by the

minimum value between the total range and AREQ.

3.5 DMS Simulation tool

This section describes the tool developed to simulate the application of the DMS logic
discussed in the previous sections to a MV distribution network. The software, modeled
in Matlab, offers the possibility of calculating the power flow on an electrical network for a
set of operative conditions defined through suitable active and reactive power profiles for
loads and generators. A screenshot of the main graphic interface of the software is shown

in Figure 3.6.

Costruzione matrice della base dei tempi di LF. Tempo impiegato: 13sec
Numero totale LF: 2

Carico le tipologie dei diagrammi in uso. Fatto

Prepara dati per esecuzione del calcolo di Load Flow...

2
48%

= - Fatto

Tipologia ik dati 9] da fls Excl

BLOCCO LETTURA Acquisizione dati da file Excel.. tempo impiegato per la lettura dati:

366904 sec

Pl e ATLATE s = p— | 0 "
Usa Tap Change el Lo [ Ditibuted Actie istbution System
vionor | ic | [
Gonera 0SS PlotLF 2o 60 st S )
[samnss| e Ce=) =)

Actve
Tool Graf

‘ Awvio Calcolo LF: ( Avvia ADS 1 Stampa gafc  opsnigesine v 0. Pt 1P gensratori (91P-Q generator 7 Caich £ Accumulo Qiizzonte temparale:  en e
Esparta Ris

[Usa Open-DSS per i calcoli ADS

Figure 3.6: Main graphic interface of the developed software (in Italian).

The software was developed within the Italian research project ATLANTIDE [82,83],

aimed at establishing a digital archive for Italian reference distribution networks, produce
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models for the network components and proposing active management systems for the
users’ integration in the network regulation. As a basic feature the software allows to
calculate the steady state conditions of an electrical system (i.e. power flow and steady-
state short circuit analysis) varying the generators’ and loads’ powers according to time
depending power profiles. As can be seen from the main interface in Figure 3.6, the
simulation time range can be set along with the time step (top-left corner), while several
data-files need to be selected from the respective drop-down menu in order to define: the
network layout with users’ connections, the library of components used in the system, the
time-varying power profiles and the active-management bids from active users.

Once the data files are loaded by the software, for each simulation instance the oper-
ation schematized in Figure 3.7 is done to update the instantaneous active and reactive
power (P; and Q;): four coefficients are read from the data files depending respectively
from the simulation year, month, day of the week and hour of the day, then the installed
power (P, and Q) is multiplied by those value and for the utilisation factor k,. A similar
approach is used to define the local cost for the active users participating to the network
management, setting time-dependent profiles for the local cost and for the availability
respect to the actual power.

The decentralised DMS discussed in the previous sections was developed as one of the
tools for active management on a distribution network, along with a centralised one con-
sisting in a central power flow optimization tool to dispatch the active and reactive power
set-points to generators [84]. The two approaches are integrated in the same tool, as can
be seen from the main graphic interface shown in Figure 3.6, where the centralised regu-
lation strategy is called Active Distribution System and the decentralised one Distributed
Active Distribution System.

From the main panel, the settings for the decentralised DMS can be changed in order
to run simulations using the logic described in the previous section by opening a dialog
window from the panel in the lower left corner of the main interface. From the settings

window, which is shown in Figure 3.8, the following values can be defined:

e Electrical Radius: maximum value of normalized electrical distance respect to the

pilot bus within an area;
e Area voltage threshold: maximum voltage deviation allowed for each area;
e Power request share: maximum contribution allowed from each bus;
e Max line loading: acceptable line loading limit;
e Control step time: time between two control actions performed by the NS.

Once the variables in Figure 3.8 are set, the decentralised DMS operation can be
simulated with the logic described in the previous section. The simulation results are

shown through a further graphic interface which can be seen in the screenshot in Figure
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3.9, where the central graph reports the maximum and minimum values reached by the
buses’ voltage during the simulation: red and green bars indicate respectively voltages
outside or within the objective range (£5%V,, in the example) while blue bars refer to
solution with the DMS action. On the right side several buttons allow to export a logfile
of the simulation and to plot other important results like: voltage at each busbar during
the entire simulation, tap position of the OLTC before and after the DMS action, active
and reactive power contributions in each instance. These graphical interfaces are very
helpful in analysing the operation of the DMS and will be used to discuss the case study

results in the next section.
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Figure 3.7: Actualization of the loads and generators power to the current simulation time
through power profiles.
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Figure 3.8: Software’s graphic interface for the decentralised DMS settings.
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Figure 3.9: Software’s graphic interface for results visualization (in Italian).

3.6 Case study applications

In this section some applications of the distributed control strategy are shown through
simulations on a reference distribution system. In the following, some results regarding

several scenarios are reported:

e a long-term simulation of the network’s operation to assess the Hosting Capacity

limits and possible improvements;

e a cooperative application of this strategy with a centralised one to investigate the

possible implementation as intra-day control;

e the proposal of this procedure as a way to coordinate the distribution network to

formulate an ancillary service provision offer to the Transmission System Operator

(TSO).
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3.6.1 Reference Distribution Network

The MV network used as test-bed for the mentioned scenarios is one of the distribution
system models defined within the ATLANTIDE project [83]. In order to produce a set of
grid models (i.e. one for each urbanization context: rural, industrial and urban) several
indexes were used to reduce the range of real systems to fit within each category (e.g.
ratio between MV and LV loads, load density, length of feeders, type of conductors),

finally leading to one model for each context.
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Figure 3.10: Single-line diagram of the industrial reference network.

The network adopted for the simulations has been selected as reference for the in-
dustrial context in the project and is considered a model suitable for the application of
the proposed strategy since it is composed by a mix of overhead and cable lines, with
significantly extended feeders and connected users with substantial installed power (both
generation and loads units).

As can be seen from Figure 3.10, reporting the single-line diagram for the case study
network, and from Table 3.1, recalling its main characteristics, the system consists in 7
feeders, each with different features due to the presence of various contexts within the
same grid (e.g. residential areas can be recognized in feeders with a higher presence of LV
loads, short feeders with high MV loads power installed clearly indicate industrial areas).
The network has a radial topology departing from the HV supply obtained through a
Primary Substation transformer with a 132/15 kV voltage ratio, equipped with OLTC.
The total installed load power is 33 MVA, with a 38% share of LV loads, while the total
generated power is 40 MVA with a 30 MVA generation plant consisting in 4 generators
connected to feeder 5. The full data-set for this network model is reported in Appendix
C.

Given the network layout with the mentioned loads and generators sizes, an hypothesis
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about the load category shares in the feeders has been made leading to the percentages
reported in Figure 3.11. The load and generation power profiles shown in Figure 3.12 have
been defined to simulate the power flow trends over time according with the hypothesis

on the different context for each feeder.

Table 3.1: Summary of the Industrial Network Data by feeder.

Feeder | Exten- St.0ad Stv % StLv SGen
sion
[km] [MVA] [MVA] (%] [MVA]
F1 31.9 9.8 3.0 31 4.3
F2 23.7 4.7 1.5 31 2.9
F3 4.9 0.5 0.5 100 0.0
F4 30.5 4.0 3.3 82 0.8
F5 7.9 9.2 1.1 12 30
F 6 10.9 1.9 1.1 59 2.1
F7 9.8 3.0 2.2 73 0.0
TOT 115.5 33.0 12.6 38 40.0
ERES mCOM mIND —RES ——IND ——COM EVs

F7

P [pu]
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Time [h]
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Figure 3.11: Load percentage per Figure 3.12: Loads (a) and genera-

category and feeder. tors (b) daily power profiles in pu.
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Table 3.2: Long-term scenarios hypothesis.

RECESSION B.A.U. ROADMAP

DG penetration low tendential heavy
Load growth | negative (till 2020) tendential low
EVs diffusion absent low heavy

3.6.2 Long-Term scenario analysis

Several long-term scenarios have been investigated to study the possible operative con-
ditions of the distribution network under different hypothesis of the electrical system’s
evolution. Three scenarios have been identified in the ATLANTIDE project, depending
on different assumptions on political actions to sustain the renewable energy increase and
economic development:

The most stressful scenario for the distribution network operation is the one called
Roadmap, considering the maximum GD diffusion and low load growth due to energy
efficiency increase, so it is likely to result into contingencies due to reverse power flow.
The evolution of load and generation peak power in each year is shown in Figure 3.13,
where it could be clearly seen that the expected generation growth is faster than the
load’s one. For example, at 2020 the production peak is around 90 MVA compared to
a maximum load power of about 60 MVA. The power coefficients used to simulate this

long-term scenario are reported in Appendix C.
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Figure 3.13: Evolution trends of the peak power of loads (a) and generators (b) for the
Roadmap scenario.

An analysis of the working conditions for the entire Roadmap evolutionary scenario is
reported in Table 3.3. The simulation was conducted over the entire period from 2010 to
2030 to investigate the contingencies occurring in the network. The evolutionary status
reports the total installed generation and load, with focus on the expected energy produc-
tion over the years in which changes in the generated power were expected standing the

trend in Figure 3.13b.

Regarding the voltage contingencies, results are carried out in terms of number of simu-
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lated instances which lead to voltage issues in the relative year with the respective number
of buses involved. From those results it can be seen that the system starts experiencing
over-voltage problems from the second year of simulation as an effect of the +10MW DG
increase, while from the fifth year under-voltage issues occur as well. This confirms the
need of a flexible OLTC operation in order to help the voltage regulation, since it may
happen that both of the contingencies are encountered at the same time.

In the rightmost section of Table 3.3 other relevant results are shown, in particular it
can be seen that congestion occurrences are reported from year 5 on. Since no distribu-
tion network management is considered the generated power as for the production daily
profiles shown in Figure 3.12b is not acceptable in the whole year, leading to over-current
protections tripping which result into an increasing value of missed energy generation due
to disconnections (i.e. Egisc). This value exceeds 10% of the scheduled energy by 2020
and reaches 30% by 2030.

To enable the network management through the strategy discussed in the previous
sections several local costs need to be set in order to assess the economic aspect of the
users participation. These costs are defined for each resource connected to the grid to
differentiate the contributions in relation to a power request. Furthermore, different costs
are set depending on the action performed by the DGs: Generation Curtailment (GC),
Extra-Dispatching (ED) of active power and reactive power contribution. Similar options
are also considered regarding the Active Demand, i.e. the responsive behaviour of loads

respect to power variation requests.
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Table 3.3: Operative conditions of the network under the Roadmap scenario for the 20-years evolution analysis.

Year Evolution status Over-voltage Under-voltage Other results
w w
< g < g

=z ¢ 8z 2 P 9

5 z 2 Z 5 = g =

) - 2 g g & 5 g & 25 g
— — — o) g 3 o g 3 9 c R a 3
= = = 0 =] 7] =] =] o
= 2 2 £ ;i = = i = = §F E =
2010 0 333 40.6  45.2 0 0.0% 0.00% 0 0.0% 0.0% 0 6 0 0.0%
2012 10.164 43.5 4391 504 927  0.0% 0.00% 0 0.0% 0.0% 0 6 0 0.0%
2014 10  53.5  46.07 79.2 939  0.2% 0.00% 0 0.0% 0.0% 0 6 0 0.0%
2015 30.6 84.1 46.787 106.1 25678 88% 0.70% 46752 16.8% 1.3% 56 6 0.3  0.2%
2017 20 104.1 49.002 139.9 65788 9.8% 1.90% 57217 19.9% 1.6% 550 6 3.3 2.4%
2021 37 141.1 54.757 172 154848 17.9% 4.40% 195925 31.6% 5.6% 9703 6 21.3 12.4%
2022 15 156.1 56.764 214.4 153617 17.5% 4.40% 212871 32.3% 6.1% 11175 6 23.8 11.1%
2023 10.5 166.6 58.593 220.7 190025 19.5% 5.40% 226585 32.8%  6.5% 14700 6 31.9 14.5%
2026 26 192.6 67.613 242.8 221679 23.3% 6.30% 524333 45.7% 15.0% 36368 5 46.2 19.0%
2027 26 218.6 70.232 291.7 236468 25.1% 6.70% 674360 47.8% 19.2% 58605 5 93.9 32.2%
2030 0 218.6 773  291.7 216148 21.0% 6.20% 813332 51.1% 23.2% 43367 5 839 28.7%
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Figure 3.14: Results in terms of busbar voltage (a) and P, Q contributions (b) in the 2020
instance (i.e. first Wednesday of July, 2020).
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Figure 3.15: Results in terms of busbar voltage (a) and P, Q contributions (b) in the 2030
instance (i.e. first Wednesday of July, 2030).
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Figure 3.16: Local cost profiles for each resource in the 24-hours period.

A quantification of the cost associated to the actions taken by the users clearly depends
on the energy market price, whose definition is not easy in the long term and is not the
scope of this study. For this reason, a fixed price curve is considered and will provide the
basis on which evaluate the local costs. In general, a criteria to differentiate the actions
coming from different sources is the possibility of those units to shift the production profile
over time. For renewable energy sources, without considering any storage capability, the
Extra-Dispatching action (i.e. the option of producing an extra amount of active power)
is not possible, while CHP plants have been assumed to have enough thermal storage
capability to be available for this service. From the Generation Curtailment point of view
the cost for each resource has been estimated according with the energy price: the wind
plants, standing the possibility to produce during the whole day, have been assumed as
the most economic, while the CHP units, having higher investment costs, are the most
expensive ones. Photovoltaic generators cost has been chosen as an average value between
those for the other two sources. A further cost profile has been defined to consider the
possible participation by the loads, referred to as Active Demand, with values higher than
the most expensive generation source since the objective of the analysis was to firstly

exploit the generation contribution.

To test the efficiency of the proposed Distribution Management System (DMS) two
instances have been considered under the Roadmap scenario: the first Wednesday of the
month of July for years 2020 and 2030. The local costs shown in Figure 3.16 are coupled
with availability curves setting, for each user, the percentage of injected or absorbed power
available for the regulation. In this case, only CHP generators are supposed to be available
for Extra-Dispatching function (extra-power production) while all the resources offer the
possibility of curtailing their production. For the Active Demand it has been supposed an

availability on both directions (increasing or decreasing the load), supposing some kind of
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storage capability able of shifting the power profile during the 24-hours. The total injected
active power is shown for the two scenarios in Figure 3.17, where it can be clearly seen
that the overall production tends to follow the power profile of the PV generators, due to
the strong increase of this resource over to the others assumed in the Roadmap scenario.
While the simulation of the 2020 scenario highlights a P reduction mainly during the peak
production period (i.e. around h. 12) due to congestion issues as a result of the reverse
power flow, in the 2030 case an extra-production or Active Demand actions are evident

even during the night-time.

Regarding the voltage regulation, in Figures 3.14a and 3.15a the output diagram from
the code implementing the procedure is reported for both cases. Through the colour
code recalled in the legend, it can be seen that over-voltage issues occur in feeders 1, 2
and 4 which are the most extended, while feeder 1 also experiences some under-voltage
issues during the low-production period. The network is heavily stressed when considering
the 2030 scenario, in which the scheduled active power of generators cannot be accepted

because of technical constraints violations, so the DMS operation is even more evident.

