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Resumo

As constantes pressdes ambientais tém vindo a pressionar a adocdo de medidas eficientes no
que diz respeito a conversao de energia e também a eficiéncia do sistema de energia eléctrica.
E necessaria a utilizacdo de técnicas de optimizacdo que proporcionem a melhoria do actual
sistema eléctrico. Os sistemas de distribuicao de energia eléctrica sdo responsaveis por entre-
gar a energia aos consumidores finais. Estes sistemas sdo uma parte do sistema eléctrico que
requer optimizacdo uma vez que sao responsaveis por uma quantidade consideravel de perdas
de energia eléctrica.

Com novos recursos disponiveis aos consumidores residenciais, como por exemplo veiculos eléc-
tricos, sistemas de armazenamento de energia e pequenas unidades de producao, podem ser
vistos como uma oportunidade, e até mesmo um desafio, para os sistemas de distribuicdo de
energia elétrica. As casas inteligentes estarao habilitadas a resolver problemas de optimizacao
com intuito de garantir o minimo custo da factura eléctrica, com os precos dinamicos de electri-
cidade. Contudo, esta optimizacao, por parte das casas inteligentes, pode criar problemas para
os sistemas de distribuicdo, nomeadamente na criacao de picos de carga indesejaveis durante
periodos onde o preco da electricidade é o mais baixo.

A reconfiguracao de sistemas de distribuicdo é um processo de alterar a topologia da rede eléc-
trica. Este processo pode ser usado como forma de minimizar as perdas de energia nos ramos de
ligacao do sistema de distribuicao. O objectivo do operador dos sistemas de distribuicao consiste
em minimizar as perdas de poténcia activa no sistema, garantindo a fiabilidade e estabilidade
do mesmo.

Nesta dissertacdo sera apresentada uma nova estratégia de coordenacao do pedido de carga do
sistema de distribuicao, que consiste em estabelecer uma relacao entre as decisées tomadas
pelo operador dos sistemas de distribuicao e pelos utilizadores das casas inteligentes. Esta es-
tratégia tem como finalidade providenciar ao operador do sistema de distribuicao a capacidade
de motivar os consumidores em responder, nao apenas ao preco da energia eléctrica providen-
ciado pelo mercado, mas também pelo preco criado pelo operador da distribuicdo. Com esta
estratégia, pretendem-se evitar os problemas do aumento de perdas de energia elétrica, devido
a optimizacao das casas inteligentes.

Esta nova estratégia é testada em diferentes sistemas de distribuicdo. Ainda, sao utilizadas
técnicas avancadas de computacao com o intuito de tornar o problema de optimizacao viavel
em implementacoes praticas.

Palavras-chave

Otimizacao de sistemas de distribuicao; Reconfiguracao de sistemas de distribuicao; Resposta
da demanda; Sistemas de gestao de energia; Casas inteligentes; Computacao em rede.
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Abstract

The increasing environmental concerns are imposing the need to adopt actions regarding the
efficient operation of the overall electrical system. Optimization techniques that pave the
way to improve the current electrical system are required. The electric distribution systems
(DS), which are responsible for delivering the energy to the final consumers, is one part of the
electrical system that needs to be optimized, since it is responsible for a considerable amount
of energy loss.

The new assets available to the residential users, such as electric vehicles, energy storage sys-
tems and small self-production units, present at the same time an opportunity and a challenge
for the DS. The Smart-Households (SH) will solve optimization problems to guarantee their min-
imum electrical bill cost, with respect to the received dynamic electricity price signal from the
retailer. However, this could negatively impact the DS by creating additional undesired peaks,
during low price periods.

The distribution system reconfiguration (DSR) is the process of changing the network topology.
This process can be used as a technique to minimize the active power losses on the branches of
the DS. It is the objective of distribution system operator (DSO) to minimize the active power
losses in this system, while guaranteeing the system reliability and stability.

In this dissertation, a new load demand coordination strategy is presented, that envisions the
harmonization of the decisions made by the DSO and those made by the SH energy management
systems. This strategy provides the DSO the capability to motivate the end-users, not only to
respond to the retailer market signal but also to a price signal generated by the DSO. There-
fore, this coordination strategy allows addressing this problem, preventing the increased losses
resulting from the SH optimization process.

This new strategy is tested on several distribution systems. Advanced computing techniques are
used in order to make it feasible for practical applications.

Keywords

Distribution System optimization; Distribution System Reconfiguration; Demand Response; En-
ergy Management Systems; Smart-Households; Grid-Computing.
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Chapter 1

Introduction

“Men argue. Nature acts.”

VOLTAIRE

The Modern Era is primarily characterized by the increased dependence on electricity that is
considered a basic need in modern times. Unfortunately, the rapid world electrification by
means of fossil fuels, used for electrical energy production, came with a significant cost. The
excessive use of fossil fuels, without future planning and consideration of its sustainability, had
detrimental effects on the environment and has contributed to what is described as Climate
Change. The importance of this subject and the increased awareness has led to combined efforts
and the creation of an international protocol, the Kyoto Protocol, with the aim of reducing the
greenhouse gas emissions, in order to preserve the environment and promote the sustainability
for future generations. The Kyoto Protocol agreement was active until December 2012, however
its principles still live on. The DOHA Amendment came with the intent of extending the initial
commitment that has been proposed, and achieve these objectives until 2020, by presenting
itself as a continued effort in tackling the Climate Change problem.

To preserve the sustainability of the planet for the future generations, it is imperative to reduce
the use of greenhouse gas emissions as well as to mitigate the dependence on fossil fuels.
This has led humanity to rethink the sources by which the electrical energy is produced, by
envisioning a new scheme of production through Renewable Energy Sources (RES). Additionally,
one could not ignore the negative impacts on countries that majorly rely on fossil fuels. This
dependence leads to compromised economies for the dependent countries, since oil is a volatile
asset as regards its market price. This asset is continuously in high demand and it is highly
susceptible to global conflicts that directly jeopardize its ability to be tradable, which leads to
a direct change on its price.

The European Union has already started addressing these concerns. Through the Directive
2009/28/EC [{]], the guidelines on the promotion of the use of energy from RES have been
established, while Directive 2009/72/EC [2] provides the guidelines towards an open and liber-
alized electricity market. It is stated in [{1]] that 20% share of energy must be procured from RES
and a 20% increase in energy efficiency must be met. The specific targets up to the year 2020
for each country are also determined in these directives. A progress report has already come to
light, listing the current developments in each country [3]. However, the current economical
crisis presents itself as a major setback in the initially proposed efficiency targets, slowing down
the progress of all countries towards the initial objectives. Portugal, as a state member of the
European Union, has already begun its efforts on achieving the 2020 goal, through several trans-
positions of the European directives. Still, based on the data of the last report [3], Portugal's
share of RES in 2010 was 24.6% with its initial goal set to 31% by 2020.



There is a need increase the energy production from RES and also the electrical system efficiency
to fulfill the proposed European targets. However, facing times of economical pressures can
demotivate further investments necessary to accomplish these goals. Whatsoever, these times
can also be seen as an opportunity to develop efficiency measures that can be easily adopted
to ensure a more efficient electrical system.

1.1 Background

In order to meet the efficiency goals, a key element in the energy sector that needs to be opti-
mized is the Distribution System (DS). The aforementioned European Directives [{1] [2] stated the
importance of each state member in improving the electrical grid. Currently, the distribution
systems present a serious problem, since they are responsible for a considerable amount of ac-
tive power losses. Figure illustrates the electric power system transmission and distribution
losses and its evolution over the past years [4].

According to [4], around 8% to 9% of the energy production worldwide is lost in the distribution
and transmission systems. Additionally the historical evolution of losses in the European Union
(average 6%) as well as in Portugal (average of 8%) is depicted. Regarding this impact and taking
into the account the last year of reference of the available data (2011), in terms of the amount
of energy lost in the distribution and transmission system, it represents approximately: Portugal
4 086 GWh; European Union 203 482 GWh and Worldwide 1 785 873 GWh.

For a country still somewhat dependent on fossil fuels such as Portugal, these losses cannot be
neglected. Once can notice that, based on the same year of reference, that the total renewable
energy production from Portugal was around 24 111 GWh. Considering this number and the total
losses of that year, it is equivalent to say that it represents 17 % of renewable energy production
from Portugal that is lost in these systems.

