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Resumo

O desenvolvimento economico e o crescente uso de novas tecnologias por parte dos
consumidores fazem com que o fornecimento de energia, bem como a qualidade da mesma,
se torne uma séria preocupacdo. Uma forma de abordar essa preocupacdo é implementando
sistemas de distribuicao automatizados com tecnologias inteligentes para melhorar a
fiabilidade e a eficiéncia da operacao de sistema. Os sistemas elétricos atuais estao em
evolucao devido as novas funcionalidades que o sistema elétrico devera ter, nomeadamente a
integracao de fontes de energia renovaveis em grande escala, a integracdo de veiculos
elétricos, a implementacao de tecnologias de redes inteligentes, entre outras. Neste cenario,
os Sistemas de Distribuicao Inteligentes (SDI) devem operar e restaurar o servico interrompido
aos consumidores. Para que o sistema ganhe esta capacidade, é necessario substituir os
interruptores manuais por interruptores controlados de forma remota, melhorando a
capacidade de restauracao do sistema tendo em vista a implementacao de redes inteligentes.
Este trabalho tem como objetivo desenvolver um novo modelo, determinando o conjunto
minimo de interruptores a substituir para automatizar o sistema, juntamente com uma
analise de sensibilidade sobre a posicao dos novos interruptores, que podem ser colocados no
mesmo local dos substituidos ou num novo local. Neste trabalho as topologias sdo também
otimizadas tendo em conta indices de fiabilidade e perdas de energia. A otimizacdo do
sistema € feita considerando a integracao de fontes de energia renovaveis na rede e sistemas
de armazenamento de energia, simultaneamente com os requisitos econdmicos e funcionais
do sistema. A ferramenta computacional é testada usando o sistema de teste IEEE 119 Bus,

onde sao considerados varios tipos de carga (residencial, comercial e industrial).

Palavras-chave— Automacao de Distribuicao, Sistemas de Distribuicao Inteligentes,

Fiabilidade, Redes Inteligentes, Restauracao de Servico
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Abstract

Economic development and the use of more and more technologies by consumers pushing
upwards the demands of consumers for reliable and quality energy supply. And, this is
becoming critical concern for service providers. The increasing penetration of variable
energy sources is even exacerbating the situation further; system operators in general are
finding it increasingly difficult to deliver energy that meets the standards set by regulators
and consumers themselves. Novel solutions should be at the system operators’ disposal,
particularly at distribution levels. One way to partly address this concern is through the
implementation of automated distribution systems with intelligent technologies which
improves the systems reliability and efficiency during operation. The present electrical
systems are evolving due to the new functionalities that the electrical system is expected to
have, namely the integration of renewable energy sources in large-scale, the integration of
electric vehicles, enable smart grid technologies, among others. In this scenario, Distributed
Smart Systems (DSSs) should operate and restore discontinued service to consumers. In order
for the system to gain such ability, it is necessary to replace the manual switches for
remotely controlled switches, improving the system restoration capability having in view the
Smart Grids implementation. This thesis aims to develop a new model, determining the
minimal set of switches that have to be replaced in order to automate the system, along
with a sensitivity analysis on the position of the new switches, whether it should be placed
in the same place as the manual switch or in a new location. In this work, different
topologies are assessed taking into account different reliability indices and power losses. The
optimization of the system is made considering the renewable energy sources integration in
the grid, energy storage systems simultaneously with the economic and functional
requirements of the system, in order to improve the system reliability. The computational
tool is tested and validated on the IEEE 119 Bus test system, where different types of load
are considered (residential, commercial and industrial).

Keywords—Distribution Automation, Distributed Smart Systems, Reliability, Self-healing,

Smart Grid, Service Restauration.
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Chapter 1

Introduction

This chapter presents a brief introduction to the topic, the problem definition and
motivation, and the research objectives. This chapter also presents the methodology used in

the work as well as the structure of the dissertation.

1.1 Background

Over the last century, the structure of the electric power system has been viewed, from
the operation point of view, as a hierarchical structure. This traditional way of looking at the
electric power system has 4 levels: production, transmission, distribution and consumption.
This hierarchical system implies that the energy flow is unidirectional, from the highest levels
of the hierarchy (large-scale production) to the lowest levels (consumption), both
interconnected by the intermediate levels transport and distribution. This has several
advantages, namely in terms of the production efficiency of large plants and the simplicity of

transport and, above all, distribution. However, this structure has some disadvantages:

e The long distance between the points of production and consumption causes large
infrastructural expenses on transmission networks and increases energy losses by
transmission, which are as big as the distance traveled;

e Usually large production plants exploit resources that cause major environmental
damage with the emission of harmful gases into the atmosphere, thus increasing
the negative environmental impact;

e The networks hierarchical structure implies that, if there is a problem at a higher
level, a large part of the network and its elements at lower levels are also

affected.



2 Introduction

It is in this context that, in recent years, a change of perspective of the electric energy
system arises. The substantial increase in the interest of exploring more and more renewable
energy sources is not compatible with the conventional form of the electrical system, so a
restructuring of the electrical industry was necessary, which led to the separation of the
different sectors previously integrated vertically, favoring the access to networks and
creating competitive markets. Thus, the evolution to a liberalized market, along with the
benefits of renewable exploration, has led the world governments to actively promote the
adoption of distributed generation.

Recent technological developments have also contributed to the development of well-
adapted applications in the field of distributed generation (wind generators and photovoltaic
panels), but not only. From the technical point of view, the increasing penetration of
distributed generation has strong implications such as problems at the stability levels of the
operation and changes on the voltage profiles, resulting from the injection of energy into the
distribution networks. As possible solutions to some of these problems, other technologies of
interest appeared to improve the system’s stability and reliability. An example of such
technologies are energy storage systems, which together with the increasing penetration of
renewable energy sources based distributed generation (RESs-based DGs) have helped to
make the system smarter, moving more and more towards what it is today called a smart
grid.

Another developed technology that helps this transformation and increases the system
automation was the creation of the remotely controlled switches. Replacing the manual
switches with these smart switches helps increase system reliability. The restoration of
networks is a very important technique and must be done as quickly as possible so as not to
compromise the energy supply to consumers. In Figure 1.1 are presented several key
technologies and important aspects to develop the future smarter infrastructure grid.

Thus, it has been concluded that the distribution system automation has become very
important in recent years in an attempt to make the grid as reliable as possible, while at the
same time increasing in renewable energies exploitation.
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Figure 1.1- Future smarter infrastructure grid technologies [1].



Problem Definition 3

1.2 Problem Definition

The economic development and the increase use of new technologies by consumers
make the energy supply and the quality of energy a serious concern. One way to address this
concern is to implement automated distribution systems with intelligent technologies to
improve the reliability and efficiency of system operation. Current electrical systems are
evolving due to the new features that the electrical system should have, namely the
integration of large-scale renewable energy sources, the integration of electric vehicles, the
implementation of smart grid technologies, among others. At the same time, there is the
integration problem of RESs, especially with regard to the uncertainty and variability of these
resources that affect the operation of the system on a large scale.

In this scenario, intelligent distribution systems must operate and restore the
discontinued service to consumers. In order for the system to gain this capability, it is
necessary to replace the manual switches with remotely controlled switches, improving the
system restoration capability for the implementation of smart grids. Therefore, one of the
problems is how identify the minimum set of switches to be updated from manual to
automatic based on dynamic reconfiguration. Once the previous problem is solved, a new
problem arises in terms of system operation due to the new network topological options.
Which is the best topology to be used considering several reliability indices and system power
losses at different hours throughout the day?

In this framework it is therefore necessary to develop operational models to solve the
problems raised taking into account the system operational, economic and reliability

constraints as well as meet international environmental objectives.

1.3 Research Objectives

The main objectives of this dissertation are:

e To develop an improve stochastic mixed integer linear programming (SMILP)
operation model considering the presence of Distributed Generation based
renewables, Energy Storage Systems and dynamic reconfiguration.

e Create a methodology on the system sensitivity analysis to identify the minimum
set of switches to be updated from manual to automatic based on dynamic
reconfiguration.

e Identify whether the automate switches will be placed, if only in places were
manual switches exist or also in other places.

e Identify switches that require more maintenance due to dynamic

reconfiguration.



4 Introduction

e To study and optimize the network different topologies taking into account
different reliability indices (System Average Interruption Duration Index- SAIDI-

and System Average Interruption Frequency Index- SAIFI) and power losses.

1.4 Research Methodology

The proposed optimization model is a stochastic mixed integer linear programming
(SMILP) type, for which there are quite many efficient off-the-shelf solvers. The model aims
to optimally operate distribution network systems, featuring large-scale DERs, during the
course of a day (i.e. over a period of 24-hours). The problem is programmed in GAMS 24.0 and
solved using the CPLEX 12.0 solver. All the simulations are conducted in an HP Z820
workstation with two E5-2687W processors, each clocking at 3.1GHz frequency, and 256 GB of
RAM.

1.5 Thesis Structure

This dissertation is divided in six chapters. Chapter 2 presents the state of art and the
related concepts on the topic being studied. In Chapter 3 it is established the mathematical
model developed, from the objective functions to the constraints used. Chapter 4 lists the
electrical system data used, as well as all the assumptions taken to solve the problem. All the
results of the simulations are presented and discussed in Chapter 5. Finally, Chapter 6
highlights the main conclusions of this work, the future works that can be done as well as the

contributions of this dissertation.



Chapter 2

State of Art

This chapter presents the state of art and the concepts related to the automation of the
electrical distribution system, with respect to the Distribution System Reconfiguration
(DSR), in the presence of Renewable Energy Sources (RESs) and Energy Storage Systems
(ESSs), as well as the electrical system transformation and restoration process. Finally, an
overview of the bibliographic review is also presented, focusing on the works most directly
related to the present work, where the contribution of this work is evidenced in relation to

those present in the bibliography.

2.1 Distribution System Reconfiguration (DSR)

2.1.1 Introduction and Definition

The distribution network is the electrical power system infrastructure section
responsible for connecting the energy coming from the transmission network to the final
consumers. The operation of these systems comes with a set of challenges, namely in terms
of power losses. The power losses in the distribution network represent about 60-70% of the
total losses in the electrical power system, which means that the reduction of those losses is
a major priority in operational and economical terms. In addition, the increasing integration
of variable loads and RES make conventional system operation strategies less efficient and
more difficult to operate. One of the solutions to minimize the losses and help to integrate
more RESs is the DSR [2]-[4].

DSR can be defined in a generic way, as a set of real-time procedures performed in order
to lead to the change of the electrical network topology, so that it better adapts to the
changes occurred in the energy production and/or consumption. These changes are ensured
by the switching operations of the various switches installed in the network that enable or

disable specific branches [4]-[9].
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DSR objectives can have several objectives, such as [10]:
e Power losses reduction;
e Reliability improvement;
e Line maintenance costs reduction;
e Energy quality improvement;

e Voltage stability margin improvement.

2.1.2 Technology and Requirements

As mentioned earlier, DSR is ensured by the switches installed in the network, which
allow to change the topology of the distribution network. There are two types of switches:
those normally open, known as tie switches, and those that are normally closed, the
sectionalized switches. DSR can operate both in normal or emergency conditions and,
although it was created with the purpose of obtaining a network radial topology that leads to
the least losses possible, today is also used to reduce system interruptions that affect
consumers, with the goal to improve the system global reliability. The DSR contributes to

improve system reliability can be seen in Figure 2.1. [11]:
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Figure 2.1- DSR contributes to improve system reliability.
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2.1.3 Advantages and Challenges

Reconfiguration is an important task since by changing the grid topology it allows the
operator to reduce the operational power losses as well as allows the network to accept a
greater amount of RESs, unlike static networks. Furthermore, it also helps the network
operator to avoid network capacity violations or overvoltage’s. At the distribution network
level, DSR can also help the network operator to restore service after accidents that lead to
service failure and help prevent other service interruptions and corresponding penalties. In
the case of networks with DGs, reconfiguration can also help reduce losses and prevent
current and voltage violations that may be caused by the presence of DGs itself [9], [11],
[12].

A reconfigurable network can change its topology by switching operations, whose
positions determine the active or inactive operation of a line. However, the network topology
depends on several parameters and needs to be updated according to the data received on a
daily, weekly, monthly or seasonal basis, to be correctly adapted to the changes it is
subjected to throughout its operation [6]-[8], [10], [13], [14].

DSR has had as its main objective the reduction of electrical power losses. However,
when considering real-time automatic reconfiguration (dynamic reconfiguration), there are

some challenges to consider, such as [15]:

e A cost-benefit relationship needs to be established to determine the need and
the effectiveness of the reconfiguration;

e The network must be flexible enough to allow reconfiguration;

e The technical viability of the switching operations must be studied in real

time, considering the availability of real-time measurements of the network.