Figures 3.14b and 3.15b report the active and reactive power variations from each bus
involved in the DMS distributed control. From the results appears that the intervention
made by the active users help pursuing a safe network operation preventing the loss of
service. Particular attention should be paid to the OLTC operation, included in the DMS.
in Figure 3.18 the OLTC action as AVR is compared with the one coordinated by the
DMS, showing that in several occasions the remote voltage measures information lead
to opposite actions respect to the common practice. This effect can also be seen in the
diagrams in Figures 3.14a and 3.15a, where the bus 02 voltage appears to be shifting along
the entire range 0.95-1.05 pu according with the control.

—Pno-reg 2020 — P reg 2020 - P no-reg 2030 -+ P reg 2030

P [MW]

0 4 8 12 16 20 24
time [h]

Figure 3.17: Active power production in the 24-hours period in 2020 and 2030.
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Figure 3.18: Tap position of the OLTC in Primary Substation for the 2030 scenario.

3.6.3 Cooperation with centralised energy management for intra-day

operation

In this section the decentralised DMS discussed so far is used in cooperation with a cen-
tralised system aiming at optimizing the power flows in the day-ahead operation, schedul-
ing the DERs power profiles. A centralised Distribution Management System, developed
by one of the partners of project ATLANTIDE [84], calculates the DERs active and reac-
tive power contributions by considering the relative local cost and by using it as a variable
to weight their availability in the power flow optimization aimed at minimizing the cost for
the network operation (i.e. minimum cost for contingencies regulation). Although differ-
ing for the approach in calculating and fulfilling the power contributions from DERs (the
centralised approach dispatches the working point for DERs based on overall optimization,
while the distributed approach requests contribution to an area without knowing who will
actually participate), the two techniques aim at the same global result based on the same
local costs.

The two DMS are then used in a “synergized” fashion adopting the centralized EMS
for the generation and load forecast in the day-ahead operation and then applying the
distributed DMS as the intra-day control strategy [85]. Since the main difference between
the two approaches relies in the way of obtaining the power requests from DERs, the first
one is intended as a planning tool, used to define the operating point for DERs to optimize
the expected power flows. The decentralised DMS described in the previous sections is
then employed to fix the contingencies occurring for unexpected variations respect to the
scheduled values.

Adopting the reference network for the industrial context described in the previous
section, the 24-hours period relative to the 2020 case is adopted to test the coordina-
tion between the two approaches for the planning and on-line operation, involving three

different degrees of control as reported in Table 3.4:
e Scenario A: only the coordinated OLTC control described in section 3.2.1 is adopted;

e Scenario B: the DERs provide the active and reactive power contributions sched-

uled in the day-ahead operation, while the OLTC control adjusts the potential volt-
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Table 3.4: Scenarios of the coordinated centralised and decentralised DMS operation.

Coordinated Centralised Decentralised

OLTC DMS DMS
Scenario A v X X
Scenario B v v X
Scenario C v v v

age deviations;

e Scenario C: the power profiles scheduled in the day-ahead optimization are applied,
but the distributed regulation strategy is adopted to coordinate the DER units for
the intra-day distributed control.

In Figure 3.19 the total power profiles (sum of generated minus absorbed) during
the 24-hours simulated period are shown for scenarios A, B and C. As can be seen in
Figure 3.19a, respect to the not-regulated profile (scenario A, in black) the centralised
DMS finds a solution which requires a reduction of about 10 MW at the peak production
period (namely 10.9 MW at h. 11.30), consistent to the results obtained with the only
application of the decentralised DMS shown in the previous section (leading to a 9.2 MW
power reduction).

The results in terms of the bus voltages in some significant nodes of the network
(namely the farthest bus in feeders F1, F2, F5 and F6 in Figure 3.10) are reported in Figure
3.20, where the different scenarios are compared with the not regulated situation in which
the OLTC is used as an AVR based on the secondary busbar voltage with reference at 1
pu. In Scenario A the coordinated action of the OLTC (shown in Figure 3.21) leads to an
improvement in the voltage deviation, but nevertheless is not able to maintain the voltage
value in all feeders neither within the objective regulation band (green area between 0.95
and 1.05 pu). This is due mainly to opposite voltage trends in feeder F1 and F5 (see
Figures 3.20a and 3.20c) in the first 6 hours and the last 4 due to EVs charging in feeder
F1 and wind production in feeder F5, while the same situation is found during the central
6 hours (around h. 12, see Figures 3.20b and 3.20d) where the high production of PVs
leads to over-voltage in feeder F2 while the loads in feeder F6 tend to lower the voltage. It
should be noticed that in Scenario A, since no power contribution is given by the DERs,
the line congestions can not be avoided and would eventually lead to disconnection when
occurring (see the active power variations in Figure 3.19a). The voltage results for Scenario
A are only shown at the scope of demonstrating the OLTC coordinated action.

In Scenario B the above discussed active power reduction is provided in order to face
the line congestions especially during the first 6 hours, as a result of the EVs charging in
feeder F1, and during the high PV production period around h. 12. The scheduled reactive
power contributions leading to the variations shown in Figure 3.19b are calculated in the

day-ahead operation to face the above discussed over- and under-voltage occurrences.
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Figure 3.19: Total active and reactive power profiles in Scenarios A (black), B (blue) and
C (red).

Although allowing a feasible operating condition in the day-ahead operation, in the intra-
day, due to perturbations in the expected power profiles, the dispatched set-points for P
and Q will not result in acceptable voltage and currents and the contingencies are such
as neither the coordinated OLTC action helps in containing the voltage deviation in all
buses.

Scenario C considers the participation of the DGs in the intra-day operation too al-
lowing to face the unexpected variations in the power flow. As it can be seen in Figure
5, a further small reduction in the active power is required to DERs in order to contain
the branches’ loading wheareas the reactive power support along with the coordinated
OLTC action shown in Figure 3.21 permits a better regulation of the voltages, allowing

the objective range to be respected.
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Figure 3.20: Voltage profiles on the 24-hours period for buses 33 (a), 51 (b), 85 (c) and
94 (d).
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Figure 3.21: Tap position for the coordinated OLTC operation in Scenarios A (black), B
(blue) and C (red).
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3.6.4 Aggregation of ancillary services for energy market participation

For the third case study, the application of the DMS to a market model is proposed.
The case considered in this section is one of the scenarios contained in the resolution
DCO0354/13 [22] of the Italian Regulatory Authority for Electricity Gas and Water Systems
(AEEGSI), discussed in section 1.4.

In particular, the application reported in this section considers the market model 2,
which expects the DSO to act the role of intermediary between the distribution network
and the bulk grid, presenting offers on the Ancillary Services Market (ASM). In the sim-
ulations the DSO collects the DG offers through the decentralised DMS by checking the
feasibility of the solution at the same time.

This model was chosen because it represents a solution which seems consistent with
the distributed approach used for the regulation since it envisages the presence of a local
market (ASM-D) allowing the DSO to acquire services from the users in order to make an
offer to the T'SO. The couple of curves for availability and cost for the participation of each
active user are here considered as bids to the ASM-D, so the DSO (through the Network
Supervisor) can switch the objective to the research of the maximum power exchangeable
by the distribution network instead of just verifying the grid’s technical constraints.

The case study has been implemented on the Reference Network described in section
3.6.1 and considering different participation availabilities for the users. Using as cost
profiles those shown in Figure 3.16, the availability shares, reported in Table 3.5 are

defined as percentage of the injected or absorbed instantaneous power.

Table 3.5: Active users availability to ASM-D. Reduction and increase refer to the ex-
changed active power towards the transmission grid.

Resource Participation share P reduction P increase
Wind 30% v X
PV 50% v X
CHP 10% v v
Active Demand 20% X v

The simulations conducted on the aforementioned network model considered the same
24-hours period of the previous case study (first Wednesday of July, 2020).

In this case, the ancillary services available from the active users are divided respect
to the capability of increasing or reducing the active power towards the main transmission
grid. Wind and Photovoltaic generators can only reduce the injected power with the re-
spective percentages (referred to the actual production), loads can only cut their absorbed
power till 20% of the actual working point while CHP units can offer services on both
directions for the 10% of the actual power. For the sake of clarity in discussing the results

these percentages have been kept constant throughout the entire 24-hours period while,
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at each time instance, the DSO searches the maximum active power variation obtainable
given those offers and after verification of the technical constraints.

In Figure 3.22 the results in terms of active power variation are reported compared
to the required cost for two time instances of the 24-hours simulation (h. 11 and h. 20).
Looking at the h. 11 solution (blue) it can be seen that the availability of all the generation
units to the active power curtailment results in a total reduction of 10.2 MW, while the
power increase service (offered by CHP and Active Demand) is quantified in 1.7 MW. At
h. 20 the absence of the PV units production sensibly reduces the active power variation
range to +2.7 MW.

Each offer is evaluated taking into account the network’s technical constraints, possibly
reducing the active power variation available starting from the contribution at the higher
cost. This effect can be seen in the h. 11 instance looking at the CHP service (the
most expensive generation source at 145 €/MWh) whose variation range, according to
its injected power and the percentage in Table 3.5, results in 1.05 MW. On the power
reduction half-plane the accepted variation from CHP is only 0.6 MW due to congestions
occurring when curtailing more than 10.2 MW. Similar observation can be drawn for the
power increase service, which results limited to 1.7 MW due to congestions limiting the
load reduction (costing 155 €/MWh) to 0.6 MW.

In Figure 3.23 the discussed active power variation services are reported for the entire
24-hours period. As already mentioned, standing the availability percentages reported in
Table 3.5 it clearly appears that the maximum active power reduction is possible when the
PV production curve reaches the highest values. The P increase service, besides having
a lower range due to the limited users’ availability, is sensibly reduced during the central

hours when congestions are likely to occur due to the high production from DGs.
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Figure 3.22: Distribution network’s aggregated offer for the active power reduction or
increase in two instances: h. 11 and h. 20.
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Figure 3.23: Active power reduction and increase offers trend in the distribution network
for the 24-hour simulated period.
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Low voltage distribution networks are characterized by an ever growing diffusion of
single- and three-phase distributed generators whose unregulated operation may deplete

the power quality level. It is thus of interest to investigate the possible contribution that
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such active users may provide to the system operation in a smart grid scenario. This
chapter discusses a strategy for the coordination of multiple inverters connected to the
same Low Voltage network, with a double objective: mitigating the voltage unbalance
within the LV network and enable its participation to the provision of ancillary services

for the upstream MV grid.

4.1 Strategies for inverter-interfaced users management

Standing the recent updates in the rules for the connection of distributed generators (DGs)
to the network discussed in section 1.2 it clearly emerges that one of the main concerns
in the modern distribution systems is the exploitation of the resources embedded in the
network for grid-supporting actions. In this sense, a huge contribution may come from
the participation of inverter-interfaced users in the provision of ancillary services oriented
both at maintaining an acceptable level of power quality and at increasing the so-called
hosting-capacity of the system, namely the maximum amount of power injectable by DGs
without requiring grid reinforcements investments.

As the diffusion of distributed energy resources in LV networks continues growing, the
number of single- and three-phase inverter-interfaced units increases, so the uncoordinated
local voltage support action stated by the connection rules may not be sufficient in order to
ensure an acceptable power quality level in the system. In particular, since the Volt/Var
control stated by the rules is only aimed at supporting the voltage magnitude at the
inverter’s local bus, the absence of any coordination with the actions being performed by
other units is likely to result in a voltage unbalance worsening throughout the network.
An analysis of the possible effects coming from a local control of the inverter-interfaced
DGs was presented [86].

Voltage unbalance issues in a distribution network lead to higher losses and heating
effects on the appliances in particular for induction motors, electronic converters and speed
drives [87]. Furthermore, given the asymmetry in the LV branches geometry, the currents’
zero-sequence component worsens the uneven voltage deviations on the phases due to
currents flowing through the neutral conductor. This issue can be observed especially in
systems where the neutral point is grounded at the Secondary Substation only [88]. An
investigation on the voltage unbalance issues due to the DG connections in LV systems
was presented in [89].

With the aim of coordinating the electronic converters interfacing the Distributed En-
ergy Resources (DERs) to the grid facing the mentioned power quality issues, several
research works were presented lately proposing control strategies acting a compensation
of the voltage or current sequences [90-95]. Other works in literature deal with the coop-
erative control of the distributed resources to improve the energy efficiency of a micro-grid
also adopting the sequence components of the measured currents [96-98|.

Improving the power quality in LV networks may allow to consider market models
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considering the ancillary services possibly coming from such systems [99], involving the
Secondary Substations in a Distribution Management System (DMS) as proposed, for

instance, in [100].

4.2 Low Voltage coordinated control

Taking into account the current standards for the connection of DGs to a Low Voltage grid,
a strategy for the coordination of inverter-interfaced users is presented in the following,
aiming at mitigating the voltage deviations due to unbalances in the power flow and then to
improve the hosting capacity of the system while allowing the participation of small-scale
generators to the network management.

The proposed strategy aims at coordinating the locally performed interventions by DGs
according to the characteristic set by the standards, trying to reduce the voltage unbalance
in the LV network by means of a signals communication among a central unit, called LVNC
(Low Voltage Network Controller) and the distributed resources. In particular, the control
discussed in the next sections has the objective of redistributing the active and reactive
powers over the three-phases in order to compensate the voltage unbalance detected by a
central unit, called Low Voltage Network Controller (LVNC). The next sections describe
how the objectives for the coordinated control are calculated (initially considering only
one three-phase controllable unit), then how the signals are supposed to be set for the

communication to any DER connected to the LV network.

4.2.1 Problem statement and definition of the objective

In the first stage of this research, the expected scenario was the presence of a single three-
phase inverter electrically close to the Point of Common Coupling PCC and connected
through a dedicated line. With this hypothesis, the study was focused on the calculation
of the phase-currents set-points required in order to mitigate the voltage unbalance seen
at the PCC [101].

Since the voltage unbalance at a given bus is due to an unsymmetrical current triplet
flowing through the branch upstream that bus, the proposed solution consists in the in-
jection of a suitable current triplet downstream the controlled bus (the PCC in this case).
This kind of action can be provided by three-phase inverters, which may have the possibil-
ity to unevenly modulate the current injections of each leg adjusting the power production
on each phase [91,95,96,102]. A circuital example of the referred case is depicted in Figure
4.1. The picture shows a three-phase inverter which is derived from the line downstream
the PCC, having as control’s input the three currents flowing on the main branch, called
I,,, (the phases are indicated with letters from a to ¢ and n is the neutral conductor). The
objective is to suitably control the injected currents I;;, in order to obtain a symmetrical

triplet I,..
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Figure 4.1: Schematic representation of a three-phase inverter controlled to compensate
the asymmetric line currents.

As a working condition, it has been decided to add a further constraint consisting in

maintaining the total three-phase active power, given by:

> Pe=> R[E- Linw,] = Pso (4.1)
k=a k=a

where a, b, c are the phases, while P3g is the total three-phase power and I;,, is the
current injected by the inverter, including the component due to its power set-point and,
in case, the one for regulation. In this way, the inverter’s working point won’t be influenced

by the control while the user is providing a network service.

