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Abstract 
The main lines of development of the European energy sector are, in short, the transition from a centralized 

generation architecture to a distributed generation model, using increasing portions of renewable energy 

and energy storage systems. Finally, new and more efficient equipment for room air conditioning and 

transport, based on the electric vector, were adopted. So the energy and electrical sectors are evolving very 

rapidly. In particular, changes are taking place in the electricity market, in renewable generation and in 

energy efficiency devices. 

In this scenario new algorithms are being born, for the study of the network, which take into account the 

presence of distributed generation, energy storage systems and new directives in the energy field. The SUSI3 

algorithm lends itself to taking into consideration all the changes that the energy and electrical sectors are 

undergoing and for this reason it has been used for the study of an innovative distributed system object of 

the thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sommario 
Le principali direttrici di sviluppo del settore energetico europeo riguardano, in sintesi, la transizione da una 

architettura di generazione centralizzata verso un modello di generazione distribuita, utilizzando quote 

crescenti di energia rinnovabile e di sistemi di accumulo energetico. Infine sono stati adottati nuovi apparati 

più efficienti per la climatizzazione degli ambienti e il trasporto, basati sul vettore elettrico. Quindi il settore 

energetico ed elettrico si stanno evolvendo molto rapidamente. In particolare sono in corso dei cambiamenti 

nel mercato elettrico, nella generazione da fonti rinnovabili e nei dispositivi per l’efficienza energetica. 

In questo scenario stanno nascendo nuovi algoritmi, per lo studio della rete, che tengano conto della 

presenza della generazione distribuita, dei sistemi di accumulo e delle nuove direttive in ambito energetico. 

L’algoritmo SUSI3 si presta a tenere in considerazione l’insieme dei cambiamenti che il settore energetico ed 

elettrico sta subendo e per questo motivo è stato utilizzato per lo studio di un innovativo sistema distribuito 

oggetto della tesi.  
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Chapter 1

Introduction

At first this chapter deals with the description of the meaning of smart grid. After
that the path to reach the smart grid is resumed. Indeed actually there is in progress
an evolution of the electrical power grid which tends towards the smart grid.

1.1 Description of the smart grid.

The existing electricity grid is the result of very fast urbanization and infrastruc-
ture developments in different and diffuse areas of the world. Moreover, the rapid
growth in the cost of fossil fuels, together with the incapacity of utility companies to
increase their generation capacity in line with the rising demand for electricity, has
accelerated the need to evolve the distribution network by introducing technologies
and devices to support with demand-side management. So it’s ongoing an develop-
ment of the current electrical power system towards the smart grids.
The smart grid is a modern electric power grid infrastructure for improved effi-
ciency, reliability, and safety, with smooth integration of renewable and alternative
energy sources, through automated control and modern communication technolo-
gies. In the smart grid, a real time and reliable information and electrical data be-
comes the key factor for safe delivery of power from the generators, such as the main
centralize generators, the renewable energy sources and energy storage systems, to
the end-users. To allows this huge flow of information and energy it has been de-
velop a smart infrastructure system that is the energy, information, and communi-
cation infrastructure underlying the smart grid. Furthermore is important a smart
management system that provides advanced management and control services and
functionalities. The smart management system takes advantage of the smart infras-
tructure to follow different advanced management objectives. Thus far, most of such
objectives are related to energy efficiency improvement, supply and demand bal-
ance, emission control, operation cost reduction, and utility maximization. At last
is fundamental to consider a very efficient system of protection. The smart protec-
tion system is the subsystem in smart grid that provides advanced grid reliability
analysis, failure protection, and security and privacy protection services. By taking
advantage of the smart infrastructure, the smart grid must not only realize a smarter
management system, but also provide a smarter protection system which can more
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effectively and efficiently support failure protection mechanisms, address cyber se-
curity issues, and preserve privacy.
In particular the smart grids contains a lot of features that are resumed in what fol-
lows. The first one is the smart meter that represent the most dependable device in
the field of power generations and consumption for data measurement. The smart
metering refers to using advanced meters in conjunction with communication sys-
tems to allow customers to monitor their energy consumption in real time. After that
is important to consider the distributed generation which means generating electric-
ity from small and renewable energy sources. The distributed generation is one of
greater and diffuse use in a smart grid as well as challenging for the supplier au-
thorities. With the introduction of the distributed generation is important to face
up to the renewable energy integration. Enhancing the capability of the grid the
renewable energy integration supports the national network to meet the extended
demand of the consumers with potential security. The renewable energy integra-
tion has to overcome some different challenges as the environmental impact and the
voltage fluctuation. Indeed, for example the solar energy is unavailable during the
night and the wind turbines don’t generate electric energy in the absence of wind.
So is important to consider an energy storage system coupled with the renewable
energy sources supplying the grid in those moment. While the voltage fluctuation
is link to the unstable wind speed and irregular solar radiation, in case of, respec-
tively, photovoltaic and wind turbines system. After that, as previously anticipated,
the communication systems are fundamental to transport information and energy.
In particular it is important to enable the bi-directional communication system that
makes the smart technology easier to use for both consumers and suppliers. Also
the smart grid has to include several automatic technologies and devices for man-
age in an optimal and safety way the sources and loads into the grid. Subsequently
the smart grid technology must be secured and protected from considerable threats
or external attacks. As the technology is interconnected throughout the entire sys-
tem, if a part of the network is attacked, eventually the entire system is exposed to
a dangerous threat and it may evolve to total blackout or total system failure. That
is why cyber security must be strong enough to make the system run smoothly, ef-
ficiently and in a safety way. At least different countries are adopting some new
policies which are making the entire system work smarter and safety.
Moreover the smart grids and the smart technologies lead to those advantages. The
first one is the increase of the reliability of the system understood as the decrease
of the cost of interruptions and power quality disturbances and the decrease of the
probability and consequences of diffused blackouts. After that the smart grid con-
tributes to keep downward prices on electricity prices. Moreover the smart grid
tends to increase the efficiency of the system understood as the reduction of the cost
to produce, deliver, and consume electricity. Furthermore the smart grid leads to
reduction of emissions by enabling a larger penetration of renewable and improving
efficiency of generation, delivery, and consumption of electrical energy. At last the
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smart grid increase the security and safety by reducing the probability and conse-
quences of man-made attacks and natural disasters.
In conclusion the smart grid represents the next step of the evolution of the electrical
grid that leads to a new way to generate, control and consume the electrical energy
both for producers and consumers of the electrical energy.

1.2 The new European directive.

On 30 November 2016 the European Commission presented a package of measures
to keep the European Union competitive as the clean energy transition changes
global energy markets. The Clean Energy for All Europeans legislative proposals
cover energy efficiency, renewable energy, the design of the electricity market, secu-
rity of electricity supply and governance rules for the Energy Union. In addition the
Commission proposed a new way forward for ecodesign as well as a strategy for
connected and automated mobility. The package also includes actions to accelerate
clean energy innovation and to renovate Europe’s buildings. It provides measures
to encourage public and private investment, promote EU industrial competitiveness
and mitigate the societal impact of the clean energy transition. We are also exploring
ways in which the EU can show further leadership in clean energy technology and
services to help non-EU countries achieve their policy goals. Those proposals are
resumed in what follows.

1.2.1 The new energy efficiency measures.

The European Commission adopts today proposals for a revision of the Energy Ef-
ficiency Directive (EED) and of the European Performance of Buildings Directive
(EPBD) to bring them up to date with the 2030 energy and climate goals, to check
their effectiveness, to simplify and improve the text, and to facilitate implementation
at national level. On the basis of a comprehensive costs and benefits assessment, it
also proposes to review the target to be reached by 2030 to a binding 30% EU level,
emphasising the European Union’s commitment to its international climate and en-
ergy goals for 2030 and beyond. Apart from the updates needed to reflect the new
30% target for 2030, one of the main changes introduced is the extension of the en-
ergy savings requirement to 2030 (specified in Article 7).
Article 7 is estimated to achieve half of the energy savings required under the whole
Directive, and the aim is to reach this amount in a way that drives long term energy
efficiency savings, thus also reducing costs for consumers and increasing security
of supply. With the new Directive, alternative measures to save energy are put on
an equal footing with Energy Efficiency Obligation Schemes, and a streamlined and
clearer structure of Article 7 is set out.
A binding 30% EU energy efficiency target for 2030 emphasises EU commitment
towards its international climate and energy goals for 2030 and beyond. This also
underpins the EU’s commitment under the European Energy Union to put energy
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efficiency first. A binding policy framework will provide further certainty to in-
vestors that it is worth investing in energy efficiency. It will contribute to long-term
predictability, and will have a positive impact on technology costs and payback pe-
riods of efficiency improvements of products, vehicles, buildings and services.
Meeting the 30% energy efficiency target in 2030 will be ensured by a strong political
commitment on all levels, by:

1. extending successful policy areas (e.g. Article 7 of the Energy Efficiency Direc-
tive);

2. improving existing policies (e.g. Energy Performance of Buildings Directive);

3. improving the financing conditions of energy efficiency (e.g. through the Smart
financing of Smart Buildings initiative);

4. improving the coordination and cooperation between all involved levels, sec-
tors and stakeholders (via the new Governance initiative);

5. enlarging the scope and strengthening of minimum requirements of products,
vehicles and buildings (e.g. of Eco-design, Energy Performance of Buildings
Directive and vehicle standards); and

6. informing and involving consumers better (e.g. through energy labelling and
the Market Design Initiative).

In addition, the Commission adopted today a number of measures that will improve
the energy efficiency of products, in particular a new Ecodesign Working Plan for the
2016-2019 period ensuring that this successful policy will continue to contribute to
the EU’s energy efficiency targets.
Successful energy efficiency policy cannot be achieved without unlocking and mobi-
lizing private investment. This is why the Commission complements these measures
with an investment initiative called Smart Finance for Smart Buildings. Building
upon the Investment Plan for Europe including the European Fund for Strategic In-
vestments, and the European Structural and Investment Funds, this initiative will
encourage a more effective use of public funds, help project developers bring good
project ideas to maturity, and make the energy efficiency market more trusted and
attractive for all stakeholders.

1.2.2 New energy union governance to deliver common goals.

The goal of the Energy Union with an ambitious climate policy at its core is to give
EU consumers - households and businesses - secure, sustainable, competitive and
affordable energy. This requires a fundamental transformation of Europe’s energy
system across five dimensions: energy security; the internal energy market; energy
efficiency; de carbonisation; research, innovation and competitiveness. The targets
set for 2030 are included in the Energy Union strategy: reducing greenhouse gas
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emissions by at least 40%, improving energy efficiency by at least 27% that the Com-
mission proposes today to upgrade to 30% binding at EU level and reaching at least
27% renewable energy in our final energy consumption.
These objectives can only be achieved through a set of coherent and coordinated
actions – legislative and non legislative – at EU and national level. Designing and
managing such a broad set of diverse actions requires the Energy Union to establish
robust Governance. It must ensure policies and measures at each level are efficient,
coherent, complementary and sufficiently ambitious. In this way, efforts by the EU
and its Member States will come together as a cohesive whole that is sufficient to
meet common challenges.
In October 2014, the European Council agreed in the context of the 2030 Climate
and Energy Policy Framework that a reliable and transparent Governance system
without any unnecessary administrative burden will be developed covering all five
dimensions of the Energy Union.
The proposed Regulation provides the legislative foundation for the new Gover-
nance of the Energy Union. It will be complemented by non-legislative initiatives,
for example, to build where necessary sufficient administrative capacity within Mem-
ber States and to engage with various stakeholders such as non-state actors, civil
society and business.

1.2.3 New electricity market design: a fair deal for consumers.

The new rules will touch upon a variety of principles and technical provisions with
real tangible economic effects. These include, amongst others:

1. Short term markets will be made overall more flexible and responsive to the
rise in variable renewable generation;

2. Wholesale price caps will be removed, making prices reflect the real value of
electricity in time and location (scarcity pricing) in order to drive investments
towards the flexible assets most needed for the system, including demand-
response and storage. More liquid and interconnected markets will increase
trade opportunities;

3. Dispatch rules will be adapted to the new market reality, creating a level-
playing field for larger generation capacities. Rules on priority dispatch will
however be maintained for small-scale renewable installations and emerging
technologies to ensure their development;

4. Grid bottlenecks on the borders will be minimized, among other things by re-
investing congestion revenues into the grid;

5. The overall electricity system operation by TSOs will see more coordination on
a regional level to ensure most optimal utilisation of the grid and better grid
stability; and
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6. Better demand participation: remuneration for demand response will be more
in line with the flexibility provided by such services, creating a better economic
case for distributed resources and for self-generation.

Each consumer in Europe should be put at the centre of the Energy Union and reap
the benefits of access to more secure, clean and competitive energy. The new rules
for the retail electricity markets will include the following:

1. Consumers will be provided with better information about their energy con-
sumption and their costs through clear electricity bills. Suppliers will have to
prominently display basic information on every bill, and report energy costs,
network charges and taxes/levies in the same way for clarity;

2. All EU electricity consumers will get free-of-charge access to at least one cer-
tified energy comparison tool that meets minimum quality standards in order
to provide reliable information about the offers provided to consumers;

3. Switching conditions will be made easier. All switching related charges will
be prohibited, except for early termination fees on fixed term contracts. These
must be limited in size and contracts containing them must provide consumers
with tangible advantages in return;

4. Every consumer will also be entitled to a smart meter equipped with common
minimum functionalities. Member States not planning to roll-out smart me-
ters are required to assess the cost-effectiveness of a large-scale smart metering
deployment on a regular basis;

5. Consumers and communities will be empowered to actively participate in the
electricity market and generate their own electricity, consume it or sell it back
to the market while taking into account the costs and benefits for the system as
a whole;

6. Every consumer will be able to offer demand response and to receive remu-
neration, directly or through aggregators. Dynamic electricity price contracts
reflecting the changing prices on the spot or day-ahead markets will allow con-
sumers to respond to price signals and actively manage their consumption;

7. This necessitates the removal of retail price regulation while ensuring the full
and appropriate protection of vulnerable consumers. Targeted price regula-
tion such as social tariffs will be permitted for a transition period to address
the needs of vulnerable consumers until their situation can be addressed by
appropriate energy efficiency and social policy measures;

8. With the bulk of renewable electricity connected at distribution level, Member
States will have to allow and incentivise Distribution System Operators (DSO)
to use flexibility services and energy efficiency measures to improve the effi-
ciency of their operations; and
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9. A new EU DSO entity will be created. It will be responsible for putting in place
rules on grid management and use and EU-level cooperation with TSOs. It
will also work on the integration of renewables, distributed generation, energy
storage, demand response and smart metering systems.

With the new energy market rules in place all consumers will be able to generate,
store and/or sell their own electricity to the market based on retail market condi-
tions and taking into account the costs and benefits for the system as a whole. Active
consumers who decide to generate their own electricity, for example by installing
rooftop solar panels, will be able to fully benefit from the market either individually
or in cooperatives, like renewable energy communities. The new market rules aim to
deliver a better deal for all energy consumers. For vulnerable and energy poor con-
sumers in particular, the objective is to ensure that they are not left behind as most
consumers become active market participants. The new energy market rules oblige
Member States to measure and monitor energy poverty and report to the Commis-
sion every two years. The Commission will facilitate best practice sharing on how
to fight energy poverty, through an Energy Poverty Observatory. The new rules
will also ensure that all customers in arrears with their energy suppliers are fully
made aware of their options to avoid disconnection. Temporary price regulation to
protect vulnerable and energy poor consumers, for example through the use of so-
cial tariffs, will be further allowed. In the medium term, however, energy efficiency
measures proposed under the Energy Efficiency Directive and the Energy Perfor-
mance of Buildings Directive will ensure that the root causes of energy poverty can
be effectively addressed.

1.2.4 The revised renewable energy directive.

The European Commission adopts today a revised Renewable Energy Directive. The
provisions are adapting the framework for renewable energy development to the
2030 perspective, provide certainty and predictability to investors and address the
potential of renewable energy in a number of sectors.
The proposal identifies six key areas for action:

1. Creating an enabling framework for further deployment of renewables in the
Electricity Sector;

2. Mainstreaming renewables in the Heating and Cooling Sector;

3. Decarbonising and diversifying the Transport Sector;

4. Empowering and informing consumers;

5. Strengthening the EU sustainability criteria for bioenergy; and

6. Making sure the EU level binding target is achieved on time and in a cost
effective way.
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In particular for each area are improved several actions to reach the goal. The prepa-
ration of the revised renewable energy Directive has been done in close coordination
with, and is complementary to, other related Commission initiatives. First and fore-
most, this includes the Market Design and Energy Union Governance proposals but
also the revision of the Energy Efficiency and Energy Performance of Buildings Di-
rectives, the EU ETS and the Effort Sharing Regulation, the LULUCF Regulation
and the Bioenergy Sustainability Policy. These other pieces of legislation mutually
complement the revised Directive. They will contribute to enable the EU to reach,
collectively, a share of at least 27% in the final energy consumption by 2030 in a cost
effective way and to deliver on the EU political priority of becoming the world’s
number one in renewables.
The Market Design initiative will, inter alia, facilitate the development of an electric-
ity market fit for renewable energies, where short term markets are fully developed
and integrated and flexibility plays a key role in enhancing the market value of re-
newables. This enhanced electricity market design, together with the strengthened
EU ETS, will be a key foundation of the 2030 framework and will ensure that renew-
able energy generators can earn a higher fraction of their revenues from the energy
markets. The revision of the Renewables Directive will build on this approach and
complement it by introducing various measures aimed at attracting the necessary
investments cost-efficiently and in a timely manner.
The Energy Union Governance frames the Integrated National Energy and Climate
Plans, which set out national contributions to the legally binding EU-level RES tar-
get. The Energy Union Governance foresees an iterative process between the Com-
mission and Member States to ensure ambitious and reliable National Plans includ-
ing in renewable energy and also proposes different options for concrete measures
to fill a potential gap either on ambition or delivery of the EU renewables target.
At the same time, the Governance Regulation streamlines and integrates the exist-
ing planning, reporting and monitoring obligations of the energy acquis including
those for renewable energy post 2020.
The Energy Efficiency Directive (EED) and Energy Performance for Buildings Direc-
tive (EPBD) aim, respectively, at facilitating the achievement of the energy efficiency
target and at enhancing the energy performance of buildings. The provisions in
the heating and cooling section are consistent with and complement the measures in
both the EED and the EPBD, in particular by tackling existing buildings, tertiary and
industry, as well as by including specific requirements on renewables. The EU Emis-
sion Trading Scheme (EU ETS) will be reformed for the period after 202012. Existing
legislation includes the Market Stability Reserve to address the current surplus of al-
lowances and to improve the ETS resilience to major shocks by adjusting the supply
of allowances to be auctioned. The strengthened EU ETS will play an increasing role
in providing a stronger investment signal for lower carbon technologies, including
renewables, and will ensure that synergies between renewable energy and climate
policies are better exploited. Furthermore, the proposed Effort Sharing Regulation13
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makes proposals for setting national binding emission reduction targets for green-
house gases for the sectors outside the EU ETS and on Land Use, Land Use Change
and Forestry (LULUCF). The LULUCF Regulation aims at integrating carbon emis-
sions credits and debits form agriculture and forestry into the EU 2030 climate and
energy framework. The reinforced EU sustainability criteria will provide further as-
surance that bioenergy used in the EU continues to contribute to climate change mit-
igation, while minimizes the risk of unintended biodiversity impacts due to biomass
production.





Chapter 2

Description of SUSI3 and Source
Locator

At first this chapter deals with the description of the algorithm related at the pro-
grams SUSI3 and Source Locator. The program SUSI3, developed by Prof. Tenti
and Ph.D. Tommaso Caldognetto of University of Padova, solves the optimal power
flow problem, of an input network, with a control function and some boundaries in
different cases like islanding operation and demand response. Generally, the power
flow algorithms include the Newton-Raphson method in both polar and rectangle
forms, the Gauss-Seidel method, the DC power flow method, and all kinds of de-
coupled power flow methods. In SUSI3 the solution of optimal power flow is obtain
with a direct formula. While Source Locator, developed by Prof. Tenti and Ph.D.
Tommaso Caldognetto of University of Padova, allows us to verify the consequence
of the connection in a new or already existing fully controllable node of a current
source, with a given apparent power. At last, in the second part, some results of
an analysis are reported, done with SUSI3, of an innovative European network low
voltage for a better understanding of the functionality of SUSI3 and Source Locator.

2.1 Description of the algorithms SUSI3 and Source Locator.

The program SUSI3 solves the optimal power flow problem, of an input grid, with
a control function and some boundaries in different cases, such as islanding oper-
ation and demand response. The input grid could be an actual radial grid or an
innovative meshed grid with distributed generations and energy storage systems.
An representation of a typical innovative distribution grid is reported into the Fig.
1.1. In that figure the distributed generators, like the current and voltage source, the
energy storage systems and photovoltaic sources, are interconnected with the main
generators and loads through the distribution network. The generator at slack node
is a voltage source because is fundamental that a voltage source gives the voltage ref-
erence, in amplitude and in phase, for the rest of generators. While at user node the
photovoltaic sources, batteries and loads are reported because the end users decide,
independently, to install a distributed generator o energy storage system. At last the
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distributed network, both radial and meshed, is represented with the node admit-
tance matrix that is explain subsequently. Actually the distribution grid are radial
but in the next future, the evolution of the electric system will be with the meshed
grid. After defining the network into the program SUSI3, the program solves te
optimal power flow of the input grid.

FIGURE 2.1: Typical representation of an innovative distribution net-
work.

The algorithm of SUSI3 is very similar, in the core, at the algorithm of optimal power
flow. The power flow analysis is concerned with describing the operating state of
an entire power system, by which we mean a network of generators, transmission
lines, distributed sources and loads that could represent an area as small as a city or
as large as several states. Given certain known quantities, typically, the amount of
power generated and absorbed at different nodes, power flow analysis allows us to
determine the unknown quantities. The most important of these quantities are the
voltages at node throughout the transmission system, which, for alternating current,
consist of both a magnitude and a phase angle. Once the voltages are known, the
currents flowing through every transmission link can be calculated. However, in
the power flow problem, the relationship between voltage and current at each bus
is nonlinear, and the same holds for the relationship between the active and reactive
power absorbed or generated at a bus with the voltage magnitude at a source bus.
Thus power flow calculation involves the solution of nonlinear equations that gives
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us the electrical response of the transmission system to a particular set of loads and
generator power outputs.
At the beginning, to solve the optimal power flow problem, the program SUSI3 has
to create the matrices to define the topology of the grid. The network is associated
with an oriented graph, whose edges coincide with the grid branches. The graph
is characterized by the complete incidence matrix Ac which includes L rows and
N+1 columns. Each row is null except for the elements identifying the origin node,
set to +1, and the end node, set to -1, of the corresponding branch. Now we can
define the basic network relations that link the voltage/current of the branch with
the voltage/current of the node. The first basic equation explicit the relation between
the branch voltage w with the node voltage vc as follows:

w = Acvc (2.1)

The second basic equation explicit the relation between the node current ic with the
branch current j as follows:

ic = AT
c j (2.2)

For the follows equation is important to divide the complete incidence matrix Ac as:

Ac =
∥∥∥a A

∥∥∥ (2.3)

where a is the vector corresponding to the first column of Ac, i.e. to the reference
node that correspond at slack node, and A is the reduced incidence matrix of size
LxN, containing all columns corresponding to the other grid nodes from 1 to N. After
that we can define the node admittance matrix Y that is is an NxN matrix, generally
it is sparse, describing a power system with N buses. For an admittance diagram
with N buses, the admittance between the bus in consideration, k, and another bus,
i, connected to k, can be described by this equation:

yik = gik + jbik (2.4)

where yik is the admittance between node i and k, gik is the real part of yik while
bik is the imaginary part of yik. The term yik accounts for the admittance of linear
loads connected to bus k as well as the admittance-to-ground at bus k. The general
mathematical expression follows:

Yij =


yi +

n

∑
k=1
k 6=i

yik i f i = j

−yij i f i 6= j

(2.5)

It is important to note that yij is non-zero only where a physical connection exists
between two buses. Generally the real part of the node admittance to the ground
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relative at any branch is neglected because its value is very high compared to the
other parameters. Now we can write some relevant equations. The first relevant
couple of equation, that is fundamental to the analysis of the power flow, explicit
the relation between the node currents/voltages and branch currents/voltages as:

i = ATj and w = Au (2.6)

The second relevant couple of equation explicit the relation between the node cur-
rents/voltages and branch voltages/current as:

w = Zj and i = Yu (2.7)

where Z is the diagonal impedance matrix of the network. Now we can define the
general input/output equations. In general the input variables for network con-
trol are voltages ug impressed at generator nodes and currents iu impressed at user
nodes. The output variables are currents ig at generator nodes and voltages uu at
user nodes. The input/output relations may be expressed by making reference to
hybrid transfer matrix H as:

∥∥∥∥∥ ig

uu

∥∥∥∥∥ = H

∥∥∥∥∥ug

iu

∥∥∥∥∥ =

∥∥∥∥∥Hgg Hgu

Hug Huu

∥∥∥∥∥
∥∥∥∥∥ug

iu

∥∥∥∥∥→
ig = Hggug + Hguiu

uu = Hugug + Huuiu

(2.8)

We can re-write the second equation of (2.8) in the partitioned form:

i = Yu→
∥∥∥∥∥ig

iu

∥∥∥∥∥ =

∥∥∥∥∥Ygg Ygu

Yug Yuu

∥∥∥∥∥
∥∥∥∥∥ug

uu

∥∥∥∥∥→
ig = Yggug + Yguuu

iu = Yugug + Yuuuu

(2.9)

Begin Y symmetrical and invertible, the same holds also for square sub-matrices Ygg

and Yuu. Moreover we have this equation:

Ygu = YT
ug (2.10)

In conclusion, the transfer matrix H is:

H =

∥∥∥∥∥Hgg Hgu

Huu Huu

∥∥∥∥∥ =

∥∥∥∥∥Ygg − YguY−1
uu Yug YguY−1

uu

−Y−1
uu Yug Y−1

uu

∥∥∥∥∥ (2.11)

The symmetry of Y implies that Hgg and Huu are symmetrical too, and is verify this
equation:

Hgu = −HT
ug (2.12)

Now the program has all the matrices that are helpful for the calculation and now it
proceeds to the calculation of the optimal power flow.
The optimal power flow is fundamental in power system operations, and there has
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been extensive research on optimal power flow algorithms. In what follow a real-
time algorithm is described for time varying optimal power flow problem based
on Newton-Raphson method that is, in the core, very similar at the algorithm of
the program SUSI3. Generally a power network has a topology represented by a
connected undirected graph with N+ nodes, where N+ = 0 ∪ N, N=1,. . . ,n and E
⊆ N+xN+. In particular the bus 0 will be the slack bus, and the phase angle of
its voltage will be the reference and taken as zero. For each bus i ∈ N+, let Vi(t)
be the complex voltage phasor, and pi(t), qi(t) be the net active and reactive power
injections, generation minus load, at bus i at time t. While for slack bus the active
and reactive power is the result of a balance of the active and reactive power into the
grid, consider the load power and loss power into the feeder. Now we can proceed
with the calculation of power flow of the network with the algorithm that is describe
in what follows. At first is important to define the equation of the current, active and
reactive power for each line ij. The complex current phasor through line (i,j) ∈ E will
be denoted by Iij(t). For steady states, we can write the follow pair of equations:

pi(t) + jqi(t) = ∑
j∈N+

Vi(t)V∗j (t)Y
∗
ij

Iij(t) = −Yij(Vi(t)−Vj(t))
(2.13)

For each bus, there are physical constraints on how much power can be injected
by the connected devices. We assume that they can be modelled by time-varying
constraints

(pi(t), qi(t)) ∈ χi(t), i ∈ N+ (2.14)

where each χi(t) is a compact convex subset of R2 for every t ∈ τ. For the slack bus,
we assume that χ0(t) admits a box constraint given by:

χ0(t) = [p0,min(t), p0,max(t)]x[q0,min(t), q0,max(t)] (2.15)

Information about the capabilities of controllable devices, as well as the changes in
loads and renewable generations, can be encoded in these time-dependent regions.
The voltages and currents also need to be bounded for operational reasons. We
assume that they are given by:

vi,min ≤ |Vi(t)| ≤ vi,max i ∈ N+

|Iij| ≤ lij,max (i, j) ∈ E
(2.16)

For each bus i, we assume that a cost Ci(pi, qi; t) will be incurred if some power
(pi, qi) is injected into the network. In particular the cost function minimized by the
optimum control is:

φ = φloss + φstress + φdev (2.17)

where φloss accounts for the energy loss in distribution grid and power converters;
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φstress accounts for the current stress in distribution feeders, power converters and
energy sources; φdev accounts for voltage deviation at grid nodes. While the actual
control quantities are the controllable direct ud and quadrature uq components of
generator voltages ug, and the controllable active ia and reactive ur components of
source currents is. We can therefore rewrite the above equations as a function of
these control quantities. So our goal is to minimize the total cost ∑i Ci(pi(t), qi(t); t)
under the physical and operational constraints for each time t by properly operating
the controllable devices in the network. As we have mentioned before, traditional
optimal power flow algorithms can be used to find the optimal control strategy on
a slow timescale, but will not be suitable for real-time applications on future smart
grids. For real-time operations, we need an algorithm that can track the time-varying
loads and renewable generations on a faster timescale. We require that the real-time
operation at time t should be close to an optimal solution provided by a traditional
optimal power flow algorithm with the current feasible region given by χi(t), i∈N+;
we refer to them as suboptimal strategies. Although loads and generations change
with time, if the time intervals between each real-time updates are sufficiently small,
the regions χi(t) will not change too much as we proceed from time t to t+1. As a
result, in many situations the optimal control at time t is expected to be close to the
optimal control at the previous time instant. The goal of the real-time algorithm is
then to find a suboptimal strategy for each t ∈ τ for the time-varying optimal power
flow is the follow:

min
pi(t),qi(t)

Vi(t)

∑
i∈N+

Ci(pi(t), qi(t); t)

s.t. pi(t) + jqi(t) = ∑
j∈N+

Vi(t)V∗j (t)Y
∗
ij

(pi(t), qi(t)) ∈ χi(t), i ∈ N+

vi,min ≤ |Vi(t)| ≤ vi,max i ∈ N+

|Yij(Vi(t)−Vj(t))| ≤ lij,max, (i, j) ∈ E

(2.18)

given the current state of the network and the previous real time operation. This is
a generally description of the algorithm for the optimization of the power flow.
While Source Locator calculates the control factor of a new generator that is linked
in a new or already existing fully controllable node. The control factor is equal to
the ratio of the maximum value of the current that the new generator injects into a
specific feeder and the value of current that flows into it. This ratio is related at the
worst results of the analysis of SUSI3. In particular Source Locator uses the results
of SUSI3 and it gives the results in function of the worst operative condition. Prac-
tically the control factor, of a certain feeder, refers at the case in which the value of
the current is the highest because, for the feeders, that is the worst operative condi-
tion. So the program gives us a suggestion in which fully controllable node is better
to install a current source to solve, for example, a current overstress into feeders
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and distributed sources. Another practical use is to reset the current into a specific
branch to allow the technician to do the maintenance without open the switches of
protection. In this way the dispatcher can improve the quality of the grid and in-
crease the power quality and the reliability of the network. So the programs SUSI3
and Source Locator represent a very powerful system to study a system and to bring
changes to improve management and performance.

2.2 Study of a simple grid with SUSI3.

In this section an example of the functionally of SUSI3 is reported with a practical
analysis. In particular has been studied an example of innovative system based on
an European LV benchmark. The innovative part is the introduction, into the grid,
of the distributed generations such as the wind turbine, photovoltaic sources and
energy storage systems. The batteries cover a very important role for the stability
of the innovative network. Actually the batteries aren’t use intensely because they
have some technical limits, like the small capacity and a short life-time. In the next
future, if the technologies and the materials of the batteries evolve, will be possible
to improve the power quality and the reliability of a distribution network. For exam-
ple the energy storage systems will be able to manage, with the support of the main
generators and renewable energy sources, the regulation of frequency and voltage.
Otherwise the energy storage systems and the renewable energy sources could sub-
stitute, in part, the main generators for the load balance during some period of the
day. For example when is more economically convenient or during a failure into
the grid. For now, in the structure of a typical LV network, there are photovoltaic
sources that feed the grid or local loads and the energy storage systems or batteries
are rarely used.
Furthermore the physical structure of low voltage distribution networks is typically
three phase, radial and originate from an MV/LV transformer, generally 20/0,4 kV
line-to-line voltages and the system frequency is 50 Hz. The low voltage distribution
network may include one or multiple lines and the consumers are connected any-
where along the lines. The connection of single-phase consumers makes LV distribu-
tion networks inherently unbalanced so the effort is made to reduce the unbalance
because we want to decrease the omopolar component of the current which causes
distortion and additional power losses into the grid. A method, to reduce this un-
balance, is to connect the single-phase consumers evenly between the three phases
of the system. So for the grid, three single-phase consumer, with similar absorption
curve, are equal to a three-phase consumer with no or small unbalance. The condi-
tion of the same absorption curve is fundamental, for this solution.
The type of lines, of low voltage network, are both overground cable lines and over-
head lines. The first type is mainly encountered in urban area with a high load
density. The second one are mainly used in rural areas with a low load density. The
overhead lines are mainly constructed with bare conductors made of aluminum or
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copper, but it is probable some variations. The cables are usually enclosed in either
metallic or galvanized conduit. The grounding of the low voltage network largely
depends on regional preferences. Using the classification of IEC 60364, public LV
networks are often of the TN type or the TT type. The first letter T means that the
neutral of the transformer is connected to ground. While the second letter N means
that the frame of the application being supplied is connected to neutral. At last the
second letter T implies that the frame of the application being supplied is connected
to ground locally. The TN type is common in Anglo-Saxon countries, while the TT
is widely used in other countries. The topology of the innovative European bench-
mark that is study with SUSI3 is shown in Figure 2.2. The example network is divide
in three subnetworks. The first is that domestic, the second is that the commercial
and the last is that industrial. This is only an ideal division because, in the real grid,
this three subnetwork are generally mixed.

FIGURE 2.2: Topology of an innovative European low voltage distri-
bution benchmark network.
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In what follows, the benchmark network data are organized in a number of tables.
The first table contains the topology and the data of the feeders related at the indus-
trial subnetwork. While and third tables contain those informations related, respec-
tively, at commercial and domestic subnetwork.

TABLE 2.1: Line parameters of industrial feeder of European LV dis-
tribution network benchmark.

Node
from

Node
to

Cond.
ID

R’ph

[Ω/km]
X’ph

[Ω/km]
R’0

[Ω/km]
X’0

[Ω/km]
l

[m]
I1 I2 UG2 0.266 0.151 0.733 0.570 200

TABLE 2.2: Line parameters of residential feeder of European LV dis-
tribution network benchmark.

Node
from

Node
to

Cond.
ID

R’ph

[Ω/km]
X’ph

[Ω/km]
R’0

[Ω/km]
X’0

[Ω/km]
l

[m]
R1 R2 UG1 0.163 0.136 0.490 0.471 35

R2 R3 UG1 0.163 0.136 0.490 0.471 35

R3 R4 UG1 0.163 0.136 0.490 0.471 35

R4 R5 UG1 0.163 0.136 0.490 0.471 35

R5 R6 UG1 0.163 0.136 0.490 0.471 35

R6 R7 UG1 0.163 0.136 0.490 0.471 35

R7 R8 UG1 0.163 0.136 0.490 0.471 35

R8 R9 UG1 0.163 0.136 0.490 0.471 35

R9 R10 UG1 0.163 0.136 0.490 0.471 35

R3 R11 UG4 1.541 0.206 2.334 1.454 30

R4 R12 UG2 0.266 0.151 0.733 0.570 35

R12 R13 UG2 0.266 0.151 0.733 0.570 35

R13 R14 UG2 0.266 0.151 0.733 0.570 35

R14 R15 UG3 0.326 0.158 0.860 0.630 30

R6 R16 UG6 0.569 0.174 1.285 0.865 30

R9 R17 UG4 1.541 0.206 2.334 1.454 30

R10 R18 UG5 1.111 0.195 1.926 1.265 30

The geometric dimensions of the overhead and underground lines are reported in
these table.

TABLE 2.3: Geometry dimensions of overground and underground
line.

Type of line Conductor ID.
a

[m]
b

[m]
overground OHx 8 0.3

underground UGy 0.1
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TABLE 2.4: Line parameters of commercial feeder of European LV
distribution network benchmark.

Node
from

Node
to

Cond.
ID

R’ph

[Ω/km]
X’ph

[Ω/km]
R’0

[Ω/km]
X’0

[Ω/km]
l

[m]
C1 C2 OH1 0.387 0.295 0.619 0.472 30

C2 C3 OH1 0.387 0.295 0.619 0.472 30

C3 C4 OH1 0.387 0.295 0.619 0.472 30

C4 C5 OH1 0.387 0.295 0.619 0.472 30

C5 C6 OH2 0.524 0.307 0.838 0.491 30

C6 C7 OH2 0.524 0.307 0.838 0.491 30

C7 C8 OH2 0.524 0.307 0.838 0.491 30

C8 C9 OH2 0.524 0.307 0.838 0.491 30

C3 C10 OH2 0.524 0.307 0.838 0.491 30

C10 C11 OH2 0.524 0.307 0.838 0.491 30

C11 C12 OH3 1.150 0.332 1.840 0.531 30

C11 C13 OH3 1.150 0.332 1.840 0.531 30

C10 C14 OH3 1.150 0.332 1.840 0.531 30

C5 C15 OH3 1.150 0.332 1.840 0.531 30

C15 C16 OH3 1.150 0.332 1.840 0.531 30

C15 C17 OH3 1.150 0.332 1.840 0.531 30

C16 C18 OH3 1.150 0.332 1.840 0.531 30

C8 C19 OH3 1.150 0.332 1.840 0.531 30

C9 C20 OH3 1.150 0.332 1.840 0.531 30

In the following two tables the data related at geometry dimensions and parameters
of overhead lines and underground lines, for European LV distribution benchmark
network, are reported. In particular the GMR is the geometric root radius. Subse-
quently the data of transformers and loads are reported. In particular for each trans-
former the type of connection and the electrical data, such as the nominal voltage at
primary and secondary and the rated apparent power are reported . While, for the
loads, the value of maximum demand of each consumer group in terms of apparent
power and the power factor of each consumer group are reported. At last the test
case, defined for this European LV distribution benchmark network, are reported.

TABLE 2.5: Geometry dimensions and parameters of overhead lines
for European LV distribution benchmark network.

Cond.
ID

Size
[mm2]

Number of
strands

dc

[mm]
R’ph

[Ω/km]
GMR
[cm]

OH1 50 19 13 0.387 0.345

OH2 35 7 11 0.524 0.287

OH3 16 7 8 1.150 0.192
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TABLE 2.6: Geometry dimensions and parameters of underground
lines for European LV distribution benchmark network.

Cond.
ID

Size
[mm2]

Number of
strands

dc

[mm]
R’ph

[Ω/km]
GMR
[cm]

UG1 240 37 1.75 0.162 0.671

UG2 150 37 1.38 0.265 0.531

UG3 120 37 1.24 0.325 0.475

UG4 25 1 0.564 1.54 0.220

UG5 35 1 0.668 1.11 0.260

UG6 70 1 0.944 0.568 0.368

TABLE 2.7: Transformer parameters of European LV distribution net-
work benchmark.

Node
from

Node
to

Connection
V1

[kV]
V2

[kV]
X∗tr
[Ω]

Srated
[kVA]

R0 R1 3-ph ∆-Y grounded 20 0.4 0.016 500

I0 I1 3-ph ∆-Y grounded 20 0.4 0.021 150

C0 C1 3-ph ∆-Y grounded 20 0.4 0.032 300

TABLE 2.8: Loads of European LV distribution network benchmark.

Node

Max demand of
each consumer

group Smax

[kVA]

Contribution of group
to max feeder demand Sc

[kVA]

Power factor

R11 15 5.7 0.85

R15 72 57 0.85

R16 55 25 0.85

R17 15 5.7 0.85

R18 47 25 0.85

I2 70 70 0.85

C12 20 11 0.85

C13 8 4.4 0.85

C14 25 13.8 0.85

C17 16 8.8 0.85

C18 8 4.4 0.85

C19 25 13.8 0.85

C20 20 11 0.85

Now we have all the data of the grid, distributed and main sources and loads for
the analysis. The next step is to insert this data into SUSI3 following the proceeding
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describe in the appendix. After that the last thing, before starting the simulation
with SUSI3, is to define the test cases and the relative boundaries in the same way as
describe into the appendix. The case test that we define for this network are:

1. Test case 0: this test case relates to the reference situation where energy stor-
age systems are off and renewable energy systems generate the active power
with the central control inactive. This case refers to the traditional grid where
the active and reactive power are generated from the PCC0 and the renewable
energy systems generate the active power. Practically the main generator and
the photovoltaic sources participate at load balance;

2. Test case 1: this test case is similar to case 0, however all distributed energy
resources, driven by the E-LAN dispatcher, feed reactive power too. This sit-
uation doesn’t refer to a real situation, because actually all distributed energy
resources, like photovoltaic or wind generators, are capable to generate only
active power;

3. Test case 2: this test case deals with unbalance and reactive power compensa-
tion at node 0, also called PCC0. In this case the distributed energy resources
are driven to make the whole network performing as a balanced load with unit
power factor at PCC0;

4. Test case 3: this test case refers to islanded operation. The power exchange
at PCC0 vanishes, and the dispatcher ensures active power balance by prop-
erly driving the energy storage systems. The renewable energy systems feed
the active power and react to the reactive power commands issued by the dis-
patcher;

5. Test case 4: this test case relates to demand response at node PCC0. The en-
ergy storage systems feed active and reactive power to suit the power demand,
while renewable energy systems behave as in case test 3; and

6. Test case 5: this test case refers to situation where the current in a selected grid
branch is cleared to allow the maintenance. The selected grid branch is the one
that connect the transformer to network RN 2. For this purpose, the controller
drives to zero that current, thus enabling no-load sectioning of the serviced
line without shutting down the entire network.

In the follow tables the results of the simulations, using SUSI3, are reported. These
results are only a part of the results that SUSI3 gives. These results resume the main
aftermath of the input grid with the previous test cases. From that the dispatcher
can understand a lot of things regard the grid and he can take some decisions about
it. In particular in the first tables the results related at the efficiency, in percentage,
the voltage deviation and the maximum and minimum phase shift are reported. In
the second table the results of the main power flow and power loss are resumed.
In particular the main power flow refers the total active and reactive power feed
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by sources, absorbed by loads and feed at node 0. While the power loss are the
distribution losses and the transformer plus converter losses.