Agents involved in a distribution network can be identified by buses where power is

injected or consumed and lines, which serve as a link between several buses [13].

2.1.4 Switching Frequency

The DSR has a great economic potential of cost reduction if the switching operations are
optimized for an optimum frequency. In order to analyze daily, weekly, monthly, and
seasonal reconfiguration plans for a consecutive year, studies were carried out in which
manual switches were replaced by intelligent control switches and, according to the results,

the changing of the switching frequency led to great economic savings [10].
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2.2 Renewable Energy Sources (RES)
2.2.1 The Need for Change

Recently, the introduction of RESs has become a global need, given the great technical,
economic and environmental advantages of its integration [16]-[20]. Three of the main
reasons for this shift in the energy paradigm are [21]:

1. Environmental problems leading to increasing concerns;

2. The large transmission distances between production and consumption points, which
result in high electrical power losses;

3. The demand increase that leads to more congestion in feeders.

As the years pass by, there are more and more government measures in countries all
around the world that are conducting their efforts with the common goal of replacing all
large traditional fossil-based power plants with RES-based generating units [21], [22].

One technique used to reduce energy losses in the distribution system is the
interconnection of a local generation unit, since a production closer to consumption will
reduce the losses that normally occur in the transport of energy between generation and
consumption points. Examples of these local production units are the small generators that
exploit renewable energy resources (mainly solar and wind farms, but also mini-hydro and
biomass). Typically, this type of generation is known as distributed generation, which consists
of lower power generators that are strategically connected directly to the distribution
network [5], [17]-[19], [21], [22]. The energy generated from RES-based DGs is constantly
growing, as [5] shows in Figure 2.2.

This growth is expected to continue, with RES penetration expected to exceed 25% of
the total energy capacity generated soon in developed countries. Studies also show that the

use of RES can reduce carbon emissions by 60% by the year 2050 [5].
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Figure 2.2- RESs-based energy generation annual capacity [5].
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Traditionally, the DGs was dedicated to the energy production close to the loads or in an
isolated way, being defined as a source of energy directly connected to the distribution
network or to the consumer. However, DGs are becoming increasingly important in the
context of the energy production decentralization and the high RESs penetration,
contributing to the network with technical, economic and environmental benefits. Among
them [23]:

e Power losses reduction in feeders;

e Voltage levels stability improvement;

e Fuel cost reduction;

¢ Independence of large traditional producers;
e Lower electricity price;

e CO; emissions reduction
2.2.2 RESs-based DGs Integration Challenges

Given the passive configuration of the distribution networks, integrating DGs on a large
scale is not technically feasible, since it brings major challenges for the system operation,
especially in terms of energy quality and stability [16], [17]. Therefore, the disadvantages of
integrating DGs into the network are due to the changes in the distribution system, since in
most cases the network isn’t technically prepared to receive de DGs or to lead with the

effects of its integration. The main challenges for the RES-based DG integration are [23]:

e Bi-directional power flow;
e Higher system frequency oscillations;
¢ Need to redesign all network protection systems;

e Uncertain production (due to the stochastic nature of the sources).

These limitations can, however, be mitigated as soon as the distribution networks complete

its evolution process to active grids (smart grids) [16].
2.2.3 DGs Size and Installation Optimization

Given the technical-economic factors, the integration of RESs in the electrical system
cannot be delayed [24]. However, although the use of RESs contributes positively to the
environment, they also contribute to considerable uncertainty as regards to the energy
production.

Therefore, it’s very important for the distribution system that optimal models are
developed to best resolve DG planning. In case of an energy demand rise, distribution
companies invest in feeders, DG units or any combination of them. One of the great
challenges is the optimally allocating and dimensioning of the new DG units in the network
[17], [18], [21]-[23], [25].
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Given the challenges that come with the high RESs penetration, their integration into the
network still requires adaptation processes to improve network flexibility. From the network
stability and reliability perspective, the integration of RESs-based DG creates major technical
challenges, given the great variability of operation that makes it difficult to control the
planning and operation of the system. In this context, mathematical models are developed
considering the design and location of ESSs and reactive power sources that, together, favor
the penetration of RESs. In addition, energy losses, carbon emissions and their costs can be
reduced, and the network can also benefit from an improved voltage stability [17], [26].

2.2.4 RES-based DGs Integration: current world position

The need for electricity is increasing, given the fast fossil resources depletion that have
always been exploited as the main source of energy. Moreover, the fact that a large number
of producing countries are located in unstable geopolitical areas, together with global
warming, lead to the search for new energy sources [18], [27].

In this context, governments all over the world direct all their efforts in an attempt to
promote the RESs exploitation, since they are resources with no shelf life and that they don’t
have great risks of accident associated with their exploitation and maintenance [27]. To cope
with the climate change and achieve acceptable levels of carbon gas emissions, developed
countries must develop strategies to adapt to a new pattern of economic development based
on a perspective of reducing environmental damage and thus create a new and sustainable
way of looking at energy [28], [29].

Despite having considerable installation costs, renewables are the key element of the
new priorities of the European energy policy. The significant potential for exploration in
Europe, given the large resources available, gives the European Union (EU) the possibility of
creating an energy sector that can be competitive and reliable, while at the same time
sustainable. In addition, other political advantages are [27]:

e Reducing dependence on energy imports;
e Energy security of supply improvement;

e Carbon emissions reduction.

World leaders demand an immediate reduction in the emission of polluting gases into the
atmosphere, setting very ambitious targets for 2050. The EU states have already established
that by 2050 gas emissions must be 80-95% below 1990 levels. Another European strategy is to
reduce the same levels by 20% by 2020 [27]. For example, in Germany the high number of
renewables installed is also causing changes in the system operation and influencing coal-
fired power plants, traditionally the largest source of energy in that country. In 2034, the
total power capacity extracted from wind and sun is predicted to be approximately 173 GW
double the current peak in the country [28].

In the United States, a country known by its high energy consumption, most part of
energy comes from thermal power plants (68.4%). However, according to plans for energy
announced by the US Department of Energy in 2030, 20% of the country's electricity will be
generated from the wind and 10% from solar photovoltaic systems [28].
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2.3 Energy Storage Systems

2.3.1 The need for ESSs

The increased exploration and penetration of RESs into the network is a major step in
promoting energy savings and reducing carbon emissions. Nowadays there is a great concern

to integrate more RESs, in order to solve problems of great worldwide concern as [30]:

e Increased energy demand;
¢ Reduced energy security;
e High dependence on fossil fuels;

e High carbon emissions into the atmosphere.

However, the truth is that a lot of installed RES cannot be fully charged, leading to huge
waste of energy [28], [31].

Although the purpose of the DGs is to supply energy to local loads, where production
exceeds demand at certain times, DGs units may be interconnected to the grid thus providing
excess power and causing grid stability problems [32]. Moreover, given the stochastic nature
of RESs units, their high penetration into the grid can cause stability problems in network
operation and control. These problems can be mitigated with the help of ESSs [30]-[33].

Thus, coordinating the integration of RESs with ESSs, as well as with the reconfiguration
capability of the network, can significantly improve the system’s ability to increase the
penetration of RESs reliably and safely [30], [32]-[35]. After the installation of large-scale
energy and performance storage technologies, electricity will become a commodity and can
be stored when the generation capacity exceeds the level of consumption [28]. In addition,
ESSs help to control a secure supply of energy and improve the overall stability of the electric

power system [36].

2.3.2 ESSs Challenges

ESSs are a viable solution to help increase the RESs penetration into the power grid as
discussed above. There are several application technologies for these systems, differing
greatly in investment costs depending on the system capacity, their useful life, storage
losses, efficiency and reaction times. Of all the challenges of integrating ESSs, the cost of this
equipment is the one that stands out more [33].

The costs of ESS systems can be divided into two types: total capital cost (TCC) and life
cycle costs (LCCs) [36]. TCC involves all costs of purchasing, installing and delivering the
storage unit, including energy storage costs and energy balance costs. On the other hand, the
LCC is an important indicator to evaluate and compare different ESS, since it includes all the

expenses related to its operation and maintenance [36].
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2.3.3 Technology and Operation

To solve the problems previously presented associated with the large-scale integration of
RESs, several technologies were created within the scope of the electric grid innovation -
smart grid - that are implemented in the network always coordinated with the integration of
RESs, in order to increase the network's capacity to integrate renewable sources. One of
those technology is the so-called ESSs, which has proven to be a highly feasible solution in
favor of increasing the integration of RES-based DGs units, reducing its negative side effects
to the network [30], [37].

In general, ESSs technologies include 2 main areas: a power conversion system (PCS) and
a power storage section. PCS is used to adjust voltage, current, and other storage
characteristics, always based on load requirements [36].

Looking at the ESSs technical and economic characteristics, the different technologies

can be divided into:

e Mechanical energy storage systems;
o Electrochemical storage batteries;
o Electromagnetic energy storage systems;

e Gas energy storage system.

In addition to helping to compensate the injected power in the local load and the
absorbed power from the generators [30], the ESSs implementation in the network helps to
balance RESs production and demand levels by storing energy in periods of too low demand or
too high production and using this stored energy to power loads when the demand is too high
or the production is too low [32]-[35].

The ESSs performance mainly depends on the application requirements that are specific
to each level of energy and voltage, such as power, conversion efficiency and charge and

discharge times [28].

2.3.4 ESS integration: Current world position

Since ESSs must be strategically positioned, a number of countries have contributed to
studies and projects in the search for new storage techniques that optimize the process. In
2013, Japan's Technological Development and New Energy Development Organization (NEDO)
developed a plan for all types of ESSs techniques, with special focus on the development of
lithium batteries. Late in 2014, the United States Department of Energy released relevant
technical reports on the development and application of all types of advanced batteries, also
with special attention to lithium batteries and advanced energy storage technologies through
compressed air [28]. In the circle graph on Figure 2.3 it can be seen the installed energy

storage capacity worldwide in 2016.
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Figure 2.3- Installed energy storage capacity worldwide in 2016 [28].

Recently, the energy storage industry has highly grown. In December 2016, 1227 energy
storage projects were conducted throughout the world, and the total installed capacity
exceeded 1930 MW. In these projects, most of the systems used are based on lithium

batteries (approximately 55%) [28].

2.4 Restoration and Transformation of the Electric
Power System

2.4.1 Restoration of the Electric Power System

Service failures and outages are inevitable in a distribution network. Consequently, the
zone where they occur (and other zones) are momentarily out of power. DSR can be used to
restore as many loads as possible by reallocating power flows without violating network
operation [38]-[40].

In an electrical power system, most failures occur in the distribution network, usually
resulting in the interruption of service to some consumers. Traditionally, when the failure
occurs and the service stops, consumers call the respective distribution company. Upon
receiving a service failure notification, a field crew is sent to search for the exact location of
the fault and isolate it via manual switches, restoring the service to as many consumers as
possible while repairing the failure [41]-[45]. There are 3 main factors in the origin of the
occurrence of distribution network failures: tree fall, animal and atmospheric interference,
as can be seen in Figure 2.4. In most current distribution networks, the restoration is done
manually, with the opening and closing of switches. However, with an automated system,
restoration can be performed in less time and even decrease the number of members of the
field crew [7], [8], [43], [46], [47].
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Figure 2.4 - Accidents that cause network failure [46].

To evaluate the performance of electrical systems, some indices such as the System
Average Interruption Frequency Index (SAIFI), the System Average Interruption Duration Index
(SAIDI) and the Customer Average Interruption Duration Index (CAIDI) are usually used. These
indices include the so-called extended service outlets, which are those that last longer than
five minutes. An automated system reduces the number of these service outlets and also
locates and isolates the fault automatically and almost instantaneously, thus preventing
service outlets in zones that do not belong to the fault zone [42], [43], [46], [48], [49].

2.4.2 The Smart-grid and the Self-healing

Energy production in large power plants and their delivery at points of consumption
constitute the classic tasks of a power grid. However, the technology advance and the
evolution of the human need have raised some difficulties in terms of operation, control,

efficiency and reliability, which require a change of perspective, including [50]:

e Large number of components interconnected to the distribution network;

e Any failure of a component can easily affect another component instantly;

e Several connections and dependencies between components and networks, which
make the creation of mathematical models a complex challenge.

