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Abstract

= Sommario

L'attivita di ricerca condotta durante il Dottorato ha riguardato 1’analisi delle sempre pit
evidenti e diffuse problematiche legate ai cospicui livelli di generazione distribuita (GD)

connessa alle reti elettriche di trasmissione e distribuzione.

Essa ha anche incluso la proposta di tecniche di controllo performanti ed effettivamente
applicabili, utili per accogliere la generazione da fonti energetiche rinnovabili (FER) e
garantire al contempo il mantenimento di livelli adeguati di affidabilita e qualita del

servizio.

In particolare gli studi si sono focalizzati sul tema del controllo della tensione per
impianti di GD basati su FER, sia allacciati a reti di distribuzione in media (MT) e bassa

tensione (BT) che connessi direttamente alla rete di trasmissione in alta tensione (AT).

Per fornire un quadro d’insieme, di seguito, si riporta una breve sintesi dei diversi

capitoli di cui I’elaborato si compone:

- Nel 1° Capitolo si descrive 'architettura tipica dei sistemi elettrici di potenza, il
relativo cambiamento in atto dal tradizionale paradigma di produzione dell’energia
verso il modello a generazione distribuita e le problematiche che si si stanno
manifestando a causa di tale cambiamento. Per dare un’idea della dimensione del
fenomeno si forniscono alcuni dati sulla quantita di GD installata negli ultimi anni a
livello internazionale e nazionale nonché i risultati di studi sulla convenienza
economica ed energetica della tecnologia fotovoltaica, condotti al fine di poterne

valutare i futuri impatti sui sistemi di distribuzione dell’energia.

- Nel 2° Capitolo si tracciano le caratteristiche che deve presentare una “Smart Grid”
(rete elettrica in cui vi e una forte integrazione di tecnologie di informazione e
comunicazione —ICT), idonea ad accogliere la generazione da fonte rinnovabile e non
programmabile e garantire al contempo il mantenimento di livelli adeguati di
affidabilita e qualita del servizio. Nello stesso capitolo si sintetizza il panorama
normativo europeo e italiano, regolante la connessione di generazione distribuita a

reti di distribuzione e trasmissione elettrica.

- Nel 3° Capitolo si concentra I'attenzione sul tema del controllo della tensione per
impianti di GD basati su FER. In tale capitolo si riporta una rassegna delle tecniche
di controllo proposte in letteratura e dalle recenti regole di connessione, nonché le

tecniche di controllo elaborate e proposte dal nostro gruppo di ricerca.

- Nel 4° Capitolo vengono presentati i risultati degli studi condotti su alcune reti

elettriche di test sia presenti nella letteratura scientifica che realmente esistenti.



- Nel 5° Capitolo si riportano infine alcune considerazioni conclusive.

- L’Appendice Al fornisce una descrizione degli strumenti informatici utilizzati per
condurre le simulazioni. In particolare i test sono stati condotti con l'ausilio del
software Matlab®©, il toolbox open source PSAT ed il software DOME per la

realizzazione di simulazioni a regime e in dinamica.



= Summary

The research activities carried out for the present PhD dissertation concerns the
increasingly evident and widespread set of problems related to the remarkable levels of

distributed generation (DG) connected to transmission and distribution grids.

It has also included the proposal of applicable and performing control techniques,
suitable to allow new connection of Renewable Energy Sources (RES) generators, able to

assure adequate reliability and quality of service.

The focus of the research activity was directed to voltage control of DG units based on
RES, both connected to low voltage (LV) and medium voltage (MV) distribution

networks and the ones directly connected to high voltage (HV) transmission system.
A short summary of the different chapters provides an overview of the present work:

- Chapter 1 describes the typical architecture of power electric systems, the on-going
change from the traditional paradigm of energy production towards the DG model
and the problems deriving from such change. To provide an idea of the dimension of
the phenomenon some data about DG installed in the latest years both at international
and national level are given, together with the results of studies on the economic and
energetic advantage of photovoltaic technology carried out in view of a possible

assessment of future impacts on energy distribution systems.

- Chapter 2 outlines the features of a Smart Grid (an electric network with a strong
integration of Information and Communication Technologies - ICT), apt to receive
RES generation, at the same time guaranteeing suitable levels of reliability and quality
service. The chapter summarizes the European and Italian Regulatory Environment

for the connection of DG to distribution networks and electric transmission.

- Chapter 3 concentrates on voltage control for DG plants based on RES. The chapter
reports a review of the control techniques proposed by literature and by recent
connection rules, together with the control techniques collected and proposed by our

research group.

- Chapter 4 presents the results of the studies carried out on some test electric networks
presented in scientific literature and some really existing ones.

- Chapter 5 reports some final considerations.

- Appendix Al provides a description of the software tools used to carry out the
simulations. More specifically tests have been conducted with the aid of Matlab@

software, the toolbox open source PSAT and DOME software for steady state and

dynamic simulations.
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Introduction

On April 23rd 2009 the European Parliament approved the Directive 2009/28/EC [1]
containing the climate & energy package (also known as "20-20-20" package), to ensure
that the European Union will achieve its climate targets by 2020: a 20% reduction in
greenhouse gas emissions, a 20% improvement in energy efficiency, and a 20% increase
of the share of energy produced from renewable sources measured on final

consumptions.
The "package" took effect in June 2009 and is valid from January 2013 until 2020.

The national targets for 2020, expressed as percentage changes from 2005 levels, are
differentiated according to EU countries relative wealth? (measured by Gross Domestic

Product per capita) [2].

The breakdown of the targets among the different countries has given Italy the
commitment to satisfy the 17% of national consumption through the exploitation of

renewable energy by 2020° (Table 1).

In Italy, in June 2010 the Ministry for Economic Development presented "The National
Renewable Energy Action Plan" to the EU Commission. The Action Plan establishes that
renewable sources will have to sustain 28.97% gross final consumption in the electric
section to balance the expected minor penetration in transportation and in thermal uses
(heating and cooling) (Table 2). It is a matter of increasing the already meaningful 18%
gained in 2010 [3] through direct incentive policies of renewable energies for the
production of electricity such as Green Certificates [4], "Feed-in scheme" [5] [6] [7] [8] [9]
[10], White Certificates [11] and so on.

The political scenario leads to an increase in the exploitation of renewable energy
resources (photovoltaic, wind and others) and to a better utilization of fossil fuels
resources through co-generative power plants that are often implemented with small

and medium size generators located near the loads.

! Final consumption of energy comprises all forms of energy in the civic and industrial sector
and in transportation.

2 Less wealthy countries are allowed emission increases because their relatively higher
economic growth is likely to be accompanied by higher emissions.

3 Such share is to be allocated according to further specific objectives between the single Regions
(according to "burden sharing").



http://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=celex:32009L0028

Country 2020 target
Austria 34,00%
Belgium 13,00%
Bulgaria 16,00%
Cyprus 13,00%
Czech Republic 13,00%
Denmark 30,00%
Estonia 25,00%
Finland 38,00%
France 23,00%
Germany 18,00%
Greece 18,00%
Hungary 13,00%
Ireland 16,00%
Italy 17,00%
Latvia 40,00%
Lithuania 23,00%
Luxembourg 11,00%
Malta 10,00%
Netherlands 14,00%
Poland 15,00%
Portugal 31,00%
Romania 24,00%
Slovakia 14,00%
Slovenia 25,00%
Spain 20,00%
Sweden 49,00%
United 15,00%
Croatia 20,00%
EU-28 20,00%

Table 1 - Main national climate and energy targets [12]

Additional factors for such an increase are [13] [14]:

fossil fuels.

therefore small size generators;

the liberalization of electricity markets which augments the possibility for

investments in the production of electrical energy also with small capitals and

the steady increase in electrical energy consumption and in the costs for traditional




Consumptions Gross Final
from RES Consumption RES/GFC
(GFCQ)

[Mtep] [Mtep] [%]
Electricity 9,112 31,448 28,97%
Heat 9,520 60,135 15,83%
Transports 2,530 39,630 6,38%

TOTAL 22,306 131,214 17%

Table 2 - Targets for RES in Italy [15]

The new paradigm for the generation and distribution of electrical energy is no longer
based on big centralized power plants, it is rather characterized by a geographically

distributed generation with small and medium sized generators (Figure 1).
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Figure 1 - Centralized and Distributed Generation [16]

The DG therefore guarantees the possibility to differentiate the energetic resources to be
converted into electric energy thus allowing substantial increase of renewable sources

exploitation.

It follows that on some portions of the electrical grid, nonprogrammable energy from
renewable source will represent an ever-growing fraction of the total quantity
transported by infrastructure. In addition, the start of electric mobility meant to improve

transportation performances, will definitely affect distribution networks.

The first effects are already visible on distribution networks: in most cases a generation
surplus rather than the absorption present on the same network can be observed. The
consequences being the inversion of power flow in transformers and excessive variations
of voltage profiles that may in turn result in undesirable disconnections of distributed

generators (not linked to effective network disservice). Furthermore, one cannot forget

3



the possible phenomenon of the undesired island (when the generator keeps on injecting
power even if the network is out of service) and the influences on the stability and the

security of the whole electric system.

The first step for a correct management of a similar kind of network, with bi-directional
flows of energy is real time knowledge of the power produced by DGs connected to MV

and LV networks. The second step is its dispatch possibility.

In view of a total control of the electric network, a measurement apparatus supported
by a bi-directional communication system in any node of the grid is needed. A concept
of smart grid is then born implying innovative structures and procedures which besides

keeping a high degree of security and reliability of the entire system, are also able to [17]:
- face the problems related to the management of DG;
- control system loads;

- promote energy efficiency and a higher involvement of active and passive end-users

with reference to electric market.

The evolution from traditional network to smart grid is therefore essential to receive
generation from a renewable source at the same time guaranteeing maintenance of

suitable levels of service reliability and quality.




Chapter 1.

Power electric systems

Electrical systems are indeed complex realities, with wide geographic extensions and
made up of generating plants, transformers, transmission and distribution networks to
transport electric energy from the areas of production to those of use. They are

structured in multiple layers:

- Production: electricity does not exist in nature and must therefore be produced
starting from primary sources by means of specific power plants;

- Transmission: transport of electricity is carried out on all main connections at HV
and VHV (380 kV- 220 kV - 150 kV), from production centers to transformer stations
to lower voltage levels;

- Distribution: the last phase concluding the production chain of an electricity system
is represented by distribution, that is the delivery of electricity at MV (15-20-23 kV)
and LV (230-400 V) to end-users.

Electrical systems have been designed for a mono-directional power flow (Figure 2).
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Figure 2 - Electrical System Architecture [18]

The correct operation of a power system requires frequency control (equal on all the

whole system) and voltage control (that can be different at each node but needs to be
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comprised on a valid range). While frequency is related to the correct balance of active

power, voltage is mainly related to reactive power flows.

In order to fulfill such objectives one has to develop an adequate planning phase and

also an on-going check in real time.

Planning is structured according to the following stages:

a)

b)

0)

Load Forecasting: forecasting of short and medium term needs is made on the basis
of time series of local area electric needs, taking into account the macroeconomic
scenarios and the variable data on climate and weather according to the most

updated available information at the moment of the analysis (Figure 3);
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Figure 3 - Daily Electricity Demand - 02/01/2016 [19]
Unit Commitment: identification of the optimal set of generators suitable to satisfy
the expected load;

Dispatching: for optimum partition of the total load between the identified set of

generators.

During the real time control phase, the state of the electric system is analyzed intervening

where appropriate on productions and on the structure of the network, so as to

guarantee balance in respect of all system disturbances like:

load slow fluctuations along the day;

system contingencies due to a sudden unavailability of network elements (for
examples lines and transformers) or big generators, as a result of short circuits or

other faults that may put them out of service.

An inadequate management of contingencies may trigger domino effects up to (as

extreme condition) instability of the electric system and to total black-out [20].




1.1 Transmission networks (HV, VHV)

Transmission grids are needed for electricity transmission in routes long even several
hundred kilometers at high and very high voltage levels. They are operated in a meshed
mode so as to make alternative paths available that can be used to distribute energy
flows and to cope with unavailability of network components owing to maintenance

operations or troubleshooting.
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Figure 4 - Interconnected Network of Continental Europe [21]

Up to now electric transmission grids have reached a very high level of automation
which generally guarantees high reliability and an optimum level of supply quality and
continuity. Therefore, it can be said that the transmission grid, at least in our country, is
already "Smart", and that the improvements and evolutions that will intervene integrate
in an architecture that already allows the best control and management of network

resources.




1.2 Distribution networks (MV, LV)

Electric distribution networks are connected to the transmission network by means of

primary substation that transform electric energy from HV to MV.
Such networks distribute energy for routes that may extend up to some kilometers:
- directly up to end-users with the Point of Delivery (POD) at MV level;

- up to secondary cabins which further lower the voltage level from MV to LV and thus
to end-users with the Point of Delivery (POD) at LV level.

Differently from transmission networks, LV and MV distribution networks are generally
operated in a radial configuration and have been conceived to operate with one-way
power flows (from the transformation cabin connecting them to the HV network to the

points of delivery) in order to satisfy end-users' electric stochastic demand.

1.2.1 The fit & forget approach in distribution networks

At present generators are connected to the distribution network according to the fit &
forget approach. Before connecting a generation plant to the related distribution network,
the distributor ensures that at different possible load conditions, its operation may not
cause problems to the network ("fit" phase), besides ensuring the plant complies with

current connection technical rules.

Once the connection of the production plant to the distribution network has been made,
the plant has the faculty to produce according to its capacity with the only constraint to
respect technical rules and the value of maximum injected power. Since that moment the

network operator may operates as if it forgot about its existence (“forget”) [22].

The approach was generated because in the past the connection to the distribution
network of small-size generators was considered a sporadic situation and as a result its

operation was not foreseen for distributors.




1.3 Distributed Generation and active networks

There are several different definitions of “Distributed Generation” in the international
scientific literature and in the national regulations of several countries. Basically
“Distributed Generation” consists of production units of small and medium size (i.e.

from tens kW to some MW of nominal power) connected to distribution network.
These production units were installed in order to:

- feed electric loads mainly in the proximity of the electricity production site as in side
industrial plants or buildings for commercial and residential activities, as well as to

satisfy specific energy needs or of reliability;

- exploit primary energy sources, widespread on the territory and not differently
exploitable through the traditional system of great size production including co-

generative systems.

Even if relevant authors indicate nominal power as non-influential on the definition of
DG, norm and practice show that DG plants have a nominal power lower than 10 MVA
[23].

For what concerns "Active Network" it can be said that nowadays the concept is getting
more and more widespread but literature has not yet reached a precise definition
suitable to outline its meaning exactly. A possible definition of Active Distribution
System could be the following: "A distribution network is active if it does not simply

carry out the passive function feed end-users".

Essentially an "active electric network" is one that produces energy, that is a network

where DG is present.

As the following paragraphs will highlight, the stock of national production based on
Renewable Energy Sources (RES) has grown dramatically in the last years, thus

becoming extremely important in terms of installed power.

The relevance of DG contribution is demonstrated by the increase of the energy flow
inversion phenomena from the distribution network to the transmission system: the
number of power flow inversions in primary stations HV/MV can be used as an indicator

to assess the transformation state of electric networks.

For example, considering the Italian case, in Figure 5 it can be noticed that comparing
the data of 2015 with the ones of the previous year, the percentage of HV/MV
transformers with a power flow inversion towards HV Transmission Network for at
least 5% of time (more than one hour a day) has risen from 252 of 2010 to 793 of 2015%.

The graph also shows a substantial stabilization in the last two years [24] [25].

*In Italy the overall number of primary substations HV / MV is approximately 4000
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It can therefore be assumed that most Italian distribution networks are getting more and

more active.
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Figure 5 - Power Flow Inversions Average in Enel Distribuzione’s primary substations [25]

In the following paragraphs, to provide an idea of the dimension of the phenomenon
some data about DG installed in the latest years both at international and national level

are given.

1.3.1 RES in the World

Over the past 20 years global energy consumption has increased almost constantly of
about 50%: it has risen from 6539 Mtoe in 1995 to 9425 in 2014 (Figure 6 and Table 3).
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Figure 6 - World Final Energy Consumption by Region [Mtoe] [26]

It is interesting to note that:
- comparing to 1995, China has seen an increase in consumption of about 150%;
- the consumption of USA and Russia remained almost constant;

- EU-28 consumption has increased constantly until 2010, subsequently it decreased

dramatically up to levels lower than those of 1995.
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1995 2000 2005 2010 2014 2014(%)
EU-28 1133 1180 1242 1208 1095 11.6%
China 788 796 1227 1667 1997 21.2%
USA 1378 1546 1563 1512 1538 16.3%
Asia 643 744 877 1073 1214 12.9%
(without China)
Africa 324 369 437 508 559 5.9%
Russia 458 418 412 447 454 4.8%
Middle East 202 241 313 414 476 5.1%
Rest of the 1613 1747 1905 2037 2092 22.2%
World
Total 6539 7041 7977 8866 9425 100%

Table 3 - World Final Energy Consumption by Region (Mtoe) [26]

Regarding electricity, the constant increase of consumption goes together with a steady
increase of production. Energy sources that have recorded the largest increase are the
Solid Fuels, Gas, and Renewable Energy. RES at the end of 2014 cover 22.3% of the total
production (Table 4 and Figure 7).
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Figure 7 - World Electricity Generation by Fuel (TWh) [26]

1995 2000 2005 2010 2014 2014(%)
Solid Fuels 4.992 6.005 7.335 8.665 9.707 40,8%
Petroleum and 1.279 1.251 1.178 982 1.023 4,3%
Products
Gas 2.022 2.753 3.706 4.828 5.155 21,6%
Renewables 2.637 2.837 3.291 4.205 5.323 22,3%
Hydro 2.479 2.619 2.934 3.442 3.895 16,4%
Solar/Wind/Other 10 35 120 384 928 3,9%
Biofuel and 131 164 223 367 493 2,1%
Waste
Geothermal 40 52 58 68 77 0,3%
Nuclear 2.332 2.591 2.768 2.756 2.535 10,6%
Other 24 34 46 58 72 0,3%
Total 13.285 15.471 18.324 21.493 23.816 100%

Table 4 - World Electricity Generation by Fuel (TWh) [26]
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1.3.2 RES in Europe

In Europe, at the end of 2014, the installed production power plants based on RES is
equal to 369,511 GW (37.8% of the total power installed) as shown in Table 5.

Tide,
TOTAL ) Solar Geother Wave
MW RES Hydro Wind Solar PV Thermal mal and
Ocean
EU-28 369.511 150.279 129.080 86.786 2.302 820 244
Share (%) 37,8% 15,4% 13,2 8,9% 0,2% 0,1% 0,0%

Table 5 - Installed RES Electricity Capacity in EU-28 [26]

RES power plants contribute to an energy production of about 930TWh (29.2% of total
production). It is interesting to note that renewables are the only energy source that has

recorded a positive growth rate in recent years (Figure 8).

1200
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Figure 8 - Gross Electricity Generation By Fuel in EU-28 - 1990-2014 (TWh) [26]

Technologies that contribute most to renewable generation are in order: hydroelectric,

wind, biomass and photovoltaic (here after PV) (Figure 9).
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Figure 9 - Gross RES Electricity Generation By Fuel in EU-28 - 1990-2014 (TWh) [26]
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1.3.3 RES in Italy

In the last years a significant change in the electric production mix have been recorded,

due to the strong introduction of RES power plants (in particular the aleatory ones) [24].

Indeed it can be said that we are witnessing a real race to renewable sources: in the last

five years the installed power of RES power plants in Italy has risen from 30.284MW of
2010 to 51.479MW? of 2015 (Figure 10) [27].
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Figure 10 - Evolution of the installed RES power plants in Italy [27]
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The growth is mainly due to the plants fed by bioenergy, but above all to new wind

parks and to photovoltaic as shown in Table 6.

2010 2011 2012 2013 2014 2015
Gross efficient power (MW)
Hydraulic Energy 17.876 18.092 18.232 18.366 18.418 18.531
Wind Energy 5.814 6.936 8.119 8.561 8.703 9.126
Photovoltaic 3.470 12.773 16.690 18.185 18.609 18.910
Geothermal Energy 772 772 772 773 821 824
Bioenergies 2.352 2.825 3.802 4.033 4.044 4.087
TOTAL 30.284 41.398 47.614 49.919 50.595 51.479
Gross production (GWh)
Hydraulic Energy 5.117 45.823 41.875 52.773 58.545 43.902
Wind Energy 9.126 9.856 13.407 14.897 15.178 14.883
Photovoltaic 1.906 10.796 18.862 21.589 22.306 22.847
Geothermal Energy 5.376 5.654 5.592 5.659 5916 6.160
Bioenergies 9.440 10.832 12.487 17.090 18.732 18.894
TOTAL 76.964 82.961 92.222 | 112.008 | 120.679 | 106.686

Table 6 - Evolution of RES power plants in Italy [27]

5 Preliminary estimates
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1.3.3.1 Hydroelectric Energy in Italy

At the end of 2014, 3.432 hydroelectric power plants are operative in Italy. Most of them
is of small size — with a total power lower than 1 MW (Table 7). Of the 18.418 MW
installed in Italy at the end of 2014, the large majority refers to plants with a power above
10 MW [28].

During 2014 production from hydraulic source amounted to 58.545 GWh, 49% of total
production from renewable sources. 76% of electricity generated by hydroelectric plants
(44.404 GWh) was produced by plants of a power above 10 MW, 19% (10.993 GWh) by
the ones with power between 1 and 10 MW and the remaining 5% (3.148 GWh) by small-
size plants (lower than 1 MW) [28].

no Power | Energy

MW GWh

P<1MW 2.304 678 3.148
1MW <P <10 MW 825 2.494 10.993
P >10 MW 303 15.245 44.404
TOTAL 3.432 18.418 58.545

Table 7 - Overview of hydroelectric power plants at the end of 2014 in Italy [28]

The period between 2001 and 2014 has been characterized mainly by the installation of
small-size plants and installed power in Italy has grown at an average year rate of 0,7%
(Figure 11). The natural consequence of such phenomenon is a progressive reduction of
medium size power plants that has moved from 8,7 MW of 2001 to 5,4 MW in 2014.

The analysis of installed power and the number of plants over the last 10 years, shows
that hydroelectric power has not changed considerably. The only relevant phenomenon
is represented by the coming into operation of several small size flowing water hydro

power plants.
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Figure 11 - Evolution of hydroelectric power plants in Italy [28] [29]
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1.3.3.2 Wind Energy in Italy

From 2000 to 2014, in Italy, a strong development has been recorded also in wind farms
(Figure 12). Indeed, at the end of 2000 installed plants were only 55 with a power equal
to 363 MW, while at the end of 2014 installed wind power plants have reached a total
power of 8.703 MW (1.847 plants), thus representing 17,2% of the one of the whole park
of renewable energy plants [28] [29].
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Figure 12 - Evolution of wind power plants in Italy [28] [29]

About 85% of installed plants is of small or middle size (power lower than 10 MW), and
therefore commonly connected to MV and LV distribution networks. On the contrary,
as for the level of installed power, 91% (7.933 MW) is concentrated in the 262 wind
turbines of a power above 10 MW, generally connected directly in HV (Table 8).

From 2000 to 2009 the average power of wind farms has grown from 6.6 to 16.7 MW,

while it has decreased in the following years (Figure 13).

== Yearly Average Size (MW)

Figure 13 - Average size of wind farms from 2000 to 2014 [28] [29]
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no Power | Energy
MW GWh
P<1 MW 1.477 233 338
1MW <P <10 MW 108 536 915
P >10 MW 262 7.933 13.926
TOTAL 1.847 8.703 15.178

Table 8 - Overview of the wind power plants at the end of 2014 in Italy [28]

During 2014 production from wind turbines was equal to 15.178 GWh, 13% of the total
production from renewable sources. 92% of the electricity generated by wind turbine
plants (13.926 GWh) was produced by plants with a power above 10 MW, 6% (915 GWh)
by those with a power between 1 and 10 MW and the remaining 2% (338 GWh) by plants
with a power lower than 1 MW (Table 8).

1.3.3.3 Photovoltaic Energy in Italy

In the last years, in Italy, the growth in number and power of photovoltaic plants has
been very rapid [30]. Indeed, at the end of 2015 Italy ranked second behind Germany
and fifth in the world for photovoltaic power installed [31].