TABLE 2.9: Main results of the analysis, done with SUSI3, related
at efficiency, voltage deviation and maximum and minimum phase

shift.

Test
case

Efficiency
[%]

Voltage deviation
[V]

Phase shift (max/mean)
[deg]

0 97.19 1.62 0.45 / 0.22

1 97.26 1.33 0.72 / 0.38

2 96.36 0.66 0.40 / 0.30

3 95.01 0.23 0.11 / 0.03

4 96.09 0.49 0.29 / 0.21

5 94.79 0.23 0.11 / 0.03

From the results of the simulation the dispatcher can make some reasonings to un-
derstand the power quality and the reliability of the network. After that he can
improve the management of the grid adopting some improvements. In particular
the efficiency of the system is a very important parameter of the power quality and
it is calculated with this equation:

η =
Pload

Pgen
= 1− Ploss

Pgen
(2.19)

The value of the efficiency is quite constant at changing of the test case and it is
always very high. Also we observe that the voltage deviation is very low respect at
the rated voltage so we can guarantee that at the load bus the voltages in into the
range. So this means that with the control function we can reach high value of power
quality and we can increase the reliability of the system.

TABLE 2.10: Main results of the analysis with SUSI3 relative at the
main power flow and power loss into the network.

Test
case

Total P
fed by
sources

[kW]

Total Q
fed by
sources
[kVAR]

Total P
absorbed
by loads

[kW]

Total Q
absorbed
by loads
[kVAR]

P fed at
node 0
[kW]

Q fed at
node 0
[kVAR]

Distribution
losses
[kW]

Transformer
+ converter

losses
[kW]

0 94.13 58.60 92.95 57.14 69.54 58.60 1.90 0.75

1 94.50 58.07 93.61 57.11 69.54 28.44 1.50 1.06

2 94.73 58.12 94.24 57.80 40.82 0.00 0.85 2.59

3 94.69 58.75 94.26 58.59 0.00 0.00 0.79 4.29

4 94.68 58.23 94.24 58.01 30.00 0.00 0.80 2.91

5 94.63 58.69 94.20 58.54 2.73 2.56 0.79 4.14

The results resumed in the second table give us the value of the total power active
and reactive power generate at node 0 and from distributed sources. At last is re-
ported the distribution and transformer plus converter losses for each test case. This
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last table gives us an idea of the main power flow into the grid, that is fundamental
for the study of the grid and to do some improvements to reach high value of power
quality and reliability of the system.



Chapter 3

Description of the analyzed system

At first this chapter deals with the description of the original grid that is the base of
the radial and meshed network. In particular all the data of the radial and meshed
network, that are studied with SUSI3, are reported into the following tables.

3.1 Description of radial and meshed grid.

In this section are reported the data of the radial and meshed grid that are studied
with SUSI3. The general data that are in common for the radial and meshed grid are
reported into these tables, while the information about the meshed grid are specified
in the last table. In particular the data that we have to add for the meshed grid are
related at the feeder of new branches. The first table resumes the general data of
both grids. In the following figure both grids are represented.

TABLE 3.1: General data of the radial and meshed grid.

Nominal rms voltage (line-to-neutral) [V] 234,8
Frequency [Hz] 50Mains data

Number of phases (1 or 3) 3

Rated voltage drop (%) 5,0
Line resistances (phase wires) / rated value 1,00
Line reactance (phase wires) / rated value 1,00

Line resistances (neutral wires) / rated value 2,00
Grid data

Line reactance (neutral wires) / rated value 1,00

Weight of "distribution loss" term 0,50
Weight of "conversion loss" term 0,50

Weight of "current stress of feeders" term 1,00
Weight of "power stress of sources" term 1,00
Weight of "current stress of sources" term 1,00

Cost function
parameters

Weight of "voltage deviation at user nodes" term 1,00

Limit current in feeders / rated current (warning) 105%
Max active power in sources / rated value (saturation) 110%

Warning and
saturation
thresholds Max current in converters / rated value (saturation) 120%

Tolerance Line parameters tolerance / estimation inaccuracy 2%
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FIGURE 3.1: Representation of the radial and meshed network.
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In particular the red lines are related at meshed grid. In this table the typical rated
voltage, the frequency and the rated voltage drop, that we have in an radial low
voltage grid, are reported. Also the cost function parameters, the warning and sat-
uration thresholds and tolerance are resumed into the same table. The cost function
parameters are fundamental for the optimization. In fact the cost function φloss, that
takes into account the energy loss in distribution and power converters, depends on
the coefficients cd and cc that are respectively the weight factors for distribution loss
and power converter loss. The cost function φloss is calculated by this formula:

φloss = cdφd + ccφc (3.1)

where φd and φc are respectively the cost function of distribution loss and power con-
verter loss. The cost function φstress, that takes into account the current stress in dis-
tribution feeders, power converters and energy sources, depends on the coefficients
cg, cp and ca that are respectively the weight factors for current stress of distribution
feeders, the active power stress of energy sources and the apparent power stress of
converters interfacing the distributed sources with the grid. The cost function φstress

is calculated by this formula:

φstress = cgφg + cpφp + caφa (3.2)

where φg, φp and φa are respectively the cost function of current stress of distribution
feeders, the active power stress of energy sources and the apparent power stress of
converters interfacing the distributed sources with the grid. At last the cost function
φdev, that accounts for voltage deviation at grid nodes, depends on the coefficient
cu that is the weight factor of the cumulative deviation node voltages respect to the
reference node. The cost function φdev is calculated by this formula:

φdev = cuφu (3.3)

where φu is the cost function of voltage deviation at grid nodes. In particular every
cost function φ are function of the current sources is, or more precisely of the active
ia and reactive ir components of source currents. While the warning and saturation
thresholds are useful for define the upper limit for branches, sources and convert-
ers. In particular we admit an over current about 5% respect of the rated current of
the feeder. If the current into a feeder exceeds this value the program generates an
warning. For the maximum active power sources we admit an over power about
10% respect of the rated value and if the this value is overcome the software gener-
ates a saturation advise and it tries again to solve the problem imposing at that gen-
erator the maximum power. At last we define an over current in converters about
20% respect of the rated value and if this limit is overtake the program generate a
saturation note. While the tolerance is used to define a range in which the program
pick randomly the line parameters for simulate an actual operation. Indeed during
the normal operation we don’t know precisely the value of line parameters and for



28 Chapter 3. Description of the analyzed system

sure they are different of the line parameters that we have into the tables. The sec-
ond table report all the data and parameters of the feeders that are present into the
grid.

TABLE 3.2: List of feeders, with the related parameters and geometric
data, used into the radial and meshed grid.

Name Type
Rph

[Ohm/km]
Xph

[Ohm/km]
RN

[Ohm/km]
XN

[Ω/km]
Ampacity

[A]
Section
[mm2]

3x150+95N 1 1,27E-01 9,30E-02 1,95E-01 9,50E-02 311 545

4x16_Al 2 1,91E+00 1,91E+00 1,91E+00 1,91E+00 65 64

3x25+16C_Al/Cu 3 1,20E+00 8,00E-02 1,16E+00 8,00E-02 97 91

3x50+25C_Al/Cu 4 6,41E-01 7,00E-02 7,34E-01 9,00E-02 137 175

3x50+25C 5 3,91E-01 7,00E-02 7,34E-01 9,00E-02 166 175

4x16 6 1,16E+00 8,20E-02 1,16E+00 8,20E-02 85 64

3x70+54Al 7 4,43E-01 7,00E-02 6,28E-01 1,50E-01 180 264

4x6 8 3,06E+00 9,50E-02 3,06E+00 9,50E-02 46 24

3x50+25N 9 3,90E-01 1,01E-01 7,34E-01 1,03E-01 166 175

2x16_Al 10 1,91E+00 1,00E-01 1,91E+00 1,00E-01 70 32

3x95+50N 11 1,95E-01 9,70E-02 3,91E-01 9,90E-02 249 335

4x10 12 1,84E+00 8,60E-02 1,84E+00 8,60E-02 55 40

3x95+35C_Al/Cu 13 3,20E-01 7,00E-02 5,29E-01 7,00E-02 239 320

3x50+25 14 3,91E-01 7,80E-02 7,34E-01 7,90E-02 166 175

4x1x16 15 1,14E+00 1,12E-01 1,14E+00 1,12E-01 105 64

4x1x25 16 7,19E-01 1,06E-01 7,19E-01 1,06E-01 140 100

1x6+6C 17 3,06E+00 9,60E-02 3,06E+00 9,60E-02 62 12

3x150+95Al 18 2,06E-01 9,30E-02 3,20E-01 9,50E-02 245 545

1x25+25C 19 7,34E-01 8,00E-02 7,34E-01 8,00E-02 145 50

1x10+6C_Al/Cu 20 3,08E+00 9,00E-02 3,08E+00 9,00E-02 68 16

These feeders are contained into the Enel’s library and they are commonly use at low
voltage grid. In particular it is possible to note that the ratio between the resistance
and reactance, related at the phase and one kilometer, is greater than one. That is an
aspect that characterizes the feeders of every low voltage network. This feature is
very important for the regulation of the frequency and the voltage in a low voltage
grid. While in the follow table is reported the topology of the grid with the length
and type of each feeders. In particular the column of feeder type is useful to connect
each branch to related feeder that is contained into the table of feeders. Indeed into
the previous table we associated each feeder with a number that define the type. In
this way every time that we want to define the features of a feeders we can use the
type number. While in the tables 3.4, 3.5 and 3.6 all type of load that we have into
the grid, divide in domestic, industrial and commercial load, are reported . This
split is only an ideal division. For every load we define a type and control boundary.
The meaning of these two value will be described into the manual in the end into
the appendix. For each load is also define the rated active and reactive power of a
source and an energy storage system that is present into the plant of that end-user.
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TABLE 3.3: Topology of the radial network.

Feeder
type

Length
[m]

N°
line

Start
node

End
node

Feeder
type

Length
[m]

N°
line

Start
node

End
node

1 30 1 2 3 10 2 64 11 1103
1 70 2 3 4 10 2 65 11 1104
2 15 3 4 5 10 2 66 11 1105
1 70 4 2 6 10 2 67 11 1106
1 60 5 6 7 20 2 68 11 1107
3 81 6 7 8 10 2 69 11 1108
3 33 7 8 9 10 2 70 11 1109
4 95 8 6 10 10 2 71 11 1110
4 36 9 6 11 10 2 72 11 1111
18 170 10 2 12 10 2 73 13 1301
5 21 11 12 13 10 2 74 13 1302
6 43 12 13 14 10 2 75 13 1303
7 48 13 13 15 10 2 76 14 1401
8 45 14 15 16 10 2 77 14 1402
9 35 15 12 17 15 2 78 15 1501
9 14 16 17 18 10 2 79 15 1502
10 22 17 17 19 10 2 80 15 1503
11 66 18 12 20 10 2 81 16 1601
12 37 19 20 21 10 2 82 16 1602
10 23 20 20 22 10 2 83 16 1603
12 25 21 20 23 10 2 84 16 1604
11 78 22 20 24 20 2 85 16 1605
13 57 23 24 25 10 2 86 16 1606
14 20 24 25 26 20 2 87 18 1801
2 20 25 26 27 10 2 88 18 1802
14 21 26 26 28 10 2 89 18 1803
15 23 27 28 29 20 2 90 18 1804
8 22 28 29 30 10 2 91 18 1805
16 14 29 29 31 10 2 92 18 1806
17 19 30 31 32 10 2 93 19 1901
13 40 31 31 33 10 2 94 19 1902
16 42 32 31 34 2 2 95 20 2001
7 46 33 28 35 10 2 96 20 2002
2 5 34 2 36 10 2 97 21 2101
18 61 35 2 37 10 2 98 21 2102
10 2 36 9 901 10 2 99 21 2103
2 2 37 9 902 19 2 100 23 2301
19 2 38 9 903 10 2 101 23 2302
10 2 39 9 904 10 2 102 23 2303
10 2 40 9 905 19 2 103 23 2304
10 2 41 9 906 3 2 104 28 2801
10 2 42 9 907 10 2 105 28 2802
19 2 43 9 908 10 2 106 30 3001
10 2 44 9 909 10 2 107 30 3002
10 2 45 9 910 10 2 108 30 3003
10 2 46 9 911 10 2 109 30 3004
10 2 47 9 912 10 2 110 30 3005
10 2 48 9 913 10 2 111 31 3101
10 2 49 9 914 10 2 112 31 3102
10 2 50 9 915 10 2 113 31 3103
10 2 51 9 916 10 2 114 31 3104
10 2 52 10 1001 10 2 115 34 3401
10 2 53 10 1002 10 2 116 34 3402
10 2 54 10 1003 10 2 117 35 3501
10 2 55 10 1004 10 2 118 35 3502
10 2 56 10 1005 19 2 119 35 3503
10 2 57 10 1006 10 2 120 35 3504
10 2 58 10 1007 10 2 121 35 3505
19 2 59 10 1008 10 2 122 35 3506
2 2 60 10 1009 10 2 123 35 3507
19 2 61 10 1010 18 2 124 9 917
10 2 62 12 1101 18 2 125 28 2803
19 2 63 11 1102
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TABLE 3.4: Domestic loads and sources.

Label Category Type
Control

boundary

Load
rated P
[kW]

Load
rated Q
[kVAR]

Source
rated P
[kW]

Source
rated Q
[kVAR]

DOM (M) [1F] (0) 13 0 0 3,00 1,45 0 0

DOM (M) + PV (M) [3F] (0) 14 -1 0 6,00 2,91 5,00 2,42

DOM (M) [1F] (3) 15 0 3 3,00 1,45 0 0

DOM (M) + PV (XS) [1F] (3) 16 -1 3 3,00 1,45 3,00 1,45

DOM (L) + PV(S) [1F] (3) 17 -1 3 4,50 2,18 4,70 2,28

DOM (M) + PV (XS) [1F] (0) 18 -1 0 3,00 1,45 3,00 1,45

DOM (M) + PV (XS) + ESS
[1F] (1)

19 -1 1 3,00 1,45 6,00 2,91

DOM (M) + PV (M) + ESS
[1F] (1)

20 -1 1 3,00 1,45 10,00 4,84

DOM (L) + PV (L) + ESS
[3F] (1)

21 -1 1 4,50 2,18 20,00 9,69

DOM (L) + PV (M) + ESS
[1F] (3)

22 -1 3 4,50 2,18 10,00 4,84

DOM (L) + PV (M) + ESS
[1F] (1)

23 -1 1 4,50 2,18 10,00 4,84

DOM (L) + PV (M) [1F] (1) 24 -1 1 4,50 2,18 5,00 2,42

DOM (M) + PV (M) [1F] (0) 25 -1 0 3,00 1,45 5,00 2,42

DOM (M) + PV (M) [1F] (1) 26 -1 1 3,00 1,45 5,00 2,42

DOM (M) [3F] (3) 27 0 3 6,00 2,91 0 0

DOM (M) + PV (M) + ESS
[1F] (1)

28 -1 1 3,00 1,45 10,00 4,84

DOM (XS) [1F] (3) 29 0 3 1,50 0,73 0 0

DOM (M) + PV (S) [1F] (3) 30 -1 3 3,00 1,45 4,70 2,28

DOM (S) + PV (XS) [1F] (1) 31 -1 1 2,00 0,97 3,00 1,45

TABLE 3.5: Industrial loads and sources.

Label Category Type
Control

boundary

Load
rated P
[kW]

Load
rated Q
[kVAR]

Source
rated P
[kW]

Source
rated Q
[kVAR]

IND (M) + PV (XL) [3F] (0) 32 -1 0 10,00 4,84 13,80 6,68

IND (L) + PV (L) + ESS
[3F] (1)

33 -1 1 22,00 10,66 10,00 4,84

IND (M) + PV (L) [3F] (1) 34 -1 1 10,00 4,84 10,00 4,84

IND (L) + PV (M) [1F] (1) 35 -1 1 6,00 2,91 5,00 2,42

IND (M) + PV (M) [1F] (1) 36 -1 1 3,00 1,45 5,00 2,42

TABLE 3.6: Commercial loads and sources.

Label Category Type
Control

boundary

Load
rated P
[kW]

Load
rated Q
[kVAR]

Source
rated P
[kW]

Source
rated Q
[kVAR]

COM + PV (L) + ESS
[3F] (1)

37 -1 1 15,00 7,26 10,00 4,84
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TABLE 3.7: Main sources.

Label Category Type
Control

boundary

Source
rated P
[kW]

Source
rated Q
[kVAR]

Efficiency
[%]

PCC1 (VS) 10 1 3 250 200 99

ESS (CS) 11 -1 0 100 100 95

ESS (VS) 12 1 0 100 100 95

TABLE 3.8: Load percentage for each type of load.

Kind of
load

Actual
power
costant

[%]

Actual
power

random
[%]

Power at
time 8 am

[%]

Power at
time 12 am

[%]

Power at
time 5 pm

[%]

Power at
time night

[%]

Domestic 30 70 100 100 100 30

Industrial 3F 70 30 100 30 40 10

Industrial 1F 50 50 100 20 30 10

Commercial 40 60 50 100 50 10

TABLE 3.9: Source percentage for each type of load.

Kind of
source

Actual
power
costant

[%]

Actual
power

random
[%]

Power at
time 8 am

[%]

Power at
time 12 am

[%]

Power at
time 5 pm

[%]

Power at
time Night

[%]

Efficiency
[%]

Domestic 30 70 100 100 100 30 92

Industrial 50 50 100 10 10 10 94

Commercial 40 60 20 100 20 10 93

In the table 3.7 the data of the sources are reported , a part of the generator that is
connect at node 0. Like for the load, the meaning of type and control boundary for
sources will be define at the appendix. For the sources the rated active and reactive
power and the efficiency are defined. While for the previous tables, in particular in
the table 3.8 and 3.9, the load and source percentage, for each type of end-user, are
resumed. For all load we define the part that is constant and random. This split is
helpful when we define four different period in a day and we set the percentage of
the load that we have for each period. For make clear the active power, similarly for
the reactive power, for a specific period is calculated with this formula:

Pload = c%,period(c%,costant + c%,random)Prated (3.4)

In this way we can define an random load for each end-consumer. This system is
very important because is not true that during the normal operation all load con-
sumes the rated active and reactive power.
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TABLE 3.10: Connection of the end-user at the distribution grid.

Node
Category of
load/source

3-phase
connection

Node
Category of
load/source

3-phase
connection

5 32 40 1805 13 30
9 40 1806 15 10

901 13 10 19 40
902 14 40 1901 28 20
903 15 20 1902 16 20
904 16 30 20 40
905 16 20 2001 21 40
906 16 10 2002 36 20
907 15 30 21 40
908 17 20 2101 29 20
909 18 20 2102 15 10
910 18 10 2103 21 40
911 18 30 22 13 30
912 19 20 23 40
913 19 10 2301 13 10
914 19 30 2302 15 20
915 13 20 2303 13 30
916 13 10 2304 30 10
10 40 27 15 20

1001 15 20 28 40
1002 15 10 2801 37 40
1003 15 30 2802 13 30
1004 18 20 29 15 10
1005 18 10 30 40
1006 20 30 3001 16 10
1007 20 20 3002 16 10
1008 20 10 3003 13 20
1009 21 40 3004 13 20
1010 18 30 3005 16 10

11 40 31 30
1101 15 20 3101 13 30
1102 22 10 3102 13 10
1103 13 30 3103 16 30
1104 15 20 3104 16 10
1105 15 10 32 23 20
1106 15 30 34 40
1107 21 40 3401 20 10
1108 13 20 3402 20 10
1109 13 10 35 40
1110 13 20 3501 19 20
1111 22 30 3502 29 20

13 40 3503 18 20
1301 13 30 3504 31 10
1302 13 30 3505 19 20
1303 13 30 3506 19 10

14 40 3507 19 30
1401 15 20 2 40
1402 23 20 3 40

15 40 4 40
1501 33 40 6 40
1502 13 30 7 40
1503 24 10 8 40

16 40 12 40
1601 15 20 36 40
1602 25 20 37 40
1603 26 10 17 40
1604 25 20 24 40
1605 34 40 25 40
1606 18 20 26 40

18 40 331 10 40
1801 35 10 33 40
1802 15 20 917 11 40
1803 15 30 2803 12 40
1804 27 40
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TABLE 3.11: Data of the transformers.

Trafo
Line

number
Start
node

End
node

V1N

[kV]
V2N

[kV]
SN

[kVA]
Xph

[Ω]
XN

[Ω]
vcc
[%]

TA
126 (R)
136 (M)

0 2 20 0,4 250 2,46E-2 2,46E-2 4

TB
127 (R)
137 (M)

33 331 20 0,4 300 5,30E-02 5,30E-02 4

TABLE 3.12: Added lines to build the main meshed grid starting from
the radial network.

Feeder
type

Length
[m]

Line
number

Start
node

End
node

18 20 126 5 8

18 30 127 11 13

18 25 128 15 17

18 80 129 26 31

18 20 130 19 21

18 15 131 8 10

In the table 3.10 the topology of the load are reported, more precisely the informa-
tion, about which load is connect to a determinate node, are specified. Furthermore
the informations for each load and node are reported, such as if they are single phase
or three phase. In the table 3.11 all the data for each transformer, that are contained
into the grid, are reported. The first transformer is connect at the PCC0, while the
second transformer is link at the PCC1. While into the last table all the data, related
the branches that we add to make the meshed grid based on the radial grid, are
reported. Obviously we decide arbitrarily these branches for making the meshed
grid. The proposed meshed grid, called main meshed grid, is the result of a several
simulation, in base on the defined test cases, to reach a good power quality into the
grid.





Chapter 4

Executive summary

This chapter deals with the summary of the results that are reported in the following
chapter.

4.1 Main results of the first test case.

In this section the tables and the graphs, related at first test case, are reported. In
particular all the graphs show the peak values of the electrical quantities that are
used for make comparison.
Considering the second case all the results represented into the following graph,
except for the maximum current stress of the sources, are in favor at meshed grid. In
particular the difference between the maximum current stress into sources, between
the radial and meshed grid, is very small, so that difference is neglected.

FIGURE 4.1: Comparison between the peak value of the results of the
radial and meshed grid, at case 12.

Indeed the voltage deviation relative at the radial grid is greater than that in the
meshed grid as the total power loss, the minimum of the minimum node voltage,
the maximum active power stress of sources, the maximum current stress into the
feeders and the distribution loss in phase wires. Furthermore the efficiency relative
at the meshed grid is greater compared to that in the radial grid. Moreover, con-
sidering also the results reported in the previous table, we observe that the voltage
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deviation, the distribution loss in phase wares, the loss in power sources and the
stress into sources, in the meshed grid, are lower compared to those in the radial
grid. These results are in favor at the meshed grid and they proof that, for this case,
the proposed meshed grid is better compared to the radial grid. The advantage that
the meshed grid introduce is that creates new paths for the current flow so, at parity
of the sources and loads, there are a better management of the network. Obviously
not all meshed version of the radial grid give the same benefits. In particular this
meshed grid is obtain at the end of some reasonings and analysis with SUSI3.
Considering the third case, also called case 13, all the results represent into the graph,
except for the maximum current and power stress in the sources, are in favor at
meshed grid. Indeed the voltage deviation relative at the radial grid is greater than
that in the meshed grid as the total power loss, the minimum of the minimum node
voltage, the maximum active power stress of sources and the distribution loss in
phase wires. Furthermore the efficiency relative at the meshed grid is greater com-
pared to that in the radial grid. In particular the differences between the maximum
stress into feeders and sources are very small, so these differences are neglected.

FIGURE 4.2: Comparison between the peak value of the results of the
radial and meshed grid, at case 13.

If we consider also the result reported in the following table, is possible to note
that the meshed grid gives the best results. Indeed, for each period of the day, the
electrical quantities considered are in favor of meshed grid.
These advantages, both for the second and third case, are due to presence of new
paths for the flow of current, so there will be a lower concentration of current for each
feeder. This fact leads to a reduction of power loss and current stress into feeders.
Moreover, only for the third case, the sources, in the meshed grid, are link to a greater
number of loads compared to that in the radial grid. So there is a greater number
of distributed sources that support each other to load balance. This collaboration
between sources leads to a reduction of the power and current stress of sources.
Moreover if we compare the results between the second and third case, we note
that the distributed generations gives the best results in terms of management and
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power quality. Indeed the voltage deviation, the distributed power loss, the loss in
power sources, the efficiency, the absolute value of the minimum voltage and the
maximum current stress of feeders, in the third case, are lower compared to that
in the second case. While the only two negative aspects, of the third case, are the
current and power stress of sources. Indeed the value of these two stress, in the
third case, are greater compared to those at second case. Rather than the value of
current and power stress of sources in the third case is very small, so they don’t
represent a problem.
So the meshed grid, with the distributed generation, gives better results in terms of
management and power quality.

TABLE 4.1: Results related at the radial grid in the first test case.

Test
case

12 12 12 12 13 13 13 13

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

3,96% 3,53% 3,53% 1,04% 2,76% 1,84% 3,11% 1,04%

Distribution loss in
phase wires [kW]

5,75 4,57 4,57 0,40 2,89 1,40 3,56 0,40

Loss in power
sources & converters

[kW]

0,15 0,13 0,12 0,01 1,70 4,58 0,28 0,01

Total power loss
including neutral wire

[kW]

6,93 5,79 5,77 0,51 5,23 7,04 4,70 0,51

Efficiency considering
neutral loss

96,99% 97,19% 97,18% 99,16% 97,71% 96,54% 97,69% 99,16%

Min node
voltage vs Vnom

(Number of node)

-6,92%
(1605)

-5,64%
(912)

-5,70%
(1606)

-1,69%
(912)

-4,62%
(1605)

-3,05%
(902)

-5,14%
(912)

-1,69%
(912)

Max node
voltage vs Vnom

(Number of node)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

Max active power
stress of sources

(Number of node)

28,33%
(331)

26,29%
(331)

25,59%
(331)

7,50%
(331)

29,52%
(3103)

49,25%
(1111)

21,72%
(331)

7,50%
(331)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

23,67%
(331)

22,28%
(331)

21,51%
(331)

6,30%
(331)

26,58%
(331)

44,34%
(1111)

18,85%
(331)

6,30%
(331)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

101,65%
(14)

81,06%
(14)

84,00%
(14)

24,61%
(14)

70,60%
(14)

41,72%
(14)

73,03%
(14)

24,61%
(14)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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TABLE 4.2: Results related at the main meshed grid in the first test
case.

Test
case

12 12 12 12 13 13 13 13

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

3,41% 3,02% 3,00% 0,88% 2,30% 1,48% 2,61% 0,88%

Distribution loss in
phase wires [kW]

3,93 3,00 3,02 0,26 1,92 0,91 2,31 0,26

Loss in power
sources & converters

[kW]

0,15 0,14 0,13 0,01 1,77 4,76 0,28 0,01

Total power loss
including neutral wire

[kW]

4,95 3,98 3,98 0,35 4,11 6,18 3,25 0,35

Efficiency considering
neutral loss

97,79% 98,02% 97,99% 99,40% 98,15% 96,88% 98,36% 99,40%

Min node
voltage vs Vnom

(Number of node)

-5,31%
(1605)

-4,40%
(1602)

-4,49%
(1602)

-1,32%
(1602)

-3,53%
(1605)

-2,03%
(3004)

-3,90%
(1602)

-1,32%
(1602)

Max node
voltage vs Vnom

(Number of node)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

Max active power
stress of sources

(Number of node)

28,09%
(331)

26,38%
(331)

25,44%
(331)

7,43%
(331)

29,39%
(2001)

49,28%
(2001)

21,32%
(331)

7,43%
(331)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

24,14%
(331)

23,13%
(331)

22,06%
(331)

6,43%
(331)

26,45%
(331)

44,35%
(331)

19,25%
(331)

6,43%
(331)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

94,29%
(14)

80,38%
(3)

81,59%
(3)

24,18%
(3)

65,12%
(14)

45,88%
(14)

70,06%
(3)

24,18%
(3)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0

In particular the previous two tables show the results of the analysis, done with
SUSI3, of the radial and meshed grid. Those results prove the statements and the
conclusions exposed previously.
Subsequently the results, related at the new version of meshed grid are reported.
Furthermore the graph, of the comparison of the results between the new and main
meshed network, is reported.
Considering the second case, also called case 12, all the results are in favor of the
main meshed grid, except for the maximum power and current stress into the sources.
Indeed the voltage deviation, relative at the new version of meshed grid, is greater
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than that in the main meshed grid as the total power loss, the minimum of the min-
imum node voltage, the maximum current stress into the feeders, and the distribu-
tion loss in phase wires. Furthermore the efficiency, related at the new meshed grid,
is lower compared to at the efficiency in the main meshed grid.

FIGURE 4.3: Comparison of the peak value of the results between the
new and main meshed grid, at case 12.

Considering the third case, also called case 13, the situation is different compared to
the previous one. Indeed all results are in favor at the main meshed grid.

FIGURE 4.4: Comparison of the peak value of the results between the
new and main meshed grid, at case 13.

In particular the voltage deviation relative at the new version of meshed grid is
greater than that in the main meshed grid as the total power loss, the minimum of
the minimum node voltage, the maximum current and power stress of the sources,
the maximum current stress into the feeders, and the distribution loss in phase wires.
While the efficiency of the main meshed grid is lower compared to that in the new
meshed grid. Also in this case there are no current stress into the feeders that over-
come the maximum value in the new meshed grid and it is a good point. Rather
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then the main meshed grid offers a better management compared to that with the
new meshed grid if we take into account the results reported into the previous table
and the graph, for the case 13.
So, considering all this reasonings and results, the main meshed grid offers best ad-
vantages and a better management compared to the new meshed grid.
In conclusion the best configuration of this network is that meshed with the dis-
tributed generations that participate at load balance to support the centralized gen-
erators and reduce the distributed power loss.

TABLE 4.3: Results related at the new meshed grid in the first test
case.

Test
case

12 12 12 12 13 13 13 13

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

3,68% 3,21% 3,24% 0,96% 2,48% 1,51% 2,82% 0,96%

Distribution loss in
phase wires [kW]

5,01 3,82 3,91 0,34 2,37 0,97 2,98 0,34

Loss in power
sources & converters

[kW]

0,13 0,11 0,11 0,01 1,71 4,63 0,26 0,01

Total power loss
including neutral wire

[kW]

6,28 5,00 5,09 0,45 4,65 6,14 4,08 0,45

Efficiency considering
neutral loss

97,19% 97,43% 97,40% 99,22% 97,90% 96,81% 97,90% 99,22%

Min node
voltage vs Vnom

(Number of node)

-6,15%
(1605)

-5,41%
(905)

-5,49%
(1602)

-1,63%
(905)

-4,37%
(1605)

-2,46%
(915)

-4,90%
(905)

-1,63%
(905)

Max node
voltage vs Vnom

(Number of node)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

0,00%
(331)

Max active power
stress of sources

(Number of node)

26,73%
(331)

24,40%
(331)

24,08%
(331)

7,09%
(331)

29,57%
(3507)

49,37%
(1010)

20,04%
(331)

7,09%
(331)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

22,33%
(331)

20,81%
(331)

20,37%
(331)

6,00%
(331)

26,61%
(3507)

44,45%
(1010)

17,58%
(331)

6,00%
(331)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

96,47%
(14)

90,67%
(14)

91,68%
(14)

27,34%
(14)

63,34%
(14)

42,84%
(28)

80,29%
(14)

27,34%
(14)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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4.2 Main results of the second test case.

In this section the graphs related at second test case are reported. In particular all
the graphs show the peak values of the electrical quantities that are used for make
comparison.
Considering the radial grid, in the first case, the voltage deviation, the distribution
loss in phase wires and the maximum current stress of feeders are greater compared
to those at second case. While the rest of the results reported, into the following
graph, are in favor of the first case. At first sight is obvious that the first case allows
a better management of the radial grid.

FIGURE 4.5: Comparison between the results of the radial grid at case
21 and 22.

While if we consider also the results of the analysis, done with SUSI3, we note that
the optimal control gives more benefits compared to the case without control. In-
deed, for each period of the day, the optimal control allows us a better management.
Moreover if we consider that the overstress of sources is related a small photovoltaic
generator, which is very easy to overstress, therefore the power loss into sources in-
crease from the first case to the second. So if we consider to add a new generator that
support the local overstressed sources is possible to delete the stress and to obtain
a better management of the grid in the second case. Consequently the active power
and current stress, in the distribution sources, will decrease a lot and the power loss,
into the distributed generators, decrease too. In conclusion the optimal control gives
the best results considering the radial grid.
Considering the meshed grid, in the first case, the voltage deviation, the distribution
loss in phase wires and the maximum current stress of feeders are greater compared
to those at second case. While the rest of the results reported into the previous graph
are in favor of the first case. At first sight is obvious that the first case allows a better
management of the meshed grid. So, at the beginning, the optimal control of the
active power isn’t the best solution for this system. While if we consider that the
overstress of sources is related at a small photovoltaic generators, which is very easy
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to overstress, we can conclude that this power and current stress of sources aren’t an
unsolvable problem.

FIGURE 4.6: Comparison between the results of the meshed grid at
case 21 and 22.

Indeed if we add a new generator that support the local overstressed sources is pos-
sible to delete the stress and to obtain a better management of the grid in the second
case. Obviously the introduction of this new generator will lead a different power
flow into the grid. In particular it will support the nearby distributed sources at
load balance, mostly to the local loads. This will involves to a reduction of the flow
of current into the grid, so a decrease of distribution loss in phase wires. Moreover
the power and current stress of sources will reduce. In conclusion, if we take into
account the results of the analysis, done with SUSI3, the optimal control gives more
benefits compared to the system without optimal control.
After that a comparison of the peak values of radial and meshed grid is reported for
each case. At first the comparison of the peak values, related at case 21, between the
radial and meshed grid is reported in the following graph.

FIGURE 4.7: Comparison between the results of the radial and
meshed grid at case 21.
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In that case the meshed grid gives the best results in terms of voltage deviation, the
distribution loss in phase wires, the total power loss and the efficiency. While for the
value of power loss and stress in sources and the current stress of feeders, there are
no difference between the radial and meshed grid. Moreover if we consider the re-
sults of the analysis for each period of the day, we note that the meshed grid allows
us a better management of the system. So the meshed grid is the best configuration
of the network in the first case.
While for the second case the comparison, of the peak values, is reported in the fol-
lowing graph in which the meshed grid gives the best results in terms of voltage
deviation, distribution loss, total power loss and maximum current stress of feed-
ers. While there are no difference between the peak value of power loss in sources,
efficiency, maximum power stress of sources and maximum current stress of feeders.

FIGURE 4.8: Comparison between the results of the radial and
meshed grid at case 22.

Moreover if we consider the results of the analysis for each period of the day, we
note that the meshed grid allows us a better management of the system. So for the
second test case the meshed grid gives the best results.
In conclusion, in this test case, the meshed grid, with the optimal control, is the best
configuration of this system. In particular the optimal control is of the active power
generated by the distributed sources and reactive power from the energy storage
systems. So is possible to manage, in an optimal way, the system to reach high value
of power quality and reliability of the systems.
Moreover in the following tables the main results, of the analysis done with SUSI3,
are reported. In particular the first table resumes the results of the radial grid, while
the second table resumes the results of the meshed grid.
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TABLE 4.4: Results related at the radial grid relative the second test
case.

Test
case

21 21 21 21 22 22 22 22

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

3,09% 1,68% 3,34% 1,12% 1,47% 0,61% 1,86% 0,54%

Distribution loss in
phase wires [kW]

4,99 2,14 4,86 0,52 1,48 0,49 1,99 0,20

Loss in power
sources & converters

[kW]
3,40 5,75 1,63 0,13 9,49 8,25 7,71 1,55

Total power loss
including neutral wire

[kW]
9,24 9,18 7,69 0,78 11,80 9,37 10,66 1,85

Efficiency considering
neutral loss

95,93% 95,42% 96,18% 98,66% 94,87% 95,43% 94,82% 97,00%

Min node
voltage vs Vnom

(Number of node)

-2,83%
(1605)

-1,16%
(1805)

-3,13%
(1601)

-1,12%
(1601)

-2,13%
(1605)

-0,98%
(2303)

-2,40%
(912)

-0,67%
(1603)

Max node
voltage vs Vnom

(Number of node)

0,11%
(7)

0,30%
(1006)

0,03%
(33)

0,01%
(33)

0,21%
(5)

0,37%
(5)

0,37%
(5)

0,31%
(5)

Max active power
stress of sources

(Number of node)

29,83%
(3402)

49,94%
(3402)

19,32%
(331)

6,71%
(331)

102,29%
(1604)

99,60%
(910)

100,80%
(5)

99,98%
(902)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

52,20%
(917)

44,96%
(3402)

45,87%
(917)

14,12%
(917)

112,66%
(1107)

98,40%
(2801)

99,32%
(1107)

90,01%
(902)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

101,95%
(7)

71,93%
(7)

97,91%
(7)

30,99%
(7)

64,75%
(68)

45,48%
(28)

61,80%
(28)

23,97%
(3)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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TABLE 4.5: Results related at the meshed grid relative the second test
case.

Test
case

21 21 21 21 22 22 22 22

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

2,19% 0,94% 2,54% 0,88% 1,29% 0,51% 1,62% 0,50%

Distribution loss in
phase wires [kW]

2,92 1,11 2,93 0,32 1,15 0,37 1,55 0,17

Loss in power
sources & converters

[kW]
3,35 5,72 1,52 0,12 9,17 7,83 7,88 1,88

Total power loss
including neutral wire

[kW]
6,88 7,51 5,49 0,56 11,13 8,63 10,46 2,14

Efficiency considering
neutral loss

97,07% 96,34% 97,35% 99,07% 95,24% 95,77% 94,96% 96,52%

Min node
voltage vs Vnom

(Number of node)

-2,87%
(1605)

-0,78%
(1601)

-3,21%
(1602)

-1,11%
(1602)

-1,56%
(1605)

-0,83%
(3004)

-1,40%
(1605)

-0,50%
(1605)

Max node
voltage vs Vnom

(Number of node)

0,01%
(2)

0,36%
(3402)

0,02%
(36)

0,00%
(2)

0,04%
(1009)

0,30%
(1603)

0,02%
(33)

0,12%
(5)

Max active power
stress of sources

(Number of node)

29,89%
(3402)

50,00%
(3402)

21,12%
(331)

7,36%
(331)

100,42%
(5)

99,93%
(902)

100,39%
(5)

96,92%
(902)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

52,12%
(917)

45,01%
(3402)

42,95%
(917)

12,93%
(917)

98,96%
(2801)

99,49%
(2801)

98,99%
(2801)

89,10%
(2801)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

101,26%
(7)

70,44%
(7)

95,74%
(7)

30,23%
(7)

48,57%
(28)

48,57%
(28)

64,16%
(28)

21,61%
(28)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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4.3 Main results of the third test case.

In this section the graphs related at second test case are reported. In particular all
the graphs show the peak values of the electrical quantities that are used for make
comparison.
Considering the radial grid, from the following graph, the optimal control, of the ac-
tive and reactive power, gives the best results, except for the maximum active power
stress into the sources. In particular the maximum value of power stress of sources,
in the first case, is much higher compared to those at second case. This is because
the optimal control exploited more the distributed sources to reduce the total stress.
Moreover the overstressed sources are relative at domestic and industrial end-user,
so they are very small and it is very simple to overstress. A solution to reduce the
overstressed source is to connect a current source, in a new or already existing fully
controllable node close to the overstressed sources, to support the local overstressed
sources at load balance and minimization of the total stress. Otherwise we have to
increase the rated active and reactive power of the overstressed sources. While the
maximum current stress into the feeders remains constant between the first and sec-
ond case.
So, for the management of the radial network, for this test case, the optimal control
of the active power allows us a better management of the system.

FIGURE 4.9: Comparison between the peak value results of the case
31 and 32, considering the radial grid.

The following graph compares the peak values relative at the results of the meshed
grid, between the first and second case. From this graph the grid with the optimal
control gives the best results in terms of the voltage deviation, distribution loss into
the feeders and the maximum current stress into the feeders and sources. While
the value of power loss in sources, total power loss an the efficiency are practically
equal. The only negative point is for the maximum power stress into the sources
because, with the optimal control, the power stress, into distributed sources, is much
greater compared to that without optimal control. Moreover we have to consider
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that the overstress sources are very small, so it is very simple to reach the upper
power limit and overcome that. A solution of the overstressed sources has been
proposed previously.

FIGURE 4.10: Comparison between the peak value of the results at
case 31 and 32, considering the meshed grid.

So, for the management of this system, the optimal control gives the best results.
Considering the first case the graph is the following. In particular the voltage de-
viation, the distribution loss in phase wires, the total power loss and the maximum
current stress of sources are lower compared to that in the radial grid. This is be-
cause in the meshed grid the new branches offer new paths in which the current can
flow and that bring the advantages described previously. This is a good point for
the meshed grid. While the power loss in sources and the efficiency there are no
difference between the two cases.

FIGURE 4.11: Comparison between the results of the radial and
meshed grid, at case 31.

The two negative aspects of the meshed grid are the maximum power stress into the
sources and the maximum current stress into the feeders. This happen because the
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new branches, related at radial grid, approaching loads and distributed sources that
in the radial grid are distant. So the distributed sources will feed the local loads and
the new loads acquired thanks to the new lines. In this way the maximum active
power stress of the sources will increase a lot and it will be greater compared to that
in the radial grid. Rather than we have to take into account that the overstress is
related at distributed sources, such as photovoltaic sources, that are property of do-
mestic of industrial end-user. Moreover these sources are very small and it is very
simple to overcome the upper power limit.
So, considering the graph and the results reported in the previous table, the meshed
grid allows us a better management of the system in the first case.
Considering the peak value, of the second case in the meshed grid, the voltage de-
viation, the distribution loss in phase wires, the maximum of the active power and
current stress of sources and the current stress into feeders are lower compared to
those with the radial grid. This is a good point for the meshed grid. While the
efficiency, the power loss in sources and the total power loss are practically equal
between the radial and meshed grid, at the case 32. So this shows that the meshed
grid with the optimal control of the power generated from all the sources bring the
best benefits.

FIGURE 4.12: Comparison between the results of the radial and
meshed grid, at case 32.

In conclusion, for this system, the meshed grid, with the optimal control of active
and reactive power, gives the best results in terms of management of the grid, con-
sidering the graphs and the main results reported in the following tables.
Moreover in the following tables the main results, of the analysis done with SUSI3,
are reported. In particular the first table resumes the results of the radial grid, while
the second table resumes the results of the meshed grid.
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TABLE 4.6: Results related at the radial grid relative the third test
case.