-
o
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Figure 1.1: Electric Power Transmission and Distribution Losses.



Given this point and verifying the set out goals for countries like Portugal, distribution systems
can present a serious setback in achieving efficiency in the electrical system.

Distribution systems are a part of the energy transport sector designed to deliver energy to
the users. In many cases it is required that these systems are expanded to further address
the increase in the number of users. However, it is a challenge on how to properly plan the
expansion of these networks. The ineffective planning of DS and the increase of demand growth,
contributes to the increase of losses.

It is expected that under the increased environmental concerns RES penetration will also in-
crease. However, the existing electric power grid presents a serious obstacle when it comes
to this matter. The existing DS works on a basic principle of energy transfer from the distribu-
tion feeders to consumers. In the past, energy production was mainly entitled to centralized
power facilities. Nowadays, with the increasing introduction of RES, the production scheme is
changing rapidly to a decentralized production approach. Moreover, the consumers have a great
impact on speeding up this transition process. With the availability of small-scale RES behind
the consumer meter, they can now become also producers in this new production scenario.

This shift of production approach presents a challenge in the current structure of the DS. An
intensification of deployment of decentralized production centers attached to the DS, could
increase its operating complexity, by changing the energy flow. Previously, from a centralized
production scenario the energy flow worked on a single direction only, which was easy to ad-
dress. However, with a decentralized production scenario, a bidirectional flow will start to
happen, leading to several challenges regarding the operation and protection of the DS. Recent
developments in the transportation sector with the emerge of electric vehicles (EV) are prov-
ing a reliable option towards sustainability. Nevertheless, additional challenges occur with the
introduction of EVs and other dynamic loads, which the DS could not possibly support this in
its current state (e.g increase in active power losses, voltage sags, line failure and even the
thermal aging of power transformers [5]), unless new strategies are adopted.

To contemplate this new paradigm, the electrical power grid needs to evolve to a more robust
and adaptive network, the Smart Grid. This new electrical grid, will rely heavily on a commu-
nication infrastructure that will help gathering information throughout the DS. With this infor-
mation, a better perception of the DS operating status can be known, which aids in optimizing
the network to ensure its efficiency.



1.2 Motivation and Objectives

To prevent further consequences from the climate change paradigm, and to ensure that the
energy efficiency goals are met, a change must occur in the Distribution Systems. It is required
an optimization in this sector, to promote the reduction of active power losses, and in the
process contribute to support the increasing amount of RES production.

The need for an optimized DS while guaranteeing the system stability and reliability for the users
is evident. However, in order to achieve this efficiency the distribution system operator (DSO)
should no longer see the consumer as a passive element of the electric DS. The consumer actions
and decisions, regarding the allocation of their load, have a direct impact on the actions that can
be taken by the DSO. For the sake of the DS efficiency, the DSO needs to base its decision-making
on the decisions and load profile of the consumers. The consumer actions could be worthy or a
liability for the DS and its importance cannot be neglected in establishing an efficient system.

This dissertation aims to give a novel contribution in addressing the active power loss problem
in the DS. It is the objective of this work to develop a decision-making tool that aids promoting a
more efficient DS during its operation. Therefore, it pretends to give a significant contribution
in the optimization field of the DS, by proposing a new strategy for loss reduction that could be
applied in times of economical pressures and low investments in the distribution sector.

This methodology aims to create a new optimization framework, which relies on a load man-
agement coordination strategy, by establishing an interaction between the DSO and the users.
This novel coordination strategy envisions the optimization of the DS by exploiting a well-known
active power loss minimization technique, the Distribution System Reconfiguration (DSR). There-
fore, this methodology tries to establish the interaction between the two decision makers: the
DSO and the End-User. A new computational strategy is also be adopted in order to make the
optimization problem suitable for practical applications.

1.3 Dissertation Structure

This dissertation is divided into 6 chapters. The current chapter, Chapter 1, started by in-
troducing the research question and its problems, focusing after on the dissertation objectives
regarding this research question, the optimization of the DS. The following chapters are struc-
tured as follows:

In Chapter 2 the problems faced by the distribution systems as well as the opportunities are
explained. In this chapter the techniques that can be adopted in order to minimize the active
power losses are explored. Moreover, it presents typical optimization problems that are ad-
dressed in the DS. At the end of this chapter the Smart Grid concept is introduced, focusing on
the benefits it could have on current distribution systems.



In Chapter 3 a concept of load management that is possible by the Smart Grid infrastructure is
presented. It presents the concept on Demand Response, highlighting its benefits and challenges
for the DS. At the end of this chapter the latest state-of-the-art on the subject is presented,
addressing the existing research gap in the field.

In Chapter 4 the proposed model as well as its mathematical formulation are presented. This
chapter starts by explaining the end-user to DSO interaction framework, explaining the funda-
mental concepts of this interaction. A brief explanation of the adopted computational strategy
is presented, presenting its benefits in the optimization process.

In Chapter 5 the obtained results from the proposed model are presented, presenting its be-
havior on different simulation scenarios.

In Chapter 6 the final conclusions and contributions that came from this work are presented,
presenting the future work possibilities.

1.4 Summary

This chapter provided a brief introduction in the research work. It started by addressing the
research question presenting afterwards the motivation that leads to this dissertation with the
proposed objectives. The following chapter will start by explaining the challenges and oppor-
tunities faced by the DS.



Chapter 2

Evolving Distribution Systems

"Everything should be made as simple as
possible, but not simpler.”

ALBERT EINSTEIN

2.1 Introduction

The previous chapter introduced the problematic efficiency problem that humanity faces and
where it stands regarding the electrical DS. Therefore, this chapter starts by addressing the
electrical distribution systems and its loss saving techniques, in order to improve its efficiency.
It is explained the principles and the complexity of the optimization problems in DS, focusing
on the optimization through reconfiguration method.

Later on this chapter the need for a smarter electrical grid is presented, introducing the Smart
Grid concept. It starts by presenting the main contributions to the electrical system and how
it will improve it, in order to meet the efficiency goals. Furthermore, it establishes the ground
for the following chapter on the energy management strategy, namely demand response.

2.2 Distribution Systems

Electrical energy is a complex energy form that must suffer several transformations until reach-
ing the final user. However, this complexity behind this structured system is not always per-
ceived from the consumers.

Typically, the electrical energy system is organized as follows: Production, Transmission, Dis-
tribution and Consumption. This typical structure of power systems is considered to be based
on a vertical hierarchy system, being at the top the production utilities and at the bottom the
end-users or consumers, in which this principle relied on the centralized production. However,
this vertical structure approach has begun to change mainly due to the introduction of RES,
since it is no longer expected that the energy is produced at a centralized point but rather in
many decentralized points.
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Figure 2.1: Network Topologies: a) Radial; b) Meshed ; c) Ring.

Electrical energy has a particular property in comparison with other commodities or goods:
the production must always match the total consumption of the users and the losses of the
system. Moreover, quality indexes in terms of frequency and voltage need to be maintained and
respected in order to guarantee the stability of the system to prevent its collapse.

One of the main contributors to the energy losses, comes from the delivery mechanisms, such
as Transmission and Distribution systems, that ensure the energy transport from production to
consumption sites.

At the exit of a power plant, the voltage is stepped-up and is injected into the transmission
system. This voltage increase is necessary to reduce the currents through the conductors while
maintaining the same amount of power transmitted. Transmission systems are designed to carry
energy to long distances especially in High Voltage (HV) and Ultra-High Voltage (UHV), to the
receiving substations. Through this approach the use of larger diameter conductors is avoided
together with investment burden and technical complexity that comes with it. These transmis-
sion lines can also be used as interconnection links. These links are mainly designed for the
interconnection of different countries in order to enhance the security and the stability of the
individual power system of each interconnected country, since it acts as a backup transport
system in case of major outages or even in situations of high demands.

In the substations, the voltage is stepped down for the distribution network, which is the part
of the network responsible for delivering energy for industrial, commercial and residential con-
sumers in High, Medium and Low voltage. Since DS are responsible to deliver electrical energy
to the final consumers, one of the main properties that it must address is the ability to be redun-
dant, in order to prevent failure of service to the end-users. Several topologies can be adopted
to ensure the operation of the energy delivery sector. In Figure the typical topologies used
in distribution systems are presented: radial, meshed and ring [6].