Figure 14 reports the data concerning photovoltaic installed power at the end of 2015 for

the first eight countries in the world.
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Figure 14 - Power of photovoltaic systems in main countries at the end of 2015 [31]

The world record belongs to China with more than 43 GW installed (among which 15.100
MW installed only in 2015), that has overtaken Germany where at the end of 2015 40 GW
were installed. The increase of photovoltaic system installed in Japan and USA is
considerable (respectively an additional power of about 9.700 MW and 6.600 MW).
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As shown in Figure 15, in Italy:

- in 2009, 2010 and 2011 the number of plants more than doubled if compared with the

previous year (at the end of 2011 about 330.200 plants were in operation while from
2012 to 2015 the rate of growth of plants diminished; at the end of 2015 the number of
plants in operation amounted to 688.398);

as for power, from 431 MW of 2008 it reached 18.892 MW in 2015 (with an increase of

approximately 44 times).
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Figure 15 - Evolution of power and number of photovoltaic plants in Italy [31] [32]

Furthermore, interesting is to notice that the total power of the national photovoltaic

park:

from 2008 to 2011 has grown more than proportionally in comparison to the number
of plants since plants of an ever-increasing dimension have come into operation: the
phenomenon is particularly evident at the end of 2011 during which the average size
of the park grew up to 53,4 kW (Figure 16);

from 2012 to 2015 there has been a reversal of the trend with the installation of plants
of increasingly lower power (mainly for household customers service). In 2015 the
medium power installed was of 7,1 kW, with an average cumulative national size of
about 27kW.

==g==Cumulative Average Size
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Figure 16 - Evolution of the average power of photovoltaic plants in Italy [31] [32]
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As for the voltage level to which PV plants are connected it must be underlined that
(Figure 17):
- almost the majority of installed plants in Italy (669.709 out of 688.398, amounting to

97,3%) are connected to LV distribution networks;

- the remaining part, consisting of fewer than 20.000 plants, are connected to MV
distribution networks, represents however 58,4% of the installed power on the whole

national territory;

- in the end a small number of plants is connected to HV network with a total power
of about 1.176 MW (6,2% of the total amount).

Installed power Number of plants
6% 3% ,
B High Voltage

B Medium
Voltage

97% Low Voltage

Figure 17 - Photovoltaic plants in Italy for voltage level at the end of 2015 [31]

Starting from very low values (39 GWh in 2007), PV energy production has increased of
about 588 times in just nine years: in 2015 the production of photovoltaic plants in Italy
reached 22.942 GWh (Figure 18).
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Figure 18 - Production of photovoltaic plants in Italy [31] [32]

As discussed above, in recent years the technologies that have recorded the highest
increase of installed power are the photovoltaic and the wind power. It was therefore
decided the phenomenon had to be investigated. To provide an idea of the possible
future impact on energy distribution systems, studies on the energetic and economic

advantages of photovoltaic technology have been conducted.
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1.3.3.3.1 Assessment of Photovoltaic Systems for Electric Power Generation
using EROEI (Energy Return On Energy Investment)

In order to assess the actual yield of the plants and especially the sustainability of this
technology, it is necessary to rely on indicators independent of economic fluctuations or
political choices [33]. In this regard, some performance indices to assess the photovoltaic
systems yield exclusively from an energetic point of view have been presented in
literature. EROEI (Energy Return on Energy Investment) or sometimes EROI (Energy
Return on Investment) [34], is the most complete indicator, which shows how many
times a given energy production plant returns the expended energy throughout its

complete life cycle.

In a perspective of energy investments sustainability, the repayment of the construction,
functioning and decommissioning of a production plant in electricity, needs to be
evaluated not only in economic terms, as it commonly happens, but also in terms of

energy balance.

To this end, for a given source of energy, it is possible to calculate the ratio between the
energy produced during the useful life of a production plant and the energy consumed
to build, make it function and dismantle it. This ratio defines the Energy Return On
Energy Investment:

Eour _ Usable Acquired Energy

EROEI =
Ein Energy Expended

When EROEI is less than 1, this means that the system delivers less energy than the one
required to build it, make it function and dismantle it over its useful life. Therefore, the
overall energy balance of the plant is negative. On the other hand, if the ratio is greater
than 1, the power plant registers a positive net energy balance. It is worth noting that in
systems where EROEI is less than about 2, the energetic convenience is only marginal,
and so is also the economic convenience. It follows that such systems are of little practical
use especially as long-term energy solutions. EROEI can be used to compare systems for

the production of electricity based on different technologies and energy sources.
The energy contributions of all sources have to be considered in the calculation of EROEI:
- direct energy (used during the construction of the production plant);

- indirect energy (used to produce, deliver and assemble the materials during the

building process) and

- the energy of raw materials (energy content of materials used in the building process,

different from combustibles).

In the case of systems using fossil fuels, one must consider for example the energy

expended for the primary source procurement (e.g., extraction from oilfield, transport to
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the factory or to the plant, further treatments and processing, etc.). Similarly, the energy
required to build the factory (e.g. for PV, the silicon factory, the cell and the module
manufacturing plants, etc.), the energy required for all services (heating, power supply,
etc.), and for the construction of all auxiliary facilities should be considered.
Furthermore, the energy cost needed to dismantle the plant at the end of useful life and

return the area used to its initial state, has to be taken into account.

The EROEI calculation requires a careful "lifecycle analysis" (Life Cycle Analysis, LCA),
consisting of a technique, strictly defined by ISO (International Organization for
Standardization), to assess the various aspects related to the development of a product
and its potential impact on his life. In this regard, it must be noted that, despite the
presence of rules, the EROEI calculation for an electric energy production plant is still a
complex operation: it requires a large amount of input data and depends in part on

estimable quantities that cannot be determined with absolute precision.

In literature, quite dispersed and variable values for EROEI of PV systems can be found

for a number of different technologies and conditions of operation [35] [36] [37].

This is due to the influence of the large amount of variables that affect both the
estimation of energy expended to build the panel, and the estimation of energy produced
by the panel [38], such as the photovoltaic production technology used (Si-mono, poly
Si-, Si-amorphous, CdTe, CIS, etc.) [37] [39] [40], the type of system (grid-connected,
stand-alone) [41], the plant layout [42], its geographical location [43], positioning [44],
etc. [45] [46] [47] [48].

As an example, Figure 19 depicts different values of EROEI for different technologies.

Related indicators have also been used by some authors, such as ERF "Energy Return
Factor", EYR "Energy Yield Return" or more frequently EPBT "Energy Payback Time",
which is an extremely important index showing the time (measured in years) needed for

the return on energy investment necessary to the constitution of the system [49] [50] [51].
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Figure 19 - Comparison of EROEI among new and traditional PV technologies [37]
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1.3.3.3.2 Evolution of the main economic parameters for photovoltaic plants

installed in Italy

Since 2001, the Italian photovoltaic market has been financially assisted with two main
incentive schemes in order to support the growth of a niche industry that today shows

its maturity being capable to survive without the need of subsidies [52] [53]:

- from 2001 to 2005 the incentive scheme was based on an initial investment of capital
[54]: (here after ICO). The purchase cost for the investor was reduced by a government

benefit (in many cases corresponding to the 75% of the cost of the plant);

- from 2005 to 2013 the incentive scheme was based on a feed-in-tariff mechanism [6]
[7] [8] [9] [10] (here after FIT). The incentives were given on the basis of the energy
produced and delivered to the electrical grid [55].

These incentive schemes have given remarkable results: as shown in Figure 20, between
2007 and 2011, the Italian installed PV capacity has grown up to more than 9GWp/year
[56]. Cumulative installed power is today greater than 18GWp and PV is capable to
guarantee almost the 10% of the total demand of electricity [57]. On 6th July 2013, the
governmental incentive plan came to an end and therefore since that date the benefit for

the owner of a PV system is represented by the only energy savings.
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Figure 20 - Yearly installed power in the Italian market

In line with what described in [58] and [59], studies have been conducted in order to
show how the main economic parameters involved in the installation of a PV plant -
such as the Payback Time (PBT) and the Internal Rate of Return (IRR) - have not
significantly changed during the last years even through the rather different regimes of
incentives. Moreover, the PBT and the IRR remain unchanged even today considering
only the energy savings that are bringing this solar market toward grid parity (i.e. the
point where the price of electricity for the end consumer equals the generation cost from
PV) for different types of customers. Finally, other two representative scenarios have
also been studied and presented: the regime of grid parity associated to the 50% tax-
deduction option offered today by the Italian law (“Detrazione IRPEF” [60]) and the

regime of grid parity when the 100% of the produced energy is consumed in site.
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= Assumptions

Below, the main assumptions adopted in the calculation of the PBTs, IRRs and LCOEs
are described.

A. Interest rate

The interest rate represents the cost of the money for he who is going to invest in the
installation of a PV plant. With reference to Table 9, the interest rate is set equal to the

value of Italian state bonds [61] for the considered year.

Year Bond interest [%]
2003 4,2
2006 3,6
2013 5,0
2014 3,6

Table 9 - Interests for Italian state bonds.

B. Prices of electricity

The study has been carried out considering the electricity price for a typical Italian family
with a 3 kW contract and an electricity consumption not exceeding 2.700 kWh/year. With
reference to Table 10, in Italy the end-customer price of electricity is provided by

“Acquirente Unico” [62].

Year Electricity Price [€]
2003 0,170
2006 0,198
2013 0,251
2014 0,253

Table 10 - Prices of electricity in the Italian residential market - VAT included.

C. Yield of a photovoltaic plant

The main economic parameters involved in the operation of the PV plants have been
calculated considering different cities representing three representative case studies:
Trieste in Northern Italy, Rome in Central Italy and Palermo in Southern Italy. Table 11
reports the mean electricity injected in the electrical grid by the PV plants installed in the
considered area [63]. The corresponding weighted yields have been calculated
considering a degradation rate of the PV modules equal to 0,68% (corresponding to a
standard warranty on the power output for commercial PV modules - 17% of losses in

25 years of operations [64]).

City Mean Yield Weighted Yield
[KkWh/kWp/year] [kWh/kWp/year]
Trieste 1.139 1.027
Roma 1.278 1.152
Palermo 1.371 1.236

Table 11 - Mean and weighted yields for three representative cities in Italy
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D. Photovoltaic plant overnight capital cost

The cost of a PV plant has considerably dropped during the last years. The considered
overnight capital cost of a domestic 3 kWp PV plant over the period 2003-2014 is
reported in Table 12, VAT included.

Year Price [€/kWp]
2003 8.500
2006 7.000
2013 2.400
2014 2.200

Table 12 - Overnight capital costs for a 3kWp PV plant installed in Italy over the period 2003-2014

= Models
For ICO scenario, the Internal Rate of Returns (IRRs) and Payback Times (PBTs) have

been calculated as follows:

PBT = 0cs
= CF. (1.1)
CE,
IRR = ——-100 (1.2)
0CS

Where OCS [€] is the overnight capital cost of the plant, and CF, [€] is the average cash

flow calculated as the weighted yield times the electricity price.

For the FIT scenario, the different IRRs and PBTs have been calculated applying a cash
flow analysis. The net present value NPV [€] of the cash flows generated over a period

of 20 years has been calculated as:

2 A+)k-(1+e)f <
NPV = —0CS + Z ICF, - g : — z OCF, - (1 + g)* (1.3)
k=1 (1 +D* k=1

Where ICF;, and OCF), [€] are the incoming and out coming cash flows respectively, g
and e [%] are the general and the energy inflation rates, while i [%] is the interest rate.
The incoming and out coming cash flows, and the corresponding IRRs and PBTs, have

been calculated as proposed in [58].

The LCOEs for the different years and locations have been calculated - without

considering any incentive - with the models proposed in [52]:

OCS X CRF + FO&MC

E d, x (k— 1) (1.4)
Brent (S5 ET)

LCOE =
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Where CRF [%] is the capital recovery factor, FO&MC [€] are the fixed operation and
maintenance costs, Ey [kWh/kWp/year] is the mean yield of the plant, N [ ] is the number
of annuities received, and d, [%/year] is the degradation rate of the PV modules.

* Results

A. Initial Capital Outlay

The Initial Capital Outlay (ICO) mechanism was introduced in 2001 by the Italian
government (“Programma Tetti Fotovoltaici” [54]) in order to promote the installation
of PV plants. The benefit given to the end-user was, in the most of the cases, a 75% of the

overnight capital cost.

Table 13 reports the calculated economic parameters for a 3kWp PV plant installed in

2003 in the three considered locations.

City PBT [year] IRR [%] LCOE [€/kWh]
Trieste 12,2 8,2 0,498
Roma 10,9 9,2 0,444

Palermo 10,1 9,9 0,414

Table 13 - Payback Time (PBT), Internal Rate of Return (IRR) and Levelized Costs of Energy (LCOE) for
three different locations in Italy (Initial Capital Outlay)

The different LCOEs have been calculated considering the 100% of the overnight capital
cost. The number of annuities is 30, that corresponds to widely accepted lifespan for a
PV plant, and the FO&MC has been set to a 2%/year of the overnight capital cost.

B. Feed-in-tariff - “First feed-in scheme”

The feed-in-tariff (FIT) mechanism was introduced in Italy in 2005 with the laws [5] [6]
known as “First feed-in scheme” that - for a domestic 3kWp PV plant - guaranteed to the

plant owners the following benefits:
- 0,445€/kWh for the produced energy over a period of 20 years;
- the net metering mechanism.

Table 14 reports the calculated economic parameters for a 3kWp PV plant installed in

2006 in the three considered locations.

City PBT [year] IRR [%] LCOE [€/kWh]
Trieste 11,6 8,4 0,381
Roma 10,1 9,6 0,340

Palermo 9,3 10,4 0,317

Table 14 - Payback Time (PBT), Internal Rate of Return (IRR) and Levelized Costs of Energy (LCOE) for
three different locations in Italy (Feed-in-tariff - “First feed-in scheme”)

Again, the LCOEs have been calculated assuming that no incentives were recognized to

the plant owner. The number of annuities is 30 and the FO&MC is the 2% of the

overnight capital cost.
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C. Feed-in-tariff - “Fifth feed-in scheme”

The last Italian FIT mechanism, known as “Fifth feed-in scheme” [10] ended in 2013 and,
for a 3kWp PV plant connected to the electrical grid in July 2013, guaranteed to the plant
owner a tariff of 0,182€/kWh for the energy injected into the grid over a period of 20
years.

Table 15 reports the calculated economic parameters for a 3kWp PV plant installed in

2013 in the three considered locations.

City PBT [year] IRR [%] LCOE [€/kWh]
Trieste 10,1 8,9 0,154
Roma 8,7 10,2 0,138

Palermo 8,0 11,1 0,128

Table 15 - Payback Time (PBT), Internal Rate of Return (IRR) and Levelized Costs of Energy (LCOE) for
three different locations in Italy (Feed-in-tariff - “Fifth feed-in scheme”)

The LCOEs have been calculated assuming that no incentives were recognized to the
plant owner. The number of annuities is 30 and the FO&MC is 2% of the overnight

capital cost.
D. Grid parity scenario - NO incentives

The Italian FIT ended in July 2013; after this date the only benefit for the owner of a PV

plant is given by the energy savings.

Table 16 reports the calculated economic parameters for a 3kWp PV plant installed in
2014 in the three considered locations. With reference to the self-consumption, it is
assumed that the 75% of the produced energy is consumed by the producer. The
remaining 25% is collected by the grid operator at a conventional price set to 0,106€/kWh
[65]°.

City PBT [year] IRR [%] LCOE [€/kWh]
Trieste 10,6 91 0,120
Roma 9,3 10,4 0,107
Palermo 8,5 11,3 0,100

Table 16 - Payback Time (PBT), Internal Rate of Return (IRR) and Levelized Costs of Energy (LCOE) for
three different locations in Italy (Grid parity scenario, NO incentives)

The LCOEs have been calculated assuming that no incentives were recognized to the
plant owner. The number of annuities is 30 and the FO&MC is 2% of the overnight

capital cost.

As an example, Figure 21 shows the cash flow analysis for a PV plant connected to the

electrical grid in 2014 in Rome. After nine years, and for the entire lifespan of the system

6 Data are referred to 2013.
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(more than 30 years), the cost of electricity for the PV plant owner corresponds to the

fixed operation and maintenance costs (i.e. circa the 10% of the original electricity bill).
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Figure 21 - Cash flow analysis over 30 years of operation for a 3kWp PV plant installed in 2014 in Rome
(Grid parity scenario, NO incentives)

E. Grid parity scenario - 50% tax-deduction
Today, the 50% of the overnight cost of the PV plant is tax-deducible along 10 years [60].

This mechanism is known as “Detrazione IRPEF”. Considering this tax-deduction, Table
9 reports the payback times and the internal rates of return for a 3kWp PV plant installed
in 2014. With reference to self-consumption, it is assumed that the 75% of the produced
energy is consumed by the producer. The remaining 25% is collected by the grid operator
at a conventional price set to 0,106€/kWh [65].

City PBT [year] IRR [%]
Trieste 6,9 11,6
Roma 6,4 12,9
Palermo 6,0 13,8

Table 17 - Payback Time (PBT), Internal Rate of Return (IRR) and Levelized Costs of Energy (LCOE) for
three different locations in Italy (Grid parity scenario, 50% tax-deduction)

As an example, Figure 22 shows the cash flow analysis for a PV plant connected to the

electrical grid in 2014 in Rome.

Cash flow [k€]

Year

Figure 22 - Cash flow analysis over 30 years of operation for a 3kWp PV plant installed in 2014 in
Rome (Grid parity scenario - 50% tax-deduction)

The tax-reduction guarantees to the owner of the PV plant very low electricity costs (circa

the 10% of the original electricity bill) after only six years of operations.
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D. Grid parity scenario - 100% self-consumption - NO incentives

In this case it is assumed that the 100% of the produced energy is consumed by the
producer. This represents a common assumption for PV plants connected to electrical
grids serving C&lI size customers (such as, for example, an University campus [66] [67]

or in general a public administration).

Table 18 reports the calculated economic parameters for a 3kWp PV plant installed in

2014 in the three considered locations.

City PBT [year] IRR [%]
Trieste 8,8 10,9
Roma 7,8 12,5
Palermo 7,1 13,5

Table 18 - Payback Time (PBT), Internal Rate of Return (IRR) and Levelized Costs of Energy (LCOE) for
three different locations in Italy (Grid parity scenario - 100% self-consumption - NO incentives)

The LCOEs have been calculated assuming that no incentives were recognized to plant
owners. The number of annuities is 30 and the FO&MC is 2% of the overnight capital

cost.

As an example, Figure 23 shows the cash flow analysis for a PV plant connected to the

electrical grid in 2014 in Rome.
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Figure 23 - Cash flow analysis over 30 years of operation for a 3kWp PV plant installed in 2014 in Rome
(Grid parity scenario - 100% self-consumption - NO incentives)

In this case the capacity of using all the produced energy guarantee to the public
administration/C&lI size customer very low electricity costs (circa the 10% of the original

electricity bill) after eight years of operations.
* Conclusions

The results show that the PBTs and the IRRs have remained more or less constant in the
considered period and that today are even more attractive than in the past when the
electricity produced by the PV plants was subsided by the government. This is mainly
due to the cost of PV modules that have recently dropped tremendously (99% in the last
thirty years). As a consequence, the Levelized Cost Of Energy (LCOE) shown in Figure
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5 (one of the key indicators for comparison with other power generation technologies) is
today still falling off. It is worth noting that no incentives have been considered in the

results shown in Figure 24.
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Figure 24 - Evolution of the Levelized Cost Of Energy in the Italian market over the period 2003-2014

Of particular interest are the cases considering the “Detrazione IRPEF” scheme and the
100% self-consumption scenario (C&l size customers like, for example, a University
campus) that show very interesting opportunities for electricity costs savings.

For these reasons, the slowdown of the market shown in 2012 (Figure 20) does not seem
to be directly related with economic factors and thus to be only indirectly connected with

the end of the feed-in-tariff program.

Further studies involving non-technical and non-economic factors are needed to analyze

the reasons behind such a discontinuity.
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1.4  Recent changes in electrical systems

From what described in previous paragraphs it can be said that in recent years several
factors lead to an increase in the exploitation of renewable energy resources (PV, wind
and others) and to a better utilization of fossil fuels resources through cogenerative
power plants that are often implemented with small and medium size generators located

near the loads:
- governments have enacted policies like the European climate and energy packet

known as the 20-20-20 targets;

- the liberalization of electricity markets augments the possibility for investments in
the production of electrical energy also with small capitals and therefore small size

generators;
- the constant increase in electrical energy consumption and in the costs for traditional
fossil fuels.
The new paradigm for the generation and distribution of electrical energy is no longer
based on big centralized power plants but rather it is characterized by:
- geographically distributed generators;
- small and medium sized generators and

- generators mainly connected to LV and MV distribution networks.

1.4.1 Problems and open issues of DG

The features of present electrical systems together with the rapid development of non-
programmable renewable sources is implying economic and technical problems (that
may affect the security of the electrical system) partly associated with the uncertainty of
the sources. As seen in the previous paragraphs RES energy production is influenced by
a multiplicity of factors (seasonality, diurnality, intermittence, anemometric conditions,
technical problems like maintenance, the lack of production) that make power plants
based on RES difficult to plan and dispatch.

The potentially more critical situations may present in the summer day periods in low

load days (like holidays) when photovoltaic production is very high.

The main issues are described in following paragraphs.
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1.4.1.1 Issues related to electrical markets and dispatching

With reference to the Italian case, it is possible to observe that the spread of renewable
energy plants, characterized by uncertainty of the source and virtually zero variable

costs, has caused several problems related to electrical markets and dispatching:
* Considerations on market prices

The price profile of the Day Ahead Market has changed: until 2011 the highest prices
were formed during the day - in correspondence with the maximum electricity demand
in the network; currently the highest prices are formed in the early evening hours (17-
21), or in the hours when photovoltaic production gradually ceases, compared to the

hours when such production is present (Figure 25).

Thermal power plants must agree to produce at lower prices than the variable costs [24]
[68] in order to:

- remain in operation during the day (due to their technical operating constraints) and
- be available to produce in the evening (where the PV production vanishes).

The share of variable costs not covered by daytime or early morning prices should
therefore be covered by evening hours prices - this contributes to explain the increase in

energy prices in those hours.

The overall average annual Single National Price (SNP) amounted to 64,12 € MWh in
2010, 72,23 €/ MWh in 2011, 75,47 €/ MWh in 2012, 62,99 €/MWh in 2013, 52,08 €/ MWh in
2014 and 52,31 €/ MWh in 2015".
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Figure 25 - Ratio between average hourly SNP and overall average SNP [24]

7 In this regard, it must be remembered that the electricity market prices depend also on

the trend of the natural gas price
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* Efficiency decrease of traditional power plants

The programmable plants are used with an increasingly limited number of hours and
with the purpose to cover load peaks.

As well known, thermal power plants are not characterized by flexibility in the
modulation of the supplied power. The partial load operation and the continuous starts

and stops (or load changes) lead an efficiency decrease, as shown in Figure 26 [24] [68].
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Figure 26 - Trend of the net efficiency of the Italian production power plants [24]

* Difficulty in setting up reserve margins
RES power plants influence both the phase of planning of the Dispatching Services
Market and the real-time management of the same market - called "Balancing Market”,

mainly due to the fact that:

- the variability of the level of production of non-programmable plants creates great

difficulties in the production forecasting of such plants;

- the trend of zonal time loads to be satisfied by means of generation from
programmable plants are significantly modified by the production profiles of non-

programmable renewable source plants.

The high penetration of plants fed by non-programmable renewable sources implies the
reduction of residual loads to be satisfied by programmable plants, with the consequent
need to increase the reserve capacity, to compensate the possible unavailability of RES
[24].

Besides, in order to pursue the ramps (evening and morning) fast balancing actions are
needed: actions made by programmable plants with high modulation skills, rapid

response times and negligible permanence restrictions in day and night service [68] [69].

For example, Figure 27 shows the comparison between the situation in April 2010 and
April 2015:
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- The continuous curve represents the overall load profile;
- The yellow zone represents the energy injected by renewable energy plants;

- The dotted curve represents the residual load profile, to be satisfied by programmable

plants.
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Figure 27 - Comparison between the situation in April 2010 and April 2015 (monthly average values)
[24]

The shape of the load diagram is remarkably different, particularly on Saturday and
Sunday in afternoon times. In the southern area (Figure 28), in some hours of the day,
the production of photovoltaic and wind power plants results to be even higher than the
total load (currently also on weekdays). Under such conditions, a reduction of the
photovoltaic and wind power generation becomes necessary if such production cannot
be transported elsewhere and if in the neighboring areas there are no sufficient plants

for compensate the possible unavailability of the random sources [68] [69].
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Figure 28 - SUD Zone in April 2015 (working days) [24]

1.4.1.2 Weakening of reactive power capability

Currently, the Secondary Voltage Regulation (SVR) implemented in some countries in
HYV networks [70] [71] [72], involves traditional power stations (based on fossil fuels)
and large hydroelectric power plants, while most of new renewable energy plants are
not involved. Thus, existing voltage control systems decrease their controlling capability
when new RES generators replace equivalent amounts of power of conventional thermal

power plants [73].
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1.4.1.3 Stability of power electric systems
The stability of power electric systems is influenced, at different levels by:
* Frequency transients due to events on HV network

Frequency transients on the inter-connected transportation network (national and/or
European), generated for example by load variations, disconnection of generators, lines
disruptions, are generally compensated by generators having the necessary regulating
capacities [74].