The distribution network automation helps the DSR process, because it makes it possible
the respond to possible problems more quickly. This reduces the number of interventions by
the operator and leaves the network less subject to human error [49]. In addition, for large-
scale systems with a more complex topology, the computational load of only one control
center is quite high, which makes DSR decision slower, limiting the system restoration
performance. The grid evolution to a smart grid, with the integration of sensor-based
technology, control methods and better (bilateral) communication among network
components, among others, is view has a possible solution to this complex challenge. This
new grid will adopt a decentralized control method, increasing the flexibility of the network
and improving DSR processes, restoration and even fault detection, coordination of
protections and voltage control [20], [38], [40], [50]-[53]. The Table 2.1 shows the main
differences between the traditional perspective of the network and the new way of facing
the electric system - the smart grid.
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Table 2.1- Differences between the traditional network and the smart grid [20].

Traditional Grid Smart Grid
Mechanization Digitization
One-way communication Two-way real-time communication
Centralized power generation Distributed power generation
Radial Network Dispersed Network
Less data involved Large volumes of data involved
Small number of sensors Many sensors and monitors
Less or no automatic monitoring Great automatic monitoring
Manual control and recovery Automatic control and recovery
Less security and privacy concerns Prone to security and privacy issues
Human attention to system disruptions Adaptive protection

Simultaneous production and consumption Use of storage systems

Limited control Extensive control system
Slow response to emergencies Fast response to emergencies
Fewer user choices Vast user choices

The smart-grid, when prepared with self-healing and subjected to a failure, can
automatically detect it and act according to make the restoration process more quickly and
automatically, improving the overall reliability of the system. The goal of self-healing is to
minimize the duration of service outputs as well as interruptions felt by consumers,

increasing the reliability of the system [40], [46], [51]-[53].

2.4.3 Switches

A smart grid should restore service to consumers who saw it interrupted as quickly as
possible after a service exit. Remote-controlled switches (RCSs) can be operated by the
system operator in the distribution center, which makes DSR much faster when compared to
manual switches by field crews. Replacing manual switches by RCSs improves the restoration
capacity of the network and must be done in a functional and economical way. The maximum
restoration capacity must be obtained by replacing the minimum possible number of switches
so as not to excessively increase the costs associated with the replacement [54]-[56].

The Dynamic Reconfiguration of Distribution Systems (DRDS) consists on real-time RCS
operations. To support the operation and control of the RCS's, a distribution automation
system is still required, as can be seen in Figure 2.5 [56], [57].

The effectiveness of DRDS in DGs integration has been studied based on two aspects:
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e Use DRDS to maximize the exploitation capacity of existing DGs units and the
penetration of new DGs units;

e Use DSDR to optimize other objectives, canceling out the negative effects of DG.
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Figure 2.5 - Distribution automation system structure.
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It has been proven that RCSs bring network advantages to the flexibility of operation and
speed of response to urgent and instant needs. However, it is not as simple as replacing all
manual switches with RCSs: these are considerably more expensive at both installation and
maintenance level. This is where the critical switch concept emerges: the ideal manual
switches to be replaced by RCSs in order to optimize the cooperation with the installation of

DG in the network in the most economical way possible [57].

2.5 Bibliographic Review

Existing works on system reconfiguration mainly focus on reducing energy losses as its
main objective, and also distributed energy generation through renewable energy sources [3],
[58]. However, in recent years, DSR has been gaining more notoriety due to the electrical
networks technologic evolution, from static to dynamic networks in the sense of their
smartification, both in normal system operation and in contingency mode. On the
smartification side, the DSR stands out with the system automation, to make it dynamic in
the perspective of an optimized operation. Similarly, the DSR in contingency operation stands
out from the perspective of self-healing, being a key element for the autonomous and more
efficient recovery, from the system in contingency state to a normal operating state.

In this perspective, there is a very restricted set of works on the DSR operation.
Regarding the analysis of reliability indices, Paterakis et al. presents in [59] a study on
system reconfiguration formulated through a multi-objective problem that aims to minimize
energy losses, while also optimizing some reliability indices. In the same context, Chen et al.

presents in [60] a method that analyzes some reliability indices taking into account the total
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supply capacity of the distribution network, the reconfiguration of the network and the daily

demand curves.

Regarding switches and their central role in system reconfiguration and restoration,
several papers address optimal ways to allocate switches along system lines [61], [62]. One of
the most important points about switches is the replacement of manual switches with RCS.
Bernardon et al., in [15], presents a new methodology for the DSR to be done automatically,
incorporating DGs units in the operation of the system and only considering RCS. The problem
in this method is that it is not practical to consider all switches as RCS, since the price of
replacing them all would be exorbitant. In this way, Lei et al. introduces in [57] the concept
of "critical switch”, which represents the minimum number of manual switches to be replaced
by RCSs that will make dynamic reconfiguration more efficient. Thus, this paper studies the
application of the DRDS with DGs integration and seeking to minimize energy losses, while
also identifying which key switches to replace at the lowest possible cost. Despite this, Lei et
al. does not solve in this work the problem of the optimal allocation of RCSs.

Therefore, after knowing how many and which switches to replace, the biggest problem
lies on where to place the RCSs to maximize their performance. Lei et al. in [55], [63] have
looked for new methods that allow to optimally allocate the RCSs so that the system
restoration performance can be improved, as well as the overall system reliability, all at the
lowest possible cost. In [55], Ray et al. defends that the optimization of the number and
location of RCSs must take into account three different main objectives: to reduce the
interruption cost to the consumer as much as possible, to minimize the interruption duration
index (SAIDI), and to maximize the quantity of loads that can be restored using the RCSs. A
model formulated as a Mixed Integer Conic Programming (MICP) is proposed that seeks to
optimize the number and location of the switches so that the system restoration is automatic
and as fastest as possible.

The present work focuses on two objectives: performing the DRDs while improving the
system restoration capacity after a failure. Therefore, initially, the system is dynamically
reconfigured, and then the goal is to identify the minimum number of switches that must be
updated for RCSs to improve the system overall performance as well as the ability to restore.
In addition, an analysis is also made of SAIDI and SAIFI reliability indices. A sensitivity analysis
is made based on hourly reconfiguration topologies, the number of consumers affected during

a fault, the power supplied to the consumer and the energy losses in the system. With this
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analysis, it is also intended to identify the switches that will require greater maintenance

actions.

2.6 Chapter Summary

In this chapter, the state of art was structured in five main sections. The first section
presents the concept of DSR, its objectives, requirements, advantages and disadvantages.
The second section addresses the need to integrate renewable-based distributed generation
resources, the challenges underlying this integration together with the current state of play
of this resource. The third section is dedicated to ESSs, presenting the technologies that
facilitate the creation of smart grids. Also, the main challenges, technologies and the current
state of integration of these resources in the network are discussed in this section. The fourth
section presents the problems about system restoration, and the evolution of the electrical
system from static to dynamic in the perspective of the distribution network, focusing on
smart-grids and self-healing. Finally, in the fifth section provides an overview of the
bibliographic review, based on the works present in the literature that are related to the

present work. Here the contributions of this work are also presented.
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Mathematical Formulation

In this chapter it is described and demonstrated the algebraic formulation of a model to
make it possible to identify the minimum set of switches to be updated from manual to
automatic based on dynamic reconfiguration, in the presence of renewable energy sources
based distributed generators and energy storage systems. The problem is formulated as a
stochastic mixed integer linear programming and it aims to minimize the total cost. In
addition, the formulation to study and optimize the network different topologies taking into

account different reliability indices is presented.

3.1 Objective Function

The objective of the current work is to minimize the set of switches to be updated
from manual to automatic based on dynamic reconfiguration while considering the technical
and economic constraints. The objective function was formulated as the sum of the most
relevant cost terms (3.1), namely, the costs related to network reconfiguration
(switching, SWC), the costs of operation (TEC), the costs of emissions (TEmiC) and cost of

power not supplied (TENSC).

MinTC = SWC +TEC + TENSC + TEmiC (3.1)

The switching cost term is presented in (3.2). This equation represents the switching
costs sum of all lines in the operating period (24 hours). The switching cost of a line SW;, at a
given time is multiplied by a binary variable that for programming reasons is divided into two
yinand y;, allowing to count if one line change its status from the previous hour to the

current time.
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SWE= DN Wy vl + yin) (3.2)

1eql heqh

The total operation cost (3.3) is given by the sum of costs of power produced by DGs,
discharged from ESSs and imported from upstream grid. In this equation psrepresents the
probability of a scenario to occurrence. The parameters 0C,, 2° and 2; represent the cost of
production from the DGs, the cost of discharging from ESSs and the cost of the energy that
come from the upstream network over the several hours, respectively. The variables P gnsh ,
P, and P25 o, are DGs power, ESSs discharging power and imported power from grid,

respectively.

TEC = Zpsz Zocpnsh

SEQS heqh geQd

+ Z ps Z Z A PSsin (3.3)

seQS  heqh eseqeés

+zpsz Zlcpnsh

SEQS heqQh ¢eqf

The cost of power not supplied, given by TENSC, in (3.4), where v{, and vfh are penalty
terms corresponding to active and reactive power demand curtailment, PYs, and Q3 , are

the active e reactive unserved power.

TENSC = z Ps z (vshPNSh + vsh QnSh (34)

SEQS  peqh

Finally, equation (3.5) refers to the total cost of emissions as a result of power either
supplied by DGs or imported from upstream. The first equation term is the sum of the product

of emissions cost 1“2, emissions rate of DGs (ER;“) and DGs power (Pyy ;). The second

equation term models the expected emission costs of power imported from the grid, given by

the sum of the emissions cost 1°°2, emission rate of energy purchased (ERZ®) and energy

imported from grid (P75 ).

TEmiC = Z Ps Z Z Z A2 ERJSPDY

SENS heqQh geqQd neqn

+ Z Ps Z Z Z A2 ERZSPZS

SEQS heqQh ¢eQs neqn
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3.2 Constraints

3.2.1 Kirchhoff’s Law

The sum of all incoming flows to a node should be equal to the sum of all outgoing flows,
which is given by the Kirchhoff’s Law. This is applied to both active (3.6) and reactive (3.7)

power flows, and must be always respected:

Z PDnsh+ Z efiscrilsh esnsh)+ Pgﬁ, PNSh+ Z Plsh Z Pl,s,h (36)

gend esenes inleq! out,leQ!

1 1
= PD;‘fh‘l' Z EPLl,S.h+ Z EPLI,S,h’VCEi

in,leql out,leql

Z Qoo sh+ Qinsn+ Qs+ Quon + Z Qusn — Z Qs (3.7)

geny in,leql out,leql

n+ Z ZQLlsh+ z SQLisp VS EL

in,leql out, lEQl

In these equations P, and Q;,, represent the active and reactive power flow in the line
respectively, PDJ, and QD¢ and represent the active and reactive demand at the nodes and

PL; s, and QL s, represent the active and reactive energy losses in the lines.

3.2.2 Kirchhoff’s Voltage Law

Inequalities (8) and (9) present the linearized AC power flows through each feeder,
which are governed by the Kirchhoff’s Voltage Law. Note that 6,;, refers to the angle
difference 6, — 6,5 Where n and m are bus indices corresponding to the same line . The

process of linearization is shown in Annex A.

1Push = Vnom (AVish = AVinsn) gic— ViombiOusn| < MPI(1 = xi0) (3.8)

|Ql,s,h - (_Vnom(AVn,sh AVmsh)bk nomgk9l5h| MQ(1 = x1,n) (3.9)

It is important to note that, due to the reconfiguration problem, equations (3.8) and
(3.9), have binary variables to make sure the flow through a given line is zero when its
switching variable is zero (line is disconnected). Moreover, the introduction of those variables
results in bilinear products which can result in undesirable non-linearity. For that reason, it’s
important to use the big-M formulation, set to the maximum transfer capacity, to avoid the

non-linearity.
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3.2.3 Power Limits

The maximum amount of flow that can pass through a line is given by inequality

(3.10). Equations (3.11) and (3.12) represent active and reactive power losses in a given line 1.
Plsn + Qfsn < xin(S")? (3.10)

2 2
PL,., = R(P&n + QFsn) (3.11)

2
Vnom

QLyon = Xl(Pl?s,h + le,s,h) (3.12)

2
V;‘Lom

3.2.4 ESSs model

ESSs are modeled by the expressions (3.13) - (3.18).

ch ch chmax
0< Pes,n.S.h = Ies,n.s.hpes,n,h (3-13)

dch dch chymax
0= Pesnsh < lesnshbPesnn (3.14)
ch ch
lesnspt lesnsh < 1 (3.15)
PdCh. h
— ch pcg es,n,s,
Eesnsh = Eesmsn-1 1 Nes Pes,n,s,h - dch (3.16)
Nes
min max
EeS.n = Ees.n,s,h = Ees,n (317)
— max — max
Ees,n,s,ho - :uesEes,n 'Ees,n,s,h24- - /JesEes,n (318)

The limits on the amount of power charged and discharged are given by (3.13) and
(3.14), respectively, while (3.15) guarantees that charging and discharging processes do not

simultaneously happen at any given time.