In the DS, the topology of choice in practical applications is radial. Radial topology offers a more
straight approach in providing electricity since it allows an one-way power flow from production
to the consumption side in a vertical manner.



This is particularly helpful, since it is expected the flow from one direction only, becoming easier
for protection mechanisms and fault control [7].

2.2.1 Distribution System Losses

Being the element in which commercial and residential users are connected, the DS needs to be
carefully planned in order to contemplate further expansion and system growth. These systems
must be carefully planned in order to maintain service to the consumers in case of failure. For a
successful planning the load magnitude that is being delivered must be known/predicted in order
to properly dimension this network. The proper planning of DS expansion is important since it
could reduce the costs of unnecessary equipment deployment. On the other hand, insufficient
planning of this network could lead to weaker links in the network, which could compromise
its stability. A weakly reinforced structure could lead to an overload on some branches, which
could result in significant voltage drops and increased power losses [8].

In the electrical power systems an important element that has a significant contribution to the
power losses is the DS. The sources of losses can be categorized as technical and nontechnical
losses. Regarding nontechnical losses, this type of loss does not refer to undelivered energy for
the user but rather the energy that is not being billed but is being produced. This includes losses
due to metering fraud or energy theft, or even mismatch of unmetered supply and the reported
billing [9].

However, its in technical losses that the attention is needed. Typically, the DS operates on low
voltage levels that lead to increased currents. One can deduce from the relation P, = R.I?
that with increase of current I leads to an increase in losses, considering that R is constant.
Technically the value of R can be affected by several conditions, such as temperature and
frequency.

Thus, the distribution system needs to be optimized in order to increase its efficiency by re-
ducing the active power system losses. According to [10] there are three methods that can
contribute to the reduction of active power losses in the distribution systems being:

1. Capacitor Placement.
2. Distributed Generation Allocation.

3. Network Reconfiguration.

According to the first strategy, Capacitor Placement, stands for the reactive power support in
order to correct the power factor and improve the voltage profile [11]. This approach tries to
locally support reactive power in order to reduce the transport of reactive power, and therefore
the current in distribution branches. Moreover, it prevents the voltage drops at the node, im-
proving with it the voltage profile. However, these techniques present a challenge in the sizing
and the allocation of the capacitors in the DS. It was stated before the difficulty on planning
the network expansion.



Regarding capacitor placement, challenges rise on how many capacitors are necessary to ensure
the desired effect. Also, if the network grows to respond to its load growth, the capacitor
architecture needs to be re-sized in order to address the new expansion.

The Distributed Generator (DG) allocation method tries to introduce decentralized production
points throughout the DS. Besides the contributions that are equivalent to the capacitor place-
ment, this approach tries to locally support the power demand by reducing great amounts of
energy transport in distribution branches. In the process it aids on the reduction of investing
in an upgraded distribution infrastructure to contemplate the increase load. Besides the envi-
ronmental benefits it has when compared to centralized production points, the deployment of
DGs can locally support the voltage levels maintaining its stability. However, this approach still
faces the same problem that affects the capacitor placement, its planning and allocation [{12].
Poor allocation of these production centers could affect the distribution performance, since
it would create an additional power flow direction that was not present in the vertical power
system structure. These DG sites could even present problems in the equipment protection.

These protections, especially in the interconnection to the DS, need to be standardized in order
to support different sources of DG production. This is important since, in case of faults, these
DG sites if proper protection equipments are designed, can introduce fault currents in the main
DS. These protection equipments are required to detect faults and prevent further damages to
the system and even the DG sites. Faults with the introduction of these DG systems can create
overvoltages in the system and even lead to loss of synchronization with the grid or a creation of
islanded systems. These islanded systems could be a problem especially if the total DG cannot
match the demand. This rises the challenge on how to properly select the interconnection
transformer which is responsible to connect the DG site to the main grid [13].

Distribution system reconfiguration consists of altering network topology by opening or closing
switches. Typically, DSR was used to restore system faults by putting online disabled links and
for maintenance planing for security purposes. However, this method is starting to be widely
used for load balancing purposes, by transferring the load from heavily loaded to less loaded
feeders. By changing the network topology it can relieve the overloaded feeders and improve
voltage stability and in the process reduce the network active power losses.

Of the methods presented above on saving active power losses in the DS, the DSR seems to be
the method that presents a better economical option for the DSO [[10]. The little investment
policy on this strategy, could present itself as an attractive option for the DSO when compared
to the investments required by the other strategies. However, in the practical side there are
still some doubts about the cost-benefit analysis that it can bring to the DSO.

In defining a network configuration a combination of normally open switches (tie switches) and
normally closed switches (sectionalizing switches) is used. These electromechanical switches,
have a limited switching cycle, which affects the decision regarding the topology to adopt when
it comes to cost savings. Additionally, the continuous use of these switches can result in rapid

aging.

Moreover, costs associated with the field crew can also present a challenge. This could be a
setback since not every switch throughout the DS is remotely controlled. This increases the
crew movement to distant places that can further increase the costs for the DSO.



Additionally, the possibility of eventual short-term interruptions due to a reconfiguration pro-
cess, can bring undesired failure of services to consumers incurring penalties for the DSO. Evi-
dently, the DS without proper automation capabilities could prevent daily reconfigurations due
to costs incurred. However, practically the DSR can still be adopted on seasonal periods. For
instance, the DSO can have a different topology configuration for winter and summer seasons,
depending on the typical load shapes of these seasonal periods, in order to minimize the oper-
ational costs.

2.2.2 Optimization Methods

In the pursuit of a more efficient electrical system, the application of optimization techniques is
required. Through mathematical programming models, optimization takes its place as a mech-
anism of improvement of the DS, while respecting its primary principles in providing energy to
the users in a more efficient way. However, optimization is customizable to the desired criteria
and the objectives set by the decision maker.

Distribution system gets its attention when regarding optimization procedures, from expansion
planing [[14] concerns till maintenance scheduling. A good planning of the DS is essential to
prevent further losses. However, while planning DS a decision maker faces critical challenges
regarding the increase of consumer numbers, in other words the load growth of the system. The
expansion planing encompasses the supply of energy to additional consumers without adding
increased losses to the system, also ensuring the least cost possible. Moreover, the optimization
problem complicates itself with the increase of DG sources.

Despite the fact that a good planing of DS is crucial, it is its operation and loss reduction that
gets more attention by researchers, especially regarding to DSR. The benefits of DS reconfigura-
tion were stated before as well as why it is the desired method in power loss savings. However,
the DSR, in terms of optimization presents itself as a challenge. It should be noted that, loss
reduction is not the only optimization objective in distribution networks. Load balancing is also
considered in the optimization problem based on the benefits it presents. Reconfiguring the
network in order to transfer the loads from heavily loaded to less or partially loaded trans-
formers, will contribute to the improvement of voltage profile at little cost [[15]. Moreover,
the avoidance of long distance distribution links contributes to the system stability, since the
system will have lower voltage drops [[16]. The distribution network reconfiguration also takes
into account system restoration, on contingencies, being as a backup system to avoid lack of
energy provide to the end-user.

The most typical objective function regarding DSR is the minimization of active power losses.
Typically, these optimization problems are classified as Single-Objective with the intent to find
the optimal solution that provides the least losses. However, the DSR can also attend other
technical or economic considerations that can be included in the objective function. In this
case, the optimization problem is of Multi-Objective nature, which tries to address two or more
objectives. The DSR optimization problem is subject to several constraints mainly with respect
to technical limitations. These constraints aid on restricting the feasible region, preventing
parameter violation and unpractical solutions. Moreover, it could lead to an increase of com-
putational efficiency.
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Distribution system reconfiguration requires the change of topology based on the switching op-
erations. However, the question remains regarding which is the best topology for operation with
respect to current network conditions. The switch component can stand two status decisions
on/off. By the number of switching in the distribution network, with only two possible states,
the network possible topologies increase as the number of switches available in the network
increase. Attending graph theory concepts, in a fully connected network the total number of
possible topologies that a network could have 1 is described by equation (2.1). In which B is
the total number of branches in the DS and N is the number of nodes existent in the DS.