The sequence components of the current flowing in the interested branch are used as
input of the control and obtained through the well known Fortescue transformation as for

equation (4.2):

g 111 I,

1
In, | =3 |La® a| | In, (4.2)
Ly 1 a o I,

where Iy, , _ is the measured currents triplet in the sequences frame of reference and «
stands for the complex number e’ 3T introducing the phase displacement of +120°. Given
these values, the balancing currents triplet aiming at compensating the negative and zero

sequences of the measured values is given by:

Alg, 11 1 Ing
Alg, | == |1 a o?|- 0 (4.3)
Alp, 1 o « Ly

The adjustment of the injected currents by the three-phase inverter in order to produce
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the balancing effect would result in an active power variation APsg quantified as:
C
> R([Ey- Alp,] = APsp (4.4)

k=a

that needs to be compensated in order to satisfy the total power invariance constraint
defined by equation (4.1) (Ej are the phase-neutral voltages at the inverter’s connection

bus). To achieve this, a corrected currents triplet Alo needs to be calculated, resulting

in:
> R[By- Alg,] =0 (4.5)
k=a

being:

where Alp is a further currents triplet resulting in the required active power compensation.
Observing that the active power variation APsg given by Alpg is compensated by the
triplet Alp, its magnitude can be calculated as:

APsg Y iea R[Ey - Alp,]

el = gy =T siED (a7)

where (|E|) is the mean value of the phase voltage magnitudes. This choice was made in
order to have equal |AIp| magnitudes on the three phases, considering that the voltage
deviation among the phases is corrected as an effect of the injection of Alg. Finally, the

Alp triplet is obtained as:

1
Alp = |Alp|- | a2 (4.8)

«

since it needs to be a balanced set of currents in order not to influence the balancing effect
introduced by Alg. It is worth noting that, depending on the capability of the generation
system connected to the DC side of the converter, this approach can be applied straight-
forwardly for active power regulation while performing the balancing action. In that case,
in fact, the required active power variation AP,; will appear on the right side of equation
(4.5), while in (4.7) the numerator results as (APy; — AP3g). A numerical example of
how the current compensation technique described so far is obtained by means of a vector
composition is shown in Figure 4.2, where the green currents triplet I,, represents the

input and the black one I, the result.
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Figure 4.2: Vector composition of the current balancing technique applied to a numerical
example.

4.2.2 Distributed resources participation

Under the hypothesis of a mature smart-grid scenario, as supposed in chapter 3 for the MV
network regulation strategy, some sort of participation can be expected coming from the
DERs as they become more responsive to signals possibly coming from the Distribution
System Operator (DSO). Furthermore, the new connection rules stated by the standards
cited in chapter 1 require the inverter-interfaced DGs to be able to receive and reply to
remote control signals even at LV level, thus foreseeing the participation of active users to
the network regulation.

In the previous section, the proposed Low Voltage unbalance correction strategy has
been described as a current control suitable for locally connected three-phase inverters.
This approach can be easily extended and adopted for a distributed network regulation
scheme involving both single and three phase inverter-interfaced DGs . For the scope,
conservative control variables such as active and reactive powers are more suited in order
to better apply coordinated control strategies between remote network components [96,97,
103]. In [104], it is demonstrated that every power-like term is conservative in any given
network, so the instantaneous power absorbed at the input ports of a network equals the
sum of all the corresponding power terms absorbed on the whole network.

In this view, the currents vector Alc as defined in equation (4.6) for local phase
unbalance correction can be used in combination with the corresponding voltage vectors
triplet at PCC and converted into phase complex power,in order to elaborate the power
control signals to be dispatched to both single and three-phase inverters connected to the
network which can participate in the regulating action. Referring to a generic phase k,

once the correction current terms are calculated with the approach discussed in section
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4.2.1 the complex power variation is given by:

The LV network management strategy described so far has been implemented consid-
ering two kind of actors. The first one is the central unit called Low Voltage Network
Controller (LVNC in the following), placed at the network’s PCC (i.e. at the secondary
side of the MV/LV transformer) aiming at calculating the current variations and then the
active and reactive power contributions to be required to the DERs. The second actor
category is the resource interface, generally consisting in an inverter, which needs to re-
ceive the control signal (i.e. active or reactive power variation) sent by the central unit

and to modify the user’s working condition accordingly.

I-------'I a

S e . b

i | -

MY Lap ——
networ It

L AQ _LVNC_jE 1-phy, 1-phy,

i , a

b

S .

S o

Wovy vy v
3-ph J 1-ph¢

Figure 4.3: Conceptual scheme of the coordinated LV control.

A schematic representation of how the coordinated control strategy for the LV grid
is supposed to work is shown in Figure 4.3. As mentioned in section 4.2.1, three-phase
inverters have the interesting possibility of unevenly distributing the active power injection
on the three phases, so as a working hypothesis it has been decided to forward active power
variation signals only to this category of users, while single-phase connected DER only
participate with a reactive power variation service. This choice was made to investigate
the possible contributions of DERs as network services, but obviously an active power
contribution could be considered coming from single-phase units if a local market is in
place like in the MV regulation strategy discussed in chapter 3. The integration of the
control with the one at upper level is depicted with bi-directional arrows, indicating that

services may virtually be provided on the entire P-Q plane.
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4.3 Implementation of the control strategy

In the following, the technique for the coordination of a LV network described in the
previous section has been implemented for a steady-state simulation aiming at evaluating
the feasibility and at investigating the possible benefits coming from this management
strategy. In addition to this feasibility analysis, a further development of the control is

presented to validate its application in RMS-dynamics.

4.3.1 Steady-state analysis

This section discusses the application of the control strategy proposed in the previous
section in a steady-state simulation environment. This approach is particularly interesting
when associated to the power-flow technique discussed in chapter 2 because it allows to
include the LV coordination strategy while simulating slowly varying time-resolved power
flows, for example happening during a 24-hours operation. This kind of simulations can
give informations about the power quality level improvement under different operating
conditions of the LV network and can help studying the support that can be expected

coming from one (or more) of these systems when connected to a MV distribution grid.
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Figure 4.4: Block diagram of the LV coordination strategy implemented in steady-state.

Figure 4.4 shows a block diagram of the proposed strategy, as it is implemented in
steady-state simulations. The input variables on the left side are the current triplet I,
measured at the line downstream the controlled bus k£ and its phase voltage triplet E. As
for equation (4.3), the balancing currents Alpg are derived from the measured ones by ze-
roing the positive sequence component and changing the sign of the other two. Concerning
the active power invariance constraint, the block diagram shows that a term called APy,

is added to the active power variation resulting from the injection of the balancing cur-
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rents. In this way, the same scheme is applicable when a different active power objective
is set, generalizing equation (4.7). On the right side of Figure 4.4, the results in terms of
resulting currents Alc and complex power variation on the three phases are reported.

The block diagram in Figure 4.4 refers to the control that is supposed to be acted by
the central unit identified as LVNC' in Figure 4.3. The active and reactive phase power
requests are forwarded to the downstream inverter-interfaced DGs in accordance to their
own capability, assuming that LVNC receives signals from the DERs about their actual
capability margins, otherwise the share of reactive (and active for three-phase inverters)
power request is simply proportional to the inverter size. Under the hypothesis of not
pursuing any extra active power contribution from DERs, i.e. the AP,; term is zero
as for equation (4.7), the signal sent to the single-phase units is just a reactive power
request, proportional to the total requested Qy for the k —th phase in (4.9) and pictorially
indicated by the red-dashed lines departing from the LVNC block in Figure 4.4. For the
three-phase units, besides the reactive power requests, an active power redistribution can
be requested through the dPj signals, indicated by the blue dashed-lines.

Once the dP and dQ signals are evaluated for the three phases, each inverter in the
network receives the relative request (for instance depending on its size respect to the total
installed power on the same phase). The complex power variation at the inverter’s connec-
tion bus is obtained adding suitable correction currents during the power flow calculation
with the CCI algorithm described in section 2.4, so recalling equation (2.18) and assuming

the DG to be represented by a constant power model, the total correction current becomes:

Yien
Alpey = Urnis <|Ukh|%i) - |Ukh|(20)> + (

dP+de>*

4.10
Ukn(i) (4.10)

for a shunt element connected between nodes k and h (with k usually consisting in one of

the phases and A in the neutral point).

4.3.2 Dynamics analysis

After the feasibility analysis, conducted through series of time-resolved steady-state sim-
ulations, the proposed control strategy was implemented in dynamics to validate its ap-
plication for the management of a LV distribution network [105]. In the following, the
strategy proposed in the previous sections is further developed presenting an implementa-
tion of the control for dynamics simulation. The aim of this kind of simulations is to study
the application of the strategy considering the dynamic behaviour of both the central unit
(LVNC) and the inverter controllers.

Figure 4.5 shows the block diagrams for the implementation of the control strategy
in dynamics. The scheme in Figure 4.5a refers to the central unit LVNC which, as dis-
cussed in the previous section, acquires the current and voltage measurements at the

PCC busbar. The main difference with the scheme depicted in Figure 4.4 is the presence
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Figure 4.5: Control schemes for the implementation of the LVNC (a) and inverter (b)
controllers in dynamics.

of the proportional-integral controllers operating the sequences compensation action. In
this case, in fact, instead of calculating directly the total current variation, the sequence
components of the measured currents are used as negative feedback to the controllers,

dynamically adjusting the needed contribution from the DERs.

Another evident difference is the lack of the correction current to satisfy the active-
power-invariance constraint, i.e. the Alp triplet. While in the steady-state control the
positive sequence correction is added separately to take into account the active-power-
invariance constraint (4.1), in dynamics this effect results from the fact that while com-
pensating two of the sequence components, the third one (i.e. the positive sequence)
varies accordingly as a result of the integral action of the controllers while reaching the

new regime.

In Figure 4.5b the current-control scheme associated to the inverter units is depicted.
The active and reactive power variation requests dP and d@ coming from the LVNC' are
summed with the local set-point signals P,y and Q. resulting in the total power amount
which needs to be obtained by changing the injected current. The new current reference
values Ig,cr and I,y are calculated in the d-q frame of reference in which the active and

reactive power equations are written as:

P=Vy-Ig+ V-1 (4.11)
Q=Vy-1g— Va1 (4.12)

As can be seen from the scheme, a Phase-Locked-Loop (PLL) controller measures the
phase 6 of the voltage at the connection bus V,eqs, allowing the transformation. Under
the hypothesis that the PLL is synchronized with the phase-voltage vector, the V; term
in equations (4.11-4.12) can be neglected.

Once the new current references are set, they are compared with those injected by the
inverter (i.e. Ipeqs) to create an error signal to be controlled by Proportional-Integral (PT)

controllers. It is important to note that the coordination action operated by the LVNC
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needs to have a sensibly lower dynamic than the inverter control in order to separate the

effects.

4.4 Case study applications

In this section, some case studies are reported to discuss the effects of the connection of
single-phase DGs to a LV network on the power quality and the benefits coming from the
coordinated control discussed in the previous sections, implemented in both steady-state
and dynamics. The aim of the study is to check the effects of the LV control (initially
only locally-based, then coordinated) on a LV reference network under realistic working
conditions. The results discussed in the following include, besides the phase voltages and
the respective power contributions by DGs, the corresponding voltage unbalance factors

as defined in [52].

4.4.1 Reference LV network

To validate the methodology, a realistic network model considering a typical configuration
for LV systems has been chosen. The case study network considered for the following
applications is a part of the Low Voltage distribution European reference network pre-
sented in the Cigré C6 Task Force report on Benchmark Systems for Network Integration
of Renewable and Distributed Energy Resources [106].

The network layout is shown in Figure 4.6 and consists in the 13-buses residential
sub-system of the reference network. The MV/LV transformer in Secondary Substation
is a 20/0.4 kV 400 kVA transformer with short circuit voltage vee = 6%(Vi,) and X/R =
6. The neutral conductor is grounded only at the transformer’s secondary busbar as is
commonly done in many LV systems in Europe.

The LV lines, having the length shown in the network layout in Figure 4.6, consist in 4-
wires branches with the geometry reported in Appendix D along with the respective cable
types (see Figure D.2 and Table D.2). As for the common practice in LV systems the lines
are composed by different cable sections for the phase and neutral conductors, based on
the principle that the neutral conductor’s current in a three-phase line is generally lower
than the phase one. The maximum feeder’s extension is 345 m (between buses R1 and
R18), while the average weighted R/X ratio (i.e. the ratio divided by the actual extension
of the respective line type) is about 2.6.

The load and generation data are reported in Table 4.1, where it could be seen that
the network is mainly passive, since the installed load apparent power is 219 kVA (with
p.f£.=0,9), while the total DGs’ rated power is 63 kVA. The load and generation units are
unevenly connected on the three phases and the power installed on each phase is compared
with the total three-phase one reporting the percent value. As shown in Figure 4.6 the
network hosts 5 distributed generators interfaced by inverters, one of which (connected at

bus R15) is a three-phase unit represented in red with three single-phase inverters.
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Figure 4.6: Layout of the reference European LV network.

In the following sections, applications on the reference LV network are discussed con-

sidering a 24-hours period, in which the loads’ and generators’ power is varied according

to the daily profiles reported in Figure 4.7.

Table 4.1: Loads and Generators installed power [kVA].

Buses Loads Generators
ph a ph b ph ¢ ph a ph b phc
R11 7.0 6.0 3.3 0.0 8.0 0.0
R15 20.4 30.0 30.0 10.0 10.0 10.0
R16 16.5 19.8 22.0 0.0 0.0 8.0
R17 3.6 5.0 7.0 8.0 0.0 0.0
R18 14.0 15.4 19.0 9.0 0.0 0.0
TOT 61.5 76.2 81.3 27.0 18.0 18.0
(28%) (35%) (37%) (42%) (29%) (29%)

92



4.4. CASE STUDY APPLICATIONS

m===RES-1-LV === RES-2-LV === COM-LV PV

1.2 o= e e e e

P [pu]

0 4 8 12 16 20 24
Time [h]

Figure 4.7: Daily power profiles for loads and generators connected to the LV network.

4.4.2 Local voltage control by Distributed Generators

This section focuses on the investigation about the effects on the buses voltage magnitudes
and unbalance when applying the reactive power controls set by the recently released
standards. In particular, the controls implemented in this study are those contained in
the Italian standard for the connection of Distributed Generators to the Low Voltage
distribution network [9], here used as application example of the general requirements set
by the European Technical Specification 50549 [14].

The controls used in the following are stated by the mentioned Italian standard CEI
0-21 for inverter-intefaced generators connected to the LV system with an installed power
above 6 kW. Furthermore, these local actions are not performed by default by inverters, but
may be required by the DSO by setting suitable values identifying the control characteristic
shown in Figure 4.8.

The grey band identifies a Dead-Band region, in which the reactive power control is
disabled, comprised between the two lock-in voltage values V7; and Vi, for the lower and
upper sides of the voltage deviation respectively. On each side, when the busbar voltage
overcomes the lock-in value, the reactive power is set according to the characteristic,
reaching the value Qqz (0r Qumin) in correspondence of the Vo and Vs, values.