The state of charge is modelled as presented in (3.16). Inequality (3.17) ensures that the
storage level is always within a permissible range. Finally, (3.18) sets the initial storage level
and ensures the storage is left with the same amount at the end of the operational period. For

sake of simplicity, both 7S and n%" are often set equal and their efficiencies
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are expressed in percentage of energy at the nodes where ESSs are connected to.

3.2.5 Renewable Generation Power Limits

The active and reactive power limits of DGs are given by (3.19) and (3.20),

respectively. Inequality (3.21) limits the DGs ability to inject or consume reactive power.

Pnan" S Porsn S Ponin™ (3.19)
Qg?zrsnilzn = Qg n,s,h < QngITSn’?X (320)

—tan (cos~Y(pf,)) PPS Q4 . < tan(cos™*(pf,)) PPS
p g gnsh =< gnsh p g gnsh (3.21)

3.2.6 Conventional Generation Power Limits

The active and reactive power limits at the substations are given by (3.22) and (3.23),

due to stability reasons.

SS,min SS,max

Fesh Pcsh < Fsh (3.22)
SS,min SS,max

Qosn " = Qsn < Qoen (3.23)

The reactive power that is withdrawn from the substation is subject to the bounds

presented in inequality (3.24).

—tan(COS_l(pfss))Pssh = Qgsh < tan(cos'l(p]gs))Pgih (324)

3.2.7 Radiality Constraints

The radial operation of the considered system is guaranteed by including the
constraints in (3.25) through (3.31). Constraints (3.27)—(3.31) ensure radiality in the presence

of DGs, and simultaneously avoid islanding.

Z xn=LvmeQP len (3.25)
leq!
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Z Xip — Z Xn<1,vmeg QP len (3.26)
in,leq! out,leql
Z fin — Z fih = Gnn = dnp, YN EQS,LEN (3.27)
in,leQl! out,leq!
z fin— Z fin=—1Vne QI vne QP (3.28)
in,lEQl out,leﬂl
Z fin— Z fin= 0,¥n €09 vnealvn¢0s (3.29)
in,leQl out,leql
0= > fut ) fin < mpglen (3.30)
in,leql out,leql
0 <g55 < npe,VneQS,len (3.31)

3.3 Reliability Indices

In this work some reliability indices are used after the optimization processes, as a
tool to make decisions on the system daily operation. The reliability indices taken into
account are the System Average Interruption Frequency Index (SAIFl) and System Average

Interruption Duration Index (SAIDI), which are calculated using equations (3.32) and (3.33).
3.3.1 SAIFI

SAIFI is given by the total number of consumers interruption duration by the total
number of consumers, however this study focuses on the impact of branch failures to the

customers served, as such this index is reformulated as (3.32).

SAIFI = <Z“”l M’h " Icﬁl)xl‘h (3.32)

In this equation 4; is the rate of the failure that affects N, customers, |cf;| is the
number of clients supplied by line [ and M is the total nhumber of customers. This equation is
calculated for each line and for each hour, where if x;, is zero, that is, if the line is not

connected (x;;, = 0).
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3.3.2 SAIDI

SAIDI is given by the total number of consumer interruption duration by the total
number of consumers, in this study is calculated as a weighted mean of the duration of the

interruptions assuming the number of customers as weights (3.33).

SAIDI = <Zl“’l ’1;\4* U Icﬁl) Xin (3.33)

In this equation U; is the average repair time of line [. This equation is also
calculated for each line and for each hour, where if x;, is zero, that is, if the line is not

connected (x;, = 0).

3.4 TOPSIS Formulation

In this work the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) has been implemented (3.34) - (3.41). TOPSIS is a multi-criteria decision
analysis method which is used to generate a Pareto front by evaluating p-objectives in a

decision matrix. The TOPSIS method evaluates the following decision matrix (DM):

xl,l e xl‘m tee xl’p
— e X e X
DM =|Xxp1 nm pm (3.34)
Xpq o Xrm " xr‘p

where m are the possible alternatives and n the criteria. X;; represents the rating and
performance of alternative n subject to criterion m. Each line of (3.34) represents an
alternative solution, while each column is associated with an objective (minimization or
maximization). In the general case, each objective is expressed in different units.

Thus, the next step of the TOPSIS method is to transform the decision matrix into a non-
dimensional attribute matrix in order to enable a comparison among the attributes. The
normalization process is performed through the division of each element by the norm of the
vector (column) of each criterion.

An element f,, ,,, of the normalized matrix is given by (3.35):

fom =~ (3.35)

P 2
Kk=1%km


https://en.wikipedia.org/wiki/Multi-criteria_decision_analysis
https://en.wikipedia.org/wiki/Multi-criteria_decision_analysis
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A set of weights (3.36), that express the relative importance of each objective
(criterion) is provided by the Decision Maker at this point. The weighted normalized matrix
with elements is created by multiplying each column of the matrix with elements by the
weight.

w = {Wy, ., Wi, Wy, },Z wy, =1 (3.36)
m

The next step is to specify the ideal and the negative-ideal solution vectors.
In (3.37) and (3.38), Ma is the set of objectives (criteria) to be maximized and Ma' is the set
of objectives to be minimized. These artificial alternatives indicate the most preferable

(ideal) solution and the least preferable (negative-ideal) solutions.
A* = {(max,(epm)Im € Ma), (min,(epm)Im € Ma')},¥n =1,..,m (3.37)

A~ = {(min,(enm)Im € Ma), (max,(e,m)Im € Ma')yn =1, ..,m (3.38)

Then, the separation measure of each alternative from the ideal and the negative-ideal

solution is measured by the dimensional Euclidean distance (3.39) and (3.40):

n

2
St = Z(en‘m —et)’vn=1,..,m (3.39)
m=1
n
_ 2
Si= | D (enm—en)’Vn=1,..,m (3.40)
m=1

The final step in the application of the TOPSIS method is the calculation of the
relative closeness to the ideal solution. In (3.41), these distances are operated in order to

create a rank (from highest to lowest value) of hourly topologies.

n
C.r:— :m, O<C.r:— <1,Vn,---,m (3‘41)
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3.5 Chapter Summary

This chapter has presented the mathematical formulations used in this dissertation. The
objective function and the constraints are described fully. The aim is to minimize the total
system costs and identify the minimum set of switches to be updated from manual to
automatic based on dynamic reconfiguration. In this model DGs and ESSs are considered to be
present and the problem is developed as a stochastic mixed integer linear programming
(MILP) optimization. Additional formulation to study and optimize the network different
topologies taking into account different reliability indexes is also presented. In the following
chapter, the IEEE 119-bus distribution network system data and assumptions are

demonstrated as well as the scenarios considered in the optimization process.
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Chapter 4
Case Study, Results and Discussion

In chapter 4 it is presented the case study, describing all the system data and assumptions
that will be used to test the mathematical formulation demonstrated in the previous
chapter. It also contains a scenarios description section, that analyzes all the scenarios
considered in the optimization process. In this chapter, it is also presented and discussed all
the numerical results obtained from the simulated operational mathematical model. The
goal is to analyze the total costs, the reconfiguration results and a sensitivity analysis on the
affected consumers, as well as the switches that need to be updated and its maintenance.
Also, it is optimized the network different topologies considering different reliability indices
and losses.

4.1 System Data and Assumptions

To simulate the mathematical model developed and presented in Chapter 3, it is used
the standard 119 bus test system from IEEE, which can be seen in Figure 4.1. The system data
is shown in Annex B.1. In this figure it can also be seen the type of DG units used and in
which buses of the test system they are connected. As the figure shows, two types of DG
units are considered: solar power (with an installed capacity of 2MW) and wind power (with
an installed capacity of 1TMW). The nodes where DG units are connected and its type are
shown in Annex B.2. Regarding the ESS units, their rates of charge and discharge of energy
are considered equal (90%). The ESSs location and size can be found in Annex B.3. Other
assumptions and system data made are:

e It is considered a 24-hour period, with an hourly reconfiguration;

e Nominal voltage value is 12.66 kV;

e Voltage deviation at each node is +5%;

e Total active loads are 3.93MW;

29
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Total reactive loads are 1.62MW;

Substation is the reference node (voltage magnitude is set to its nominal value and
the angle is 0°);

Power factor at the substation is 0.8;

Power factor at the DG units is 0.95;

Electricity prices follow the demand trend;

Operation cost of ESS during charge and discharge is 5€/MWh;

Total number of costumers is 188922;

The failure rate of the branch with the greatest impedance is considered to be 0.4
failures/day and of the branch with the least impedance 0.1 failures/day;

For all the other branches these values are calculated using linear interpolation;

The average repair time for each branch is considered equal to 2 hours.



Scenarios Description 31

a5} 46

| | 1219 |

1 | -
80 51 52| 53 S

47 48

37 38
L | |9 |
T TH I~
58 59 60 3 63 64 65
._1 |9

s1

100 ]01 102 103

P T

o

o
/

U\_

@

-
o " ulle

~

o

~

Py

\I—

N

~

I

~

PN

~

wu

~

&

o

~

o -

\'—

o

®

0

| =
81 82\83 84 35 86: 87 88
l-l. :
85 :90 91 Legend
H a ESS
| PPl w19 85
1 &1 enNT1 |g o

105\ 106 107 108 105 110 111 112 113 114:115\ 117 118 L
: Line

Substation
119 120 121 122 123 116

Figure 4.1- 119 Bus test system.

4.2 Scenarios Description

As mentioned in Chapter 2, RESs variability and uncertainty in production is one of the
major challenges of the electric system. To consider the uncertainty of production output
(wind and solar) as well as the demand, it is necessary to consider a sufficiently large set of
scenarios that show a good diversity of the possible scenarios. However, the use of all these
scenarios and their combinations results in a matrix of an impractical size, both in time and

in computational effort, which results into an inefficient optimization.
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Therefore, it is necessary to reduce the number of scenarios considered. To do this
reduction, the Cluster technique known as k-means was used. This technique creates sets of
scenarios- clusters- close to each other, aggregating scenarios that are more similar. In this
case, it is concluded that 3 clusters are sufficient and they represent well the variability and

uncertainty of the considered parameters.
4.2.1 Wind Power Scenario

The uncertainty of wind power output is analyzed considering three different

scenarios, obtained through clustering. The three different scenarios are shown in Figure 4.2.
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Figure 4.2- Wind power scenarios.

4.2.2 Solar Power Scenario

Likewise, the uncertainty of the solar power output is analyzed considering also three
different scenarios, representative of high, medium and low production profiles. This data is

also obtained through clustering. The three different scenarios are shown in Figure 4.3.
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Figure 4.3- Solar power scenarios.
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4.2.3 Demand Scenario

Finally, the uncertainty of energy demand is analyzed according to three different
scenarios, also obtained through clustering. The three different scenarios are shown in Figure
4.4,
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Figure 4.4- Demand scenarios.

4.3 Dynamic Reconfiguration Results and Energy Mix

4.3.1 Hourly Dynamic Reconfiguration Results

In this work the automation of switches was considered, based on the network dynamic
reconfiguration considering the presence of renewable (wind and solar generation), as well as
ESSs. This reconfiguration was obtained from the perspective of optimizing the system
operation, considering the economic requirements and technical restrictions of the system.

Thus, in Table 5.1 it can be seen the total operation cost of the system together with
the cost terms that make up the objective function. From this table it can be highlight the
cost of power not served, OMW, due to the integration of smart grid enabling technologies. In
this case, the presence of DGs combined with ESSs allows a better balance of generation and
demand, leading to all the energy being used while the reliability of the system is
maintained. Also, the dynamic reconfiguration together with the DGs and ESSs presents lower
losses than without these technologies being present, compared with the literature values
[13].