B!
ES N (BN (2.1)
However, practical DS cannot be considered fully connected graphs and the expression (2.1)
cannot be directly applied. Typically, these networks are weakly meshed having few connections
between nodes. Thus, in order to determine the practical radial configurations of typical DS,
the Kirchhoff's matrix theorem must be used. For example, considering a fully connected graph
with 14 nodes, the possible number topologies are 1,07 - 10'6. However, the use of Kirchhoff's

matrix theorem reduces the number of possible topologies to a total of 190 [[17].

Still, the possible number of trees renders the DSR problem complex, representing a compu-
tational burden in terms of optimization. Considering the number of possible topologies, this
optimization problem can have both continuous and discrete variables and can not be solved
using classical optimization methods such as linear programming. These discrete variables intro-
duced with the switching state, increase the complexity of the problem turning into a non-linear
combinatorial problem [[15]. According to the latest survey on the subject [16], the optimization
methods applied to the distribution network reconfiguration can be classified as:

1. Heuristic.

(a) Knowledge-based Heuristic Methods

(b) Meta-Heuristic Methods & Computation Intelligence
2. Conventional Programing.

3. Dynamic Programing.

Meta-Heuristic methods solve the problem by an iteration process and are very efficient in
problems of combinatorial nature. This kind of optimization needs to be adapted to the prob-
lem being optimized, giving near optimal solutions. However, this method requires that the
decision-maker specifies the set of initial conditions before starting the search process based
on determined criteria. In each iteration a solution or a set of solutions is found, although there
is no way of the decision-maker to know if the solution or set of solutions given are optimal.
Therefore, this process requires a continued iteration process until a convergence pattern is
established. However, a problem presents itself on how to terminate the iteration process, by
knowing if it reached convergence, since it is related to the searching parameters specified [[18].
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Being algorithms of iterative search nature, it opened the inspiration of searching patterns
algorithms from nature. Ant Colony (AC), Particle Swarm Optimization (PSO) and even Immune
Algorithms (IA) have been used to solve the reconfiguration problem based on natural pattern
behavior from the physical world.

The reconfiguration problem can be seen as a Mixed-Integer Non-Linear Programming (MINLP)
problem. Being a problem of non-linear nature, with new addition of possible decision (binary)
variables, increases even more the problem complexity. Regarding large scale implementa-
tions, these types of problems are hard to solve becoming not suitable for practical applica-
tions. Therefore, the research efforts focus on developing linearization techniques that can
provide decent approximations, which could transform the problem into a Mixed-Integer Linear
Programming (MILP) problem or even a Mixed-Integer Quadratic Programming (MIQP) problem,
in order to reduce the computational burden.

However, the simplifications on linearization process could lead to approximation errors that
not correctly represent the original problem. Additionally, the release of some nonlinear con-
straints could prevent in some cases reaching the best global optimal solution of the optimization
problem.

In a dynamic programming approach, the main optimization problem is divided into sub-problems.
With this approach the problem is decomposed so it can increase the computational efficiency
by solving each problem separately, being suitable for large-scale implementations. Despite its
efficiency, some problems can not be decomposed due to its nature in order to fully exploit this
capability.

It was stated before the importance of additional constraints in order to prevent unpractical
topologies. Since the majority of distribution systems operate on a radial topology, the opti-
mization problems in terms of network reconfiguration include radiality constraints that prevent
infeasible topologies while maintaining the radiality. On [[19] the importance and how to impose
these radiality constraints in the mathematical programing models is presented.

From the DSO perspective it is important to know the response to a determined situation in
order to take the best approach when regarding a particular scenario. The addition of power
flow studies to the reconfiguration allow the operator to know the behavior in particular load
conditions. Since the total load at each node is known and must be provided, knowing on how
it is proceeded the power flow present itself as a useful tool since it can help prevent line
overloading and especially transformer overloading, by providing information on the voltage
maghitude. Moreover, it aids designing the topologies for typical load patterns and combine
it with reconfiguration in order to save losses. Nonetheless, the addition of power flow to
mathematical models increase its complexity due to its non-linearity. Moreover the increase in
the number of variables from quantities to be determined contribute to complexity increase.

These optimization models need to be developed on thinking is industry applications. In terms
of industry one of the main setbacks that ignore these optimization models is the computational
time. As the system complexity increases, increases with it the variables and the amount of
constraints to ensure the system stability at any point. After building the model the question
remains: is this model solved in an acceptable time frame ?
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Computational time could be a burden in optimization and can even demotivate the use in its
application. The continued search for new strategies in the linearization process in order to
increase computational efficiency, without compromising solution quality, is a wide research
topic. However, this does not neglect the importance and the need of better computational
strategies in order to take full advantage of accurate decision-making optimization models.

Additionally, one of the main requirements to develop accurate models that best describe the
process that wants to optimize is the data availability. The quality and the amount of data
available for the decision-maker plays a key role in developing models that best suits the ap-
plication. In terms of distribution system reconfiguration, data on each point throughout the
network helps in designing models with better constraints and operational parameters. Hence,
a better information infrastructure is needed in order to optimize the DS.
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2.3 Smart Grid Vision and Energy Management

With the need for a more efficient DS, a new concept rises that will aid in this endeavor, the
Smart Grid (SG). Smart Grid is a concept that envisions the transition of the existing electrical
grid to a more efficient and optimized one, relying on the bidirectional flow of energy and
communication. This new grid will be efficient and secure and will base itself on intelligent
computer methods to ensure its sustainability [20]. Through the communication infrastructure,
it will rely on automation systems in order to grid adapt in a dynamic and intelligent way by
taking the best decision on current network status.

It is expected that the current paradigm of vertical structured electrical system will be trans-
formed. Today's electrical systems have centralized production centers, typically distanced
from the populated centers, in which afterwards the energy is delivered for the industrial and
residential consumers through the transmission and distribution systems.

It is envisioned through the SG concept, the shifting of a centralized production to a Decentral-
ized Production approach. It is expected that these distributed generation centers will focus
heavily from RES. These RES, such as wind and solar energy, constitute variable production
sources that need to be mitigated, in order to prevent system instability on which the gen-
eration could not match the current demand. To address this concern, SG will explore the
combination of RES with the use of energy storage systems (ESS) in order to compensate the
lack of production. It is expected with this combination the smoothing of output production of
RES, reducing the risks of power system instability.

The SG promotes the increased penetration of RES that is not currently possible in the existing
electrical grid system, due to technical limitations. Exploiting DG capabilities as well as a
coordination of other ES capabilities, can offer a higher opportunity of energy injection with
little waste of production. Due to the resource nature (e.g Wind and Solar) there is a need for
an accurate forecasting, in order to predict the variable resource, which leads to the mitigation
of potential consequences. A good prediction of the production of these variable RES aids in
coordinating these productions sites by expecting their possible grid injection at the expected
demand.

A large number of DG centers near populating areas could significantly reduce transportation
losses and also contribute to the stability of the power system if deployed correctly. Still, there
are research questions that need to be addressed. For instance, how these DG sites should be
seated to effectively ensure the stability of the electrical systems. Moreover, it needs to be
addressed on whether or not in some cases the deployment is cost-effective when compared to
centralized production sites. It is evident that DG can reduce distribution system losses in the
DS, but the challenges can not be neglected especially in protection equipments since the grid
will work on a bidirectional flow of energy.

There is no standard definition on how the smart grid model should be structured and there is a
field of standards and regulations that needs to be developed on this sector. It is not expected
that SG will replace the traditional grid due to the large logistic and investment complexity, but
rather improve the existent infrastructure.
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One of the main advantages of SG infrastructure is the self-healing capabilities. Through com-
munication infrastructure and the increase of additional automation equipment, typical manual
service restoration will be replaced. The electrical network can intelligently reconfigurate it-
self in case of link failure in order to prevent user failure of service and avoid additional system
failures. The grid can effectively take decisions that best suits the current supply of energy and
even assuring the optimal operation with minimal system losses.

It is expected that SG vision will enable the use of Microgrid, which consist on small islanded
systems inside a Macrogrid system. Through this architecture a reliable system is created, since
in case of failures the small microgrids do not compromise the entire system but rather com-
promises the small cell. Moreover the use of these Microgrids can prevent the losses that come
with long distance transport of energy and promote the local generation of energy.