The wide spread generation units connected to the MV and LV distribution networks
have not been asked such regulating services (and therefore they do not take part in
frequency regulation). In addition, they gain the privilege of dispatch priority.

Under circumstances of minimum load such condition involves a deficit of regulating
power with the risk of a stability loss of the network in case of transients and/or

disservices on the interconnected transmission network.

Indeed, DG plants, in particular the photovoltaic, still present protection systems set so
as to call for disconnection whenever frequency goes beyond the accepted interval. In
case of a network accident with substantial frequency variations, a generation loss equal
to the whole DG ("domino" effect) occurs, thus making the activation of the plan of load

lightening necessary.
* Voltage dips due to events on HV

Similarly to frequency transients, a voltage drop on HV network caused for example by
a multiphase or single ground fault is transmitted on lower voltage networks. The
Interface Protection System (IPS) of all distributed generators detects a voltage lower

than the accepted limits thus causing the disconnection of the whole DG? [74].

The same phenomenon may occur on a MV network but with effects limited to the single

fault and therefore negligible for the security of the global electric system.

1.4.1.4 Formation of undesired islands

When because of an ordinary power supply failure (because of the intervention of
protections or maintenance operation) in a distribution network, DG could maintain the

voltage of the same grid, an undesired island or islanding takes place [75].

For instance, taking into consideration the case reported in Figure 29, if for whatever
reason the general control switch opens and PV plants are able to feed the load without
provoking an appreciable variation of voltage and frequency, then the IPS of the DG

does not intervene and as a result the system keeps functioning at nominal voltage and

8 Such kind of faults on HV networks can be removed in 100-200 ms
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frequency even if totally disconnected from the network and therefore out of the control
of DSO.

O
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Figure 29 - Distribution network operating in island [74]

The formation of an island is an undesired phenomenon since it shows some

inconveniences:

- The formation of an island is primarily a danger for they who have to intervene on

the line considered out of voltage because the circuit breaker is open;

- The short circuit protection ceases to exist since in the island only the MV users'
protective devices are present: the short circuit currents values are much lower than
the ones present in ordinary power supply (for which the switches are sized); besides

there does not exist any coordination between such protections;

- The same can be said for ground single-phase fault currents which may have too low

values to determine the intervention of users’ earth protections;

- Voltage and frequency control would be allocated to local generators, not mutually
coordinated and not designed to the aim: in this respect it must be remembered that
the island frequency will never be exactly the same to the one of the interconnected
network and therefore a discrepancy between the network voltage and that of the
island can occur. Such discrepancy may be very high® with possible damages to
inverters, to synchronous generators, to distributor's switches and possible damages

to users consuming appliances, on closing the distributor's switches [74].

? In some cases, it might even reach the so-called antiphase reclosure
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1.4.1.5 Power flow inversion and voltage profile changes

In some areas of distribution networks for some periods of time the produced energy
which has not been consumed locally can be transmitted in the opposite direction to the
traditional one, that is going back from LV towards MV and from MV towards HV

(power flow inversion) [76].

Indeed a DG providing power higher than the one required locally determines a power
flow inverted from the secondary winding to the primary winding of a transformer
HV/MV or MV/LV (Figure 30).
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Figure 30 - a) power flow goes from primary station towards passive users; b) in presence of DG the
power flow may be inverted [74]

In addition to this phenomenon, the active power injected by distributed generators
determines the change to voltage profile in the distribution network (Figure 31) with
voltage growth at the end of branches [77] [74]. The higher the ratio generation/load, the

weaker the network and as a result the more frequent the phenomenon.

Voltage
(p.u.)

1,14 with DG

1,12 4

- o, Y,
1,10 PO — = =D DO e —/—————

1,08
1.06
1,04 4
1.02 4
1,00 4

0.98 - without DG
0,96 1 4
0,94

0,92 -

00WTr—T——7—7T 7T T T T T T T T T T T T T T T T T T

QD I

15/0,4 kV ~) DG

Figure 31 - Distribution network voltage profile with or without DG presence [74]
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1.4.1.6 Increase of fault currents

The connection of DG in distribution networks implies an increase of short circuit
current (and therefore of short circuit power) in the same network. The installation of
distributed generators in the network should therefore be coordinated to an updating of

the short circuit current calculations [75].

This is required to ensure the short circuit currents do not exceed the network protection
interruption power and the contribution of generators may not provoke the untimely

intervention of the protections of maximum current set at the start of the lines [78].

1.4.1.7 Selectivity of protections

The presence of DG on distribution networks creates a further problem of selectivity in
the maximum current protection installed in primary substation to protect the various
feeders [79].
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Figure 32 - Untimely disconnection on a safe line in DG presence

Considering for example the diagram of Figure 32, if a fault on line B is present, the DG
present in line A will contribute to the same fault with a current that will be detected
from the protection of maximum current of the same branch. If the level of the current
supplied by DG of the safe line is such as to exceed the threshold of protection

intervention the line switch will open even in absence of faults on the same line [78] [75].
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1.4.2 Positive aspects and opportunities related to DG

In addition to the several problems introduced by the DG there are also some benefits.
In fact, DG offers also several potential benefits that affect all of the energy sector, as for

example:

reduction of environmental impact and lower CO2 emissions;

- possibility of producing energy close to load centers - savings in electricity

transmission and distribution costs;

- the small size of generators guarantees modularity and flexibility in the choice of sites,

which limit the risk of exposure of capital;

- attenuation of financial risk caused by the uncertainty of fuel costs and energy

demand.

In particular the presence of generation in the distribution network can also lead to
beneficial effects especially on the power losses in the distribution network, besides the
various environmental advantages as described in [80] [81] [82] [83] [84] [85].

In general, the DG leads to a reduction of electricity transits in electric system [24], both
in the distribution network to which the DG is connected and in the upper voltage
network. This is true if [24]:

- there are not power flow inversions in transformation cabins;
- distributed generators are relatively close to load centers;

- the power injected into the grid, hour by hour, is less than the total absorbed by the
loads fed by the line itself.

Power losses in electric grids are caused by active and reactive power flows through line
resistances; the magnitude of the losses depends on the amount of current flow and the
line resistance. This kind of losses can be called “Active Power Losses” (APL), and can

be calculated as follow:

R (Plaq + Qf
APL = Rjjne - Ilzoad = ( lo';[-iVZ load) (1.5)
n

Where:
- APL: Active Power Losses [W]
- Ryne: Line Resistance [Q]
- Iyeqt Load Current [A]
- Ppaq: Load Real Power [W]
- Quoaa: Load Reactive Power [VAR]
-V, Nominal Voltage [V]
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Otherwise “Reactive Power Losses” (RPL) may be defined as the reactive power

absorbed by the network components (line inductance, transformers, etc.).

For the simple network of Figure 33, the APL have been calculated varying the position

and the power of a generator (while the loads are kept constant) and are shown in Figure
34.

POS 1 POS 2 POS 3 POS 4

Figure 33 - Simple test network (i.e. generator in position 3)

From Figure 34, it can be stated that: APL are scarcely influenced by generated power
when the generator is near the busbar. APL decrease when the generation is near the
load, and under this condition, APL increase when production exceeds the load.
Therefore, the optimal connecting point of a generator depends on the loads, on the

generation levels and of course on the physical characteristics of the network.

Power Losses with DG
100 . !
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: . P=4 MW

1 2 3 i
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Figure 34 - Power losses as a function of DG position.
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1.4.2.1 Impact of DG on power losses on a real-world distribution network

In this paragraph are reported the studies conducted on the effects of the new connection
of a generator to a real-world LV distribution network [86]. Such studies have been
conducted to evaluate the losses of a real distribution network in order to satisfy the
demands of the Italian Authority for Electricity and Gas' [87].

Furthermore, a new approach based also on minimizing active power losses when
planning the connection of distributed generators is proposed.

= Case Study

An actual real-world LV distribution network has been considered to study the APL on
different situations regarding the DG penetration. It is constituted by 125 Points Of
Delivery (PODs), some of which are active. The data of the network, the loads and
generators were provided by DSO.

In order to conduct such studies the model of the investigated network was first carried
out and Figure 35 shows one of the four main feeders of this network.

Loads have been expressed using static PQ constant models. The model of the network
takes into account neither the unbalanced loads nor the neutral conductor: i.e. the
network has been modelled through its positive sequence single phase equivalent

model.

The line styles used in in Figure 35 refer to the seven cable types illustrated in Table 19.

R 1
Line Type Graphic symbol =
[Ohm/Km] [mH/Km] [UF/Km]
Type 1 eyrrenl 0,047 0,315 0,390
Type 2 0,075 0,350 0,320
Type 3 '_"35 Al 0,124 0,350 0,270
Type 4 _‘1 0 Cu 0,125 0,318 0,330
Type 5 “fgf" 0,206 0,350 0,270

Table 19 - Cable types and data

10 Between the end of 2013 and early 2014, the Italian Authority for Electricity and Gas has
requested to the various Italian DSOs to evaluate the losses existing in their distribution
networks. These studies, initially only required for HV and MV networks and further even for
LV networks, allow the identification of areas with excessive losses, in order to plan corrective

actions.
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Figure 35 - Actual LV distribution network used in the case study
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» Simulation Results

Starting from this model, three main scenarios have been considered:

- scenario I: network feeding loads without presence of DG;

- scenario II: network feeding loads with DG connected to the network;

- scenario III: starting from scenario II, a new DG unit is connected in certain nodes

indicated by the DSO. Simulations were therefore carried out to determine the best

location for the new DG unit in terms of reduction of network losses.

All simulations have been carried out using DOME [88] - described in Appendix A1.2 -
and network components have been modelled as shown in [89]. As an example, Table
20 reports the results of the simulations for one month - load data are sampled for each
hour, therefore 720 load flow have been calculated. It can be inferred that in the month

considered, the distributed production of 7961 kWh has brought to a decrease of active

power losses by 20%.
Scenario I Scenario II
(without DG) (with DG)
Total active energy through HV/MV Transf. [kWh] 20833 12765
Total active energy through HV/MV Transf. [kKVARh] 9964 9935
Total active load [kWh] 20305 12344
Total reactive load [kKVARh] 9847 9847
Total active losses [kWh] 528 421
Total reactive losses [kVAR] 116 87

Table 20 - Energy flows

* Optimal Placement

Regarding the third scenario, although several algorithms have been presented for
optimal allocation and sizing of DGs in distribution network (e.g. [90] [91]), a more
practical approach has been followed in this study. From the knowledge of DSO, some
possible points of connection have been identified. Among them, the connection point
has been found simulating the network with the historical data of the loads (and of other
generators) and the forecast of production of the new generator. As an example, the PV

generator, represented by the red PQ block, can be connected to several other buses.

Iterating the multiple power flow (one for each hour) over the set of possible point of

connection a table with the active power losses for each bus can be made:

Bus Active power losses [kWh]
Bus 9 425,96
Bus 10 426,34
Bus 14 420,78
Bus 15 420,91
Bus 17 420,52
Bus 78 420,97

Table 21 - Results: Active power losses for each bus
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From Table 21 it follows that the optimal position for the connection of a new generator
is Bus 17. It is worth noting that networks in DOME are text files and can be modified
with a simple shell script. Therefore, the iteration of the power flow over the buses of

possible connection is a simple for-cycle in bash script.
* Concluding Considerations

Studies carried out have confirmed the positive effect of DG in an actual real-world LV

distribution network.

Furthermore, it has been shown that simulations with power flow software tools can

greatly improve the design and management of such networks.
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Chapter 2.

The evolution of the network towards Smart Grids

Considering what highlighted in the previous chapter it can be said that the wide spread
generation has turned upside down the traditional scheme of electric energy distribution
and posed a series of new problems. The features of the present MV and LV distribution
networks, together with the application of the fit & forget criterion limit the possibility of
a massive expansion of DG since, being DSO unable to control DGs, they are compelled

to contain the quantity of generators to be installed in the same network [22].

Such limit might be enlarged if generators may be asked to modify their operation state
according to the needs of the network thus collaborating to the operation of the same
network. A DSO must therefore be able to reconfigure the networks and intervene in the
operation of generators and their related loads however guaranteeing efficiency and the

maximization of renewable sources.

networks

- = {

Some

gC:::;gltion Consumption generation come
fully fully stochastic IS stochastic and _
predictable dispersed consumption
(renewables) is controllable
20-th century 21-st century

Figure 36 - Change in the optimization paradigm of the whole electric system: generation and load
controlled (orange) and uncontrolled (grey) [92]

Figure 36 provides an insight of the way DG units can take part in the management of

electric networks controlling the operative conditions of generation and load.

In order to carry out such paradigm, a grid development integrating ICT and a strong

presence of distributed calculation systems is needed (Figure 37).
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Figure 37 - Smart Grid Model [93]

The evolution towards "Smart Grids" is therefore essential to receive generation from
renewable source and at the same time guarantee the maintenance of adequate levels of
reliability and quality of service [94] [95]. This evolution requires information
communication technologies as main ingredients: coordination between loads,

generators and controls occurs through the communication of data.

The communication should often take place in real-time (where real-time here means

with a delay superiorly limited, for interested readers more can be found in [96]).

Real-time constraints specifically for electric power systems have been detailed in [97].

In Table 22 some issue concerning DG are summarized.

Application Bandwidth Latency
Substation Automation 9.6-56 kbps 15-200 ms
Outage management 56 kbps 2000 ms
Distribution Automation 9.6-56 kbps 20-200 ms
Distribution Management 9.6-100 kbps 100 ms — 2 sec
Distribution Energy Resource 9.6-56 kbps 300 ms -2 sec
Management

Table 22 - Requirements of Smart Grid applications [97]

Such constraints depend on the type of application and the amount of data exchanged.
Considering the latency as first issue, it can be said that the expected latency varies from

tens of milliseconds to some seconds.

This order of magnitude in the delays can be satisfied with many of the communications

technologies used in other areas (e.g. office automation, industrial automation, internet).
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Therefore, in the last decade there is a growing use of protocols and technologies
commonly used for local area network communication and wide area communication

(i.e. the Internet network).

Concerning the physical layer, in the last years, there has been a development of several
technologies [98]. Table 23 summarizes the ones that are relevant for power system and

particularly for DG coordination.

Technology Standard/protocol Max data rate Coverage range
Fiber optic PON/WDM/SONET 2Gbps - 10Gbps Up to 100 km
Ethernet 802.3x 10Mbps - 10 Gbps Up to 100 m
PLC 10kbps - 200 Mbps Up to 3 km
WiFi 802.11x Up - 600 Mbps Up to 100m
WiMax 802.16 75 Mbps Up to 50 km
Cellular 2G to 4G 14.4 kbps - 100 Mbps Up to 50 km
Satellite 1 Mbps 100 - 6000 km

Table 23 - Comparison of communication technologies for Smart Grid [98]

As an example in [99], measurements of a very common protocol used in power systems
distributed network (DNP3), implemented on top of TCP/IP, are shown. In [100] it is
shown how a secure and high performance communication service can be built on top

of TCP/IP protocol stack to be used in Smart Grid applications.

Coordinated energy sources for voltage control on a regional scale have been studied
also in [101] where a wireless technology for the communication has been proposed and
tested (i.e. LTE) together with the application of QoS.

In particular, through some measurements latency has been attested to be around tens

of milliseconds.

The algorithms that will be proposed in this work require a communication
infrastructure with several characteristics. The analysis of the communication required
for DG integration is out of the scope of the present thesis but, considered the cited
examples, it can be argued that the implementation of such communications is already

possible and technology is ready for that.
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2.1 The future of the distribution network — the new role of DSO

From what reported in the previous paragraphs, the increase of DG typically linked to
renewable sources and therefore highly intermittent and scarcely predictable, implies
related difficulties in a context of safe management of the electric system as well as the
need of normative, regulatory and technical changes in transmission and distribution

systems.

A condition shall be predicted in which on the local level DSO undertakes tasks and
responsibilities of the assigned role that on a national scale are attributed to TSO. The
operator of the distribution network will therefore turn into a kind of "local dispatcher"
involving both active and passive users in the supply of services functional to the
optimization of the operative conditions of the network, as for instance the voltage

regulation, the supply of reactive power and the storage provision [102] [103].

Currently the SCADA systems installed in the DSO control centers supply - generally in
real time - only information related to transformer cabins (active power, reactive power,
voltage and current) and the condition of the maneuvering and protection devices
upstream to each feeder. In the new role of "dispatcher" of the related distribution
network, DSO will have to be able to manage and control the network in real time and
consequently the interaction with the ICT world will be essential. It follows that the
acquisition of dedicated information tools and the provision of suitable communicative

channels with the network users play a fundamental role [102].

Also functions traditionally typical of EMS (Energy Management System) for
transmission grids' like for example the evaluation of the condition and the analysis of
contingencies will have to be integrated in DMS (Distribution Management System).
Indeed, ahead of any calculation, analysis and commanding signal dispatch to the
submitted system, a function of "state estimate" is required similar to the one suitable for
transmission systems. Such estimate is similar to the one available for transmission
systems that allow knowledge of the consistency and topology of the distribution
network, the state of any switch and circuit breaker, the voltage on each bar of secondary

cabins and the current on each feeder [102].

In transmission networks the algorithms of condition estimate are used to calculate the
voltage at each node and as a result the current in each line and system transformer. For
transition networks an adaptation of the algorithms of the condition estimate to
applications for the distribution networks is surely necessary considered that such

algorithms require a particularly high set of measures that make them unworkable to

11 Along the years EMS and DMS have developed as two distinct branches of the control centers
that make use of systems of acquisition and control of data (SCADA).
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distribution networks, unless measuring and communication systems are deeply

reconsidered and updated.

In this respect it is worth considering that rule IEC 61850 [104] is being researched for
the definition of the communication systems and signal protocols to adapt for the data

exchange between DSO and users of the distribution networks.
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2.2  Regulatory environment, operation and security of the
electric systems with DG

The problems introduced by DG, analyzed in the previous chapter, were addressed by
the regulatory ~ bodiesboth at national and European levelin order to

achieve appropriate rules able to support the development of DG.

2.21 European regulatory environment

Until now at European Level a lack of regulatory harmonization between EU Member
States is confirmed. National initiatives have prevailed on those at EU level: the change
of the paradigm of production has required the introduction of new specific connection
rules for DG systems and the adaptation of grid codes in several European countries
[105] [106] [107].

However, considering the urgency of the situation, the European Parliament with
Regulation EC n. 714/2009 has required all Transmission System Operators (TSO) to
collaborate through the European Network of Transmission System Operators for
Electricity (ENTSOE [108]) for the definition of a new European Network Code based on
a list of yearly priorities defined by ACER™ (Agency for the Cooperation of Energy
Regulators [109]) that will become a supranational legal act and will consequently

prevail over the national ones™ [110] [111].

The Agency's overall mission, as stated in its founding regulation, is to complement
and coordinate the work of national energy regulators at EU level, and to work towards

the completion of the single EU energy market for electricity and natural gas.

ACER develops a vision on changes needed on a particular energy subject. This results
in ACER issuing a framework guideline, after which ENTSO-E is invited to draft a
related network code!*. The network codes are then assessed by ACER to ensure they
are in line with the framework guidelines: if ACER deems that the code fulfils its
framework guidelines and the EU's internal market objectives, and is fair and balanced,
it recommends that the Commission adopt the code. Finally, the network codes go
through the Comitology procedure, where they are scrutinized and agreed by Member

States, before becoming directly applicable legislation across the EU.

12 ACER’s missions and tasks are defined by the Directives and Regulations of the Third Energy
Package, especially Regulation (EC) 713/2009 establishing the Agency.

13 National network codes will however be valid compatible with the requirements of the
European Network code.

14 In order to ensure the support of all branches of the energy sector, ENTSO-E works in close
cooperation with stakeholders.
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http://ec.europa.eu/energy/en
http://www.acer.europa.eu/en/the_eu_energy_market/Legislation/Pages

In particular ACER has issued 10 framework guidelines that have conducted ENTSO-

E to the publication of new 10 European Network Codes and its implementation

guidelines [112], as follows.

= Entered into force:

1.

Capacity Allocation & Congestion Management (CACM) [113]: Entered into
force on 15 August 2015. The provisions of CACM govern the establishment of
cross-border EU electricity markets in the day-ahead and intraday timeframes,

as well as methods for the calculation of interconnection capacity.

Requirements for Generators (RfG) [114] [115]: Entered into force on 17 May
2016. Provide a set of coherent requirements for generators (of all sizes) in order

to meet the future power system challenges.

Demand Connection (DCC) [116] [117]: Entered into force on 7 September 2016.
The provisions of Demand Connection (DCC) set requirements for new demand
users and DSO connections and to outline demand side response requirements

related to system frequency.

High Voltage Direct Current Connections (HVDC) [118]: Entered into force on
28 September 2016. Sets requirements for HVDC connections and offshore DC

connected generation.

Forward Capacity Allocation (FCA) [119]: Entered into force on 17 October 2016.
Set rules for calculating and buying capacity in timescales before day ahead and
for hedging price risk between bidding zones: establish a framework for the
calculation and allocation of interconnection capacity, and for cross-border

trading, in forward markets (i.e. timeframes longer than day-ahead).

* Validated by Member States, awaiting validation by European Parliament and

Council:

6.

Operational Security (merged into the System Operation guideline [120]): The
draft Regulation received a positive vote in comitology on 4 May 2016. The
purpose is to set common rules for ensuring the operational security of the pan-

European power system.

Operational  Planning &  Scheduling (merged  into  the System
Operation guideline [120]): The draft Regulation received a positive vote in
comitology on 4 May 2016. It sets requirements, ranging from the year ahead
timeframe to real time, for assessing the adequacy and operational security of the
interconnected power system and for planning outages required by TSO’s and

grid users when they have cross-border impacts on power flows.
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https://www.entsoe.eu/major-projects/network-code-development/capacity-allocation-and-congestion-management/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/requirements-for-generators/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/demand-connection/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/high-voltage-direct-current/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/forward-capacity-allocation/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/operational-security/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/system-operation/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/operational-planning-scheduling/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/system-operation/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/system-operation/Pages/default.aspx

8. Load Frequency Control &  Reserves (merged into the System
Operation guideline [120]): The draft Regulation received a positive vote in
comitology on 4 May 2016. It sets out coordinated and clearly specified load
frequency control processes and rules regarding the levels and location of
reserves (back-up) which TSOs need to hold.

9. Emergency and Restoration (ER) [121]: The draft Regulation establishing a
network code on emergency and restoration received a positive vote in
comitology on 24 October. It deals with the procedures and remedial actions to
be applied in the Emergency, Blackout and Restoration states. This involves
preparation of system defence, system restoration and re-synchronization plans
in advance, dealing with information exchange, procedures for operating when

a system enters into one of these states and ad-hoc analysis of the incidents.
* Awaiting validation by EU Member States:
10. Electricity Balancing (EB) [122]: The draft Regulation sets out rules on the

operation of balancing markets, i.e. those markets that Transmission System
Operators (TSOs) use to procure energy and capacity to keep the system in
balance in real time. The objectives of the guideline include increasing the
opportunities for cross-border trading and the efficiency of balancing markets.

Anupdated draft will be discussed in the next electricity cross-border committee.

Regarding the Network Code on Requirements for Generators (NC RfG), we can say
that it is seen as one of the main drivers for creating harmonized solutions and products

necessary for an efficient pan-European (and global) market in generator technology.

This Regulation establishes a network code which lays down the requirements for grid
connection of power-generating facilities, namely synchronous power-generating
modules, power park modules and offshore power park modules, to the interconnected
system. Technical requirements in RfG are addressed to new generators, arranged in
four types A to D based on a user’s connection voltage and MW capacity depending

upon the "Synchronous area" they belong.

Table 24 shows the values for the “Continental Europe Area”.