Therefore, in the first phase of this work, system dynamic reconfiguration was done
based on the mathematical formulation presented in Chapter 3, where a different
configuration for each hour was obtained. The reconfiguration results are presented in Tables
5.2 and 5.3, where the closed lines set and open lines set constitute the network topology.
The reconfiguration made assumes that all lines have the ability to reconfigure in this first
stage.
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Table 4.1- Costs and losses optimization results.
Total Cost [€] 29912,27
Reconfiguration Cost [€] 1010
Energy Cost [€] 27901,72
Emission Cost [€] 1000,55
Power not Served Cost [€] 0
P Losses [MW] 10,00
Q Losses [MVAr] 6,60
Table 4.2- Reconfiguration results.
Hour Closed Lines Open Lines
1-22, 24, 25, 27-33, 35-60, 62-81,
1 83-89, 91-94, 96-116, 118, 120, 123, 125, 23 26 3% 61, 82, 90, 95, 117, 119,121, 122,
126, 129, 131, 132 ’ ’ ’
1-22, 24, 25, 27-33, 35-41, 43-60,
62-75, 77-81, 83, 84, 86-89, 23, 26, 34, 42, 61, 76, 82, 85, 90, 95, 119,
2 91-94, 96-118, 120, 121, 123, 122, 124, 127, 131
125, 126, 128-130, 132
B o T o 23, 26, 34, 61, 74, 76, 82, 85, 90, 95, 119,
3 ol T Dy PO 1T 121, 122, 124, 131
96-118, 120, 123, 125-130, 132 ’ ’ ’
1-22, 24, 25, 27-33, 35-52, 54-60,
62-73, 75, 77-81, 83, 84, 86-89, 23, 26, 34, 53, 61, 74, 76, 82, 85, 90, 95, 118,
4 91-94, 96-117, 119, 120, 122, 121, 124, 131
123, 125-130, 132
1-22, 24, 25, 27-33, 35-41, 43-52,
: 54-60, 62-73, 75, 77-81, 83-89, 9194, 96- 23 26 3% 42,33, &1, 74, 75, 82, 90, 95, 118,
117, 119-123, 125-129, 132 ’ ’
1-22, 24, 25, 27-33, 35-52, 54-60,
¢  6273,75 77°81,83-89,91-94,96-117, 119, 2326, 34,33, 61, 74, 76, 82, 90, 95, 118,
120,122, 123, 125-129, 132 ’ ’ ’
1-22, 24, 25, 27-33, 35-41, 43-60,
7 62-73, 75, 77-89, 91-94, 96-118, RN RIAR
120, 121, 123, 125-128, 132 ’ ’ ’ ’
1-22, 24, 25, 27-33, 35-52, 54-60,
8 62-81, 83, 84, 86-89, 91-94, 96-118, 120 2> 2& 3423, 61, B, 55, 90, 55, 119, 121,
122, 123, 125, 126, 129, 130, 132 ’ ’ ’
1-22, 24, 25, 27-33, 35-60, 62-81, 23.26. 34. 61, 82. 85. 90
9 83, 84, 86-89, 91-94, 96-118, 9’5, 1’19, ’121: 12’2, 1’24, ’
120, 123, 125, 129, 130, 132 126-128, 131
1-22, 24, 25, 27-33, 35-38, 40-52, 3
o0 5460, 62.89, 9194, 96.118, 23, 26, 34, 39, 53,1%, 3(;,195, 119, 121, 127
120, 122, 123-126, 132 ’
1-22, 24, 25, 27-33, 35-38, 40-52, B
» 54-60. 62-73, 75117, 119, 120, 23, 26, 34, 39, 53, 16316 7141511 18, 121, 125, 128
122-124, 126, 127, 132 ’
1-22, 24, 25, 27-33, 35-38, 40-60, 62-84, 86- 23 26 34, 39, 61, 85, 90, 119, 121, 122, 125,
12 89, 91-118, 120, 123, 124, 130, 132

116-129, 131
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Table 4.3- Reconfiguration results (continuation).

Hour Closed Lines Open Lines
1622233461259’422_231’125?226 51";20’ 23, 26, 34, 53, 61, 90, 95, 119, 121, 124,
13 SIS e ot B 127, 128-130, 131
123, 125, 126, 132 . ’
122, 24, 15, 2733, 3500, 6213, 23, 34, 61, 74, 82, 85, 118, 119, 121, 122,
14 81, 83,84, 86-117, 120, 123, 124-126, 131
127, 129, 130, 132 ,
1.22, 24, 25, 27-33, 35-60, 62-73, 75-81, 83, 84, 23, 34, 61, 74, 82, 85, 117-119, 124-126,
15 86-116, 120, 123, 127, 129-132 128
1-22, 24, 25, 27-33, 35-38, 40-52, 54-60, 62-84, 23, 34, 39, 53, 61, 85, 118, 119, 121, 125-
16 86-117, 120, 122-124, 130, 132 129, 131
LI 2 25 2733, 35 00 2460, 23, 26, 34, 53, 61, 74, 90, 95, 117, 118,
17 73, 75-89, 91-94, 96-116, 119, 121, 124, 128-130
120, 122, 123, 125-127, 131, 132 » 124,
1-22, 24, 25, 27-33, 35-52, 54-60,
.8 62-73, 74-89, 91-94, 96-118, 120, 23,26, 34,53, 61, 90, 5, 119, 121, 124,
122, 123, 125, 126, 132
1-25, 27-33, 35-38, 40-52, 62-84, 26, 34, 39, 53, 61, 85, 118, 120, 121, 125,
19 86-117, 119, 122, 123, 124, 130, 132 126-128, 129, 131
1-25, 27-33, 35-38, 40-60, 62-73, 26, 34, 39, 61, 74, 119-122,
20 75-118, 123, 124, 127, 132 125, 126, 128-130,131
1-25, 27-38, 40-60, 62-73, 75-84, 26, 39, 61, 74, 85, 118, 120-122, 125,
21 86-117, 86-117, 119, 123, 124, 127, 130 126, 128, 129, 131, 132
oo 233, 3938, 400, 24D, 23, 34, 39, 53, 61, 76, 82, 85, 118, 119,
2 75, 77-81, 83, 84, 86-117, 120, 121, 125127, 131
122-124, 128-130, 132 . ’
1-22, 24, 25, 27-33, 35-52, 54-60,
23 62-73, 75-81, 83, 84, 86-118, 120, 23, 26, 34, 33, 1, 74, 82, 85, 119, 121,
122, 123, 127, 129, 130, 132 ,
1-22, 24, 25, 27-33, 35-41, 43-52, 54-73, 75-81
» 24, 25, 27-33, 35-41, 43-52, 54-73, 75-81, 23, 26, 34, 42, 53, 74, 82, 85, 90, 95,
b4 83,84, 86-89, 91:94, 96-116, 118, 120-122, 125- e A o

127, 129-132

4.3.2 Production and Consumption Profiles

In this dissertation the influence of the ESSs, DGs units and substation in meeting energy
demand are analyzed based on the production and consumption profile of the system. In
Figure 4.5 is presented the power produced and consumed per hour.

As expected, most part of the energy produced comes from the substation, and from the
23rd to the 7th hours the production of the wind turbine DGs units is null. The influence of
wind power production is notorious mainly at hours 10, 11, 12 and 18, where the large
production of energy from the wind allowed, with the help of the ESS discharges, to reduce
production at the substation and, consequently, reduce the operation costs. Regarding ESSs,
it can be seen that from hour 23 to hour 8 these charge energy, discharging it for the rest of
the day when necessary. The influence of the ESSs is very important, since it is balancing the
production of the DGs with the discharge of the ESSs that the demand is guaranteed with the

possibility of resorting as little as possible to the energy of the substation.
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Figure 4.5- Production and consumption per hour.
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Figure 4.6- Production and consumption profile without ESS’s.

Hypothetically, if the influence of the ESSs is removed, for the same wind power and
substation values, the supply of demand would not be assured, as can be seen in Figure 4.6.
However, in reality, the supply of demand would be assured only by the energy from
conventional generation through the substation.

4.4 Automation Update

In a second phase of the present work, a sensitivity analysis was carried out in order to
analyze which switches should be updated from manuals to automatic ones, if some new
switches should be placed in places where no switch exist, and which ones need more
attention with regard to physical maintenance actions.

In Tables 4.2 and 4.3 are presented the reconfiguration results based on the lines on and
off. From these tables it can be established that there are lines that never actively
participate in the reconfiguration, which means that the switches of the respective lines
never work. Therefore, these lines do not need to be automated, in the perspective of
minimizing costs. As such, it can be determined from the table analysis that only 22% of lines
participate in reconfiguration, which means that 78% of lines do not need to be automated.
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Figure 4.7- Lines that actively participate in reconfiguration.
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Figure 4.8- Switches actions per line.

The graph in Figure 4.7 shows all the lines that actively participate in the network
reconfiguration, and the percentage of commutations occurring in the respective line over
the operation period, relative to the total number of commutations.

Nonetheless, from these 22% not all lines will be automated due to the cost, being
necessary to choose which lines will be automated. In this perspective, it is necessary to
identify using one or several criteria which set of switches are essential to automate. As a
result, the criterion of the average value was used, where for the lines that have a number of
switches above the average are the possible candidates to constitute the set of switches to
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be automated. Figure 4.8 represents the number of switches per line, as well as the average
number of switches per line.

As previously mentioned, the choice of the lines to be automated depends on whether
the number of line switches exceeds or not the average number of switches per line.
Therefore, Table 4.4 demonstrates the lines to be automated. From the analysis of this set it
is possible to verify the existence of two subsets, the set of lines where there are no manual
switches and should be installed - {line42, line53, line74, line85, line90} - as well as a second
set, where manual switches are already present and should be automated - {line118, line119,
line121, line122, line126, line127 and line130}.

Another aspect considered in this analysis was the maintenance of the switches. Since
not all switches operate at the same frequency (as it may have been concluded earlier), their
maintenance will also vary depending on how often they act to change the network topology.
Thus, logically, it will be paid more attention to those switches that act more frequently in
the reconfiguration of the system. The graph in Figure 4.9 shows the percentage of switching
of each one of the lines to be automated, so that it is possible to verify which switches

require more maintenance work.

Table 4.4- Lines to automate.

Set of Lines to Automate

{ lined?2, line53, line74, line85, line90, linel118, }
linel119,linel21,linel22,linel26,linel27,line130

m |ine 42 m |line 53
9% line 74 m |ine 85
= line 90 line 118

mline119 wm=line121
m [ine 122 = line 126
m line 127 = line 130

9%

&

“

Figure 4.9- Lines with more switches actions than the average.
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4.5 Reliability Analysis

In the first part of this work it was made a sensitivity analysis of switches automation
based on active reconfiguration. The second part of the work concerns about the operation of
the system considering that this one has already been automated, based on previous results.

However, despite the system already has the ability to dynamically reconfigure, it is not
practical to make a reconfiguration every hour because of technical and economic factors.
Therefore, according to the literature and the demand response models, an optimization of 3
different topologies (one per load period) was chosen, following a set of criteria. To optimize
the system operation, two reliability indices- SAIFI and SAIDI- are used, together with system
losses. In here, a TOPSIS decision support tool is subsequently used to identify the best
configuration for the considered periods (set of hours), where different case studies are

analyzed.
4.5.1 SAIFI

Using the expression (3.32), the SAIFI (the total number of consumer interruption
duration by the total number of consumers) is calculated as a weighted mean of the duration
of the interruptions assuming the number of customers as weights.

Figures 4.10 and 4.11 show the SAIFI hourly values obtained and its average value. The
values shown in those charts for each hour of the day correspond to the sum of the SAIFI
value obtained on each one of the lines in the respective hour and the evolution of this index
is verifiable in both charts. Figure 4.10 allows to quickly identify the hours during which there
are more interruptions, namely at hours 4, 8, 11, 16, 19, 22 and 24.

Also, in Figure 4.11 is possible to see the SAIFI average value of 0.165. The value for the
frequency of the interruptions varies between 0.162 and 0.17, which is considered low, as

expected.

h21
h20
h19 m SAIFI
h18

h17

hil

h13
Figure 4.10- SAIFI hourly values.
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Figure 4.11- SAIFI: hourly and average values.
4.5.2 SAIDI

Using the expression (3.33) the SAIDI (the total number of consumer interruption
duration by the total number of consumers) is calculated as a weighted mean of the duration
of the interruptions assuming the number of customers as weights.

Figures 4.12 and 4.13 present the SAIDI values, in a similar way to the graphs presented
for the SAIFI analysis. The values shown in these charts for each hour of the day correspond
to the sum of the SAIDI value obtained on each of the lines in their respective hour and the
evolution of this index is verifiable in both charts. Figure 4.12 is also useful to identify the
hours during which longer interruptions occur, namely at 4, 8, 11, 16, 19, 22 and 24. As can
be seen by comparing with the graph of Figure 4.13, the hours during which more

interruptions occur, also coincide with the hours where interruptions last longer.

24 2

7 m SAIDI

14 12
13

Figure 4.12- SAIDI hourly values.
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Figure 4.13- SAIDI: hourly and average values.

Analyzing the graph of Figure 4.13, it can be seen that the SAIDI has an average value of

approximately 0.201 and the value for the duration of the interruptions ranges from about

0.192 to 0.211.