With the goals of global emission reduction of greenhouse gases, the future growth of elec-
tric vehicles industry is expected. These vehicles on the actual grid architecture would have
significant impacts on its stability and loss increase, due to overloading on distribution feed-
ers. Infrastructure reinforcement would be needed if these vehicles were to charge in current
grid paradigm. However, with the introduction of SG concept two abilities could be brought.
The Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G). The principle behind G2V is the normal
charging of vehicles, that the distribution grid will need to support in a secure manner without
compromising the system stability. A small amount of these vehicles could be easily supported
by the distribution system. However, a concern rises as regards the escalation of these vehicles
that could greatly increase the system losses, by overloading the distribution feeders from the
aggregated charging. On the other hand, these vehicles can also help in stabilizing the grid if
coordinated properly, since they constitute a load that can absorve the production from variable
DG sites such as RES in order to prevent energy waste.

The V2G approach envisions the discharge of parked EVs to the grid when the energy is most
needed. The V2G can work as a backup DG system that supplies energy in high demand periods
at the cost of discharging the vehicle. It is expected that, based on the consumers daily driving
patterns, that the EV battery will have different states of energy (SOE). It is this state that
constraints the amount of energy that the EV can supply back to the grid, since a deep discharge
of the EV could compromise the battery life cycles. Still this type of EV to grid interaction could
aid in load peak shaving and valley filling if done properly.

There are several opportunities and challenges with the introduction of these electric vehicles
in the electrical grid. However, this EV-Grid interaction would not be possible in the current
scheme of electric system but could be possible in a smart grid environment. There is an open
field of optimization problems, regarding this subject on how to effectively coordinate based
on different charging modes in order to reduce its impacts in the distribution network.

These strategies require a communication infrastructure that needs to be deployed throughout
the system that will need to be reliable and fast in order to guarantee real-time monitor and
support decision making. Moreover, the communication framework will require to be scalable
to allow fast deployment in case of future network expansion. Nevertheless this will require
the standardization of the communication equipment in order to ensure an easy deployment as
well as promoting vendor competition in equipment manufacturing [21].
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It is widely argued that one of the main contributions of the SG is the update of communication
infrastructure. Typical electrical systems solely rely on monitoring systems like SCADA, to verify
the status of some components on the distribution system. The SG will bring a complete set of
monitoring and control capabilities that surpass the current grid infrastructure.

The SG will fully exploit and take advantage of ICT capabilities to ensure the optimization of
the system while reducing unnecessary costs, such as operational and labor costs. Typically the
movement of technical personnel can present as an expensive cost for the DSO and, depending
on the locations, can be an inconvenient cost. The communication infrastructure will increase
the knowledge and the behavior of the electrical system. Operation conditions of electrical
equipment can be monitored to aid in maintenance procedures and prevent unnecessary faults
of equipment (e.g transformers, substations and circuit breakers) [21].

New meters, the smart meters support the two way communication when compared to actual
meters. Previous meters were practically only used for billing purposes. However, the new
meters can gather information on the consumer as well as the utility side in order to optimize the
overall system. These meters come under the new Advanced Metering Infrastructure (AMI) that
SG brings. The consumers can profit from this interaction by rescheduling their appliances on a
tariff that best suits them. Moreover, through these meters the view of load shape is known and it
can be even used for power theft detection. The SG will escalate the deployment of monitoring
and metering infrastructure. Measurement instruments such as Sensors and Phasor Measurement
Units (PMU) will be present. Sensoring equipment will aid in preventive maintenance as well as
the contribution to monitoring remotely distant equipment.

It is expected that these sensors will rely on the wireless technology [22] [23]. With the current
expansion of the distribution grid and increased number of consumers, power quality indexes
must be met in order to guarantee a proper working electrical grid. The PMU could aid in the
behavior analysis of the distribution network, since this equipment can report at the point in
question the actual magnitude and phase angle on the AC system. It is expected that these
reading equipment would be located throughout the electrical system but properly synchro-
nized for an accurate reading. However, a major setback that prevents the deployment of this
infrastructure is the lack of equipment standards.

It is certain that SG will bring the benefits of computational efforts closer to the energy effi-
ciency goals. Computer automation will play a key role based on the information it is receiving
by the different metering and sensor infrastructure, to aid in protection devices. Although it is
not only on the automation aspect that computer capabilities will show its promises. Through
the communication infrastructure a considerable amount of data will be available. Network and
equipment status as well as user consumption patterns throughout the network will be available
for the DSO. Enhanced optimization techniques could be built facing this evolution. Instead of
guessing certain behaviors of the network, the DSO would have access to real data of the cur-
rent network, in which it contributes for the realistic implementation of optimization models.
This could present itself as an advantage since the model complexity increases as the number of
variables increase, in problems of this kind. By having access to the information several problem
variables cease to exist on current methods and better system constraints can be developed to
ensure optimal operating conditions and better quality indexes.
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However, this scheme could increase the computational burden that will need to be addressed,
since data modelling techniques will play a key role on improving the electrical system. Concerns
rise regarding how to handle the amount of data generated from these monitoring equipments
and how to store it, being arguably that cloud computing capabilities could be explored [24]. Al-
though, as this communication infrastructure increases, the additional risks of data security and
user privacy increase. Security issues need to be addressed in order to prevent data tampering
as well as cyber-attacks that could compromise the electrical system.

Smart grid will effectively manage the electrical grid resources and optimize it considering
several objectives. Utility costs will be reduced as well as emission control is guaranteed. By
the introduction of RES, inefficient power plants will cease to operate, leaving it open to an
increased number of DG. Moreover, energy efficiency is guaranteed if the demand profile is
improved. It is during the peak hours of demand that more losses occur in the system as well
as more emissions are released. A necessary management of the load profile is needed for
efficiency improvement.

The smart meters will aid on this endeavor by enabling the interaction between the DSO and
the consumers that is not present in the current grid infrastructure. The SG will transform the
users into an active role in energy savings and efficiency through management techniques such
as Demand Side Management. Through an AMI, typical homes will be transformed to smart-
households with sophisticated automated systems such as Home Energy Management System
(HEMS).

The HEMS system could bring some advantages for consumers as well as for the energy utilities.
It will be able to control the appliances and optimize the users consumptions, based on the pre-
determined criteria, specified by the user, while assuring an optimized energy use. Utilities and
market structures will motivate users through incentives, making them susceptible to manage
their load properly without compromising their comfort and, in the processes, contribute to a
more efficient DS operation.

In Figure R.2 it is depicted a working principle behind a smart-household (SH) and its electrical
grid interaction. As stated before, one of the main contributions of SG is the communication
infrastructure, in which it will be also present inside the smart-household. The element that will
bridge the domain between the SH and the electrical grid is the smart meter. This instrument
will be able to receive pricing and other type of signals from the market structures and the
electrical grid. The SH will receive the pricing signal and respond according to it. Moreover,
it can receive emergency signals from the DS in which the SH can take decisions to adequately
respond to it, benefiting in the process. After receiving these signals, they are transmitted to
the HEMS inside the SH.

The HEMS is responsible to coordinate the house behavior, addressing the received signals from
the smart meter and also two other components: the information collected from each appliance
inside the SH; the expected desired goal from the SH owner.
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Figure 2.2: Working principle of a Smart-Household.

Typically this goal can vary between each different SH, but it is expected that the most typical
goal would be the minimization of the electrical bill. Based on these three inputs, its the HEMS
task to coordinate the SH, in order to accomplish the desired objective set by the user. However,
not every appliance is in reach of the HEMS, and cannot be coordinated. These appliances cannot
be controllable since it would directly compromise users comfort.

On the other hand, some appliances can be controlled by the HEMS while maintaining its oper-
ational constraints. These appliances are considered to be shiftable, in which a direct control
does not reflect in a user compromise of comfort, and can be used to meet the desired objec-
tive. It is important to state that, it is in the control of the user to state which appliances can
be controlled and it is expected that this varies from user to user.

Some loads that fall under the thermostatic category can be controlled in order to guarantee
user satisfaction and minimize cost. In these cases, the HEMS system will be required to combine
the monitoring capabilities (e.g monitor the temperature of a SH room). In this case, when this
temperature falls under the desired set point, the HEMS sends a control signal to the designated
appliance responsible for its regulation, typically the air conditioning system. The continuously
monitoring will provide the HEMS the capability of taking the decision in switching (on/off) each
appliance to maintain the desired set points while contributing in the process to the SH objective
(e.g minimization of electrical bill).