Test
case

31 31 31 31 32 32 32 32

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

1,19% 0,31% 1,41% 0,46% 0,95% 0,24% 0,98% 0,23%

Distribution loss in
phase wires [kW]

1,24 0,40 1,66 0,28 0,88 0,30 1,01 0,14

Loss in power
sources & converters

[kW]
8,39 7,54 8,03 1,67 7,80 7,13 6,73 1,39

Total power loss
including neutral wire

[kW]
10,18 8,62 10,85 2,16 9,27 7,91 8,40 1,62

Efficiency considering
neutral loss

95,52% 95,89% 94,64% 96,35% 95,96% 96,15% 95,91% 97,30%

Min node
voltage vs Vnom

(Number of node)

-2,69%
(1605)

-0,65%
(901)

-3,15%
(1606)

-1,14%
(1606)

-1,97%
(1605)

-0,67%
(3003)

-1,53%
(1603)

-0,51%
(1603)

Max node
voltage vs Vnom

(Number of node)

0,94%
(917)

0,43%
(914)

1,51%
(917)

0,46%
(917)

0,58%
(917)

0,40%
(3401)

0,68%
(917)

0,39%
(5)

Max active power
stress of sources

(Number of node)

30,13%
(905)

49,86%
(905)

35,72%
(917)

12,21%
(2803)

100,43%
(5)

87,00%
(5)

107,94%
(3503)

101,71%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

112,89%
(2801)

75,55%
(1501)

102,45%
(1107)

105,24%
(5)

100,08%
(2001)

83,03%
(5)

109,17%
(1501)

92,06%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

67,33%
(95)

47,16%
(28)

60,03%
(14)

43,98%
(3)

68,85%
(95)

47,16%
(28)

47,16%
(28)

30,81%
(3)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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TABLE 4.7: Results related at the meshed grid relative the third test
case.

Test
case

31 31 31 31 32 32 32 32

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

0,93% 0,29% 1,10% 0,36% 0,69% 0,20% 0,71% 0,21%

Distribution loss in
phase wires [kW]

1,13 0,37 1,46 0,18 0,73 0,23 0,88 0,10

Loss in power
sources & converters

[kW]
7,58 8,23 6,88 1,07 8,35 7,60 8,00 1,31

Total power loss
including neutral wire

[kW]
9,16 9,11 9,20 1,36 9,49 8,13 9,39 1,47

Efficiency considering
neutral loss

95,87% 95,48% 95,33% 97,65% 95,77% 95,89% 95,30% 97,52%

Min node
voltage vs Vnom

(Number of node)

-2,84%
(1605)

-0,95%
(1601)

-3,28%
(1606)

-1,11%
(1606)

-1,32%
(1605)

-0,55%
(3001)

-1,09%
(1605)

-0,40%
(1603)

Max node
voltage vs Vnom

(Number of node)

0,84%
(917)

0,46%
(914)

1,19%
(917)

0,41%
(917)

0,74%
(917)

0,34%
(3401)

0,77%
(917)

0,14%
(5)

Max active power
stress of sources

(Number of node)

40,07%
(917)

49,90%
(1102)

55,37%
(917)

19,41%
(917)

100,40%
(5)

84,05%
(5)

103,51%
(1604)

100,15%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

102,72%
(2001)

89,17%
(1107)

99,99%
(5)

54,75%
(1501)

99,68%
(5)

79,34%
(5)

100,98%
(1107)

91,90%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

71,72%
(14)

48,40%
(68)

84,63%
(14)

29,54%
(14)

51,04%
(68)

37,83%
(95)

66,21%
(28)

22,37%
(28)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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4.4 Main results of the fourth test case.

In this section the tables and the graphs, related at fourth test case, are reported. In
particular all the graphs show the peak values of the electrical quantities that are
used for make comparison.
Considering the radial grid, the peak values of the results, of the first and second
case, are compared in the following graph.

FIGURE 4.13: Comparison between the results of case 41 and 42, rel-
ative the radial grid.

From this graph the optimal control gives the best results in terms of voltage devi-
ation, distribution loss into the feeders, loss in power sources, the total power loss,
maximum current stress into feeders and maximum power stress into sources. While
the efficiency remains constant between the two cases. The only negative aspect is
the maximum of the current stress into the sources. Moreover is important to con-
sider that the overstressed sources are very small so is simple to reach the upper
limit of active and reactive power and overcome it. To solve this problem a solution
is to install a fully controllable generator, close to the overstressed power sources, to
support them at load balance and minimization of the total stress. Another solution
is to increase the rated active and reactive power of those sources.
So, for this test case in the radial grid, the optimal control gives the best results,
considering the graph and the results reported into the following table, in terms of
management the system under islanding operation.
Considering the meshed grid, the peak values of the results, of the first and second
case, are compared in the following graph. In the previous graph the some result
of the simulation, related at meshed grid, are compared. Considering the voltage
deviation, the distribution loss in phase wires and the maximum current stress in
feeders, the optimal control gives the best results. Furthermore the loss in power
sources and the efficiency remain constant between the two cases. While the only
two negative aspect of optimal control are maximum active power and current stress
into the sources. This is because, with the optimal control, the distributed sources
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are more exploited compared to those at first case, in which the optimal control is
off.

FIGURE 4.14: Comparison between the results of case 41 and 42, rel-
ative at meshed grid.

So the optimal control, in this test case considering the meshed grid, gives the best
results,taking into account the graph and the results reported into the following ta-
ble, in terms of management the system.
At last is important to understand which configuration of the distributed grid gives
the best results for each case. In the following graph the peak values of the radial
and meshed grid, related at case 41, are reported.

FIGURE 4.15: Comparison between the peak value of the results of
the radial and meshed grid at case 41.

From the previous graph, in the meshed grid, the voltage deviation, the distribution
loss in phase wires, the loss into sources and the maximum of active power stress
in sources, are lower compared to those at radial grid. Furthermore the efficiency
and the current stress of sources remain constant between the two cases. The only
negative aspect of the meshed grid is the maximum current stress into the feeders.
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So, for the case 41, the meshed grid gives the best results, both considering the graph
and the results reported in the previous tables, in terms of management the grid and
power quality.
While the comparison between the peak value of radial and meshed grid, related at
case 42, are reported in the following graph. In the meshed grid the voltage devi-
ation, the distribution loss in phase wires and the loss into sources, are lower com-
pared to those at radial grid. Furthermore the efficiency remain constant between the
two configurations of the grid. While the negative aspects, related at meshed grid,
are the maximum active power stress and current stress into the sources and the
maximum current stress into the feeders. This happen because in the meshed grid
the distributed sources are link to a greater number of loads compared to the num-
ber of loads in the radial grid. So in the meshed grid the distributed sources have to
feed a greater number of loads and it bring to a greater stress of the sources and feed-
ers. Also the distributed sources, that are overstressed, are very small, so it is very
simple to reach the upper power limit and overcome it. As previously anticipated to
solve these power overstress, of sources, a solution is to connect, in a nearby node, a
new current source to support the already existing distributed sources. Rather than
the value of the stress into the sources and the feeders are not so different, between
the radial and meshed grid related at case 42.
So the meshed grid gives the best results in terms of management and the power
quality of the system.

FIGURE 4.16: Comparison between the peak value of the results of
the radial and meshed grid at case 42.

In conclusion, considering the results reported in the previous tables and graphs, the
meshed grid, with optimal control, allows us a better management of the system.
Moreover in the following tables the main results, of the analysis done with SUSI3,
are reported. In particular the first table resumes the results of the radial grid, while
the second table resumes the results of the meshed grid.
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TABLE 4.8: Results related at the radial grid relative the fourth test
case.

Test
case

41 41 41 41 42 42 42 42

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

1,96% 0,36% 2,34% 0,83% 1,18% 0,22% 1,35% 0,17%

Distribution loss in
phase wires [kW]

3,98 0,41 5,54 0,92 1,74 0,28 2,44 0,16

Loss in power
sources & converters

[kW]
13,38 7,63 13,34 5,72 9,96 7,30 12,70 1,67

Total power loss
including neutral wire

[kW]
19,00 8,74 21,18 7,15 13,11 8,06 16,94 1,94

Efficiency considering
neutral loss

91,77% 95,69% 89,79% 88,10% 94,28% 96,03% 91,85% 96,75%

Min node
voltage vs Vnom

(Number of node)

-3,02%
(1605)

-0,62%
(1805)

-3,33%
(1604)

-1,18%
(1604)

-1,80%
(1605)

-0,58%
(1805)

-1,23%
(1605)

-0,43%
(1603)

Max node
voltage vs Vnom

(Number of node)

5,03%
(917)

1,00%
(914)

6,32%
(917)

2,17%
(917)

3,55%
(917)

0,41%
(5)

4,18%
(917)

0,39%
(5)

Max active power
stress of sources

(Number of node)

80,41%
(917)

50,16%
(911)

102,71%
(917)

34,17%
(917)

100,30%
(1602)

72,76%
(5)

100,73%
(1602)

104,62%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

99,92%
(3504)

98,15%
(1501)

100,43%
(3504)

100,32%
(5)

99,95%
(2801)

73,48%
(1501)

112,74%
(1503)

94,37%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

79,64%
(7)

38,97%
(28)

102,25%
(7)

49,55%
(95)

56,15%
(7)

49,79%
(95)

67,08%
(7)

35,67%
(3)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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TABLE 4.9: Results related at the meshed grid relative the fourth test
case.

Test
case

41 41 41 41 42 42 42 42

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

0,93% 0,19% 1,06% 0,38% 0,68% 0,16% 0,73% 0,17%

Distribution loss in
phase wires [kW]

2,06 0,27 2,72 0,38 1,24 0,21 1,52 0,13

Loss in power
sources & converters

[kW]
10,15 7,31 10,37 2,74 10,05 6,85 9,38 1,85

Total power loss
including neutral wire

[kW]
12,57 7,94 13,66 3,18 11,95 7,32 11,58 2,04

Efficiency considering
neutral loss

94,37% 95,96% 93,08% 94,47% 94,68% 96,27% 94,18% 96,48%

Min node
voltage vs Vnom

(Number of node)

-1,91%
(1605)

-0,57%
(3004)

-2,25%
(1601)

-0,80%
(1601)

-1,20%
(1605)

-0,58%
(3004)

-1,02%
(1605)

-0,39%
(1605)

Max node
voltage vs Vnom

(Number of node)

2,07%
(917)

0,42%
(1605)

2,65%
(917)

0,95%
(917)

1,48%
(917)

0,42%
(1605)

1,71%
(917)

0,22%
(917)

Max active power
stress of sources

(Number of node)

76,33%
(917)

49,76%
(1603)

97,81%
(917)

34,60%
(917)

108,25%
(1604)

72,69%
(5)

104,61%
(1604)

100,25%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

100,07%
(5)

83,01%
(1107)

100,42%
(2001)

114,36%
(5)

119,80%
(1107)

69,43%
(1501)

99,59%
(1107)

96,31%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

91,93%
(7)

44,82%
(68)

119,76%
(7)

44,83%
(7)

70,31%
(68)

43,40%
(28)

67,59%
(7)

17,71%
(28)

Number of overstressed
feeders (current)

0 0 1 0 0 0 0 0
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4.5 Main results of the fifth test case.

In this section the tables and the graphs, related at fifth test case, are reported. In
particular all the graphs show the peak values of the electrical quantities that are
used for make comparison.
At first is important to compare the peak values of the results, relative the radial grid,
between the case 51 and 52 to understand if the optimal control, of active power,
gives the best results.

FIGURE 4.17: Comparison between the results of case 51 and 52, con-
sidering the radial grid.

From the previous graph the optimal control gives the best results in terms of voltage
deviation, distribution loss in phase wires and maximum current stress into sources.
Moreover the efficiency and the total power loss remain constant between the first
and second case. While for the power loss of sources, the maximum power stress of
sources and maximum current stress of feeders the best configuration of the radial
grid is without control of the active power. Since the overstressed sources are always
a small sources, the current stress into the sources is not a problem because it is easily
solved adding a new generator in that node or in a near one. Otherwise, to solve the
power overstress of distributed sources, a solution could be to increase the active
and reactive power of the overstressed sources.
So, for the radial grid, the optimal control gives the best results, considering the
previous graph and the results reported in the following table, and it allows a better
management of the system.
After that the comparison of the peak values, between the case 51 and 52, is reported
to understand if the optimal control of active power gives the best results, relative
the meshed grid. From the following graph the optimal control gives the best results
in terms of voltage deviation, distribution loss in phase wires, power loss in phase
wires, total power loss and maximum current stress of feeders. While there are no
difference of the efficiency and maximum current stress of feeders between the two
cases. Moreover the value of active stress into the sources, in the first case, is lower
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compared to that in the second case. Since the overstressed sources are always a
small sources, the current stress into the sources is not a problem because it is easily
solved adding a new generator in that node or in a near one as described above.

FIGURE 4.18: Comparison between the results of case 51 and 52, con-
sidering the meshed grid.

So, for the meshed grid, the optimal control gives the best results, considering the
previous graph and the results reported in the following table, and it allows a better
management of the system.
At last is important to understand which configuration of the distributed grid gives
the best results for each case.
In the following graph the peak values of the radial and meshed grid, related at case
51, are reported.

FIGURE 4.19: Comparison between the results of the radial and
meshed grid at case 51.

From the previous graph, in the meshed grid, the voltage deviation and the distri-
bution loss in phase wires are lower compared to those at radial grid. Furthermore
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the efficiency and the current stress and power stress of sources remain constant be-
tween the two cases. The negative aspects, of the meshed grid, are the maximum
current stress into the feeders, the power loss into sources and the total power loss.
Rather than, as previously described, the overstressed sources are very small, so is
very simple to reach the upper limit of active and reactive power and overcome it.
So, for the case 51, the meshed grid gives the best results, both considering the graph
and the results reported in the following tables, in terms of management the grid and
power quality. While the comparison between the peak value of radial and meshed
grid, related at case 52, are reported in the following graph.

FIGURE 4.20: Comparison between the results of the radial and
meshed grid at case 52.

In the meshed grid the voltage deviation, the distribution loss in phase wires, the
loss into sources and the total power loss, are lower compared to those at radial grid.
Furthermore the efficiency, the active power stress and current stress of sources re-
main, approximately, constant between the two configurations of the grid. While the
maximum current stress of feeders, in the meshed grid, is lower compared to that in
the radial grid. This is due to the new paths that, the meshed grid, introduce into
the system. Indeed with the addition we create new paths in which the current can
flow. So, generally, the concentration of the current will reduce and this lead to a
reduction of the current stress of feeders.
So the meshed grid gives the best results, considering the previous graph and the re-
sults reported in the following table, in terms of management and the power quality
of the system.
Moreover in the following tables the main results, of the analysis done with SUSI3,
are reported. In particular the first table resumes the results of the radial grid, while
the second table resumes the results of the meshed grid.
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TABLE 4.10: Results related at the radial grid relative the fifth test
case.

Test
case

51 51 51 51 52 52 52 52

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

1,68% 0,62% 2,14% 0,72% 1,24% 0,55 1,62 0,52

Distribution loss in
phase wires [kW]

2,21 0,50 2,99 0,50 1,06 0,34 1,57 0,16

Loss in power
sources & converters

[kW]
12,26 7,72 11,95 3,43 10,04 7,01 9,37 1,38

Total power loss
including neutral wire

[kW]
14,90 8,77 15,70 4,02 11,85 7,86 11,71 1,64

Efficiency considering
neutral loss

93,54% 95,66% 92,37% 93,34% 94,75% 96,07% 94,22% 97,29%

Min node
voltage vs Vnom

(Number of node)

-2,34%
(1605)

-0,80%
(3004)

-2,70%
(1601)

-0,95%
(1601)

-1,92%
(3004)

-1,52%
(3004)

-2,11%
(3004)

-0,79%
(3001)

Max node
voltage vs Vnom

(Number of node)
0,34% 0,37% 0,34% 0,15% 0,19% 0,14% 0,07% 0,11%

Max active power
stress of sources

(Number of node)

31,50%
(1006)

49,59%
(902)

19,35%
(331)

6,58%
(331)

108,80%
(1602)

100,14%
(5)

105,53%
(1602)

100,09%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

113,11%
(1503)

99,56%
(5)

99,34%
(1008)

99,89%
(5)

114,79%
(1107)

99,62%
(5)

109,99%
(1009)

92,16%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

78,87%
(7)

54,91%
(68)

93,93%
(7)

49,08%
(68)

52,59%
(28)

52,59
(28)

56,93%
(28)

19,61%
(28)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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TABLE 4.11: Results related at the meshed grid relative the fifth test
case.

Test
case

51 51 51 51 52 52 52 52

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

1,68% 0,62% 2,14% 0,72% 1,24% 0,55% 1,62% 0,52%

Distribution loss in
phase wires [kW]

2,21 0,50 2,99 0,50 1,06 0,34 1,57 0,16

Loss in power
sources & converters

[kW]
12,26 7,72 11,95 3,43 10,04 7,01 9,37 1,38

Total power loss
including neutral wire

[kW]
14,90 8,77 15,70 4,02 11,85 7,86 11,71 1,64

Efficiency considering
neutral loss

93,54% 95,66% 92,37% 93,34% 94,75% 96,07% 94,22% 97,29%

Min node
voltage vs Vnom

(Number of node)

-2,34%
(1605)

-0,80%
(3004)

-2,70%
(1601)

-0,95%
(1601)

-1,92%
(3004)

-1,52%
(3004)

-2,11%
(3004)

-0,79%
(3001)

Max node
voltage vs Vnom

(Number of node)

0,34%
(33)

0,37%
(3402)

0,34%
(2)

0,15%
(2)

0,19%
(1009)

0,14%
(1009)

0,07%
(1009)

0,11%
(5)

Max active power
stress of sources

(Number of node)

31,50%
(1006)

49,59%
(902)

19,35%
(331)

6,58%
(331)

108,80%
(1602)

100,14%
(5)

105,53%
(1602)

100,09%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

113,11%
(1503)

99,56%
(5)

99,34%
(1008)

99,89%
(5)

114,79%
(1107)

99,62%
(5)

109,99%
(1009)

92,16%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

78,87%
(7)

54,91%
(68)

93,93%
(7)

49,08%
(68)

52,59%
(28)

52,59%
(28)

56,93%
(28)

19,61%
(28)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0



4.6. Main results of the sixth test case. 61

4.6 Main results of the sixth test case.

In this section the tables and the graphs, related at fifth test case, are reported. In
particular all the graphs show the peak values of the electrical quantities that are
used for make comparison.
At first is important to compare the peak values of the results, relative the radial grid,
between the case 61 and 62 to understand if the optimal control, of active power,
gives the best results.

FIGURE 4.21: Comparison between the results of case 61 and 62, con-
sidering the radial grid.

From the previous graph the optimal control gives the best results in terms of the
voltage deviation and all the rest of the electrical quantities considered in the previ-
ous graph. In particular only the efficiency remains constant between the two cases.
Moreover the optimal control of the active power brought a reduction of the peak
value of the maximum active power stress of source and it is a very good point. Also
the optimal control has reduced the peak of maximum current stress of sources and
feeders, so it leads a lot of benefits into the system.
So, for the radial grid, the optimal control of the active power gives the best results
in terms of management of the system. Those are benefits that characterize the smart
grid.
After that is important to compare the peak values of the results, relative the ra-
dial grid, between the case 63 and 64 to understand if the optimal control, of active
power, gives the best results. From the following graph, in the third case, the value of
voltage deviation, distribution loss in phase wires and the maximum current stress
of feeders, are lower compared those in fourth case. While, in the third case, the
loss in power sources, total power loss and the maximum of active power stress of
sources are lower compared to those in the fourth case. At last the efficiency and
the maximum current stress of sources remain constant between the two cases. In
particular, as previously described, the increase of he active power stress of sources
is due to the optimal control. Similarly the reduction of the current stress of feeders.
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Moreover we have to consider that the overstressed sources are very small so it is
very simple to reach the upper limit and overcome it.

FIGURE 4.22: Comparison of the results between the case 63 and 64,
considering the radial grid.

So, for the radial grid, the optimal control, of the active power, gives the best results
in terms of management of the system. Those are benefits that characterize the smart
grid.
Subsequently is important to compare the peak values of the results, relative the
meshed grid, between the case 61 and 62 to understand if the optimal control, of
active power, gives the best results.

FIGURE 4.23: Comparison of the results between the case 61 and 62,
considering the meshed grid.

From the following graph the optimal control gives the best results in terms of volt-
age deviation, distribution loss in phase wires, loss in power sources, total power
loss, maximum active stress and current stress of power sources. In particular the
optimal control has reduced the peak value of the maximum active power stress of
the sources. That is a very good point that allow us a better management of the
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distributed sources. While the efficiency and the maximum current stress of feeders
remain constant between the two cases.
So, for the meshed grid, the optimal control, of the active power, gives the best re-
sults in terms of management of the system. Those are benefits that characterize the
smart grid.
After that is important to compare the peak values of the results, relative the meshed
grid, between the case 63 and 64 to understand if the optimal control, of active
power, gives the best results.

FIGURE 4.24: Comparison of the results between the case 63 and 64,
considering the meshed grid.

From the previous graph the optimal control gives the best results in terms of voltage
deviation, distribution loss in phase wires and maximum current stress of feeders.
While the efficiency and the total power loss remain constant between the two cases.
Moreover, in third case, the loss in power sources, the current stress and power stress
of sources are lower compared to those at fourth case. This is because the optimal
control, of the active power, exploits more the distributed sources to reduce the flow
of current into the grid. Consequently the distributed resources are more stressed in
reverse of the feeders that will be less stressed. Rather than the distributed sources
are very small so it is very simple to reach the upper power limit and overcome it.
So, for the meshed grid, the optimal control, of the active power, gives the best re-
sults in terms of management of the system. Those are benefits that characterize the
smart grid.
Subsequently a comparison of the peak value of results relative the analysis done
with SUSI3, between the radial and meshed grid, for each case, is reported. In the fol-
lowing graph the first case is considered. From the previous graph the meshed grid
gives the best results, in terms of voltage deviation, distribution loss, total power
loss, current stress and power stress into the sources and current stress of feeders. In
particular, in the meshed grid, the current stress decreases because the added lines
offer new path in which the current can flow, so th stress of the feeders will decrease.
Moreover the added lines approaching a greater number of distributed sources with



64 Chapter 4. Executive summary

the loads, so there will be more support between the distributed sources. While
the loss in power sources and the efficiency remain constant between the radial and
meshed grid.

FIGURE 4.25: Comparison of the results between the radial and
meshed grid, case 61.

So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a
better management of the system.
In the following graph the second case is considered.

FIGURE 4.26: Comparison of the results between the radial and
meshed grid, case 62.

From the previous graph the meshed grid gives the best results, in terms of voltage
deviation, distribution loss, total power loss, power stress into the sources and cur-
rent stress of feeders. In particular, in the meshed grid, the current stress decreases
because the added lines offer new path in which the current can flow, so th stress of
the feeders will decrease. Moreover the added lines approaching a greater number
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of distributed sources with the loads, so there will be more support between the dis-
tributed sources. While the loss in power sources, the efficiency and the maximum
of current stress of sources remain constant between the radial and meshed grid.
So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a bet-
ter management of the system.
In the following graph the third case is considered.

FIGURE 4.27: Comparison of the results between the radial and
meshed grid, case 63.

From the previous graph the meshed grid gives the best results, in terms of voltage
deviation, distribution loss, current stress and power stress into the sources and cur-
rent stress of feeders. In particular, in the meshed grid, the current stress decreases
because the added lines offer new path in which the current can flow, so th stress
of the feeders will decrease. Moreover the added lines approaching a greater num-
ber of distributed sources with the loads, so there will be more support between the
distributed sources. While the loss in power sources, the total power loss and the
efficiency remain constant between the radial and meshed grid.
So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a bet-
ter management of the system.
In the following graph the fourth case is considered. From the following graph the
meshed grid gives the best results, in terms of voltage deviation, distribution loss
in phase wires, current stress and power stress into the sources and current stress
of feeders. In particular, in the meshed grid, the current stress decreases because
the added lines offer new path in which the current can flow, so th stress of the
feeders will decrease. Moreover the added lines approaching a greater number of
distributed sources with the loads, so there will be more support between the dis-
tributed sources. While the loss in power sources, the total power loss and the effi-
ciency remain constant between the radial and meshed grid. At last the added lines



66 Chapter 4. Executive summary

lead a small reduction of the peak value of the maximum current stress of the feed-
ers. Moreover the added lines will lead a reduction of the current stress for each
feeders because these new lines offer new paths in which the current can flow.

FIGURE 4.28: Comparison of the results between the radial and
meshed grid, case 64.

So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a bet-
ter management of the system.
In conclusion the best configuration of this grid is that meshed with the optimal con-
trol of the active power on, because we obtain a better management of the system.
Moreover in the following tables the main results, of the analysis done with SUSI3,
are reported. In particular the first table resumes the results of the radial grid, while
the second table resumes the results of the meshed grid.
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TABLE 4.12: Results related the radial grid of case 61 and 62.

Test
case

61 61 61 61 62 62 62 62

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

3,32% 2,32% 3,56% 2,72% 2,81% 1,99% 2,94% 2,22%

Distribution loss in
phase wires [kW]

10,66 4,31 12,49 5,96 6,84 2,90 7,74 3,74

Loss in power
sources & converters

[kW]
25,98 19,64 27,67 16,11 22,39 18,24 22,94 14,48

Total power loss
including neutral wire

[kW]
38,84 26,19 42,74 24,09 32,36 23,61 33,76 20,28

Efficiency considering
neutral loss

89,31% 91,44% 87,45% 85,09% 90,39% 91,79% 89,21% 85,79%

Min node
voltage vs Vnom

(Number of node)

-0,17%
(1605)

0,00%
(0)

-0,26%
(1602)

0,00%
(0)

0,00%
(0)

0,00%
(0)

0,00%
(0)

0,00%
(0)

Max node
voltage vs Vnom

(Number of node)

5,88%
(917)

3,73%
(917)

6,60%
(917)

4,11%
(2803)

5,19%
(917)

3,25%
(917)

5,39%
(917)

3,93%
(1602)

Max active power
stress of sources

(Number of node)

181,77%
(2803)

102,07%
(2803)

207,58%
(2803)

112,04%
(2803)

141,23%
(2803)

102,52%
(3503)

163,21%
(3503)

103,11%
(3503)

Number of overstressed
sources (power)

1 0 1 1 1 0 1 0

Max current stress
of sources

(Number of node)

130,48%
(2803)

106,87%
(1107)

147,81%
(2803)

103,76%
(3501)

103,53%
(2801)

101,54%
(2002)

115,76%
(2803)

118,90%
81801)

Number of overstressed
sources (current)

1 0 1 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

155,16%
(27)

114,92%
(27)

164,87%
(27)

113,12%
(27)

134,66%
(27)

97,29%
(27)

142,08%
(27)

95,00%
(27)

Number of overstressed
feeders (current)

5 1 7 1 1 0 3 0
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TABLE 4.13: Results related the meshed grid of case 61 and 62.

Test
case

61 61 61 61 62 62 62 62

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

2,32% 1,74% 2,58% 1,86% 1,99% 1,60% 2,05% 1,69%

Distribution loss in
phase wires [kW]

6,24 2,63 7,87 3,73 4,53 2,14 5,26 2,75

Loss in power
sources & converters

[kW]
24,48 18,68 28,20 18,83 23,29 18,53 24,16 16,83

Total power loss
including neutral wire

[kW]
32,72 22,97 38,79 23,83 29,53 22,10 31,34 21,02

Efficiency considering
neutral loss

89,84% 91,82% 87,56% 81,89% 90,49% 92,10% 89,06% 83,74%

Min node
voltage vs Vnom

(Number of node)

-0,83%
(1605)

0,00%
(0)

-0,97%
(1602)

0,00%
(0)

-0,22%
(1605)

0,00%
(0)

-0,12%
(1603)

0,00%
(0)

Max node
voltage vs Vnom

(Number of node)

3,95%
(2803)

2,88%
(917)

5,29%
(2803)

2,96%
(917)

4,01%
(917)

2,89%
(917)

4,15%
(917)

2,45%
(1602)

Max active power
stress of sources

(Number of node)

119,88%
(2803)

61,00%
(2803)

175,84%
(2803)

67,81%
(917)

102,49%
(3503)

103,18%
(1604)

109,01%
(2803)

102,33%
(3503)

Number of overstressed
sources (power)

1 0 1 0 0 0 0 0

Max current stress
of sources

(Number of node)

102,62%
(3505)

117,15%
(1503)

127,31%
(2803)

116,72%
(1107)

114,33%
(1006)

101,42%
(5)

102,33%
(3507)

102,20%
(3505)

Number of overstressed
sources (current)

0 0 1 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

111,89%
(7)

69,47%
(7)

117,77%
(26)

98,70%
(7)

118,35%
(7)

68,77%
(7)

125,97%
(7)

73,15%
(30)

Number of overstressed
feeders (current)

3 0 2 0 2 0 2 0
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TABLE 4.14: Results related the radial grid of case 63 and 64.

Test
case

63 63 63 63 64 64 64 64

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

0,97% 0,29% 1,10% 0,37% 0,72% 0,27% 0,70% 0,18%

Distribution loss in
phase wires [kW]

1,45 0,41 1,92 0,31 1,07 0,41 1,24 0,17

Loss in power
sources & converters

[kW]
8,92 7,09 8,49 2,49 10,30 9,32 10,00 1,93

Total power loss
including neutral wire

[kW]
11,09 8,18 11,35 2,92 12,63 10,57 12,32 2,19

Efficiency considering
neutral loss

95,12% 95,99% 94,41% 95,08% 94,58% 95,02% 94,07% 96,39%

Min node
voltage vs Vnom

(Number of node)

-2,95%
(1601)

-0,66%
(1601)

-3,40%
(1601)

-1,15%
81601)

-2,05%
(1605)

-0,64%
(1502)

-1,41%
(1605)

-0,36%
(1605)

Max node
voltage vs Vnom

(Number of node)

0,70%
(917)

0,54%
(1006)

0,98%
(917)

0,47%
(5)

0,54%
(917)

1,20%
(5)

0,78%
(2803)

0,61%
(5)

Max active power
stress of sources

(Number of node)

50,84%
(2803)

49,79%
(1005)

70,61%
(2803)

23,68%
(2803)

109,61%
(1604)

101,15%
(5)

101,18%
(1604)

100,51%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

115,15%
(2002)

82,86%
(1501)

100,46%
(2801)

100,41%
(5)

106,11%
(1107)

119,20%
(5)

119,92%
(1107)

99,90%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

65,23%
(14)

46,72%
(95)

83,42%
(14)

32,60%
(3)

65,17%
(68)

68,64%
(3)

68,71%
(68)

31,05%
(3)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0
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TABLE 4.15: Results related the meshed grid of case 63 and 64.

Test
case

63 63 63 63 64 64 64 64

Day
time

1 2 3 4 1 2 3 4

rms voltage
deviation / Vnom

0,77% 0,23% 0,87% 0,30% 0,64% 0,26% 0,64% 0,19%

Distribution loss in
phase wires [kW]

1,29 0,25 1,74 0,22 1,01 0,30 1,15 0,13

Loss in power
sources & converters

[kW]
9,08 6,56 9,39 1,48 10,20 7,99 10,59 1,68

Total power loss
including neutral wire

[kW]
10,75 7,05 11,84 1,78 11,72 8,75 12,33 1,88

Efficiency considering
neutral loss

95,38% 96,60% 94,27% 97,05% 95,04% 95,84% 94,13% 96,98%

Min node
voltage vs Vnom

(Number of node)

-2,19%
(1605)

-0,55%
(3005)

-2,58%
(1606)

-0,92%
(1606)

-1,53%
(1605)

-0,60%
(1803)

-1,16%
(1605)

-0,35%
(1605)

Max node
voltage vs Vnom

(Number of node)

0,87%
(917)

0,26%
(32)

1,15%
(917)

0,36%
(917)

0,93%
(917)

0,50%
(1603)

0,81%
(917)

0,23%
(5)

Max active power
stress of sources

(Number of node)

51,54%
(917)

49,64%
(2304)

67,60%
(917)

23,69%
(2803)

100,63%
(1010)

100,40%
(1010)

100,41%
(5)

100,20%
(5)

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0

Max current stress
of sources

(Number of node)

100,04%
(5)

76,73%
(1501)

100,16%
(5)

58,43%
(1501)

99,72%
(5)

100,76%
(5)

114,19%
(1501)

95,66%
(5)

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0

Max current
stress of feeders

(Number of branch)

58,66%
(28)

45,68%
(28)

72,64%
(28)

24,29%
(14)

45,72%
(95)

47,60%
(95)

64,14%
(68)

17,40%
(95)

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0



Chapter 5

Optimal control inactive

At first this chapter deals with the description of the boundaries related at the first
test case defined for the radial and meshed network. This test case is related of a
passive grid except for the last part in which the photovolaic distributed sources
participate at generation of active power. In particular the optimal control is always
off in both grids, so the technical cost function is neglected. Subsequently the results
of the simulation are reported into the following tables and they are used for make
comparisons. The results come from the analysis, done with SUSI3 and Source Lo-
cator. At last a new version of meshed grid is considered to improve the results of
the main meshed grid.

5.1 Description of the first test case.

In the first test, the simulated networks work with the control off so the active and
reactive power, generated by the PCCs and distributed generators, is the result of
the power flow analysis in which the technical cost function is neglected. In partic-
ular the technical cost function is the sum of the cost functions relative at the loss,
stress and voltage deviation into the grid. The scenario describe above refers at the
current way of managing the grid. Currently the main generators are still bound to a
balance between supply and demand, or load balance, since the distributed energy
storage systems and other related technologies can only store very small quantity
of electric energy. While the centralized generation is the pivot of power generation
and it leverages economies of scale to minimize the cost of converting energy into
electricity. Indeed the designer of the power distribution system, in the context of
power distribution planning, has the primary goal to design the distribution sys-
tem such as to timely meet the demand growth in the most economical, reliable and
safe way. The objective of the traditional power distribution planning is the mini-
mization of an economic cost function, like the investment cost to add, reinforce or
replace substation and feeders, taking into account the energy loss cost, subject to a
set of technical and operational constraints.
So this analysis is very important because it gives an idea of the power flow in a cur-
rent situation where all distributed generators give no or small contribution at the
generation of electric energy. In particular this test case is split in three cases. In the
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first one all the distributed generator are off and the PCCs generate active and reac-
tive power. Furthermore all loads absorb the rated active and reactive power. This
last condition isn’t similar at real operative condition because all the loads consump-
tion is lower than the rated absorption. So, in this situation, the grid has to suffer an
high current and power stress created by the heavy electric power generated by the
main generators to balance the rated consumption of the loads.

TABLE 5.1: Boundaries relative at case 11.

Case
description

Boundary
type

Number of
bounded entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P

Source
bounded

Q
All sources off

Rated loads
-1 3 100 100 9

PCCx slack nodes
(reset bounds and power limits)

2 10 -2

In the second case the boundaries for the generators are the same as those at the first
case. While the absorption, of the loads, is lower compared to the rated one and it
is random. In particular the program SUSI3 choses the active and reactive power
from each load using the constant and random term defined at the beginning. This
situation is very close at a current operative condition because the loads absorption
is lower than the rated absorption and change during the day following a typical
curve. In the following three tables the boundaries are define for each case describe
previously.

TABLE 5.2: Boundaries relative at case 12.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources off
Actual loads

-1 6 100 100 3

PCCx slack nodes
(reset bounds and power limits)

2 10 -2

In the last part, also called third case, the photovoltaic distributed generators par-
ticipate at the generation of active power. In particular the distributed sources are
renewable energy resources. While the loads absorption is random as in the previous
part. This last operative condition is very similar at a current situation in which the
photovoltaic distributed sources participate at the balance of supply and demand
with the main generators.

TABLE 5.3: Boundaries relative at case 13.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed generated P

Actual loads
-1 6 100 100 6 100

PCCx slack nodes
(reset bounds and power limits)

2 10 -2
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5.2 Analysis of the results related at radial grid.

In this section the results of the analysis, made with SUSI3 and Source Locator, are
reported in these tables. At first the value of voltage deviation, in percentage, is con-
sidered for each case and period of the day. The voltage deviation is a parameter
that describes the power quality of a network and its maximum value is set to 5%.
If the voltage deviation is greater than the maximum value, the node voltage at end-
user node will be out of the range defined by code. In that situation the dispatcher
cannot guarantee that the node voltage at end user-node is into the range, so the
power quality will decreases. From the results, calculated using SUSI3, the value of
voltage deviation is greater than the maximum value in the first period of the day
of the first case. While in the rest of the periods, the voltage deviation is very close
at upper limit and always lower than the maximum value. In particular during the
night the voltage deviation is quite lower compared to the upper limit. In the first
case the value of voltage deviation is very high because the loads absorption is very
high compared to the consumption, of the loads, in a real operative condition. So
the flow of current into the feeders is very intense and it generates an high value
of voltage deviation across the feeders. While during the night the most part of the
loads are turn off so the load absorption is quite lower than the absorption during
the day. So the flow of current is lower and the voltage deviation decreases. In the
second case the voltage deviation is always lower than the upper limit because the
load absorption is lower compared to the rated consumption. So, in this case, the
dispatcher can guarantee that the voltage node at end user node is into the range.
This is a very good point for this operative condition that is very close to a real situ-
ation. At last the value of voltage deviation at the third case is always lower that the
maximum value and always lower compare to the voltage deviation at second case.
This is a very interesting result that shows a benefit of the distributed generation.
Indeed the only difference between the second and third case is the presence at the
third case of the photovoltaic distributed sources that participate at generation of ac-
tive power. So the photovoltaic systems participate, with the main generators, at the
load balance. The photovoltaic distributed generators have a positive benefit for the
network because they create locally the active power, so the current flow decreases
and the voltage deviation falls.
After that in the previous table the main power flow are reported. The main power
flow are the follows: the power entering at node 0 or PCC0, the power absorb by
loads, the power feed by sources and the power throughput grid transportation.
Afterwards the power loss are reported for each case and period of the day. In par-
ticular the program gives the results relative at power loss in phase wires, in sources
and converters and it makes an estimation of the power loss into neutral wires. From
the analysis the value of the distribution loss into the feeders is always greater than
the power loss in sources and converters, except for a period of the day in the third
case. Moreover the distribution loss in phase wires at first case is greater compared
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to that of second and third case. That is the consequence of the difference between
the load absorption at first case and the rest of the cases.

TABLE 5.4: Main results related at radial grid, obtained with SUSI3.