4.5.3 Active Power Losses

In this work it was also taken into account the power losses. Figures 4.14 and 4.15
present graphs where it can be seen the losses registered at each hour and even its average
value. The value of the power losses per hour was also obtained by the sum of the losses
value registered in each one of the lines in the respective hour. Looking at the graph in
Figure 4.14, it can be seen the hour where more power losses were obtained, particularly in
hours 8, 9, 14, 15, 16, 22, 23 and 24. Figure 4.15 shows the range of the power losses value,

which is between about 0,29 and 0,6. The average value for the power losses per hour can

also be seen: approximately 0,41.

24

Figure 4.14- Active power losses per hour.
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Figure 4.15- Active power losses: hourly values vs average value.

4.5.3 Multi-Objective Optimization

In the first phase of the work, it was assumed the possibility of changing the topology of
the network every hour during a day. However, given the efforts required of the network and
its components, such switching frequency is impractical and unrealistic. Thus, three
reconfiguration moments were chosen, characterized by the type of energy demand of three
periods:

e Off-peak period- hour 1 until hour 7;
e Peak period- hour 11 until hour 13 and hour 20 until hour 22
e Shoulder period- hour 8 until hour 10, hour 14 until hour 19, hour 23 and hour 24;

Therefore, it will be necessary to choose a different topology of the network for each of
these periods, which means that 3 reconfigurations per day will occur. The choice of the best
topology by period is done based on the optimization of the reliability indices and losses
mentioned in the previous subsections. However, it is technically impossible to optimize the
three indices at the same time, since by optimizing one of them we are making the others
worse. Consequently, it is necessary to find the optimum balance of all indices and power
losses. For this purpose, the TOPSIS method (already presented in Chapter 3) was used.

Through multi-objective optimization, we can achieve a classification of all topologies,
sorted by hour and ordered from the hour with the best topology until the hour with the
worst topology, always based on the optimization of the reliability indices and losses. It is
following this classification that the topology to be assumed is chosen for each one of the
above periods. However, in an optimization process, objectives do not always have the same
weight, sometimes there is a main objective and other secondary objectives. In this
perspective, 5 cases were created, characterized by the different weight given to each index

in the multi-objective optimization that is described in Table 4.5.
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The values attributed to the weights in each case allow us to study the trend between
the objectives. With these cases, it is intended that the results show which hours the
topology should be adopted in the period in question. These results are presented in Table
4.6.

In case 1, the same weight was attributed to the three indices under study, in an
attempt to perceive the one that will have the greatest influence on the final result. In case
2, it was given greater weight to the power losses index, thus giving greater "value" to the
losses as an objective to be optimized. As it can be seen, if greater weight is given to energy
losses, the ideal topology per period changes completely. In case of study 3, the SAIFI index
was given greater weight, thus giving a higher "value” to the frequency of interruptions as an
objective to be optimized. In here, if SAIFI is given greater weight, the ideal topologies for
the off-peak and peak periods return to those that resulted in case 1. On the other hand, in
the shoulder period, the ideal topology will change again. In case 4, the SAIDI index was given
greater weight, thus giving greater importance to the duration of the interruptions.
Therefore, if the SAIDI is given a greater weight, the ideal topology for each period is exactly
the same as the ones obtained from case 3. In case 5, the two SAIFI and SAIDI indices were
given a higher weight and the results obtained are exactly the same as case 3 and 4. As
previously mentioned, for all cases, the TOPSIS method is applied in order to verify the best
topology to give to the network in the different periods of the day. From this analysis, no
clear tendency stood out from the different cases, consequentially the ideal solution will
depend only on the importance of each weight assigned to each objective in the optimization
process.

Table 4.5- Cases for analysis and optimization of reliability indices.

Weight

Case  SAFl SAIDI  P_Loss
1 0,1 0,1 0,1
2 0,1 0,1 0,5
3 05 0,1 0,1
4 0,1 0,5 0,1
5

0,5 0,5 0,1

Table 4.6- Multi-objective optimization results.

Period Off-peak  Shoulder Peak

Case 1 Hour 1 Hour 18  Hour 20
Case 2 Hour 6 Hour 10 Hour 21
Case 3 Hour 1 Hour 14  Hour 20
Case 4 Hour 1 Hour 14 Hour 20

Case 5 Hour 1 Hour 14  Hour 20
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4.6 Chapter Summary

Initially, this chapter has described all the system data considered, the assumptions
made and the different scenarios that allow considering the uncertainty and variability.
Then, the model was tested, where a sensitivity analysis on different issues is made. It was
present an improve a SMILP operation model that aims to identify the minimum set of
switches to be updated from manual to automatic based on dynamic reconfiguration and if
the automatic switches will be installed only were manual switches already exist or also in
places where there are no switches at all. The results show the existence of a feasible set of
switches to automate in economic terms considering the technical constraints, in which it
was possible to identify two sub sets, one of manual switches (to be automated) and another
sub set of lines where there are no switches. The automation of these lines can bring several

benefits to the system operation in different levels.

This work also studied the optimization of the system under different topologies for
certain periods of operation throughout the day, taking into account different reliability
indices and losses. The support decision technique TOPSIS was also applied to select the best
topologies to use in the three different optimization periods of the day. From the results
analysis it can be seen that because of the objectives being so distinct it was not possible to
identify a trend that is maintained when different weights are selected, since when one

objective is optimized another is under optimized.



Chapter 5

Conclusion and Future Works

In this chapter, it is described the main conclusions of this dissertation, as well as some
future works that could be done in order to extend the study on dynamic reconfiguration of
the distribution system. Finally, the contributions of this work are highlighted by presenting

the publication, a result of this dissertation work.

5.1 Conclusions

In this work two complementary studies were made. The first study carried out an
analysis on the dynamic reconfiguration used in conjunction with DGs and ESS as a way to
operate the system with more reliability and integrate higher levels of RESs. To perform this
analysis an improved stochastic MILP was used to obtain numerical results of operating the
119 bus test system assessing the impact on systems operation with the integration of DSR,

DGs and ESS. The analysis of the case study showed that:

e From the dynamic reconfiguration analysis, it was possible to identify jointly with one
or several criteria which is the minimum set of switches that must be automated, so
as not to lose the benefits of dynamic reconfiguration and increase the system

reliability through faster system restoration due to automated switches.

e It was also possible to determine that the automated switch ideal positioning is not
always in the place where the manual switch is located, being possible through this
analysis to identify the locations where it is more beneficial to install them.
Moreover, it was possible to identify the set of switches which will require more

maintenance.
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With this approach to automate the system it is possible to perform 68% of the dynamic
reconfigurations obtained.

In the second study was made an analysis on the optimization of system operation after
the implementation of the results from the first study, taking into account the fact that it is
not practical for the system operators to carry out an hourly reconfiguration. However, it is
feasible to perform some reconfigurations throughout the day. As such, and going towards
what is mentioned in the literature, three reconfigurations were considered throughout the
day, corresponding to the three loading periods. The configurations to be used were selected
based on the individual calculation of two reliability indices, SAIFl and SAIDI together with
the power losses. To obtain the best reconfigurations to each period, the TOPSIS support

decision tool was used to minimize these functions. The analysis showed that:

e |t was possible to identify a set of network configurations for the three periods
considered, and these configurations correspond to the best configuration from the
perspective of system reliability and losses. The set of configurations changes
according with the weight assigned to each function, according to the preferences of

the decision maker.

e The results of changing different weights showed that the one that most influences

the configuration is the power losses, although this conclusion can be case sensitive.

In general, the electrical system has undergone a great change since the introduction of
system automation concept. With this work, it was possible to show the advantages of making
the system increasingly automatic, both in terms of reliability and in the perspective of

reducing operating costs.

5.2 Future Works

Possible future works to be done, considering the same subject are:
e To extend the reconfiguration period from 24h to 1 moth or even 1 year;
e To use a more complex method on the selection of switches to replace,
instead the average criterion, in order to meet a more refined model;

e To add to sensibility analysis the priority consumers concept.
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5.3 Works Resulting from this Dissertation

This thesis has resulted in one IEEE conference paper that has already been presented
at the 18th IEEE International Conference on Environment and Electrical Engineering — EEEIC
2018 (technically co-sponsored by IEEE), Palermo, 12-15 June 2018. This paper can be found
in Appendix C.

C. Santos, S.F. Santos, D.Z. Fitiwi, M.R.M. Cruz, J.P.S. Catalao, “Sensitivity analysis in
switches automation based on active reconfiguration to improve system reliability
considering renewables and storage”, in: Proceedings of the IEEE 18th International
Conference on Environment and Electrical Engineering — EEEIC 2018, Palermo, Italy, 12-15
June 2018.
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Appendix A

Appendix A.1 - Line Losses Linearization

According with [15], the active and reactive power losses in line 1 can be approximated
as follows. “The customary AC power flow equations, given by (A.1) and (A.2), are highly non-
linear and non-convex. Understandably, using these flow expressions in power system
planning applications is increasingly difficult. Because of this, Eqs. (A.1) and (A.2) are often
linearized by considering two practical assumptions. The first assumption is concerning the
bus voltage magnitudes, which in distribution systems are expected to be close to the
nominal value V,,,. The second assumption is in relation to the voltage angle difference 6,
across a line which is practically small, leading to the trigonometric approximations sin 6y =~
6; and cos 6, = 1. Note that this assumption is valid in distribution systems, where the active
power flow dominates the total apparent power in lines. Furthermore, the voltage magnitude
at bus i can be expressed as the sum of the nominal voltage and a small deviation AV,, as in
(A.3).

Py =V2g, — VyVu(gi cOS 0; + by sin 6)) (A.1)
Q= —Viby + VVp (b, cos 6, — g, sin 6)) (A.2)
Vi =Vom + AV,  where AV < AV, < AY™AX (A.3)

Note that the voltage deviations at each node AV, are expected to be very small.

Substituting (A.1) in (A.2) and (A.3) and neglecting higher order terms, we get:
Pl ~ (Vnzom + ZvrwmAVn)gl - (Vnzom + ermAVn + VnomAVm)(gl + blel) (A4)

Q= _(Vnzom + 2Vom AV )by + (Vnzom + Vaom AV + Vaom AV ) (by — 9161) (AS)
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Note that Egs. (A.4) and (A.5) still contain nonlinearities because of the products of two
continuous variables—voltage deviations and angle differences. However, since these
variables (AV,, AV, and 6;) are very small, their products can be neglected. Hence, the above
flow equations become:

Py = Voom (A, — AVR) gy = Vit b6, (A.6)
Ql ~ = nam(AVn - AVm)bl - Vnzamglel (A7)

Egs. (A.6) and (A.7) must be multiplied by the corresponding binary variables as in (A.8)

— (A.11). This is to make sure the flow through an existing/a new feeder is zero when its

switching/investment variable is zero; otherwise, the flow in that feeder should obey the

Kirchhoff’s law.