Another controllable load that will be available for SH is the EVs. These vehicles can significantly
contribute to the house efficiency. From the EVs, the HEMS receives the information regarding
the current SOE. This is an important point since it quantifies the amount of energy that is
available in the EV battery. Based on this amount of energy, the HEMS can take the decision
while respecting the user desired time of departure.

18



The HEMS can decide in a direct charging procedure (G2V), with the objective of charging the
battery in order to be near, or completely charged before the user departure time. However,
some users will have low driving patterns in which it results in an higher SOE when they arrive
home. In these cases it is possible that the HEMS take advantage of this ability in order to
improve house efficiency (V2H) or even profit from grid selling (V2G). Regarding V2H, the SH
can retrieve the necessary energy from the EV to be used by the appliances, avoiding the need
of buying electricity in a higher price period, charging it later at a lower price. On the V2G, in
case the energy is not necessary for the SH, the SH can profit from selling the energy back to
the grid in exchange of benefits or a reduction in the price of the electrical bill.

It should be mentioned that to say that these two strategies will be required to respect technical
constraints, such as minimum and maximum SOE of the EV. This input is necessary since it
prevents a deep discharge or an overcharge of the battery, in which it could result in battery
deterioration reducing its life cycle.

Hence, it is expected that the HEMS system will have significant available options regarding the
optimization. Optimization problems such as minimization of electrical bill, minimization of
power consumption or maximizing the social welfare are some of the examples of optimization
that can be done [25]. This leads to the approach that is discussed in the next chapter, Demand
Response.

2.4 Summary

In this chapter the electrical system structure was introduced, focusing on the Distribution
Sector. It was presented that the distribution system is responsible for the electrical system
instability, presenting afterwards how to efficiently reduce the losses that occur on the DS.

From the loss minimization techniques presented, it was stated why the reconfiguration is the
method of choice by many DSOs, since it allows significant savings with little investment. More-
over, the need for optimization of the distribution system was addressed, explaining the com-
plexity and the nature of the problem. Distribution System Reconfiguration corresponds to a
Mixed-Integer Non-Linear Problem, which is computationally demanding with no global optimum
guarantee, explaining the need for better linearization techniques with faster computational
performance in order to create models feasible in practical time.

At the end of this chapter the Smart Grid was introduced, focusing on the improvements that will
bring to the current grid infrastructure by computational and communication infrastructures.
It was stated how the SG can improve the distribution efficiency and how it will effectively
manage the energy resources and load patterns of the network.

Next chapter will address the Demand Response concept. Stating its objectives, benefits and
challenges in adopting this management technique in face of the distribution systems, ending
with the state-of-the-art survey on the subject, pointing out an existent research gap in the
field.
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Chapter 3

Demand Response

"Human behavior derives from three main
sources: desire, emotion, and
knowledge.”

PLATO

3.1 Introduction

The previous chapter presented the issues faced by the distribution networks and also demon-
strated the importance of transition of current power system structure to a Smart Grid. In this
chapter, one of the main sub-domains that will contribute for the success of the smart grid
is presented, namely Demand Response. Therefore, this chapter introduces the concept and
its fields of application as well as its benefits and opportunities. Furthermore the challenges
regarding its implementation are presented. This chapter ends with a literature survey, listing
the main contributions that exist in this field.

3.2 Demand Response

It was seen before that SG has significant advantages compared to the current distribution grid
structure. System stability and renewable energy integration, to lower the carbon footprint,
were some of the positive arguments presented before and they constitute the foundation of
the electric distribution improvement. However, one can not ignore the challenges that this
endeavor presents and the complexity of the task. Typical unidirectional power flow can no
longer contemplate the introduction of renewable DG sources as well as the introduction of the
electrical vehicles. The end-users will need to have an active role and their participation can not
be ignored in this envisioned future grid. Their decisions/actions will have direct consequences
on the electrical system, since they cease to be merely passive users (consumer) to be active
users (consumer and producer, the so-called "prosumer”).

With the communication infrastructure from the smart grid, consumers will be aware of their
consumption, prices and even the impact they have on the overall stability of the system. The
responsible load serving entity (LSE), will also receive information regarding the consumers,
which could present itself useful to maintain the electric power system within acceptable work-
ing parameters. However, the information alone is not sufficient to guarantee this stability
without further actions.
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Therefore, Demand Response (DR) tries to motivate the users to shift their typical consumption
patterns into periods that best suit the distribution network. It could be defined accordingly to
[26] as:

"Changes in electric usage by end-use customers from their normal consumption
patterns in response to changes in the price of electricity over time, or to
incentive payments designed to induce lower electricity use at times of high
wholesale market prices or when system reliability is jeopardized.”

It is not the intent of Demand Response to deprive users from their energy consumption, but
rather provide them incentives to, according with their needs, shape their load curve. By this
approach, it is expected that it can reduce the peak load on high demand periods and start
loading periods of low demand. In Figure it is depicted the contribution that DR poses for
the load shape [27]. It was stated before that one of the main contributions of DR is the reduction
of peaks and also the valley filling. Reduction of peaks can come in two ways, peak clipping
when the peak is removed from the system and load shifting when the load is transferred to
another less loaded period, filling the load valleys in the process. The latter is the most desired
approach since it does not compromise the user from their daily energy consumption but only
reallocates their load smartly [28]. Another contribution of DR is the ability to have the load as
an asset, to predict and in some cases control it, to give the distribution system the flexibility
it needs for improving the stability of the system.

Problems in the distribution system network are a determining factor for electric system out-
ages. The increased system losses due to the load shape is a concern when dealing with the
demand. Moreover, the distribution system network planning is inefficient when regarding the
costs, since they need to be planed in order to meet the network worst conditions, peak de-
mands. Also the load valleys constitute a problem for the DS, since the distribution transformers
are less efficient when they are partially loaded and it is desirable that they operate to near
nominal capacity [28].

It is evident the need of reshaping the load in order to prevent further distribution problems.
However, it is not expected that the consumers will opt for a manual approach, on rescheduling
their consumptions, since it is not a valid option and a time-consuming task. For a successful
implementation of a demand response strategy, proper infrastructure will be needed.

Advanced metering infrastructure (AMI) such as smart meters will play a key role in a DR en-
vironment. It is expected with this infrastructure that end-users will receive the price signals
based on their current electricity contract, and therefore proceed accordingly in a way that best
satisfies their needs. Existing meters fail to contribute to this evolution and this issue presents
itself a handicap that will be addressed by the new meters.

Through current meters, users have no ability to know the behavior of the distribution network
and to receive accurate price information about their load consumption patterns. With the
appropriate information, consumers will have an active stance towards the distribution network
and also towards their efficient use of energy. It is expected that each user will try to optimize
their energy consumption based on different criteria that could be user comfort or, the most
typical, the payment of the electrical bill.
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Figure 3.1: Load shapes interaction.

It is safe to assume that with AMI, consumers will try to minimize their bill accordingly to current
prices and therefore will change their consumption habits.

However, when it comes to electricity markets serious challenges arise. The fact that electricity
is a resource that must be consumed at the time it is produced, makes it difficult to treat it
like a normal trading resource. Current market schemes do not motivate the end-users to alter
their consumption patterns. Typical electricity prices are based on flat tariffs rates, giving no
or little flexibility to the end-users. Furthermore, one can not ignore the important fact that
the electricity production does not always have the same production price. Typical production
utilities are based on thermal cycles, and their production price greatly increases as the total
load demand increases [29].

Additionally, increased loads in an unprepared system can harm the distribution system as well
as the consumers. For instance, out of service distribution links due to overloading faults,
can lead to increased prices for consumers due to active power losses that need to be paid.
Another problem can occur with the increase of world population, for it could lead to a scarcity
of production being unable to match the required demand, which could result in an increased
price for consumers.
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These arguments themselves reinforce the idea of a need to evolve from the existing market in-
frastructure to more accurate and fair demand response programs with market support. Surely,
electricity markets present themselves as a set of serious challenges and is expected that com-
bining with demand response will not be an easy task, but it will prove itself worthy.