Test
case

11 11 11 11 11 12 12 12 12 12 13 13 13 13 13

Day
time

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ω]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

5,57% 5,47% 4,96% 4,95% 1,46% 4,03% 3,96% 3,53% 3,53% 1,04% 2,40% 2,76% 1,84% 3,11% 1,04%

P entering grid
at node 0 [kW]

221,84 218,58 195,22 195,67 57,81 160,93 158,58 138,97 139,69 41,22 -65,84 90,55 25,59 117,01 41,22

Q entering grid
at node 0 [kVAR]

116,08 115,23 100,83 102,11 30,22 85,57 84,65 73,08 73,92 21,79 76,93 82,06 68,76 73,05 21,79

P absorbed
by loads [kW]

312,50 305,34 278,31 275,92 83,25 229,70 224,63 201,07 200,00 59,84 231,23 225,10 201,73 200,13 59,84

Q absorbed
by loads [kVAR]

140,49 137,54 126,28 125,28 39,54 105,79 102,85 93,73 92,47 28,49 118,65 106,63 99,34 93,59 28,49

P fed
by sources [kW]

324,17 316,67 287,57 285,18 84,06 235,63 230,39 205,63 204,57 60,24 322,69 227,99 203,13 203,70 60,24

Q fed
by sources [kVAR]

156,72 153,09 139,00 137,84 40,63 114,98 111,67 100,78 99,47 29,18 121,70 111,36 101,02 99,35 29,18

P returned
to sources [kW]

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 88,80 0,00 0,00 0,00 0,00

Q returned
to sources [kVAR]

0,00 0,00 0,00 0,00 0,00 0,49 0,48 0,44 0,44 0,13 0,00 0,86 0,07 0,75 0,13

P troughput-grid
transport [kW]

324,17 316,67 287,57 285,18 84,06 235,63 230,39 205,63 204,57 60,24 176,72 145,48 96,83 172,16 60,24

Q troughput-grid
transport [kVAR]

156,72 153,09 139,00 137,84 40,63 114,98 111,67 100,78 99,47 29,18 114,50 111,32 100,35 99,35 29,18

Distribution loss in
phase wires [kW]

11,66 11,33 9,26 9,25 0,81 5,93 5,75 4,57 4,57 0,40 2,66 2,89 1,40 3,56 0,40

Loss power
in sources & converters

[kW]

0,30 0,27 0,25 0,23 0,02 0,16 0,15 0,13 0,12 0,01 18,25 1,70 4,58 0,28 0,01

Total power
loss w/o neutral wire

[kW]

11,96 11,60 9,51 9,48 0,83 6,09 5,90 4,70 4,69 0,41 20,91 4,59 5,99 3,84 0,41

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

96,31% 96,34% 96,69% 96,68% 99,01% 97,42% 97,44% 97,72% 97,71% 99,32% 93,52% 97,99% 97,05% 98,12% 99,32%

Estimated loss in
neutral wire [kW]

2,23 2,23 2,22 2,21 0,20 1,03 1,03 1,09 1,07 0,10 3,22 0,63 1,05 0,86 0,10

Total power loss
including neutral wire

[kW]

14,19 13,83 11,73 11,69 1,03 7,12 6,93 5,79 5,77 0,51 24,13 5,23 7,04 4,70 0,51

Efficiency considering
neutral loss

95,62% 95,63% 95,92% 95,90% 98,78% 96,98% 96,99% 97,19% 97,18% 99,16% 92,52% 97,71% 96,54% 97,69% 99,16%

Min node
voltage vs Vnom

-10,09% -10,00% -8,30% -8,46% -2,49% -6,99% -6,92% -5,64% -5,70% -1,69% -2,07% -4,62% -3,05% -5,14% -1,69%

Node with
minimum voltage

1605 1605 1602 1602 1602 1605 1605 912 1606 912 1605 1605 902 912 912

Max node
voltage vs Vnom

0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,80% 0,00% 0,00% 0,00% 0,00%

Node with
maximum voltage

331 331 331 331 331 331 331 331 331 331 1602 331 331 331 331

Max active power
stress of sources

(P/Pnom)

40,52% 38,85% 36,57% 35,45% 10,39% 29,47% 28,33% 26,29% 25,59% 7,50% 100,34% 29,52% 49,25% 21,72% 7,50%

Node with maximum
active power stress

331 331 331 331 331 331 331 331 331 331 1602 3103 1111 331 331

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

34,08% 32,55% 30,94% 29,84% 8,74% 24,78% 23,67% 22,28% 21,51% 6,30% 90,41% 26,58% 44,34% 18,85% 6,30%

Node with maximum
current stress

331 331 331 331 331 331 331 331 331 331 1602 3103 1111 331 331

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

148,89% 148,89% 124,89% 128,32% 37,81% 101,65% 101,65% 81,06% 84,00% 24,61% 67,57% 70,60% 41,72% 73,03% 24,61%

Branch with
maximum

current stress

14 14 14 14 14 14 14 14 14 14 14 14 14 14 14

Number of overstressed
feeders (current)

3 2 1 1 0 0 0 0 0 0 0 0 0 0 0

Max stress 148,9% 148,9% 124,9% 128,3% 37,8% 101,6% 101,6% 81,1% 84,0% 24,6% 100,3% 70,6% 49,3% 73,0% 24,6%
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Indeed, in the first case, the load absorption is equal at rated consumption while in
the second and third case it is always lower than the rated one. So, in the first case
there will be a greater flow of current into the feeders, of the grid, compared that at
second and third case. That causes a greater power loss into the feeders. While in the
case 12 the distribution loss in phase wires is always greater compared to that in the
case 13. That happen because in the third case the distributed sources participate at
load balance, so the flow of current, into the lines, will decrease. Consequently the
power loss into the branches will decrease. Moreover during the night the power
loss falls because, for each load, the absorption decreases compared to that during
the day.
The calculation of the power loss is fundamental for the efficiency. The efficiency
of a system is a very important parameter of the power quality. Considering the
efficiency during the day it remains quite constant for each case. While during the
night the efficiency is always greater compared to that during the day. This is a con-
sequence of the decrease of the load absorption during the night. Furthermore in
the first case the efficiency is lower compared to that at second and third case. This
happen because the load absorption, in the first case, is greater compared to that
at second and third case. So there will be a greater flow of current into the feeders
that cause a greater power loss. While the efficiency, in the second case, is lower
compared to that in the third case. This is due to at reduction of the flow of cur-
rent, into the grid, by means of the distributed sources at third case. So the power
loss into the feeders will decrease and, consequently, the distribution loss in phase
wires will decrease. While, in the third case, the efficiency is greater compared to
that at second case, except for the second period of the day. This happen because the
distributed sources feed the local loads, so they contribute to the reduction of flow
of current into the grid. In this way the power loss into feeders will decrease and,
consequently, the efficiency will increase. At last the efficiency is quite high for each
case and period of the day, so the dispatcher can guarantee an high value of power
quality. That is a very good point for an operative condition.
Subsequently is very important to consider the results of the maximum and mini-
mum voltage and individuate the node with that voltage. This is important because
the dispatcher has to guarantee that every node voltages are into the range in ev-
ery operative condition. The maximum voltage is always equal to the rated value at
node PCC1 because, in that node, there is a generator link at a voltage source that im-
pose the voltage. While the minimum voltage is always lower than the rated value
and the relative node is always at end-user node. This is a direct consequence of the
fact that the grid is radial without distributed generators, so the minimum voltage
must be at end-user node. In particular the value of minimum voltage is lower in
the first case compared to that at second and third case. This is due to the greater
load consumption, in the first case, compared to that at second and third case. Also
during the night, for every case, the minimum voltage is greater than that during
the day because the load absorption in greater during the day.
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After that the results of current and power stress are reported in the previous table.
The number of overstressed power source is always equal to zero, so there aren’t
overstressed sources into the grid. Rather than, into the table, the maximum value
of active power stress is reported for each case and period of the day. The results
show that the power stress, into the sources, is always small and during the night
decrease compared to that during the day. This is because the load absorption falls.
The node with the maximum power stress is always the PCC1 where is install a gen-
erator. Furthermore the maximum power and current stress of sources, in the first
case, is greater compared to that at second and third case. This is a direct conse-
quence of the greater load absorption, at first case, compared to that at second and
third case. While the power and current stress of sources, in the second case, is lower
compared to that in the third case, except for the third period of the day. This happen
because the distributed resources are exploited to reduce the flow of current into the
feeders, so the total stress will decrease.
For the maximum current stress into the feeders, the results follow the same trend
as the power stress into the sources. Indeed at the first case the maximum current
stress is greater than that at second and third case. Furthermore, during the night,
the maximum current stress decreases because the loads absorption fall. While the
current stress of feeders, in the second case, is greater compared to that at third case.
This happen because, in the third case, the distributed sources are exploited to re-
duce the flow of current into the grid. Consequently the current stress and power
loss into phase wires will decrease.
Subsequently the number of the branch with the maximum current overstressed is
reported into the following table. In particular the branch with the maximum cur-
rent stress is always the line number 14, in this test case. So the dispatcher has to
solve this current stress into the feeder number 14. To solve this current overstress
a solution is to link, in a new or already existing fully controllable node, a current
source nearby the overstressed branch. For decide in which node connect that gen-
erator we have to use the program Source Locator. Before that the results of current
overstress are reported in the following table.

TABLE 5.5: Results of current overstress into the feeders.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom
12 1 14 2 1,17

In particular in the previous table the current overstress related at first case are ne-
glected because that case refers of a unreal operative conditions. So, for the analysis
with Source Locator, it is better to consider the second and third case that are more
close at a real situation. From the analysis with SUSI3 the only feeder in which there
is a current stress, that overcome the upper limit defined at beginning, is the branch
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14 that starts at node 15 and finishes at node 16. So, to solve the overstress, a solu-
tion is to install a current source, with a given apparent power, and make that node
fully controllable. Since the overstress is close to node 16 the proposed solution is to
install the generator with 50 kVA in the node 16 that become a new fully controllable
node. In the following table the results of the calculation, done with Source Locator,
are resumed.

TABLE 5.6: Results of the analysis done with Source Locator.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

917 47,14 10 7,89
24(1.21), 26(1.21), 23(0.84), 125(0.82),
10(0.82), 18(0.81), 22(0.81), 126(0.51),

6(0.43), 7(0.43)

2803 47,14 8 8,32
6(2.07), 7(2.07), 3(1.88), 5(0.65),

4(0.65), 1(0.39), 2(0.39), 126(0.23)

5 5,11 3 0,72 36(0.31), 6(0.20), 7(0.20)

1602 5,55 2 0,85 14(0.51), 84(0.34)

1604 5,55 2 0,85 14(0.51), 86(0.34)

16 6,67 2 1,02 14(0.62), 82(0.41)

With Source Locator is possible to obtain the control factor of a generator install
in a fully controllable node to solve a current overstress. It is possible to consider
the fully controllable node that are already considered into the grid or add a new
fully controllable node. The control factor refers to the current that actually is into
that feeder that is calculated from the analysis done with SUSI3. In this case the
proposed solution expected to install the generator in a new fully controllable node
that is the node 16. So Source Locator calculates the total control factor and the
control factor line by line, one by one for all the fully controllable node considering
also the new one. From the results the fully controllable node that have the greater
number of controlled branches is the node 917, but that node cannot control the line
14, so this solution is neglected. For the same reason the fully controllable node 2803
and 5 are neglected. While the solution to connect a current source, at node 16, gives
the control that allows us to solve the current stress in the line number 14. Indeed
the current stress is 1,17 and the new generator can control 62% of the current in
that line. So, with that solution, is possible to increase or decrease the current in the
branch 16 of 62%. Obviously to solve the current stress the generator has to reduce
the current. Another solution is to reinforce that line, for example by increasing its
section, to support a greater current.

5.3 Analysis of the results related at meshed grid.

In the following table the results of the analysis are reported, done with SUSI3, re-
lated at the main meshed grid. While in the last two tables the results of the simula-
tion, done with Source Locator, are resumed.
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TABLE 5.7: Main results of the simulation, using SUSI3, of the main
meshed grid.

Test
case

11 11 11 11 11 12 12 12 12 12 13 13 13 13 13

Day
time

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

4,82% 4,73% 4,24% 4,23% 1,25% 3,49% 3,41% 3,02% 3,00% 0,88% 2,21% 2,30% 1,48% 2,61% 0,88%

P entering grid
at node 0 [kW]

218,16 214,57 191,19 191,36 56,49 156,40 153,17 134,34 134,19 39,46 -70,34 85,15 20,97 111,51 39,46

Q entering grid
at node 0 [kVAR]

107,13 106,95 91,73 93,70 27,76 81,80 81,56 68,99 70,53 20,87 79,16 80,77 67,66 70,27 20,87

P absorbed
by loads [kW]

312,76 305,43 277,93 275,48 82,43 226,43 219,86 197,69 195,14 57,89 226,04 219,76 197,50 195,11 57,89

Q absorbed
by loads [kVAR]

138,78 135,81 124,47 123,47 38,89 108,90 105,89 96,27 95,00 29,19 120,85 109,39 101,46 96,03 29,19

P fed
by sources [kW]

320,51 313,01 283,91 281,51 82,96 230,47 223,78 200,69 198,16 58,15 327,92 221,67 198,40 197,43 58,15

Q fed
by sources [kVAR]

154,56 150,95 136,81 135,67 39,98 117,29 113,86 102,62 101,23 29,74 124,10 113,80 102,99 101,20 29,74

P returned
to sources [kW]

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 99,78 0,00 0,00 0,00 0,00

Q returned
to sources [kVAR]

0,12 0,13 0,09 0,11 0,03 0,07 0,09 0,05 0,07 0,02 0,00 0,85 0,04 0,51 0,02

P troughput-grid
transport [kW]

320,51 313,01 283,91 281,51 82,96 230,47 223,78 200,69 198,16 58,15 190,88 140,61 96,92 165,14 58,15

Q troughput-grid
transport [kVAR]

154,56 150,95 136,81 135,67 39,98 117,29 113,86 102,62 101,23 29,74 117,22 113,78 102,57 101,20 29,74

Distribution loss in
phase wires [kW]

7,75 7,58 5,98 6,03 0,53 4,04 3,93 3,00 3,02 0,26 2,10 1,92 0,91 2,31 0,26

Loss in power
sources & converters

[kW]

0,31 0,29 0,26 0,24 0,02 0,17 0,15 0,14 0,13 0,01 18,97 1,77 4,76 0,28 0,01

Total power
loss w/o neutral wire

[kW]

8,06 7,86 6,24 6,28 0,55 4,21 4,08 3,14 3,14 0,27 21,07 3,68 5,67 2,60 0,27

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

97,48% 97,49% 97,80% 97,77% 99,34% 98,17% 98,18% 98,44% 98,41% 99,53% 93,58% 98,34% 97,14% 98,68% 99,53%

Estimated loss in
neutral wire [kW]

1,74 1,74 1,71 1,71 0,15 0,87 0,87 0,84 0,84 0,08 1,63 0,43 0,52 0,65 0,08

Total power loss
including neutral wire

[kW]

9,80 9,60 7,95 7,99 0,70 5,08 4,95 3,98 3,98 0,35 22,69 4,11 6,18 3,25 0,35

Efficiency considering
neutral loss

96,94% 96,93% 97,20% 97,16% 99,15% 97,80% 97,79% 98,02% 97,99% 99,40% 93,08% 98,15% 96,88% 98,36% 99,40%

Min node
voltage vs Vnom

-7,77% -7,72% -6,51% -6,64% -1,96% -5,35% -5,31% -4,40% -4,49% -1,32% -1,83% -3,53% -2,03% -3,90% -1,32%

Node with
minimum voltage

1605 1605 1604 1604 1604 1605 1605 1602 1602 1602 3004 1605 3004 1602 1602

Max node
voltage vs Vnom

0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,70% 0,00% 0,00% 0,00% 0,00%

Node with
maximum voltage

331 331 331 331 331 331 331 331 331 331 1604 331 331 331 331

Max active power
stress of sources

(P/Pnom)

40,71% 39,16% 36,87% 35,85% 10,53% 29,46% 28,09% 26,38% 25,44% 7,43% 99,04% 29,39% 49,28% 21,32% 7,43%

Node with maximum
active power stress

331 331 331 331 331 331 331 331 331 331 910 2001 2001 331 331

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

35,07% 33,52% 32,05% 30,91% 9,06% 25,53% 24,14% 23,13% 22,06% 6,43% 89,20% 26,45% 44,35% 19,25% 6,43%

Node with maximum
current stress

331 331 331 331 331 331 331 331 331 331 910 2001 2001 331 331

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

142,39% 142,39% 118,40% 121,83% 35,86% 94,29% 94,29% 80,38% 81,59% 24,18% 80,20% 65,12% 45,88% 70,06% 24,18%

Branch with
maximum

current stress

14 14 14 14 14 14 14 3 3 3 14 14 14 3 3

Number of overstressed
feeders (current)

4 4 2 2 0 0 0 0 0 0 0 0 0 0 0

Max stress 142,4% 142,4% 118,4% 121,8% 35,9% 94,3% 94,3% 80,4% 81,6% 24,2% 99,0% 65,1% 49,3% 70,1% 24,2%
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At first the value of voltage deviation is considered. Its value is always lower than
the maximum value and it is a good point. It is lower that the upper limit, also in
the first case in which the flow of current into the grid is very intense, since the load
absorption is very high. Moreover in the second and third case, that are more close
at a real operative condition, the voltage deviation is very small. That is a benefit
given from the making the grid meshed. Also the trend of the voltage deviation, at
changing the case and period of the day, is the same as the trend in the radial grid.
Subsequently is important to value the power loss, in particular the distribution
loss in phase wires and the loss in power sources and converters. In particular the
distribution loss in phase wires, in the first case, is greater than that in the second
and third case. Similarly the power loss into feeders, in the second case, is greater
compared to that at third case. This happen because, in the first case, the flow of
current into the grid is very intense because the loads absorption is the same as the
rated one. Furthermore, in the third case, the distributed generation contribute to
the load balance, so there will be a reduction of flow of current and, consequently,
a decrease of power loss into feeders. While the loss in power sources, in the third
case, is greater compared to that in the first and second case. This happen because,
in the third case, the distributed generation participate at load balance,so there will
be an increase of the power loss in sources. While the loss in power sources, in the
first case, is greater compared to that in the second case because, in the first case, the
load absorption is very intense so there will be a greater exploitation that cause an
increase of power loss in sources.
Subsequently the efficiency is considered, because it is an important parameter of
power quality. The efficiency is quite constant for each case and it is greater during
the night compared to that during the day. Also the efficiency follows the same trend
as that for the radial grid. In particular the value of the efficiency is very high and it
is a good point for this configuration of the grid.
As the radial grid the minimum voltage is at end user-node. While the maximum
voltage node is equal at rated value at the PCC1 in which there is a generator that
works as voltage source.
For the current and power stress into the sources the results follow the same trend
as those in the radial grid. In particular the value of the current and power stress
is quite constant at change the case and period of the day, except for the third case.
Moreover the power and current stress into the sources, in the case 11, is greater
compared to that in the case 12 and 13. This is because the load absorption, in the
first case, is very intense so the sources will be more stressed. Furthermore the cur-
rent and power stress is greater during the day compared to that at the night. This is
a direct consequence of the higher absorption, from the loads, during the day com-
pared to that during the night. As in the radial grid there are no sources in which
there is a power overstress that overcome the maxim value. This is another benefit
in favor of meshed grid.
Subsequently the current stress into the feeders are reported into the previous table.
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The current stress into the feeders follows the same trend as those in the radial grid.
Indeed the current stress of feeders, in the first case, is greater compared to that in
the second and third case. Moreover, in the second case, it is greater compared to
that in the third case. These facts are due to a greater load absorption in the first
case that cause an increase of current stress in feeders. Moreover the current stress
of feeders, in the third case, decreases because the distributed sources feed the local
loads, so the flow of current, into the feeders, will decrease. In particular it is greater
during the day compared to that during the night. This is because during the day
the load consumption is greater than that during the night.
After that, the current stress, that overcome the maximum value, is reported in the
following table. In particular the branch, in which there is a current overstress, is the
line 14, as in the radial grid. Indeed in the radial grid there was only a feeder in the
first period of the day with a current overstress.

TABLE 5.8: Results of current stress into the feeders considering the
meshed grid.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom
12 1 14 2 1,25

12 3 14 2 1,07

While with the meshed grid the over stressed feeder is the same, but the over stress
occurs in two periods of the day, more precisely in the first and third period. More-
over, with the meshed grid, the current overstress is greater compared to that in the
radial grid. These facts happen because, in the meshed grid, the new branches allow
the current to follow new paths and it is possible that the current flow is focus in a
line. To solve the current stress is possible to do the analysis with Source Locator. In
particular the proposed solution is the same as that with the radial grid, so we con-
sider the solution which provides the connection of a current source, with a given
apparent power equal to 50 kVA, in a fully controllable node close to the line over
stressed. From the results of the analysis, done with Source Locator, the generator,
link at fully controllable node 16, is capable to control all the current in the line 14.
So, with that solution is possible to reset the current into the branch 14 since the con-
trol factor is 1,54. In this way is possible to reduce the current over stress in that line
acting on the new current stress link at the fully controllable node 16. This genera-
tor contribute to the reduction of the current stress into the feeder and support the
nearby generator at load balance, so it contributes to the reduction of power loss in
sources and in phase wires. So there are a lot benefits that this new current sources
leads. This is very helpful, also, when there is a failure in a line, for example the
line 14, and instead of open the switches in the failure line, a solution is to control
that generator to reset the current in that line. In this way the technicians can make
the maintenance to repair the failure. Otherwise, if we don’t want to install a new
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generator, is possible to reinforce, for example by increasing the section of the line
14, to reduce the current overstress.

TABLE 5.9: Results of the analysis made with Source Locator consid-
ering the meshed grid.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

917 47,14 17 10,06

24(1.21), 26(1.05), 23(0.84), 125(0.82),22(0.81),
18(0.72), 9(0.70), 7(0.56), 132(0.49),
11(0.44), 10(0.43), 19(0.41), 3(0.40),
127(0.39), 17(0.32), 27(0.26), 4(0.22)

2803 47,14 6 3,95
7(2.07), 126(0.60), 3(0.57),
8(0.25), 132(0.25), 6(0.21)

16 16,67 5 3,31
14(1.54), 82(1.01), 7(0.27),

9(0.27), 15(0.20)

1602 5,55 2 0,85 14(0.51), 84(0.34)

1604 5,55 2 0,85 14(0.51), 86(0.34)

So the optimal control allows us a better management of the system.

5.4 Comparison between the radial and meshed grid.

Subsequently is important to compare the results of the analysis, done with SUSI3
and Source Locator, between the radial and meshed grid to understand which con-
figuration gives the best results. Indeed isn’t obvious that the meshed grid is always
better compared to the radial grid. In particular the graph show the comparison
of the peak value between the second and third case because they are more close
at a real operative condition rather than first case. Considering the second case all
the results represented into the graph, except for the maximum current stress of the
sources, are in favor at meshed grid. In particular the difference between the maxi-
mum current stress into sources betweeen the radial and meshed grid, is very small,
so that difference is neglected.

FIGURE 5.1: Comparison between the results of the radial and
meshed grid, at case 12.
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Indeed the voltage deviation relative at the radial grid is greater than that in the
meshed grid as the total power loss, the minimum of the minimum node voltage,
the maximum active power stress of sources, the maximum current stress into the
feeders and the distribution loss in phase wires. Furthermore the efficiency relative
at the meshed grid is greater compared to that in the radial grid. Moreover, con-
sidering also the results reported in the previous table, we observe that the voltage
deviation, the distribution loss in phase wares, the loss in power sources and the
stress into sources, in the meshed grid, are lower compared to those in the radial
grid. These results are in favor at the meshed grid and they proof that, for this case,
the proposed meshed grid is better compared to the radial grid. The advantage that
the meshed grid introduce is that creates new paths for the current flow so, at parity
of the sources and loads, there are a better management of the network. Obviously
not all meshed version of the radial grid give the same benefits. In particular this
meshed grid is obtain at the end of some reasonings and analysis with SUSI3.
Considering the third case, also called case 13, all the results represent into the graph,
except for the maximum current and power stress in the sources, are in favor at
meshed grid. Indeed the voltage deviation relative at the radial grid is greater than
that in the meshed grid as the total power loss, the minimum of the minimum node
voltage, the maximum active power stress of sources and the distribution loss in
phase wires. Furthermore the efficiency relative at the meshed grid is greater com-
pared to that in the radial grid. In particular the differences between the maximum
stress into feeders and sources are very small, so these differences are neglected.

FIGURE 5.2: Comparison between the results of the radial and
meshed grid, at case 13.

If we consider also the result reported in the previous table, is possible to note that
the meshed grid gives the best results. Indeed, for each period of the day, the elec-
trical quantities considered are in favor of meshed grid.
These advantages, both for case 12 and 13, are due to presence of new paths for the
flow of current, so there will be a lower concentration of current for each feeder.
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This fact leads to a reduction of power loss and current stress into feeders. More-
over, only for case 13, the sources, in the meshed grid, are link to a greater number
of loads compared to that in the radial grid. So there is a greater number of dis-
tributed sources that support each other to load balance.This collaboration between
sources leads to a reduction of the power and current stress of sources.
These facts are in favor at the meshed grid and they proof that, for this test case,
the proposed meshed grid is better compared to the radial grid. So, in this case, the
meshed grid offers a better management compared to the radial grid.
Moreover, based on the results obtained, the distributed generation gives better re-
sults in terms of management and power quality of the the network studied, both
radial and meshed.

5.5 Comparison between the main and new meshed grid.

In this section a new version of meshed grid is proposed for have an alternative at the
main meshed grid describe previously. The new version of meshed grid is obtained
from some reasonings and analysis with SUSI3 and Source Locator, through a series
of attempts that led to the creation of the new meshed network. In this table the data
relatives at the new branches are reported.

TABLE 5.10: Add branches at new verion of meshed grid.

Feeder
type

Length
[m]

Line
number

Start
node

End
node

13 15 126 11 13

13 80 127 26 31

13 55 128 9 16

13 15 129 19 21

In the following table the results of the simulation, done with SUSI3 and Source Lo-
cator, are resumed. In particular the results that come from the analysis with SUSI3
can be explained in the same way as before. In particular the results of the first case
are have been neglected, in the comparison, because they don’t refer at real operative
condition. Similarly, the results of the period 0 have been neglected in the compar-
ison. Furthermore all the results follow the same trend of the results relative at the
main meshed grid reported before. Now it is interesting to make an comparison be-
tween the results of the main meshed grid and those related at the new version of
meshed grid. The intent to propose a new version of the meshed grid is to obtain a
better management of the main meshed grid and radial grid. Sometimes it is diffi-
cult to obtain this intent because we get better is a side and getting worse to another
side.
Considering the second case, also called case 12, all the results are in favor of the
main meshed grid, except for the maximum power and current stress into the sources.
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FIGURE 5.3: New meshed grid.
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TABLE 5.11: Main results of the simulation, done with SUSI3, related
at the new meshed grid.

Test
case

11 11 11 11 11 12 12 12 12 12 13 13 13 13 13

Day
time

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103 0,103

rms voltage
deviation / Vnom

5,35% 5,27% 4,76% 4,76% 1,41% 3,72% 3,68% 3,21% 3,24% 0,96% 2,15% 2,48% 1,51% 2,82% 0,96%

P entering grid
at node 0 [kW]

225,32 221,80 197,45 197,82 58,41 158,44 156,69 133,84 135,52 39,96 -67,18 89,00 21,03 112,96 39,96

Q entering grid
at node 0 [kVAR]

111,30 110,88 94,56 96,48 28,54 78,50 78,14 65,30 66,78 19,71 72,90 76,45 62,49 66,22 19,71

P absorbed
by loads [kW]

319,06 311,78 284,52 282,07 84,93 221,38 217,85 190,48 191,26 57,19 222,86 218,30 191,13 191,40 57,19

Q absorbed
by loads [kVAR]

138,35 135,38 124,05 123,05 38,90 98,07 96,14 86,42 86,11 26,58 109,85 99,62 91,50 87,13 26,58

P fed
by sources [kW]

330,56 323,05 293,84 291,44 85,93 227,12 223,51 194,85 195,73 57,70 324,70 221,13 192,32 194,88 57,70

Q fed
by sources [kVAR]

154,67 151,04 136,94 135,78 40,00 105,90 103,74 92,21 91,96 27,09 113,03 103,73 92,89 91,95 27,09

P returned
to sources [kW]

0,92 0,91 0,80 0,81 0,24 0,65 0,65 0,55 0,56 0,17 99,60 0,45 0,22 0,50 0,17

Q returned
to sources [kVAR]

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,38 0,76 0,16 0,44 0,00

P troughput-grid
transport [kW]

330,56 323,05 293,84 291,44 85,93 227,12 223,51 194,85 195,73 57,70 197,79 144,31 100,53 163,06 57,70

Q troughput-grid
transport [kVAR]

154,67 151,04 136,94 135,78 40,00 105,90 103,74 92,21 91,96 27,09 106,27 103,73 92,34 91,95 27,09

Distribution loss in
phase wires [kW]

10,58 10,36 8,52 8,56 0,75 5,08 5,01 3,82 3,91 0,34 2,25 2,37 0,97 2,98 0,34

Loss in power
sources & converters

[kW]

0,32 0,30 0,28 0,26 0,02 0,14 0,13 0,11 0,11 0,01 18,47 1,71 4,63 0,26 0,01

Total power
loss w/o neutral wire

[kW]

10,91 10,66 8,80 8,82 0,77 5,22 5,14 3,93 4,02 0,35 20,72 4,08 5,60 3,25 0,35

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

96,70% 96,70% 97,01% 96,97% 99,10% 97,70% 97,70% 97,98% 97,95% 99,39% 93,62% 98,15% 97,09% 98,33% 99,39%

Estimated loss in
neutral wire [kW]

2,39 2,39 2,35 2,35 0,21 1,14 1,14 1,07 1,07 0,10 1,45 0,57 0,54 0,84 0,10

Total power loss
including neutral wire

[kW]

13,30 13,05 11,15 11,17 0,99 6,36 6,28 5,00 5,09 0,45 22,17 4,65 6,14 4,08 0,45

Efficiency considering
neutral loss

95,98% 95,96% 96,21% 96,17% 98,85% 97,20% 97,19% 97,43% 97,40% 99,22% 93,17% 97,90% 96,81% 97,90% 99,22%

Min node
voltage vs Vnom

-8,87% -8,84% -8,02% -8,11% -2,41% -6,17% -6,15% -5,41% -5,49% -1,63% -1,60% -4,37% -2,46% -4,90% -1,63%

Node with
minimum voltage

1605 1605 915 915 915 1605 1605 905 1602 905 3003 1605 915 905 905

Max node
voltage vs Vnom

0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,52% 0,00% 0,00% 0,00% 0,00%

Node with
maximum voltage

331 331 331 331 331 331 331 331 331 331 1006 331 331 331 331

Max active power
stress of sources

(P/Pnom)

42,10% 40,50% 38,55% 37,45% 11,01% 27,47% 26,73% 24,40% 24,08% 7,09% 99,97% 29,57% 49,37% 20,04% 7,09%

Node with maximum
active power stress

331 331 331 331 331 331 331 331 331 331 1010 3507 1010 331 331

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

35,52% 33,99% 32,86% 31,69% 9,30% 23,07% 22,33% 20,81% 20,37% 6,00% 90,02% 26,61% 44,45% 17,58% 6,00%

Node with maximum
current stress

331 331 331 331 331 331 331 331 331 331 1010 3507 1010 331 331

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

148,46% 148,84% 142,39% 143,64% 42,93% 96,27% 96,47% 90,67% 91,68% 27,34% 51,13% 63,34% 42,84% 80,29% 27,34%

Branch with
maximum

current stress

14 14 14 14 14 14 14 14 14 14 116 14 28 14 14

Number of overstressed
feeders (current)

2 2 1 1 0 0 0 0 0 0 0 0 0 0 0

Max stress 148,5% 148,8% 142,4% 143,6% 42,9% 96,3% 96,5% 90,7% 91,7% 27,3% 100,0% 63,3% 49,4% 80,3% 27,3%
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Indeed the voltage deviation, relative at the new version of meshed grid, is greater
than that in the main meshed grid as the total power loss, the minimum of the min-
imum node voltage, the maximum current stress into the feeders, and the distribu-
tion loss in phase wires. Furthermore the efficiency, related at the new meshed grid,
is lower compared to at the efficiency in the main meshed grid. While the power
and current stress, in the new meshed grid, is lower compared to that into the main
meshed grid. Also in the new version of meshed grid there are no feeders in which
there is a current overstress and it is a good point. The direct consequence to not
have an overcome of the maximum current stress is to not install a generator in a
new fully controllable node for control the current in that feeder. So, for the sec-
ond case, the main meshed grid offers a better management compared to the new
version of the meshed grid. Rather than the new version of meshed grid has some
benefit, such as no current over stress into the feeders and a lower value of current
and power overstress into the sources. If we take into account the results reported
into the previous table and the graph, for the case 12, the main meshed grid offers a
best management.

FIGURE 5.4: Comparison the peak value of the results between the
new and main meshed grid, at case 12.

Considering the third case, also called case 13, the situation is different compared to
the previous one. Indeed all results are in favor at the main meshed grid. In partic-
ular the voltage deviation relative at the new version of meshed grid is greater than
that in the main meshed grid as the total power loss, the minimum of the minimum
node voltage, the maximum current and power stress of the sources, the maximum
current stress into the feeders, and the distribution loss in phase wires. While the
efficiency of the main meshed grid is lower compared to that in the new meshed
grid. Also in this case there are no current stress into the feeders that overcome the
maximum value in the new meshed grid and it is a good point. Rather then the main
meshed grid offers a better management compared to that with the new meshed grid
if we take into account the results reported into the previous table and the graph, for
the case 13.previous table and the graph, for the case 13, also called third case.
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FIGURE 5.5: Comparison the peak value of the results between the
new and main meshed grid, at case 13.

So, considering all this reasonings and results, the main meshed grid offers best ad-
vantages and a better management compared to the new meshed grid.
In conclusion the best configuration of this network is that meshed with the dis-
tributed generations that participate at load balance to support the centralized gen-
erators and reduce the distributed power loss.





Chapter 6

Optimal control of reactive power

At first this chapter deals with the description of the boundaries related of the test
case defined for the radial and meshed network. This test case is related at an active
grid in which the distributed generators, such as photovoltaic sources and energy
storage systems, control the active and reactive power flow. While the active and re-
active power of the loads are calculated randomly, using the percentage and formula
defined at the beginning. Subsequently the results of the simulation are reported
into the tables and they are used for make comparisons. The results come from the
analysis done with SUSI3 and Source Locator.

6.1 Description of the second test case.

In this test case both networks are active and the distributed generators, such as pho-
tovoltaic sources and energy storage systems, control the reactive power flow and
participate at generation of the active power. Consequently the reactive power of the
PCCs is equal to zero. So the energy storage systems cover a very important role in
this scenario. Indeed the presence of the energy storage systems or batteries, in the
next future, will be very widespread. In particular, for this test case, the energy stor-
age systems control the reactive power for minimize the total stress into the system.
Indeed if the flow of the reactive power into the grid is controlled, it will be possible
to reduce the stress and the power loss into the system. These are two benefits of this
control. Alternatively the energy storage systems can participate at the regulation of
the frequency and the voltage locally. These last two implementations are very im-
portant for the management of the network because instead of using a distant and
centralize generator to re-establish the frequency and the voltage, is possible to use
the local energy storage systems and batteries. This leads to an reduction of active
and reactive power flow into the grid, so a better management of the grid. This is a
smart management of the network that characterizes the smart grid.
So, for these reasons, is very important to study the grid, both radial and meshed,
under this operative conditions. In the first case, also called case 21, all sources feed
generated active power and the reactive power is equal to zero at the PCCs. While
the energy storage systems generate and control the reactive power. While the loads
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are random, so the active and reactive power for each load is the result of the formula
defined at beginning.

TABLE 6.1: Boundary of the case 21.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed generated P (Q=0)

Actual loads
-1 6 100 100 6 100

Q=0 at,PCCx 2 10 8

Q=0 at PCC0 1 0 8

UI control Q (P=0) 2 12 7

ES control Q (P=0) 2 11 7

While in the second case, also called case 22, all sources feed generated and control
active power and the reactive power is equal to zero at the PCCs. While the en-
ergy storage systems generate and control the reactive power. While the loads are
random, so the active and reactive power for each load is the result of the formula
defined at beginning.

TABLE 6.2: Boundary of the case 22.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed control P and Q

Actual loads
-1 6 100 100

Q=0 at,PCCx 2 10 8

Q=0 at PCC0 1 0 8

UI control Q (P=0) 2 12 7

ES control Q (P=0) 2 11 7

6.2 Analysis of the results relative at radial grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables. At first the results of the voltage deviation are always lower
compared to the maximum value. This is a very good point, for the radial grid,
because it confirms the advantages of the distributed generations. Indeed the volt-
age deviation is very small because the distributed generators, like the photovoltaic
sources and the energy storage systems, can feed the local load so there will be a
lower flow of current into the grid. It will bring to a reduction of the total power loss
into the feeders and it is another benefit. In particular the voltage deviation is quite
constant for each case during the day and it falls during the night. This is because
during the night the load consumption decreases compared to that during the day.
Moreover the voltage deviation at the first case is greater compared to that at the
second case. This is because in the second case all sources can control the generated
active power. In this way all the sources generate the active power obtained from an
optimal solution. That is a smart management of the sources that characterizes the
smart grid.
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TABLE 6.3: Main results related at radial grid, obtained with SUSI3.

Test
case

21 21 21 21 21 22 22 22 22 22

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

2,16% 3,09% 1,68% 3,34% 1,12% 0,86% 1,47% 0,61% 1,86% 0,54%

P entering grid
at node 0 [kW]

-73,03 89,92 22,82 115,88 40,92 -21,39 61,54 15,01 80,53 17,46

Q entering grid
at node 0 [kVAR]

-0,18 0,51 0,17 0,59 0,20 -0,07 0,05 0,00 0,09 0,02

P absorbed
by loads [kW]

221,27 222,26 198,26 196,30 57,68 232,58 225,41 203,29 200,58 59,25

Q absorbed
by loads [kVAR]

117,13 103,98 94,44 90,31 27,84 109,77 103,33 93,12 90,69 27,65

P fed
by sources [kW]

326,84 227,25 200,41 201,16 58,20 290,39 229,85 204,82 205,55 61,43

Q fed
by sources [kVAR]

120,65 108,55 96,10 95,12 28,40 119,16 108,98 93,66 99,70 29,40

P returned
to sources [kW]

101,46 0,00 0,00 0,00 0,00 56,74 2,97 1,03 2,98 1,98

Q returned
to sources [kVAR]

1,53 2,04 1,15 1,07 0,11 8,83 4,27 0,28 6,72 1,55

P troughput-grid
transport [kW]

192,17 143,84 97,68 169,28 58,20 176,54 134,70 108,06 151,77 53,76

Q troughput-grid
transport [kVAR]

115,73 108,54 95,92 95,12 28,40 60,18 71,50 56,28 77,54 22,68

Distribution loss in
phase wires [kW]

4,10 4,99 2,14 4,86 0,52 1,06 1,48 0,49 1,99 0,20

Loss in power
sources & converters

[kW]

19,73 3,40 5,75 1,63 0,13 19,98 9,49 8,25 7,71 1,55

Total power
loss w/o neutral wire

[kW]

23,84 8,39 7,89 6,49 0,65 21,04 10,97 8,74 9,70 1,75

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

92,71% 96,31% 96,06% 96,77% 98,88% 92,75% 95,23% 95,73% 95,28% 97,15%

Estimated loss in
neutral wire [kW]

2,71 0,85 1,29 1,20 0,13 2,07 0,83 0,63 0,95 0,10

Total power loss
including neutral wire

[kW]

26,54 9,24 9,18 7,69 0,78 23,11 11,80 9,37 10,66 1,85

Efficiency considering
neutral loss

91,88% 95,93% 95,42% 96,18% 98,66% 92,04% 94,87% 95,43% 94,82% 97,00%

Min node
voltage vs Vnom

-0,94% -2,83% -1,16% -3,13% -1,12% -0,91% -2,13% -0,98% -2,40% -0,67%

Node with
minimum voltage

1502 1605 1805 1601 1601 1502 1605 2303 912 1603

Max node
voltage vs Vnom

1,93% 0,11% 0,30% 0,03% 0,01% 1,44% 0,21% 0,37% 0,37% 0,31%

Node with
maximum voltage

1009 7 1006 33 33 1901 5 5 5 5

Max active power
stress of sources

(P/Pnom)

100,90% 29,83% 49,94% 19,32% 6,71% 100,73% 102,29% 99,60% 100,80% 99,98%

Node with maximum
active power stress

1005 3402 3402 331 331 1010 1604 910 5 902

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

90,87% 52,20% 44,96% 45,87% 14,12% 100,23% 112,66% 98,40% 99,32% 90,01%

Node with maximum
current stress

1005 917 3402 917 917 2001 1107 2801 1107 902

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

80,60% 101,95% 71,93% 97,91% 30,99% 48,46% 64,75% 45,48% 61,80% 23,97%

Branch with
maximum

current stress

6 7 7 7 7 17 68 28 28 3

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 100,9% 102,0% 71,9% 97,9% 31,0% 100,7% 112,7% 99,6% 100,8% 100,0%
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After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power feed by sources and the power throughput grid transportation. Subse-
quently the power loss are reported for each case and period of the day. In particular
the program gives the results relative at power loss in phase wires, in sources and
converters. Also it makes an estimation of the power loss into neutral wires. In the
first case the values of power loss into the sources are very close to the values of
power loss into phase wires. While in the second case the power loss into the dis-
tributed sources is always greater than the power loss into the feeders, considering at
the same period. This happen because the flow of current into the grid is very small
for the same reason explain before for the little value of voltage deviation. Moreover
the distribution loss in phase wires, in the first case, is always greater compared to
that at second case. While for the power loss into the distributed sources happen
the exact opposite. Indeed the loss in power sources, at first case, is always lower
compared to that at second case. This happen because the flow of active power is
controlled in the second case. So there will be a reduction of power loss in phase
wires. While the distributed sources will be more exploited and this over exploita-
tion leads to an increase of loss in power sources.
Furthermore the calculation of the power loss is fundamental for the efficiency. The
efficiency of a system is a very important parameter of the power quality that gives
an idea of the management of the network. The value of the efficiency is quite high
for each case and it is a good point for the management of the grid. Also the value
of the efficiency, at first case, is very close to the efficiency in the second case. Fur-
thermore the value of the efficiency of this test case are lower compared to that at the
first test case. This is because at the first test case the distributed sources didn’t par-
ticipate at generation so the stress into the sources was very small and it was lower
compared to the power loss into the feeders. In this test case the sources are very
stressed so there will be an increase of loss in power sources and a reduction of the
power loss into the feeders because the current flow into the grid decreases. So the
increase of the power loss into the sources is greater compared to the reduction of
the power loss into the feeders, between the first test case and the second one. This
situation involves in a reduction of the efficiency.
Subsequently is important to understand where the sources overstress come from.
In the first case the current stress of sources is greater compared to the power stress,
except in the second period of the day. While, in the second case, the value of cur-
rent stress, into the sources, is very close to the value of power stress, for the same
period of the day. Moreover the power and current stress of sources, in the first case,
is lower compared to those in the second case. This happen because, in the second
case, the optimal control exploited more the distributed sources to reduce the total
stress. Despite the increase of the power and current stress into the sources, the total
stress of the system will decrease. So, in this test case, the limitation of the sources is
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the value of current and active power that can generate. To solve this current over-
stress of the distribution sources sources, a solution is to increase the rated active
power of the overstressed sources. In the following tables the overstressed sources
with its value of overstress and upper limit of active and reactive power, for each
case, are reported. In this test case, the second case gives the overstressed sources,
while in the first case there are no overstressed sources. This happen because, in
the first case, the distributed sources are less exploited compared to those in the first
case. From the results is possible to note that there are a lot of overstressed sources
for different period of the day. Furthermore the value of the overstress is very high
in some period of the day.

TABLE 6.4: Over stressed sources at case 21, considering the radial
grid.

Day
time

Node Overstressed Apply limit

1
3

5

P/Pnom =2.14
A/Anom =1.40;
P/Pnom =1.74
A/Anom =1.71

Psat=13.80kW
Qsat =6.21kVAR;

Psat=13.80kW
Qsat =5.68kVAR

1
2
3
4

902

P/Pnom =3.29;
P/Pnom =2.47;
P/Pnom =4.15;
P/Pnom =1.37

Psat=5.00kW;
Psat=5.00kW;
Psat=5.00kW;
Psat=5.00kW

1 1501 A/Anom =1.21 Qsat =10.86kVAR

1
3

3503
P/Pnom =1.47;
P/Pnom =1.94

Psat=-3.00kW;
Psat=-3.00kW

1
2
3

909
P/Pnom =2.78;
P/Pnom =1.99;
P/Pnom =1.35

Psat=3.00kW;
Psat=3.00kW;
Psat=3.00kW

1
2
3

910
P/Pnom =2.04;
P/Pnom =1.40;
P/Pnom =2.72

Psat=3.00kW;
Psat=3.00kW;
Psat=3.00kW

1
3

911
P/Pnom =1.51;
P/Pnom =2.26

Psat=3.00kW;
Psat=3.00kW

1
3

1005
P/Pnom =1.33;
P/Pnom =1.76

Psat=3.00kW;
Psat=3.00kW

1
3

1010
P/Pnom =1.43;
P/Pnom =1.67

Psat=3.00kW;
Psat=3.00kW

1
3

1004
P/Pnom =2.32;
P/Pnom =1.64

Psat=3.00kW;
Psat=3.00kW

3 2801 A/Anom =1.74 Qsat =11.05kVAR

3 1107 A/Anom=1.47 Qsat =22.09kVAR
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Rather than we have to consider that the overstressed sources are always very small
so it takes little to reach the overstress. Indeed the overstressed sources are those
property of end-user node and they are often small. So is possible to use this results
for make a first sizing of the distributed generator in this operative condition. Also
is possible to note that the greater part of the overstressed sources are very close
each other, indeed the node 5, 9, 10, 11 and 15 are very close each other. So, to solve
this overstress of sources, is possible to install a new generator in a new or already
existing fully controllable node that can support those overstressed sources at load
balance and for reduction of the total stress.
Subsequently the stress into the feeders are considered. In particular the current
stress, in the first case, is always greater compared to that in the second case, consid-
ering the same period of the day. This is due to the optimal control that acts on the
distributed sources to feed the local loads. In this way the flow of current into the
branches will decrease and, consequently, the stress into feeders will reduce.
At last the comparison, of the peak values between the case 21 and 22, is reported
in the following graph. In particular, in the first case, the voltage deviation, the dis-
tribution loss in phase wires and the maximum current stress of feeders are greater
compared to those at second case. While the rest of the results reported, into the
previous graph, are in favor of the first case. At first sight is obvious that the first
case allows a better management of the radial grid.