Type Connection Voltage Capacity®
Type A <110kV 800W — IMW
Type B <110kV 1MW - 50MW
Type C <110kV 50MW - 75MW
Type D <110kV or >110kV >75KW

Table 24 - Main national climate and energy targets [12]

1> Thresholds must be set on a national basis by the designated Transmission System Operator
(TSO). This threshold shall not be above the limits contained in Table 24.
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Below some of the main network services required depending on the plant type are
listed:
= Control of the active power injected:

The objective of the requirement is to automatically reduce or increase Active Power
output of Power Generating Modules (Synchronous Generators and Power Park

Modules) in case of over or under frequency.

AP

E,

o Synchronous Power Generating Modules:
|'V1’ ‘ P,yis the Maximum Capacity
Py o Power Park Modules:
Pyis the actual Active Power output at the moment
the FSM threshold is renched or the Maximum
Capacity, as defined by the Relevant TSO.

T T T »>

Figure 38 - Active power frequency response capability of power-generating modules [115]

* Reactive Power Capability

Reactive power is a key component in terms of voltage stability, which in turn is the
foundation for cross-border trading. This requirement is focused on the provision of
reactive power from Production Power Plants (Synchronous Power Generating Modules
or Power Park Modules) in the steady state to allow the Relevant Network Operator
having a sufficient reactive power reserve to keep voltages within the admissible limits

in the power system operation.
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Figure 39 - U-Q/Pmax-profile of a synchronous power-generating module [115]
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* Fault Ride Through Capability of Generators

The requirements aim at preventing power generating modules disconnection after a
secured fault on the higher transmission level. The objective is to limit the potential loss
of generation after a fault on the distribution or transmission system in order to avoid

more severe disturbances.
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Figure 40 - Fault-ride-through profile of a power-generating module [115]

* Capability to take part in isolated network operation

This provision of NC RfG aims at setting requirements for power generating modules in
order to enable them to operate in an isolated network after its disconnection from the
interconnected system and control frequency and voltage in this isolated network. The
objective is to guarantee the availability of such generating units able to operate in these
specific conditions. The defined requirements consider frequency and voltage ranges
and control features, e.g. the plant shall be able to operate in specific frequency and
voltage ranges, and adjust its active power output automatically according to the actual
frequency in the isolated network. The objective is to maintain supply in the isolated

network and to be able to reconnect it to the interconnected system quickly.
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2.2.1.1 Technical specifications regulating DG connections

At European Committee for Electrotechnical Standardization (CENELEC) level,
initiatives are currently being implemented to create a suitable set of European technical
rules able to regulate the process of connection to the grids, both for what concerns
operation (set of system rules) and for what concerns the machinery to connect to the
networks (set of product rules). They would imply the collaboration of different
Working Groups like for example TC8X/WG1 "Physical Characteristics of electric
energy" and TC8X/WG3 “Requirements for connection of generators to distribution
networks". Nevertheless owing to the presence of countries with different necessities in
the different committees, the harmonization process of the rules relating to distribution

networks is particularly critical [123].

Indeed, different national technical requirements are in force: they are generally
prescriptions issued on a voluntary basis by each distribution company. In this respect,
the attempt to converge on some specific advanced grid support requirements can be

observed by the national peculiar rules; as for example:

- Germany: VDE-AR 4105:2011-08 “Power generation systems connected to the low-
voltage distribution network”;

- Germany: BDEWMYV Guideline (2008) “Generating Plants Connected to the Medium-
Voltage Network”;

- Italy: CEI 0-21 “Reference technical standard for the connection for active and passive

users at LV networks of the electric energy distributors”;

- Italy: CEI 0-16 “Reference technical standard for the connection for active and passive

users at MV networks of the electric energy distributors”;
- Austria: TOR D4:2015 “Technical and organizational rules”;

- France: ERDF-NOI-RES_13E “Protections des installations de production raccordées

au réseau public de distribution”;

- France: Arrété du 23 avril 2008 “Prescriptions techniques de conception et de
fonctionnement pour le raccordement a un réseau public de distribution d'électricité
en basse tension ou en moyenne tension d'une installation de production d'énergie
électrique”.

Recently at European level, 3 technical specifications have been developed by CENELEC

for LV and MV connections [124]:

- CLC/EN 50438-1:2015 - Requirements for micro-generating plants to be connected in

parallel with public low-voltage distribution networks;
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- CLC/TS 50549-1:2015 - Requirements for generating plants to be connected in parallel
with distribution networks - Part 1: Connection to a LV distribution network above
16 A;

- CLC/TS 50549-2:2015 - Requirements for generating plants to be connected in parallel

with distribution networks - Part 2: Connection to a MV distribution network.
They substantially include Italian requirements (CEI 0-16 and CEI 0-21) [123].

Table 25 and Table 26 summarize the advanced functional requirements for Distributed
Energy Resources (DER) required in the different European countries respectively for
LV and MV distribution grids [125], where:

- P atlow f: Active power feed-in at under frequency;
- P(f): Reduction of active power at over-frequency;

- Q/cos: Reactive power control mode;

- Q(U): Reactive power control mode;

- P(U): Limitation of active power at over-voltage;

- Remote P: Possibility for DSO to send setpoint values to generators;

- Remote trip: Disconnection on demand by grid operator;

- LVRT: Low Voltage Ride Through;
- HVRT: High Voltage Ride Through.

Germany Italy Austria France Spain ](E;;:Kf ](E:;;’Ap;
P atlow Yes (All) Yes (All) Yes (All) No No Yes (All) Yes (All)
P(f) Yes (All) Yes (All) Yes (All) Yes (All) No Yes (All) Yes (All)
Q/cosq >3,68kVA >3kVA >3,68kVA No No Yes (All) Yes (All)
Q) No >6kVA Yes (All) No No Yes (All) Yes (All)
P(U) No Option Yes (All) No No No Option
Remote P >100kW >3kVA >100kW No No No Yes (All)
Remote trip No Yes (All) No No No No Yes (All)
LVRT No >6kVA No No No No Yes (All)
HVRT N/A No No No No No Yes (All)
RD
Reference VDE-AR CEI0-21 TOR ERDF-NOI- 16%9163 1 CLC/EN CLC/TS
4105:2011-08 D4:2015 RES_13E 206007-1 50438-1:2015 | 50549-1:2015
IN:2013

Table 25 - Functions required for LV connections in Europe [125]
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https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwimj7rV1ZDSAhUHvBoKHfnaBmkQFggcMAA&url=https%3A%2F%2Fsmartenergyacademy.psu.edu%2Fgridstar%2Fdistributed-energy-resources-der-functions-supporting-power-grid&usg=AFQjCNHDJ11oObxbD_b-2IG84RkzEWo_Yw&sig2=KUZFb1Y9M36TuO924bro5g
https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwimj7rV1ZDSAhUHvBoKHfnaBmkQFggcMAA&url=https%3A%2F%2Fsmartenergyacademy.psu.edu%2Fgridstar%2Fdistributed-energy-resources-der-functions-supporting-power-grid&usg=AFQjCNHDJ11oObxbD_b-2IG84RkzEWo_Yw&sig2=KUZFb1Y9M36TuO924bro5g

Germany Italy Austria France Spain Europe NCRfG
P atlow f Yes (All) Yes (All) Yes (All) >5MW No Yes (All) ( A,;,eé,D)
P(f) Yes (All) Yes (All) Yes (All) No >2/10MW Yes (All) ( A,;,eé,D)
Qlcosq Yes (All) Yes (All) Yes (All) Yes (All) >2/10MW Yes (All) | Yes (B,C,D)
Q) Option Yes (All) Yes (All) No No Yes (All) Yes (B,C,D)
Remote P >100kW Yes (All) Yes (All) No >2/10MW Yes (All) Yes (B,C,D)
P(U) No Option Yes (All) No No Option No
Remote trip Option Yes (All) No No No Yes (All) Yes (B,C,D)
LVRT Yes (All) Yes (All) Yes (All) >5MW >2MW Yes (All) Yes (B,C,D)
HVRT No Yes (All) No No No Yes (All) No
P.0.12.3:201
16
BDEWMV N P.0.122
Reference Gg%gw CEI0-16 Dgﬁﬁ ﬁi§$£3lmfﬁ§moséig;w RfG 2016
206007-2
IN:2014

Table 26 - Functions required for MV connections in Europe [125]
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2.2.2 Italian regulatory environment

2.2.2.1 Regulations for distribution networks

For what concerns LV distribution networks, till the publication of CEI 0-21 I edition -
published in December 2011 - connections were regulated by technical standards of:

- Italian Electrotechnical Committee [126] (CEI 11-20 with variants V1 e V2 [127]) and;
- the main Italian DSO (Guide for the connections of ENEL Network [128]).

The standard CEI 0-16 III edition (CEI 0-16:2012-12) was published in December 2012.

Until then, the connection to distribution networks with rated voltage greater than 1 kV,
was regulated by the second edition [129] [130].

Generally speaking, all previous regulations for LV and MV did not contemplate specific
arrangements in favour of the evolution towards Smart Grids (like for example the
reactive power control of active users for voltage regulation). However, several needs
have arisen for DSOs. The identified needs, shared by all the stakeholders that interacted
in Working Groups, have materialized in paragraphs 3 and 4 of article 11 of DM
05/5/2011% [9] (Fourth Feed-in scheme):

“3. The inverters used in photovoltaic plants that operate later than 31st December 2012 must

consider the need of the electrical network providing the following services and protection:
a) to keep insensitivity when fast fluctuations occur;
b) to allow disconnection by means of a remote control;

c) toincrease selectivity of protections in order to avoid sudden disconnections of the photovoltaic
plant;

d) to allow the supply or the absorption of reactive energy;

e) tolimit power injection into the network (in order to reduce the network voltage fluctuations);

f) to avoid the inverter may feed the electric network load when there is no voltage on the net-

work station.

4. For the implementation of the provision of paragraph 3, , the Italian Electrotechnical Committee
(CEID), consulted The Italian Authority for Electric Energy and Gas defines specific technical

rules”.

Furthermore, on the 8th of March 2012 the deliberation AEEG 84/2012/R/eel [131] [132]
has been issued "Urgent measures related to electric energy production plants with

particular reference to distributed generation to guarantee the national electric system

16 These requests are also confirmed in the subsequent Ministerial Decree 5 July 2012 (“Fifth
feed-in scheme”)
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security". Such deliberation approves new attachments of the Grid Code (A68 [133], A69
[134] and A70 [135]), introducing particular requirements for production plants.

In the light of this, the Italian Electrotechnical Committee (CEI) [126] issued the new
editions of the rules CEI 0-21 and CEI 0-16, which transpose the urgent requirements of
Annex A.70 [135] and differently from previous rules consider new scenarios, like for

example:
- active distribution networks with high penetration of DG;
- evolution of Smart Grids.

In the perspective of the evolution of the networks towards Smart Grids, one of the most
important aspects introduced by CEI 0-21 and CEI 0-16 is the one referred to the Remote

Control: the provisions state that by means of protocol IEC 61850 [104] active users can:

- provide network services by modulation of active and reactive power according to

what required by the Distributor;
- to disconnect generators on reception of the related remote detachment signal;
- to enable/inhibit IPS frequency thresholds;
- toprovide the measures of voltage, active and reactive power at the Point of Delivery.

In the past five years, the rules have undergone an adaptation and change process to
take into account technical innovations and new legislation delineated both at national

and European level.

The latest versions have been published in July 2016 in alignment with the European
Standard CEI EN 50438 [136] on generators up to 16 A. Currently in Italy the

requirements for the connection of DGs to distribution network are defined by:

- CEI 0-21:2016-07: “Reference technical rules for the connection of active and passive
users to the LV electrical Utilities” [137];

- CEI 0-16;V2:2016-07: “Reference technical rules for the connection of active and
passive consumers to the HV and MV electrical networks of distribution Company”
[138].

Here below some of the main functions required are described:

- IPSin line with system requirements;

- taking part in defense plans;

- LVERT (Low Voltage Fault Ride Through);

- voltage control;

- generated active power limitation.
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2.2.2.1.1 Interface Protection System in line with system requirements

The problems to be minimized through the steps reported in such paragraph are:

1. instability of the electric system due to frequency transients because of events on the

HYV transmission network
2. formation of an undesired island

To favour network stability a shift from the restrictive frequency thresholds'” to
permissive frequency thresholds'® is required so as to render the IPS less sensitive to

frequency transients.

However, the enlargement of frequency thresholds favors the formation of the undesired
island since the IPS is dramatically less sensitive also to frequency shifts recorded locally

during the formation of the island.

Such problems may be definitively solved sending a signal which on the opening of the
circuit breaker or of any other maneuvering switch along the MV line triggers the more
restrictive threshold in respect to the more ordinary ones of the IPS production plants
connected to the same line and placed downstream the opening maneuvering organ
(Figure 41).

Primary Cabin
12
@ /_50-\\
% &LS‘I
\ /
HVIMV \‘ \a7 53/
\ N L
\‘ 515Hz
X -=* 5P|
’
A} 7’
\ Q 4 47 5 Hz
A ’

Figure 41 - Sending of the signal from the primary station to users [74]

17 Restrictive frequency thresholds are equal to:
- 49,8 Hz - 50,2 Hz for MV
-  49,5Hz-50,5Hz for LV

18 Permissive frequency thresholds are equal to 47,5 Hz - 51,5 Hz both for MV and LV
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Waiting for the opening remote signal, thanks to the full diffusion of Smart Grids, at
present the IPS for DGs connected to MV distribution networks is expected to be
equipped with a voltmetric unlocking function able to recognize failures on the MV
grid®. In that case it would trigger frequency restrictive threshold; vice versa if the
phenomenon shows different features, the restrictive range frequency will have to
remain inactive and the plant disconnection will occur exclusively according to the
broad frequency range. The operation of the IPS can be summarized through the logic

scheme of Figure 42.

The solution does not consider the case when the voltage required by load is equal to the
power of distributed generators connected on the considered line. In the same way it
does not take into consideration the man-acted opening of a circuit breaker of the
Distributor when there is no failure [74] [139] [137] [138].

Voltage ——
measure B
0.1-303
T i
59.51 b : >
1Un+13Un T=3s
752 I :
Reset ime setting 1 = default 1 0.05Un+1Un Te0ME.5s
setting 200 ms i
59V, | s | |— 598.52 T (] >
005 0.4 Um 1Un+13Un T=008:1s

275

59 Vi 0,20Un+1Un T=0,05+53
0,05 +0,50 UnEn OR|—> IPS
OR P —]
| .52 T >
27 va 7= sonz Te0.08+83
0,10 +0,90 UnEn
81252 L F il >
81V 50+ 52 Hz T=008+53
Local control 81<.51
47 + S50 Hz
OR —>|
L | 81>51 > 7 >
50 + 52 Hz AND T=008+53
Reset time setting 2 = default
setting 30's
i
T L]
1=2a08 —

Remote signal

Figure 42 - Functioning logic for the activation of the threshold of relay [138]

19 This function is not feasible in LV network; therefore, in this case, DSO chooses which
thresholds to be set and these are set locally

2 The presence of a ground fault on MV network is detected by the voltage homopolar value,
while a fault between the phases is detected by the value of direct and indirect sequence
voltages
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2.2.2.1.2 Taking part in defense plans

From Figure 42 the indication of a remote detachment signal can be noted.

Indeed AEEG, with the Resolution 421/2014/R/EEL of 7 August 2014 approved the
Annex A72 to the network code [140]. The adopted requirements are the ones of
Appendix M of the CEI 0-16 III edition.

The service aims to solve critical issues arisen both in MV distribution networks and in

HYV transmission network.

The requirement is applied to wind and static generators of power higher or equal to 100
kW. At the request of the Distributor, the generators must allow remote detachment -
with partial or total reduction of production - by means of remote signals sent from a

remote center.
The remote detachment mode can be:

- planned (slow mode): essentially intended to handle over-voltage situations,
insufficient regulating capacity of the National Electric Service or congestion on the

transmission network

- with immediate action (quick mode): to resolve fast dynamic network events

(frequency control and preventive actions to avoid network instability risks).

This process will be managed according to the logic flow shown in Figure 43.

- T

P B DN |
ra Y ra Y ra Y
PR T A TN s N

| Chuster N
Figure 43 - Logic Flow [140]

In the Smart Grid perspective, the signal will be sent through an "always on"

communication system.

During the transitional period, as the current remote control system of the distribution

network is based on GSM / GPRS technology, in order to ensure the integration of Active
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Users in the Defense Plans, the remote detachment command can also be activated
through a GSM / GPRS system (Figure 44).

Such signal can also be used in order to avoid the undesired island phenomenon caused
by a DSO intentional operation (for instance an opening of a Primary Station

switchgear).

SERVER MODEM
GSM/GPRS

MODEM
GSM/GPRS f

Figure 44 - System Architecture [140]

Therefore, the IPS must be able to receive signals on protocol IEC 61850 [104] but also to
receive signals of detachment based on the GSM / GPRS technology.
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2.2.2.1.3 LVERT (Low Voltage Fault Ride Through)

Such function is introduced to tackle the problem of electric system instability due to

undervoltage because of events on the HV transmission network.

All production plants and the related machinery and equipment must be designed, built

and operated to remain in parallel even in emergency conditions.

In particular, the power plants have to be able to stay permanently connected to
distribution networks for voltage values at the Point of Delivery included in the
following range: 85% V,, <V <110% V,, [74].

In order to avoid the undo separation from the network in case of undervoltage events
on the grid, the production plants connected through an electronic interface must be
within certain limits immune from undervoltage. They must implement a LVFRT (Low
Voltage Fault Ride Through).

Currently such function is required only for static converters since imposing a LVFRT
(Figure 45) to synchronous generators is a complex problem. When a voltage dip occurs,
the synchronous generator will tend to inject the same active power generated by prime
mover while the passive load of the network (in island or not) lowers?, the result is a

non-null accelerated power and frequency tends therefore to increase.

On fault elimination voltage goes back to nominal value (almost immediately) and
therefore also the absorbed load returns to the values prior to voltage dip. The result is
a strong deceleration couple that may create damage to generators, but especially prime
movers (turbines in particular) [74] [139] [137] [138].

Voltage (%0Vn)
i

!5‘::?::‘.::‘.5 IEEENEEEEEEENEEE 1 Mot Allowed Detachment Zone

Allowed Detachment Zone

i S - ) ey -

4 Time {(msec)

Figure 45 - LVFRT curve for LV distribution networks [137]

21 It can be considered, on first approximation, proportional to voltage.
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2.2.2.1.4 Voltage control

To mitigate the problem related to the change of the voltage profile that occurs in the
presence of DG, the new rules CEI 0-16;V2 [138] e CEI 0-21 [137] (both updated in July
2016), require that:

a) for voltage values higher than 115% of V}, for more than 0,2 s, DG units be detached
from the network (task carried out by IPS);

b) when the average voltage value measured on a 10 minutes temporal range in
average mobile mode exceeds 110 % of V;;, DG units be detached from the network
within 3 s (task carried out by IPS)

Furthermore it is required DGs with a whatever rated power? to take part in the voltage

control through the absorption/injection of reactive power.

Participation to voltage control is required only for Synchronous Generators, Static
Generators, Wind Full Converter and Wind Doubly Fed Induction Generators (DFIG),

while Conventional Asynchronous Generators are exempted.

The supply of reactive power (absorption or injection) by active users must be in

accordance with two local control logics — described in paragraph 3.2.6:
- based on a curve characteristic cosq =f(P);
- based on a curve characteristic Q = {(V);

or with a remote control logic through signal exchange according to protocol IEC61850%
[74] [139] [137] [138] [104].

2.2.2.1.5 Generated active power limitation

In order to avoid the disconnection of DG from the grid, generators can limit
automatically their active power:

- if voltage is close to 110 % of V},, according to a function chosen by the manufacturer;

- in case of over-frequency transients, according to a droop between 2 and 5 (it will be
generally set at a value equal to 2,4) for frequencies between 50,3 Hz e 51,5 Hz (Figure
46).

2 [n alignment with the European Standard EN 50438 on generators up to 16 A, the field of
application of the requirements for active users has been extended also to DG with a rated
power lower than 1 kW

2 For LV distribution network this function is only required for Static Generators with power
higher than 11,08kW
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Pimax: active power supplied at the time of exceeding 50,3Hz (stored value)

Pimax: active power supplied

Figure 46 - Curve of active power reduction in over frequency for LV distribution networks [137]

as a consequence of a centralized logic: in the Smart Grid perspective a suitable signal
of active power level to be limited by the DG unit (activated only in plants of total
power exceeding 11,086kW) [74] [139] [137] [138].
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2.2.2.2 Regulations for HV transmission network

With regard to Italy, for RES power plants connected to the HV network, the connection
is regulated by the Grid Code [141] and its specific Annexes [133] [142] [143].

The main interesting regulations for photovoltaic and wind power plants are
respectively Annex A.68 [133] and Annex A.17 [142] in virtue of which these power
plants must be equipped with proper control systems in order to provide network

services similar to those described for MV and LV networks:

- control of the active power injected;

- control of the reactive power injected or absorbed;

- Low Voltage Fault Ride Through functionality;

- remote disconnection functionality.

Below are described the main requirements of such attachments.

First of all, wind and photovoltaic power plants have to be able to stay permanently
connected to distribution networks for voltage values at the point of delivery included

in the following range:

85% V, <V <110% V;,
47,5Hz<f<51,5Hz

a) Remote disconnection functionality:

The service aims to solve critical issues arisen in the HV transmission network.
Generators, at the request of TSO, must allow remote detachment - with partial or total
reduction of production - by means of remote signals sent from a remote center or by

means of procedures ensuring traceability of the request.

The detailed description of the application methods is described in Annex A.64 [143] and
A.52[144].
b) Control of the active power injected

If transients are present on the transmission network, generated active power will be
limited according to a droop between 2% and 5% (it will be generally set at a value equal
to 2,4) for frequencies between 50,3 Hz e 51,5 Hz (Figure 47).
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Figure 47 - Curve of active power reduction in over frequency [133]
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c¢) Low Voltage Fault Ride Through functionality

In order to avoid the undo separation from the network in case of undervoltage events
on the grid, Wind and PV production plants must be within certain limits immune from

undervoltage.

They must have a suitable LVFRT (Low Voltage Fault Ride Through) curve that is an

adequate skill to overcome a voltage gap unscathed (Figure 48 and Figure 49).
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Figure 48 - LVFRT curve for PV power plants [133]
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Figure 49 - LVFRT curve for wind power plants [142]

d) Control of the reactive power injected or absorbed
Regarding the participation to the voltage regulation it is required that:

- wind power plants have to be able only to adjust the power factor in the range [0.95-
1.00] both lagging and leading. The power factor can be maintained at a fixed value
chosen in agreement between the Network Operator and the Owner of the plant;

normally it is required to ensure the power factor equal to 1.

- PV power plants have to be able to control reactive power injection or absorption

according to a local logic or to a remote control signal sent by the TSO [133].
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The capability curve required for PV inverters is shown in Figure 50.
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Figure 50 - Capability curve for PV inverters [133]

The value of the reference voltage will be notified by the Grid Operator and will have
to be modified by the user, if necessary, in real time (local logic) following the curve
Q=f (V), represented in Figure 51.
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4 Q=35%Pn—4— Q=35% Pn 4-

Maximum voltage (Vmax)

Deadband

Reference voltage (Vrif)

Minimum Voltage (Vmin)

-Q (underexcitation) +Q (overexcitation)

Figure 51 - Local logic Q=£(V) [133]

Furthermore, the control system must allow that the reactive power exchanged by the
plant can be modulated by a remote adjustment signal sent from a remote center the

Operating Company (centralized logic).
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Chapter 3.

Voltage control of Distributed Generation

The user appliances work in the best conditions (performance, efficiency, lifetime) when

they are fed at rated voltage or within small voltage deviations from the nominal value.

As regards the components of production, transmission and distribution systems
(generators, transformers, lines, reactors and shunt capacitors, etc.), it is equally
appropriate to maintain the voltage within a limited range around the nominal value, to

avoid various negative effects on the operation.

The voltage fluctuations at the network nodes are caused by the variations of the active
and reactive power absorbed by different loads connected to the network: as a result
of active and reactive load fluctuations, the upstream network components (lines,
transformers, etc.) are crossed by a varying current. The voltage drops through network
impedances vary proportionally and cause voltage changes in all network nodes, which

must be drastically reduced or compensated.
In addition, voltage variations may be caused by temporary outof service of any
network component (lines, transformers).

It is therefore necessary to undertakea complex of measures to achieve an
adequate voltage regulation in the various nodes of transmission and

distribution networks [145].

3.1  Qualitative considerations for different voltage levels

Let us consider a long symmetrical line under symmetrical three-phase sinusoidal
regime, crossed by a balanced currents system and characterized by uniformly
distributed fundamental constants r [QQ/km], [ [H/km], g [S/km], ¢ [F/km].