The mentioned maximum reactive power value (equal to the minimum one which has
opposite sign), is set according to the capability area set for the control. The CEI 0-21
standard sets two kind of capability areas for LV connected generators, called triangular
and rectangular on the basis of their shape on the P-Q plane. Figure 4.9 shows these
two areas, indicated respectively as A and B, while a third one, called C, consists in the
maximum capability available for an inverter, described by the semicircular region on the
plane P-Q with radius S,, (being the inverter’s rated power). Looking at areas A and B
it should be noted that the reactive power limit is set using as minimum power factor the

value 0.9: for the triangular area the limit vary depending on the actual injected power,
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Figure 4.8: Local reactive power control Figure 4.9: Capability areas for the Q(V)
characteristic Q = f(V') stated by the stan- control: triangular (A), rectangular (B)
dard CEI 0-21. and semicircular (C).

while for the rectangular one this value is kept constant. A lock-in value is set in terms of
active power at 5% P, in both cases, corresponding to the minimum value stated by the
standard. Area C is then considered as a best-case scenario, in which inverters give the
maximum availability to the voltage support action.

In this study, a 24-hours period has been simulated applying the daily power profiles
shown in the previous section, setting the control characteristic for @ = f(V') control in

Figure 4.8 with the following values:
e Vi;: -0.01 pu;
e Vi,: 0.01 pu;
o V5: -0.1 pu;
e V5,: 0.1 pu.

Calling the not-regulated scenario Base Case, three local regulation scenarios are con-

sidered based on the three different capability areas in Figure 4.9:
e Scenario A: triangular capability area;
e Scenario B: rectangular capability area;
e Scenario C: semicircular capability area.

In Figure 4.10 the phase voltages are reported for each scenario compared to the Base
Case while Figure 4.11 reports the power balance (P and Q) for the Base Case and the
reactive power due to the local control (positive values indicate absorbed power). The DGs’
production period is indicated by the yellow area in all graphs to highlight the possible
effects coming from the local actions taken by those units while they are injecting active

power. From Figure 4.11 it should be noted that, as already mentioned in the system
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description in the previous section, the network is mainly passive, having consistently a
positive power balance.
In Scenario A, DGs act a voltage regulation computing the reactive power according

with the triangular area in Figure 4.9 using the expression:
@ = P - tan (arccos 0.9) (4.13)

depending on the instantaneous active power P. Therefore, during the off-peak hours, no
regulation is provided despite the remarkable under-voltages (e.g. around h. 19), as can
be seen from the power chart 4.11a.

In Scenario B the rectangular capability area in Figure 4.9 is adopted, then the reactive
power limit is kept constant at Q = P, - tan (cos_1 0.9), with P, equal to the inverter’s
rated power. As already mentioned, since the standard sets an active power lock-in value
(minimum 5% of the rated power P,,, as chosen in this case), the control is inhibited below
this threshold, with the result that the overall contribution coming in Scenario B is very
similar to the one obtainable in Scenario A.

In Scenario C, instead, a semi-circular capability area of the type shown in Figure 4.9
is considered, allowing DGs to exchange with the network a reactive power depending
on the actual working point according with the inverter’s size .S,,, even when the active
power is at low or null level. The apparent rated power S,,, standing the capability areas
A and B, is chosen as S,, = P,,/0.9 since an inverter is expected to be working at p.f. 0.9
when producing the rated active power F,,. In this situation the DGs connected to the LV
network are actually performing a local ancillary service by supporting the phase-voltage
magnitude even outside the production period (for instance around h. 19), exchanging

reactive power with the grid without any active power production.
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Figures 4.12 and 4.13 show the Voltage Unbalance Factor for the negative and zero
sequences at buses R1 and R18 in the three scenarios. As could be seen in Figure 4.12b,
the three scenarios lead to similar VUF values during the DGs production period, while
a sensible improvement of the unbalance condition is obtainable in Scenario C in which a
higher amount of reactive power is available (i.e. outside the production period). Similar
comments can be made about the zero sequence (which indicates the neutral conductor’s
potential trend) in Figure 4.13b with the exception that during the production period the
VUF( appears to be rising due to the local Q regulation.

From the above discussed simulations, it results that the local reactive power control
performed by DGs can help (under the present LV network’s working conditions) con-
taining the voltage deviations respect to the nominal value, although this type of control
may possibly result in undesired shifting og the neutral point potential. In general, for a
mainly passive network the local voltage control may lead to lower values of the Voltage
Unbalance Factor respect to the Base Case, but not necessarily within an acceptable level

since this feature is not considered as an objective of the control.

---Base Case ~~Scenario A~ Scenario B Scenario C

VUF [%]

16 20 24

12
time[h]

(a)

Figure 4.12: Negative sequence Voltage Unbalance Factor (VUF) at buses R1 (a) and R18
(b).
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Figure 4.13: Zero sequence Voltage Unbalance Factor (VUF@) at buses R1 (a) and R18
(b).
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4.4.3 Comparison between steady-state and dynamics implementation
of the LV coordinated control

In the following, the control presented in section 4.2 is applied to the LV reference net-
work to study the effects on the voltage unbalance obtainable by the coordination of
the distributed resources connected to the LV network. The control has been simulated in
RMS-dynamics through the software DigSilent PowerFactory and the results are compared
with those obtained in steady-state simulation.

In this study the capability limits imposed by DGs are intentionally disregarded, in
order to investigate the full effects coming from the control and in particular the com-
parison between steady state and dynamics implementations discussed in section 4.3. In
the following all the simulation results are reported for the steady state and dynamics
solutions with dashed and solid lines respectively.

The Base Case has been chosen as the h. 11 time instant of Scenario C simulation
shown in the previous section. Starting from this situation, two events are considered

occurring sequentially:

e t=3s : the LVNC starts sending the control signals in terms of APand AQ to the
DGs with the aim of balancing the currents downstream the PCC;

e t=06s: an additional reactive power production is requested by the LVNC to the

inverters for the provision of an ancillary service to the upstream MV grid.

In Figure 4.15 the phase-neutral voltages are reported for each phase of buses R1, i.e.
the PCC, and bus R18 at the feeder end. As shown in the previous section, the local
reactive power control helps reducing the voltage deviations at the feeder end between the
values 0.93 and 1.04 pu. This eventually resulted in a reduction of the unbalance for the
negative and zero sequences as already seen in the previous section and also reported in
Figure 4.16.

Starting from this situation, at t=3s the Low Voltage Network Controller (LVNC)
is activated, so the power contributions needed in each phase to perform the voltage
unbalance compensation are evaluated. The control inputs consist in the phase-voltages at
the PCC, which are shown in Figure 4.15a, and the sequence components of the currents
flowing in the branch downstream the PCC (i.e. line R1-R3), reported in Figure 4.14.
These values are used in the control schemes depicted in Figures 4.4 and 4.5a to compute
the complex power contributions reported in Figure 4.17.

In this case, since no remuneration was considered for the network services, the single-
phase inverters can contribute in terms of reactive power only, whereas the three-phase
unit at bus R15 is supposed to redistribute the power production of each phase in order
to maintain the initial three-phase active power. This feature can be seen clearly in
Figure 4.17a where the active power variation signals forwarded from the LVNC are shown.

Concerning the reactive power variation reported in Figure 4.17b, the dynamics and steady
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state solutions don’t match perfectly probably due to the local control acted simultaneously
in each DG connection bus reacting differently when including the dynamics of the LVNC
control and of the inverters.

After the unbalance correction control reached the objective, at t=6s an extra reactive
power production is required by the LVNC to the inverters as an ancillary service for the
MYV network. As shown in Figure 4.17b, this results in a step in the reactive power request
by the LVNC while continuing to perform the voltage unbalance control. As a result, the
currents’ negative and zero sequence components are still compensated while delivering
the ancillary service.

As expected, the currents unbalance correction results in a voltage balancing at PCC,
while the negative sequence of the bus R18 voltage is reduced from the initial 1.5% to
about 1%. The voltage zero sequence at bus R18 is also reduced, allowing to mitigate the
neutral point potential shifting due to the uneven distribution of the load and generation
powers.

It is worth noting that the voltage balancing effect obtained through the currents
compensation is also due to the fact that by hypothesis the slack bus imposes a balanced
voltage triplet. In general, the aim of the control is to limit the contribution to the voltage

unbalance at PCC due to unsymmetrical power flows in the LV network.

Currents sequence components [A]

Figure 4.14: Sequence components of the measured current downstream bus R1 (PCC).
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4.4.4 LV coordinated control application for long term analysis

In the following, the LV coordinated control is applied to the case considered in section
4.4.2 to study the LV network operation in a 24-hours period. Taking as inputs the phase-
neutral voltages at bus R1 and the currents flowing downstream it as for the previous
case study, the LVNC elaborates the active power variation requests for the three-phase
unit while setting the reactive power set-points for the local control discussed previously
pursuing both the voltage magnitude and unbalance regulations.

Starting from the operation discussed in section 4.4.2 considering only the local reactive
power regulation acted by DGs, the inclusion of the control discussed in the previous
section allows to better exploit the presence of distributed resources in mitigating the

power quality issues. These two situations are simulated in the following scenarios:

e Scenario A: voltage support action through local reactive power control with semi-

circular capability areas as for Scenario C in section 4.4.2;

e Scenario B: local Volt/Var control supported by the coordination of the reactive

power on the three phases aimed at reducing the voltage unbalance at PCC;

e Scenario C: coordinated LV regulation for voltage magnitude and unbalance control

including the active power redistribution on the phases.

While Scenario A represents the solution discussed in section 4.4.2 adopting the semi-
circular capability area, Scenarios B and C include the coordinated control acted by the
LVNC aimed at obtaining the voltage unbalance mitigation as seen in the previous section,

by performing the following features:

e reactive power coordinated contribution by all inverters, shifting the local control

characteristic in Figure 4.8.

e active power redistribution on the three legs of three-phase inverters (in this case

acted by the only three-phase unit connected at bus R15)

Figure 4.18 shows the phase-neutral voltage at bus R18 (i.e. the feeder-end bus)
during the 24-hours period to analyse the results of the coordinated control on the LV
network’s working conditions. The comparison between Scenario A and B shows that
even without sensibly changing the overall voltage deviation conditions at the remote
buses, the coordination of the reactive power contribution locally performed by DGs affects
mainly the differences among the three phases magnitudes. The balancing effect is strongly
increased when considering the active power redistribution action performed by the three-
phase unit in Scenario C.

The VUF and VUFq levels are shown for bus R18 in Figure 4.19, in which a slight
mitigation of the voltage’s negative sequence component can be seen in Scenario B and

becomes evident in Scenario C, respectively keeping the maximum VUF value below 2%
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Figure 4.19: Voltage unbalance factors for negative and zero sequence at bus R18 in the
three scenarios.

and 1.5% respect to 2.2% in Scenario A. Furthermore, while it tends to increase in Scenario
B, a reduction of the voltage’s zero sequence can be also appreciated in Figure 4.19¢ as
an effect of the neutral point potential reduction, although not being an objective of the
control but just a consequence.

In Figure 4.20 the reactive power contributions on the phases are shown for the unco-
ordinated local control (Scenario A) and adopting the coordination strategy implemented
by the LVNC (Scenarios B and C). In Figure 4.20b it can be seen that, differently from
Scenario A, the single-phase inverters exploit their capability to exchange reactive power
even when no contribution is due according to their local voltage, for instance at h. 19.

The active power redistribution on the phases is shown in Figure 4.21, in which it
can be clearly seen that the three-phase active power variation (i.e. the sum of the phase
values) is constantly null. In this example, in order to focus on the effects achievable
by the coordinated control, it has been assumed that the three-phase inverter is able to
manage the variations required to each phase (i.e. the inverter legs are oversized enough to
manage the actual production and the possible variations). It should be emphasized that
this kind of regulation acted by three-phase units should be possible even in off-production
periods, since it doesn’t involve any power injection to the grid, but just a shifting of the

currents exchanged by the inverters in each phase.
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Figure 4.21: Active power redistribution on the phases in Scenario C.
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As the penetration of DGs increases in LV networks, the importance of studying man-
agement strategies to involve them in the overall distribution system’s regulation is getting
more and more relevance. The coordination of the MV and LV subsystems through suit-
able controls may enable the provision of ancillary services even from the lower voltage
level, leading to a more efficient exploitation of the distribution network. This chapter
presents an aggregated DMS implemented combining the principles for the regulation

strategies discussed respectively in chapters 3 and 4 to pursue the voltage control on both
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MV and LV systems. In particular, the presented strategy aims at controlling the MV
network busbars’ voltage with the participation of the Secondary Substations, in which
the respective controllers manage the DERs’ contributions pursuing the voltage unbalance

mitigation and ancillary services provision.

5.1 Coordinated management of Medium Voltage and Low

Voltage networks

The problem of optimizing the operation of distribution networks is a topic that many
research groups are dealing with as witnessed by the number of references which can be
found, as cited in the previous chapters for instance. Despite the variety of applications
presented in literature on this topic, not so many works focus on the implementation of
coordinated controls to involve both the Medium Voltage and Low Voltage subsystems.

Aside from the necessity of optimizing the overall operation of a distribution network
for technical and economical reasons, the coordination of MV and LV systems is starting
to become a key issue in the process of moving towards the smart-grid.

In this context, ancillary services may be provided by LV networks (or aggregates of)
under the concept of Virtual Power Plant (VPP). In [99] a market framework is proposed to
face the voltage regulation problem in a distribution network hosting multiple micro-grids
as an hierarchical management architecture is presented.

The same concept is applied in [107], implementing optimization models to study the
provision of three ancillary services by the micro-grid agents: Volt/Var control, Active
Power Losses balancing and Demand interruption.

In [100] Electrical Energy Storage (EES) systems connected at different voltage levels,
i.e. MV and LV, are integrated in a coordinated voltage control scheme managing both
the subsystems.

In the following a control scheme is proposed suitable for coordinating the action of
both MV and LV active users. Based on the information exchange between the buses
and the DMS, an adaptive area selection has been implemented according with the con-
trol discussed in chapter 3 based on a sensitivity analysis of the network. The DMS is
supposed to interact also with the LV Network Controllers which coordinate the down-
stream inverter-interfaced DGs enabling them to participate to the MV network voltage

regulation.

5.2 Aggregated DMS for MV and LV systems

In this thesis work a novel control scheme has been developed and is proposed for coor-
dinating the action of both MV and LV active users. Based on the information exchange
between the buses and the DMS, an adaptive area selection has been implemented, based

on a sensitivity analysis of the network, in order to separate the network nodes into several
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clusters with common power quality objectives (e.g. similar voltage conditions). MV/LV
distribution transformers are equipped with LV network controllers which coordinate the
downstream inverter interfaced DGs enabling them to participate to the MV network
voltage regulation through appropriate signals.

Starting from the controls described in chapters 3 and 4 respectively for MV and
LV regulation, an aggregated solution for a DMS controlling both the subsystems can
be obtained. A possible implementation is a scheme built in a hierarchical structure,
based on a Network Supervisor (located at the Primary Substation) in charge of the
MV network regulation and several Low Voltage Network Controllers (located at the
MV/LV distribution transformers) communicating with the downstream inverters, which
implement the reactive power control based on the local voltage as stated by the connection
rules.

As mentioned in section 3.2.1, the regulation strategy includes the coordination with
the OLTC at the primary station transformer through the control scheme in Figure 3.3a.
Based on the remote bus voltage measures, before performing the adaptive area selection
procedure, the DMS elaborates and modifies the tap position for the OLTC in order
to minimize the voltage deviation along the feeders, possibly containing them within an
allowed band (chosen as £5%(V},)), resulting in a reduction of the reactive power requests
to the local inverters participating to the regulation. The complete regulation procedure,
based on the area selection discussed in sections 3.2.2-3.2.3, also takes into account the
MV/LV interface represented by the Low Voltage Network Controllers (LVNC) acting the
voltage unbalance mitigation control as discussed in section 4.2.