FIGURE 6.1: Comparison between the results of case 21 and 22.

While if we consider also the results of the analysis, done with SUSI3, we note that
the optimal control gives more benefits compared to the case without control. In-
deed, for each period of the day, the optimal control allows us a better management.
Moreover if we consider that the overstress of sources is related a small photovoltaic
generator, which is very easy to overstress, therefore the power loss into sources in-
crease from the first case to the second. So if we consider to add a new generator that
support the local overstressed sources is possible to delete the stress and to obtain
a better management of the grid in the second case. Consequently the active power
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and current stress, in the distribution sources, will decrease a lot and the power loss,
into the distributed generators, decrease too.
In conclusion the optimal control gives the best results of the radial grid.

6.3 Analysis of the results relative at meshed grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables. At first the results of the voltage deviation, in percentage,
are always lower compared to the maximum value. This is a very good point, for
the meshed grid, because it confirms the advantages of the distributed generations.
Indeed the voltage deviation is very small because the distributed generators, like
the photovoltaic sources and the energy storage systems, can feed the local loads so
there will be a lower flow of current into the grid. It will bring to a reduction of the
total power loss into the feeders and it is another benefit. In particular the voltage
deviation is quite constant for each case during the day and it falls during the night.
This is because during the night the load consumption decreases compared to that
during the day. Moreover the voltage deviation, at the first case, is greater compared
to that at the second case. This is because in the second case all sources can control
the generated active power. In this way all the sources generate the active power
obtained from an optimal solution. That is a smart management of the sources that
characterizes the smart grid.
After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power feed by sources and the power throughput grid transportation. Subse-
quently the power loss are reported for each case and period of the day. In particular
the program gives the results relative at power loss in phase wires, in sources and
converters. Also it makes an estimation of the power loss into neutral wires. In the
first case the power loss in sources is very close to the power loss into the feeders.
While, in the second case, the power loss into the sources is always greater than the
power loss into the feeders. This happen because the flow of current into the grid is
very small for the same reason explain before for the little value of voltage deviation.
Moreover the power loss into the sources, in the first case, is always lower compared
to that at the second case. While the distribution loss in phase wires, in the first case,
is always greater compared to that at second case, considering the same period of the
day. This is a direct consequence of the control of the active power generated, from
all generators. Indeed in the second case the active power generate, for each sources,
is the results of an minimization of the stress that bring to a major exploitation of the
distributed sources, so a greater power loss into the sources. This is a benefit that the
photovoltaic sources and energy storage system, with an appropriate algorithm, can
bring into the grid. That is a smart management of the sources that characterizes the
smart grid.
Furthermore the calculation of the power loss is fundamental for the efficiency.
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TABLE 6.5: Main results related at meshed grid, obtained with SUSI3.

Test
case

21 21 21 21 21 22 22 22 22 22

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

1,47% 2,19% 0,94% 2,54% 0,88% 0,70% 1,29% 0,51% 1,62% 0,50%

P entering grid
at node 0 [kW]

-57,63 96,45 27,85 118,97 41,67 -22,44 63,91 18,11 80,04 19,68

Q entering grid
at node 0 [kVAR]

0,01 0,08 0,05 0,09 0,03 0,04 -0,19 -0,05 -0,24 -0,04

P absorbed
by loads [kW]

235,83 231,89 203,96 204,50 60,31 233,86 229,65 202,92 203,03 59,84

Q absorbed
by loads [kVAR]

114,40 103,14 94,58 89,39 27,27 115,02 107,07 98,66 94,77 28,59

P fed
by sources [kW]

323,94 234,80 205,07 207,43 60,63 283,70 233,87 204,03 207,63 61,56

Q fed
by sources [kVAR]

116,31 107,42 95,96 93,98 27,74 118,73 117,13 101,24 109,11 30,57

P returned
to sources [kW]

85,72 0,00 0,00 0,00 0,00 49,20 3,06 0,74 3,05 1,55

Q returned
to sources [kVAR]

0,42 1,69 0,93 0,71 0,00 3,26 8,84 2,38 12,31 1,80

P troughput-grid
transport [kW]

183,70 156,96 104,80 175,62 60,63 166,06 143,62 108,29 157,88 55,54

Q troughput-grid
transport [kVAR]

112,36 107,42 95,84 93,98 27,74 61,56 69,24 56,29 77,32 23,54

Distribution loss in
phase wires [kW]

2,38 2,92 1,11 2,93 0,32 0,64 1,15 0,37 1,55 0,17

Loss in power
sources & converters

[kW]

19,75 3,35 5,72 1,52 0,12 19,06 9,17 7,83 7,88 1,88

Total power
loss w/o neutral wire

[kW]

22,13 6,26 6,83 4,45 0,44 19,70 10,32 8,20 9,44 2,04

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

93,17% 97,33% 96,67% 97,85% 99,27% 93,06% 95,59% 95,98% 95,46% 96,68%

Estimated loss in
neutral wire [kW]

1,76 0,62 0,68 1,04 0,12 1,01 0,81 0,43 1,02 0,10

Total power loss
including neutral wire

[kW]

23,88 6,88 7,51 5,49 0,56 20,71 11,13 8,63 10,46 2,14

Efficiency considering
neutral loss

92,63% 97,07% 96,34% 97,35% 99,07% 92,70% 95,24% 95,77% 94,96% 96,52%

Min node
voltage vs Vnom

-0,56% -2,87% -0,78% -3,21% -1,11% -0,54% -1,56% -0,83% -1,40% -0,50%

Node with
minimum voltage

1605 1605 1601 1602 1602 3004 1605 3004 1605 1605

Max node
voltage vs Vnom

1,25% 0,01% 0,36% 0,02% 0,00% 1,20% 0,04% 0,30% 0,02% 0,12%

Node with
maximum voltage

1604 2 3402 36 2 1603 1009 1603 33 5

Max active power
stress of sources

(P/Pnom)

100,85% 29,89% 50,00% 21,12% 7,36% 99,55% 100,42% 99,93% 100,39% 96,92%

Node with maximum
active power stress

3402 3402 3402 331 331 3505 5 902 5 902

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

90,80% 52,12% 45,01% 42,95% 12,93% 103,63% 98,96% 99,49% 98,99% 89,10%

Node with maximum
current stress

3402 917 3402 917 917 1605 2801 2801 2801 2801

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

90,02% 101,26% 70,44% 95,74% 30,23% 48,57% 48,57% 48,57% 64,16% 21,61%

Branch with
maximum

current stress

7 7 7 7 7 28 28 28 28 28

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 100,9% 101,3% 70,4% 95,7% 30,2% 103,6% 100,4% 99,9% 100,4% 96,9%
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The efficiency of a system is a very important parameter of the power quality and it
is quite high for each case. Also the value of the efficiency at first case is very close
at the efficiency in the second case. Furthermore the value of the efficiency of this
test case are lower compared to that at the first test case. This is because at the first
test case the distributed sources didn’t participate at generation so the stress into
the sources was very small and it was lower compared to the power loss into the
feeders. In this test case the distributed sources are really exploited, so there will be
an increase of power loss into the sources and a reduction of the power loss into the
feeders because the current flow into the grid will decrease. So the increase of the
power loss into the sources is greater compared to the reduction of the power loss
into the feeders, between the first test case and the third one. This situation involves
in a reduction of the efficiency.
Subsequently is important to understand where the sources overstress come from.

TABLE 6.6: Over stressed sources at case 22, considering the meshed
grid.

Day
time

Node Overstressed Apply limit

1
3

5

P/Pnom =2.96
A/Anom =1.85;
P/Pnom=2.79

A/Anom =2.42

Psat=13.80kW
Qsat =6.07kVAR;

Psat=13.80kW
Qsat =5.55kVAR

1
2
3

902
P/Pnom =1.92;
P/Pnom =1.71;
P/Pnom =2.90

Psat=5.00kW;
Psat=5.00kW;
Psat=5.00kW

1
2
3

2801
A/Anom =2.12;
A/Anom =1.41;
A/Anom =2.67

Qsat =10.83kVAR;
Qsat =11.03kVAR;
Qsat =10.48kVAR

1
3

3503
P/Pnom =1.10;
P/Pnom =1.44

Psat=-3.00kW;
Psat=-3.00kW

1
3

909
P/Pnom =1.69;
P/Pnom =2.38

Psat=3.00kW;
Psat=3.00kW

1
3

910
P/Pnom =1.73;
P/Pnom =2.21

Psat=3.00kW;
Psat=3.00kW

1
3

911
P/Pnom =1.60;
P/Pnom =2.07

Psat=3.00kW;
Psat=3.00kW

1
3

1005
P/Pnom =1.61;
P/Pnom =1.44

Psat=3.00kW;
Psat=3.00kW

1
3

1010
P/Pnom =2.21;
P/Pnom =2.34

Psat=3.00kW;
Psat=3.00kW

1
3

1004
P/Pnom =1.56;
P/Pnom =1.27

Psat=3.00kW;
Psat=3.00kW
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From the results of the simulation, into the sources, the value of the current stress
is very close to the value of power stress, for the same period of the day. So, in
this test case, the limitation of the sources is the value of current and active power
that can generate. To solve this current overstress of the sources, a solution is to
increase the rated active power of the overstressed sources. In the following tables
the overstressed sources with its value of overstress and upper limit of active and
reactive power for each case are reported. In this test case, the case 22 gives the
overstressed sources, while in the first case there are no overstressed sources. This
happen because, in the first case, the distributed sources are less exploited compared
to those in the first case. From the results of the following table is possible to note that
there are a lot of overstressed sources for different period of the day. Furthermore
the value of the overstress is very high in some period of the day. Rather than we
have to consider that the overstressed sources are always very small so it takes little
to reach the overstress. So is possible to use this results for make a first sizing of
the distributed generator in this operative condition, such as in the radial grid. Also
is possible to note that the greater part of the overstressed sources are very close
each other, indeed the node 5, 9, 10, 11 and 15 are very close each other. So to solve
this overstress of sources is possible to install a new generator in a new or already
existing fully controllable node that can support those overstressed sources at load
balance and for reduction of the total stress.
After that is important to consider the current stress of feeders. In the first case the
stress of feeders is greater compared to that at second case. This is due to greater
exploitation of the distributed sources in the second case, due to the optimal control,
that lead to a reduction of the flow of current into the branches. This leads to a
reduction of the current stress of the feeders in the second case.
At last the comparison of the peak values between the case 21 and 22 are reported in
the following graph.

FIGURE 6.2: Comparison between the results of the meshed grid at
case 21 and 22.

In particular, in the first case, the voltage deviation, the distribution loss in phase
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wires and the maximum current stress of feeders are greater compared to those at
second case. While the rest of the results reported into the previous graph are in
favor of the first case. At first sight is obvious that the first case allows a better man-
agement of the meshed grid. So, at the beginning, the optimal control of the active
power isn’t the best solution for this system. While if we consider that the over-
stress of sources is related at a small photovoltaic generators, which is very easy to
overstress, we can conclude that this power and current stress of sources aren’t an
unsolvable problem. Indeed if we add a new generator that support the local over-
stressed sources is possible to delete the stress and to obtain a better management
of the grid in the second case. Obviously the introduction of this new generator will
lead a different power flow into the grid. In particular it will support the nearby
distributed sources at load balance, mostly to the local loads. This will involves to
a reduction of the flow of current into the grid, so a decrease of distribution loss in
phase wires. Moreover the power and current stress of sources will reduce.
In conclusion, if we take into account the results of the analysis, done with SUSI3,
the optimal control gives more benefits compared to the system without optimal
control.

6.4 Comparison between the radial and meshed grid.

In this section a comparison between the results of the radial and meshed grid for
each case is reported. Indeed is important to understand which configuration, of the
network, is the best for each case.
At first the comparison of the peak values, related at case 21, between the radial and
meshed grid is reported in the following graph.

FIGURE 6.3: Comparison between the results of the radial and
meshed grid at case 21.

In that case the meshed grid gives the best results in terms of voltage deviation, the
distribution loss in phase wires, the total power loss and the efficiency. While for
the value of power loss and stress in sources and the current stress of feeders, there
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are no difference between the radial and meshed grid. Moreover if we consider the
results of the analysis for each period of the day, we note that the meshed grid allows
us a better management of the system. So the meshed grid is the best configuration
of the network in the first case.
While for the second case the comparison, of the peak values, is reported in the
following graph. In particular the meshed grid gives the best results in terms of
voltage deviation, distribution loss, total power loss and maximum current stress
of feeders. While there are no difference between the peak value of power loss in
sources, efficiency, maximum power stress of sources and maximum current stress
of feeders. Moreover if we consider the results of the analysis for each period of the
day, we note that the meshed grid allows us a better management of the system. So
for the second test case the meshed grid gives the best results.

FIGURE 6.4: Comparison between the results of the radial and
meshed grid at case 22.

In conclusion, in this test case, the meshed grid, with the optimal control, is the best
configuration of this system. In particular the optimal control is of the active power
generated by the distributed sources and reactive power from the energy storage
systems. So is possible to manage, in an optimal way, the system to reach high value
of power quality and reliability of the system.



Chapter 7

Optimal control of active and
reactive power

At first this chapter deals with the description of the boundaries related at the test
case defined for the radial and meshed network. This test case is related of an active
grid in which the distributed generators, like photovoltaic sources and energy stor-
age systems, controls the active and reactive power flow into the network. While the
active and reactive power of the loads are calculated randomly, using the percentage
and formula defined at the beginning. The results come from the analysis, done with
SUSI3 and Source Locator, are used to make comparison.

7.1 Description of the third test case.

In this test case both networks are active and the distributed generators, like pho-
tovoltaic sources and energy storage systems, control the active and reactive power
flow. Consequently the reactive power at the PCCs is equal to zero. Indeed a large
diffusion of energy storage systems is expected to take place in the next future on
both MV and LV networks. The energy storage utilization at the end-user level, in
coexistence with distributed energy systems, is encouraged by a several of different
advantages and opportunities, such as:

1. The expected decreasing cost of storage systems, due to its near future diffu-
sion involving increased production capacity.

2. Economic advantages for active end-users, favoring an optimal local self con-
sumption, replacing, in part, the centralized one.

3. Leveling the distributed generation power production, both in terms of daily
peak shaving function.

4. Opportunities in the participation of end users to ancillary services markets.

5. Contribution in supplying the load peak power, reducing the contractual value
of admitted power absorption and consequently a consistent portion of the
end-user bill since network operation costs, evaluated on the rated power of
the connection, are expect to increase in the next years.
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In particular it is interesting the combination of the renewable energy sources and
energy storage systems. Generally this combination, considering also the loads, is
called microgrids. Typically a microgrid is a grid formed by microsources, storage
systems, power converters and loads. In this context the renewable energy sources
are becoming more obtainable and affordable due to the development of technology
and the adoption of government policies. Indeed the residential photovoltaic system
has a great potential of being a significant part of the electric market. As renewable
energy covers an important role amongst the resources supplying energy to these
networks, issues begin arising due to the discontinuous nature of these renewable
resources. The output from solar power aligns reasonably well daytime consump-
tion on the electricity grid, reducing the need for new coal power stations. However,
high penetration photovoltaic, can lead to voltage instability due to intermittencies
related to cloud cover. If the photovoltaic source power is injected into a power
system directly on a large scale, it may produce issues related to dispatchability, re-
liability and stability. In this scenario the energy storage system covers an important
role because they can, with some algorithms, mitigate the discontinuous power gen-
eration and reduce the voltage volatility. The energy storage systems can perform
a lot of different functions on both electrical transmission and distribution systems.
In particular the distributed energy storage systems have advanced the voltage con-
trol capability in distribution grids further by providing a better solution in terms
of both controllability and efficiency. This is because voltage regulation via active
power control is much more effective than reactive power control due to the resis-
tive nature of distribution grids. Furthermore due to the sensitivity of the microgrid
to load and generation changes, it should have a storage system with both high en-
ergy and power densities. However, none of the currently available energy storage
technologies satisfies these two features. For that reason, it is necessary to combine
two or more energy storage systems creating a hybrid energy storage system. The
hybrid energy storage system is usually formed by two complementary storage de-
vices, one of high energy density and the other of high power density. The use of a
unique energy storage, usually of high energy density but low power density, cre-
ates power control problems as the response of these types of energy storage system
is slow. Furthermore, a high power demand usually affects negatively the life cy-
cle of the storage system, reducing it. Adding a short-storage system the operating
conditions of the main storage system are alleviated, prolonging its life cycle and si-
multaneously permitting to satisfy the power requirements. In addition, the use of a
short storage system in parallel to a long-storage one reduces the size and the power
losses of the main storage system as it has been proved in. So the presence into the
grid of the energy storage system combined with the renewable energy sources will
play a very important role in the next future. This is way it is fundamental to study
these networks into this configurations. For this purpose, into the follow tables, the
boundary, related at this test case, are defined. In particular this test case is split into
two different cases described in what follows.
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In the first case, also called case 31, all sources feeded generated active power and
can control generated reactive power and the PCC1 is the slack node. While the
active and reactive power of the loads are calculated randomly, using the formula
described in the Chapter 2. This operative condition is far from a real situation be-
cause the energy storage systems are rarely used. While, in the next future, when the
technology of the batteries and energy storage will improve, this operative condition
will be widespread in the low voltage grid or microgrid.

TABLE 7.1: Boundary of case 31.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed generated P

All sources feed control Q
Actual loads

-1 6 100 100 4 100

PCCx slack nodes 2 10 -2

Q=0 and P balanced
at line 10 (PCC0)

0
126 (R)
132 (M)

8 1

Q=0 and P balanced
at line 40 (PCC1)

0
127 (R)
133 (M)

8 1

UI slack nodes
(reset bounds and power limits)

2 11 -2

ES unbounded 2 12 -1

While in the second case, also called case 32, all sources can control the active and
reactive power so the PCC1 will not be the slack nodes. While the active and reactive
power of the loads are calculated randomly. Also this operative condition is far from
a real situation because the energy storage system are rarely used, such as in the
previous case. As the previous case the path, that the evolution of the network is
traveling, bring to a grid in which the renewable energy sources and energy storage
systems are able to manage the power flow of a microgrid or smart grid and can do
other functions described above.

TABLE 7.2: Boundary of case 32.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources control P and Q

Actual loads
-1 6 100 100

Q=0 and P balanced
at line 10 (PCC node 0)

0
126 (R)
132 (M)

2 1

Q=0 and P balanced
at line 40 (PCC node 1)

0
127 (R)
133 (M)

2 1

UI slack nodes
(reset bounds and power limits)

2 11 -2

ES unbounded 2 12 -1

7.2 Analysis of the results relative at radial grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables.
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TABLE 7.3: Main results of the simulation, using SUSI3, of the radial
grid.

Test
case

31 31 31 31 31 32 32 32 32 32

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

1,25% 1,19% 0,31% 1,41% 0,46% 0,49% 0,95% 0,24% 0,98% 0,23%

P entering grid
at node 0 [kW]

-56,05 59,70 3,33 73,08 25,52 -1,89 40,62 3,87 46,60 4,44

Q entering grid
at node 0 [kVAR]

0,13 -0,13 -0,01 -0,17 -0,06 -0,02 -0,08 -0,01 -0,09 0,00

P absorbed
by loads [kW]

234,50 226,05 204,57 200,84 58,93 234,31 226,28 204,55 201,09 58,96

Q absorbed
by loads [kVAR]

106,49 99,83 89,64 87,41 26,33 104,26 100,43 89,37 88,25 26,47

P fed
by sources [kW]

342,20 227,29 209,42 202,50 59,23 290,65 229,19 205,38 205,33 60,07

Q fed
by sources [kVAR]

140,32 121,48 97,24 106,38 33,87 110,42 107,13 89,46 95,66 27,47

P returned
to sources [kW]

105,44 0,00 4,45 0,00 0,01 55,04 2,03 0,53 3,24 0,96

Q returned
to sources [kVAR]

32,55 20,79 7,51 17,69 7,37 5,80 6,18 0,02 6,79 0,92

P troughput-grid
transport [kW]

207,43 148,99 112,41 169,57 59,04 182,38 144,40 117,24 162,51 55,75

Q troughput-grid
transport [kVAR]

106,87 91,79 75,69 90,04 30,01 56,72 64,43 50,16 72,91 20,53

Distribution loss in
phase wires [kW]

2,26 1,24 0,40 1,66 0,28 1,30 0,88 0,30 1,01 0,14

Loss in power
sources & converters

[kW]

27,60 8,39 7,54 8,03 1,67 23,70 7,80 7,13 6,73 1,39

Total power
loss w/o neutral wire

[kW]

29,86 9,63 7,94 9,69 1,96 25,00 8,68 7,42 7,74 1,54

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

91,28% 95,76% 96,21% 95,22% 96,70% 91,40% 96,21% 96,38% 96,23% 97,44%

Estimated loss in
neutral wire [kW]

3,70 0,55 0,67 1,17 0,21 2,26 0,59 0,49 0,67 0,09

Total power loss
including neutral wire

[kW]

33,55 10,18 8,62 10,85 2,16 27,26 9,27 7,91 8,40 1,62

Efficiency considering
neutral loss

90,19% 95,52% 95,89% 94,64% 96,35% 90,62% 95,96% 96,15% 95,91% 97,30%

Min node
voltage vs Vnom

-1,19% -2,69% -0,65% -3,15% -1,14% -0,92% -1,97% -0,67% -1,53% -0,51%

Node with
minimum voltage

915 1605 901 1606 1606 2803 1605 3003 1603 1603

Max node
voltage vs Vnom

2,57% 0,94% 0,43% 1,51% 0,46% 1,17% 0,58% 0,40% 0,68% 0,39%

Node with
maximum voltage

1604 917 914 917 917 2103 917 3401 917 5

Max active power
stress of sources

(P/Pnom)

100,67% 30,13% 49,86% 35,72% 12,21% 107,72% 100,43% 87,00% 107,94% 101,71%

Node with maximum
active power stress

1604 905 905 917 2803 5 5 5 3503 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

107,36% 112,89% 75,55% 102,45% 105,24% 107,93% 100,08% 83,03% 109,17% 92,06%

Node with maximum
current stress

1501 2801 1501 1107 5 2001 2001 5 1501 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

65,65% 67,33% 47,16% 60,03% 43,98% 97,62% 68,85% 47,16% 47,16% 30,81%

Branch with
maximum

current stress

30 95 28 14 3 95 95 28 28 3

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 107,4% 112,9% 75,5% 102,5% 105,2% 107,9% 100,4% 87,0% 109,2% 101,7%
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At first the results of the voltage deviation, in percentage, are always much lower
compared to the maximum value. This is a very good point, for the radial grid, be-
cause it confirms the advantages of the distributed generations. Indeed the voltage
deviation is very small because the distributed generators, such as the photovoltaic
sources and the energy storage systems, can feed the local loads. This leads to the
reduction of flow of current into the grid. It will bring to a reduction of the total
power loss into the feeders. In this configuration the dispatcher can guarantee that
the voltage node at end user will be into the range define by code and an high value
of power quality and reliability of the system. In particular the voltage deviation
is quite constant for each case during the day and it falls during the night. This is
because during the night the load consumption decreases compared to that during
the day. Furthermore the voltage deviation at the first case is greater compared to
that at the second case. This is because in the second case all sources can control
the generated active power. In this way all the sources generate the active power
obtained from an optimal solution that minimize the stress into the network. That is
a smart management of the sources that characterizes the smart grid.
After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power feed by sources and the power throughput grid transportation. Subse-
quently the power loss are reported for each case and period of the day. In particular
the program gives the results relative at power loss in phase wires, in sources and
converters. Also it makes an estimation of the power loss into neutral wires. In this
test case the power loss into the sources is always greater than the power loss into
the feeders. This happen because the flow of current into the grid is very small for
the same reason explain before for the little value of voltage deviation. Furthermore,
from the results of the simulation, a lot of distributed sources are overstressed, so
there will be a certain power loss. In particular the power loss into the sources, at
first case, is always greater compared to that at the second case. This is a direct con-
sequence of the control of the active power generate, from all generators. Indeed
in the second case the active power generate, for each sources, is the results of an
minimization of the stress. This will lead to a reduction of active power that flows
into the feeders and an increase of the exploit of the distributed sources. Moreover
the values of distribution loss in phase wires, in the first case, is greater compared to
that at second case. This is a direct consequence of the optimal control as described
previously. Indeed the optimal control will reduce the flow of active power, so there
will be a decrease of the power loss into feeders. This is a benefit that the photo-
voltaic sources and energy storage system, with an appropriate algorithm, can bring
into the grid. That is a smart management of the sources that characterizes the smart
grid.
Furthermore the calculation of the power loss is fundamental for the efficiency. The
efficiency of a grid is a very important parameter of the power quality that gives an
idea of the management of the network. The value of the efficiency is quite high for
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each case and it is a good point for the management of the grid. Also the value of the
efficiency, at first case, is very close to the value of efficiency in the second case. This
happen because, in the second case, the exploit of distributed sources leads to an
increase of active power loss into the sources and a reduction of power loss in phase
wires compared to the first case. So the total power loss will remain approximately
constant. Consequently the efficiency, of the system, doesn’t change. Furthermore
the value of the efficiency of this test case are lower compared to that at the first test
case. This is because at the first test case the distributed sources didn’t participate at
generation so the stress into the sources was very small and it was lower compared
to the power loss into the feeders. In this test case the sources are very stressed so
there will be an increase of power loss into the sources and a reduction of the power
loss into the feeders because the current flow into the grid decreases. So the increase
of the power loss into the sources is greater compared to the reduction of the power
loss into the feeders, compared the first test case and the third one, and this situation
involves in a reduction of the efficiency.
After that is important to understand where the sources overstress come from.

TABLE 7.4: Overstressed power source at test case 31, using the radial
grid.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1 5 2.68 14.76

1 1501 1.86 10.69

3 5 3.02 15.18

3 1501 1.37 11.05

TABLE 7.5: Overstressed power source at test case 32, using the radial
grid.

Day
time

Node Overstressed Apply limit

1 5
P/Pnom =3.00
A/Anom =1.75

Psat=13.80 kW
Qsat =6.07 kVAR

1 1501 A/Anom =1.49 Qsat =10.72 kVAR

1 1004 P/Pnom =1.22 Psat=3.00kW

1 1005 P/Pnom =1.32 Psat=3.00kW

1 1010 P/Pnom =1.92 Psat=3.00kW

3 5
P/Pnom =3.01
A/Anom =2.07

Psat=13.80kW
Qsat =5.70kVAR

3 1004 P/Pnom=1.79 Psat=3.00kW

3 1005 P/Pnom =1.75 Psat=3.00kW

3 1010 P/Pnom =1.88 Psat=3.00kW
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From the results of the simulation the value of the current stress, into the sources,
is always greater compared to the value of power stress. So, in this test case, the
limitation of the sources is the value of current that can generate. To solve this cur-
rent overstress of the sources, a solution is to increase the rated active power of the
overstressed sources. In the following tables the overstressed sources with its value
of overstress and upper limit of active and reactive power for each case are reported.
The results of these two tables point out that the second case, in which there is an
optimal control of the active power generated from all sources, there are more over-
stressed sources compared to that at first case. This happen because the distributed
sources can feed the local loads, so the flow of current into the grid will decrease.
Consequently the overstress of the distributed sources will increase. At a certain
point will be reach a point of equilibrium in which the stress is the minimum pos-
sible. In particular these overstressed sources are very small because they belong to
a domestic and industrial end-user. A solution to solve these overstress is to install
, in a nearby node, a current source that support the overstressed sources at load
balance. Since the sources link at node 5, 10 and 15 are overstressed and close each
other, a solution could be to connect a generator in the node 6 that becomes a new
fully controllable node. Another solution could be to increase the rated active and
reactive power of these overstressed sources.
The following graph compares the peak values of the first and second case to under-
stand if it is a good solution the optimal control of the active power generates from
all the sources.

FIGURE 7.1: Comparison between the results of case 31 and 32, con-
sidering the radial grid.

From this graph the optimal control of the active power generated from all sources
gives the best results, except for the maximum active power stress into the sources.
In particular the maximum value of power stress of sources, in the first case, is much
higher compared to those at second case. This is because the optimal control ex-
ploited more the distributed sources to reduce the total stress. Moreover the over-
stressed sources are relative at domestic and industrial end-user, so they are very
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small and it is very simple to overstress. While the maximum current stress into the
feeders remains constant between the first and second case.
So, for the management of the radial network, for this test case, the optimal control
of the active power allows us a better management of the system.

7.3 Analysis of the results relative at meshed grid.

In the following table the results of the analysis with the main meshed grid are re-
ported. At first the results of the voltage deviation are always much lower com-
pared to the maximum value. This is a very good point, for this configuration of the
meshed grid, because it confirms, another time, the advantages of the distributed
generations. Indeed the voltage deviation is very small because the distributed gen-
erators, such as the photovoltaic sources and the energy storage systems, can feed
the local load, so there will be a lower flow of current into the grid. Furthermore the
value of the voltage deviation is greater in the first case compared to that at second
case. This happen because the optimal control uses the distributed sources to feed
the local loads, so the flow of current, into the grid, will decrease. In this way the
voltage deviation, across the feeders, will reduce. That is a smart management of the
sources that characterizes the smart grid. In particular the voltage deviation is quite
constant for each case during the day and it falls during the night. This is because
during the night the load consumption decreases compared to that during the day.
Subsequently is important to analyze the results of power loss and the efficiency.
The value of power loss, in the distributed sources, is always greater compared to
the value of power loss in phase wires. Furthermore the values of distribution loss
in phase wires, in the first case, is always greater than that in the second case. More-
over the power loss into the sources, in the second case, is greater than that in the
first case, except for the second period of the day. These facts happen because the
distributed generators contribute to a decrease of flow of current into the grid. So
there will be, in the second case, a greater exploit of distributed sources compared
to that at first case. This fact causes an increase of power loss into the sources and a
reduction of power loss into feeders.
The calculation of the power loss is fundamental for the calculation of the efficiency.
The value of the efficiency is quite constant for each case and period and its value is
very high. In particular the value of efficiency remains constant between the first and
second case, considering the same period of the day. These facts are a good points for
this configuration because the dispatcher can guarantee high value of power quality
and reliability of the network.
After that the stress into sources and feeders are considered. From the analysis, in
the first case, the value of active power stress into the sources is always lower com-
pared to the value of current stress of sources, considering the same period of the
day.
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TABLE 7.6: Main results of the simulation, using SUSI3, of the main
meshed grid.

Test
case

31 31 31 31 31 32 32 32 32 32

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

0,82% 0,93% 0,29% 1,10% 0,36% 0,34% 0,69% 0,20% 0,71% 0,21%

P entering grid
at node 0 [kW]

-31,60 44,04 5,49 52,22 17,88 -9,20 32,44 5,98 35,41 8,88

Q entering grid
at node 0 [kVAR]

-0,10 0,17 0,03 0,21 0,08 -0,09 0,13 0,02 0,16 0,05

P absorbed
by loads [kW]

225,13 220,53 196,02 195,60 57,62 225,38 220,73 196,18 195,74 57,62

Q absorbed
by loads [kVAR]

109,75 103,50 93,80 91,12 27,15 108,48 104,01 93,55 91,86 27,23

P fed
by sources [kW]

328,60 221,66 201,66 197,06 57,81 293,22 224,45 197,73 199,61 59,41

Q fed
by sources [kVAR]

152,85 114,12 106,05 106,34 35,50 118,63 110,11 93,61 100,82 29,46

P returned
to sources [kW]

102,14 0,00 5,27 0,00 0,01 67,08 2,99 1,33 2,99 1,68

Q returned
to sources [kVAR]

42,63 10,03 12,17 14,40 8,26 10,10 5,74 0,01 8,54 2,19

P troughput-grid
transport [kW]

194,37 142,23 104,99 163,56 57,70 180,04 140,66 110,72 157,59 55,38

Q troughput-grid
transport [kVAR]

120,48 82,18 86,70 82,24 30,44 65,26 65,51 53,47 77,31 23,31

Distribution loss in
phase wires [kW]

1,33 1,13 0,37 1,46 0,18 0,75 0,73 0,23 0,88 0,10

Loss in power
sources & converters

[kW]

26,67 7,58 8,23 6,88 1,07 21,39 8,35 7,60 8,00 1,31

Total power
loss w/o neutral wire

[kW]

28,00 8,71 8,59 8,34 1,25 22,14 9,08 7,83 8,88 1,41

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

91,48% 96,07% 95,74% 95,77% 97,83% 92,45% 95,95% 96,04% 95,55% 97,62%

Estimated loss in
neutral wire [kW]

1,94 0,45 0,51 0,86 0,11 1,26 0,41 0,30 0,50 0,06

Total power loss
including neutral wire

[kW]

29,93 9,16 9,11 9,20 1,36 23,40 9,49 8,13 9,39 1,47

Efficiency considering
neutral loss

90,89% 95,87% 95,48% 95,33% 97,65% 92,02% 95,77% 95,89% 95,30% 97,52%

Min node
voltage vs Vnom

-0,95% -2,84% -0,95% -3,28% -1,11% -0,49% -1,32% -0,55% -1,09% -0,40%

Node with
minimum voltage

915 1605 1601 1606 1606 910 1605 3001 1605 1603

Max node
voltage vs Vnom

1,17% 0,84% 0,46% 1,19% 0,41% 1,09% 0,74% 0,34% 0,77% 0,14%

Node with
maximum voltage

1603 917 914 917 917 1603 917 3401 917 5

Max active power
stress of sources

(P/Pnom)

100,18% 40,07% 49,90% 55,37% 19,41% 100,03% 100,40% 84,05% 103,51% 100,15%

Node with maximum
active power stress

1102 917 1102 917 917 1102 5 5 1604 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

118,93% 102,72% 89,17% 99,99% 54,75% 103,69% 99,68% 79,34% 100,98% 91,90%

Node with maximum
current stress

1107 2001 1107 5 1501 3506 5 5 1107 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

92,58% 71,72% 48,40% 84,63% 29,54% 55,17% 51,04% 37,83% 66,21% 22,37%

Branch with
maximum

current stress

95 14 68 14 14 30 68 95 28 28

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 118,9% 102,7% 89,2% 100,0% 54,8% 103,7% 100,4% 84,1% 103,5% 100,2%
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While in the second case the value of current stress and active power stress, of
sources, are very close each other. Moreover the value of active power stress of
sources, in the first case, is always lower compared to that in the second case. This
happen because the optimal control exploit more the distributed sources to reduce
the power loss, the stress into the feeders and the total stress of the system. While
the value of current stress of sources remains quite constant for the same period of
the day, between the first and second case.
In the following table the overstressed sources, with the relative power limit, are re-
ported. In particular there are a lot of overstressed sources. Moreover these sources
are related to an industrial and commercial end-user. So these sources are very small
and it is very simple to reach the upper power limit and overcome it. To solve these
overstress, a solution could be to link, in a nearby node, a current source to support
the already existing generators at load balance and minimization of the total stress.
Indeed the overstressed sources are very close each other, so with a new current
source, placed in a convenient node, is possible to reduce the stress of distributed
sources and support them. Another solution is to increase the rated active and reac-
tive power of the overstressed sources.

TABLE 7.7: Overstressed power sources at test case 31, using the
meshed grid.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1 5 1.38 14.83

1 1107 1.27 21.52

1 1501 1.86 10.80

3 5 1.37 15.26

3 1107 1.21 22.13

3 1501 1.67 11.06

From the comparison of the results of overstressed sources between the two cases
is possible to observe, at the beginning, that the number of overstressed sources, at
the first case, is lower compared to that at second case. Furthermore the value of the
overstress, in the first case, is often lower than that at second case. This is because
the optimal control acts to balance the load with the distributed generation and min-
imize the stress. So, in this case, the algorithm exploits the distributed sources, such
as photovoltaic sources and energy storage systems, for the generation of active and
reactive power. This leads to a lower current flow into the grid, but it takes to an high
value of overstress for the sources. As previously anticipated a solution could be to
connect a new current source or increase the rated active and reactive power of the
overstressed sources. Obviously these solutions will lead to a higher cost but it will
be possible to reduce the overstress into the sources. Another solution is to install,
for each kind of load, a renewable source and energy storage system to allow the
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self-consumption locally and to reduce the power stress of the nearby generators.

TABLE 7.8: Overstressed power sources at test case 32, using the
meshed grid.

Day
time

Node Overstressed Apply limit

1 5
P/Pnom =4.03
A/Anom =1.24

Psat=13.80kW
Qsat =6.50kVAR

1 1501 A/Anom =1.24 Qsat =10.83kVAR

1 1602 P/Pnom =1.12 Psat=5.00kW

1 1604 P/Pnom =1.12 Psat=5.00kW

1 3503 P/Pnom =1.26 Psat=-3.00kW

1 1005 P/Pnom=1.31 Psat=3.00kW

1 1010 P/Pnom =2.27 Psat=3.00kW

3 5
P/Pnom=4.52

A/Anom =1.33
Psat=13.80kW

Qsat =6.46kVAR

3 3503 P/Pnom =1.56 Psat=-3.00kW

3 1004 P/Pnom=1.40 Psat=3.00kW

3 1005 P/Pnom =1.36 Psat=3.00kW

3 1010 P/Pnom =2.41 Psat=3.00kW

4 5 P/Pnom =1.58 Psat=13.80kW

The following graph compares the peak values, between the first and second case, to
understand if it is a good solution the optimal control of the active power generated
from all sources.

FIGURE 7.2: Comparison between the results of the meshed grid at
case 31 and 32.

From this graph the grid with the optimal control gives the best results in terms of
the voltage deviation, distribution loss into the feeders and the maximum current
stress into the feeders and sources. While the value of power loss in sources, total
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power loss an the efficiency are practically equal. The only negative point is for
the maximum power stress into the sources because, with the optimal control, the
power stress, into distributed sources, is much greater compared to that without
optimal control. Moreover we have to consider that the overstress sources are very
small, so it is very simple to reach the upper power limit and overcome that.
So, for e management of this system, the optimal control gives the best results.

7.4 Comparison between the radial and meshed grid.

After that is important to compare the results of the radial and meshed grid to un-
derstand which configuration gives the best results. In the following graphs are
compared the values of the radial and meshed grid.
Considering the first case the voltage deviation, the distribution loss in phase wires,
the total power loss and the maximum current stress of sources are lower compared
to that in the radial grid. This is because in the meshed grid the new branches of-
fer new paths in which the current can flow and that bring the advantages described
previously. This is a good point for the meshed grid. While the power loss in sources
and the efficiency there are no difference between the two cases. The two negative
aspects of the meshed grid are the maximum power stress into the sources and the
maximum current stress into the feeders. This happen because the new branches,
related at radial grid, approaching loads and distributed sources that in the radial
grid are distant. So the distributed sources will feed the local loads and the new
loads acquired thanks to the new lines. In this way the maximum active power
stress of the sources will increase a lot and it will be greater compared to that in the
radial grid. Rather than we have to take into account that the overstress is related
at distributed sources, such as photovoltaic sources, that are property of domestic of
industrial end-user.

FIGURE 7.3: Comparison between the results of the radial and
meshed grid, at case 31.
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Moreover these sources are very small and it is very simple to overcome the upper
power limit.
So, considering the graph and the results reported in the previous table, the meshed
grid allows us a better management of the system in the first case.
Considering the peak value, of the second case in the meshed grid, the voltage de-
viation, the distribution loss in phase wires, the maximum of the active power and
current stress of sources and the current stress into feeders are lower compared to
those with the radial grid. This is a good point for the meshed grid. While the
efficiency, the power loss in sources and the total power loss are practically equal
between the radial and meshed grid, at the case 32. So this shows that the meshed
grid with the optimal control of the power generated from all the sources bring the
best benefits.

FIGURE 7.4: Comparison between the results of the radial and
meshed grid, at case 32.

In conclusion, for this system, the meshed grid, with the optimal control of active
and reactive power, gives the best results in terms of management of the grid, con-
sidering the graphs and the main results reported in the previous tables.





Chapter 8

Island operation

At first this chapter deals with the description of the boundaries related at the test
case defined for the radial and meshed network. This test case is related at an active
grid in which the PCCs don’t generate active and reactive power. This operative
condition is link at the island operation. Subsequently the results of the simulation
are reported into the tables and they are used for make comparisons. The results
come from the analysis done with SUSI3 and Source Locator.

8.1 Description of the fourth test case.

In this test case the PCCs don’t participate at the load balance with the distributed
generators, so the active and reactive power generated from the PCCs is equal to
zero. While the distributed sources, like the renewable sources and energy storage
systems, generate the active and reactive power to balance the load and to mini-
mize the stress into the network. In particular the system formed by distributed
generators, like renewable sources and energy storage systems, and loads with ac-
tive and passive controls is called microgrids. In this scenario the rapidly increasing
demand for electricity, clubbed with the need for environment friendly resources, is
accelerating the entry of more and more distributed generation into the power sys-
tem network. However the complexity and security constraints introduced in the
conventional utility network by the addition of dispersed generation is significant.
Islanding is one among them which requires considerable attention. An island rep-
resents a portion of power system, electrically separated from the interconnected
network, providing power to the local loads. A typical scheme of islanding is repre-
sents into the follow figure. Current protection practices mandate the disconnection
of the distributed generation systems as soon the islanding is detected. But tripping
the distributed generation during a mains failure has limited the benefits offered by
distributed generation, particularly when it is capable of supplying the local load
within the statutory voltage, frequency and power quality limits. Current utility
practices do not permit autonomous operation and, except in special cases, require
that all down stream distributed generation units be disconnected after both planned
or unplanned switching events. An unplanned islanding and micro-grid formation
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is due to either a fault and its subsequent switching incidents or some other unex-
pected switching process. This requirement is imposed to address safety concerns
and to comply with the existing control and protection constraints of distribution
systems. However, to realize the full benefit of high distributed generation penetra-
tion depth, the autonomous operation of micro-grids needs to be considered.

FIGURE 8.1: Islanding scheme.