The line can be represented by the single-phase equivalent model shown in Figure 52
[145].

Figure 52 - Equivalent single-phase model
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The fundamental equations governing the operation of such line are:

E, = E,-cosh(KL) + Z, I, - senh(KL)
(E1 2

B B . B 3.1
I = 7 senh(KL) + I, - cosh(KL)

o

with:

- E; -> the voltage at the beginning of the line;
- E, -> the voltage at the end of the line;

- I -> the current at the beginning of the line;

- I, > the current at the end of the line (it is ¢ phase shifted with respect to E,);

jol e .
- Ly = /;]]Z:C -> the characteristic impedance of the line;

- K=,/(r+jol)-(g+jwc) ->the propagation constant;
- L ->the line length.

Knowing the voltage and the current in a given point, it is possible to calculate the
regimen at any other point [145].
Therefore, from (3.1) one can infer that the equivalent single-phase model can be

represented by the equations of the double passive bipole in sinusoidal regime (Figure
53) [146]:

(3.2)
L=CE,+DI,
with:
(A= D = cosh(KL)
B = Z, - senh(KL)
l c_ senh(KL)
=7
Iy I,
~——» e
A B A
E, E,
C D
S Y

Figure 53 - Double Bipole Representation
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3.1.1 HYV transmission lines

In an HV transmission line with a length (L) up to about 100 km, the coefficients typically

assume the following values [145]:

- A=D=1

- B=L-(r+jol) =R+ jX,

- C=L-(g+jwc)=G+jB,

The study is currently carried out with the numerical calculation applied to the general

equations or by a graphic procedure. The Perrine-Baum diagram [147] [148] allows to

easily examine the behaviour of an electric line to changes in its operating condition

(active and reactive power at the end of the line).

Simply to notice that:

- A-E, = E1, represents the voltage at the beginning of the line when I, = 0;

- B-I, = E; — A+ E, = AE, represents the voltage drop between the beginning and the
end of the line.

Having set A = 1 will result E, = A-E, = E; ,. Furthermore being in HV, the total line

reactance (X;) prevails over the total line resistance (R), such that f = 90° and then

B - I, is almost vertical.

O ? —_— —_—— Lol . + 1

|
- |
I, ;
|

Figure 54 — Perrine-Baum Diagram for a HV network

The diagram highlights the cause of the voltage drop is mainly due to inductive reactive
power. On equal apparent power absorbed by the load (points on the green semicircle)
the higher the inductive component absorbed by the load (the higher is the power factor

¢) the more evident is the voltage drop.
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3.1.2 MYV and LV distribution lines

In MV and LV distribution networks, and also in short HV lines up to 150 kV, it is

possible to neglect transverse admittance for the calculation of the voltage drops [145].

With this simplification, the line can be represented by the single-phase equivalent

model shown in Figure 55.

- —

II:}ZZF r Z

Figure 55 - Equivalent single-phase model for a MV or LV distribution network

The double bipole coefficients assume therefore the following typical values:

- A=D-=

- B=L-(r+jol) =R+ jX,

- C=0

where R and X, are respectively the total line resistance and reactance.

In this case typically X, is not > R and therefore § does not tend to 90°. Therefore the

diagram will be much more inclined than the previous case (Figure 56).

Figure 56 - Perrine-Baum Diagram for a MV or LV distribution network

The diagram in Figure 56 emphasizes that in this case the cause of voltage drop is not
attributable to the inductive reactive power transport only. The resistive component

produces a not negligible voltage drop on line [145].
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The current I, ¢ phase shifted with respect to E,, causes [145]:
- aresistive voltage drop R+/ in phase with I (represented by the segment ZC);

- areactive voltage drop jX;-I in quadrature with I (represented by the vector CY).

3.1.3 Quantitative considerations
The equivalent single-phase model of a MV or LV distribution network is considered.

From Figure 56, approximating the point Y' with Y" and projecting Y on the x-axis, we

obtain the following approximate expression:

AE=E,—-E, =0Y—-0Z=0Y-0Z (3.3)
~0Y"-0Z=ZC"+C'Y" (3.4)
=ZC-cosp+YC-seng (3.5
=R-I-cosp+X,-]-seng (3.6)

Therefore, for a three-phase line with V the rated voltage of the system, the voltage drop

AV assumes the following expression:

AV ~V3-(R-1-cosp+ X, 1-senq) (3.7)
V3-(V-R-I-cosgo+V X, 1 sen
vV
R-P+X,-
AVz( VL Q) (3.9)

From which the voltage drop percentage follows:
(R-P+X,-Q)
Ve "

It is pointed out that in lines where transverse admittance is negligible, voltage drop

AV
AV% = -+ 100 ~ 100 (3.10)
percentage is inversely proportional to the square of the operating voltage.
It consists of two addends:
- the first is to be attributed to the active power transit through the line resistance;

- the second is to be attributed to the transit of reactive power through the line

reactance.
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= NOTE:

For an approximate calculation of the voltage variations at i-th node (AV;), while
maintaining the same conditions to all other nodes, equation (3.10) can be applied also
to HV networks [145].

It should be taken into account that for HV networks the second term takes on greater
importance, because the reactance of the line is normally much greater than resistance.

Therefore you can neglect the term R - P, and then the equation can be rewritten as

follows:
X, . - AO:
AV; = M (3.11)
Vni
AV; Xy .- AQ;
AVi% = — % 100 ~ M +100 (3.12)
Vni ni
With:

- Vp; -> the nominal phase-to-phase voltage at the node i;

- V; -> the phase-to-phase voltage at the node i;

- X,; ->the equivalent reactance of the grid seen from the i-th node;
- AQ; —> the reactive power changes at the i-th node.

Assuming the equivalent impedance of the grid seen from the i-th node Z; = X;;, the

short-circuit power at the node i is equal to:

Vni2
CcC,l XLl ( )
From equation (3.13) it can be written:

X,: - AO; X, .- AO:
AV, % = M «100 ~ (%;-40:) «100 (3.14)

ni cci " XLi

AQ;

AV;% =~ * 100 = AQ;% (3.15)

cc,i
From equation (3.15) it can be noticed that, with good approximation, the percentage
voltage drop at node i is equal to the reactive power delivered/absorbed at the same

node, expressed in percent of the short-circuit power of the same node [145].

It follows that the greater the short-circuit power in the considered node, the more the

voltage at node will tend to remain unperturbed.
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3.2  Voltage control techniques for DGs connected to MV and LV
distribution networks

3.2.1 The voltage rise phenomenon in distribution networks
The present paragraph analyses the phenomenon of voltage profile variations in
distribution networks.

On the basis of what described in previous paragraphs, one can infer that for the short
line represented in Figure 57 voltage drop (at steady-state) between buses 1 and 2 when
power P (active) and Q (reactive) flows from bus 1 to bus 2, is given by the following
approximation (powers are assumed positive when absorbed by loads) [149] [150]:

(R-P+X-Q)

V (3.16)

V=V, =
where:
-V is the rated voltage of the line;
- Vi, V, are the voltages at buses 1 and 2 of the line;
- R and X are the resistance and reactance of the line;

- P and Q are active and reactive power flowing from bus 1 to bus 2.

N R iX, p.Q
—
Vlo AN S Vs

Figure 57 - Line connecting two buses [151]

A relevant injection of active power generated by DGs into the distribution network can
therefore change the sign of difference V; — V,. This makes voltage profiles to rise, from

the substation bus to the end of the network, instead of dropping, as normally expected.

This is exactly what happens when a distributed generator provides power in the related
distribution network: voltage at the injection point increases. The phenomenon goes

under the name of voltage rise [77].

In HV networks the voltage mainly depends on injections of reactive power, while in
MV networks it depends both on active and reactive power since line resistance is not

negligible in respect to line inductive reactance.

Voltage profile in passive networks (no local generator connected) decreases
monotonously along the line, profile “a” of Figure 58. But if generators are connected to
a line and inject power, voltage profile is no longer monotonous, profile “b” of Figure
58.
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Load Generator MYV feeder
MYV busbar

Figure 58 - Voltage profiles for a MT grid with and without DG [152]

The power is sometimes provided by generation plants fed by RES that, unfortunately,
cannot be programmed. A large power input by non- programmable generators makes
voltage in some points of the network exceed the allowed maximum value, especially in

presence of a low load.

Below some possible solutions to mitigate the voltage rise phenomenon in distribution
networks, proposed in literature and by connection rules, are shown. Finally the analysis

of an original control technique proposed follows [149] [151].
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3.2.2 Reduction of active power injected by DGs

A possible means to avoid dangerous exceedances of the maximum value in distribution
networks may be to act directly on the cause of the phenomenon; that is to ensure

limitation of distributed generators active power [77].

Thus DG reduces its own operating income in order to provide voltage regulation
service. It follows the DG willingness to limit its voltage output should be remunerated
by the DSO asking for that service. The related remuneration should be comparable to

the value of power not produced by the DG unit [153].
Even recent norms CEI 0-16 [138] and CEI 0-21 [137] (both updated to July 2016) provide

the restriction of active power for voltage values of nearly 110% of nominal voltage in

order to avoid generator disconnection.

3.2.3 Adaptation or reconfiguration of the distribution network

A kind of adjustment consists in the increase of the sections of conductors (decrease of
resistance). The updating and resizing of distribution lines allows a reduction of the
equivalent longitudinal impedance of MV lines. It allows the provision of wider
regulation adjustment margins and of a reduction of distribution losses. However,
owing to what said so far, such a solution may incur in social, environmental and

economic obstacles for the distribution company [153] [77].

3.2.4 Voltage reduction in primary substation

In distribution networks voltage along the line decreases as a result of voltage drop along
the same line. In order to face such drop one generally keeps voltage in primary
substation a little higher than the nominal one, resorting to particular devices like OLTC
(On-Load Tap Changer). Particular HV/MV transformers are installed, equipped with
on OLTC which allows variation of transformer ratio with transformers in service?.
Voltage control is carried out by means of a discrete tap regulation. However, such
techniques, fundamentally based on the hypothesis of the passivity of the distribution
network may not operate correctly in the presence of DG [153] [152]. For example, an
uneven arrangement of local generators could cause the contemporary violation of
eligible restrictions of maximum and minimum voltage. This happens especially in
radial distribution lines and of rural type (with limited conductor section and very long
traits) [153].

? Differently from an off circuit tap changer which is instead employed with a deactivated
transformer
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Some authors have proposed alternative solutions to control OLTC in presence of DG
[154] [155], based on the knowledge of the network characteristics, the alleged trends of

loads demand and some remote voltage and power measurements [156] [157] [158].

These techniques allow a better control of the voltage profiles. However, such a control
mode may not be sufficient in the case of high non-uniformity of the generation plants
and loads distribution [153].

3.25 DG reactive power regulation

From the equation (3.10) one can infer that if generators are able to regulate the provision
or the absorption of reactive power in the network, then the change to voltage profile

occurring because of active power input can be reduced (or even better cancelled).

Literature presents many works concerning techniques to make DGs exchanging
reactive power in a controlled way. All proposed solutions can be classified as
coordinated (centralized) [159] [160] [161] [162] or local strategies [163] [164] [165] [166].
In [167] a comparison of the two methods is presented. Simulations of local control

strategies can be found in [164].

Local control is characterized by the fact that any local generator controls its own reactive
power only on the basis of local measurements. On the contrary coordinated control
requires a centralized controller (Power Control Unit) which exchanges data with all the
nodes of the network linked to the control through appropriate communication
infrastructure. In Figure 59 and Figure 60, the block diagrams for the two kinds of

control considered can be seen [151].

P,.0,

Figure 59 - Local Control [151]

e

/ Letrl

Figure 60 - Centralized control [151]
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Most strategies require the on-line updates of the set-point of generators in order to
absorb or inject reactive power. In [168], the voltage support is based on a multi-agent
approach, while in [152] and [169] authors propose a voltage control based on sensitivity
theory. Another type of centralized control can be achieved using a fuzzy logic for the
determination of the reference power factor to be applied to the various DGs of the
network, in function of the error voltage at the respective node, obtained as the
difference between the measured voltage and the reference. The output of the fuzzy
controller directly provides the reference power factor value for the various DGs. The
participation factor of each generator to the system, is obtained from a sensitivity

analysis of the i-th node voltage with respect to the injection of reactive power to the j-

th node; that is on the basis of relations % [159].
J

Other optimization criteria can be used together with the use of genetic algorithms,
applied to a decentralized control of reactive power by the inverter. Each inverter
regulates the reactive power on the basis of a local control of the reference voltage,
wherein the data used for the calculation rule are generated with genetic algorithms.
Such algorithms are typically suitable to solve optimization problems with multi
parameters, which, in this case, represent the optimal values of reactive power

production [166].

Some texts resume the idea of involving distributed generators for voltage regulation in
the distribution networks, in combination with traditional regulation systems (capacitor
banks, OLTC) aiming at the best coordination of the global action settlement, minimizing
the total cost incurred by the distribution company to perform the voltage adjustment
and the reactive power support [170]. Other authors point to reduce impact on the
voltage of the transport system and mitigation of the voltage rise problems in
distribution networks through the optimization of the OLTC position and power factor
of DGs, through linear programming techniques [165]. A coordinated control strategy
between OLTC and DGs may also consist of a coordinated action between a primary
controller (centralized) to adjust the MV busbar voltage through the OLTC and a series
of secondary controllers (one for each of the network supply line) to determine the
reference control signal (power factor), which must be communicated to each local

generator [161].
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3.2.6 Control techniques proposed in Italy by the recent connection rules (CEI
0-16 CEI 0-21)

As discussed in paragraph 2.2.2.1.4 recent rules require DGs to take part in the voltage

control through the absorption or injection of reactive power according with a local or

centralized control logic.

More precisely for Static Generators, Wind Full Converter and Wind Doubly Fed

Induction Generators (DFIG)? are defined two different local logics:
* Power factor control

This control law requires an automatic adjustment of the reactive power according to a
characteristic curve cos ¢ = f(P), where P is the generator active power. This control law
provides the absorption of reactive power by distributed generators, only in order to

limit the voltage rise caused by injection of active power by the same generator.
The control logic is as follows:
- for values of injected active power P/B, < 0.5 the inverter works at cos¢ =1

- on exceeding the working point P/P, = 0.5, the inverter checks if the voltage at its
terminals is greater than a critical value of lock-in, provided by the DSO according to
CEI EN 50160 [171] (for example equal to 1.05 V,,) and in this case the reactive power

regulation is activated, placing the working point P-Q according to the following

. . . P
expression according to Figure 61: cos ¢ = —0.2 -t 11
n
h
cos @
09 hal — — — — — — — —m = = — — =
(0.95) INDUCTIVE
0.2 0.5 1'|0
1.0 i
P/Pn
CAPACITIVE €OS @y, = 0.9 -> for static generators
09 4 _ _ _ _ _ _ _ _ _ _ _ N_— COS Pa; = 0.95 -> for wind generators

(0.95)

Figure 61 - Power factor control law [138]

Reactive power regulation is removed only when active power P falls below 50% of P,
(active power lock-out), independently from the voltage measured at the terminals, or if
the voltage falls below a certain value (voltage lock-out) adjustable between 0.9V, and
V.

% For Synchronous Generators prescriptions are being studied
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* Reactive power control

This control law requires an absorption or injection of reactive power in function of the
voltage value at terminals in order to provide a network service: to limit voltage

variations at node considered even if caused by other generators / loads of network.

To accomplish this, generators must be capable to absorb or inject reactive power
automatically in a local control logic on the basis of a characteristic curve Q = f (V)

shown in Figure 62.

Where Vy;, Vis , Vo , Va5 are defined by DSO within these limits:
- Vi <V <Vig

- Vos < Viax > with V0, £59.51 (default value: V0 =1,114);
- Voi > Vipin=> with V,,;, > 27.51 (default value: Vi, =0,9 13);

- |Q@minl € |Qmax| | 20,436*5n.

V3=1,1Vn
V,.=1,08Vn

¥

Vy=0,92Vn
V=0,9Vn

Figure 62 - Reactive power factor control [138]

Concerning centralized control, the connection rules contemplate the possibility of a
remote control through signal exchange according to protocol IEC61850% [104], but they
do not yet define a specific technique to control voltage through the absorption of

reactive power.

The original technique described in the following section could be used for this purpose.

2% For LV distribution network this function is only required for Static Generators with power
higher than 11,08kW
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3.2.7 A proposed control technique based on the network linearization

The proposed control technique contemplates the reactive power regulation provided
by distributed generators, depending on the respective active power generated, in order

to mitigate the voltage-rise phenomenon [149] [151].

This technique is based on the linearization?” of the network around the operating point
in which both reactive and active power generated by DGs are equal to zero (i.e. the

distribution network in absence of DG).

For a given distribution network with a subset of N; buses connecting generators, let
chose a subset of M controlled buses. For small variations around the operating point,
the vector of voltage variations at these buses [Au,, ], can be represented by the following

linear equation?:
[Aup,] = [B][Ap] + [C][Aq] (3.17)
Where:

- [Au,,] is the vector (Mx1) of the voltage variations at controlled buses, with respect

to voltage values in absence of distributed generators;

- [Ap] is the vector (Ngx1) of the active power variations injected by distributed
generators;
- [Aq] is the vector (N;x1) of the reactive power variations injected by distributed
generators;
- [B] and [C] are (MxN;) sensitivity matrices, in particular:
o [B]is the matrix of the partial derivatives of the voltages at the controlled nodes
respect to the active power of the N; generation nodes;
o [C]is the matrix of the partial derivatives of the voltages at the controlled nodes
respect to the reactive powers of the N; generation nodes.
[B] and [C] matrices coefficients can be estimated by a series of power flow calculations,
fixing all network parameters, incrementing respectively the active and the reactive
power of each DG plant in turn and calculating the ratio between voltage variations and
power injected [164].

Simply to notice that if the power flow calculation is carried out by using Newton-

Raphson based methods, the voltage sensitivity coefficients can be derived directly from

77 Linearization is needed because the equations describing the network - the power flow
equations - are not linear.

% In the equation other voltage variations (i.e. those provoked by loads, network
reconfigurations, disturbances coming from the transmission system, etc.) are not taken into
account in respect to those provoked by DGs active and reactive power production.
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the Jacobian matrix [172], proceeding to its inversion and extrapolating only items of

interest.

The aim is to minimize the term [Au,,] - due to active power variations injected into

generation nodes [Ap] - acting on the reactive power production [Aq] of the DGs.

The reactive powers to be generated by DGs [Aq] are linearly linked to active powers fed
into the network by the same set of generators, through the coefficients contained in the

[A] matrix:
[Aq] = [A][Ap] (3.18)
Substituting (3.18) in (3.17), we obtain that voltage variations for the chosen M buses

results related to active power variations at the Nc¢ generation nodes:

[Au,] = ([B] + [CI[AD[Ap] (3.19)
In this way, the problem becomes to find an [A] matrix, which minimizes voltage

variations.

In particular, considering the hypotheses to have assumed M = N; (in order to work
with squared matrices) and [C] non-singular (this can always be achieved, by means of
a proper selection of the M controlled buses), the analytical solution to eliminate voltage
variations ([Au,,] = 0), is:

[A] = -[c]7*[B] (3.20)
with [4],[B] and [C] all squared matrices (NgxNg).
According to the mathematical formulation presented above, the proposed voltage rise
mitigation strategy results applicable as a coordinated centralized control architecture:
it requires to provide each reactive power generation control with active power
information of all the other generators.
The application of the method described above can produce a solution vector [Aq] whose
reactive powers can be, for some generators, beyond reactive power limits. In this case,

those generators will be operated at their reactive power limits.
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3.2.7.1 Choice of control nodes

In distribution networks, one of the adoptable strategies for the choice of the nodes on
which to carry out the control of the voltage variations, can be conducted similarly to the
transmission network. The nodes selected are the ones that for their connection features
have a relevant influence on the voltages of an area of the electrical network considered.
For example, the nodes in which the effect of voltage rise is more evident, dangerous
and influential on the remaining nodes of network. The nodes chosen for voltage control
then take on a role similar to the one of "pilot nodes" in the secondary regulation
implemented for the transmission network [173] [174].

A quantity that represents the attitude of the j-th node to be disturbed by the i-th
Zl;f , that is those nodes that show the greatest

sensitivity of voltage with respect to the active power input by distributed generators.

generator is represented by its sensitivity

Such nodes correspond typically to the same generation nodes or in any case those close

to them.
The voltage of these nodes is controlled by the actuators (power plants connected to the

area of the node considered) which, in the case of the distribution network correspond

to the same distributed generators.
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3.3  Voltage control techniques for RES production power plants
directly connected to HV transmission network

There are several differences in how the voltage control service has been implemented
by Transmission System Operators (TSOs) in different countries. As demonstrated in
paragraph 3.1.1, HV voltage nodes are mainly affected by reactive power flows.
Therefore, voltage control is typically performed through the control of reactive power
flows using different reactive power resources: transformer tap changers, synchronous
compensators, synchronous generators, static VAR compensators, capacitor banks,

FACT devices and capacitance of lines and cables [73].

Several countries have implemented hierarchical systems to coordinate the production

of reactive power resources based on conventional large power stations [175]:

- Spain: a hierarchical and automatic voltage control with a regional SVR [71] [176] has

been designed but it seems not completely implemented at the moment.
- Switzerland: a centralized voltage/reactive power control is implemented [177].

- Belgium: a coordinate voltage control has been employed since 1998, a central control

has been preferred to a secondary voltage control [178].

- Germany: each TSO is responsible for voltage control in its own controlled area,
therefore a hierarchical system is not present. Each generating unit, if required, must
be able to carry out voltage and reactive power control within the area of the

respective network operator [179].

- France: a three level voltage control system has been implemented. Moreover a

coordinated secondary voltage control has been designed and is active [70].

- In North America historically enhanced voltage control has not been used, although

several examples of VAR support from RES power plants exists [180].

- Italy: Voltage hierarchical controls have been studied and developed in Italy starting
from the 1980s and several power stations where equipped with local regulators,
originally named REPORT and nowadays SART (Automatic System for Voltage
Regulation). Specifications of the SART apparatus are given in the Italian Grid Code
annex document A.16 [72] while in [181] a modern implementation is extensively

reported.

In [182] the main benefits recognized to a coordinated control of reactive power

resources are described.

Typically, voltage control is performed only on some pilot nodes of the network, the
ones that can most influence the voltage nodes of the same area. Checking voltages of
all selected HV nodes and acting simultaneously on all reactive power sources to

maintain the voltages in those nodes constant is considered impracticable.
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Therefore, a transmission power system is conveniently subdivided into subsets of
nodes (named “pilot nodes”) whose voltage variations can depend (at small signals) on
reactive power variations injected in the nodes. In a decentralized control scheme each

subset of nodes is controlled independently [183] [184].

3.3.1 HYV voltage control in Italy

Figure 63 represents the hierarchical structure of the Italian voltage control in HV

transmission network.
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Figure 63 - Schematic diagram of the voltage control hierarchical system [73]
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The Italian national transmission system was divided into three regions, each of which

was divided into areas; each area is characterized by a pilot node® [183].

SECONDARY
VOLTAGE
REGULATION

e (G| rerumLTY coreEremon
= cormroL PoET rLANT

Figure 64 - Identification of pilot nodes in Italy [185]

The voltage control system is organized into a hierarchical structure, formed by three
levels [72] [186]:

1. The first hierarchical level, the "Primary Voltage Regulation”, is constituted by the
Automatic Voltage Regulator (AVR) of each generator. It consists in the voltage

control of each generation unit acting on its excitation system.

2. The second hierarchical level, the "Secondary Voltage Regulation", consists in the
Regional Voltage Regulator (RVR) and in the various reactive power regulators
(SART) of each power plant (Figure 63, Figure 65).

2 Pilot nodes can be defined as the ones that for their connection features have a relevant
influence on the voltages of an area of the electrical network considered
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In particular:

- the RVR implements an outer voltage regulation loop: it regulates the voltage of
the "pilot node" of its area, acting on the reactive power production of the

controlled power plants of the same area.

Based on the voltage reference and the telemetry of the "pilot node", the RVR
processes a reactive power level signal gq;;,, (in the range [-1; 1]) common to all
the power plants of the area controlled. This level of reactive power signal is then

sent to the SART of each power plant.
- the SART translate the q;;, required by the RVR (or by the Busbar Voltage

Regulator BVR*), in a reactive power value to produce (Q,s) by each controlled
group’l. The Generator Reactive Power Regulators (GRPRs) implement a reactive
power control loop for each of the controlled groups, external to the voltage
control loop implemented by AVRs. The reactive level q,;, is then obtained acting

on the voltage reference (V,.f) of AVRs.