3.3 Benefits and Opportunities

One of the main benefits of the demand response is the support of RES integration. Relatively
controllable renewable productions (e.g Hydro and Geothermal) do not pose challenges in inte-
grating in the current electric system as they can supply constant power. It is known that the
main goal of producing energy from RES is the contribution to the reduction of production from
the conventional power plants. However, the variable renewable energy types such as solar and
wind, require strategies to fully explore the penetration of this production capacity, maximizing
their power output without compromising the power system stability [30].

Due to the variability of these resources and its negative impacts on the distribution systems,
some distribution system operators (DSO) opt by reducing the production capacity, to easily
accommodate not so great fluctuations but in the process this results in waste of possible energy.
Moreover, the unplanned reduction of wind generation can result in an overall increase of costs
due to the electrical generators trying to balance the system in order to compensate the gap of
production from the wind. Demand response will aid in this renewable integration by preventing
its costs of integration and the waste of production [31].

A well coordinated demand response strategy will compensate this variability of production and
could also contemplate the introduction of distributed generation to the distribution network,
by coordinating the demand. Demand response programs will try to motivate users to shift their
consumption into periods that better support the introduction of renewable energy, contributing
to the environmental goals. Through this, distributed generation introduction in the distribution
grid will be more efficient and will change the current paradigm of power flow. By an optimized
introduction of distributed generation there will be a reduction of long distance power flow in
transmission and distribution system resulting in a reduction of active power losses, especially
in peak periods [28]. With this reduction in power flow, congestion in the distribution systems
substations is also reduced. Voltage stability values are maintained within accepted limits by
the fact that transformer overloading is prevented. Not only demand response will contribute
to the reliability and security of the distribution system, but will also prevent unnecessary
reinforcement investments in this sector.

Typically on electric power systems, the total installed production capacity must be greater than
the system maximum demand in order to guarantee the supply for the consumers regarding
different scenarios of uncertainty [30]. In extreme cases of network peaks sometimes load
shedding is applied to prevent distribution system instability. However, this compromises the
consumer energy use. Demand response can prevent this load shed [32] and in the process avoid
system blackouts [31].
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Another benefit for the distribution network is the reduction of peak-to-average ratio [33],
since with coordination strategies some peaks can be reduced or even mitigated. Demand-
side strategies when combined with renewable energy technologies could present an attractive
option for coordination and planing. When combined with storage could present an important
addition to the electric system especially to reduce the consumption on high peak periods and
fill valleys on low demand periods.

A major key point in the benefits of demand response is the market contribution. Since it is
expected for it to reduce the peak loads, the transmission and distribution sector will not require
further major investments and costly upgrades. On the production side, it is intended to reduce
the unnecessary costs coming from spinning reserve generators, which are generators that are
required to increase or decrease the generation based on the current system load, leading to a
removal of less efficient operating power plants [31] [32].

With proper communication infrastructure, the end-users will be aware of energy price by its
corresponding time based on the accord contract. Through this information broadcast to the
HEMS, it is expected to promote the overall energy savings from the end-users by motivat-
ing them to alter their consumption patterns. The end-users will have fair prices as they get
informed on the status of energy production and therefore will try with this information to
minimize the costs from electrical bill. It may lower costs for both utilities and consumers.

In the economic point of view, the distribution network investments are not the only reduction
that comes from demand response. With stable DR systems it is expected that the market prices
will decrease as much as their volatility [31]. It is important to state that the demand response
will not reduce the average of energy use, rather it uses more efficiently with benefits for users
and distribution system [28].

Market structures will play a key role in providing incentives to users. Several strategies have
been proposed in order to incentivize the end-users to adopt a more active stance on how they
manage their consumption. Then end-users will have a choice in choosing which type of tariff
best suits their needs, disregarding the current flat tariffs. In Figure B.Z the categorization of
current demand response programs based on [26] and [34] is presented.

There are two main types of demand response programs, Incentive Based and Price Based pro-
grams. On incentive based programs, typically users will participate in a contract with the
responsible Load Serving Entity (LSE). On the other hand, in the price based programs users will
have no direct bound to the LSE, but rather respond voluntarily to the pricing signals. Some
programs on the incentive based already exist regarding the classical methods. On the direct
control, typically the LSE has the control over user appliances and can send them control signals
to their appliances based on their consumption. Also, some LSE have the option to adopt the
curtail method to provide the users monthly discounts on the load reduction they agree to give,
but also it gives penalty to them if they fail to comply.

Incentives in market based structures can come in different ways. These programs are more
focused on a security purpose of the distribution network. Incentives provided on emergency
situations to instigate users to reduce loads on critical network situations [26]. In the demand
bidding program, the users can offer their load to be curtailed at a predetermined price [30].
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Figure 3.2: Demand response programs.

In capacity markets, users instead offer to the LSE load curtails in order to free additional
capacity for the production side.

In ancillary markets, users offer themselves as standing reserves. These types of programs are
also considered indirect control, since the LSE has no control over the appliances but provides
the incentive to indirectly motivate the user to proceed with the action. In comparison with
the direct control, indirect control is considered not to compromise the ability of the end-users
to freely manage their energy consumption. However, if this approach could cause instability,
the direct control could be a more preferable option [31].

Despite the benefits that these programs have for the DS, it could compromise the comfort of
the users on freely using their electricity. In price-based architectures, users can benefit and
exploit more their load reallocation through the price signals.

Time-of-Use tariffs (TOU) require low investments for its implementation and aims to differ the
prices from low to high peak periods. On high demand peaks, the price its at its high value
in order to prevent the consumer to allocate load in that period. And in low demand periods,
typically at nigh periods, the prices are lower in order to motivate the users to fill the valley
that occurs during nighttime. Considering that this strategy requires little investment, it has
been adopted from many LSE [34]. Critical Peak Pricing (CPP) is based on events and its mainly
activated on compromising stability or during contingencies. On Extreme Day Pricing (EDP) the
principle is similar, however the prices do not change after the pricing period but are maintained
for the whole day.

Of all the programs illustrated in Figure B.2, RTP seems to be the most promising pricing scheme
[33] [28] [34]. Despite being a complex tariff system, RTP presents itself as the most fair solution
for the consumers.
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Through this mechanism, consumers will be able to receive the actual production prices and
also the losses from the production center till the consumer point. Additionally, consumers
will exploit RTP to its advantage being even more motivated to adhere in shifting appliances
when compared to flat tariffs. Furthermore, industrial consumers that present significant load
demands, could be significantly motivated to change their patterns due to their high incentive
benefit when compared to residential loads.

3.4 Challenges

There are several key aspects that need to be addressed if demand response is to succeed. The
lack of proper communication infrastructure will be a liability if not implemented correctly [30].
One can not hope to motivate the end-users to change their daily consumption patters if they
are not aware of the current electricity prices and the DS status. A bidirectional communication
architecture needs to be deployed if the users are to receive relevant information and in the
process provide information on their current load patterns. The development of standards and
protocols presents an obstacle to an efficient communication [31]. Even though, it has not been
agreed yet to use a robust communication infrastructure in order to motivate the equipment
manufacturer to start producing according to that standard.

Residential consumers see themselves as small loads, when compared to industrial ones, and
typically they are not motivated to manually shift their appliances in order to take advantage
of market prices. This is a time consuming process and the financial gains are not so evident.
Clearly, AMI could change this paradigm as the consumer decide regarding their loads without
manual contact with the equipment. Smart meters will play a key role, since they receive the
market signals or DSO signals with prices to inform the end-user. However, the cost of upgrading
to this infrastructure is yet to be known.

It is evident that consumers concern will rise about security of their data. Consumers could
be skeptical of possible security flaws that could compromise their data leading to a privacy
violation [35], since the HEMS represents the entry point of all appliances control and contains
the monitoring information of the building energy usage [33].

Direct control strategies will rely heavily on computational requirements when compared to
indirect control [31]. Despite the already required communication infrastructures needed for
information control, a simple point that a DSO could have control on consumers appliances
bears to understanding the necessity for these requirements. Direct control requires the direct
interaction between consumer appliances and the responsible coordinator, in this case it is
assumed to be the DSO. Indirect control does not require such computational effort since it
tries to achieve the same goal with incentive programs or monetary rewards. With this indirect
control approach it is expected that the responsibility of the power system stability will be
passed on from the DSO to the end-user. With this transfer of responsibility, a proper market
framework is needed for the demand response, in order to properly motivate consumers. Small
incentives could not be significant enough to motivate a consumer to adhere in his/her load
schedule.
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The electrical bill management is not so attractive when comparing to the typical overall house
budget. In addition, it is expressed in [31] the concern that RTP could provoke the user fatigue
when following this program, since it requires a constant interaction of load change to the price
incentives and could lead to some user discomfort after a certain point. This could present
a serious problem since the market stability could be compromised and the demand response
could not be achieved.