The architecture of the overall DMS is depicted in Figure 5.1, highlighting the area
selection for the MV grid, where the Network Supervisor can elaborate the request signals
in terms of AP and AQ and drives the tap changes for the OLTC. Concurrently, each
LV network is coordinated by its own LVNC unit pursuing the voltage unbalance and
deviation mitigation, so allowing the Secondary Substations to participate to the provision
of ancillary services to the MV grid.

To investigate the concurrent regulation effects on a distribution network, a DMS
employing the aggregated architecture depicted in Figure 5.1 is proposed to pursue the
voltage regulation in both MV and LV subsystems [108] and will be implemented in the
simulations shown in the following section. Applying the controls described in chapters
3 and 4, the voltage regulation strategy is implemented by means of a signals communi-
cation from the Network Supervisor, placed at the Primary Substation, to the identified
regulation areas. The signals, instead of being active and reactive power requests as for the
cases discussed previously, consist in voltage requirements for the local Volt/Var control
acted by the inverters. Referring to the general architecture of the DMS, the following

steps are considered:

1. Once a voltage contingency is detected (i.e. voltage at some bus beyond the objective
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Figure 5.1: Architecture of the aggregated DMS for MV and LV coordinated management.

range) the Network Supervisor (NS) in PS evaluates the optimal tap for the OLTC

and creates the regulation areas;
2. The tap position for the OLTC is changed based on the signal coming from the NS;

3. If the OLTC coordinated action doesn’t result in the contingency solution, voltage

set-points (Vget) are forwarded to the areas;

4. The Low Voltage Network Controllers (LVNC) connected to the respective area
receive the voltage set-point and forward it to the inverters interfacing the DGs
connected to the LV system, along with the AP and AQ signals for unbalance

mitigation purpose.

5. The inverters connected to the LV network react to the signals sent by the LVNC

adopting the characteristic shown in 5.2 in which:

e the y-axis set-point is varied according with the AQ request for the voltage

unbalance control;

e the x-axis set-point AVjer—point is communicated to support the voltage accord-

ing with the requirements set by the MV Network Supervisor.
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Figure 5.2: Reactive power control based on local voltage measurements and signals com-
munication by the LVNC.
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5.3 Distribution network model

The case study network considered in this section is a distribution system with 32 MV
buses, distributed in 2 feeders radially departing from a primary station (PS) where a
132/20 kV, 25 MVA transformer connects the main MV busbar to the HV grid being
equipped with an OLTC having +£10% (V3,,) variation range (21 taps, 1% (V1,) per tap),
and a Dead-Band of 1.5% (V1,,). Referring to the one-line diagram of Figure 5.3, Feeder A
has a total length of about 33 km, for the most part overhead lines with a total R/X ratio
of 0,84. In Feeder B the line types are more mixed between overhead and cable, resulting
in a R/X ratio of 1,25.

From the distribution MV network layout it can be seen that the Secondary Substations
connecting Low Voltage networks are represented by two different symbols, indicating if
active users are present or not in the LV subsystem. All of the LV networks connected
to the main grid have been represented in this study with the layout reported in Figure
5.4 with the four-wire branches having an R/X ratio of about 4 and a maximum feeder
extension of 260 m, as can be seen from the lengths reported in the scheme.

The MV 32-bus network has a total load power of 21,11 MVA and a total installed
generation power of 14,03 MVA, unevenly distributed on the two feeders. Feeder A and has
an installed generation power of 10,57 MVA and a total load power of 5,06 MVA whereas
Feeder B hosts 3,45 MVA generation power, with a total load power of 16,05 MVA. The
installed power on each phase of the LV system is reported in table 5.2 amounting at 382
kVA and 226 kVA for loads (with 0.9 p.f.) and generators (with 1 p.f.) respectively. These
values are then scaled for each LV subsystem in order to obtain the total installed power
at each MV-bus.

A complete data-set of the two models is contained in Appendix E.
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Figure 5.4: Layout of the Low Voltage networks connected to the MV system.
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Table 5.1: Total load and generator installed power, as seen at the MV/LV transformers,
for the Case Study Network [kVA].

Bus Load Generation
phase a phase b phase ¢ phase a phase b phase ¢
N3 124.9 159.6 145.8 296.7 326.4 332.3
N4 138.0 176.4 161.1 316.5 348.1 354.5
N5 70.7 90.4 82.5 158.4 174.2 177.4
N6 187.4 239.4 218.6 593.4 652.8 664.6
N7 40.6 51.9 474 118.8 130.7 133.1
N8 121.8 155.6 142.1 237.4 261.1 265.9
N9 34.1 43.6 39.8 79.2 87.1 88.7
N10 86.1 110.0 100.4 158.2 174.1 177.2
N11 34.1 43.6 39.8 118.8 130.7 133.1
N13 35.8 45.7 41.7 59.4 65.3 66.5
N14 32.5 41.6 37.9 59.4 65.3 66.5
N15 28.5 36.4 33.2 79.2 87.1 88.7
N16 150.2 192.0 175.3 395.6 435.2 443.1
N17 109.6 140.1 127.9 316.5 348.1 354.5
N18 295.5 331.3 317.0 297.0 326.7 332.6
N19 142.0 181.5 165.7 0.0 0.0 0.0
N20 169.5 216.6 197.7 0.0 0.0 0.0
N21 860.4 914.2 892.6 0.0 0.0 0.0
N23 290.3 370.9 338.6 0.0 0.0 0.0
N24 96.9 123.8 113.0 33.0 36.3 37.0
N25 129.1 165.0 150.7 49.5 54.5 55.4
N26 189.2 241.7 220.7 65.9 72.5 73.9
N27 1029.9 1130.7 1090.4 395.6 435.2 443.1
N28 1220.3 1327.8 1284.8 263.7 290.1 295.4
N29 217.7 278.2 254.0 0.0 0.0 0.0
N30 241.2 308.2 281.4 0.0 0.0 0.0
N31 241.9 309.1 282.2 0.0 0.0 0.0
N32 111.3 142.2 129.8 263.7 290.1 295.4
TOT 6429.4 7567.2 7112.0 4356.0 4791.6 4878.7

Table 5.2: Load and generation rated power per phase in the LV network [kVA].

Bus Load Generation
phase a phase b phase ¢ phase a phase b phase ¢

N3 20 15 20 20 0 0
N4 11 20 25 50 50 50
N5 15 17 20 0 0 0
N6 14 16 10 0 0 0
N7 15 20 30 16 0 0
N8 20 16 25 20 10 0
N9 15 18 20 0 0 10

TOT 110 122 150 106 60 60
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5.4 Case study application

In the following, the aggregated DMS operation is studied in two scenarios, each referring
to a particular working condition of the distribution network. Since the entire generated
power in this network comes from photovoltaic (PV) generators, the daily peak production
period is expected to be around h. 12, while it is supposed to be null during the evening
and night. Contextually, the power absorbed by loads is expected to be relatively low at
mid-day and high later in the day, according to the typical residential daily power profile
shown in the previous chapters. With these hypothesis, the simulation scenarios identify
two loading conditions characterized by different percentage of the total installed load and

generation power on the MV network, listed in Table 5.1, i.e.:

e Scenario A: high generation (95%) and low load (40%);

e Scenario B: null generation combined with high load (80%).

In this study case, the aggregated DMS is applied to the network to address the
voltage regulation problem enabling the exploitation of all the resources. For each area, a
pilot bus is identified as the one with the worst voltage condition (under- or over-voltage),
allowing the Network Supervisor to evaluate the AVyer—point value to be sent to each LVNC
belonging to the identified regulation area; the latter in turn will forward the set-point to

the downstream inverters which will finally perform local Volt/Var regulation.
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Figure 5.5: MV busbars line-line voltage in Scenario A without regulation (a) and with
the aggregated DMS (b).

Figure 5.5 shows the line-line voltage profiles in the 2 MV feeders of the case study
network in Scenario A, without any regulation and considering the aggregated DMS action.
As could be seen from the voltage trends in Figure 5.5a, a high power injection by
the DGs connected to feeder A results in bus voltages rising above the objective level, so,
even though the OLTC is operated in AVR mode keeping the MV main busbar voltage

close to 1 p.u, the maximum deviation is around +8%(V;,). On the other hand, in feeder
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Figure 5.6: MV busbars line-line voltage in Scenario B without regulation (a) and with
the aggregated DMS (b).

B, having a lower penetration of DGs, load and generation almost balance, leading to a
maximum voltage deviation of around -2.5%(V;,). Under these working conditions, the
DMS estimates for the OLTC a voltage reference value of 0,99 p.u., which slightly reduces
the voltage deviation on feeder A without depleting feeder B bus voltages.

Subsequently, since a further voltage regulation is needed besides the coordinated
OLTC action, five regulation areas are identified and pictorially represented in Figure 5.3.
In Table 5.3 these areas are reported together with the corresponding pilot bus whose
voltage magnitude is used for determining the requirement for the specific area. Since the
set point variation is zero when the pilot bus voltage lays within the +£5%(V},) objective
band, from Table 5.3 it clearly appears that among the five identified regulating areas
only the LVNCs belonging to Area 1 and 3 are called to participate in the MV voltage
level regulation. This can be also appreciated by the reactive power exchange reported in
Table 5.3, showing that only the areas involved in the MV regulation provide a sensible
reactive power exchange with the network, distinguished from the other areas contribution,
required for the sole voltage unbalance correction action.

In Scenario B, both feeders are characterized by a heavy load condition since in both
feeders the PV plants are not producing, as in a typical condition happening during the
evening hours with high residential load. As a result, the MV buses voltage drops well
beyond the objective of -5%(V},) especially in feeder B, even with the AVR operation of the
OLTC in PS. In this case the DMS estimates for the OLTC a value of 1,05 p.u. as reference
voltage, in order to maximize the support to the regulation, reaching the +5%(V},) allowed
deviation, so depleting the range for additional tap changes. Four regulating areas are
identified by the DMS, only two of them requiring regulation. From figure 5 it may also
be noted that for the line-line voltages, visibly unbalanced in the unregulated scenario,
after the DMS coordinated action (areas selection and voltage set-point signals) including
the LV regulation (actuating the local voltage control with the set-point received and

concurrently providing the currents balancing), a sensible unbalance reduction is achieved.
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Table 5.3: Aggregated DMS simulation results for the two scenarios A and B.

Scenario OLTC Adaptive Area Coordination LV Regulation
Vi Tap Arens Pilot Pilot Bus Voltage [pu] AV AQ ALosses
[pu] Position Bus | OLTC AVR OLTC Coord | [pu] [kVAT] (%]
Al: N12, N13, N14, N15, N16, N17, N18 N18 1,087 1.073 0,033  -612.973
A2: N23, N24, N25, N26, N27 N27 0,976 0.962 0 -0.131
A 099 1 A3: N5, N6, N7, N8, N9, N10, N11 N11 1,068 1.054 0014  -228.064 T15-45%
A4: N20, N21, N22, N28, N29, N30, N31, N32 N22 0.983 0.969 0 -0.079
A5: N2, N3, N4, N19. N4 1,024 1.010 0 -0.077
Al: N2, N19, N20, N21, N22, N23, N24, N25, N26, N27 N27 0.885 0.941 0,019 184.115
A2: N8, N9, N10, N11, N12, N13, N14, N15, N16, N17, N18 N18 0.944 0.996 0 -0.346
B 105 -5 | A3 N3 N4, N5, N6, N7 N7 0.968 1.019 0 0155 8:25%
A4: N28, N29, N30, N31, N32 N28 0.886 0.942 -0,018 130.583
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Chapter 6

Conclusions

Due to renewable energy policies and technology improvements, distributed generators or,
in general, active users penetration is continuously growing in distribution networks, in
certain cases even overcoming the amount expected for 2020. In this context, by continuing
relying on the fit and forget approach, distribution systems are likely to experience con-
tingencies possibly leading to the loss of service if Distribution System Operators (DSO)
don’t operate infrastructure reinforcement investments. To face issues like voltage devia-
tions, fault detection failure or undesired islanded operation, several standard bodies both
national and international have updated their connection rules for generators, pursuing a
more responsive behaviour of the distributed sources which are now required to provide

some services for grid support.

Taking into account the mentioned issues and the actions that are being taken from
the regulatory point of view, the importance of analysing in detail the active distribution
networks in order to study those effects is becoming fundamental. Relying on simula-
tion tools that allow a complete representation of the distribution system (including both
Medium Voltage and Low Voltage levels at the same time), the consequences of the evo-
lution trends for the Distributed Energy Resources (DER) may be suitably evaluated in

order to propose innovative solutions.

Several research works in literature emphasized the fact that distribution networks’
Hosting Capacity may be sensibly enhanced by integrating the active users in the network’s
management, exploiting the closeness between sources and loads. On this topic, two
main approaches are proposed in literature differing by the fact that the DERs control
is centralised or decentralised. In the first case a central unit dispatches the set-points
for the DERs operation pursuing the minimization of an objective function describing a
particular feature to be optimized (e.g. energy losses, voltage deviations, current flows)
considering a cost associated to each action. The second approach deals with the network
management considering cells within the distribution grid in which the active users are
clustered to form several agents, each reacting on a local basis to signals coordinated by

a supervisor.
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This thesis is composed by three main topics, relating respectively to:

e Power system modelling with a generalized approach to represent any number of

phases, even in the same system simultaneously;

e Medium Voltage (MV) network’s management through a decentralised approach
involving DERs to the regulation with suitable request signals forwarded to dynam-

ically defined areas;

e Low Voltage (LV) network’s management through a central unit coordinating the
active users connected downstream the Secondary Substation pursuing the voltage

unbalance mitigation and ancillary services provision to the upstream MV network.

6.1 Results

The first research activity line focused on the study of the power flow problem, with specific
attention to multi-phase approaches. Starting from the methods proposed in literature, a
multi-conductor algorithm was developed adopting an admittance matrix representation
similar to the approach used for the Gauss Zp,s method. In this way, a detailed modelling
of the network is possible, including virtually any number of phases to be represented.

In chapter 2, the modelling approach for the network’s components is discussed. Lines
have been modeled following the Carson-Clem criteria, which was initially adopted in
the study of electromagnetic coupling among the phases in a n-phase power line. Loads
and generators or, in general, shunt elements are represented through the ZIP model,
considering respectively constant-impedance, constant-current and constant-power parts.
The peculiarity of the developed method is that the rated power exchanged by the shunt
elements is obtained through suitable constant admittance terms added to the overall
system’s admittance matrix, while their actual operating set-point is changed according to
the voltage dependency by varying a correction current which is injected to the respective
node (i.e. the phase terminal at the connection bus). With this feature, an algorithm
iterates the correction currents update in order to evaluate the actual phase-voltages at
each bus.

Particular attention has been reserved to the transformer modelling, which is a chal-
lenging task when dealing with multi-phase approaches. The method proposed in section
2.3 formalizes an approach enabling the representation of basically any kind of connection
among multiple buses each with any number of phases, even different from one side to
another. This feature has been fully detailed given the importance of including the trans-
former in a multi-conductor analysis tool in order to fully represent a distribution system
composed by different voltage levels.