Py = Uy (Vnom (AV; — AV) gy — Vimbi 0,3 (A.8)
Q1 = X, n{—Vaom (AVy — AV by — Viom 9161} (A.9)
Py~ %1 p (Vaom (AV, — AVi) g1 — Viombi 613 (A.10)
Q= X1 p{=Voom AV, — AV by — Viom 91613 (A.11)

The bilinear products, involving binary with voltage deviation and angle difference
variables, introduces undesirable nonlinearity to the problem. This nonlinearity can be
avoided using the big-M formulation i.e. by reformulating the above equations into their
respective disjunctive equivalents as in (A.12)—(A.15). As a rule-of-thumb, the big-M

parameter is often set to the maximum transfer capacity in the system.”

|Pusi = nom (BVish — AVimsp) gk — VidmbiBusn )} < MPI(1 — ) (A.12)
|Qusn = {=Vaom (AVsh — AVims )b — idm@iBusn} | < MQi(1 — uyp) (A.13)
|Push — (Vom (Vs h = AVins i) G — imbiBusn}| < MP(1— x,) (A.14)

|Qush — Voo (AVasp = AVins i) bie = VidmiOusn}| < MQi(1 — x1) (A.15)
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Appendix B.1- System Data

Table B.1 - IEEE 116 Distribution System Data

Line From To R X Capacity lim
[Q] [Q]
linet 1 2 0,036 0,01296 13,2
line2 2 3 0,033 0,01188 4,4
line3 2 4 0,045 0,0162 13,2
line4 4 5 0,015 0,054 8,8
line5 5 6 0,015 0,054 8,8
line6 6 7 0,015 0,0125 8,8
line7 7 8 0,018 0,014 4,4
line8 8 9 0,021 0,063 4,4
line9 2 10 0,166 0,1344 4,4
line10 10 11 0,112 0,07889 4,4
linet1 11 12 0,187 0,313 4,4
line12 12 13 0,142 0,1512 4,4
line13 13 14 0,18 0,118 4,4
line14 14 15 0,15 0,045 4,4
line15 15 16 0,16 0,18 4,4
line16 16 17 0,157 0,171 4,4
linet17 11 18 0,218 0,285 4,4
line18 18 19 0,118 0,185 4,4
line19 19 20 0,16 0,196 4,4
line20 20 21 0,12 0,189 4,4
line21 21 22 0,12 0,0789 4,4
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(Continuation of the previous table)

Line From To R X Capacity lim
[Q] [Q]
line22 22 23 1,41 0,723 4,4
line23 23 24 0,293 0,1348 4,4
line24 24 25 0,133 0,104 4,4
line25 25 26 0,178 0,134 4,4
line26 26 27 0,178 0,134 4,4
line27 4 29 0,015 0,0296 8,8
line28 29 30 0,012 0,0276 8,8
line29 30 31 0,12 0,2766 8,8
line30 31 32 0,21 0,243 4,4
line31 32 33 0,12 0,054 4,4
line32 33 34 0,178 0,234 4,4
line33 34 35 0,178 0,234 4,4
line34 35 36 0,154 0,162 4,4
line35 31 37 0,187 0,261 4,4
line36 37 38 0,133 0,099 4,4
line37 30 40 0,33 0,194 4,4
line38 40 41 0,31 0,194 4,4
line39 41 42 0,13 0,194 4,4
line40 42 43 0,28 0,15 4,4
line41 43 44 1,18 0,85 4,4
line42 44 45 0,42 0,2436 4,4
line43 45 46 0,27 0,0972 4,4
line44 46 47 0,339 0,1221 4,4
line45 47 48 0,27 0,1779 4,4
line46 36 49 0,21 0,1383 4,4
line47 49 50 0,12 0,0789 4,4
line48 50 51 0,15 0,0987 4,4
line49 51 52 0,15 0,0987 4,4
line50 52 53 0,24 0,1581 4,4
line51 53 54 0,12 0,0789 4,4
line52 54 55 0,405 0,1458 4,4
line53 54 56 0,405 0,1458 4,4
line54 30 58 0,391 0,141 4,4
line55 58 59 0,406 0,1461 4,4
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(Continuation of the previous table)

Line From To R X Capacity lim
[Q] [Q]
line56 59 60 0,406 0,1461 4,4
line57 60 61 0,706 0,5461 4,4
line58 61 62 0,338 0,1218 4,4
line59 62 63 0,338 0,1218 4,4
line60 63 64 0,207 0,0747 4,4
line61 64 65 0,247 0,8922 4,4
line62 1 66 0,028 0,0418 13,2
line63 66 67 0,117 0,2016 13,2
line64 67 68 0,255 0,0918 8,8
line65 68 69 0,21 0,0759 4,4
line66 69 70 0,383 0,138 4,4
line67 70 71 0,504 0,3303 4,4
line68 71 72 0,406 0,1641 4,4
line69 72 73 0,962 0,761 4,4
line70 73 74 0,165 0,06 4,4
line71 74 75 0,303 0,1092 4,4
line72 75 76 0,303 0,1092 4,4
line73 76 77 0,206 0,144 4,4
line74 77 78 0,233 0,084 4,4
line75 78 79 0,591 0,1773 4,4
line76 79 80 0,126 0,0453 4,4
line77 67 81 0,559 0,3687 8,8
line78 81 82 0,186 0,1227 8,8
line79 82 83 0,186 0,1227 4,4
line80 83 84 0,26 0,139 4,4
line81 84 85 0,154 0,148 4,4
line82 85 86 0,23 0,128 4,4
line83 86 87 0,252 0,106 4,4
line84 87 88 0,18 0,148 4,4
line85 82 89 0,16 0,182 4,4
line86 89 90 0,2 0,23 4,4
line87 90 91 0,16 0,393 4,4
line88 68 93 0,669 0,2412 4,4
line89 93 94 0,266 0,1227 4,4
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(Continuation of the previous table)

Line From To R X Capacity lim
[Q] [Q]
line90 94 95 0,266 0,1227 4,4
line91 95 96 0,266 0,1227 4,4
line92 96 97 0,266 0,1227 4,4
line9d3 97 98 0,233 0,115 4,4
line94 98 99 0,496 0,138 4,4
line95 95 100 0,196 0,18 4,4
line96 100 101 0,196 0,18 4,4
line97 101 102 0,1866 0,122 4,4
line98 102 103  0,0746 0,318 4,4
line99 1 105 0,0625 0,0265 8,8
line100 105 106  0,1501 0,234 8,8
line101 106 107 0,1347 0,0888 8,8
line102 107 108 0,2307 0,1203 4,4
line103 108 109 0,447 0,1608 4,4
line104 109 110 0,1632  0,0588 4,4
line105 110 111 0,33 0,099 4,4
line106 111 112 0,156 0,0561 4,4
line107 112 113  0,3819 0,1374 4,4
line108 113 114  0,1626  0,0585 4,4
line109 114 115 0,3819 0,1374 4,4
line110 115 116  0,2445 0,0879 4,4
line111 115 117  0,2088 0,0753 4,4
line112 117 118 0,2301 0,0828 4,4
line113 105 119 0,6102 0,2196 4,4
line114 119 120 0,1866 0,127 4,4
line115 120 121 0,3732 0,246 4,4
line116 121 122 0,405 0,367 4,4
line117 122 123 0,489 0,489 4,4
line118 48 27 1 0,5 4,4
line119 17 27 1 0,5 4,4
line120 8 24 1 0,5 4,4
line121 56 45 1 0,5 4,4
line122 65 56 1 0,5 4,4
line123 38 65 1 0,5 4,4
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(Continuation of the previous table)

Line From To R X Capacity lim
[Q] [Q]
line124 9 42 1 0,5 4,4
line125 61 100 1 0,5 4,4
line126 76 95 1 0,5 4,4
line127 91 78 1 0,5 4,4
line128 103 80 1 0,5 4,4
line129 113 86 1 0,5 4,4
line130 110 89 1 0,5 4,4
line131 115 123 1 0,5 4,4
line132 25 36 1 0,5 4,4

Appendix B.2- Distributed Generation Nodes

Table B.2 - Distributed Generation Nodes

Node DG units quantity Node DG units quantity
Photovoltaic Wind Photovoltaic Wind
14 - 1 74 - 1
19 - 1 77 - 1
20 - 2 79 - 1
24 - 1 82 - 1
32 1 1 83 - 1
33 - 1 85 - 1
34 - 1 89 - 1
37 - 1 96 - 1
38 1 1 101 - 2
42 2 106 - 1
44 - 2 108 - 1
52 2 112 - 1
53 - 1 114 - 1
56 - 1 116 - 3
61 - 1 117 - 1
69 - 1 119 - 1

73 - 1
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Appendix B.3- Energy Storage System Nodes

Table B.3 -Energy Storage System Nodes

Node ESS Quantity

n20 1
n29 2
n33 1
n43 1
n52 2
n56 1
n61 1
n66 1
n69 1
n73 1
n77 1
n83 1
n89 1
n100 1
n107 1

n112 1
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Abstrace—Distributed Smart Systems (D55) should operate
and restore discontinoed service to consumers. In order to the
system gain theses ability it is necessary to replace the manual
switches for remotely controlled switches, improving the system
restoration capabiity having m view the Smart Grids
implementation. This paper aims to develop a mew model,
determining the minimal set of switches to replace in order to
automate the system, along with a senility analysis on the position
of the new switches, whether it should be placed in the same place
as the manual switch or in a new location, The optimization of
the system is made considering the renewable energy sources
(RES) integration in the grid and energy storage systems (ES5),
simultaneously, in order to improve the system reliability, The
computational tool is tested nzing the IEEE 119 Bus test system,
where different types of loads are considered, residential,
commercial and industrial.

Eeywords—Distibution  Awomaton, Disoibueed  Smart
Systems, Relabily, Self-healing, Sman Grd,  Ssrvice
Restauration.
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ssf0® Indexset of energy purchasad
¢faf Indswzat of substations
o'/a’ Set of normally closed/opened linss
nf Set of demand buses
B Parameters
dyy Fictitious nodal demand
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Energy storage limits (MWh)

Emission fates of DGs amd emerpgy
purchased, respectively (t€0, 6 /MWh)
Conductance, susceptance and flow limit
of line |, respectively (7%, 078, MVA)
Number of candidate nodes for
mstellztion of distributed generation
Cost of mmit energy production
(€/MWh)

Power factor of DGz and substation
Power generation limits (MW)
Chargimg/discharging upper limit (MW
Demand atnoden (MW, MVAF)
Pesistance and reactance of lme 1 (0,0)
Cost of line switching (€ /switch)
Nominal veltage (kV)
Chargimg/dischargimg efficiency
Cost of emizsions (tC0, &)
Warizhle cost of storage
(€/MWHh)

Scalimg factor (%)

Unserved power penalty (€/MWh) (€/
MVAr)

Probability of scenaries

gystem

Reservoir level of ESS (MWH)

Fictitious current flows through line J
Fictitious current mjections at substation
nodss

Charging/dischargmg binary variables
DG powsr (MW, MV A4r)

Charged discharged power (MW7)
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BwQian Imported power from grid (MW, MV Ar)
Poon Qnn Unserved powsr (MW, MVAr)
Pon@ion Power flow fhrough 2 lme
(MW, MV Ar)
PL  p. QL .y Power  losses m esch  feeder
(MW, MV Ar)
n Binary switching varizble of lme /
AV o AV o WVoltage deviztion magnitude (kV)
Bron Voltage angles between two nedes lme /
A Functions
EC,EC™,EC* Expectsd cost of emergy produced by

DGs, supplied by the ESS and imported
(£)

Expected emission costs of powsr
preduced by DGs and mported from the
grid (£)

Expectad cost for unserved snergy (€)
Cost of line switching (£€)

Emic™®, Emic™

ENCS
SWe

0. INTRODUCTION

B. Mothvation, Ains, and Background

In today's power systems ensuring the contmuity of servies
is one of the mzjor concems because of the mam changes that
are expectad m the nesr future of these networks. The
mterruption m power grids is unaveidzble dus to 2 wide variety
of rzzsons, such as system components mamtenames, grid
expansion, improving protection devices, therefors mamtzming
contmued service provision i3 2 mzjor concem [1]. Also, the
regulations on continuity of service have evolved to mprove
customer satisfaction =md to improve the energy quality
availzble for residential, commercial and mdustrial activities.
In this sense, it 15 necessary to procesd with the development of
technological solutions m order to mprove the service and
gystem restoration. One of the ways 15 through the optimal
positioning of automated switches m distribution lines (Fig. 1),
developing techmologieal resources m order to improve the
network operation and restoration conditions. Remote control
of switches is one of the pessible approaches to achisving
network mprovement znd responding to the problem m remote
parts of the network.

Thetefore, the future of the electrical system iz one of the
topics on the agenda where the great majerity of roads mdicate
that the future of the lectric gnd is the smamfication of the
grid i order to make it "mtelligent” giving rise to smart grids.
Smart grids will have the ability to perform operations m zn
automated manmer, opersting with great relishility and with
low operzting and mamtenanes costs. In [2] can be found some
projects and research m the area of the smart prid. Within the
smart grid there iz the concept of system automation, where
distribution system zutomation ¢ plays an mportant rols in the
opertions and system  restoration, achieved through the
mplementstion of remotely controlled switches and new
communication technelogies [3].
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The vast majority of works m the literature focus only on
the distribution system reconfiguration, mamly with the zim of
minimizing the snergy losses or helping to mtegrate more BES
mto the system [4]-[6].

In [4] Tehboub ef ol present 2 new formulation for the
distribution system reconfiguration with the zim of reducing
energy losses in one yexr considering severzl distributed
generation profiles. Haghighat and Zeng present m [3] an
operation strategy usmg distribution system reconfiguration
considering the uncerteinty of the lozd md remewsble
generation with the objective of mnimizmg losses. In [6]
Capitanescu et al. present a work that assesses the potential of
netwotk reconfiguration to mprove the mtepration capacity of
DGs i zn active network manzgement scheme.

Also, there 13 2 set that through the system reconfiguration
zims to improve the system relishility [7], [8]. Chen et al. m [7]
present 2 methed to evaluate the relisbility mdex’s, the total
distribution  system  delivery  capecity  considermg  the
rﬂctm.ﬁmauun of the network md daily load curves. In [S] itiz
presented a work on reconfiguration of the system i operation
formulated 23 2 multi-ebjective problem, where it is mtended to
minimize the losses and several relisbility mdexes.