Prior to islanding, the operating conditions of micro-grid could be widely varied, for
example the distributed generation units can share load in various manners and the
entire micro-grid portion of the network may be delivering or importing power from
the main grid. Furthermore, the disturbance can be initiated by any type of fault
and line tripping may be followed up with single or even multiple reclosure actions.
After islanding, reconnection of the micro-grid to the utility grid is permitted only
once restoration of the main system and the micro-grid is achieved. Grid restoration
is identified when system voltages and frequencies have returned to, and been main-
tained in, a normal range for a reasonable period of time. This reconnection must
be carried out through proper synchronization of the micro-grid to the utility at the
point of common coupling. Limits have been proposed for acceptable voltage mag-
nitude error, frequency error and phase-angle error between the micro-grid and the
main grid. Under the present regulations governing distribution system operation,
an islanding scenario is only permitted for loads with dedicated generation units.
As a result, distributed generation units must be equipped with specific islanding
detection and prevention schemes to disconnect the unit within two seconds of an
islanding event. Several active and passive techniques have been introduced to de-
tect an islanding condition, using local power system measurements. In the case of
future micro-grid applications, with the potential of autonomous operation, a fast
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and reliable detection algorithm is required to effectively distinguish between an is-
landing condition and other types of disturbances.
So is very important to study the behavior of the radial and meshed grid under this
operative conditions. In particular we consider the grid, without considering the
generators at PCCs, as a micro-grid. Following the boundaries related at this test
case are reported into the tables. In the first case, called case 41, all sources generate
active power and control the reactive power, except for the PCCs. So for the reac-
tive power there is a control that impose, for each sources, to generate the optimal
reactive power to minimize the stress in the grid. While for the active power this
control is turn off, so the active power generated from the distributed sources is the
results of load balance or balance between supply and demand. While the load are
random, so the active and reactive power of each load is the results of the calculation
using the formula described previously. This scenario is not close at a real situation
because nowadays the switches intervene promptly to disconnect the end user to
the rest of the network. Rather than this could be a real situation in the next future
in which the islanding operation will be allow by code.

TABLE 8.1: Boundary of the case 41.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed generated P

All sources control Q
Actual loads

-1 6 100 100 4 100

PCC0 bounded
to zero power

1 0 9

PCCx bounded
to zero power

2 10 9

UI slack nodes
(reset bounds and power limits)

2 12 -2

ES unbounded 2 11 -1

In the second case, called case 42, all sources control active power and the reactive
power, except for the PCCs. So for the active and reactive power there is a control
that impose, for each sources, to generate the optimal active and reactive power to
minimize the stress in the grid and to balance the load. While the load are random,
so the active and reactive power of each load is the results of the calculation using
the formula describe previously. This scenario is not close at a real situation because
nowadays the switches intervene promptly to disconnect the end user to the rest of
the network. Rather than this could be a real situation in the next future in which
the islanding operation will be allow by code. Furthermore the control of active
power generated by the distributed sources, like the renewable generator and energy
storage system, plays a very important role into a smart or micro grids. Indeed, from
the results, we expect that the management of the grid it will be better compared to
that at the first case. This is because the active power, of each distributed sources,
related at the first case, is the result of the load balance. While in the second case the
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active power, of each distributed sources, related at the second case, is the result of
the optimal control to minimize the stress with the boundary of load balance.

TABLE 8.2: Boundary of the case 42.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources control P and Q

Actual loads
-1 6 100 100

PCC0 bounded
to zero power

1 0 9

PCCx bounded
to zero power

2 10 9

UI slack nodes
(reset bounds and power limits)

2 12 -2

ES unbounded 2 11 -1

8.2 Analysis of the results relative at radial grid.

In this section the results of the analysis, made with SUSI3 and Source Locator, are
reported in these tables. The first table resumes the main results of the analysis
of the radial grid. At first the results of the voltage deviation, in percentage, are
always much lower compared to the maximum value. This is a very good point,
for this configuration of the radial grid, because it confirms the advantages of the
distributed generations. Indeed the voltage deviation is very small because the dis-
tributed generator, like the photovoltaic sources and the energy storage systems, can
feed the local loads so there will be a lower flow of current into the grid. It will bring
to a reduction of the total power loss into the feeders and it is another benefit. In this
configuration the dispatcher can guarantee that the voltage node at end user will be
into the range define by code and an high value of power quality and reliability of
the grid. In particular the voltage deviation, during the day, is greater compared to
that during the night. This is because during the night the load consuming decreases
compared to that during the day. Moreover the voltage deviation, in the first case, is
greater compared to that in the second case. This is because all distributed sources,
in the second case, can control the generated active power. In this way all the dis-
tributed sources generate the active power obtained from an optimal solution. That
is a smart management of the distributed sources that characterizes the smart grid.
After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power fed by sources and the power through grid transportation. Subsequently
the power loss are reported for each case and period of the day. In particular the
program gives the results relative at power loss in phase wires, in sources and con-
verters. Also it makes an estimation of the power loss into neutral wires. In this test
case the power loss into the sources is always greater than the power loss into the
feeders. This happen because the flow of current into the grid is is reduced for the
same reason explain before for the little value of voltage deviation.
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TABLE 8.3: Main results of the simulation, using SUSI3, of the radial
grid.

Test
case

41 41 41 41 41 42 42 42 42 42

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

1,87% 1,96% 0,36% 2,34% 0,83% 0,55% 1,18% 0,22% 1,35% 0,17%

P entering grid
at node 0 [kW]

0,00 -0,16 -0,04 -0,13 -0,06 -0,02 -0,10 -0,02 -0,09 -0,02

Q entering grid
at node 0 [kVAR]

-0,04 -0,01 -0,01 0,01 0,00 -0,05 -0,01 -0,02 0,01 0,00

P absorbed
by loads [kW]

231,08 226,62 202,44 201,71 59,04 232,08 226,41 202,44 201,25 58,93

Q absorbed
by loads [kVAR]

115,92 114,93 102,73 103,26 30,37 116,63 114,74 102,73 102,97 30,24

P fed
by sources [kW]

323,55 230,83 202,89 207,48 60,09 288,88 229,10 203,02 207,86 59,68

Q fed
by sources [kVAR]

151,28 179,45 108,70 167,18 85,69 129,72 136,11 102,83 157,34 31,53

P returned
to sources [kW]

88,03 0,22 0,04 0,23 0,12 55,48 0,96 0,30 4,17 0,59

Q returned
to sources [kVAR]

34,77 63,86 5,89 63,10 55,12 12,80 21,06 0,03 53,95 1,23

P troughput-grid
transport [kW]

185,86 150,73 106,44 174,33 59,72 174,73 142,12 115,42 163,81 54,87

Q troughput-grid
transport [kVAR]

118,87 139,61 82,24 139,88 78,48 71,33 89,17 56,91 127,12 23,99

Distribution loss in
phase wires [kW]

4,43 3,98 0,41 5,54 0,92 1,32 1,74 0,28 2,44 0,16

Loss in power
sources & converters

[kW]

25,09 13,38 7,63 13,34 5,72 22,29 9,96 7,30 12,70 1,67

Total power
loss w/o neutral wire

[kW]

29,52 17,36 8,04 18,88 6,64 23,61 11,70 7,58 15,13 1,83

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

90,88% 92,48% 96,04% 90,90% 88,95% 91,83% 94,89% 96,27% 92,72% 96,93%

Estimated loss in
neutral wire [kW]

2,99 1,64 0,70 2,30 0,51 1,85 1,41 0,48 1,81 0,11

Total power loss
including neutral wire

[kW]

32,51 19,00 8,74 21,18 7,15 25,46 13,11 8,06 16,94 1,94

Efficiency considering
neutral loss

89,95% 91,77% 95,69% 89,79% 88,10% 91,19% 94,28% 96,03% 91,85% 96,75%

Min node
voltage vs Vnom

-5,35% -3,02% -0,62% -3,33% -1,18% -1,05% -1,80% -0,58% -1,23% -0,43%

Node with
minimum voltage

915 1605 1805 1604 1604 916 1605 1805 1605 1603

Max node
voltage vs Vnom

1,58% 5,03% 1,00% 6,32% 2,17% 1,25% 3,55% 0,41% 4,18% 0,39%

Node with
maximum voltage

1602 917 914 917 917 1901 917 5 917 5

Max active power
stress of sources

(P/Pnom)

99,27% 80,41% 50,16% 102,71% 34,17% 100,77% 100,30% 72,76% 100,73% 104,62%

Node with maximum
active power stress

3002 917 911 917 917 1005 1602 5 1602 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

117,66% 99,92% 98,15% 100,43% 100,32% 118,43% 99,95% 73,48% 112,74% 94,37%

Node with maximum
current stress

3506 3504 1501 3504 5 2001 2801 1501 1503 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

86,92% 79,64% 38,97% 102,25% 49,55% 70,66% 56,15% 49,79% 67,08% 35,67%

Branch with
maximum

current stress

7 7 28 7 95 95 7 95 7 3

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 117,7% 99,9% 98,2% 102,7% 100,3% 118,4% 100,3% 73,5% 112,7% 104,6%
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Furthermore, from the results of the simulation the optimal control exploit more
the distributed sources so the power loss into them will increase. In particular the
power loss into the sources at first case is always greater compared to that at the sec-
ond case. Moreover the value of distribution power loss in phase wires, in the first
case, is always greater compared to that in the second case. These two facts are a
direct consequence of the control of the active power generated, from all distributed
sources. Indeed in the second case the active power generate, for each sources, is
the results of an minimization of the stress. So SUSI3 calculates an optimal point in
which there is a balance between the supply and demand and the total stress is min-
imized. This is a benefit that the photovoltaic sources and energy storage systems,
with an appropriate algorithm, can lead into the grid, also in a islanding operative
condition. That is a smart management of the sources that characterizes the smart
grid.
Furthermore the calculation of the power loss is fundamental for the efficiency. The
efficiency of a grid is a very important parameter of the power quality that gives an
idea of the management of the system. The value of the efficiency is not so high for
each case and it isn’t a good point for the management of the grid in this configura-
tion. Furthermore the value of the efficiency at first case is always lower than that at
the second case. This is because in the second case the active power generated from
the distributed sources, like renewable sources and energy storage systems, is the
results of an optimization. Furthermore the value of the efficiency of this test case
are lower compared to that at the first test case. This is because at the first test case
the distributed sources didn’t participate at generation so the stress into the sources
was very small. So the power loss, into the sources at first test case, is lower com-
pared to that at this test case. In this test case the sources are very stressed so there
will be an increase of power loss into the sources and a reduction of the power loss
into the feeders because the current flow into the grid decreases. So the increase of
the power loss into the sources is greater compared to the reduction of the power
loss into the feeders, compared the first test case and this test case, and this situation
involves in a reduction of the efficiency.
After that is important to understand where the sources overstress comes from.
From the results of the simulation, into the sources, the value of the current stress
is, for the most part, greater compared to the value of power stress. So, in this test
case, the limitation of the sources is the value of current and active power that can
generate. To solve this current and power overstress of the sources, a solution is to
increase the rated active power of the overstressed sources. Another solution is to
install a fully controllable generator, in a nearby node of the overstressed sources, to
support the already existing sources at load balance and minimization of the total
stress. In the following tables the overstressed sources, with its value of overstress
and upper limit of active and reactive power for each case, are reported. The re-
sults of these two tables point out that the first and second case have very similar
power overstress of the sources. This is because the main generator, link at PCCs,
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don’t participate, in both cases, at load balance so the distributed generator are re-
ally exploited and stressed with or without active control. In particular at first case
the number of power overstressed sources is lower compared to that at second case.
This happen because the distributed sources, at second case, are more exploited com-
pared to those at first case. In particular at the first case the power overstress into the
sources is related only at reactive power, while in the second case, both active and
reactive power. The following graph compares the results of the first and second
case to understand if it is a good solution the optimal control of the active power
generates from all the distributed sources, using the radial grid.

TABLE 8.4: Overstressed power source at test case 41, using the radial
grid.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1
3
4

5
3.22
3.79
1.35

14.80
15.20
15.33

1
3
4

1501
4.44
4.48
1.56

10.70
11.04
11.11

1
3

1801
1.46
1.30

5.38
5.54

1
3
4

2001
2.83
3.38
1.24

-21.54
-22.08
-22.22

1
3

2002
1.23
1.53

-5.36
-5.52

1
3
4

2801
4.57
5.09
1.84

-10.68
-10.96
-11.11

1
3

32
2.13
2.72

10.65
10.97

1
3

1503
1.60
1.29

5.35
5.53

1
3

3506
1.57
1.48

-6.45
-6.64

1
3

3504
1.67
1.55

-3.22
-3.32

The overstressed sources are very small, so is very simple to reach the upper limit
of active and reactive power and overcome it. Moreover, in this test case, the over-
stressed sources aren’t near each other, so to solve the overstress the dispatcher has
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to install more than a current source. Furthermore, in the previous table, the value
of the limit of reactive power related at some distributed sources is negative. This
means that, for the grid, this sources have an inductive behavior. So that specific
source absorbs a certain reactive power, in this test case. Furthermore in the second
case there is a source, link at node 3503, that has a saturation with an active satura-
tion power negative. So, in this case, that source as to absorb a certain value of active
power.

TABLE 8.5: Overstressed power source at test case 42, using the radial
grid.

Day
time

Node Overstressed Apply limit

1
3

5

P/Pnom =3.09
A/Anom =2.05;
P/Pnom =3.07
A/Anom =2.23

Psat=13.80kW
Qsat =6.19kVAR;

Psat=13.80kW
Qsat =6.07kVAR

1
3

1501
A/Anom=1.51;
A/Anom =2.04

Qsat =10.77kVAR;
Qsat =11.06kVAR

1
3

1004
P/Pnom =2.76;
P/Pnom =1.67

Psat=3.00kW;
Psat=3.00kW

1
3

1005
P/Pnom =3.65;
P/Pnom =1.93

Psat=3.00kW;
Psat=3.00kW

1
3

1010
P/Pnom =4.75;
P/Pnom =1.85

Psat=3.00kW;
Psat=3.00kW

1
3

1602
P/Pnom =1.14;
P/Pnom =1.45

Psat=5.00kW;
Psat=5.00kW

1
3

1604
P/Pnom =1.14;
P/Pnom =1.46

Psat=5.00kW;
Psat=5.00kW

1
3

1606
P/Pnom =2.08;
P/Pnom =2.29

Psat=3.00kW;
Psat=3.00kW

1
3

2801
A/Anom =1.68;
A/Anom =1.89

Qsat =-10.83kVAR;
Qsat =-11.07kVAR

1 1503 A/Anom =1.35 Qsat =5.35kVAR

1 1801 A/Anom =1.32 Qsat =5.37kVAR

3 2001 A/Anom=1.30 Qsat =-22.16kVAR

3 3503 P/Pnom =1.75 Psat=-3.00kW

After that the peak value of the simulation, done with SUSI3, related at radial grid
between the first and second case are compared in this graph. From this graph the
optimal control gives the best results in terms of voltage deviation, distribution loss
into the feeders, loss in power sources, the total power loss, maximum current stress
into feeders and maximum power stress into sources. While the efficiency remains
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constant between the two cases. The only negative aspect is the maximum of the
current stress into the sources. Moreover is important to consider that the over-
stressed sources are very small so is simple to reach the upper limit of active and
reactive power and overcome it. To solve this problem a solution is to install a fully
controllable generator, close to the overstressed power sources, to support them at
load balance and minimization of the total stress. Another solution is to increase the
rated active and reactive power of those sources.

FIGURE 8.2: Comparison between the results of case 41 and 42.

So, for this test case in the radial grid, the optimal control gives the best results in
terms of management the system under islanding operation.

8.3 Analysis of the results relative at meshed grid.

After that the results of the simulation, related at meshed grid, are reported in the
following tables. At first the results of the voltage deviation are always much lower
compared to the maximum value. This is a very good point, for this configuration of
the meshed grid, because it confirms, another time, the advantages of the distributed
generations. Indeed the voltage deviation is very small because the distributed gen-
erator, like the photovoltaic sources and the energy storage systems, can feed the
local loads so there will be a lower flow of current into the grid. Furthermore the
value of the voltage deviation, at first case, is greater compared to that at second
case. This is because at second case the active and reactive power generated from
the distributed sources is the results of an optimal control. That is a smart man-
agement of the sources that characterizes the smart grid. In particular the voltage
deviation during the day is greater than that during the night. This is because dur-
ing the night the load consuming decreases compared to that during the day.
Subsequently the power loss into phase wires and into the sources are considered.
In particular the power loss into the sources, in the first case, is always greater com-
pared to that at second case.
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TABLE 8.6: Main results of the simulation, using SUSI3, of the meshed
grid.

Test
case

41 41 41 41 41 42 42 42 42 42

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

0,83% 0,93% 0,19% 1,06% 0,38% 0,39% 0,68% 0,16% 0,73% 0,17%

P entering grid
at node 0 [kW]

-0,16 0,16 0,00 0,19 0,07 -0,11 0,13 0,01 0,16 0,05

Q entering grid
at node 0 [kVAR]

-0,01 0,04 0,03 0,05 0,02 -0,06 0,05 0,01 0,06 0,03

P absorbed
by loads [kW]

226,88 221,13 196,09 194,64 57,13 227,04 221,12 196,08 194,60 57,09

Q absorbed
by loads [kVAR]

113,94 110,99 100,09 99,25 29,20 113,95 111,10 100,10 99,32 29,19

P fed
by sources [kW]

329,15 223,18 196,36 197,37 57,51 290,12 224,85 196,29 199,14 58,09

Q fed
by sources [kVAR]

135,95 146,27 109,31 141,00 51,53 122,14 128,89 100,15 121,70 35,51

P returned
to sources [kW]

100,05 0,00 0,00 0,00 0,00 62,22 2,50 0,01 3,03 0,87

Q returned
to sources [kVAR]

21,70 34,89 9,17 41,26 22,27 8,10 17,52 0,01 22,07 6,28

P troughput-grid
transport [kW]

189,66 143,28 98,79 164,29 57,41 174,02 141,63 108,27 158,31 54,44

Q troughput-grid
transport [kVAR]

110,54 115,24 89,15 117,01 45,47 63,28 87,08 56,04 94,20 28,82

Distribution loss in
phase wires [kW]

2,22 2,06 0,27 2,72 0,38 0,86 1,24 0,21 1,52 0,13

Loss in power
sources & converters

[kW]

25,81 10,15 7,31 10,37 2,74 22,03 10,05 6,85 9,38 1,85

Total power
loss w/o neutral wire

[kW]

28,04 12,21 7,58 13,09 3,11 22,88 11,28 7,06 10,90 1,98

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

91,48% 94,53% 96,14% 93,37% 94,59% 92,11% 94,98% 96,40% 94,53% 96,59%

Estimated loss in
neutral wire [kW]

1,69 0,36 0,36 0,56 0,07 1,21 0,67 0,26 0,69 0,07

Total power loss
including neutral wire

[kW]

29,72 12,57 7,94 13,66 3,18 24,10 11,95 7,32 11,58 2,04

Efficiency considering
neutral loss

90,97% 94,37% 95,96% 93,08% 94,47% 91,69% 94,68% 96,27% 94,18% 96,48%

Min node
voltage vs Vnom

-2,36% -1,91% -0,57% -2,25% -0,80% -0,84% -1,20% -0,58% -1,02% -0,39%

Node with
minimum voltage

917 1605 3004 1601 1601 910 1605 3004 1605 1605

Max node
voltage vs Vnom

1,75% 2,07% 0,42% 2,65% 0,95% 1,13% 1,48% 0,42% 1,71% 0,22%

Node with
maximum voltage

1602 917 1605 917 917 1603 917 1605 917 917

Max active power
stress of sources

(P/Pnom)

100,22% 76,33% 49,76% 97,81% 34,60% 100,23% 108,25% 72,69% 104,61% 100,25%

Node with maximum
active power stress

1603 917 1603 917 917 1603 1604 5 1604 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

117,85% 100,07% 83,01% 100,42% 114,36% 113,91% 119,80% 69,43% 99,59% 96,31%

Node with maximum
current stress

1009 5 1107 2001 5 2801 1107 1501 1107 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

117,68% 91,93% 44,82% 119,76% 44,83% 59,29% 70,31% 43,40% 67,59% 17,71%

Branch with
maximum

current stress

7 7 68 7 7 30 68 28 7 28

Number of overstressed
feeders (current)

1 0 0 1 0 0 0 0 0 0

Max stress 117,9% 100,1% 83,0% 119,8% 114,4% 113,9% 119,8% 72,7% 104,6% 100,3%
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Moreover the value of the distribution loss in phase wires, in the first case, is greater
compared to that in the second case. These two facts are due to the optimal control
that exploit the distribution sources to feed the local loads. In this way the flow of
current, into the grid, will reduce and, consequently, the power loss will reduce.
After that is important to analyze the results of the efficiency. The value of the effi-
ciency is quite constant for each case and period and its value is very high. This is
a good point for this configuration because the dispatcher can guarantee high value
of power quality and reliability of the network. Furthermore the power loss into the
feeders is always lower than the power loss into the sources. This happen because
the distributed generators, such as the photovoltaic sources and energy storage sys-
tems, have to feed a lot of local loads, so those sources will be a reduction of flow of
current into the grid. This leads to a decrease of the power loss into the feeders and
an increase of loss in power sources, since those sources are more exploited by the
optimal control. Moreover, from the analysis, a lot of distributed sources are over-
stressed and it causes an increase of the power loss into the sources. The power loss
into the feeders remains very small because, in this test case, the distributed sources
can feed the local loads, so the current flow into the grid will be lower compared to
that in the previous test cases. Furthermore in the second case the value of the maxi-
mum power stress into the sources is always greater than that at first case. At last, in
the fist case, the value of the maximum power stress of the sources is always lower
compared to the value of current stress in the sources. While, in the second case, the
value of the maximum power stress of the sources is always greater compared to the
value of current stress in the sources. In the following table the overstressed sources
are resumed.

TABLE 8.7: Overstressed power source at test case 41, using the
meshed grid.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1
3

5
2.81;
3.19

-14.88;
-15.26

1
3

1107
1.66;
1.71

21.64;
22.15

1
3

1501
2.63;
2.52

10.73;
11.06

The overstressed sources are very small because they are property of the domestic
or industrial end-user. So is very simple to overcome their upper limits of active and
reactive power. In particular the overstressed sources, in this test case, are close each
other, so, to solve this overstress, a solution is to install a new current source in a
nearby node that become a new fully controllable node. Moreover that new current
source will support the already existing generators at load balance and minimization
of the total stress.
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TABLE 8.8: Overstressed power source at test case 42, using the
meshed grid.

Day
time

Node Overstressed Apply limit

1
3
4

5

P/Pnom=5.15
A/Anom =1.47;
A/Anom =1.62;
P/Pnom =2.02

Psat=13.80kW
Qsat =-6.39kVAR;
Qsat =-6.35kVAR;

Psat=13.80kW

1
3

1004
P/Pnom =2.61;
P/Pnom =3.40

Psat=3.00kW;
Psat=3.00kW

1
3

1501
A/Anom =1.46;
A/Anom =1.37

Qsat =10.76kVAR;
Qsat =11.07kVAR

1
3

1005
P/Pnom =3.87;
P/Pnom =4.02

Psat=3.00kW;
Psat=3.00kW

1
3

1010
P/Pnom =3.8;
P/Pnom =4.38

Psat=3.00kW;
Psat=3.00kW

3 3503 P/Pnom =1.11 Psat=-3.00kW

3 1107 A/Anom =1.26 Qsat =22.16kVAR

From the results of the two previously tables there are some sources with a negative
limit of active and reactive power. The sources with negative active power limit, for
the grid, has the same behavior of the loads. While the sources with negative reactive
power limit , for the grid, has the same behavior of the inductance. Furthermore the
number of overstressed power sources, in the first case, is greater compared to that
at second case. After that the results of the simulation using Source Locator are
reported in the following two tables. In particular there is only a feeder that has a
current overstress.

TABLE 8.9: Result of the current stress into the feeders considering
the meshed grid.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom
41 3 7 2 1,20

The proposed solution is to install a generator at node 9, that is a new fully control-
lable node. In particular the new current source has an apparent power equal to 50
kVA. With this solution is possible to control the current in the line 7 with a control
factor that allow a reduction of the current in that line over fifty per cent. Otherwise
is possible to exploit the fully controllable node that already exist. Indeed at node
917, that is a fully controllable node, the control factor is greater compare to that at
node 9. So, another solution that gives best results than the previous one, is to install
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that generator at node 917. Another solution that gives best results than the previous
one, is to install that generator at node 917.

TABLE 8.10: Results of the analysis made with Source Locator con-
sidering the meshed grid.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

917 47.14 17 10.06

24(1.21), 26(1.05), 23(0.84), 125(0.82), 22(0.81),
18(0.72), 9(0.70), 7(0.56), 132(0.49),
11(0.44), 10(0.43), 19(0.41), 3(0.40),
127(0.39), 17(0.32), 27(0.26), 4(0.22)

2803 47.14 6 3.96
7(2.07), 126(0.60), 3(0.58),
8(0.25), 132(0.25), 6(0.22)

9 16.67 3 2.18 37(1.09), 7(0.65), 3(0.43)

1602 5.55 2 0.85 14(0.51), 84(0.34)

1604 5.55 2 0.85 14(0.51), 86(0.34)

Subsequently is important to compare the results of the simulation, done with SUSI3,
related at meshed grid, to understand if the optimal control gives the best results
compared to the operative condition without optimal control.

FIGURE 8.3: Comparison between the results of case 41 and 42.

In the previous graph the peak value of the results of the simulation, related at
meshed grid, are compared. Considering the voltage deviation, the distribution loss
in phase wires and the maximum current stress in feeders, the optimal control gives
the best results. Furthermore the loss in power sources and the efficiency remain
constant between the two cases. While the only two negative aspects of optimal
control are maximum active power and current stress into the sources. This is be-
cause, with the optimal control, the distributed sources are more exploited compared
to those at first case, in which the optimal control is off.
So the optimal control, in this test case considering the meshed grid, gives the best
results in terms of management the system.
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8.4 Comparison between the radial and meshed grid.

At last is important to understand which configuration of the distributed grid gives
the best results for each case. In the following graph the peak values of the radial
and meshed grid, related at case 41, are reported.

FIGURE 8.4: Comparison between the results of the radial and
meshed grid at case 41.

From the previous graph, in the meshed grid, the voltage deviation, the distribution
loss in phase wires, the loss into sources and the maximum of active power stress
in sources, are lower compared to those at radial grid. Furthermore the efficiency
and the current stress of sources remain constant between the two cases. The only
negative aspect of the meshed grid is the maximum current stress into the feeders.
So, for the case 41, the meshed grid gives the best results, both considering the graph
and the results reported in the previous tables, in terms of management the grid and
power quality.
While the comparison between the peak value of radial and meshed grid, related at
case 42, are reported in the following graph. In the meshed grid the voltage devi-
ation, the distribution loss in phase wires and the loss into sources, are lower com-
pared to those at radial grid. Furthermore the efficiency remain constant between the
two configurations of the grid. While the negative aspects, related at meshed grid,
are the maximum active power stress and current stress into the sources and the
maximum current stress into the feeders. This happen because in the meshed grid
the distributed sources are link to a greater number of loads compared to the num-
ber of loads in the radial grid. So in the meshed grid the distributed sources have to
feed a greater number of loads and it bring to a greater stress of the sources and feed-
ers. Also the distributed sources, that are overstressed, are very small, so it is very
simple to reach the upper power limit and overcome it. As previously anticipated to
solve these power overstress, of sources, a solution is to connect, in a nearby node, a
new current source to support the already existing distributed sources. Rather than
the value of the stress into the sources and the feeders are not so different, between
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the radial and meshed grid related at case 42.
So the meshed grid gives the best results in terms of management and the power
quality of the system.

FIGURE 8.5: Comparison between the results of the radial and
meshed grid at case 42.

In conclusion, considering the results reported in the previous tables and the graphs,
the meshed grid, with optimal control, allows us a better management of the system.





Chapter 9

Battery recharge

At first this chapter deals with the description of the boundaries related at the test
case defined for the radial and meshed network. This test case is related at an active
grid in which the energy storage systems are under charge. Subsequently the results
of the simulation are reported into the tables and they are used for make compar-
isons. The results come from the analysis, done with SUSI3 and Source Locator.

9.1 Description of fifth case.

In this test case the energy storage systems are under charge, so the rest of the sources
have to feed them and also the loads. Among many strategies and approaches of ac-
cumulator battery charge, the main of them all are those involving charge with con-
stant current and voltage and combined ones with switching the constant current
and voltage during the charge. The charge process of energy accumulating batter-
ies is not as simple as may seem. Even small undercharge may cause the next and
next not in full charge which leads to the degradation of battery elements includ-
ing the recent generations of Li-ion batteries. The small overcharge may cause the
overheating and as a rule the small reduction of state of charge which leads again
to the reduction of life time. In addition to that the main stages of charge should
include both constant voltage and constant current charge. Also the approach may
be alternating when either the voltage or current would be constant. The idea is not
just to develop a rapid charger but also to get the maximally clear understanding of
what stages are mains, and what are secondary. Which stages to be considered as
invariable and which are optional. On each stage there will be positive and negative
conditions. For instance the big current will be always the negative condition as it
will be a reason of heating and finally of overheating. The time will always be the
alternative value as the smaller time involves in better result and no overheating,
however the longer process, the more commercial losses. Also the temperature will
be a sensitive condition. If the temperature is low, then the ion exchange process
may fail in some space of the battery, which may cause undercharge. If the temper-
ature is high then it may cause the overheating which may cause in turn the failing
of the ion exchange on electrodes and degradation of the element. One of the ways
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for their improvements is the computer modeling of the charging processes and re-
search of consequences of the rapid charge, at last on the level of main charge stages.
There are many different strategies and approaches of accumulating battery charge
today. The main of them are the charge with constant current, charge with constant
voltage, and combined when both current and voltage are being variable during the
charge.
So is very important to study the grid under this operative condition. Indeed the
evolution, of batteries and energy storage systems, is very fast and in the next future
the battery will cover an important role in the electric scenario.
In the first case, also called case 51, all sources generate active power and control the
reactive power. Furthermore the energy storage systems absorb 20% of rated active
and reactive power. At last the PCC1 is the slack node. While the absorption, for
each load, is calculated randomly using the formula described at the beginning.

TABLE 9.1: Boundaries of case 51.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed generated P

All sources control Q
Actual loads

-1 6 100 100 4 100

UI absorb 20% of rated P
and control Q

2 12 1 -20

ES absorb 20% of rated P
and control Q

2 11 1 -20

PCCx slack nodes
(reset bounds and power,limits)

2 10 -2

While the second case, also called case 52, all sources control the active reactive
power. Furthermore the energy storage systems absorb 20% of rated active and re-
active power. At last the PCC1 is the slack node. While the absorption, for each load,
is calculated randomly using the formula described at the beginning.

TABLE 9.2: Boundaries of case 52.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources control P and Q

Actual loads
-1 6 100 100

UI absorb 20% of rated P
and control Q

2 12 1 -20

ES absorb 20% of rated P
and control Q

2 11 1 -20

PCCx slack nodes
(reset bounds and power,limits)

2 10 -2

9.2 Analysis of the results relative at radial grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables.
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TABLE 9.3: Main results of the simulation, using SUSI3, of the radial
grid.

Test
case

51 51 51 51 51 52 52 52 52 52

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

1,16% 1,95% 0,70% 2,48% 0,80% 0,90% 1,48% 0,50% 1,79% 0,52%

P entering grid
at node 0 [kW]

-36,97 90,62 28,10 117,43 42,34 -16,05 62,66 11,96 81,21 16,91

Q entering grid
at node 0 [kVAR]

8,32 -25,01 -12,05 -27,79 -18,01 -5,59 -13,98 -3,59 -13,52 -0,40

P absorbed
by loads [kW]

228,57 225,12 199,60 199,54 58,72 227,09 223,48 193,96 194,90 57,37

Q absorbed
by loads [kVAR]

121,82 112,68 103,44 98,51 29,96 113,70 106,01 97,16 92,80 28,02

P fed
by sources [kW]

322,93 227,41 200,26 202,91 59,30 310,05 228,01 195,63 199,79 59,53

Q fed
by sources [kVAR]

155,22 144,64 110,57 134,87 44,74 121,22 124,30 97,62 109,31 32,47

P returned
to sources [kW]

92,42 0,00 0,00 0,00 0,05 81,73 3,01 1,26 3,05 1,95

Q returned
to sources [kVAR]

32,36 54,38 18,83 60,03 32,20 12,51 30,83 3,87 27,90 4,65

P troughput-grid
transport [kW]

179,32 143,67 97,58 167,56 58,75 185,55 133,24 98,82 148,42 53,09

Q troughput-grid
transport [kVAR]

122,47 124,45 94,33 130,94 56,92 67,70 91,84 62,78 93,95 25,41

Distribution loss in
phase wires [kW]

1,95 2,28 0,65 3,37 0,52 1,23 1,52 0,41 1,84 0,21

Loss in power
sources & converters

[kW]

23,44 8,60 8,51 7,86 2,61 21,85 10,53 8,17 8,16 1,60

Total power
loss w/o neutral wire

[kW]

25,39 10,88 9,17 11,22 3,13 23,09 12,05 8,58 10,01 1,81

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

92,14% 95,22% 95,42% 94,47% 94,73% 92,55% 94,72% 95,61% 94,99% 96,97%

Estimated loss in
neutral wire [kW]

3,88 1,16 0,49 2,01 0,23 3,13 1,01 0,61 0,84 0,09

Total power loss
including neutral wire

[kW]

29,27 12,04 9,66 13,24 3,35 26,22 13,06 9,19 10,85 1,90

Efficiency considering
neutral loss

90,94% 94,71% 95,18% 93,48% 94,34% 91,54% 94,27% 95,30% 94,57% 96,81%

Min node
voltage vs Vnom

-1,36% -2,21% -1,43% -2,98% -0,89% -1,14% -2,02% -1,05% -2,55% -0,83%

Node with
minimum voltage

3004 1605 915 905 905 1605 1605 915 915 1603

Max node
voltage vs Vnom

1,53% 1,47% 0,61% 1,72% 0,70% 1,50% 0,71% 0,44% 0,60% 0,51%

Node with
maximum voltage

1009 33 5 33 5 3401 33 5 5 5

Max active power
stress of sources

(P/Pnom)

100,28% 29,85% 49,49% 19,94% 6,56% 100,89% 100,80% 104,08% 101,09% 99,94%

Node with maximum
active power stress

3001 3501 3001 331 331 1005 5 911 5 902

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

108,22% 98,66% 115,92% 104,82% 100,47% 106,65% 113,22% 99,55% 100,57% 89,96%

Node with maximum
current stress

3501 2001 1107 2002 5 2001 2001 5 5 902

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

57,54% 62,14% 54,72% 76,72% 48,75% 60,96% 90,73% 52,88% 75,15% 31,33%

Branch with
maximum

current stress

30 27 68 14 68 95 95 68 95 3

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 108,2% 98,7% 115,9% 104,8% 100,5% 106,6% 113,2% 104,1% 101,1% 99,9%
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At first the results of the voltage deviation, in percentage, are always much lower
compared to the maximum value. This is a very good point, for this configuration of
the radial grid, because it confirms the advantages of the distributed generations. In-
deed the voltage deviation is very small because the distributed photovoltaic sources
can feed the local loads, so there will be a lower flow of current into the grid. It will
bring to a reduction of the total power loss into the feeders and it is another bene-
fit. In particular the voltage deviation, during the day, is greater compared to that
during the night. This is because during the night the load consumption decreases
compared to that during the day. Moreover the voltage deviation at the first case
is greater compared to that at the second case. This is because in the second case
all sources can control the generated active power. In this way all the distributed
sources generate the active power obtained from an optimal solution. That is a smart
management of the sources that characterizes the smart grid.
After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads, the
power fed by sources and the power throughput grid transportation. Subsequently
the power loss are reported for each case and period of the day. In particular the
program gives the results relative at power loss in phase wires, in sources and con-
verters. Also it makes an estimation of the power loss into neutral wires. In this test
case the power loss into the sources is always greater than the power loss into the
feeders. Moreover the power loss into the sources remains approximately constant
between the first and second case. While the power loss in phase wires, in the first
case, is greater compared to that at second case. These facts are a direct consequence
of the optimal control of the active power generated, from all generators. Indeed
in the second case the active power generate, for each sources, is the results of an
minimization of the total stress. So SUSI3 calculates an optimal point in which there
is a balance between the supply and demand and the total stress is minimized. Fur-
thermore the distribution loss, during the day, is comparable with that during the
night. This is because during the night the loads absorption and the photovoltaic
generation falls so there will be an increase of current flows into the grid. At last the
loss in power sources, during the day, is comparable with that during the night, for
the same reason explain previously.
The calculation of the power loss is fundamental for the efficiency. The efficiency of
a system is a very important parameter of the power quality that gives an idea of the
management of the network. The value of the efficiency is high for each case and it
is a good point for the management of the grid in this configuration. Furthermore
the value of the efficiency, at first case, is lower compared to that at the second case,
except for the first period of the day. This is because in the second case the active
power generated from all the sources is the results of an optimization that minimize
the total stress and, consequently, the power loss.
After that is important to understand where the sources overstress come from. From
the results of the simulation, in the first case, the value of the current stress, into the
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sources, is greater than the value of power stress. While, in the second case, the cur-
rent stress and power stress, of sources, are practically the same. So, in this test case,
the limitation of the sources is the value of current that can generate. To solve this
active power and current overstress of the sources, a solution is to increase the rated
active power of the overstressed sources. Another solution is to install a fully con-
trollable generator in that node to support the already existing source at generation.
Moreover the value of power of sources, at first case, is always lower compared to
that at second case. While the value of current stress remain approximately constant
between the first and second case, considering the same period of the day.
In the following table the overstressed sources are reported for each case.

TABLE 9.4: Overstressed power source at test case 51.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1
2
3
4

5

6.44;
1.91;
8.26;
2.84

13.66;
14.22;
13.59;
15.31

1
3

1501
1.53;
1.87

10.78;
11.03

1
3

1107
2.55;
3.25

21.18;
21.82

1
3

2001
1.75;
1.74

21.29;
22.04

In particular all the overstressed sources are always very small because they are
property of a domestic or industrial end-user. So, for this reason, is very simple, for
those distributed sources, to reach the upper power limit and overcome it. A solu-
tion, to solve the power overstress, is to increase the rated active and reactive power
of those overstressed sources. Otherwise the dispatcher has to install a new genera-
tor, that works as current source, close to the overstressed sources. In this test case
the overstressed sources are very close each other, so is possible to solve the power
overstress using a new current source, positioned in a strategic node. At last that
node becomes a new fully controllable node.
Further more, from the comparison of these two tables, the values of overstress are
very similar in some case. Also the overstressed sources, in the first case, are in com-
mon with those in the second case, except for the sources at node 2001. Moreover,
from these two tables, the number of overstressed sources, in the first case, is lower
compared to that in the second case. This is due to the optimal control that exploited
more the overstressed sources to reduce the total stress. Indeed, in the second case,
the optimal control is on, so it acts on the distributed renewable sources to reduce
the flow of current into grid and, consequently, the total stress. As we will see later
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the optimal control will reduce the stress into the feeders and will increase the stress
of sources. Rather than the total stress will reduce ensuring the load balance.

TABLE 9.5: Overstressed power source at test case 52.

Day
time

Node Overstressed Apply limit

1
2
3

5

P/Pnom =2.99
A/Anom =1.58;
P/Pnom =1.48

A/Anom =1.29;
P/Pnom =2.39
A/Anom =1.36

Psat=13.80kW
Qsat =6.68kVAR;

Psat=13.80kW
Qsat =6.36kVAR;

Psat=13.80kW
Qsat =6.68kVAR

1
2
3
4

902

P/Pnom =3.25;
P/Pnom =2.58;
P/Pnom =4.18;
P/Pnom =1.38

Psat=5.00kW;
Psat=5.00kW;
Psat=5.00kW;
Psat=5.00kW

1
2
3

909
P/Pnom =1.18;
P/Pnom =2.20;
P/Pnom =1.46

Psat=3.00kW;
Psat=3.00kW;
Psat=3.00kW

1
3

1501
A/Anom =1.42;
A/Anom =1.32

Qsat =10.86kVAR;
Qsat =11.06kVAR

1
3

3503
P/Pnom =1.26;
P/Pnom =1.74

Psat=-3.00kW;
Psat=-3.00kW

1
2
3

910
P/Pnom =1.92;
P/Pnom =1.25;
P/Pnom =2.57

Psat=3.00kW;
Psat=3.00kW;
Psat=3.00kW

1
3

911
P/Pnom =1.79;
P/Pnom =2.60

Psat=3.00kW;
Psat=3.00kW

1
3

1004
P/Pnom =2.50;
P/Pnom =1.47

Psat=3.00kW;
Psat=3.00kW

1
3

1005
P/Pnom =1.42;
P/Pnom =1.26

Psat=3.00kW;
Psat=3.00kW

1
3

1010
P/Pnom =1.85;
P/Pnom =1.49

Psat=3.00kW;
Psat=3.00kW

1 1107
A/Anom =1.62;
A/Anom =1.50

Qsat =21.23kVAR;
Qsat =22.06kVAR

At last the current stress of feeders are resumed into the previous tables. The value
of current stress of feeders, in the case 51, is approximately the same compared to
that at case 52, except for the first period of the day. in that period of the day the
maximum current stress of feeders, in the first case, is lower compared to that in
the second case. Furthermore the value of current stress into the feeders, during the
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day, is always greater compared to that during the night. This is because during
the night the load consumption decreases compared to that during the day, so the
current flows falls. This is a benefit that the distributed sources can bring with an
appropriate algorithm. That is a smart management of the sources that characterizes
the smart grid.
At last is important to compare the peak values of the results, relative the radial grid,
between the case 51 and 52 to understand if the optimal control, of active power,
gives the best results.

FIGURE 9.1: Comparison between the results of case 51 and 52.

From the previous graph the optimal control gives the best results in terms of voltage
deviation, distribution loss in phase wires and maximum current stress into sources.
Moreover the efficiency and the total power loss remain constant between the first
and second case. While for the power loss of sources, the maximum power stress of
sources and maximum current stress of feeders the best configuration of the radial
grid is without control of the active power. Since the overstressed sources are always
a small sources, the current stress into the sources is not a problem because it is easily
solved adding a new generator in that node or in a near one.
So, for the radial grid, the optimal control gives the best results and it allows a better
management of the system.

9.3 Analysis of the results relative at meshed grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables. At first the results of the voltage deviation, in percentage,
are always much lower compared to the maximum value. This is a very good point,
for this configuration of the radial grid, because it confirms the advantages of the
distributed generations. Indeed the voltage deviation is very small because the dis-
tributed photovoltaic sources can feed the local loads so there will be a lower flow
of current into the grid.
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TABLE 9.6: Main results of the simulation, using SUSI3, of the meshed
grid.