The developed approach for multi-conductor analysis has been applied in several case

studies also resulting from the cooperation with other Institutions. The first application
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is the representation of a real Low Voltage distribution network in the city of Dublin in-
volving both three-phase and single-phase branches and multiple grounding points (along
the feeder and at the customers’ interface), also including DGs penetration. The second
application involved both a modelling effort and a control one, aiming at managing the
LV network PCC’s phase voltages with a Phase-Decoupled On-Load-Tap-Changer trans-
former. This device, supposed to vary the tap position of a MV/LV transformer’s OLTC
independently on the three phases to control the voltage magnitude at a certain bus of
the network, has been initially represented and simulated in steady-state conditions over
a 24-hours period through the model previously recalled, then validated through RMS-
dynamics simulations and finally tested experimentally.

The second research activity regarded the proposal of a strategy for the Medium Volt-
age distribution network’s regulation under the hypothesis of a fully developed smart grid
with presence of a reliable communication infrastructure and smart metering. For the
scope, a control procedure, discussed in chapter 3, has been developed adopting the de-
centralised approach to allow the inclusion of DERs in the network’s management through
the communication of suitable signals to areas identified clustering buses on the basis of
their mutual electrical coupling and actual operative conditions. Once the network is di-
vided into subsystems (i.e. clusters of buses) a Network Supervisor (NS) elaborates the
requests in terms of active and reactive power variations to be forwarded to each group
pursuing the currents and voltage regulation (i.e. to solve congestions and under- or over-
voltage contingencies). The Primary Substation’s OLTC is also involved in the regulation
scheme, being suitably coordinated by the NS receiving remote voltage measurements thus
updating the tap position to reduce the overall voltage deviations. After the optimization
of the OLTC’s tap position, power variation requests coupled with an offered price are
sent to each cluster, in which the active users decide to participate or not based on their
own convenience respect to a local cost set for each time instance.

This control strategy was firstly developed within the Italian research project AT-
LANTIDE, aimed at establishing a digital archive for Italian reference distribution net-
works, produce models for the network components and proposing active management
systems for the users’ integration in the network regulation. The above mentioned proce-
dure is one of the two Active Management strategies (the other one being a centralised
DMS for power flow optimization) proposed in the project and it was developed to sim-
ulate the grid’s operation under different load and generation scenarios by setting power
profiles enabling long-term analysis. An example of these analysis is reported in section
3.6.2 applied to one of the reference distribution networks defined in the project. This
control has also been proposed as part of a cooperative centralised and decentralised En-
ergy Management System in which an optimal scheduling of active and reactive power
set-points was made by a centralised DMS while the decentralised DMS was employed to
fix the contingencies occurring due to unexpected perturbations on the scheduled profiles.

A further application of the decentralised DMS has been presented as a way to coordinate

119



6. CONCLUSIONS

the contributions coming from the DERs with the aim of evaluating the ancillary services
that may be provided to the Transmission System Operator running the bulk grid regu-
lation and the relative cost, based on the demand-offer approach on which the control is
based.

The third research activity has been conducted to study the coordination of inverter-
interfaced users connected to Low Voltage distribution networks. A control strategy for
LV systems has been proposed in chapter 4 involving a central unit, called Low Voltage
Network Supervisor (LVNC) calculating the requirements for generators connected to the
distribution system pursuing two objectives: the voltage unbalance mitigation at a certain
bus (usually the PCC being the LV main busbar in Secondary Substation) and the provi-
sion of ancillary services to the MV network. Standing the latest updates in the rules for
the connection of Distributed Generators to LV systems, firstly an investigation about the
effects of different local Volt/Var controls has been conducted. The coordinated control
has been simulated along with the local Volt/Var action performed by DGs as a way to
suitably configure the reactive power provision on the phases pursuing the voltage unbal-
ance mitigation and thus reducing the magnitude deviations at the LV buses. The control
has been firstly simulated in steady-state conditions (applying the algorithm developed
in the first activity line) and then verified through RMS-dynamics simulations with the
software DigSilent PowerFactory. The contribution by DGs has been investigated over a
24-hour time horizon separating the contributions for the different services: reactive power
provision as function of the sole local voltage, reactive power provision service for voltage
unbalance mitigation, fully coordinated control including active power redistribution on
the phases acted by three-phase (plus neutral) inverters.

Finally, the three research activity lines converged to a common objective which was
the complete representation of the distribution system, including both MV and LV stages,
with the adoption of a common DMS including a Network Supervisor at Primary Substa-
tions level providing the request signals to each MV-buses cluster and several Secondary
Substation feeding LV networks in which the active users are coordinated by the respec-
tive LVNC. An application proposing an aggregate DMS managing both MV and LV
levels has been presented in chapter 5 for the voltage regulation in the distribution system
considering the local Volt/Var control applied by the inverters, coordinated through suit-
able voltage set-point and reactive power variation signals to pursue both the unbalance

mitigation effect on the LV system and the voltage deviation regulation on the MV side.

6.2 Perspectives for future research

Based on the results obtained from the research conducted so far and discussed in this
thesis, some interesting perspectives are left for future research activity on the topic.
For instance, regarding the multi-phase representation and simulation of the network,

the formalization of a generalized approach to model the transformers could allow some
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further investigations on the use of particular connection options to deal with power quality
issues or analysis.

From the network’s management point of view, the cooperative control in MV and
LV networks may be exploited to study the possible implementation of local markets for
the provision of ancillary services not only from distributed generators but from active
demand too. In this context, scenarios in which the active users participate to the grid
management may be studied proposing suitable local costs in order to evaluate the impact
that these sources may have on the ancillary services market.

With the strategies proposed in this thesis, a complete coordination of the distribu-
tion network may be considered, envisaging a smart grid future scenario, for instance
involving the presence of electrical vehicles providing Vehicle-to-Grid (V2G) services or
the connection of Energy Storage Systems (ESS) to the distribution network. In the per-
spective of including such storage capable units, a multi-period analysis should necessarily

be considered in order to suitably exploit those resources.
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Appendix A

Dublin city LV network
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Figure A.1: Layout of the Dublin LV network.
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A. DUBLIN CITY LV NETWORK

Table A.1: Cables data in the Dublin LV network.

. Section Rec Imax
Wire Type - d [mm] GMR [mm] v g [S] [A]
1 185 15.730 6.125 0.212 0 330
2 70 10.250 3.991 0.569 0 240
3 70 9.860 3.839 0.507 0 260
4 25 5.580 2.173 1.180 0 140
5 16 4.880 1.900 1.120 0 140
a a
| | nC
|
@ e
b
(a) (b)

Figure A.2: Cable disposition for three-phase (a) and Concentric-Neutral single-phase (b)
lines in the Dublin LV network.

Table A.2: Line configurations in the Dublin LV network.

Configuration p};ise phats}e’pc:ble cz?bizt:;;e a [cm] b [cm]
185mm? XLPE 3 1 1 100 1.655
70mm? XLPE 3 2 2 100 1.070
70mm? NAKBA 3 3 3 100 1.070
25/16mm? C-N 1 4 5 100 0.280
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A. DUBLIN CITY LV NETWORK

Table A.3: Lines data in the Dublin LV network.

From- To- Line Length From- To- Line Length

Bus Bus Type [km] Bus Bus Type [km]
A B 2 0.024 F 34 4 0.0201
B C 2 0.0362 F 35 4 0.0258
C D 2 0.0457 F 36 4 0.023
D E 2 0.0455 F 37 4 0.0393
E F 2 0.0589 G 38 4 0.0221
F G 3 0.0488 G 39 4 0.0396
F H 2 0.0582 G 40 4 0.0557
H I 1 0.0589 G 41 4 0.0396
1 J 1 0.0483 G 42 4 0.0245
B 1 4 0.0127 G 43 4 0.0214
B 2 4 0.0581 G 44 4 0.0265
B 3 4 0.0394 G 45 4 0.0374
B 4 4 0.0556 G 46 4 0.0354
B 5 4 0.0445 H 47 4 0.0199
B 6 4 0.0091 H 48 4 0.0226
C 7 4 0.02 H 49 4 0.0214
C 8 4 0.0259 H 50 4 0.0366
C 9 4 0.0397 H 51 4 0.0287
C 10 4 0.0203 H 52 4 0.0397
C 11 4 0.0248 H 53 4 0.0357
C 12 4 0.0344 H 54 4 0.0453
C 13 4 0.0399 I 55 4 0.0295
D 14 4 0.0225 I 56 4 0.0312
D 15 4 0.0221 I 57 4 0.0348
D 16 4 0.0212 I 58 4 0.0285
D 17 4 0.0348 I 59 4 0.0272
D 18 4 0.0252 I 60 4 0.0348
D 19 4 0.0371 I 61 4 0.0254
D 20 4 0.0406 I 62 4 0.0298
D 21 4 0.0343 I 63 4 0.038
D 22 4 0.0376 I 64 4 0.0304
E 23 4 0.0362 J 65 4 0.0226
E 24 4 0.0231 J 66 4 0.0377
E 25 4 0.0349 J 67 4 0.0473
E 26 4 0.0392 J 68 4 0.0354
E 27 4 0.0208 J 69 4 0.0414
E 28 4 0.0231 J 70 4 0.0431
E 29 4 0.0238 J 71 4 0.0344
F 30 4 0.0357 J 72 4 0.0205
F 31 4 0.0345 J 73 4 0.0212
F 32 4 0.0374 J 74 4 0.0243
F 33 4 0.0229
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A. DUBLIN CITY LV NETWORK
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Figure A.3: Daily power profiles for load and generation in the Dublin LV network. Values
for the h.12 time instance are highlighted.
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Appendix B

Danish LV network
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Figure B.1: Layout of the Danish LV network.
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B. DANISH LV NETWORK

Table B.1: Transformer’s data in the Danish LV network.

Vin [kV] Von [kV] Sn [kVA] Vee [%] Pec [%0]

10 0.4 300 4 0.5

Table B.2: OLTC data in the Danish LV network.

A
Operation [;, lslt]ep DB [pu] stepPmax stePmin
Discrete 0.0250 +0.0200 +2 -2
Continuous 0.0010 +0.0025 +50 -50

Table B.3: Line types’ data in the Danish LV network.

Secti
Type Material [Ierfr:z)]a r [2/km] x [Q/km] c [pF/km]
1 Al 240 0.127 0.077 0.730
2 Al 150 0.207 0.077 0.580
3 Al 150 0.207 0.053 0.580
4 Al 95 0.321 0.054 0.480
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B. DANISH LV NETWORK

Table B.4: Lines data in the Danish LV network.

From-N To-N Line Type Length [km)]
Bus 1 Bus 2 3 98
Bus 2 Bus 3 2 167
Bus 2 Bus 4 2 26
Bus 4 Bus 5 1 42
Bus 5 Bus 6 1 159
Bus 6 Bus 7 4 98
Bus 6 Bus 8 4 20
Bus 6 Bus 9 2 74
Bus 9 Bus 10 2 71
Bus 10 Bus 11 2 39
Bus 10 Bus 12 2 18

Table B.5: Load peak power per phase (p.f.=0.9) kW]

Bus phase a phase b phase c
Bus 2 3.0 3.0 6.3
Bus 3 5.6 2.0 5.1
Bus 4 2.0 5.1 2.0
Bus 5 2.0 2.9 2.3
Bus 6 2.0 6.3 2.0
Bus 7 2.0 5.3 2.0
Bus 8 5.6 2.8 2.0
Bus 9 3.0 2.1 2.0
Bus 10 6.2 2.7 2.0
Bus 11 4.4 5.7 5.3
Bus 12 2.5 2.0 4.6
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B. DANISH LV NETWORK
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Appendix C

Reference Italian MV distribution

network (industrial context)
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Figure C.1: Single-line diagram of the clustered industrial reference network.
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C. REFERENCE ITALIAN MV DISTRIBUTION NETWORK (INDUSTRIAL CONTEXT)

Table C.1: Transformer’s data for the MV reference network.

Vln V2n Sn Tap
5% V] [mva] Ve [%] Pec %] dU[%] DB[%] P
1270 16.2 25 111 043 1.67 15 + 10

Table C.2: Line types’ data in the MV reference network.

Type V. [kV] r [2/km] 1 [mH/km] c [nF/km)] Imax [A]
OC AL 150mm?-340 15 0.134 0.456 282.942 340.00
OC AL 35mm?2-140 15 0.859 0.456 169.765 140.00
OH AL 20mm?-100 15 1.211 1.262 8.758 100.00
OH CU 16mm?-105 15 1.117 1.335 7.879 105.00
OH CU 20mm?-120 15 0.870 1.321 7.860 120.00
OH CU 25mm?-140 15 0.733 1.288 7.948 140.00
OH CU 45mm?-218 15 0.399 1.236 8.882 217.50
OH CU 63mm?-270 15 0.285 1.194 8.960 270.00
OH CW 25mm?-93 15 1.901 1.301 8.017 93.00
OH LA 35mm?-140 15 0.931 1.234 9.138 140.00
UC AL 120mm?-260 15 0.225 0.716 396.119 260.00
UC AL 150mm?-240 15 0.207 0.274 360.016 240.00
UC AL 150mm?2-280 15 0.214 0.409 420.371 280.00
UC AL 185mm?-330 15 0.164 0.367 449.979 330.00
UC AL 240mm?-360 15 0.126 0.334 499.994 360.00
UC AL 70mm2-180 15 0.450 0.477 320.668 180.00
UC AL 95mm?>-190 15 0.323 0.284 299.751 190.00
UC CU 25mm?2-128 15 0.929 0.682 215.575 127.79
UC CU 40mm?-154 15 0.450 0.295 239.669 154.00
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C. REFERENCE ITALIAN MV DISTRIBUTION NETWORK (INDUSTRIAL CONTEXT)

Table C.3: Lines data in the MV reference network.