Therefore, there is 2 very limited set of works focuses on the
automation of switches. In this works the grest majority
focuses on the total automation of the switches which is
unthinksble for the distribution system opetation (DS0) due
the cost of updatmg the switches from menuzl to zutomated,
being few wotks that make this distmction ot zccount for this
fact [9]-[11].

Chen &f ol present m [9] = zlgorithm to perform the
placement of switches on the system lmes with the godl to
zutomate the distribution system. In [10] it is made zlso the
placement of remotely controllsd switches to mprove the
restoration capacity of the distribution system. In [11] it is
presented 2 new methodology to carry out distribution system
reconfiguration (DSR) i an zutomated way meorporatmg DGs
i the system operation. Only automated switches are
considersd i the analysis of this work.

In this wotk is presented 2 different approach from the
previous works, sinee this work has twe objectives, perform
dynamic reconfiguration m the system operation and improve
the system restore capacity after a failure Therefore, the
system i3 dynamically reconfigured considermg that all
switches zre sutomated i the first phase.
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In 2 second phase, 2 sensitivity analysis is made based on
the houtly reconfiguration topelogies, i order to identify the
minimum set of switches that must be upgraded from manuals
to automatc, m order to Mmprove system  operation
performance and restors capability after 2z failure. The
sensitivity matrix will zlse allow identifying which switches
will need the most mantenance.

C. Contributions

The main contributions of this paper are the followng:

* Develop = 1m oved stochzstic mixed mteger limear
programing | ) operstion model comsidering de

presence of DGS-baS“d renswables, ESS and dymamic
reconfiguration;

*  Create 2 methodology on the system sensitivity analysis
to identify the mimmmum set of switches to be updated
from mamual to sutomatic based on dynamic
reconfiguration.

* Identfy whether the automate switches will be placed, if
only m places were manmual switches exist or zlso m
places.

* Identfy switches that require more mamtenance due to
dymamic reconfizuration.

M. MATHEMATICAL FORMULATION
A Objective Function
The objective of the current work is to mmimize the sum of the
most relevant cost terms (1); namely, the costs related to

network reconfiguration (switching), operztion, emissions and
load shed.

MinTC = 5WC + TEC+ TENSC + TEmiC (1)

The switching cost term (2) 15 meurred when a change of
status m 2 give en Tme pocurs, that is, when it goes from 0 (ﬂp-m}
tol (Jﬂsnd} Of VioE Versa

SWC = Z SW, = (¥ + Vi) )
et nent

The emission cost (3) is given by the sum of costs of power
produced by DGs, discharped from ESS and mmported from

upstrezm grid.
Z 0C.P7E,

TEC = Zp,z

sEMf penh gend

NN 2+ 6

es,msh
senf pen® esends
T pss
+ E Pz E E ‘lnp.-_n,:_h
senf menfoent

The cost of load sheddmg, given by FENSC, is formulated
a3 follows:

TENSC = Z 2. Z (Vo nPron + V2, Qrcn) )

sent nent

Finally, equation (3) refers to the total cost of emissions as
a result of power either supplied by DGs or mmported from
upstrezm.
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A Constraints
The sum of all meoming flows to 2 neds should be equal to
the sum of 2l outgemng flows, which iz given by the
Kirchhoffs Law. This is applied to both zctive (6) and reactive
(7) power flows, and must be respectad at 2l times:

DB+ ) (P - B L)+ B,

gend esEn®s
P::fn Z Pion— Z Biiw= PD;n (6)
sut tent
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Equations (8) and (%) present the lmearized AC power flows

through each feeder, which are govemed by the Krchhofs

Voligge Loow. Note that &, refers to the angle difference

g B o ;. , Where n 2nd m are bus mdices correspondmg to

nsh - Ymsh
the same line 1.
PI sh T [",rism (“i[",n_:_u - "ﬁr'"m_:_"l.]gk (9
[",uz,w-bkﬂl,:_n = MR(1-J,)
QI L5, R , nom (‘ﬁrr,ri_:,h - "ivm_:,h]bl: I:g,}

-V rr'.gk el = MQI—xin)

The maximum smeunt of flow that can pess through 2 lme

is given by mequality (10). Equations (11) and (12) represent
actrve and reactive power losses i a given line.

Plon+ Qion £ XaST)° (10)
PL = R(Pln+ Qi) Vim (11)
QLyon = X, (Pln + QLn)/ Viem (12)

ESS iz modeled by the expressions (13)--(18).
02 Plon £ I8P (13)
0= Ponen S LnanPimn (14)
et =1 (15)
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dch

R
= _r oh pcg &5 rsh
Sammsh T Sasmsh-l +?Tupu msh dch (16}
Tas
pmin = pmax 7
Sarm = Sesmsh = Sann I:l}
F prmax, o - pmax
Lermeng = MarBorn i Dopmonzs = Haglorn US}

The limits on the amount of powsr charged and discharged :

are given by (13) and (14), respectively, while (13) guarantees
that charpmg =nd dischargme processes do not simult=neously
happen 2t any given time.

The state of charge 13 modelled 25 presemted m (16).
Inequality (17) ensures that the storage level is always within 2
permizsible range. Finally, (18) sets the mitial storage level,
and snsures the storage iz left with the same zmount 2t the end
of the operational peried.

The active and reactive power limits of DGs are given by
(19) and (20), respectively. lnﬂqualm (21) limits the DGs
ability to mject or consume reactive power.

PD.- I'i"Jﬁ.,:: PD" PDSN‘.‘L‘L’ (19}

ansh gomsh = amnsh

DG min OG,max .|
II"JJ:'.M'."I- z Q&' i = Q_;;'_n.:_h I:"‘I}}
—tﬂﬂ(ﬂﬂ;"_i(pf;]‘].?;;:h = Q; nsh

= mn(ms 1[pf;ﬂP;”;5 "

The active znd rezctive power limits 2t the substations are
given by (22) znd (23), dus to stability reasons.

(21)

PSSFJR{PS-:.’LE PSSN"_"II :\l}
Q=" < 0%, 5 Q5™ @)

The rezctive power that 15 withdrawn from the substation 13
gubject to the bounds presented m inequality (24).

—tan(cos~!(pf, ) )P, = Q5

= tan(cos ™ (pf,) B,

The radizl operation of the considersd system 13 gneranteed

by meluding the constrzintz m (23) through (31). Constraints

(2TV—(31) ensure radislity m the presence of DGs, and
simultznepusly aveid islandmg.

(24)

z,]:'lu_lb“mEﬂDLE‘n (25)
1en!
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IV. NUMERICAL RESULTS

The 119 bus test system from IEEE is used to test the
proposed optmization model, Fig. 2. where can be seen the
glusmu-n and type of DGs m the - svstem. Detailed data about

13 test system can be found m [12 20

In this system, there are two types of DGs, solar and wind
which have = imstelled capacity of 2 MW md
1 MW, respectively. The ES5 have as mstelled capecity of
I MW with bm:'h charging and dischargmg efficiencies
assumed to be 90%. The tota] zctive and reactive loads of the
system zre 3.93 MW and 162 MV, respectively. The
opetational period i assumed to 24 hours long. A possible
houtly reconfiguration iz considersd. Thﬂwl'r.agﬂ of the system
is 10 KV, md the maximum voltage deviation “allowed at each
node i3 = 3% of the nominal voltage value. The substation i3
considered zs the reference node, where the v cltage magnimde
13 sét to the nommal voltage and the angle az 0. In. addttmn the

ower factor 2t the substation 0.93 iz considersd to be constant

ectricity prices follow the demand trend, rangmg from
42 1o 107 €MWh. The lowest electricity price happens during
the valley periods amd the highest omes durmg peak
consumption periods. The operation cost of ESS durmg
charging and dischargmg iz considersd to be 5 €MWh The
tate of emissions at the substation is 2zsumed to be 0.4

tCO2eMWh, and 2 carbon price of 7 £4C02 iz considered m
all simulations.

Fiz. 2. 119 Bustestzysem.
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A tariff of 40 €MWh and 20 €MWh are considered for
remuneratmg the powsr productions from sclar PV and wind
fzrms. The cost of switchmg any lme 15 considersd to be 3
£'switchimg.

In thiz work the automation of switches was considered.
based on the network dynamic reconfisuration considerimg the
presence of renewszble (wind and solar generation), 2s well as
ES5. This reconfisuration was obtaimed from the perspective
of optimizing the system operation, considermg the sconomic
requirements znd technicsl restrictions of the systam.

Thus, m Tzble I can see the totzl cost of system operatmg
together with the cost terms that make up the objective
finction. From this tzhle can be highlight the cost of power
not served, OMW, 25 shown i Fig. 2, due to the i mtzgration of
smart grid enzbling technologies. In this case, the pressnce of
DGz combined with ESS, which zllows a better halance of
generation znd demand, lezdng to all the energy being used
while the reliability of the system is maintsined.

Alse m Table I 1z presented the total value of the energy
losses, znd m Fig. 3 its profile can be anzlyzed over the period
of operstion, which due to the dymemic reconfiguration
together with the DGs and ESS, presents lower losses than the
without these technologies being present, compared with the
literzture values [13].

Therefore, i the first phase of this work, system dynamic
reconfipuration  was  done based on the mathematieal
formulztion presentsd, where different reconfiguration for
ezch howr was obtzmed. The reconfiguration results are
presented i Tzble 11, whers the closed lmes set and open linss
set constituting the network topelogy.

In 2 second phase, 2 sensitivity analysis was performed to
the dyn=mic reconfisuration of the system. Bazsed on the
analysis of Tzble II, the number of switches per line was
mnzlyzed. This znalysis can be realized m Fig. 4, where it can
be seen that not 20l lines undergo reconfipuration. From the
totality of all limes, only 22% of ﬂ:I.EIII. erform reconfiguration
at least omce in the time period considered, which means that
78% of lmes do not need to be zutomated. However, the 22%
of ﬂ:l° lines still represent a major mvestment effort to
automate the system. In this perspective, it 15 necessary to
identify using one or several criteriz which set of switches are
essentizl to automate As a3 result, the criterion of the averzge
value waz uzed, where for the lines that have 2 number of
switches zbove the average are the pessible cendidates to
constituts the set of switches to be automated. For the majority
of cases, the set of lines belongmg to the set of values zbove
the average represent more than 50% of the total system
switches. In this case, as shown i Fig. 3, this set of values
represents 62% of the total switches.

Alse, m the rezlization of this study it was considered that
zll lmes can perform reconfiguration to evaluzte o the
automation of the switches would be m the same place where
the manuzal switches are, or m other places of the network are
positioned (since the manual switches are only present m the
tie lines). Sinee the tie lines correspond to the lines belongmg
to the set of lines 118 to 132 it is possible to verify that thers is
2 set of lmes {ine23,linel6, linedd, lingdo lingd2,lines3,
line61,line74,line76,lined 2,ling85,ling95), that ot 1z
bensficizl to put n sutomated switch. From this set the lmes,
{line42 line53,line74,line 85¢,line90} are part of the
priority setto be automated.

TABLEl-SYSTEM COSTS
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Thus, the st of lmes to be mutomated i3 presented m
Table IIT and cotresponds to 62% of the total of switches, as
mentioned, allewmg thet from the howly reconfigurations
presented m Table 1T it 45 possible to relize 68% of the
configurations, with the zutemation of these limes. Smnce the
mimimum set of switches to be updated corresponds to the
most used switches, these will consequently be also the set of
lines that will requirs higher mamtenanee.
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V. CoNCLUSIONS
In this study, an analﬂsis on the dynamic reconfiguration
used m conjunchon with DGs and ESS as 2 way to operate the
system ‘mgm mote telizhility and integrate higher levels of

RES was I;:reseumd. To perform this anelysis an mproved

stochastic DMILP was used to obtzin numerics] results of

operating the 119 bust test system zssessing the mpact on
systems operation with the mtsgration of DSE, DGs and ESS.

'L{le analysis of the case study showed that

* From the dynamic reconfiguration analysis it was possible
to identify jomtly with one or seversl criteria which i3 the
minimum z&t of switches that must be automated, 20 23 not
to lose the benefits of dynamic reconfiguration and merease
the system relizhility through faster system restoration dus
to automated switches.

* It was zlso possible to determime thet the sutomated switch
positioning i3 not always m the place where the manual
switch is located, being possible through this analysis to
identify the locations where it is beneficial to place them.
Moreover, it was possible to identify the set of switches
which will requite mere maintenance,

With this oach to automate the system it i3 possible to

perform 63% of the dynamic reconfigueations obtamed.
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