HV
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Figure 65 - Block Diagram of SART [73]

3. Lastly, Tertiary Voltage Regulator (TVR) establishes the pilot nodes voltage
references on the basis of the algorithms aimed at maximizing the reactive power

margins and minimizing the losses of the grid [183] [150] [73].

Each control cycle is dynamically decoupled.

3% To cope with the unavailability of q liv from the RVR, in addition to working in remote setting,
the SART can also operate by adjusting the voltage of the local HV busbar or of a neighbouring
network node.

31 The qy;, signal is multiplied by each generator reactive power limit (Q;;,,, +/ Q;;y, -) calculated
for each group in real time as a function of their capability curve and working point.
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The Italian case is interesting for the presence of two important aspects: there is a strong
penetration of not-dispatchable RES power plants (as described in paragraph 1.3.3)
while TSO implements an automatic hierarchical voltage regulation using production

plants as actuators.

Currently the SVR involves conventional power stations and hydroelectric power plants,
while most of new renewable energy plants are not involved. Introduction of RES,
regardless of their connection to MV or HV networks, can have consequences on voltage
regulation. As noticed in [73], existing SVR based on reactive power sources offered by
traditional fossil fuels power plants decreases its controlling capability when new RES
generators replace equivalent amounts of power from traditional thermal and

hydroelectric large plants.

It is therefore commonly accepted that RES power plants should not work at constant
unitary power factor, regardless the fact that they are connected to the transmission

network or to the distribution network.

Several proposal on the utilization of PV plants to voltage support are available: in [187],
the authors propose to modulate the reactive power for voltage control functionality and
bound the active power injected ramp whereas, in [188] authors propose to operate PV
power plants as STATCOM devices. The possibility to use the connected PV units in the
provision of the reactive power compensation ancillary service is shown in [189], which
discusses the well-known dynamic reactive power compensation obtained through

appropriate control scheme of power electronics devices [190].

Concerning Wind Farms, several voltage controls have been proposed in literature [191]
[192] [193]. An example of voltage control for wind generators emulating hierarchical

voltage control is shown in [194].

Furthermore, an interesting perspective is represented by "virtual power plants": a new
methodology for the management and control of electrical networks. It consists of
multiple generation facilities that are territorially distributed, connected and managed
through a virtual smart network (therefore combined in a single "virtual center") that
can be seen from the electrical grid as a single main service provider (energy and

capacity) and auxiliary services (regulations, reserves, etc.) [195] [196] [197] [198].
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3.3.2 Proposed control technique

As seen above, production plants based on RES are mainly connected to LV and MV
distribution networks, but a considerable number of plants is connected directly to the

HYV national transmission grid.

Paragraph 2.2.2.2 shows that for RES power plants directly connected to the HV network
a common technical specification for voltage control is not defined. A possible solution
could be the application of a modified version of the hierarchical control strategy already

used in the HV transmission network.

3.3.2.1 Definition and calculation

Large RES production power plants connected at HV level are generally constituted of
a cluster of multiple interconnected generators of medium or little size through an
internal MV network and having a single point of delivery (POD), as represented in
Figure 66. This topology is common for plants based on different RES (PV, wind, hydro,

etc.) and with different types of generators (static, synchronous, asynchronous, etc.).

POINT OF
DELIVERY

UPSTREAM
HETWORK

Figure 66 - Typical topology of a RES power plant connected to the HV level

The MV distribution network of the plant can be described, for the generic node k, by

the well-known power flow equations, as follows:

(p

| P, :ZVR Vi Yy cos(Ox — 0; — Vi)

{ =1 (3.21)
|k = Vk Vi Yii - sin(0x — 0; — Vi)
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Where:

P: active power;

Q: reactive power;

V: voltage magnitude;

Y: magnitude of admittance coefficients;
6: phase angle of voltage;

y: phase angle of admittance coefficients;
n: number of nodes of the network;

Linearizing (3.21) at a given operating point leads to the following matrix form in p.u.:

dp]

MiEE

where the partial derivatives matrices [ ] [ ] [ ] [ ] constitute the Jacobian matrix

[A6]
(3.22)

[Av]

and represent the link between the active and reactive power with the magnitude and
the phase angle of voltage at buses around the operating point. Matrix coefficients

embed information about the characteristic parameters of the lines of the network.

For the purposes of voltage control, active power variations are neglected ([Ap] = 0) and
only reactive power sources are utilized as actuators [172] thus equation (3.22) can be

simplified as:

[_ _ _]. 3_ @] (Av] (3.23)

Setting a working point of the system and solving the problem of power flow, it is
possible to obtain the equations describing the linearized system:

[Aq] = [A] - [Av] (3.24)
where [Aq] and [Av] are the vectors (n,1) of the reactive power and voltage variations,
respectively, and [A4] is a (n,n) matrix that defines the electric coupling between reactive

powers and voltage magnitudes.

Hence, generators are electrically coupled according to the matrix coefficients:

-1
[d_q _ [ﬂ .[d_P . d_P] (3.25)
dv dol Lde dv

—-91 -



Imposing a voltage variation at any network node, it causes a reactive power variation

in all n nodes according to the coefficients of the matrix [A]:

Aqy a;1 Ay Qi) [Avng
Agi|=|a1 aui Qin|-|Ay; (3.26)
Aqn an1  Qni Apn A'Un

Note that we assume that [A4] is full rank, as it is in most practical applications. The

discussion of idiosyncratic cases where [4] is singular is out of the scope of this study.

Furthermore, the voltage at the point of delivery is determined by the following

equation:

n

Av, = [S]- [Aq) = ) 5;+ Bqy (327)

i=1
where [S] is the vector (1,n) of the sensitivity coefficients dv/dq that combine the point

of delivery to all other nodes of the network.

That is, the reactive power variation achieved at different network nodes produces a

voltage variation at the point of delivery, depending on the relative coefficients dv/dgq.

Just to notice that the matrix [A] (n,n) and the vector [S] (1,n) can be also calculated
through a numerical sensitivity analysis, by fixing all network parameters, incrementing
the reactive power of each DG plant in turn and calculating the consequent voltage

variation [164].
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3.3.2.2 Voltage control scheme

The proposed control strategy is based on the hierarchical controller that has been
successfully implemented in some countries in HV networks [70] [71]. Such a control

scheme consists of an external and a cluster of internal controllers described below.

To control the voltage of a selected pilot bus (e.g. the point of connection with the
transmission network), a central control unit (Reactive Power Regulator - RPR)

coordinates the reactive power of each generator.

The control unit implements a reactive power regulation similar to the one of Secondary
Voltage Regulation (SVR) of the transmission grid [181]. In the Italian Grid Code that
device is called SART [72].

Figure 67 shows a synoptic scheme of the proposed control system.
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Figure 67 - Synoptic schema of Secondary Voltage Control

The control system receives the voltage reference from the network operator. The pilot
bus (as defined in SVR) is the POD of the RES generation plant.

An external voltage control loop (with a time constant T, of the order of tens of seconds),
implemented by the Busbar Voltage Regulator (BVR) computes a reactive power level

qiv (between -1 and +1)® [181]. The BVR is of the proportional-integral type.
The q,;;, signal is sent to the Reactive Power Regulator (RPR) and then multiplied by each

generator reactive power limit. The result is the vector of reactive power references,
namely Q,.r. Every value of the vector is compared to the actual value of each generator
reactive power Q. The vector of errors AQ is multiplied by the Dynamic Decoupling (DD)
matrix and sent to the Generator Reactive Power Regulators (GRPRs) [199].

The generator reactive power control loop is a Multiple-Input-Multiple-Output (MIMO)

system, constituted of several regulators, one for each generator all of the same type (i.e.

32 Tt is also possible to exclude the external voltage control loop and send a q;, reference signal

directly to the reactive power control loop.
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proportional-integral). The time constant T, of the reactive power control loop is of the

order of few seconds.

The GRPRs resulting control signals are the references of every generator AV,.; (in
Figure 67 these generators are represented as Static Frequency Converter SFC and

Synchronous Generators AVR).

The BVR and RPR regulator parameters are chosen to ensure dynamic decoupling
between the internal and external control cycle and also to obtain a time constant of the
voltage regulation cycle equal to about 50 seconds, as normally required in the

traditional production power plants connected in HV [72].

DGs have been modelled as “voltage actuators” in terms of a first order mathematical
model in d and g-axis coordinates. Time constantT, of voltage control loops is fast
enough compared to that one of the outer reactive power loop Tj (i.e. in the order of

tenths of a second), so that it can be assumed that AV; = AV, ...

This model is suitable to study the transient stability of the proposed hierarchical voltage
control coupled with a simplified RES generator model (Figure 68) [200]. Several studies
have been carried out on the possibility of controlling the reactive power of a Voltage
Source Converter (VSC) independently from active power. In [201] the transient
response of the reactive power to the change of reactive power reference is shown. The
results show also P and Q injection decoupling. A fast response for the reactive power

control can be found also in [202].

SEC / AVR
',dref i iy
Current T+sTd
set point | . ref .
controller| /g 1 "q

|

i . |
Vig |
|

|

Figure 68 - Distributed Generator model

As demonstrated in [203] [204] [205], this control technique can be applied to different
kinds of generation plants connected to HV networks (cluster of hydro power plants,
wind and PV farms) coordinated by a TSO voltage regulation. Moreover, the application
of a common control system for both traditional and RES power plants allow the

standardization of the dynamic response of all types of generators of the network.
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3.3.2.3 Dynamic Decoupling matrix

Starting from the inverse of the electric coupling matrix, it is possible to calculate the

Dynamic Decoupling matrix as follows:
[DD] = [A]™? (3.28)
[DD] is composed by the coefficients dv/dq and is defined by the following equation:
[Av] = [DD] - [Aq] (3.29)
The insertion of Dynamic Decoupling matrix makes it possible to greatly simplify the
control system: it compensate the mutual interactions, decoupling the MIMO reactive

power control loop into n Single-Input-Single-Output (SISO) loops, one for each

generator, all having the same transfer function [199].

Here after, some considerations focussing on the effect of the Dynamic Decoupling
matrix follow [206]. With this aim, two networks are considered, each shows a different
power plant topology and, hence a potentially different behaviour when coupled with
the secondary voltage controller. The configurations under study are depicted in Figure
69 and Figure 70.

The notation of cable typesis given in Table 27. Line length are indicated in Table 28 and
Table 29 respectively for Plant A and Plant B. The characteristics of the generators are
shown in Table 30 and Table 31.
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Figure 69 - Topology of plant A

- 905



N3

N1

RG7H1R NO

3x(3x(1x300mm?)) Cu
02 km

10 kv

L

0KV ——

C-01
10 kv

1,5 MVA

RG7H10ONR
3x240mm? Cu

4,5km

1

T

ARG7H10R
3x150mm? Al
1,1 km

T

10KV ——

C-03
10 kv
5 MVA

©

N2
10kV

c-02
10 kV

14 MVA

©

Figure 70 - Topology of plant B
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Table 27 - Cable types
Length
From Node To Node L [kem]
NO N1 0,02
NO N2 0,02
Table 28 - Line lengths - Plant A
Length
From Node To Node L [km]
NO N1 0,02
NO N2 1,1
N2 N3 4,5
Table 29 - Line lengths - Plant B
P \
Central Nod
entra ode [MVA] [V]
C-01 N1 1 10
C-02 N2 1 10

Table 30 - Characteristics of the generators - Plant A
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P v

Central Node [MVA] [1cV]
C-01 N1 1 10
C-02 N2 14 10
C-03 N3 5 10

Table 31 - Characteristics of the generators - Plant A

We first calculate the sensitivity coefficients dv/dq that correlate the POD (bus NO) to all
the other nodes of the grid. For the two examples, Table 32 and Table 33 show, the
influence on the voltage variations at POD of each generator. The higher the sensitivity,
the more a generator participates in the voltage regulation. Clearly, if sensitivity values
have similar magnitudes, then all the generators of a given power plant effectively

participate in the voltage regulation proportionally to their capacity.

dv/dq NO
C-01 0,777
C-02 0,777

Table 32 - Sensitivity Coefficients - Plant A

dv/dq NO
C-01 0,6345
C-02 0,6103
C-03 0,5933

Table 33 - Sensitivity Coefficients - Plant B

The Dynamic Decoupling matrices are represented in Table 34 and Table 35, constituted
by the coefficients dv/dq that bind generation nodes to each other.

dv/dq N1 N2
N1 0,7777 0,7770
N2 0,7770 0,7777

Table 34 - Dynamic Decoupling matrix - Plant A

dv/dq N1 N2 N3
N1 0,6362 0,6103 0,5933
N2 0,6083 0,6775 0,6551
N3 0,5943 0,6619 0,9565

Table 35 - Dynamic Decoupling matrix - Plant B

For each power plant, regulator coefficients and time constants are chosen to ensure
stability and a dynamic response with time scales comparable to those of traditional
power plants.

The first simulation has been conducted considering the topology of plant A in Figure
69. In this case, two generators with same capacity are connected to a common bus bar

and we assume that their reactive power production is different.
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Q[p.u]

Qlp.u]

At time t =50 s, the control system is switched on. The purpose of the RPR is to balance
the reactive power production of the two generators. Without the Dinamic Decoupling
matrix, the RPR can introduce reactive power oscillations. Figure 71 shows such
oscillations (all reactive power plots are in p.u. of 100 MVA), which are in antiphase,

thus indicating a reactive power loop between the generators.

Note that reactive power loops should be avoided as they mechanically stress
alternators, increase losses, interfere with voltage protections, and are seen as voltage

disturbances by loads electrically close to the generators.

It should be noted that, although the topology of the network and starting conditions
has been chosen to emphasize the coupling phenomenon, such asymmetric
perturbations occur every time the system is started up or whenever a generator is
inserted alone into the cluster. Figure 72 shows the effect of applying the same
perturbation to the system but considering the effect of the proposed Dynamic
Decoupling matrix. In this case, as expected, the transient evolution of reactive powers

and, thus, bus voltages do not show oscillations.
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Figure 71 - Reactive power response without Figure 72 - Reactive power response with Dynamic
Dynamic Decoupling matrix: network A Decoupling matrix: network A

Similar results are obtained with the power plant topology B. Figure 73 and Figure 74
show the response to a step of the voltage reference for network topology B respectively

without and with the inclusion of the matrix [DD].
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Figure 73 - Voltage and reactive power response Figure 74 - Voltage and reactive power response
for a step in reference voltage without the for a step in reference voltage with the Dynamic
Dynamic Decoupling matrix: network B Decoupling matrix: network B

The Dynamic Decoupling matrix provides positive effects on the robustness and the
dynamic stability of the power system: thanks to the absence of cross-dynamics even in
case of dissymmetrical conditions or disturbances, a stable operation is ensured [199].
Furthermore, at steady state each generator equally shares a quota of the reactive power

requested by the coordinating unit [199] [206].
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3.3.2.4 Traditional power plant

Figure 75 represents the network topology of a typical traditional power plant based on

fossil fuel and Figure 76 shows the equivalent electrical model.

@__é._

1

POINT OF

X5 DELIVERY
@—:— (POD)
2 .
Vy Zcc X
® —
R

X UPSTREAM
3 NETWORK

i

¢

Figure 75 - Typical topology of a traditional power plant

Comparing the topology of RES power plants (Figure 66) with the one of traditional
power plants (Figure 75), it is possible to note that the main difference is represented by

the presence of an internal MV distribution network in the RES power plant case.

Indeed, in the traditional power plant case, every generator is connected to the main
busbar, only through a transformer (named “generator transformer”), characterized by

a reactance x;;* [199].

So one can imagine that the traditional power plant is a subcase of the RES power plant
case, in which the internal distribution network is merely constituted by the reactances

of the generator transformers x;.

The electrical coupling of the generators is determined only by the reactances of the
generator transformers x;; and the equivalent reactance of the upstream network x,., as
clarified in [199].

In these perspective, it is possible to say that the network topology represented in Figure
66 for the RES case and its mathematical model constitute the general case: they can
describe a production power plant both based on RES and based on traditional fossil
sources. Therefore, also the application of the control strategy to the traditional power

plant results to be a particular case of the RES production power plant.

3 Whereas no transformer connects the single alternator to the main busbar, X,; is the
equivalent reactance introduced by the compound action.
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Figure 76 - Equivalent electrical model

In the traditional power plant case, referring to Figure 76, the relation between generator
voltage variations and reactive power variations can be expressed with the following

algebraic relations:

n

Avy = %y " Aqy + X ) 1Aqi
i=
) n
§ Avi =2 A+ xe ) Ag (3.30)
i=1
‘ n
Avy = Xxpn DGy + X ] 1ACIi
i=

Where quantities are expressed in the common per unit system, and:
- Xy is the reactance of the i-th generator transformer;

- X is the equivalent reactance of the upstream network;

v; is the voltage at the terminals of i-th generator;
- q; is the reactive power of the i-th generator;
- vy is the voltage at point of connection with the transmission network;

Expressed in matrix form, equation (3.30) becomes:

Av, [xtl + X Xce Xce ] Aqq
Avi| = I Xee Xt T Xec Xce I Ag; (331)
Av, l Xee Xee Xen + xCCJ Aqy

The result is that for a traditional electric plant the elements of the Dynamic Decoupling

matrix are clearly defined by the reactances x;; and x.. [199], as follows:

Xee if i#j
Xep +xee I 1=

DD, = | (3:32)
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= Steady state regime with and without Dynamic Decoupling matrix

The traditional power plant case allows to understand more intuitively the effect of the

Dynamic Decoupling matrix in the steady state regime.

Let us consider the following assumptions:

1. the power plant consists of two same size generators;

2. AVRs dynamic is fast enough comparing to that one of the outer control loop (Av; =
AV yef).

The busbar voltage depends on voltage at the terminals of i-th generator v;, through the

following algebraic relation:

v, Uy | Ve
Xt1 X2 Xec

Up = 1 1 (3.33)
Xe1 | Xep | Xec
Written in terms of variations, (3.33) becomes:
Av, , Avy
x x
Moy =4 (3:34)
Xe1 | Xz Xec
Xg2X Xp1X
Avy, = Av, ( t2Xcc ) Av ( t1Xcc ) (3.35)
Xt1Xt2 + Xt1Xce + Xe2Xcc Xt1Xt2 + Xt1Xce + Xt2Xec

Neglecting resistive currents, the variation of reactive power generated by the i-th
generator due to single node voltage variations Av;, can be expressed by the following
simplified expression:
Av; — Ay,
Aqi = —— (3.36)
Xti
For generator 1, equation (3.36) becomes:

Avl - Avb

IR

Aq, (3.37)

Xt1

Then substituting (3.35) in (3.37), one obtains:

Av Xep X X
Agy = 2. (1 - t2¥ec ) v, ( ce ) (3.38)
Xt1Xt2 + Xt1Xce + Xe2Xce Xe1X¢e2 + Xt1Xcce + Xt2Xcce

Xip + X X
Agy = Av, - ( 2 T Xee ) — A, - ( cc ) (3.39)
Xt1Xt2 T X1 Xce T Xe2Xec Xt1Xt2 T X¢1Xee T Xe2Xcc

Similarly, for generator 2:

Xy + X X
Ag, = Av, - ( b “ee ) — Av, - ( i ) (3.40)
Xt1Xt2 + Xt1Xcce + Xt2Xcc Xt1Xt2 + Xt1Xcc + Xt2Xcc
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Written in terms of matrices:

|Aq| = |A] - |Av]
1 (3.41)
Where:
[ Xep + Xee _ ]
X¢1Xe2 + Xe1Xee + Xp2Xec Xe1Xe2 T Xe1Xee + XeaXec
1A] = | | (3.42)
| _ xCC xtl + xCC |
l Xt1Xt2 T Xe1Xee T Xe2Xee X1 X2 T Xp1Xee + XeaXee J
On the basis of the second hypothesis equation (3.41) can be written as:
|ACI| = |A]- |Avref|
( . Xtz t Xee Xcc
I Aql - + + Avlref - + + vzref
Xt1Xe2 T Xp1Xee T Xe2Xec Xt1Xe2 T Xp1Xee T Xe2Xec
4 (3.43)
| X X + X
kAqZ - — cc Avlref + t cc szref
Xe1Xe2 T Xp1Xoe T Xe2Xec X¢1Xe2 T Xe1Xce T Xe2Xec

Without the matrix [DD], Av,_, y and Av, y will be the same, because the controller will

divide equally (according to the generators capability) the total reactive power required.

Avref = Avlref = szref
Equations (3.43) becomes:
Xt2
Agq = Av
! Xt1X¢2 + Xt1Xce + Xt2Xce ref
(3.44)
Xt1
AqZ = Avref

Xe1X¢e2 + Xt1Xcc + Xt2Xcc

Therefore, substituting the second equation in the first one of (3.44), it is obtained:

X Xi1Xin + Xp1Xpe + Xpo X
AC[1 — t2 qu_ t1-t2 tl'cc t27cc (3'45)
X¢1Xe2 T Xe1Xce + Xe2Xee X1
Xt2
Aqy = — +Aqq (3.46)
Xt1

It is clear that if x;; # x;,, than there will inevitably be Aq; # Aq,. Therefore, in response
to a variation of Av,.f, the two groups will inject/absorb reactive power as a function of

the reactance seen from their terminals.
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Moreover, the system can be described by the following equations:

Avy = x¢q - Aqy + X - (Aqy + Aqy)

(3.47)
Avy = x5 - Aqy + xcc - (Aqq + Agy)
On the basis of the second hypothesis equation (3.47) can be written as:
Avlref = (Xp1t+xee) * Aqrt xec - Aqy
(3.48)
szref = Xee " Aqy + (X +xec) - Aqy
|Avref| = |DD| - |AQ| (3.49)
With:
Xe1 + Xec Xcc
|DD| = (3.50)
Xce Xtz T Xcc

Comparing (3.42) with (3.50), it results that:

IDD| = |A|™!
Therefore, it is evident that introducing matrix [DD], a compensation of the AVRs
voltage references (Avy,,, and Avy,,.) s implemented, ensuring that Ag; = Ag,

independently of their electrically coupling.
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Chapter 4.

Case studies and results

This chapter presents the simulation results carried out on some electrical testing

networks, implementing the control techniques described in the previous chapter.

41  Case studies for power generation plants connected to the
MYV and LV distribution networks

4.1.1 Application of control techniques proposed in Italy by the recent
connection rules (CEI 0-16 CEI 0-21)

4.1.1.1 IEEE 37-bus

A modified version of the IEEE 37-bus distribution system [207] is used for testing the
effects of the voltage control logics of DGs described in paragraph 3.2.6. Figure 77 shows
the topology of the IEEE 37-bus network. The same network has been already used to
test voltage control strategies in [151] [149].

The IEEE 37-bus network includes four types of cables whose data are based on [208].
The line styles used in Figure 77 refer to the four cable types illustrated in Table 36. Line
lengths have been augmented from the original ones described in [207] in such a way
the technical rules about voltage control are actively applied (i.e. at least a voltage of 1.05

V, is reached). All line length changes are indicated in Table 37.

722
712 o—e 707
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742 I 713 704 720
—————— *———- —————
705 T 702
720 744 | 14 ¢ 706
————.—+ 703
727 i
{ 718 @ 725
@ 728 ?73‘3
|
732 708 | 208
.—’————#———0 731
1
i i
736 °
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I
710 734 @ L
I
735 ‘ _ °

@ 737 738 711 741

Figure 77 - IEEE 37-bus MV test system [207]
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Line code R L Rate
[Q/km] [mH/km] [A]
WWW (701) 0,065 0,567 698
== (722) 0,128 0,637 483
- - (723) 0,478 0,783 230
—— (724) 0,957 0,853 200
Table 36 - Cable data for the IEEE 37-bus network
From bus To bus OLn[ilr::?l l\{ofl(llfrlsd
701 702 0,293 1,0
702 705 0,122 0,122
702 713 0,110 1,0
702 703 0,402 1,0
703 727 0,073 0,073
703 730 0,183 1,0
704 714 0,024 0,024
704 720 0,244 0,244
705 742 0,098 0,098
705 712 0,073 0,073
706 725 0,085 0,085
707 724 0,232 1,0
707 722 0,037 0,037
708 733 0,098 0,098
708 732 0,098 0,098
709 731 0,183 0,183
709 708 0,098 0,098
710 735 0,061 1,0
710 736 0,390 0,390
711 741 0,122 0,122
711 740 0,061 0,061
713 704 0,158 1,0
714 718 0,158 0,158
720 707 0,280 1,0
720 706 0,183 0,183
727 744 0,085 0,085
730 709 0,061 1,0
733 734 0,171 0,171
734 737 0,195 0,195
734 710 0,158 0,159
737 738 0,122 1,0
738 711 0,122 0,122
744 728 0,061 0,061
744 729 0,085 2,0
799 701 0,564 3,0

Table 37 - Cable lengths
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Loads have been expressed using static PQ constant models. DGs have been connected

to selected buses as proposed in [209].