F‘I]_‘))Our;l_ gz-s Line Type L[iI:;gl]t h Fg)urg- ]’;‘Z_S Line Type L[ilrl;gl]th
N 002 N 003 UC AL 185 330 1.74 N 047 N 048 OH AL 20 100 1.675
N 002 N 035 UC AL 185 330 2.518 N 047 N 055 OH CU 16 105 0.115
N 002 N 057 UC AL 185 330 0.35 N 048 N 049 OH CU 16 105 0.542
N 002 N 060 UC AL 240 360 1.49 N 048 N 052 UC AL 120 260 0.533
N 002 N 080 UC AL 185 330 2.07 N 049 N 050 UC AL 70 180 0.53
N 002 N 080 UC AL 185 330 2.07 N 050 N 051 UC AL 70 180 0.39
N 002 N 086 UC AL 185 330 1.66 N 052 N 012 OH CU 16 105 0.865
N 002 N 095 UC AL 150 240 0.917 N 052 N 053 OH LA 35 140 0.785
N 003 N 004 OC AL 150 340 0.08 N 053 N 056 UC AL 70 180 0.23
N 004 N 005 OC AL 150 340 0.511 N 057 N 058 OH CU 16 105 0.55
N 004 N 016 OH CU 45 218 1.011 N 058 N 059 UC AL 95 190 0.435
N 005 N 006 UC AL 185 330 0.762 N 060 N 061 OH CU 63 270 1.262
N 006 N 007 UC AL 185 330 0.6 N 061 N 062 UC AL 185 330 0.811
N 007 N 008 UC AL 185 330 3.72 N 062 N 063 OH CU 63 270 0.808
N 008 N 009 UC AL 185 330 0.22 N 063 N 064 UC AL 185 330 1.417
N 008 N 019 UC AL 240 360 0.426 N 064 N 065 OH CU 16 105 0.65
N 009 N 010 UC AL 185 330 0.32 N 065 N 066 UC AL 185 330 0.4
N 010 N 011 OH CU 16 105 0.59 N 066 N 067 OH CU 16 105 0.88
N 010 N 023 UC AL 185 330 0.39 N 067 N 068 OH CU 16 105 0.59
N 011 N 012 OH CU 16 105 1.49 N 068 N 069 OH CU 16 105 0.53
N 012 N 013 OH CU 16 105 0.32 N 069 N 070 OH CU 20 120 0.45
N 013 N 014 OH CU 16 105 0.37 N 069 N 073 OH CU 16 105 1.06
N 014 N 015 OH CU 16 105 0.28 N 070 N 071 OH CU 20 120 1.41
N 016 N 017 UC AL 120 260 0.468 N 071 N 072 OH CU 25 140 0.6
N 017 N 018 UC AL 120 260 0.477 N 073 N 074 OH CU 16 105 0.34
N 019 N 020 UC AL 240 360 0.742 N 073 N 075 OH CU 16 105 1.25
N 020 N 021 UC AL 95 190 0.506 N 075 N 076 OH LA 35 140 0.36
N 021 N 022 OH CU 16 105 0.19 N 076 N 077 OH LA 35 140 0.4
N 022 N 032 OH CU 16 105 0.45 N 076 N 079 OC AL 35 140 0.356
N 023 N 024 OH LA 35 140 0.559 N 077 N 078 OH CU 25 140 0.433
N 024 N 025 OH CU 16 105 0.35 N 080 N 081 UC AL 185 330 0.79
N 025 N 026 OH CW 25 93 0.643 N 080 N 081 UC AL 185 330 0.79
N 026 N 027 OH CU 25 140 1.202 N 081 N 082 UC AL 185 330 0.568
N 027 N 028 OH LA 35 140 0.2 N 081 N 082 UC AL 185 330 0.568
N 028 N 029 OH CU 25 140 0.12 N 082 N 083 UC AL 185 330 0.51
N 028 N 034 UC CU 25 128 0.03 N 082 N 083 UC AL 185 330 0.51
N 029 N 030 OH CU 45 218 0.54 N 083 N 084 UC AL 120 260 0.35
N 030 N 031 OH CU 45 218 0.2 N 083 N 091 UC AL 120 260 0.526
N 031 N 032 OH CU 45 218 0.233 N 084 N 085 UC AL 150 240 1.577
N 032 N 033 OH CU 25 140 1.342 N 084 N 099 UC CU 40 154 0.135
N 035 N 036 OH CU 45 218 0.884 N 086 N 087 UC AL 185 330 2.241
N 036 N 037 OH CU 45 218 0.37 N 087 N 088 UC AL 150 240 1.177
N 036 N 045 OH CU 25 140 0.232 N 088 N 089 UC AL 150 280 1.253
N 037 N 038 UC AL 185 330 0.148 N 089 N 090 UC AL 150 280 0.766
N 038 N 039 UC AL 185 330 0.755 N 090 N 091 UC AL 120 260 0.902
N 039 N 040 UC AL 185 330 0.57 N 091 N 092 OH LA 35 140 0.182
N 040 N 041 UC AL 185 330 0.985 N 092 N 093 OH CU 25 140 0.531
N 041 N 042 UC AL 70 180 1.13 N 093 N 094 OC AL 35 140 0.321
N 041 N 046 UC AL 70 180 0.936 N 095 N 096 UC AL 150 240 0.77
N 042 N 043 OH AL 20 100 2.098 N 096 N 097 UC AL 150 280 1.462
N 043 N 044 OH CU 16 105 1.465 N 096 N 100 UC CU 40 154 0.121
N 046 N 047 OH AL 20 100 0.824 N 097 N 098 UC AL 120 260 0.37
N 046 N 054 UC AL 185 330 0.375 N 098 N 099 UC AL 150 240 1.16
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C. REFERENCE ITALIAN MV DISTRIBUTION NETWORK (INDUSTRIAL CONTEXT)

Table C.4: Installed load power and respective type in the MV reference network (appear-
ance: *=before 2020; **=after 2020).

Bus P [MW] Q [MVATr] ku Type Bus P [MW] Q [MVAr] ku Type
2 0.027 0.013 0.8 RES 45 0.176 0.065 1.0 IND
3 0.014 0.004 0.8 RES 48 0.057 0.027 0.8 RES
5 0.298 0.145 1.0 IND 49 0.321 0.155 1.0 IND
5 0.135 0.065 0.8 RES 49 0.027 0.013 0.8 RES
6 0.014 0.006 0.8 RES 50 0.005 0.002 1.0 COM
7 0.451 0.218 1.0 CcOM 50 0.014 0.007 0.8 RES
7 0.135 0.065 0.8 RES 51 0.008 0.004 1.0 COM
8 0.130 0.063 0.8 RES 52 0.014 0.007 0.8 RES
8 1.901 0.921 1.0 IND 53 0.011 0.005 0.8 RES
9 0.314 0.152 1.0 COM 54 0.395 0.191 1.0 IND
10 0.565 0.274 1.0 coM 55 0.035 0.017 1.0 coM
11 0.302 0.146 0.8 RES 55 0.451 0.218 1.0 IND
12 0.035 0.017 1.0 CcOM 56 0.002 0.001 1.0 COM
13 0.286 0.138 0.8 RES 57 0.043 0.019 0.8 RES
13 0.104 0.047 1.0 IND 58 0.244 0.110 0.8 RES
13* 1.300 0.000 1.0 Evs 59 0.143 0.064 0.8 RES
14 0.243 0.117 0.8 RES 60 0.135 0.065 0.8 RES
15 0.020 0.010 1.0 COM 61 0.243 0.115 0.8 RES
15* 1.300 0.000 1.0 Evs 62 0.162 0.078 0.8 RES
16 0.086 0.042 0.8 RES 63 0.005 0.002 1.0 COM
17 0.124 0.060 1.0 IND 64 0.672 0.314 1.0 COM
18 0.630 0.305 1.0 IND 65 0.641 0.294 0.8 RES
18 0.054 0.009 0.8 RES 66 0.124 0.006 1.0 IND
19 0.160 0.074 1.0 IND 67 0.054 0.026 0.8 RES
19 0.473 0.229 1.0 coM 68 0.124 0.060 1.0 IND
20 0.216 0.105 0.8 RES 69 0.135 0.065 0.8 RES
20 0.224 0.108 1.0 IND 70 0.303 0.122 0.8 RES
20 0.013 0.006 1.0 COM 71 0.058 0.028 1.0 COM
20 0.124 0.057 1.0 IND 72 0.106 0.051 1.0 IND

20%* 2.000 0.000 1.0 Bvis 72 0.206 0.099 0.8 RES
21 0.166 0.080 1.0 IND 74 0.433 0.203 1.0 coM

21%* 2.000 0.000 1.0 Evs S 0,071 OO0 03 RUELS
22 0.135 0.064 0.8 RES " 0.027 0.013 0.8 RES

224 2.000 0.000 1.0 Evs 8 0157 0@ LU NI
23 0.135 0.065 0s RES 79 0.001 0.001 1.0 coM
24 0.054 0.026 1.0  COM &0 0,185 0:065 03 IR0
24 0.042 0.020 1.0 COM 81 0.127 0.061 0.8 RES
25 0.216 0.105 0.8 RES EL 0. L20 U065 10 IINID
26 0.068 0.033 1.0 COM 82 0.075 0.036 1.0 COM
26 0.136 0.066 1.0 IND 82 189 0092 03 RIS
26* 1.000 0.000 1.0 Evs 83 0.086 0.042 0.8 RES
27 0.149 0.072 0.8 RES 83 SLI0 1.526 140 INID)
o7% 1.300 0.000 1.0 Evs 83 3.150 1.526 1.0 coM
hoomvew os o oms S o ome s we
29% 1.000 0.000 1.0 Evs
30 0.056 0.026 1.0 coMm 85 0267 0-275 0 LR

85 0.190 0.087 1.0 IND

30%* 1.000 0.000 1.0 Evs 86 0.086 0.042 o8 RES
31 0.016 0.008 1.0 coM o7 0173 0.081 o8 RES
32 0.351 0.152 0.8 RES o8 0.068 0.033 o8 RES
33 0.012 0.006 1.0 coM o8 0.280 0.136 Lo com
34 0.098 0.048 1.0 coM S pre 0139 o8 RES
35 0.072 0.035 1.0 coM S 0.320 0155 Lo IND
35 0.135 0.065 0.8 RES 90 0.068 0.033 0.8 RES
37 0.149 0.072 0.8 RES o1 0.014 0.004 o8 RES
37 0.245 0.119 1.0 IND 5 0.135 0.065 o8 RES
38 0.224 0.108 1.0 IND 03 0.005 0.002 Lo oM
39 0.240 0.112 1.0 IND o 0,186 0.072 o8 RES
39 0.135 0.065 0.8 RES o 0.002 0.001 o8 RES
39 0.067 0.026 1.0 coM o4 0.080 0.039 Lo oM
O A | O SR S T St R

96 0.221 0.336 0.8 RES

42 0.066 0.031 1.0 coM o7 0.572 0.977 o8 RES
43 0.186 0.085 0.8 RES 08 0.567 0.975 Lo coM
44 0.394 0.191 0.8 RES 0o 0.410 0.199 o8 RES
44 0.060 0.029 1.0 coM 100 0.608 0.294 1.0 IND
44 0.060 0.028 1.0 coMm 100 0.086 0.042 o8 RES
45 0.280 0.136 1.0 IND o 0.120 0.058 1o IND
45 0.004 0.002 1.0 coM
45 0.135 0.065 0.8 RES
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C. REFERENCE ITALIAN MV DISTRIBUTION NETWORK (INDUSTRIAL CONTEXT)

Table C.5: Installed DGs power and respective type in the MV reference network (appear-
ance: *=before 2020; **=after 2020).

Bus P [MW] Q [MVAr] Type Bus P [MW] Q [MVAr] Type
18 0.7 0 WIND 94 1.000 0 PV
83 5 0 WIND 54 0.318 0 PV
83 2.5 0 WIND 15 1.300 0 PV
83 5 0 CHP 18 2.100 0 PV
83 2.5 0 CHP 18 0.160 0 PV
94 0.5 0 CHP 30 1.260 0 PV
59 10 0 WIND 31 1.730 0 PV
18 10 0 CHP 34 0.260 0 PV
85 10 0 WIND 55 1.166 0 PV
13 5 0 CHP 55 1.200 0 PV
54 5 0 CHP 56 0.988 0 PV
58 7 0 WIND 71 3.000 0 PV
84 8 0 WIND 72 3.000 0 PV
85 8 0 CHP 72 2.000 0 PV
84 8 0 WIND 78 1.600 0 PV
57 8 0 WIND 79 1.000 0 PV
5 0.385 0 PV 31 5.000 0 PV
8 1.048 0 PV 51 5.000 0 PV
15 0.155 0 PV 29 3.000 0 PV
20 0.340 0 PV 27 4.000 0 PV
31 0.330 0 PV 14 5.000 0 PV
31 0.330 0 PV 13 2.000 0 PV
33 0.935 0 PV 17 3.000 0 PV
34 0.098 0 PV 49 3.500 0 PV
37 0.120 0 PV 53 3.000 0 PV
45 0.220 0 PV 52 2.000 0 PV
45 0.380 0 PV 44 2.000 0 PV
50 0.700 0 PV 16 1.000 0 PV
51 0.266 0 PV 17 3.000 0 PV
54 0.318 0 PV 18 2.000 0 PV
55 0.450 0 PV 20 2.500 0 PV
55 0.110 0 PV 21 1.500 0 PV
56 0.300 0 PV 22 3.000 0 PV
63 0.550 0 PV 29 3.000 0 PV
78 0.049 0 PV 30 3.000 0 PV
79 0.190 0 PV 31 1.000 0 PV
93 0.550 0 PV
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Table C.6: Daily power coefficients for loads and generators [pu].

Time RES IND COM Evs PV CHP WIND
00:00 0.252 0.361 0.350 0.920 0.000 0.000 0.700
00:15 0.237 0.402 0.335 0.925 0.000 0.000 0.650
00:30 0.222 0.442 0.320 0.930 0.000 0.000 0.600
00:45 0.212 0.425 0.310 0.928 0.000 0.000 0.525
01:00 0.202 0.407 0.300 0.925 0.000 0.000 0.450
01:15 0.197 0.413 0.290 0.913 0.000 0.000 0.456
01:30 0.192 0.418 0.280 0.900 0.000 0.000 0.462
01:45 0.187 0.445 0.280 0.900 0.000 0.000 0.479
02:00 0.181 0.472 0.280 0.900 0.000 0.000 0.495
02:15 0.176 0.437 0.290 0.900 0.000 0.000 0.468
02:30 0.171 0.401 0.300 0.900 0.000 0.000 0.440
02:45 0.181 0.456 0.315 0.900 0.000 0.000 0.468
03:00 0.192 0.511 0.330 0.900 0.000 0.000 0.495
03:15 0.187 0.524 0.340 0.900 0.000 0.000 0.523
03:30 0.181 0.537 0.350 0.900 0.000 0.000 0.550
03:45 0.187 0.580 0.365 0.900 0.000 0.000 0.578
04:00 0.192 0.623 0.380 0.900 0.000 0.000 0.605
04:15 0.197 0.609 0.400 0.894 0.000 0.000 0.578
04:30 0.202 0.595 0.420 0.887 0.000 0.000 0.550
04:45 0.212 0.573 0.460 0.869 0.000 0.000 0.523
05:00 0.222 0.551 0.500 0.850 0.000 0.000 0.495
05:15 0.237 0.564 0.550 0.775 0.000 0.000 0.468
05:30 0.252 0.576 0.600 0.700 0.000 0.000 0.440
05:45 0.277 0.631 0.675 0.600 0.000 0.000 0.440
06:00 0.302 0.686 0.750 0.500 0.000 0.000 0.440
06:15 0.378 0.686 0.800 0.475 0.000 0.000 0.468
06:30 0.454 0.685 0.850 0.450 0.000 0.000 0.495
06:45 0.554 0.764 0.855 0.350 0.000 0.208 0.523
07:00 0.655 0.842 0.860 0.250 0.000 0.416 0.550
07:15 0.706 0.830 0.890 0.205 0.000 0.446 0.523
07:30 0.756 0.818 0.920 0.160 0.000 0.475 0.495
07:45 0.756 0.845 0.950 0.120 0.000 0.594 0.512
08:00 0.756 0.871 0.980 0.080 0.000 0.713 0.528
08:15 0.731 0.878 0.985 0.040 0.099 0.713 0.539
08:30 0.706 0.884 0.990 0.000 0.197 0.713 0.550
08:45 0.706 0.868 0.980 0.000 0.197 0.772 0.550
09:00 0.706 0.851 0.970 0.000 0.197 0.832 0.550
09:15 0.680 0.898 0.980 0.000 0.380 0.832 0.550
09:30 0.655 0.945 0.990 0.000 0.563 0.832 0.550
09:45 0.645 0.922 0.955 0.000 0.564 0.891 0.539
10:00 0.635 0.899 0.920 0.000 0.565 0.950 0.528
10:15 0.620 0.895 0.910 0.000 0.619 0.950 0.567
10:30 0.605 0.890 0.900 0.000 0.673 0.950 0.605
10:45 0.605 0.855 0.850 0.000 0.674 0.950 0.660
11:00 0.605 0.819 0.800 0.000 0.675 0.950 0.715
11:15 0.655 0.821 0.790 0.064 0.837 0.950 0.798
11:30 0.706 0.823 0.780 0.127 0.999 0.950 0.880