Test
case

51 51 51 51 51 52 52 52 52 52

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

0,91% 1,68% 0,62% 2,14% 0,72% 0,78% 1,24% 0,55% 1,62% 0,52%

P entering grid
at node 0 [kW]

-33,51 96,48 30,57 121,90 43,17 -16,15 63,90 18,01 84,92 21,59

Q entering grid
at node 0 [kVAR]

7,91 -12,68 -1,98 -11,87 -6,83 2,29 2,67 6,10 4,01 2,98

P absorbed
by loads [kW]

231,53 228,24 201,72 202,39 59,70 226,28 221,66 198,49 197,90 58,46

Q absorbed
by loads [kVAR]

115,06 107,01 97,82 93,65 28,50 115,13 109,33 98,65 96,15 29,09

P fed
by sources [kW]

320,33 230,72 202,22 205,81 60,35 301,00 225,80 199,98 202,68 60,54

Q fed
by sources [kVAR]

154,76 154,39 104,99 159,52 62,78 121,90 128,27 101,32 129,02 35,94

P returned
to sources [kW]

87,43 0,26 0,00 0,43 0,14 73,89 3,07 1,15 3,21 1,92

Q returned
to sources [kVAR]

38,86 57,65 8,81 73,91 40,61 6,21 17,69 2,42 30,68 6,64

P troughput-grid
transport [kW]

188,21 156,23 108,84 171,44 59,73 183,49 131,85 104,31 150,66 54,01

Q troughput-grid
transport [kVAR]

127,13 126,02 83,88 140,45 62,70 66,79 88,31 66,77 105,17 29,68

Distribution loss in
phase wires [kW]

1,37 2,21 0,50 2,99 0,50 0,83 1,06 0,34 1,57 0,16

Loss in power
sources & converters

[kW]

23,36 12,26 7,72 11,95 3,43 19,82 10,04 7,01 9,37 1,38

Total power
loss w/o neutral wire

[kW]

24,73 14,47 8,22 14,94 3,93 20,65 11,11 7,35 10,95 1,54

Efficiency neglecting
neutral loss

(Total loss/power
fed by sources)

92,28% 93,73% 95,94% 92,74% 93,49% 93,14% 95,08% 96,33% 94,60% 97,46%

Estimated loss in
neutral wire [kW]

2,63 0,43 0,55 0,76 0,09 1,98 0,74 0,51 0,76 0,10

Total power loss
including neutral wire

[kW]

27,37 14,90 8,77 15,70 4,02 22,64 11,85 7,86 11,71 1,64

Efficiency considering
neutral loss

91,46% 93,54% 95,66% 92,37% 93,34% 92,48% 94,75% 96,07% 94,22% 97,29%

Min node
voltage vs Vnom

-0,93% -2,34% -0,80% -2,70% -0,95% -1,04% -1,92% -1,52% -2,11% -0,79%

Node with
minimum voltage

3004 1605 3004 1601 1601 3004 3004 3004 3004 3001

Max node
voltage vs Vnom

1,63% 0,34% 0,37% 0,34% 0,15% 1,64% 0,19% 0,14% 0,07% 0,11%

Node with
maximum voltage

3402 33 3402 2 2 3402 1009 1009 1009 5

Max active power
stress of sources

(P/Pnom)

100,06% 31,50% 49,59% 19,35% 6,58% 100,40% 108,80% 100,14% 105,53% 100,09%

Node with maximum
active power stress

1604 1006 902 331 331 3402 1602 5 1602 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

115,28% 113,11% 99,56% 99,34% 99,89% 101,08% 114,79% 99,62% 109,99% 92,16%

Node with maximum
current stress

2103 1503 5 1008 5 3506 1107 5 1009 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

62,95% 78,87% 54,91% 93,93% 49,08% 52,80% 52,59% 52,59% 56,93% 19,61%

Branch with
maximum

current stress

68 7 68 7 68 30 28 28 28 28

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0 0

Max stress 115,3% 113,1% 99,6% 99,3% 99,9% 101,1% 114,8% 100,1% 110,0% 100,1%
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It will bring to a reduction of the total power loss into the feeders and it is another
benefit. In particular the voltage deviation, during the day, is greater compared to
that during the night. This is because during the night the load consumption de-
creases compared to that during the day. Moreover the voltage deviation, at first
case, is greater compared to that at the second case. This is because in the second
case all sources can control the generated active power. In this way all the distributed
sources generate the active power obtained from an optimal solution that minimize
the total stress into the network. That is a smart management of the sources that
characterizes the smart grid.
After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power feed by sources and the power throughput grid transportation. Subse-
quently the power loss are reported for each case and period of the day. In particular
the program gives the results relative at power loss in phase wires, in sources and
converters. Also it makes an estimation of the power loss into neutral wires. In this
test case the power loss into the sources is always greater than the power loss into
the feeders. This happen because the current flows into the grid is very small for
the same reason explain before for the value of voltage deviation. This fact leads to
a reduction of power loss in phase wires and an increase of power loss in sources.
In particular the power loss into the sources at first case is greater compared to that
at the second case. While the power loss into the feeders, in the first case, is greater
compared to that at second case. This is a direct consequence of the control of the
active power generate, from all generators. Indeed in the second case the active
power generate, for each sources, is the results of an minimization of the stress. So
SUSI3 calculates an optimal point in which there is a balance between the supply
and demand and the total stress is minimized. Furthermore the distribution loss,
during the day, is comparable with that during the night. This is because during
the night the loads absorption and the photovoltaic generation falls so there will be
an increase of current flows into the grid. At last the loss in power sources, during
the day, is comparable with that during the night, for the same reason explain pre-
viously.
The calculation of the power loss is fundamental for the efficiency. The efficiency of
a grid is a very important parameter of the power quality that gives an idea of the
management of the network. The value of the efficiency is high for each case and it is
a good point for the management of the grid in this configuration. Furthermore the
value of the efficiency, in the first case, is lower compared to that at the second case.
This is because in the second case the active power generated, from all the sources,
is the results of an optimization that minimize the total stress and, consequently, the
power loss.
After that is important to understand where the sources overstress come from. From
the results of the simulation, in the first case, the value of the current stress is greater
compared to the value of power stress. While, in the second case, the value of power
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stress and current stress, of sources, are practically equal, considering the same pe-
riod of the day. So, in this test case, the limitation of the sources are the values of
current and power that can generate. To solve this active power and current over-
stress of the sources, a solution is to increase the rated active power of the over-
stressed sources. Another solution is to install a fully controllable generator in that
node to support the already existing source at generation. In the following table the
overstressed sources are reported for each case.

TABLE 9.7: Overstressed power source at test case 51.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]

1
2
3

5

5.77;
1.73;
7.24;
2.54

14.48;
14.42;
14.71;
15.33

1
3

1107
1.92;
2.17

21.46;
22.05

1
3

1501
1.25;
2.10

10.73;
11.02

1
3

1009
2.09;
2.48

21.24;
21.95

1
3

1006
1.84;
1.29

10.57;
11.02

1
3

1007
1.69;
1.34

10.70;
11.03

1
3

1008
1.58;
1.22

10.76;
11.05

1
3

1004
1.70;
2.66

3.21;
3.29

1
3

1005
1.41;
1.78

3.23;
3.31

1
3

1010
2.03;
2.65

3.20;
3.29

1
3

2001
1.46;
1.42

21.54;
22.10

In particular the overstressed sources are always very small because they are prop-
erty of domestic or industrial end-user. So is very simple to reach the upper limit
of active and reactive power and overcome it. As anticipate before, a solution is to
connect a new generator, in a new or already existing fully controllable node, close
to those nodes in which there is the overstressed sources. In this test case the over-
stressed sources are very close each other, except for the generator at node 3503.
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Apart from that generator, with only a new source, that works as current source, is
possible to solve or reduce the power overstress of distributed sources. Indeed the
new current source will support the local generators at load balance and minimiza-
tion of the total stress.

TABLE 9.8: Overstressed power source at test case 52.

Day
time

Node Overstressed Apply limit

1
2
3
4

5

P/Pnom =3.40
A/Anom =1.38;
P/Pnom =1.11;
P/Pnom =3.42

A/Anom =1.40;
P/Pnom =1.17

Psat=13.80kW
Qsat =6.39kVAR;

Psat=13.80kW;
Psat=13.80kW

Qsat =6.32kVAR;
Psat=13.80kW

1
2
3

902
P/Pnom =1.35;
P/Pnom =1.42;
P/Pnom =2.19

Psat=5.00kW;
Psat=5.00kW;
Psat=5.00kW

1
3

3503
P/Pnom =1.31;
P/Pnom =1.83

Psat=-3.00kW;
Psat=-3.00kW

1
3

909
P/Pnom =2.04;
P/Pnom =2.70

Psat=3.00kW;
Psat=3.00kW

1
3

910
P/Pnom =1.58;
P/Pnom =2.02

Psat=3.00kW;
Psat=3.00kW

1
3

911
P/Pnom =1.12;
P/Pnom =1.60

Psat=3.00kW;
Psat=3.00kW

1
3

1004
P/Pnom =1.39;
P/Pnom =1.80

Psat=3.00kW;
Psat=3.00kW

1
3

1005
P/Pnom =2.01;
P/Pnom =2.00

Psat=3.00kW;
Psat=3.00kW

1
3

1010
P/Pnom =1.78;
P/Pnom =1.98

Psat=3.00kW;
Psat=3.00kW

3 1107 A/Anom =1.29 Qsat =22.11kVAR

At last the current stress of feeders are resumed into the previous tables. The value
of current stress of feeders, in the case 51, is always lower compared to that at case
52. This happens because at case 52 there the optimal control of active and reactive
power generated from all sources is active and the distribution generators partici-
pate at load balance. This situation leads to a reduction of the current flows into the
grid. So the feeders will be less stressed and the power loss will decrease compared
to those at case 51. Moreover the value of current stress into the feeders, during the
day, is always greater compared to that during the night. This is because during
the night the load consumption decreases compared to that during the day, so the
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current flows falls. This is a benefit that the distributed sources can bring with an
appropriate algorithm. That is a smart management of the sources that characterizes
the smart grid.
At last is important to compare the results, of the meshed grid, between the case 51
and 52 to understand if the optimal control of active power gives the best results.

FIGURE 9.2: Comparison between the results of case 51 and 52.

From the previous graph the optimal control gives the best results in terms of voltage
deviation, distribution loss in phase wires, power loss in phase wires, total power
loss and maximum current stress of feeders. While there are no difference of the
efficiency and maximum current stress of feeders between the two cases. Moreover
the value of active stress into the sources, in the first case, is lower compared to that
in the second case. Since the overstressed sources are always a small sources, the
current stress into the sources is not a problem because it is easily solved adding a
new generator in that node or in a near one as described above.
So, for the meshed grid, the optimal control gives the best results and it allows a
better management of the system.

9.4 Comparison between the radial and meshed network.

At last is important to understand which configuration of the distributed grid gives
the best results for each case.
In the following graph the peak values of the radial and meshed grid, related at case
51, are reported. From the previous graph, in the meshed grid, the voltage deviation
and the distribution loss in phase wires are lower compared to those at radial grid.
Furthermore the efficiency and the current stress and power stress of sources remain
constant between the two cases. The negative aspects, of the meshed grid, are the
maximum current stress into the feeders, the power loss into sources and the total
power loss. Rather than, as previously described, the overstressed sources are very
small, so is very simple to reach the upper limit of active and reactive power and
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overcome it.
So, for the case 51, the meshed grid gives the best results, both considering the graph
and the results reported in the previous tables, in terms of management the grid and
power quality.

FIGURE 9.3: Comparison between the results of the radial and
meshed grid at case 51.

While the comparison between the peak value of radial and meshed grid, related at
case 52, are reported in the following graph.

FIGURE 9.4: Comparison between the results of the radial and
meshed grid at case 52.

In the meshed grid the voltage deviation, the distribution loss in phase wires, the
loss into sources and the total power loss, are lower compared to those at radial
grid. Furthermore the efficiency, the active power stress and current stress of sources
remain, approximately, constant between the two configurations of the grid. While
the maximum current stress of feeders, in the meshed grid, is lower compared to
that in the radial grid. This is due to the new paths that, the meshed grid, introduce
into the system. Indeed with the addition we create new paths in which the current
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can flow. So, generally, the concentration of the current will reduce and this lead to
a reduction of the current stress of feeders.
So the meshed grid gives the best results in terms of management and the power
quality of the system.
In conclusion, considering the results reported in the previous tables and the graphs,
the meshed grid, with optimal control, allows us a better management of the system.



Chapter 10

Demand Response

At first this chapter deals with the description of the boundaries related at the test
case defined for the radial and meshed network. This test case is related at an active
grid under demand response conditions. Subsequently the results of the simulation
are reported into the tables and they are used for make comparisons. The results
come from the analysis done with SUSI3 and Source Locator.

10.1 Description of the sixth case.

In this test case both grids are work under demand response conditions. Demand
Response is going to become a part of the system operations in the smart grid driven
restructured power system around the world in the near future. Demand response
implementations are more active at the retail level than the wholesale level. To en-
hance competition at the retail level, separate entities called retailers have also come
into the scenario. The increased retail level competition is associated with a variety
of problems which can be categorized as market based and network based prob-
lems. The former problems occur when the generators or the retailers face financial
risks caused by spot price volatility in the wholesale electricity market. The latter
problems occur when TSO and DSOs have to maintain reliable power supply dur-
ing times of peak demand or low operating reserves or when constrained networks
are operating at their limits. Traditionally, problems of the latter type have been han-
dled single sidedly, by the generating utilities who have to either ensure a security
margin of generation to be always available to be dispatched when asked to do so
by the ISO or in the opposite case have to reduce generation to bring the network
from a constrained state to the normal state. A resource which is left unused is the
demand side resource which can also be helpful in such situations. Demand Side
Management is a global term that includes a variety of activities such as: load man-
agement, energy efficiency, energy saving. The problems mentioned above can be
categorized as short term problems whereas problems such as environmental effects
of burning coal to produce electricity can be categorized as long term problems. De-
mand Side Management schemes like energy efficiency and energy saving schemes
are potential inhibitors of such problems whereas the short term problems can be
tackled by efficient load management programs which are collectively referred to
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as Demand Response. According to Federal Energy Regulatory Commission, De-
mand Response is defined as a changes in electric usage by end-use customers from
their normal consumption patterns in response to changes in the price of electric-
ity over time, or to incentive payments designed to induce lower electricity use at
times of high wholesale market prices or when system reliability is jeopardized. The
end-use customers can also be the customers who are participating in the wholesale
market operations. Based on how the changes in electric usage are implemented the
demand response can be classified as shown in the following figure. Besides the mo-
tivations as to why involve demand side into the operational aspects of the system
other benefits of demand response are listed below:

1. Demand response can reduce system peak load in the long term and there-
fore postpone the need for building new power plants, leading to considerable
environmental impacts.

2. TSO can benefit from DR by being able to improve reliability of the transmis-
sion network. Improved network reliability results from reducing the prob-
ability of forced outages when system reserves fall below desired levels. By
reducing electricity demand at critical times, like when a generator or a trans-
mission line is unexpectedly lost, DR dispatched by the TSO can help to return
system reserves to pre-contingency levels.

3. DSO can use demand response for managing network constraints at the distri-
bution level, like relieving the voltage constrained power transfer problem, re-
lieving congestion in the distribution substations and simplifying outage man-
agement and improving the quality of supply. During incidents of congestion
or peak periods Demand Response relieves the components of the network
from the undesirable stress. This way a gain in service quality and reliability
is achieved. The load curtailment during incidents is expected to reduce the
monetary global value of the non-supplied load.

4. In order to cover most of these risks the retailers can ask their consumers to
reduce their consumption during the times when spot prices are most volatile
and reach their peaks, provided the customers can receive financial reward for
such decrease in consumption.

5. The short term impacts of demand response on electricity markets leads to
financial benefits of both the utility and the consumers.

6. Deployment of new technologies like, distributed generation, for example so-
lar, small wind, geothermal, and storage also motivate the inclusion of demand
response as a key component for the smart grid.

In the following figure is represent an example of smart demand response. In that
figure are highlighted the communication links between the distributed generations
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and the centralized control and the communication between the loads and the dis-
tributed pinning control. The pinning control is a feedback control strategy for syn-
chronization and consensus of complex dynamical networks composed of a series
of TCL aggregators. The TCL aggregators, those are aggregate thermostatically con-
trolled loads, are good candidates for providing load following services in power
systems. So the analysis of this operative situation is very important because it will
be expected in the next future.

FIGURE 10.1: Demand response load following structure of source
and load systems.

The first case, also called case 61, all sources feed generated active power and control
the reactive power. Furthermore at PCC0 returns 50% of rated active and reactive
power and the PCC1 with the energy storage system, that is voltage source, are the
slack node. While the active and reactive power of the load are calculated with the
formula described at the beginning.

TABLE 10.1: Boundary of case 61.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P

Source
bounded

Q
All sources feed generated P

All sources control Q
Actual loads

-1 6 100 100 4 100

PCC0 returns 50 kW
and 50 kVAR

1 0 9 -50 -50

PCCx slack nodes 2 10 -2

UI slack nodes
(reset bounds and power limits)

2 11 -2

ES unbounded 2 12 1

The second case, also called case 62, all sources control the active and reactive power.
Furthermore at PCC0 returns 50% of rated active and reactive power while the PCC1,
with the energy storage system that works as voltage source, that is voltage sources,
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are the slack node. While the active and reactive power of the load are calculated
with the previous formula.

TABLE 10.2: Boundary of case 62.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P

Source
bounded

Q
All sources control P and Q

Actual loads
-1 6 100 100

PCC0 returns 50 kW
and 50 kVAR

1 0 9 -50 -50

PCCx slack nodes 2 10 -2

UI slack nodes
(reset bounds and power limits)

2 12 -2

ES unbounded 2 11 1

The third case, also called case 63, all sources feed generated active power and con-
trol the reactive power. Furthermore at PCC1 returns 20% of rated active power and
30% of rated active power and the PCC0 with the energy storage system, that is volt-
age sources, are the slack node. While the active and reactive power of the load are
calculated with the previous formula.

TABLE 10.3: Boundary of case 63.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P [%]

Source
bounded

Q [%]
All sources feed generated P

All sources control Q
Actual loads

-1 6 100 100 4 100

PCCx return 20% of rated P
and 30% of rated Q

2 10 3 -20 -30

UI slack nodes
(reset bounds and power limits)

2 11 -2

ES unbounded 2 12 1

The fourth case, also called case 64, all sources control the active and reactive power.
Furthermore at PCC1 returns 20% of rated active power and 30% of rated active
power and the PCC0 with the energy storage system, that is voltage sources, are the
slack node. While the active and reactive power of the load are calculated with the
previous formula.

TABLE 10.4: Boundary of case 64.

Case
description

Boundary
type

Number of
bounded

entity

Load
bound
code

Load
bounded

P [%]

Load
bounded

Q [%]

Source
bound
code

Source
bounded

P[%]

Source
bounded

Q[%]
All sources control P and Q

Actual loads
-1 6 100 100

PCCx return 20% of rated P
and 30% of rated Q

2 10 3 -20 -30

UI slack nodes 2 11 -2

ES unbounded 2 12 1



10.2. Analysis of the results of cases 61 and 62, related at radial grid. 149

10.2 Analysis of the results of cases 61 and 62, related at ra-
dial grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables.
At first the results of the voltage deviation, in percentage, are always lower com-
pared to the maximum value. This is a very good point, for the radial grid, because it
confirms the advantages of the distributed generations also under demand response
conditions. Indeed the voltage deviation is small because the distributed generators,
such as the distributed renewable sources and energy storage systems, can feed the
local loads so there will be a lower current flow into the grid. It will bring to a re-
duction of the total power loss into the feeders and it is another benefit. In particular
the voltage deviation, during the night, is comparable with that during the day. This
is because during the night the load consumption and the photovoltaic generation
decreases compared to that during the day. So the load will be feeded by the PCCs

and the energy storage systems and it will bring to an small increase of voltage devi-
ation. Moreover the voltage deviation, in the first case, is always greater compared
to that at the second case. This is because in the second case all sources can control
the generated active power. In this way all the sources generate the active power
obtained from an optimal solution. That is a smart management of the sources that
characterizes the smart grid.
After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power feed by sources and the power throughput grid transportation. Subse-
quently the power loss are reported for each case and period of the day. In particular
the program gives the results relative at power loss in phase wires, in sources and
converters. Also it makes an estimation of the power loss into neutral wires. In the
cases 61 and 62, the power loss into the sources is always greater than the power loss
into the feeders. This happen because the current flows into the grid is very small,
for the same reason explain before for the value of voltage deviation, and the dis-
tributed sources are so exploited. Furthermore, from the results of the simulation, a
lot of distributed sources are are exploited a lot, so there will be an increase of power
loss into sources. In particular the power loss into the sources, at first case, is al-
ways greater compared to that at the second case. Also the distribution loss in phase
wires, in the first case, is greater compared to that at second case. These two facts are
a direct consequence of the optimal control of the active power generated, from all
generators. Indeed, in the second case, the active power generated, for each sources,
is the results of an minimization of the stress and, consequently, the power loss. So
SUSI3 calculates an optimal point in which there is a balance between the supply
and demand and the total stress is minimized. Moreover the distribution loss and
the loss in power sources, during the day, are comparable, respectively considering
the same period of the day, with those during the night.
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TABLE 10.5: Main results of the simulation, using SUSI3, of the radial
grid, related at case 61 and 62.

Test
case

61 61 61 61 61 62 62 62 62 62

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

1,68% 3,32% 2,32% 3,56% 2,72% 1,71% 2,81% 1,99% 2,94% 2,22%

P entering grid
at node 0 [kW]

-50,30 -49,56 -49,63 -49,54 -49,60 -50,31 -50,20 -50,05 -50,21 -50,08

Q entering grid
at node 0 [kVAR]

-50,02 -49,93 -50,00 -49,95 -50,01 -50,02 -50,16 -50,08 -50,16 -50,10

P absorbed
by loads [kW]

245,34 239,97 212,01 211,47 61,92 245,73 230,69 203,60 204,05 59,82

Q absorbed
by loads [kVAR]

107,64 113,45 101,15 101,10 29,49 107,76 111,18 99,48 98,80 28,73

P feed
by sources [kW]

338,65 363,33 306,11 340,45 161,50 336,48 336,54 287,45 312,91 142,67

Q feed
by sources [kVAR]

153,98 212,93 177,69 203,29 131,11 161,26 190,39 157,65 176,86 115,62

P returned
to sources [kW]

90,55 112,69 89,79 116,49 93,62 88,34 99,02 80,95 101,11 79,11

Q returned
to sources [kVAR]

94,11 143,22 123,09 145,43 147,24 101,26 124,85 105,71 123,51 133,77

P troughput-grid
transport [kW]

191,51 282,42 204,70 307,35 160,11 206,85 247,04 190,08 267,81 136,69

Q troughput-grid
transport [kVAR]

159,63 216,26 190,28 218,84 171,77 158,25 189,58 161,90 191,03 156,99

Distribution loss in
phase wires [kW]

2,76 10,66 4,31 12,49 5,96 2,42 6,84 2,90 7,74 3,74

Loss in power
sources & converters

[kW]

24,58 25,98 19,64 27,67 16,11 25,82 22,39 18,24 22,94 14,48

Total power
loss w/o neutral wire

[kW]

27,34 36,64 23,95 40,16 22,07 28,23 29,23 21,14 30,68 18,22

Efficiency neglecting
neutral loss

(Total loss/power
feed by sources)

91,93% 89,92% 92,18% 88,20% 86,34% 91,61% 91,32% 92,64% 90,19% 87,23%

Estimated loss in
neutral wire [kW]

2,26 2,20 2,24 2,58 2,02 3,00 3,13 2,47 3,07 2,06

Total power loss
including neutral wire

[kW]

29,60 38,84 26,19 42,74 24,09 31,24 32,36 23,61 33,76 20,28

Efficiency considering
neutral loss

91,26% 89,31% 91,44% 87,45% 85,09% 90,72% 90,39% 91,79% 89,21% 85,79%

Min node
voltage vs Vnom

-0,55% -0,17% 0,00% -0,26% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%

Node with
minimum voltage

901 1605 0 1602 0 0 0 0 0 0

Max node
voltage vs Vnom

2,76% 5,88% 3,73% 6,60% 4,11% 3,10% 5,19% 3,25% 5,39% 3,93%

Node with
maximum voltage

2103 917 917 917 2803 3402 917 917 917 1602

Max active power
stress of sources

(P/Pnom)

102,01% 181,77% 102,07% 207,58% 112,04% 107,01% 141,23% 102,52% 163,21% 103,11%

Node with maximum
active power stress

3501 2803 2803 2803 2803 1602 2803 3503 2803 3503

Number of overstressed
sources (power)

0 1 0 1 1 0 1 0 1 0

Max current stress
of sources (I/Inom)

118,56% 130,48% 106,87% 147,81% 103,76% 117,78% 103,53% 101,54% 115,76% 118,90%

Node with maximum
current stress

32 2803 1107 2803 3501 1107 2801 2002 2803 1801

Number of overstressed
sources (current)

0 1 0 1 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

85,85% 155,16% 114,92% 164,87% 113,12% 69,82% 134,66% 97,29% 142,08% 95,00%

Branch with
maximum

current stress

19 27 27 27 27 27 27 27 27 27

Number of overstressed
feeders (current)

0 5 1 7 1 0 1 0 3 0

Max stress 118,6% 181,8% 114,9% 207,6% 113,1% 117,8% 141,2% 102,5% 163,2% 118,9%
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This is because during the night the absorption, of the loads, and the photovoltaic
generation fall so there will be an increase of current flows into the grid. Those are
some benefits that the photovoltaic sources and energy storage systems, with an ap-
propriate algorithm, can bring into the grid, also in a demand response operative
condition. That is a smart management of the sources that characterizes the smart
grid.
The calculation of the power loss is fundamental for the efficiency. The efficiency of
a system is a very important parameter of the power quality that gives an idea of the
management of the network. The value of the efficiency is small for each case and
it isn’t a good point for the management of the grid in this configuration. Moreover
the value of the efficiency, in the first case, is always lower compared to that at the
second case. This is because, in the second case, the active power generated from all
the sources is the results of an optimization. Furthermore the value of the efficiency
of this test case are lower compared to that at the first test case. This is because at
the first test case the distributed sources didn’t participate at generation so the stress
into the sources was very small consequently the power loss, into the sources, in the
first test case, is lower compared to that at this test case. In this test case the sources
are very stressed so there will be an increase of power loss into the sources and a
reduction of the power loss into the feeders because the current flow, into the grid,
decrease. So the increase of the power loss into the sources is greater compared to
the reduction of the power loss into the feeders, between the first test case and this
test case, and this situation involves in a sensible reduction of the efficiency.
After that is important to understand where the sources overstress come from. From
the results of the simulation, into the sources, the value of the current stress is compa-
rable with the value of power stress. So, in this test case, the limitation of the sources
is the value of current and active power that can generate. To solve this active power
and current overstress of the sources, a solution is to increase the rated active power
of the overstressed sources. Another solution is to install a fully controllable gener-
ator in that node to support the already existing source at generation. Furthermore
the value of power and current stress of sources, in the first case, is always greater
compared to that at second case. This is because the power flow related at second
case is the result of an optimization to minimize the total stress. For the case 61 and
62 the tables of the power limits for each overstressed source aren’t reported because
there are a lot overstressed sources. Rather than, all overstressed sources are very
small because they are property of domestic or industrial end-user, so is very simple
to reach the upper limit, of active and reactive power, and overcome it.
Subsequently the current stress of feeders are resumed into the previous tables. The
value of current stress of feeders, in the case 61, is always greater compared to that at
case 62. This happens because at case 62 there the optimal control, to minimize the
total stress, of active and reactive power generated from all sources is on and the dis-
tribution generators participate at load balance. This situation leads to a reduction
of the current flows into the grid. So the feeders will be less stressed and the power
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loss will decrease compared to those at case 61. Furthermore the value of current
stress into the feeders, during the day, is always greater compared to that during the
night. This is because during the night the load consumption decreases compared
to that during the day, so the current flows falls. This is a benefit that the distributed
sources can bring with an appropriate algorithm. That is a smart management of the
sources that characterizes the smart grid.
After that the overstressed feeders of case 61, with the related value of overstress,
are reported into the following table. The number of current overstress of feeders is
quite high in some period of the day. Also the the overstressed feeders are in com-
mon between the different period of the day and they are close each other. So with
a smart decision concerning where to install a fully controllable generator is possi-
ble to solve all this current overstress. In particular that node will be the new fully
controllable node, if it was not before.

TABLE 10.6: Results of current stress into the feeders considering the
radial grid, related at case 61.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom

61 1 27
1
2
3

1.17
1.31
1.55

61 1 29 3 1.16

61 1 125 3 1.13

61 2 27 3 1.15

61 3 27
1
2
3

1.35
1.44
1.65

61 3 29 3 1.24

61 3 125
1
2
3

1.09
1.19
1.21

61 4 27 3 1.13

The results resumed into the following table are related at the analysis with Source
Locator in which the new generator, that works as current source, has an appar-
ent power equal to 50 kVA. The proposed solution is to install this generator in the
node 31 that is near the previous overstressed lines. With that solution is possible to
control the total current into the overstressed lines 27 and 29, but is not possible to
control the current into the line 125. Another solutions have been tried to solve the
current stress in all the overstressed lines together without success. The proposed
solution gives the best results in terms of control of the current into the lines that are
overstressed. So, to solve the current overstress into the feeders 125 is possible to
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increase its section, so the ampacity will increase.

TABLE 10.7: Results of the analysis made with Source Locator related
at case 61.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

31 50.00 16 19.05

112(3.04), 27(2.03), 6(1.60), 7(1.60),
3(1.57), 29(1.52), 24(1.28), 26(1.28),

23(0.89), 10(0.87), 22(0.86), 18(0.86),
5(0.50), 4(0.50), 2(0.33), 1(0.33)

917 47.14 12 8.19
24(1.21), 26(1.21), 23(0.84), 125(0.82),
10(0.82), 18(0.81), 22(0.81), 126(0.51),

6(0.44), 7(0.44), 5(0.14), 4(0.14)

2803 47.14 8 8.31
6(2.07), 7(2.07), 3(1.87), 5(0.65),

4(0.65), 1(0.39), 2(0.39), 126(0.23)

1602 5.55 6 1.35
14(0.51), 84(0.34), 11(0.14),

13(0.13), 6(0.11), 7(0.11)

1604 5.55 6 1.35
14(0.51), 86(0.34), 11(0.14),

13(0.13), 6(0.11), 7(0.11)

After that the overstressed feeders, related at case 62, are reported in the following
table. In this case the overstressed feeders are the same at those of the case 61. Fur-
thermore the value of current overstress is less in the second case as the number of
overstressed lines. This is because, in the second case, the optimal control, of the
total stress, acts on the active power generated by the distributed sources to reduce
the total stress. In this way the flow of active power, into the grid, will decrease and,
consequently, the current stress of feeders.

TABLE 10.8: Results of current stress into the feeders considering the
radial grid, related at case 62.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom
62 1 27 3 1.35

62 3 27 3 1.42

62 3 29 3 1.07

62 3 125 3 1.08

In the following table the result of the analysis with Source Locator are reported.
Those results are obtained considering a new generator, that will works as current
source, link in a fully controllable node, with an apparent power equal to 50 kVA,
like in the previous case. The proposed solution is to install that generator at node
31. In this situation with the new generator is possible to control totally the lines 27
and 29, while there is no solution to control the current into the line 125. Another
solutions have been tried to solve the current stress in all the overstressed lines to-
gether without success. The proposed solution gives the best results in terms of
control of the current into the lines that are overstressed. So, to solve the current
overstress into the line 125 is possible to increase its section, so the ampacity will
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increase. So from the previous results of Source Locator the new generators, linked
at node 31, can control the current into the branches 27 and 29 in both cases 61 and
62. While it cannot control the current into the line 125 in both cases.

TABLE 10.9: Results of the analysis made with Source Locator, con-
sidering the radial grid, related at case 62.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

31 50.00 16 19.05

112(3.04), 27(2.03), 6(1.62), 7(1.62),
3(1.54), 29(1.52), 24(1.28), 26(1.28),
23(0.89), 10(0.87), 22(0.86), 18(0.86),

5(0.50), 4(0.50), 2(0.32), 1(0.32)

917 47.14 10 7.91
24(1.21), 26(1.21), 23(0.84), 125(0.82),
10(0.82), 18(0.81), 22(0.81), 126(0.51),

6(0.44), 7(0.44)

2803 47.14 8 8.30
6(2.07), 7(2.07), 3(1.86), 5(0.65),

4(0.65), 1(0.39), 2(0.39), 126(0.23)

5 5.11 3 0.72 36(0.31), 6(0.20), 7(0.20)

1602 5.55 2 0.85 14(0.51), 84(0.34)

1604 5.55 2 0.85 14(0.51), 86(0.34)

At last is important to compare the results of the result of radial grid between the
case 61 and 62 to understand if the optimal control of active power gives the best
results. The following graph shows the comparison of the peak value of the results,
relative at radial grid, of cases 61 and 62.

FIGURE 10.2: Comparison between the results of case 61 and 62.

From the previous graph the optimal control gives the best results in terms of the
voltage deviation and all the rest of the electrical quantities considered in the previ-
ous graph. In particular only the efficiency remains constant between the two cases.
Moreover the optimal control of the active power brought a reduction of the peak
value of the maximum active power stress of source and it is a very good point. Also
the optimal control has reduced the peak of maximum current stress of sources and
feeders, so it leads a lot of benefits into the system.
So, for the radial grid, the optimal control of the active power gives the best results
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in terms of management of the system. Those are benefits that characterize the smart
grid.

10.3 Analysis of the results of cases 63 and 64, related at ra-
dial grid.

After that the results of the simulation with SUSI3 and Source Locator, related at case
63 and 64 are reported in the following table. At first the results of the voltage devi-
ation, in percentage, are always much lower compared to the maximum value. This
is a very good point, for this configuration of the radial grid, because it confirms the
advantages of the distributed generations. Indeed the voltage deviation is very small
because the distributed generators, such as the photovoltaic sources and the energy
storage systems, can feed the local load so there will be a lower flow of current into
the grid. Moreover the voltage deviation at the case 63 is always greater compared to
that at the case 64. This is because in the case 64 all sources can control the generated
active power. In this way all the sources generate the active power obtained from
an optimal solution. That is a smart management of the sources that characterizes
the smart grid. At last the voltage deviation, during the night, is comparable with
that during the day. This is because during the night the load consumption and the
photovoltaic generation decreases compared to that during the day. So the load will
be feeded by the PCCs and the energy storage systems and it will lead to an small
increase of voltage deviation.
Subsequently in the following table the main power flow are reported. In the cases
63 and 64, the power loss into the sources is always greater than the power loss into
the feeders. This happen because the current flows into the grid is very small for
the same reason explain before and the distributed sources will be more exploited.
Furthermore the power loss into the sources, in third case, is always lower compared
to that in the fourth case. Moreover the distribution loss in phase wires, in the third
case, is greater compared to that in fourth case. This happen for the same reason
explain previously. At last the distribution loss in phase wires and the loss in power
sources, during the day, are respectively comparable with those during the night.
This is because, during the night, the loads absorption and the photovoltaic genera-
tion falls so there will be an increase of current flows into the grid.
The calculation of the power loss is fundamental for the efficiency. The efficiency of
a system is a very important parameter of the power quality that gives an idea of the
management of the network. The value of the efficiency is high for each case and it
is a good point for the management of the grid in this configuration. Furthermore
the value of the efficiency, in the third case, is always greater compared to that in the
fourth case. This is because, in the fourth case, the optimal control exploits more the
distributed sources compared to the third case. So the reduction of the power loss
into the feeders, due to the optimal control, is lower compared to the increase of the
loss in power sources.
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TABLE 10.10: Main results of the simulation, using SUSI3, of the ra-
dial grid, related at case 63 and 64.

Test
case

63 63 63 63 63 64 64 64 64 64

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160 0,160

rms voltage
deviation / Vnom

2,47% 0,97% 0,29% 1,10% 0,37% 2,28% 0,72% 0,27% 0,70% 0,18%

P entering grid
at node 0 [kW]

-79,67 47,04 4,18 56,47 22,06 -60,13 27,52 2,63 31,93 2,87

Q entering grid
at node 0 [kVAR]

-58,49 -5,53 1,68 -8,69 -7,79 -66,04 -4,85 -7,43 -6,52 -6,99

P absorbed
by loads [kW]

252,74 225,86 203,28 200,98 59,14 246,67 232,07 209,05 206,41 60,61

Q absorbed
by loads [kVAR]

115,04 105,94 94,22 92,19 27,35 108,72 110,94 98,53 97,69 28,92

P feed
by sources [kW]

396,16 227,32 203,70 202,94 59,49 370,01 233,14 212,04 207,65 60,78

Q feed
by sources [kVAR]

179,41 124,31 103,76 114,91 45,79 172,95 118,07 98,73 110,50 33,90

P returned
to sources [kW]

138,82 0,01 0,01 0,04 0,04 119,70 0,00 2,57 0,00 0,00

Q returned
to sources [kVAR]

118,35 23,21 9,42 30,47 26,05 126,26 11,59 7,44 18,87 11,89

P troughput-grid
transport [kW]

246,34 149,35 108,02 169,35 59,25 239,18 147,69 122,82 162,32 56,10

Q troughput-grid
transport [kVAR]

184,95 100,48 82,05 104,02 49,22 181,19 74,20 68,17 91,94 33,79

Distribution loss in
phase wires [kW]

4,59 1,45 0,41 1,92 0,31 3,65 1,07 0,41 1,24 0,17

Loss in power
sources & converters

[kW]

27,34 8,92 7,09 8,49 2,49 26,55 10,30 9,32 10,00 1,93

Total power
loss w/o neutral wire

[kW]

31,94 10,37 7,49 10,42 2,80 30,20 11,37 9,74 11,23 2,10

Efficiency neglecting
neutral loss

(Total loss/power
feed by sources)

91,94% 95,44% 96,32% 94,87% 95,29% 91,84% 95,12% 95,41% 94,59% 96,55%

Estimated loss in
neutral wire [kW]

3,47 0,72 0,68 0,93 0,12 3,27 1,26 0,83 1,08 0,10

Total power loss
including neutral wire

[kW]

35,41 11,09 8,18 11,35 2,92 33,47 12,63 10,57 12,32 2,19

Efficiency considering
neutral loss

91,06% 95,12% 95,99% 94,41% 95,08% 90,95% 94,58% 95,02% 94,07% 96,39%

Min node
voltage vs Vnom

0,00% -2,95% -0,66% -3,40% -1,15% 0,00% -2,05% -0,64% -1,41% -0,36%

Node with
minimum voltage

0 1601 1601 1601 1602 0 1605 1502 1605 1605

Max node
voltage vs Vnom

4,18% 0,70% 0,54% 0,98% 0,47% 3,95% 0,54% 1,20% 0,78% 0,61%

Node with
maximum voltage

1602 917 1006 917 5 3507 917 5 2803 5

Max active power
stress of sources

(P/Pnom)

102,57% 50,84% 49,79% 70,61% 23,68% 103,63% 109,61% 101,15% 101,18% 100,51%

Node with maximum
active power stress

1006 2803 1005 2803 2803 1604 1604 5 1604 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

116,17% 115,15% 82,86% 100,46% 100,41% 110,79% 106,11% 119,20% 119,92% 99,90%

Node with maximum
current stress

1901 2002 1501 2801 5 3402 1107 5 1107 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

116,26% 65,23% 46,72% 83,42% 32,60% 114,05% 65,17% 68,64% 68,71% 31,05%

Branch with
maximum

current stress

27 14 95 14 3 27 68 3 68 3

Number of overstressed
feeders (current)

1 0 0 0 0 1 0 0 0 0

Max stress 116,3% 115,2% 82,9% 100,5% 100,4% 114,1% 109,6% 119,2% 119,9% 100,5%
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Rather than the differences between the values of efficiency, considering at the same
period of the day, are very small, so it is possible to neglect these differences. At last
the efficiency, during the day, is compared with that during the night. This happens
because during the night the load absorption and the distributed generations falls,
so there will be a reduction of power loss into the sources. Furthermore there will
be an increase of current flows into the grid that brings at an increase of power loss
into the feeders. This situation involves into a value of efficiency that is very similar
in between the day and the night.
After that is important to understand where the sources overstress come from. From
the results of the simulation, into the sources, the value of the current stress is greater
compare to the value of power stress. Moreover both stress of sources are very high
and close to the upper limit. So, in this test case, the limitation of the sources are
the values of current and active power that can generate. Furthermore the value
of power stress of sources, in the third case, is always greater compared to that at
fourth case. While the value of the current stress of the sources between the case 63
and 64, are approximately similar. This is because the power flow, related at fourth
case, is the result of an optimization for the minimization of the total stress. In the
following tables are reported the overstressed sources.

TABLE 10.11: Overstressed power sources at case 63.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1 5 4.71 14.32

1 1501 1.98 10.72

1 2801 1.78 -10.79

1 2001 1.66 21.53

1 1107 1.29 21.38

In particular, from the comparison of these two tables, we note that the overstressed
sources, in the third case, are overstressed also in the fourth case. Moreover in the
last case, there are some overstressed sources that do not appear in the previous
table. So the number of overstressed sources, in the third case, is lower compared to
that at fourth case. This happen because the optimal control acts on the distributed
sources to reduce the total stress, so the distributed sources will be more exploited.
Furthermore the overstressed sources, in both cases, are always very small because
they are property of end-user, such as industrial or domestic. Consequently is very
simple to reach the upper limit of active and reactive power and overcome it. Also
the overstressed sources are very close each other, except for the sources at node
2001 and 2801. So, to solve this overstress of sources, a solution is to install a new
generator, that works as current source, in a node close to the overstressed sources
to support them at load balance and minimization of the total stress. The node, in
which we will link the new generator, will be a new fully controllable node.
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TABLE 10.12: Overstressed power sources at case 64.