The rated capacity of the DGs is shown in Table 38. Without loss of generality all DGs

are assumed to be solar photovoltaic (PV) energy resources.

. Rated Capacity
DG unit Bus [MW]
DGl 735 0,70
DG2 738 1,40
DG3 720 0,60
DG4 724 1,00
DG5 729 1,40

Table 38 - MV test network DGs data

There are various models for inverter-based generators. The model adopted in this case
study is a simplified d-q axis current control based on first order lag transfer functions
as proposed in [210] and [211].

The qualitative control scheme of DGs is shown in Figure 78. The control scheme has
been completed with the inclusion of the voltage control logics discussed in paragraph
3.2.6. The logics are basically if-then loops that allow the definition of the value of Qs
based in the current value of P..r. We assume that P, is the available active power
production resulting from the MPPT control of PV generators. We also assume that there

are no restrictions on the active power output of DGs.

i 1
P ld refr
4 Currents 1+5T, || g, i

set point NETWORK
— .
Quer controller g rer 1 ‘
1+sT,
~
V., 0 Converter

Figure 78 - Model used for PV energy resources [210]

Active power profiles have been obtained from experimental data of some PV panels
located on the roof of some buildings of the University of Trieste, Italy. Figure 79, Figure
80 and Figure 81 show a typical daily voltage profile of the point of connection of a PV
device and refer to the voltage at bus 735 of the proposed case study. In particular, Figure
79 shows the profile resulting by not applying any control, i.e., imposing a unity power
factor, whereas Figure 80 shows the effect of the reactive power control. Figure 81 shows

the effects of the application of the power factor control law.
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Figure 79 - Daily voltage profile at node 735 with unity power factor
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Figure 80 - Daily voltage profile at node 735 with Figure 81 - Daily voltage profile at node 735 with
reactive power control power factor control

In Figure 82 three different voltage profiles for the network are shown. The red line is
obtained with the produced maximum active power injection in the five DGs operating
without any voltage control. The cyan dot-dashed line is obtained applying the reactive

power control, while the green dashed line is with the power factor control.

1.12

yoltage Plrofilg

NES! M
KT *L ol
:

1.0 ,‘-.-.--,-\.g-.j.gu-‘.-.‘\' e R A B B TR

D'gao T‘ é é '-" é 1‘1 1‘3 1‘5 17
Distance [km)]

Figure 82 - Voltage profile for the test network IEEE 37-bus: radial branch to node 735 (DG1)
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For all three cases the load has been kept at the constant value reported in [207] and the
active power considered is at the maximal irradiation time during the day. There is no
node that exceeds the value of 1.1V,. The voltage level is beyond the standard
contractual limits agreed for all load buses. Moreover, DGs should automatically
disconnect from the grid if the voltage exceeds 1.1 V, (i.e. loosing active power
production). Both control strategies avoid overvoltage keeping voltage in the limits and

show very similar effects on the bus voltage profile.

All simulations have been carried out using DOME [88] - described in Appendix A1.2.
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4.1.1.2 Actual real-world distribution network

In this paragraph, an actual real-world distribution network is used to analyze the
application of the local rules described in paragraph 3.2.6 [212]. The network topology
is depicted in Figure 83. This network has been chosen in the present work mainly

because of the high penetration of currently installed and planned DGs.

Moreover, the considered grid shows several voltage levels, i.e., 10, 20, 110, and 132 kV.
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Figure 83 - Real-world grid used in the case study

The line styles used in Figure 83 refer to the seven cable types illustrated in Table 39.

Line Graphic R 1 C
Type symbol [Ohm/Km] | [mH/Km] | [uF/Km]
Type 1 —coa=m 0,047 0,315 0,390
Type 2 ——0 0,075 0,350 0,320
Type 3 0,124 0,350 0,270
Type 4 HHHHHH 0,125 0,318 0,330
Type 5 ANAA 0,206 0,350 0,270
Type 6 ——-— 0,387 0,413 0,180
Type 7 0,524 0,446 0,170

Table 39 - Cable data for the Actual Real-World distribution network
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= Scenario I: low power generation

Network has been simulated in a typical operating condition in 3 different cases:

- not applying controls, i.e., imposing a unity power factor to installed generators;
- applying the power factor control;

- applying the reactive power control.

DGs data are shown in Table 40. Active and reactive nominal load powers for each node
of the network are shown in Table 41: this can be considered as maximum load for the

network. Minimum load conditions have been chosen as 10% of the nominal power.

Bus P gen
[kW]
Al3 780
Al4 321
Al5 137
A67 0
B32 997
B33 1566
B34 999

Table 40 - DGs data for Scenario I

Results of the simulations are shown in Figure 84, three branches with DG have been
chosen: the blue line is the voltage profile for branch B25 to B35; the red line is the voltage
profile for branch A84 to A13; finally, the green line is the voltage profile of branch A09
to AF69. Two different conditions have been simulated: dashed line is without DG and
minimal load, while solid line is with nominal DG and minimal load.

Voltage Profile
1.02 . . ‘
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Figure 84 - Voltage profiles for three branches: solid line (with DG), dashed lines (without DG)

It is worth noting that voltage profiles do not change even if the power factor control or
the reactive power control are implemented. This is due to the fact that the lock-in
voltages (i.e., the thresholds to trigger the controls) in this particular case are never

reached: the values of the voltages do not exceed the permissible limits. The most critical
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branch is line B25-B35, where there are three generators. According to previous
simulation results, cables appear well dimensioned for the actual level of DG penetration

as voltage rise is relatively low (i.e., less than 1.5%).

The direct consequence is that the application of reactive power control produces no
appreciable results and in addition, voltage rise is so small that the application of

reactive power control is not enabled.

Bus P load Q load Bus P load Q load
[kW] [kVAR] [kW] [KkVAR]
A02 53 26 BO1 89 45
A03 72 36 B09 72 36
A04 48 24 B25 57 29
A06 1 0 B26 56 28
A07 4 B27 151 76
A08 70 35 B28 0 0
A09 100 50 B29 11 5
A10 1 0 B30 96 48
All 0 0 B35 5 3
Al2 6.880 3.440 B37 41 20
A32 15 8 B39 80 40
A33 3 1 B40 56 28
A67 0 0 B41 30 15
A69 57 29 B42 97 48
A70 5 3 B43 110 55
A71 84 42 B44 54 27
A73 1 0 B45 85 43
A75 190 95 B46 124 62
A76 8 4 B47 171 86
A77 7 3 B48 80 40
A79 16 8 B49 53 27
A80 104 52 B50 29 15
A81 56 28 B51 22 11
A84 3 2 B52 37 19
A86 54 27 B53 49 24
A87 1 0 B54 56 28
A88 26 13 B56 17 9
AF69 10 6 B673 78 5
B773 1.000 600
B78 33 17
BI1 10 5
B93 40 20
B99 31 16
F1 0 0

Table 41 - Loads data
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It can be shown that if V, is the threshold (expressed in percentage of the nominal
voltage) that has to be exceeded for the control to be activated, then there is a minimal
length of the line:

bt = Ve 4.1

InaxV3 R

Where:
-V, is the nominal voltage of the line;
- Imax the ampacity of the line (maximum current);

- R the resistance, in Ohms/km.

If the length of the line is lower than [,,;,, constraints on the maximum current
transportable intervene before the constraints on the line voltage. As an example for line
A05-A14, of Type 3 as in Table 39 (150 mm? copper), for a threshold of 5% the length of
the cable should be of at least 14 km.

* Sensitivity matrix

Based on sensitivity analysis, one can observe that voltages of nodes Axx do not depend
on generators on nodes Bxx and vice-versa. Moreover, for each generator, one can define
the nodes with maximum sensitivity to the power production of that generator. The
results of sensitivity analysis are summarized in the following matrix, which shows the

most sensitive nodes to the active power of each generator:

[Avg157  10.0564 0 0 0 0 0 [ApPa1s]
Avye; 0 0.2299 0 0 0 0 Apae7
Avpzy 0 0 0.8725 0.8287 0 0 Appzs
Avgss|=| 0 0 0.8279 0.8290 0 0 |*|Apgss
Avggz 0 0 0.8043 0.8054 0 0 Ap332
Avyis 0 0 0 0 0.1229 0 Apaiz
[ AV, 0 0 0 0 0 0.0179! [Ap,,,]

As expected, the most critical generators are the ones connected to nodes B34, B33 and
B32. Generators at nodes Al4 and A15 have very little impact on voltages being very
short to the bus bar.

* Scenario II: high power generation

The study of sensitive matrices highlights most of the critical nodes of the network. In
particular, DGs that contribute mostly to voltage rise phenomenon on different nodes

can be recognized.

According to such considerations, we impose a substantial increase of the active power
produced by installed DGs. With this aim, all generators powers have been multiplied
by 5 (DGs data are indicated in Table 42). However, as discussed above, the power

increase does not affect the voltage rise of most generators.
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Simulations results are shown in Figure 85: the voltage profiles of the three branches
B25-B35 (red line), A84-A13(blue line) and A(09-F69 (green line) are shown without any
voltage control (solid line) and with power factor and reactive power regulation
(respectively dash-dot and dashed lines: almost unnoticeable as shown also in [89]).
Increasing the active power injected by DGs, voltage rise becomes remarkable only for
those generators far from the bus-bar. For branches A84-A13 and A09-F69 none of the

voltage control logic functions are activated.

Bus P gen
[kW]
Al3 3900
Al4 1605
Al5 6865
A67 0
B32 4985
B33 7830
B34 4995

Table 42 - DGs data for Scenario 11

1.08

Voltage Profile

Vip.u]

Distance [km]

Figure 85 - Voltage profile for maximum DG
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4.1.2 Application of the centralized control technique proposed

This section shows the beneficial effects obtained by implementing an adequate
adjustment of reactive power supplied by generators according to the control technique
proposed in paragraph 3.2.7.

All simulations have been carried out using PSAT [213] [214] - described in Appendix

A1.1. In particular, tests were conducted on a MV radial distribution network, consisting

of 17 nodes [149]. Its topology is represented in Figure 86.

HV Grid
11
17 =
~ e B ER
13
15 4
12
14 >
11 —
== G
|| |
10] 9] 8| 7

=

Figure 86 - Diagram of the test network

Generators: The network has three DG units (listed in Table 43).

. Active power
DG unit Node [MW]
DG1 17 5
DG2 7 2,2
DG3 13 2

Table 43 - Generators data
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The data of the electrical lines are presented in Table 44.

From bus To bus Length Resistance Inductance
[km] [Q/km] [mH/km]
1 2 0,942 0,125 0,493
2 3 0,810 0,125 0,493
3 4 0,266 0,125 0,493
4 5 0,642 0,125 0,493
5 6 0,809 0,206 0,608
6 7 0,266 0,206 0,608
7 8 1,000 0,125 0,493
8 9 1,200 0,125 0,493
9 10 1,126 0,206 0,608
10 11 0,378 0,125 0,493
11 12 0,935 0,519 1,957
12 13 0,595 0,519 1,957
11 14 0,640 0,206 0,608
14 15 0,400 0,206 0,608
15 16 1,500 0,519 1,957
16 17 2,000 0,519 1,957

Loads: All loads are equal and absorb 400 kVA each with an inductive power factor

equal to 0.85.

Control nodes: The nodes chosen for voltage control are nodes 7, 11, 17 and therefore

with M = N; = 3 (number of nodes equal to the number of generators).

Network sensitivity matrices: as already described in paragraph 3.2.7., in order to cancel
the gap between the two voltage profiles, the proposed control technique provides for

the calculation of two matrices of sensitivity [B] and [C]. With reference to equation (3.20)

one can obtain the matrix [A].

The matrices are shown below:

10.152
0.303
10.874

[0.372
0.743

12.078

—0.428
[A] =] 0.020
—0.020

0.169
0.171
0.171

0.392
0.395
0.397

0.001

—0.430

0.003

Table 44 — Cable data

0.162]
0.324
0.3251

0.382]
0.764
0.767

0.000
0.000
—0.424
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= Voltage Profile Analysis

Through power flow calculations, the steady-state network profiles have been analysed.

The results are reported in Figure 87.
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Figure 87 - Voltage profile

The black circles represent the nodes selected for the control (7, 11 17).

The red line represents the profile of the voltage to its original condition, that is in the
absence of DG (Table 45). The values of the voltages at the nodes of the network

decreases as one moves away from node 1 (representing the primary station), due to the

voltage drops caused by the active power absorbed by the loads.

The blue line represents the profile of the voltage under the conditions disturbed by the

DG unit Bus Active Power | Reactive Power
[MW] [MVAR]
DGI1 17 0 0
DG2 7 0 0
DG3 13 0 0

Table 45 - Original Condition

increase of active power of DGs, as shown in Table 46.

DG unit Bus Active Power |Reactive Power
[MW] [MVAR]
DG1 17 5 0
DG2 7 2,2 0
DG3 13 2 0

Table 46 - Perturbed Condition
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Finally, the green line represents the voltage profile under controlled conditions,
applying the proposed control strategy: the various generators on the network are
required to produce or absorb a certain reactive power for the mitigation of the voltage

rise. Such values are given in Table 47.

DG unit Bus Active Power |Reactive Power
[IMW] [MVAR]
DG1 17 5 -2,134
DG2 7 2,2 -0,948
DG3 13 2 -0,813

Table 47 - Controlled Condition
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4.1.3 Concluding considerations on voltage control techniques for DGs
connected to MV and LV distribution networks

From previous simulations, it can be inferred that voltage control techniques based on
Reactive Power Regulation allow the reduction of the typical voltage rise experimented

by radial networks, that were not planned to include active power generation.

It can be seen that the voltage control logics proposed in Italy by the recent connection
rules are effective. With this regards, the power factor control logic (cos ¢ = f(P)) and
the reactive power control logic (Q = f(V)) show very similar effects on the bus voltage

profile.

In the particular case of the real-world distribution network analyzed in paragraph
4.1.1.2, the lock-in voltages (i.e., the thresholds to trigger the controls) are never reached.
Cables appear well dimensioned for the actual and futurable level of DG penetration as

the voltage rise is relatively low.

Control logics reported on new regulations can be never activated (while the installation
is mandatory) and in some cases it concerns only DGs positioned in weak areas.

Therefore, it can be considered in someway unfair.

The logics can be classified as local strategies. On the other side, the proposed control
technique can be applied together with a coordinated communication architecture:
its implementation requires the development of hardware and software platforms in

distribution networks (a strong interaction with the ICT world is essential).
One can infer that the presented algorithm is effective and simple to be realized.

Matrix [A] strongly depends on the R/X ratio of the cables in the feeder: too high values
of R/X ratio determines very high values in [A] coefficients and thus high values of
reactive power to be injected/absorbed by DGs. In this case to mitigate voltage rise a
network reinforcement is needed (i.e. an increase in conductor size to reduce the

resistance).
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4.2  Case studies of power generation plants directly connected
to the HV transmission network

This section presents the simulation results performed on some real-world RES
distributed generation plants, directly connected to HV transmission system, based on
different primary sources (PV, wind, hydro, etc.) and with different types of generators

(static, synchronous, asynchronous).

DG plants based on RES are typically constituted by a cluster of multiple interconnected
generators. The generators form a local MV network that is connected to the

transmission system through a single point of delivery (POD).

For these particular RES configurations, the study analyses the application of the
hierarchical control strategy described in paragraph 3.3.2.

All simulations have been carried out using DOME [88] - described in Appendix Al1.2 -

and network components have been modelled as in [89].

Table 48 provides a legend of the symbols used in the schemes.

Graphic symbols Description

Zec Short-circuit impedance of the
upstream network

Generator

Transformer

O
é%) Three-Winding Transformer
V Load

B — Line/CabIe
—— Bus
—_I[: Capacitor

Table 48 - Legend of symbols used
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4.2.1 Photovoltaic case

The proposed regulator is applied to a real-world PV power plant with a nominal peak

power of 46,8 MWp, connected to the HV transmission grid [205]. The topology of the

power plant is represented in Figure 88 and the line styles used refer to the two cable

types illustrated in Table 49.
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Figure 88 - Plant topology
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The plant consists of 82 photovoltaic fields, connected to a same number of centralized

(i.e. equipped with a unique MPPT) inverters. The LV inverter outputs are raised to 20kV

via transformers, installed in 45 “inverter stations”

(Table 50).
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Line Tvpe Graphic R X c
yp symbol | [Ohm/Km] | [Ohm/Km] | [uF/Km]
RG7HI1R
3x1x240mmg I 0,075 0,11 0,32
RG7HIR
3x1x120mmq B 0,153 0,12 0,25
Table 49 - Cable types
Inverter Pn Pn PV Inverter Pn Pn PV
Station Inverter modules Station Inverter modules
[KVA] [kWp] [KVA] [kWp]

1.1.1 2 x 500 1143 1.2.1 2 x 500 1143
1.1.2 2 x 500 1143 1.2.2 2 x 500 1143
1.1.3 2 x 500 1143 1.2.3 2 x 500 1143
1.14 2 x 500 1143 124 2 x 500 1143
1.1.5 2 x 500 1143 1.2.5 2 x 500 1143
1.1.6 2 x 500 1143 1.2.6 2 x 500 1143
2.1.1 2 x 500 1143 221 2 x 500 1143
2.1.2 2 x 500 1143 222 2 x 500 1143
2.1.3 500 549 223 500 567
2.1.4 2 x 500 1143 224 2 x 500 1143
2.1.5 2 x 500 1143 225 2 x 500 1143
2.1.6 2 x 500 1143 2.2.6 2 x 500 1143
3.1.1 500 567 3.2.1 2 x 500 1143
3.1.2 2 x 500 1143 3.2.2 500 567
3.1.3 2 x 500 1143 3.2.3 2 x 500 1143
3.1.4 2 x 500 1143 3.24 500 567
3.1.5 2 x 500 1143 3.2.5 2 x 500 1143
41.1 500 567 421 2 x 500 1143
412 500 567 422 2 x 500 1143
4.1.3 2 x 500 1143 423 2 x 500 1143
4.1.4 2 x 500 1143 424 2 x 500 1143
4.1.5 500 567 42.5 2 x 500 1143

42.6 2 x 500 1143

Table 50 - Inverter Stations

The output of each inverter station is parallel connected with the output of the nearby
station forming four groups which are connected to a “central station” from where four
MV circuits are sent to a “transforming station”. All line lengths are indicated in Table
51.
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From Length
Node To Node L [Ii]
NO CS.1 1416
C.Si1 1.1.1 358
1.1.1 1.1.2 394
1.1.2 1.1.3 175
1.1.3 1.1.4 175
1.1.4 1.1.5 175
1.1.5 1.1.6 608
C.Si1 1.2.1 358
1.2.1 1.2.2 484
1.2.2 1.2.3 175
1.2.3 1.2.4 175
1.2.4 1.2.5 160
1.2.5 1.2.6 209
NO CS.2 876
CS.2 2.1.1 224
2.1.1 2.1.2 160
2.1.2 2.1.3 397
2.1.3 2.14 175
214 2.15 175
2.15 2.1.6 402
CS.2 2.2.1 155
221 222 175
222 2.2.3 368
2.2.3 224 237
224 225 180
225 2.2.6 263

In the transforming station the four circuits are parallel connected to the MV side of a
transformer that raises the voltage up to 132kV, that is the nominal voltage of the
transmission line where the PV plant is connected. The equivalent inductance of the
upstream network (x..) is equal to 0.222 p.u. (having set the voltage base V},, equal to
132kV and the power base A, equal to 100MVA).

Based on sensitivity analysis, it appears that the influence of different generators on

voltage variations at the point of delivery is almost alike: the coefficients dv/dq that

Table 51 - Line lengths

From Length
Node To Node L [1%1]
NO CS3 142
C.S.3 3.1.1 397
3.1.1 3.1.2 317
3.1.2 3.13 314
3.1.3 3.14 409
3.14 3.15 1040
CS3 3.2.1 340
3.2.1 3.2.2 175
3.2.2 3.2.3 412
323 324 201
324 325 72
NO CS4 185
CS4 4.1.1 214
4.1.1 4.1.2 245
4.1.2 4.1.3 98
4.1.3 4.1.4 270
414 4.1.5 582
CS4 421 59
4.2.1 422 90
422 4.2.3 98
4.2.3 424 278
424 4.2.5 98
4.2.5 4.2.6 206

combine the POD to the other nodes of the network are approximately equal to 0.236.

Therefore, this case study is similar to the classical case of the application of SART in

conventional power plants (single busbar). In other words, all generators participate in

voltage regulation.
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= Simulation results

Simulations have been carried out assuming an initial POD busbar reference voltage
(Vres) equal to 1.001 p.u. and same reactive power injections from all generators. At
time t=500s a step to the reference voltage is applied (the new value set for vg, is equal

to 1.03 p.u); consequently, the regulator imposes a new value of reactive power to be

supplied by generators.

Figure 89 shows the voltage profile in p.u. at the point of delivery. Figure 90 reports the

trend of the reactive power delivered by the generators expressed in p.u. of their nominal

power.
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Figure 89 - Voltage profile at the point of delivery (in p.u.)
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Figure 90 - Reactive power profile of generators (in p.u.)
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14 wind turbines of 2 MW rated power, constituted by asynchronous generators
interfaced each one with a frequency converter. The output voltage is 690 V;

a distribution network, realized with cable ARE4H1R 12/20 and

The wind farm considered in this paragraph is a 28 MW plant composed of the following
14 transformers (0,69/20kV) placed inside wind towers;

- atransformer substation (20/150kV), which is the point of connection to the HV grid.

4.2.2 Wind farm case
main elements [204]:
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The network topology is depicted in Figure 91. The turbines are divided into 4 groups

connected by 4 lines:

Group 1 (line 1): wind turbines (T15, T13, T14, T11).
Group 2 (line 2): wind turbines (T5, T2, T1, T3).
Group 3 (line 3): wind turbines (T10, T8, T7, T9).
Group 4 (line 4): wind turbines (T4, T6).

The line styles used in Figure 91 refer to the three cable types illustrated in Table 52 and

all line lengths are indicated in Table 53. The characteristics of the transformers are

shown in Table 54.
. Graphic R X C
Line Type
symbol [Ohm/Km] [Ohm/Km] [pF/Km]
ARE4H1R
1 12 2
3x(1x95)mmgq = 0,319 0, 0,23
ARE4HIR
3x(1x240)mmq ¥ — 0,127 0,11 0,33
ARE4H1R
3x(1x400)mmq ) 0,083 0,098 0,40
Table 52 - Cable types
Length
From Node To Node L [kem]
NMT-SSE N11 2,13
N11 N14 4,305
N14 N13 0,495
N13 N15 0,835
NMT-SSE N6 0,775
N6 N4 0,465
NMT-SSE N9 0,295
N9 N7 1,12
N7 N8 0,75
N8 N10 0,505
NMT-SSE N3 2,385
N3 N1 0,81
N1 N2 1,1
N2 N5 0,42
Table 53 - Line lengths
T P V1 V2 Vk Vr
e
YPe MIMVAT | VI | kVI | %] [%]
MT/AT 33 20 150 17,6 0,394
BT/MT 2,05 0,69 20 7 0,87

Table 54 - Characteristics of the transformers
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The equivalent inductance of the upstream network (x..) is equal to 0.0513 p.u. (having
set the voltage base V},, equal to 150kV and the power base 4,,, equal to 100MVA).

Coefficients dv/dq that combine the POD to all other nodes of the network are expressed
in Table 55. The Dynamic Decoupling matrix is represented in Table 56.