138



C. REFERENCE ITALIAN MV DISTRIBUTION NETWORK (INDUSTRIAL CONTEXT)

11:45 0.746 0.855 0.805 0.131 0.999 0.950 0.908
12:00 0.786 0.886 0.830 0.135 0.999 0.950 0.935
12:15 0.786 0.895 0.840 0.144 0.954 0.921 0.921
12:30 0.786 0.904 0.850 0.152 0.908 0.891 0.908
12:45 0.756 0.944 0.850 0.153 0.909 0.891 0.894
13:00 0.726 0.984 0.850 0.153 0.909 0.891 0.880
13:15 0.665 0.976 0.850 0.153 0.851 0.891 0.866
13:30 0.605 0.968 0.850 0.153 0.793 0.891 0.853
13:45 0.595 0.954 0.860 0.153 0.795 0.802 0.839
14:00 0.585 0.940 0.870 0.153 0.797 0.713 0.825
14:15 0.570 0.959 0.870 0.133 0.632 0.713 0.811
14:30 0.554 0.977 0.870 0.113 0.466 0.713 0.798
14:45 0.529 0.981 0.875 0.115 0.465 0.713 0.798
15:00 0.504 0.984 0.880 0.116 0.463 0.713 0.798
15:15 0.479 0.983 0.865 0.113 0.314 0.713 0.798
15:30 0.454 0.982 0.850 0.111 0.165 0.713 0.798
15:45 0.454 0.917 0.800 0.055 0.166 0.713 0.798
16:00 0.454 0.851 0.750 0.000 0.167 0.713 0.798
16:15 0.529 0.858 0.675 0.000 0.084 0.743 0.756
16:30 0.605 0.865 0.600 0.000 0.000 0.772 0.715
16:45 0.655 0.835 0.550 0.000 0.000 0.772 0.688
17:00 0.706 0.805 0.500 0.000 0.000 0.772 0.660
17:15 0.756 0.815 0.485 0.063 0.000 0.772 0.633
17:30 0.806 0.824 0.470 0.125 0.000 0.772 0.605
17:45 0.832 0.785 0.460 0.138 0.000 0.772 0.578
18:00 0.857 0.745 0.450 0.150 0.000 0.772 0.550
18:15 0.882 0.764 0.450 0.163 0.000 0.713 0.605
18:30 0.907 0.782 0.450 0.175 0.000 0.653 0.660
18:45 0.907 0.733 0.450 0.178 0.000 0.602 0.715
19:00 0.907 0.684 0.450 0.180 0.000 0.550 0.770
19:15 0.882 0.657 0.435 0.183 0.000 0.500 0.715
19:30 0.857 0.630 0.420 0.185 0.000 0.450 0.660
19:45 0.842 0.643 0.410 0.193 0.000 0.400 0.605
20:00 0.827 0.655 0.400 0.200 0.000 0.350 0.550
20:15 0.817 0.685 0.390 0.275 0.000 0.275 0.605
20:30 0.806 0.714 0.380 0.350 0.000 0.200 0.660
20:45 0.781 0.718 0.390 0.387 0.000 0.100 0.715
21:00 0.756 0.721 0.400 0.424 0.000 0.000 0.770
21:15 0.731 0.717 0.390 0.475 0.000 0.000 0.784
21:30 0.706 0.712 0.380 0.526 0.000 0.000 0.798
21:45 0.706 0.670 0.380 0.583 0.000 0.000 0.811
22:00 0.706 0.628 0.380 0.640 0.000 0.000 0.825
22:15 0.655 0.668 0.375 0.695 0.000 0.000 0.850
22:30 0.605 0.707 0.370 0.750 0.000 0.000 0.875
22:45 0.529 0.632 0.365 0.805 0.000 0.000 0.863
23:00 0.454 0.556 0.360 0.860 0.000 0.000 0.850
23:15 0.378 0.529 0.360 0.863 0.000 0.000 0.825
23:30 0.302 0.501 0.360 0.866 0.000 0.000 0.800
23:45 0.277 0.431 0.355 0.871 0.000 0.000 0.750
24.00 0.252 0.361 0.350 0.876 0.000 0.000 0.700
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Table C.7: Week power coefficients for loads and generators [pu].

Day RES IND COM Evs PV CHP WIND
Mon 0.846 0.870 0.693 0.840 0.636 0.800 0.636
Tue 0.859 0.956 0.706 0.856 0.610 0.800 0.610
Wed 0.864 0.989 0.731 0.878 0.631 0.800 0.631
Thu 0.864 0.989 0.734 0.857 0.685 0.800 0.685
Fri 0.862 0.972 0.719 0.801 0.716 0.800 0.716
Sat 0.833 0.128 0.978 0.352 0.707 0.000 0.707
Sun 0.762 0.111 0.361 0.301 0.637 0.000 0.637

Table C.8: Month power coefficients for loads and generators [pu].

Month RES IND COM Evs PV CHP WIND
Gen 0.633 0.559 0.968 0.701 0.124 0.814 0.762
Feb 0.629 0.589 0.993 0.702 0.359 0.775 0.725
Mar 0.548 0.792 0.695 0.695 0.495 0.752 0.704
Apr 0.539 0.696 0.585 0.683 0.484 0.711 0.666
May 0.513 0.651 0.547 0.682 0.670 0.874 0.818
Jun 0.508 0.680 0.546 0.562 1.000 0.814 0.762
Jul 0.504 0.683 0.540 0.547 0.717 0.771 0.722
Aug 0.501 0.661 0.525 0.500 0.629 0.799 0.747
Sep 0.520 0.675 0.565 0.711 0.607 0.722 0.675
Oct 0.588 0.768 0.650 0.705 0.354 0.870 0.814
Nov 0.627 0.579 1.000 0.703 0.119 0.808 0.756
Dec 0.633 0.553 0.952 0.682 0.123 0.778 0.728

Table C.9: Year growth coefficients for loads [pu] (generators are supposed to be installed
at fixed years for the long term analysis).

Month RES IND COM Evs
2010 1.000 1.000 1.000 1.000
2011 1.020 1.010 1.030 1.109
2012 1.040 1.020 1.061 1.198
2013 1.061 1.030 1.093 1.267
2014 1.082 1.041 1.126 1.288
2015 1.104 1.051 1.159 1.299
2016 1.126 1.062 1.194 1.315
2017 1.149 1.072 1.230 1.387
2018 1.172 1.083 1.267 1.408
2019 1.195 1.094 1.305 1.450
2020 1.219 1.105 1.344 1.500
2021 1.243 1.116 1.384 1.670
2022 1.268 1.127 1.426 1.789
2023 1.294 1.138 1.469 1.890
2024 1.319 1.149 1.513 1.960
2025 1.346 1.161 1.558 2.400
2026 1.373 1.173 1.605 2.509
2027 1.400 1.184 1.653 2.678
2028 1.428 1.196 1.702 2.803
2029 1.457 1.208 1.754 2.957
2030 1.486 1.220 1.806 3.1
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Appendix D

Benchmark European LV network
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Figure D.1: Layout of the Benchmark European LV network.

Table D.1: Transformer’s data for the European LV reference network.

V n V n Sn DB Tap
[ki/] [ki/’] mva] Ve (%l Pee [B] AU Rl 1or e

20 0.4 0.4 6 1 -
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Table D.2: Cables data in the Furopean LV reference network.

Conductor S[frf::lg]n Rgc [mm] d. [mm)] GMR [mm]
1 240 0.162 17.500 6.710
2 150 0.265 13.800 5.310
3 120 0.325 12.400 4.750
4 70 0.568 9.440 3.680
5 35 1.110 6.680 2.600
6 25 1.540 5.640 2.200
7 16 1.150 5.100 1.986

Figure D.2: Disposition of the four wires composing the three-phase lines in the European
LV reference network.
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Table D.3: LV network’s branches composition and length in the European LV reference

network.
Bus Bus Conductor type a b Length
From To phase neutral [cm] [cm] [m]
R1 R3 1 2 100 5.2 70
R3 R4 1 2 100 5.2 35
R4 R6 1 2 100 5.2 70
R6 R9 1 2 100 5.2 105
R9 R10 1 2 100 5.2 35
R3 R11 6 7 100 2.4 30
R4 R14 2 3 100 4.2 105
R14 R15 2 3 100 4.2 30
R6 R16 4 5 100 3.2 30
R9 R17 6 7 100 2.4 30
R10 R18 5 7 100 2.6 30

Table D.4: Loads and Generators installed power in the European LV reference network

[kVA].
Buses Loads Generators
ph a ph b phc ph a ph b ph c

R11 7.0 6.0 3.3 0.0 8.0 0.0
R15 20.4 30.0 30.0 10.0 10.0 10.0
R16 16.5 19.8 22.0 0.0 0.0 8.0
R17 3.6 5.0 7.0 8.0 0.0 0.0
R18 14.0 15.4 19.0 9.0 0.0 0.0
TOT 61.5 76.2 81.3 27.0 18.0 18.0
(28%) (35%) (37%) (42%) (29%) (29%)
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Appendix E

MYV and LV distribution network
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Figure E.1: Single phase diagram of the case study MV network with voltage control
areas.
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Figure E.2: Layout of the Low Voltage networks connected to the MV system.
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Table E.1: Transformer’s data for the MV and LV networks.

»!
»!

Vln Vzn Sn DB Tap
kV] kV] va] Ve (Bl pec (%] AU %] o o
132 20 40 13 1 0.5 1.5 + 10
20 0.4 0.6 6 1 = = =
Table E.2: Line types’ data for the MV 32-bus network.
Type V., [kV] r [2/km] x [Q/km] c [pF/km] ILyax [A]
MYV type 1 20 0.200 0.314 0.007 360
MV type 2 20 0.300 0.361 0.009 300
MV type 3 20 0.300 0.360 0.015 240
Table E.3: Cable data for the LV 9-bus network.
. Rdc GMR
Conductor Section [mm?] d; [mml]
fmum] fmum]
CU-50 mm? 50 0.368 9.2 3.581
| Im
| | 1m

10 m

Figure E.3: Disposition of the four wires composing the three-phase lines in the LV 9-bus

model.
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Table E.4: 32-bus MV network’s lines data.

From-Bus To-Bus Line Type Length [km]
N2 N3 MV type 1 3.500
N3 N4 MYV type 1 2.500
N4 N5 MV type 1 3.000
N5 N6 MV type 1 3.000
N6 N7 MV type 1 3.000
N7 N8 MV type 1 2.252
N8 N9 MV type 1 2.000
N9 N10 MV type 1 2.400
N10 N11 MYV type 1 4.000
N11 N12 MYV type 1 3.500
N12 N13 MV type 2 1.870
N13 N14 MYV type 2 1.280
N12 N15 MYV type 3 1.000
N15 N16 MV type 3 1.100
N16 N17 MV type 3 1.300
N17 N18 MV type 3 1.000
N2 N19 MV type 1 3.600
N19 N20 MV type 1 3.304
N20 N21 MYV type 1 2.400
N21 N22 MYV type 1 1.600
N22 N23 MV type 2 3.000
N23 N24 MYV type 2 3.080
N24 N25 MV type 2 1.650
N25 N26 MV type 2 3.080
N26 N27 MV type 2 3.080
N22 N28 MV type 3 5.000
N28 N29 MYV type 3 1.200
N29 N30 MV type 3 1.200
N30 N31 MYV type 3 1.300
N31 N32 MYV type 3 1.350

Table E.5: 9-bus LV network’s lines data.

From-Bus To-Bus Line Type Length [km]
LV-2 LV-3 LV type 0.100
LV-2 LV-4 LV type 0.100
Lv-4 LV-5 LV type 0.080
LV-2 LV-6 LV type 0.100
LV-6 LV-7 LV type 0.070
LV-7 LV-8 LV type 0.080
LV-2 LV-9 LV type 0.150
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Table E.6: Total load and generator installed power, as seen at the MV /LV transformers
on the MV 32-bus network [kVA].

Bus Load Generation
phase a phase b phase ¢ phase a phase b phase ¢
N3 124.9 159.6 145.8 296.7 326.4 332.3
N4 138.0 176.4 161.1 316.5 348.1 354.5
N5 70.7 90.4 82.5 158.4 174.2 177.4
N6 187.4 239.4 218.6 593.4 652.8 664.6
N7 40.6 51.9 47.4 118.8 130.7 133.1
N8 121.8 155.6 142.1 237.4 261.1 265.9
N9 34.1 43.6 39.8 79.2 87.1 88.7
N10 86.1 110.0 100.4 158.2 174.1 177.2
N11 34.1 43.6 39.8 118.8 130.7 133.1
N13 35.8 45.7 41.7 59.4 65.3 66.5
N14 32.5 41.6 37.9 59.4 65.3 66.5
N15 28.5 36.4 33.2 79.2 87.1 88.7
N16 150.2 192.0 175.3 395.6 435.2 443.1
N17 109.6 140.1 127.9 316.5 348.1 354.5
N18 295.5 331.3 317.0 297.0 326.7 332.6
N19 142.0 181.5 165.7 0.0 0.0 0.0
N20 169.5 216.6 197.7 0.0 0.0 0.0
N21 860.4 914.2 892.6 0.0 0.0 0.0
N23 290.3 370.9 338.6 0.0 0.0 0.0
N24 96.9 123.8 113.0 33.0 36.3 37.0
N25 129.1 165.0 150.7 49.5 54.5 55.4
N26 189.2 241.7 220.7 65.9 72.5 73.9
N27 1029.9 1130.7 1090.4 395.6 435.2 443.1
N28 1220.3 1327.8 1284.8 263.7 290.1 295.4
N29 217.7 278.2 254.0 0.0 0.0 0.0
N30 241.2 308.2 281.4 0.0 0.0 0.0
N31 241.9 309.1 282.2 0.0 0.0 0.0
N32 111.3 142.2 129.8 263.7 290.1 295.4
TOT 6429.4 7567.2 7112.0 4356.0 4791.6 4878.7

Table E.7: Load and generation rated power per phase in the LV 9-bus network [kVA].

Bus Load Generation
phase a phase b phase ¢ phase a phase b phase ¢

LV-3 20 15 20 20 0 0
LV-4 11 20 25 50 50 50
LV-5 15 17 20 0 0 0
LV-6 14 16 10 0 0 0
LV-7 15 20 30 16 0 0
LV-8 20 16 25 20 10 0
LV-9 15 18 20 0 0 10
TOT 110 122 150 106 60 60
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