Day
time

Node Overstressed Apply limit

1 5
P/Pnom =4.26
A/Anom =2.07

Psat=13.80kW
Qsat =6.68kVAR

1 1501 A/Anom =1.66 Qsat =10.81kVAR

1 1004 P/Pnom =1.80 Psat=3.00kW

1 1005 P/Pnom =1.46 Psat=3.00kW

1 1010 P/Pnom =2.45 Psat=3.00kW

1 2001 A/Anom=1.71 Qsat =21.62kVAR

2 5 P/Pnom =1.32 Psat=13.80kW

3 5
P/Pnom =4.29
A/Anom =2.05

Psat=13.80kW
Qsat =6.68kVAR

3 1004 P/Pnom =1.72 Psat=3.00kW

3 1010 P/Pnom =1.28 Psat=3.00kW

3 1005 P/Pnom =2.25 Psat=3.00kW

3 1501 A/Anom =1.27 Qsat =11.07kVAR

3 2001 A/Anom =1.38 Qsat =22.15kVAR

3 2801 A/Anom =1.31 Qsat =-11.09kVAR

4 5
P/Pnom =1.44
A/Anom =1.22

Psat=13.80kW
Qsat =6.45kVAR

Otherwise, to solve this overstress of the sources, a solution is to increase the rated
active power of those sources.
Subsequently the current stress of feeders are resumed into the previous tables. The
value of current stress of feeders, in the case 63, is very similar to that at case 64.
Furthermore the value of current stress into the feeders, during the day, is always
greater compared to that during the night. This is because during the night the
load consumption decrease compared to that during the day, so the current flows
falls. This is a benefit that the distributed sources can bring with an appropriate
algorithm. That is a smart management of the sources that characterizes the smart
grid.
At last is important to compare the results, between the case 63 and 64, to understand
if the optimal control gives the best results. In particular, in the following figure, is
reported the comparison of the peak value of the results of the simulation, done
with SUSI3, considering the radial grid, between the third and fourth case. From the
following graph, in the third case, the value of voltage deviation, distribution loss in
phase wires and the maximum current stress of feeders, are lower compared those
in fourth case. While, in the third case, the loss in power sources, total power loss
and the maximum of active power stress of sources are lower compared to those in
the fourth case. At last the efficiency and the maximum current stress of sources
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remain constant between the two cases. In particular, as previously described, the
increase of he active power stress of sources is due to the optimal control. Similarly
the reduction of the current stress of feeders.

FIGURE 10.3: Comparison of the results between the case 63 and 64,
considering the radial grid.

Moreover we have to consider that the overstressed sources are very small so it is
very simple to reach the upper limit and overcome it.
So, for the radial grid, the optimal control, of the active power, gives the best results
in terms of management of the system. Those are benefits that characterize the smart
grid.

10.4 Analysis of the results of cases 61 and 62, related at meshed
grid.

In this section the results of the analysis, done with SUSI3 and Source Locator, are
reported in these tables. At first the results of the voltage deviation, in percentage,
are always lower compared to the maximum value. This is a very good point, for
this configuration of the meshed grid, because it confirms the advantages of the dis-
tributed generations also under demand response conditions. Indeed the voltage
deviation is small because the distributed sources, such as the renewable genera-
tions, can feed the local loads so there will be a lower flow of current into the grid.
Moreover the voltage deviation, in the first case, is always greater compared to that
at the second case. This is because in the second case all sources can control the gen-
erated active power to feed the local loads, so the flow of current will decrease. That
is a smart management of the sources that characterizes the smart grid. At last the
voltage deviation, during the night, is comparable with that during the day. This is
because, during the night, the load consumption and the photovoltaic generations
decreases compared to that during the day because the load will be feeded by the
PCCs and the energy storage systems.



160 Chapter 10. Demand Response

TABLE 10.13: Main results of the simulation, using SUSI3, of the ra-
dial grid.

Test
case

61 61 61 61 61 62 62 62 62 62

Day
time

0 1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

1,64% 2,32% 1,74% 2,58% 1,86% 1,40% 1,99% 1,60% 2,05% 1,69%

P entering grid
at node 0 [kW]

-50,22 -49,83 -49,83 -49,84 -49,83 -50,18 -50,21 -50,27 -50,19 -50,25

Q entering grid
at node 0 [kVAR]

-49,92 -50,15 -50,09 -50,17 -50,10 -49,99 -49,89 -49,92 -49,89 -49,90

P absorbed
by loads [kW]

225,13 235,30 207,01 207,27 60,91 224,78 231,28 208,29 206,11 60,48

Q absorbed
by loads [kVAR]

114,19 114,39 102,10 101,89 29,64 113,98 115,98 103,69 103,56 30,41

P feed
by sources [kW]

327,83 322,13 280,77 311,90 131,62 307,19 310,62 279,59 286,32 129,26

Q feed
by sources [kVAR]

171,17 234,58 176,35 238,80 170,03 161,06 207,43 171,85 205,69 151,60

P returned
to sources [kW]

100,47 80,60 71,12 96,75 66,98 80,91 74,80 69,16 74,95 66,04

Q returned
to sources [kVAR]

104,54 165,90 121,97 180,79 187,79 95,38 138,47 116,07 149,02 168,75

P troughput-grid
transport [kW]

190,74 240,28 177,91 278,64 129,98 180,64 218,63 176,75 240,15 123,10

Q troughput-grid
transport [kVAR]

165,16 241,50 193,73 256,32 212,05 145,96 207,47 179,59 220,97 193,18

Distribution loss in
phase wires [kW]

2,24 6,24 2,63 7,87 3,73 1,51 4,53 2,14 5,26 2,75

Loss in power
sources & converters

[kW]

25,40 24,48 18,68 28,20 18,83 23,77 23,29 18,53 24,16 16,83

Total power
loss w/o neutral wire

[kW]

27,63 30,71 21,31 36,07 22,56 25,28 27,82 20,67 29,42 19,57

Efficiency neglecting
neutral loss

(Total loss/power
feed by sources)

91,57% 90,47% 92,41% 88,44% 82,86% 91,77% 91,04% 92,61% 89,72% 84,86%

Estimated loss in
neutral wire [kW]

2,32 2,01 1,66 2,72 1,27 1,69 1,71 1,43 1,91 1,45

Total power loss
including neutral wire

[kW]

29,95 32,72 22,97 38,79 23,83 26,97 29,53 22,10 31,34 21,02

Efficiency considering
neutral loss

90,86% 89,84% 91,82% 87,56% 81,89% 91,22% 90,49% 92,10% 89,06% 83,74%

Min node
voltage vs Vnom

-0,20% -0,83% 0,00% -0,97% 0,00% 0,00% -0,22% 0,00% -0,12% 0,00%

Node with
minimum voltage

915 1605 0 1602 0 0 1605 0 1603 0

Max node
voltage vs Vnom

3,14% 3,95% 2,88% 5,29% 2,96% 2,53% 4,01% 2,89% 4,15% 2,45%

Node with
maximum voltage

3402 2803 917 2803 917 3402 917 917 917 1602

Max active power
stress of sources

(P/Pnom)

102,20% 119,88% 61,00% 175,84% 67,81% 102,45% 102,49% 103,18% 109,01% 102,33%

Node with maximum
active power stress

1902 2803 2803 2803 917 1004 3503 1604 2803 3503

Number of overstressed
sources (power)

0 1 0 1 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

119,64% 102,62% 117,15% 127,31% 116,72% 115,63% 114,33% 101,42% 102,33% 102,20%

Node with maximum
current stress

1605 3505 1503 2803 1107 1503 1006 5 3507 3505

Number of overstressed
sources (current)

0 0 0 1 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

63,60% 111,89% 69,47% 117,77% 98,70% 67,83% 118,35% 68,77% 125,97% 73,15%

Branch with
maximum

current stress

7 7 7 26 7 17 7 7 7 30

Number of overstressed
feeders (current)

0 3 0 2 0 0 2 0 2 0

Max stress 119,6% 119,9% 117,2% 175,8% 116,7% 115,6% 118,4% 103,2% 126,0% 102,3%
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After in the previous table the main power flow are reported. The main power flow
are the follows: the power entering at node 0 or PCC0, the power absorb by loads,
the power feed by sources and the power throughput grid transportation. Subse-
quently the power loss are reported for each case and period of the day. In particular
the program gives the results relative at power loss in phase wires, in sources and
converters. Also it makes an estimation of the power loss into neutral wires. In the
cases 61 and 62, the power loss into the sources is always greater than the power loss
into the feeders. This happen because the current flows into the grid is very small
for the same reason explain before for the value of voltage deviation. Furthermore
the power loss into the sources and the distribution loss in phase wires, in the first
case, are always greater compared to those in the second case. This is a direct con-
sequence of the control of the active power generated, from all generators. Indeed
in the second case the optimal control exploited more the distributed sources to re-
duce the total stress compared to that at first case. Those are some benefits that the
photovoltaic sources and energy storage system, with an appropriate algorithm, can
bring into the grid, also in a demand response operative condition. That is a smart
management of the sources that characterizes the smart grid. At last the distribu-
tion loss, during the day, is comparable with that during the night. While the loss in
power sources, during the day, is comparable with that during the night. These two
facts are due to the reduction of the absorption and also the photovoltaic generation
falls. So there will be an increase of flow of current into the grid.
The calculation of the power loss is fundamental for the efficiency. The efficiency of
a grid is a very important parameter of the power quality that gives an idea of the
management of the network. The value of the efficiency is small for each case and it
isn’t a good point for the management of the grid in this configuration. Furthermore
the value of the efficiency, in the first case, is always lower compared to that at the
second case. This is because, in the second case, the active power generated from all
the sources is the results of an optimization to minimize the total stress and, conse-
quently, the power loss. So the active power generated from all the sources satisfy
the load balance and minimize the stress into the network.
Subsequently is important to understand where the sources overstress come from.
From the results of the simulation, into the sources, the value of the current stress is
very similar at the value of power stress, except for the second period of the day. So,
in this test case, the limitation of the sources is the value of current and active power
that can generate. To solve this active power and current overstress of the sources,
a chance is to increase the rated active power of the overstressed sources. Another
solution is to install a fully controllable generator in that node to support the already
existing source at generation. Furthermore the value of power stress of sources, in
the first case, is always greater, except for the second period of the day, than that at
second case. While the current stress of sources, in the first case, is always lower
compared to that in the second case, except for the second period of the day. This is
because the power flow, in the second case, is the result of an optimization for the
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minimization of the total stress. For the case 61 and 62 the tables of the power limits
for each overstressed source aren’t reported because there are a lot of overstressed
sources that are property of end-user.
At last the current stress of feeders are resumed into the previous tables. The val-
ues of current stress of feeders, in the case 61, are similar at those related at case 62.
Furthermore the value of current stress into the feeders, during the day, is always
greater compared to that during the night.
Subsequently the overstressed feeders of case 61, with the related value of overstress,
are reported into the following table. The number of current overstress of feeders is
very small in all period of the day. Also the the overstressed feeders are close each
other, so with an intelligent decision concerning where to install a a new generator,
that works as current source, is possible to solve all these current overstress.

TABLE 10.14: Results of current overstress into the feeders, consider-
ing the radial grid, in the case 61.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom

61 1 7
1
2
3

1.07
1.12
1.12

61 3 26 2 1.18

61 3 125 2 1.17

TABLE 10.15: Results of the analysis, done with Source Locator, con-
sidering the meshed grid, in case 61.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

917 47.14 23 10.95

24(1.21), 26(1.05), 23(0.84), 125(0.82), 22(0.81),
18(0.72), 9(0.70), 7(0.57), 132(0.49), 11(0.44),
10(0.43), 3(0.41), 19(0.41), 127(0.39), 17(0.32),

27(0.26), 4(0.21), 29(0.19), 8(0.18), 6(0.15),
13(0.12), 126(0.11), 129(0.11)

28 16.67 18 5.43

105(1.01), 7(0.72), 3(0.46), 24(0.43), 26(0.37),
23(0.30), 22(0.29), 9(0.27), 18(0.25), 8(0.20),

11(0.17), 6(0.17), 127(0.15), 19(0.15), 10(0.14),
126(0.12), 17(0.11), 131(0.11)

2803 47.14 10 4.48
7(2.07), 126(0.60), 3(0.57), 8(0.25), 132(0.25),

6(0.21), 4(0.15), 131(0.14), 2(0.12), 1(0.12)

5 5.11 3 0.64 36(0.31), 7(0.20), 3(0.13)

The results, resumed into the previous table, are related at the analysis, done with
Source Locator, in which the new generator has an apparent power equal to 50 kVA.
The proposed solution is to install this generator in the node 28 that is near the pre-
vious overstressed lines. With this solution is possible to control the total current
into the overstressed lines 7 and 26, but is not possible to control the current into
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the line 125. To solve the current overstress into the feeders 125 is possible to in-
crease its section, so the ampacity will increase. Otherwise the new generator, link
at node 917, can control all the overstressed lines with a control factor that is capable
to reduce the current overstress. In this way with a new fully controllable current
sources is possible to eliminate all the current stress into the feeders and support the
distributed sources at generation.
After that the overstressed feeders, related at case 62, are reported in the following
table. In this case the overstressed feeders are the same at those of the case 61. The
difference between the first and second case is the value of overstress. Indeed the
current overstress is lower compared to the previous case and the number of over-
stressed lines is lower.

TABLE 10.16: Results of current overstress into the feeders, consider-
ing the radial grid, in the case 62.

Test
case

Period of
the day

Branch
number

Phase
Overstress

J/Jnom
62 1 7 3 1.13

62 3 7 1 1.15

62 3 7 3 1.16

TABLE 10.17: Results of the analysis, done with Source Locator, con-
sidering the meshed grid, in case 62.

Fully controllable
node

Power generate
from that node

[kVA]

Number of
controlled branches

Total control factor
J/Jnom

List of control branches
(control factor)

917 47.14 17 10.08

24(1.21), 26(1.05), 23(0.84), 125(0.82), 22(0.81),
18(0.72), 9(0.70), 7(0.56), 132(0.49), 11(0.44),
10(0.43), 19(0.41), 3(0.41), 127(0.39), 17(0.32),

27(0.26), 4(0.22)

2803 47.14 6 3.95
7(2.07), 126(0.60), 3(0.57),
8(0.25), 132(0.25), 6(0.21)

9 16.67 3 2.17 37(1.09), 7(0.65), 3(0.43)

1602 5.55 2 0.85 14(0.51), 84(0.34)

1604 5.55 2 0.85 14(0.51), 86(0.34)

The results resumed into the previous table are related at the analysis with Source
Locator in which the new generator has an apparent power equal to 50 kVA. The
proposed solution is to install this generator, that will work as current source, in the
node 9 that is near the previous overstressed line. With this solution is possible to
control the total current into the overstressed lines 7. Otherwise the new generator,
link at node 917, can control all the overstressed lines with a control factor that is
capable to reduce the current overstress. In this way with that new current sources
is possible to reduce all the current overstress into the feeders and support the dis-
tributed sources at generation in a better way compared to the previous solution.
At last is important to compare the results, between the case 63 and 64, to under-
stand if the optimal control gives the best results. In particular, in the following
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figure, is reported the comparison of the peak value of the results of the simulation,
done with SUSI3, considering the meshed grid, between the first and second case.

FIGURE 10.4: Comparison of the results between the case 61 and 62,
considering the meshed grid.

From the previous graph the optimal control gives the best results in terms of voltage
deviation, distribution loss in phase wires, loss in power sources, total power loss,
maximum active stress and current stress of power sources. While the efficiency and
the maximum current stress of feeders remain constant between the two cases.
So, for the meshed grid, the optimal control, of the active power, gives the best re-
sults in terms of management of the system. Those are benefits that characterize the
smart grid.

10.5 Analysis of the results of cases 63 and 64, of the meshed
grid.

In this section the results of the simulation, done with SUSI3 and Source Locator,
related at case 63 and 64 are reported in the following table. At first the results of the
voltage deviation, in percentage, are always much lower compared to the maximum
value. This is a very good point, for this configuration of the meshed grid, because it
confirms the advantages of the distributed generations. Indeed the voltage deviation
is very small because the distributed generators, like the photovoltaic sources and
the energy storage systems, can feed the local loads, so there will be a lower flow
of current into the grid. Moreover the voltage deviation, in the case 63, is greater
compared to that in the case 64, except for the second period of the day. This is
because in the case 64 all sources can control the generated active power. In this way
all the sources generate the active power obtained from an optimal solution. That is
a smart management of the distributed sources that characterizes the smart grid. At
last the voltage deviation, during the night, is comparable with that during the day.
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TABLE 10.18: Main results of the simulation, using SUSI3, of the
meshed grid.

Test
case

63 63 63 63 64 64 64 64 64

Day
time

1 2 3 4 0 1 2 3 4

Tolerance
on line impedance

accuracy

2% 2% 2% 2% 2% 2% 2% 2% 2%

Mean impedance
of node-to-node

paths [Ohm]

0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099 0,099

rms voltage
deviation / Vnom

0,77% 0,23% 0,87% 0,30% 2,19% 0,64% 0,26% 0,64% 0,19%

P entering grid
at node 0 [kW]

34,25 7,40 38,22 13,93 -76,02 26,66 6,28 29,04 7,09

Q entering grid
at node 0 [kVAR]

0,49 4,86 -0,87 0,55 -57,84 -2,24 -1,05 1,71 -0,90

P absorbed
by loads [kW]

231,35 207,36 204,89 60,18 225,30 235,13 208,83 209,03 61,67

Q absorbed
by loads [kVAR]

105,95 93,89 93,34 27,70 116,06 102,69 91,04 90,85 26,94

P feed
by sources [kW]

232,64 207,61 206,64 60,40 361,86 236,15 210,01 210,19 62,26

Q feed
by sources [kVAR]

121,55 100,50 122,67 41,77 181,12 119,10 91,34 111,87 32,38

P returned
to sources [kW]

0,00 0,00 0,00 0,01 133,91 0,01 0,88 0,01 0,46

Q returned
to sources [kVAR]

15,17 6,56 29,66 14,00 118,79 18,31 1,27 20,63 6,29

P troughput-grid
transport [kW]

150,53 103,98 173,58 60,31 233,17 145,67 114,36 165,37 57,87

Q troughput-grid
transport [kVAR]

82,75 77,56 97,12 35,63 168,04 79,61 55,48 88,53 27,63

Distribution loss in
phase wires [kW]

1,29 0,25 1,74 0,22 2,65 1,01 0,30 1,15 0,13

Loss in power
sources & converters

[kW]

9,08 6,56 9,39 1,48 26,28 10,20 7,99 10,59 1,68

Total power
loss w/o neutral wire

[kW]

10,37 6,81 11,14 1,69 28,93 11,22 8,29 11,74 1,81

Efficiency neglecting
neutral loss

(Total loss/power
feed by sources)

95,54% 96,72% 94,61% 97,20% 92,00% 95,25% 96,05% 94,41% 97,09%

Estimated loss in
neutral wire [kW]

0,38 0,24 0,71 0,09 1,91 0,50 0,46 0,59 0,07

Total power loss
including neutral wire

[kW]

10,75 7,05 11,84 1,78 30,85 11,72 8,75 12,33 1,88

Efficiency considering
neutral loss

95,38% 96,60% 94,27% 97,05% 91,48% 95,04% 95,84% 94,13% 96,98%

Min node
voltage vs Vnom

-2,19% -0,55% -2,58% -0,92% 0,00% -1,53% -0,60% -1,16% -0,35%

Node with
minimum voltage

1605 3005 1606 1606 0 1605 1803 1605 1605

Max node
voltage vs Vnom

0,87% 0,26% 1,15% 0,36% 3,27% 0,93% 0,50% 0,81% 0,23%

Node with
maximum voltage

917 32 917 917 3507 917 1603 917 5

Max active power
stress of sources

(P/Pnom)

51,54% 49,64% 67,60% 23,69% 102,84% 100,63% 100,40% 100,41% 100,20%

Node with maximum
active power stress

917 2304 917 2803 3503 1010 1010 5 5

Number of overstressed
sources (power)

0 0 0 0 0 0 0 0 0

Max current stress
of sources (I/Inom)

100,04% 76,73% 100,16% 58,43% 118,17% 99,72% 100,76% 114,19% 95,66%

Node with maximum
current stress

5 1501 5 1501 1605 5 5 1501 5

Number of overstressed
sources (current)

0 0 0 0 0 0 0 0 0

Max current
stress of feeders

(J/Jnom)

58,66% 45,68% 72,64% 24,29% 68,97% 45,72% 47,60% 64,14% 17,40%

Branch with
maximum

current stress

28 28 28 14 17 95 95 68 95

Number of overstressed
feeders (current)

0 0 0 0 0 0 0 0 0

Max stress 100,0% 76,7% 100,2% 58,4% 118,2% 100,6% 100,8% 114,2% 100,2%



166 Chapter 10. Demand Response

After in the previous table the main power flow are reported. In the cases 63 and 64,
the power loss into the sources is always greater than the power loss into the feeders.
This happen because the current flows into the grid is very small for the same reason
explain before. Furthermore a lot of distributed sources are overstressed so there will
be a certain power loss into the distributed sources. In particular the power loss into
the sources, in third case, is always lower compared to that at the fourth case. While
the distribution loss in phase wires, in the case 63, are always greater compared to
that at case 64, except for the second period of the day. This happen because the
optimal control exploits more the distributed sources to reduce the total stress. So
it acts on the distributed resources to minimize the flow of current into the grid, so,
consequently, the distributed resources are used for feed the local loads. In this way
the distribution loss in phase wires will decrease, while the loss in power sources
will increase. At last the loss in power sources, during the day, is comparable with
that during the night, for the same reason explain before.
The calculation of the power loss is fundamental for the efficiency. The efficiency of
a grid is a very important parameter of the power quality that gives an idea of the
management of the network. The value of the efficiency is high for each case and it
is a good point for the management of the grid in this configuration. Furthermore
the value of the efficiency, in the third case, is always greater compared to that in the
fourth case. This is because in the fourth case the active power generated from all
the sources is the results of an optimization, so the distributed sources will be more
stressed than those at third case. moreover, in the fourth case, the power loss of
distributed sources will increase. At last the efficiency, during the day, is compared
with that during the night. This happens because during the night the load absorp-
tion and the distributed generations falls, so there will be a reduction of power loss
into the sources. Furthermore there will be an increase of the flow of current into the
grid that leads at an increase of power loss into the feeders. This situation involves
into a value of efficiency that is very similar in between the day and the night.
After that is important to understand where the sources overstress come from. From
the results of the simulation, into the sources, the value of the current stress is greater
compare to the value of power stress, in the third case. While in the fourth case the
values of current and power stress of sources are approximately equal, considering
the same period of the day. So, in this test case, the limitation of the sources is the
value of current that can generate. To solve this current overstress of the sources, a
solution is to increase the rated active power of the overstressed sources. Another
solution is to install a fully controllable generator in that node to support the already
existing source at generation. Furthermore the value of power stress of sources at
third case is always lower compared to that at fourth case. While the value of the
current stress of the sources between the case 63 and 64, are about similar, except
during the night and in the second period of the day. At last the current stress of
feeders are resumed into the previous table. The value of current stress of feeders,
in the case 63, is very similar to that at case 64. Furthermore the value of current
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stress into the feeders, during the day, is always greater compared to that during the
night. This is because during the night the load consumption decrease compared to
that during the day, so the current flows falls. This is a benefit that the distributed
sources can bring with an appropriate algorithm. That is a smart management of the
sources that characterizes the smart grid.
In the following tables the overstressed sources are reported. From those results the
value of overstress into the sources at case 63 is lower compared to that in case 64.
Furthermore the number of overstressed sources, at case 63, is greater compared to
that at case 64, because the optimal control exploits more the distributed resources
compared to those in the third case.

TABLE 10.19: Overstressed power source at case 63.

Day
time

Node
Overstressed

A/Anom
Qsat

[kVAR]
1 5 1.36 14.91

1 1501 1.94 10.74

1 1107 1.44 21.54

1 2001 1.41 21.62

3 5 1.53 15.28

3 1107 1.23 22.14

3 1501 1.75 11.06

3 2001 1.50 22.14

In particular the overstressed sources are always very small because they are prop-
erty of end-user, such as domestic or industrial. So it is very simple to reach the up-
per limit of active and reactive power and overcome it. Moreover the overstressed
distributed sources are very close each other, so with a new generator is possible to
reduce the overstress of those overstressed sources. Indeed if the dispatcher decides
to connect a new generator, that works as current source, close to the overstressed
sources, is possible to support the nearby overstressed sources at load balance and
minimization of the total stress. In particular the node, in which we decide to link
the new current source, will be a new fully controllable node. Otherwise is pos-
sible to increase the rated active and reactive power of those overstressed sources.
Furthermore the overstressed sources of the third case are overstressed also in the
fourth case. While in the case 64 appear overstressed sources that in case 63 aren’t
overstressed. This happen because the optimal control exploit more the distributed
sources to minimize the total stress. In this way the flow of current, into the grid, will
decrease as the current stress of feeders. While the active power stress of distributed
sources will increase due to the optimal control. At last a very important results is
that the overstressed sources are always the same generally. So if we chose a solu-
tion to reduce the overstress of sources, in the worst case, consequently, in the other
cases, the overstress of sources will decrease. In this way with only a new current
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source is possible to reduce the overstress of distributed resources in different cases
and different period of the day.

TABLE 10.20: Overstressed power source at case 64.

Day
time

Node Overstressed Apply limit

1 5
P/Pnom =5.04
A/Anom =1.43

Psat=13.80kW
Qsat =6.46kVAR

1 1501 A/Anom =1.37 Qsat =10.90kVAR

1 1602 P/Pnom =1.15 Psat=5.00kW

1 1604 P/Pnom =1.15 Psat=5.00kW

1 1004 P/Pnom =1.32 Psat=3.00kW

1 1005 P/Pnom =2.02 Psat=3.00kW

1 1010 P/Pnom =2.81 Psat=3.00kW

1 1606 P/Pnom =1.44 Psat=3.00kW

1 1107 A/Anom =1.25 Qsat =21.54kVAR

1 2001 A/Anom =1.33 Qsat =21.50kVAR

1 3503 P/Pnom =1.20 Psat=3.00kW

2 5 P/Pnom =1.59 Psat=13.80kW

2 1010 P/Pnom =1.26 Psat=3.00kW

3 5
P/Pnom =5.43
A/Anom =1.40

Psat=13.80kW
Qsat =6.47kVAR

3 1004 P/Pnom =1.43 Psat=3.00kW

3 1005 P/Pnom =2.31 Psat=3.00kW

3 1010 P/Pnom =2.78 Psat=3.00kW

3 1602 P/Pnom =1.13 Psat=5.00kW

3 1604 P/Pnom =1.14 Psat=5.00kW

3 1606 P/Pnom =1.21 Psat=3.00kW

4 5 P/Pnom =1.85 Psat=13.80kW

At last is important to compare the results, between the case 63 and 64, to understand
if the optimal control gives the best results. In particular, in the following figure, is
reported the comparison of the peak values of the results of the simulation, done
with SUSI3, considering the meshed grid, between the third and fourth case. From
the previous graph the optimal control gives the best results in terms of voltage
deviation, distribution loss in phase wires and maximum current stress of feeders.
While the efficiency and the total power loss remain constant between the two cases.
Moreover, in third case, the loss in power sources, the current stress and power stress
of sources are lower compared to those at fourth case. This is because the optimal
control, of the active power, exploits more the distributed sources to reduce the flow
of current into the grid. Consequently the distributed resources are more stressed in
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reverse of the feeders that will be less stressed. Rather than the distributed sources
are very small so it is very simple to reach the upper power limit and overcome it.

FIGURE 10.5: Comparison of the results between the case 63 and 64,
considering the meshed grid.

So, for the meshed grid, the optimal control, of the active power, gives the best re-
sults in terms of management of the system. Those are benefits that characterize the
smart grid.

10.6 Comparison between the radial and meshed network.

In this section a comparison of the peak value of results relative the analysis done
with SUSI3, between the radial and meshed grid, for each case, is reported. In the
following graph the first case is considered.

FIGURE 10.6: Comparison of the results between the radial and
meshed grid, case 61.

From the previous graph the meshed grid gives the best results, in terms of voltage
deviation, distribution loss, total power loss, current stress and power stress into the
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sources and current stress of feeders. In particular, in the meshed grid, the current
stress decreases because the added lines offer new path in which the current can
flow, so th stress of the feeders will decrease. Moreover the added lines approaching
a greater number of distributed sources with the loads, so there will be more support
between the distributed sources. While the loss in power sources and the efficiency
remain constant between the radial and meshed grid.
So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a
better management of the system.
In the following graph the second case is considered.

FIGURE 10.7: Comparison of the results between the radial and
meshed grid, case 62.

From the previous graph the meshed grid gives the best results, in terms of voltage
deviation, distribution loss, total power loss, power stress into the sources and cur-
rent stress of feeders. In particular, in the meshed grid, the current stress decreases
because the added lines offer new path in which the current can flow, so th stress of
the feeders will decrease. Moreover the added lines approaching a greater number
of distributed sources with the loads, so there will be more support between the dis-
tributed sources. While the loss in power sources, the efficiency and the maximum
of current stress of sources remain constant between the radial and meshed grid.
So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a bet-
ter management of the system.
In the following graph the third case is considered. From the following graph the
meshed grid gives the best results, in terms of voltage deviation, distribution loss,
current stress and power stress into the sources and current stress of feeders. In
particular, in the meshed grid, the current stress decreases because the added lines
offer new path in which the current can flow, so th stress of the feeders will decrease.
Moreover the added lines approaching a greater number of distributed sources with
the loads, so there will be more support between the distributed sources. While
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the loss in power sources, the total power loss and the efficiency remain constant
between the radial and meshed grid.

FIGURE 10.8: Comparison of the results between the radial and
meshed grid, case 63.

So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a
better management of the system.
In the following graph the fourth case is considered.

FIGURE 10.9: Comparison of the results between the radial and
meshed grid, case 64.

From the following graph the meshed grid gives the best results, in terms of voltage
deviation, distribution loss in phase wires, current stress and power stress into the
sources and current stress of feeders. In particular, in the meshed grid, the current
stress decreases because the added lines offer new path in which the current can
flow, so th stress of the feeders will decrease. Moreover the added lines approaching
a greater number of distributed sources with the loads, so there will be more support
between the distributed sources. While the loss in power sources, the total power
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loss and the efficiency remain constant between the radial and meshed grid.
So, in this case, we obtain the best results, considering the previous graph and the
results reported in the following table, with the meshed grid because it allows a bet-
ter management of the system.
In conclusion the best configuration of this grid is that meshed with the optimal con-
trol of the active power on, because we obtain a better management of the system.
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Conclusion

This chapter deals with the considerations about the results reported in the previous
chapter.

11.1 General considerations about the results.

In this section general considerations about the results reported in the previous chap-
ters are reported. In particular for all the cases the optimal control, in the meshed
grid, allows a better management of the system.
The meshed grid allows a better management of the grid because it will introduce
new paths in which the current can flow, so there will be a better distribution of
the current into the network. Indeed with these new paths the current will be more
widespread and this involves in a better management of the system in terms of a re-
duction of the voltage deviation, distribution losses and the current stress of feeders.
Indeed the flow of current, into the network, is more widespread and will reduce,
due to the presence of the new lines, so the electrical quantities, first mentioned, will
decrease. Furthermore these new paths approaching the loads with the distributed
renewable sources more compared to the radial grid. So a distributed source will see
a greater number of loads. That will lead to a different results that are important to
evaluate. The first one is that the distributed source will be more stressed in terms of
active power and, consequently, the internal active power losses of that sources will
increase. Indeed if that source supplies a greater number of loads it has to increase
the generated active power up to the upper limits of active and reactive power of
the inverter. So that sources will generate the maximum active and reactive power
and the rest of the active power will be distributed between the rest of the nearby
sources. The second results is that the distributed sources will be more close each
other, so there is a better management of the distributed generation. This is an im-
portant fact because is fundamental that the distributed sources help each other at
generation of active and reactive power. Furthermore this will lead to a reduction of
the stress, in terms of the active and reactive power, of the sources. So the increase
of the active power stress of sources, due to a greater number of loads to be fed, is
counterbalanced by the support of a greater number of nearby sources. These are
the advantages due to the meshed grid.
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The optimal control allows to generate, in an optimal way, the active and reactive
power. Indeed the algorithm calculates the active and reactive power, that each
source has to generate, minimizing the cost function and taking into account the up-
per limits of active and reactive power of each sources. In some cases it will lead to
an increase of the active and reactive power generated by a sources and it will in-
crease the active power stress of that source. However, from the results, the increase
of the active power stress is generally not so high so is not a problem. To solve the
increase of the active power stress of source a solution is to introduce a new cur-
rent source in the network, with a given apparent power. That new source will be
connected to a node close to the overstressed sources to support those overstressed
sources at generation. So the optimal control allows a better management of the grid
because it is possible to generate the active and reactive power in an optimal way.

11.2 Future developments of the algorithm SUSI3.

In conclusion is important to consider the future perspectives of this algorithm for
the calculation of the optimal power flow. Differently from the other algorithm, in
SUSI3 the cost function is the sum of the total stress into the sources. In the future
version of this algorithm will be include, into the cost function, a component that
taking into account the cost of generation of each source, such as described in the
following formula. Moreover will be fundamental taking into account the temporal
change of loads. Indeed for now the algorithm calculates the optimal power flow
considering in stationary system in which the loads do not vary. In the next ver-
sion will be fundamental to vary loads with the time to consider how respond the
network. So the cost function will be the following.

Ci(pi(t), qi(t), t) = Φtotal + Ψgeneration (11.1)

Where the Φtotal is the total stress into the system and the Ψgeneration is the economic
cost function. At last will be necessary consider all the new directive of energy that
are coming out to achieve the goals of increasing power generated by renewable
sources, increasing the efficiency and to create a new global market of energy. Indeed
there will be new rules in the market of energy that SUSI3 has to consider to calculate
the optimal power flow of the innovative system.
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Appendix A

Manual of SUSI3

A.1 Node description matrix.

Dnode is a N x 26 matrix, where N is the number of grid nodes. Each node is de-
scribed by a row of the matrix, and includes the following elements:

1. Node number: this is an integer positive (0=none).

2. Category: this is an integer positive (0=none), which defines the category of
node (pure load, PCC, voltage source, prosumer, etc.). Category definition is
free and may be useful because output data aggregate by category.

3. Connection: this is an integer non-negative, which defines how the load/source
is connected. For single-phase grids the connection is always from phase to
neutral, while in three-phase grids we have the following options:

(a) 0 means that the load/source is three-phase three-wire (delta-connection
or wye connection w/o neutral);

(b) 1 (or 10) means that the load/source) is single-phase, connected from
phase 1 to neutral; similarly for 2 (20) and 3 (30);

(c) 12 (or 21) means that the load/source is single-phase, connected line-to-
line from phase 1 to phase 2 (or vice-versa); similarly for 23 (32) and 31
(13);

(d) 4 (or 40) means that the load/source is three-phase four-wire (wye con-
nection to neutral).

4. Group 1: this an integer positive, which allows nodes to be grouped according
to different properties (e.g., location in the grid). Output data aggregate by
group.

5. Group 2: same as Group1, allowing another aggregation of nodes.

6. Type: there are three options for this integer number (-1, 0, +1):

(a) type = 0 means that a pure passive load is connected to the node;

(b) type=1 means that a voltage source (+ passive load) is connected to the
node;

Tommaso
Matita
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(c) type=-1 means that a current source (+ passive load) is connected to the
node.

7. Control bound (ctrl): this integer code (values: 0, 1, 2, 3) describes the control
properties of the entity connected to the node:

(a) for pure loads (type=0)

i. ctrl=0 (default) means that load obeys shedding/reduction commands
on both active and reactive power;

ii. ctrl=1 means that active power absorption is fixed, while load obeys
to shedding/reduction commands on reactive power;

iii. ctrl=2 means that reactive power absorption is fixed, while load obeys
to shedding/reduction commands on active power;

iv. ctrl=3 means that both active and reactive power absorption are fixed,
and the load ignores power shedding/reduction commands;

(b) for voltage sources (type=1)

i. ctrl=0 (default) means that the source can control both d-axis and q-
axis voltages (case of grid-tied voltage-source inverters);

ii. ctrl=1 means that the voltage fed by the source is fixed on the d-axis,
while can be regulated on the qaxis;

iii. ctrl=2 means that the voltage fed by the source is fixed on the q-axis
and can be regulated on the d-axis (case of tap changers);

iv. ctrl=3 means that the voltage fed by the source is fixed on both d-axis
and q-axis (case of power transformers).

(c) for current sources (type=-1)

i. ctrl=0 (default) means that the source can control both the currents
on d-axis (active current) and on the q-axis (reactive current);

ii. ctrl=1 means that the current on the d-axis is fixed, while the current
on the q-axis can be regulated;

iii. ctrl=2 means that the current on the q-axis is fixed, while the current
on the d-axis can be regulated;

iv. ctrl=3 means that both currents on the d-axis and q-axis are fixed, and
no control is possible.

8. Rated P load (kW): rated active power of the load connected to the node (0=none).
The power represents the total of all connected phases.

9. Rated Q load (kVAR): rated reactive power of the load connected to the node
(0=none). The power represents the total of all connected phases.

10. Actual P load (kW): actual active power absorbed by the load connected to the
node (0=none). The power represents the total of all connected phases.
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11. Actual Q load (kVAr): actual reactive power absorbed by the load connected
to the node (0=none). The power represents the total of all connected phases.

12. Reduction of load power absorption at daytime 1 (%).

13. Reduction of load power absorption at daytime 2 (%).

14. Reduction of load power absorption at daytime 3 (%).

15. Reduction of load power absorption at daytime 4 (%).

16. Rated P source (kW): rated active power of the source connected to the node
(0=none).

17. Rated Q source (kVAR): rated reactive power of the source connected to the
node (0=none).

18. Voltage difference on d-axis (% value vs rated line voltage): this quantity, de-
fined only for voltage sources, is used if the fix voltage impressed on the d-axis
by the voltage source connected at the node does not coincide with the d-axis
voltage impressed at reference node. This may be useful in case of multiple
PCCs to analyze the effect of tap changers.

19. Voltage difference on q-axis (% value): same as above for the q-axis.

20. Source efficiency: this is the efficiency of the source (including the converter
interface) at rated power, and serves to estimate the power loss occurring in
the sources in the various operating conditions. For this purpose, the source is
modeled with the equivalent series resistance computed in rated conditions.

21. Actual P source (kW): actual active power fed by the source connected to the
node (0=none). This is useful to represent the behavior of distributed power
sources. The power represents the total of all connected phases.

22. Actual Q source (kVAR): actual reactive power fed by the source connected
to the node (0=none). This is useful to represent the behavior of distributed
power sources. The power represents the total of all connected phases.

23. Reduction of source power generation at daytime 1 (%).

24. Reduction of source power generation at daytime 2 (%).

25. Reduction of source power generation at daytime 3 (%).

26. Reduction of source power generation at daytime 4 (%).
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A.2 Boundary description matrix.

Dbound is a M x 10 matrix, where M is the total number of boundaries. Each bound-
ary defines a matrix row, and includes the following elements:

1. Case number: this positive integer identifies the test case to which the bound-
ary refers. I fact, each test case is defined by a set of boundaries, that share the
same case number.

2. Boundary type: this integer number identifies the entity to which the boundary
applies

(a) type=0 means that the boundary applies to a specific branch;

(b) type=1 means that the boundary applies to a specific node;

(c) type=2 means that the boundary applies to a specific category of nodes;

(d) type=3 means that the boundary applies to a specific group of nodes;

(e) type=-1 means that the boundary applies to all nodes (but reference node);

(f) type=-2 means that the boundary applies to all categories of nodes;

(g) type=-3 means that the boundary applies to all groups of nodes.

3. Bounded entity: this integer identifies the branch/node/category/group to
which the boundary applies. Note that node 0 is the reference node.

4. Bounded phase(s): this option applies only to branches, and the number iden-
tifies the phase, or phases, subject to the boundary. This allows, for example,
binding to zero the current in a specific phase of a branch. Setting this param-
eter to 1 binds phase 1 (same for 2 and 3), setting to 12 binds phases 1 and 2
(same for 23 and 31), while setting it to 0 (default) binds all phases.

Load boundary / Branch boundary (power): The following three items refer to the
boundary applicable to the load(s) connected to the bounded node(s) / branch.

5. Boundary code: this integer defines the function of the boundary (0=none)

(a) code=1 means that the bounded quantity is the active power absorbed by
the load and that the boundary is expressed as percent of rated load active
power (percent value is given in field 5);

(b) code=2 means that the bounded quantity is the reactive power absorbed
by the load and that the boundary is expressed as percent of rated load
reactive power (percent value is given in field 6);

(c) code=3 binds both active and reactive power as percent of rated load
power (fields 5 and 6);

(d) code=4,5,6 is the same as above, but the boundary is given as percent
value of the actual load power, as defined in matrix Dnode;
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(e) code=7,8,9 is the same as above, but the boundary is given in absolute
terms (kW, kVAr).

The same codes apply to branches too. However, the values in fields 5 and 6 always
refer to absolute quantities (kW, kVA).

6. Bounded active power: the meaning of this value (%Prated, %Pactual, kW)
depends on the previous code.

7. Bounded reactive power: the meaning of this value (%Qrated, %Qactual, kVAR)
depends on the previous code.

Source boundary / Branch boundary (balance): The following three items refer to
the power boundary applicable to the source(s) connected to the bounded node(s) /
branch.

8. Boundary code: this integer defines the function of the boundary (0=none)

(a) code=1 means that the bounded quantity is the active power fed by the
source and that the boundary is expressed as percent of rated source ac-
tive power (percent value is given in field 9);

(b) code=2 means that the bounded quantity is the reactive power fed by
the source and that the boundary is expressed as percent of rated source
reactive power (percent value is given in field 10);

(c) code=3 binds both active and reactive power as percent of rated source
power (fields 9 and 10);

(d) code=4,5,6 is the same as above, but the boundary is given as percent
value of the actual power fed by the source, as defined in matrix Dnode;

(e) code=7,8,9 is the same as above, but the boundary is given in absolute
terms (kW, kVAR).

(f) code=-1 resets all boundaries previously defined for the same node(s) in
the same test case;

(g) code=-2 defines the current node as a slack node; this command is only
applicable to sources and has a twofold effect: first, it resets any previous
constraints set for the node(s) in the same test case; second, it removes
any power and current limitations.

The same codes apply to branches too, with a different meaning.

• code=1 (or 4 or 7) means that the active power must balance in the phases
defined in field 4;

• code=2 (or 5 or 8) means that the reactive power must balance in the phases
defined in field 4;
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• code=3 (or 6 or 9) means that both active and reactive power must balance in
the phases defined in field 4.

9. Bounded active power: the meaning of this value (%Prated, %Pactual, kW)
depends on the previous code. This field is unused for branches.

10. Bounded reactive power: the meaning of this value (%Qrated, %Qactual, kVAr)
depends on the previous code. This field is unused for branches.
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