Node dv/dq
N1 0.0515
N2 0.0515
N3 0.0515
N4 0.0515
N5 0.0515
N6 0.0515
N7 0.0515
N8 0.0515
N9 0.0515

N10 0.0515
N11 0.0515
N12 0.0515
N13 0.0515
N14 0.0515

Table 55 - Sensitivity Coefficients dv/dq

DD | N1 N2 N3 N4 N5 Ne6 N7 | N8 N9 | N10 | N11 | N12 | N13 | N14

N1 |3.553|0.298 | 0.277 | 0.221 | 0.298 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221

N2 |0.297 | 3.573 | 0.276 | 0.220 | 0.328 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220

N3 |0.2770.277 | 3.537 | 0.221 | 0.277 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221

N4 |0.221|0.221 | 0.221 | 3.520 | 0.221 | 0.243 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221

N5 |0.297 | 0.328 | 0.276 | 0.220 | 3.583 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220

N6 |0.221|0.221 | 0.221 | 0.244 | 0.221 | 3.509 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221

N7 |0.221]0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 3.522 | 0.258 | 0.228 | 0.258 | 0.221 | 0.221 | 0.221 | 0.221

N8 |0.221|0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.257 | 3.536 | 0.228 | 0.279 | 0.221 | 0.221 | 0.221 | 0.221

N9 |0.222|0.222 | 0.222 | 0.222 | 0.222 | 0.222 | 0.229 | 0.229 | 3.500 | 0.229 | 0.222 | 0.222 | 0.222 | 0.222

N10 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.257 | 0.279 | 0.228 | 3.548 | 0.221 | 0.221 | 0.221 | 0.221

N11 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 0.221 | 3.532 | 0.271 | 0.271 | 0.271

N12 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.269 | 3.627 | 0.381 | 0.395

N13 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.220 | 0.270 | 0.382 | 3.618 | 0.382

N14 | 0.219 | 0.219 | 0.219 | 0.219 | 0.219 | 0.219 | 0.219 | 0.219 | 0.219 | 0.219 | 0.269 | 0.395 | 0.381 | 3.646

Table 56 - Dynamic Decoupling matrix
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Starting from an operating condition in which all generators are working at the same
state (same reactive power injected equal to 0.1 p.u.) and voltage at the point of delivery
is equal to 1.0254 p.u., a first simulation has been conducted applying a step to the POD

busbar reference voltage (vpref): the new value set for vg,. is equal to 1.03 p.u..

The results of the simulations are shown in Figure 92 and Figure 93. The trends of the
reactive power delivered by the generators are expressed in p.u. in respect to their

nominal power.

v [p.u.]

1 I
0 100 00 300 400 500 600
Time [s]

Figure 93 - Reactive power profile of generators (in p.u.)

Afterwards, starting from a hypothetical situation, in which all the generators are under
different conditions (different reactive power injected), the intervention of the regulator
was simulated. From Figure 94 one can appreciate how the control system brings all

generators to produce the same level of reactive power, without mutual interference.

| 1 | |
0 20 4 60 80 100 120 140 160 180 200
Time [s]

Figure 94 - Reactive power profile of generators - second simulation (in p.u.)
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4.2.3 Hydroelectric case

The topology of the considered network is depicted in Figure 95 and it consists of a

cluster of hydro power plants composed by 11 synchronous generators for a total power
of 46,87 MVA [203].

The characteristics of each generator are shown respectively in Table 57 while those of
transformers in Table 58. The line styles used in Figure 95 refer to the six cable types
illustrated in Table 59 and all line lengths are indicated in Table 60.

P \"
Generator Node [MVA] (V]

GEN1 N2 10,14 6
GEN 2 N3 1,5 6
GEN 3 N4.1 14 11
GEN 4 Nb5.1 7,5 10
GEN 5 Nb5.1 7,5 10
GEN 6 N6 4,4 6
GEN 7 N7 1,83 6

Table 57 - Characteristics of the generators

Type P Vi1 V2 Ve
[MVA] [kV] [kV] [%]
TR1 42 132 55 13
TR2 7 55 6 7,46
TR3 7 55 6 7,37
TR4 0,16 6 0,4 4
TR5 0,10 6 04 4
TR6 16 55 11 10,28
TR7 0,10 11 04 4
TR8 0,30 55 04 6
TR9 7,5 55 10 9,68
TR10 7,5 55 10 9,68
TR11 8,75 55 11 9,26
TR12 0,10 11 04 6
TR13 2,5 11 6 5,94

Table 58 - Characteristics of the transformers
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Figure 95 - Plant topology
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Line Type Graphic R X c
symbol | [Ohm/Km] | [Ohm/Km] [uF/Km]

3X(1I;<-112335,1;())11nmq — 0,219 0,339 0,010
3x(}>;?i)];§_)2r21mq — 0,106 0,316 0,011
251(35?;111;1); — 0,206 0,110 0,25
3x(3>§(1;><7§)1(1)§nmq e 0020 0,033 1,05
531?;211: 0,075 0,090 0,37
&;ﬁ;}ﬁi q | — 0,048 0,025 1,04

Table 59 - Cable types

Length
From Node To Node L [km]
NO N1 1,074
N1 N2 0,02
N2 N3 1,1
N1 N4 2,866
N4 N4.1 0,22
N1 N5 6,989
N5 N6 4,5

Table 60 - Line lengths

The equivalent inductance of the upstream network (x..) is equal to 0.0938 p.u. (having
set the voltage base V},, equal to 132kV and the power base 4;, equal to 100MVA).

Based on sensitivity analysis, it can be noticed that the influence of the various
generators on voltage variations at the point of delivery is almost equal and therefore it
can be seen that all generators can participate in voltage regulation.

Coefficients dv/dq that combine the POD to all other nodes of the network are expressed
in Table 61.

Node Generator dv/dq
N2 GEN 1 0.0983
N3 GEN 2 0.0984

N4.1 GEN 3 0.0981

N5.1 GEN 4 0.0981

N5.2 GEN 5 0.0981
N6 GEN 6 0.0985
N7 GEN 7 0.0975

Table 61 - Sensitivity Coefficients dv/dq
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The Dynamic Decoupling matrix is represented in Table 62, constituted by the

coefficients dv/dq that bind generation nodes to each other.

DD N2 N3 N4.1 N5.1 N5.2 N6 N7
N2 0.9220 0.9217 0.4208 0.4207 0.4207 0.4225 0.4179
N3 0.9152 1.2275 0.4177 0.4176 0.4176 0.4194 0.4148

N4.1 0.4205 0.4208 1.2193 0.4368 0.4368 0.4386 0.4339
N5.1 0.4178 0.4181 0.4341 1.6800 0.4895 0.4914 0.4861
N5.2 0.4178 0.4181 0.4341 0.4895 1.6886 0.4914 0.4861
Neo 0.4127 0.4130 0.4288 0.4835 0.4835 1.7821 1.7629
N7 0.4107 0.4110 0.4267 0.4812 0.4812 1.7736 3.9239

Table 62 - Dynamic Decoupling matrix

= Simulation results

The response to a step variation of the reference voltage is simulated to show the correct

design and the behaviour of the control.

Starting from a steady state situation characterized by a POD busbar reference voltage
(vBres) equal to 1.003 p.u, at time t=500s a step to the reference voltage vg,.f is applied
(the new value set is 1.01 p.u.). Figure 96 shows the voltage profile at the point of
delivery. Figure 97 shows voltages at the different nodes of generation.

In Figure 98 the trends of the reactive power delivered by the generators are reported
and expressed in p.u. in respect to their nominal power; whereas in Figure 99 the same
variables are expressed in MVAr. In Figure 99 the profile related to GEN 4 and GEN 5

coincide because the two generation groups have the same nominal power.

1011 T T T T T T

1.01

I I 1 I I 1
450 500 550 600 650 700 750 800 850 00 as0 1000
Time [s]

Figure 96 - Voltage profile at the point of delivery (in p.u.)
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Figure 97 - Voltage profile at the different nodes of generation (in p.u.)
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Figure 98 - Reactive power profile of generators (in p.u.)
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Figure 99 - Reactive power profile of generators (MVAr)
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The results of simulations carried out in order to underline the effect of the matrix [DD],
are shown in Figure 100 and Figure 101 [206]. They show the response to a step of the
voltage reference respectively without and with the inclusion of the Dynamic
Decoupling matrix (all reactive power plots are in p.u. of 100 MVA).

Voltage at point of delivery
1.1 r

Vip.u]

09 150 200 250 300 350 400

Time [s]
Reactive power of generators

0.1 i — —GEN1 |
5 GEN2
~ % —— GEN3
g 0 ——GEN4

= -

150 200 250 300 GEN7 400
Time [s]

Figure 100 - Reactive power profile of generators and voltage response at the point of delivery without
Dynamic Decoupling matrix
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01 S — GEN2 _

3 ”ﬁ* —GEN3 =
= 0 — GEN4
le] j —GENS
— —GENG
0.1 i i GEN7

150 200 250 300 350 400
Time [s]

Figure 101 - Reactive power profile of generators and voltage response at the point of delivery with
Dynamic Decoupling matrix

The transient evolution of reactive powers in Figure 101 confirms the expected
stabilizing effect of the proposed decoupled control scheme: no reactive power loop
occurs among generators. It is worth noting that such phenomenon does not appear
merely observing the dynamic evolution of bus voltage magnitude alone. As results

measurement and control of the reactive powers are necessary.
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4.2.4 Virtual Power Plant case: a MV distribution network with several
generators types

A local DSO of a mountain area (170 km?) in Italy produces and distributes electricity
through 75 km of MV lines, 120 km of LV lines and 86 transformers, feeding about 5.500

users.

The power plants owned by the DSO are essentially five hydroelectric power plants with
a total installed power of 10,8 MW that generate approximately 44.000 MWh per year.
In addition, there are other power plants which, although operated by third parties, are
connected to the DSO distribution networks. The energy produced fully satisfies the
annual needs of “internal” users, providing also an electricity surplus of about 24.000
MWh.

The DSO network has a single point of connection (POC) to the HV national transmission
network. Moreover, from the point of view of the national TSO, it turns out to be an
active user (for most of the year). Therefore, the set of generators afferent to the DSO
distribution network can be seen as a single VPP which can participate in the secondary
voltage regulation (and possibly be remunerated for this service). The idea presented in
this section is to control the voltage at the point of connection with the transmission
network using the proposed control technique and acting co-ordinately on the reactive

power of each DG unit constituting the VPP.
* Network model

The considered network has been modelled with the software PSAT [214] and its

graphical representation is depicted in Figure 103.

The connection to HV national transmission network at 132 kV is carried out in the
primary substation. Figure 102 shows a detail of the external reactance (up to the infinite
power node of the HV network), the HV busbar (132 kV), the HV/MV transformer and
the MV busbar (20 kV). Eight main distribution lines depart from the MV busbar and
they supply all the network users (generators or loads) - directly or by means of

secondary transformation cabins (MV/LV).

2%

122 N FOC

KX HVIMV
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Figure 102 - Primary substation
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The characteristics of the generators are shown in Table 63. Given the large number of
PV plants, most of them have been grouped taking into account the area of plants

location in order to make their division balanced.

Generator Type Nominal Power
Hydroelectric 2870 kVA
Hydroelectric 132 kVA
Hydroelectric 275 kVA
Hydroelectric 2250 kVA
Hydroelectric 2700 kVA
Hydroelectric 1850 kVA
Hydroelectric 2270 kVA
Hydroelectric 1000 kVA
Hydroelectric 590 kVA
Hydroelectric 230 kVA

Thermoelectric 560 kVA

Thermoelectric 999 kVA

PV 599,32 kWp
PV 157,92 kWp
PV 967 kWp

Table 63 - Characteristics of the generators

The characteristics of the transformers and cable types are illustrated in [215].
* Simulation Results

Starting from a steady state condition characterized by a POC busbar reference voltage
(vBrer) of about 1.0005 p.u., the simulation has been carried out applying at time t=20s
a step to the POC busbar reference voltage (the new value for vg,. is set equal to 1.005

p-u.). The results are shown in Figure 104 and Figure 105.

1L00s

10045 -

1004 4
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1.002 |

Time [5]

Figure 104 - Voltage profile at the point of connection (in p.u.)
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Figure 105 - Reactive power profile of generators (MVAr)

From the previous figures it is possible to notice how generators regulate their reactive
power to ensure that the delivery node assumes the required voltage. This regulation
takes place in a coordinated manner: each generator intervenes depending on its

capability.
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4.2.5 Propaedeutic studies for the experimental implementation of the
proposed control technique to a 72,6 MWp PV power plant

Recently, our research group has started to study the implementation of the proposed

control technique to a large PV power plant.

The PV plant is among the largest in Europe: it has a nominal peak power of 72,6 MWp,
consisting of 281.724 ground-mounted photovoltaic panels (it occupies an area of about
85 hectares).

The system is constituted by sixty "sub-fields" each one characterized by an inverter; in

particular:

- thirty inverters with B, = 1.000kW and V,, = 300V;
- thirty inverters with B, = 1.000kW and V;, = 275V;
- one inverter with B, = 500kW and 1}, = 275V.

The LV outputs of the inverters are raised to 20kV via LV/MV elevator transformers.

Figure 106 - Aerial view of the PV plant [216]

The electrical infrastructure of the plant is composed of the following main parts (Figure
107):
- a point of delivery (POD) at 132 kV voltage level: the plant is directly connected to

the HV national transmission network;

- atransforming station with three HV/MV transformers that do not operate in parallel
(bus-tie breakers normally open): only transformers TR1 and TR3 are normally in
operation, while TR2 performs a backup function (redundancy in case
TR1 or TR3 may fail);

-139 -



- an internal MV distribution network at 20 kV voltage level, consisting of eight main
sections operated in an open-loop configuration, to which the various inverters are

connected (Figure 108).

The open-loop configuration provides flexibility and redundancy in case of failure or

maintenance of one of the loop nodes.

A complete description of the characteristics of network components can be found in
[217].

HV Busbar - 132kV POD
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Figure 107 - General layout of the electrical system infrastructure
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Figure 108 - Detail of a MV section [217]

Before proceeding with the implementation of the proposed control system, we have
carried out simulations to verify the actual applicability. The network has been modelled

with the software PSAT [214] and its graphical representation is depicted in Figure 109.
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= Simulation Results

Using the proposed control, the voltage at the point of delivery is controlled acting on
the reactive power of each inverter. Starting from the model of Figure 109, the response

to a step variation of the POD busbar reference voltage (vg,.y) is simulated.

In particular, three main scenarios have been considered:

- scenario 1: without the Dynamic Decoupling matrix [DD] (Figure 110 and Figure 111);

- scenario 2: with the Dynamic Decoupling matrix [DD] (Figure 112 and Figure 113);

- scenario 3: with the Dynamic Decoupling matrix [DD], considering also the current
communication infrastructure latency (Figure 116 and Figure 117): the
communication of the references from the controller to the inverters requires about 5
seconds.

All reactive power plots are in p.u. of 100 MVA.

For every scenario two different simulations were carried out:

- simulation 1: starting from a steady state situation, at time t=20 s a step to the reference

voltage vg,.r equal to +0.005 p.u. is applied;

- simulation 2: starting from a steady state situation, at time t=20 s a step to the reference

voltage vg,.r equal to -0.005 p.u. is applied.
All simulations have been carried out using DOME [88] - described in Appendix A1.2 -

and network components have been modelled as in [89].
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Figure 110 - Scenario 1, Simulation 1: Voltage profile at the point of delivery and Reactive power

profile of generators (in p.u.)
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Figure 111 - Scenario 1, Simulation 2: Voltage profile at the point of delivery and Reactive power

profile of generators (in p.u.)

—143 -



1.003

1.002
0

0.9

0.8

0.7

06

0.5

04

03

02

0.1

20 40 60 80 100 120 140 160 180
Time [s]

20 40 60 80 100 120 140 160 180 .
Time [s]
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Comparing results of Scenario 1 and Scenario 2, one can note that voltage response is
almost equal, while the response of the reactive power supplied by each inverter is
different:

- in Figure 110 and Figure 111 two distinct groups of reactive power responses can be
noticed, according to the different reactances seen from the two main branches of the
MYV network;

- in Figure 112 and Figure 113, there is a unique group of reactive power curves, i.e. all

generators equally take part in voltage regulation.

To highlight these differences, in Figure 114 and Figure 115 a detail of the reactive power
profile of the generators is reported, without and with the Dynamic Decoupling matrix
respectively.

i Q[p.u]

1 o

0] 1 1 1 1 1 1 =

Time [s]

Figure 114 — Detail of reactive power profile of generators (in p.u.): without Dynamic Decoupling
matrix (in p.u.)

Q[p.u]

Time [s]

Figure 115 - Detail of reactive power profile of generators (in p.u.): with Dynamic Decoupling matrix
(in p.u.)
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Figure 116 - Scenario 3, Simulation 1: Voltage profile at the point of delivery and Reactive power
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From Figure 116 and Figure 117 it can be seen that implementation of the proposed
control strategy is possible also maintaining the current communication infrastructure
of the plant. In this case, in order to still achieve a response of the first order (to guarantee
a dynamic decoupling between the control loops), the external voltage regulation loop

has been slowed down, setting its time constant equal to about 200 s.
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4.2.6 Concluding considerations on the proposed voltage control technique
for RES production power plants directly connected to HV transmission
network

Simulation results, based on different power plant topologies (five different real cases

have been studied), show that the proposed control system allows to equally distribute

the reactive power among the various generators of the power plant.

Furthermore there is no steady-state error, the dynamic of the system does not show
oscillations and it appears to be similar to the typical one of a first order system and fully

comparable to that of a SART installed in conventional power plants [181]

Even in case of dissymmetrical disturbances, the control ensures a stable operation,
thanks to the decoupling action implemented by the matrix [DD]. Each generator equally

shares a quota of the reactive power requested by the coordinating unit.

Moreover, the proposed control strategy is easy to implement, as it is based only on a
single q;;, signal, and has already been successfully implemented for conventional

power plants. The latter feature makes it attractive for TSOs.
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Chapter 5.

Conclusions

The constant increase of DG collides with the current configuration of electrical systems,
resulting in a change of the electrical energy production paradigm. The new architecture
of generation and distribution of electrical energy is no longer based on big centralized
power plants, it is rather characterized by a geographically distributed generation with

small and medium sized generators often based on non-programmable RES.

The radical on-going transformation, involves new problems in the management of
electrical distribution networks as well as a possible negative impact on the security and

stability of the overall electrical system.

A change in the exercise of networks and a strong integration of electrical systems with

ICT is therefore essential.

The present thesis has examined the voltage regulation in presence of strong penetration
of DG based on RES, which is one of the most crucial aspects related to the increase of

DG in electrical systems.
The two main issues considered in the present work are:

- the voltage rise phenomenon in distribution networks due to active power flow
inversion;

- the weakening process of reactive power capability needed for secondary voltage
regulation in HV transmission networks due to the decrease of operating

conventional power plants.

The above mentioned issues have been explored through the analysis of causes and

effects in traditional regulation systems.

A review of voltage control techniques proposed in literature for distribution networks
with a strong presence of non-programmable DG is presented. New voltage control
techniques based on reactive power regulation are studied and extensively simulated.
In particular, the new connection rules introduced in Italy and a proposed coordinated
strategy have been applied to some test electrical networks and to some actual electrical
grids.

The results have highlighted that the voltage control strategies based on reactive power
regulation can mitigate the voltage rise phenomenon, but their effect is strongly

dependent on the cable characteristics of the network and in particular on R/X ratio.

For the power plants connected to the HV transmission grid, a voltage control technique

derived from the hierarchical secondary voltage control has been proposed. The
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technique has been adapted to the power plants based on RES consisting of several
generators connected to a MV internal network and having a single point of connection
to the HV grid. The technique can be applied to synchronous generators as well static

generators (any kind of RES with an inverter as active front end).

Several simulations were carried out and some actual cases were examined to outline

the specific behaviour of the control technique in real cases.

In all the studies the results of the simulations show that the proposed control allows to
equally distribute reactive power among the various generators of the power plant. In
addition, no steady-state error was recorded and the system shows the desired dynamic

behaviour avoiding oscillations.

The proposed control strategy has been already successfully implemented and applied
in conventional power plants in the secondary voltage control and its extension to

distribution grids does not present particular implementation problems.

The study of the proposed controls on real cases has also pointed out some issues that

should provide the basis for further investigations.

All the techniques illustrated so far require a communication infrastructure among
generators. The requirements highlighted by the study seem to be met by various
technologies that can cover both plants with limited geographic extent and installations

on very large scale.

For the implementation of the proposed control technique to the photovoltaic power
plant described at paragraph 4.2.5 some field tests are needed. In this context, studies on
the existing ICT architecture will be carried out to identify the suitable interventions

needed to reduce the related communication latency.

While the implementation of the control technique in the cases of synchronous
generators is clear (using standard functionality of AVRs), the way to implement it on

static generators is yet to be studied.

Such implementation issues are out of the scope of the present work and should

represent the object of further research work.
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Appendix Al.

Software tools used

Simulations described in Chapter 4 have been carried out mainly through the combined
use of two software tools (PSAT and DOME) recently released by prof. Federico Milano

(Dublin University), with whom our research group has started a collaboration .

Such software has been chosen because it presents distinguished and original elements,

as for example:
- the possibility to execute power-flow calculations of electrical networks inside scripts;

- the possibility to carry out time domain analysis of the same networks with original

mathematical models;

- adedicated graphical interface and specific Simulink libraries, making it possible to

model electrical networks in an intuitive way;

- the possibility to implement innovative and complex control systems as simple scripts

in modern and high level programming languages.

During the research activity new building blocks representing new mathematical
models of the proposed control systems have been developed in collaboration with the

author of the tools.

The following sections provide a description of the two software tools used.

A1.1 PSAT - Power System Analysis Toolbox

PSAT is a toolbox of MatLab for static and dynamic analysis of electrical power systems
and allows power flow calculations, optimal power flow, stability analysis for small

signals and analysis in time domain (time domain simulation) [213] [214] [218] [219].

There are also functional libraries of Simulink that allow easy drawing of the electricity
grid, with its components (Figure 118). The parameters of each component used can be
properly set through the related interface masks (Figure 119) both in physical terms and

in terms of p.u..

Prior to performing any type of simulation the initial screen of PSAT has to be set
properly with the correct values of frequency, tolerance, resolution method etc. (Figure
120).
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Figure 118 - Electric network and its modelization in PSAT
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Figure 120 - Main graphical interface

-153 -




After physically drawing the electrical network and assigning all the known start values,
the calculations of the unknown quantities can be performed through the power flow,
and later the results from a graphical interface or from the workspace of Matlab can be

visualised such as:

- voltage vector (magnitude and phase) of the bus,

- admittance network matrix,

- vectors of active and reactive power of generators injected to bus [213],
- Jacobian matrix

The results can then be saved in a .m MatLab file.

The evolution over time of the electrical network parameters can be also evaluated (time
domain simulation), against variations assigned through a "perturbation file": such file,
with .m extension, must be written in Matlab language with a structure of the type:
\function Perturbation (t)

global global variable namel global variable name2 ...

if ... % criterion

% actions

elseif ... %% criterion

% actions

else

% actions

end

Also in time domain simulations, one can visualize the results directly from a graphical

interface Figure 121, or by exporting the results to a Matlab figures or array of values.
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Figure 121 - Visualization of time domain simulation results
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A12 DOME

DOME is a Python-based software [88] that permits to represent and solve electrical
grids through python scripts. Although using the interpreted programming language

Python, the computations are very fast (being solved by external linked routines).

The tool is founded on two main principles: modularity and reusability of the code.
Basically no part of the code, except for a tiny kernel, is really necessary. The code is

based on four main blocks, as follows:

- Parsing the data file and initializing device models.

- Solving the power flow analysis.

- Solving other analyses, e.g., time domain simulation.
- Dumping data to adequate output files.

The user can also provide custom modules. Figure 122 sketches the structure of the

software.

Gat DDDDD User
riters. [ ] Fier

Qutput Formats @ D D D
NN EER 7
HER <~ < OO0
OO0 0oQd
Custom Output {} D D D Mzzzels

EEEEELL]

Routines User Routines
Figure 122 - Representation of the structure of Dome

Currently, DOME provides about 50 parsers for input data, including most popular
power system formats such as PSS/E and GE and SIMPOW formats; about 350 devices
ranging from standard power flow models, synchronous machines, AVRs and other
basic controllers to a variety of wind turbines, energy storage devices and distributed
energy sources; 10 analysis tools including standard power flow analysis as well as
three-phase unbalanced power flow, continuation power flow, OPF, time domain
simulation, electromagnetic transients, eigenvalue analysis, short circuit analysis,
equivalence procedures and load admission control strategies for smart grids; and 10
output formats, including Latex, Excel, and 2D and 3D visualization tools.

Despite the vastness of the tools and models provided, DOME remains a light tool.

Required modules are loaded at run-time. These are generally less than 1% of available

modules. Hence, the project can grow indefinitely without affecting performance.
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Modularity has also the advantage of allowing parallel development of new modules: if
a beta-version of a new function is broken, all users that are not using such function can
continue using DOME smoothly. Moreover, no forking is necessary as different versions

of the same module can coexist.
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