The market framework presents at most, a more challenging point than the technical one, and
a poor market framework can be a major setback for the success of demand response. With the
introduction of RES in the electrical grid, an expected behavior is the overall electricity price
drops. Even so, there is a need to evaluate the price drops and the impacts that DR provokes
on the electricity prices. One can surely agree that the demand response also constitutes an
unpredictable electrical response, since it depends on the amount and the behavior of the users
that participate on the demand response programs. In the electrical distribution point of view,
this cannot be left to random and from there will be a need for realistic forecasting models in
order to quantify this market impact and, in the process, predict the response behavior of the
consumers and their impacts in the DS. Forecasting the variability of variable energy resources
is already a challenge and when it comes to consumer behavior it will present a different one
since the market operator must take into account that the response of the consumers is not
immediately translated to market behavior. Moreover, different users motivate themselves by
different motivation factors. Hence, market operators will require to predict the fair prices
based on the consumers response and their impact on the market behavior. For instance, the
introduction of RTP program will require advanced forecasting techniques, especially in short
periods, in order to take into account the variable generation of RES as well as expected users
actions [32].

Assuming that reasonable market forecasting models are created, there is still the question on
how to currently establish the pricing of DR. The question arises on how to quantify the value
that demand response has on the electric power system. Marginal cost pricing can not simply be
implemented since there is not a direct fuel equivalent. Considering that an increasing number
of renewable penetration occurs due to the demand response programs, marginal pricing as it
is relates to the thermal equivalent of power utilities, based on cost components of genera-
tors and auxiliary equipment. On thermal utilities it is typical as the price curve per power
production increases, the marginal price is calculated [29] [36]. The question remains, how
should demand response be priced considering capacity and generation costs, since there is no
direct fuel equivalent for the demand in order of the generator and the production of variable
renewable sources, which could difficult the quantification of electricity price.

Finally, a valid concern rises regarding the optimization done by the users. It is expected that
in some cases a conflict of optimization strategies might occur. For instance a consumer that
possesses heating/cooling appliances with a determined set-point and an optimization that is
done regarding the least cost for the electricity. It is highly probable that some infeasible
scenarios might happen by only taking into account the cost minimization, since this optimization
could violate the predetermined set points for user comfort. Different allocation of priorities
can be set in order to prevent this kind of problems, and probably will require at some point
the manual input of the consumers on their desired expectations.
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3.5 Literature Survey

Since the demand response systems will depend on residential participation, the load modeling
is an important point of concern. The need to predict the behavior of controlled and uncontrol-
lable loads, also known as load forecast, is very important in the perspective of the distribution
system. To accurately design DR, the power consumption and load profiles of the households
must be known, and several studies already started to appear in this field.

Several studies ([37],[38]1,[39]) present the modeling of typical cooling and heating appliances,
such as water heaters and air conditioning systems. These models are developed taking into
account the appliances operational specifications, and they also present the benefits of the
control use of these equipments. In [40] a control strategy of thermostatic loads is proposed
that keeps track of each appliance power consumption profile. This modeling of different types
of loads is also considered with variable energy sources systems (e.g Wind). In [41] addresses
coordinated heating appliances, in order to assist the balance of wind power generation and
prevent the loss of excess power production. One basic method to predict the consumption of
each appliance is by allocating a metering device to each appliance. However, this presents a
practical implementation concern, with the amount of metering components required to gather
the data. Since the equipment cost is a concern, in [42] a strategy is proposed to estimate
individual SH appliance loads, from the aggregated signal provided by the smart meters.

These studies presented the modeling of typical load appliances. Yet, another type of load is
getting its focus, the electric vehicles. Compared to the typical home appliances, the EVs are
more difficult to model. These vehicles present an increased level of freedom and cannot be so
simply controlled without compromising the user satisfaction. Due to the travel distances, the
EV state of energy (SOE) is not always the same and could present a challenge in the coordination
of the charging procedures. The new addition of EVs could present a serious challenge as well as
an opportunity for the electric power systems. Considering that one of the main goals of the DS is
the minimization of the distribution network losses, the charging of these vehicles could present
an obstacle to this objective. Voltage deviations, transformer overloading and increased line
losses are some examples of typical problems that come with the increasing number of electric
vehicles. The undesired peaks could compromise the power quality for the end-users as well for
a solid functioning electric grid system [43].

Therefore, the charging process cannot be uncontrolled, otherwise additional infrastructure
investments would be also a problem for the distribution network operator and would not con-
tribute to the overall system efficiency. In order to prevent these problems, a coordination
system is needed. In [43] the power quality improvements that comes from a coordinated
charging strategy are presented and also alerting to the impacts from the uncoordinated charg-
ing process. An optimization problem that envisions the reduction of voltage deviation and
power losses from the distribution system was solved. These impacts are already getting their
attention by the scientific community as well as from the industry.
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It comes to light studies that propose to analyze the impacts that EV have on the contribution
for DS losses [44]. The same study presents the analyzsis of the investments that come with
the EV charging infrastructure, and it is stated that these investments could be higher in urban
areas with high load density. Nonetheless, it reinforces the idea that a coordinated charging
can contribute to reducing these investments.

Since the coordination could be the expected scenario, some opportunities may rise. Users that
have a daily habit can charge their vehicles during the night. To an accurate coordination sys-
tem, some information must be known for the distribution system; time of arrival, departure
time, state of energy of the battery are some examples of "must know" quantities for an accurate
schedule. Due the variability of the users daily pattern, it is a challenge to predict these behav-
iors. Already this concern is being addressed by the scientific community. In [45] the impacts of
the EV charging in a urban area taking into the account information such as demographical data
and driving patterns are studied. Other studies try to model the impact that the charging has
on residential areas. In [46] the charging strategies of an apartment with photovoltaic systems
and different charging strategies are discussed.

Since the end-user is the main factor that will dictate when and where to charge, it is expected
that it will try to do it in order to minimize its charging costs. When an increasing number of
consumers try to minimize their costs, the allocation of the charging procedure in a low price
hour could create an undesired network peak that was not there in the first place. With this in
mind, the coordination problem of EV charging cannot be solely done regarding the optimization
of minimum cost for the consumers. From the distribution grid perspective, some physical
limits of the electrical equipments must be respected, and this increases the complexity of the
coordination. A recent study [47] presents a charging strategy taking into the account these
network constraints like voltage stability, and presents the strategy like a linear optimization
problem which is an important fact in computational efficiency.

In [48] two different optimization problems regarding the EV charging are presented. The two
optimization problems that are presented are a network optimization, that tries to mitigate the
increased loads due to charging, and other optimization objective that tries to minimize the
charging costs based on the market prices. Based on the results presented, the charging of EVs
based only on the electricity price could produce increased network loads and undesired peaks,
leaving it an undesired situation from the network operators perspective. On the other hand,
regarding the network problem optimization, that gives the charging control to the network
operator, it is found that less network infrastructure reinforcement is needed. It is expected
that a better demand response system takes into account the charging scenarios based on the
price and also based on the distribution network constraints, seems to be the most beneficial
solution.

These studies stated above present some examples of research topics in the charging strategies.
Another related field rises with the introduction of electric vehicles and their contribution. The
introduction of electric vehicles could introduce some benefits, known as Vehicle to Grid (V2G)
and Vehicle to Home (V2H). Regarding the V2G, the discharge of these vehicles can contribute,
when coordinated, to a more balanced and robust electric power system and it could be con-
sidered an asset in the distribution system perspective.
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With the V2G, several technical aspects are improved such as reactive power support and ad-
ditional power regulation as well as load balance and harmonics filtering. Another advantage
of this concept is the added support on the integration to the intermittent power sources, such
as wind and solar power. Therefore these vehicles are not only loads, but can act as a storage
system or even a generation system. In [49] the storage capabilities of electric vehicles in power
systems, considering battery specifications and electricity prices are studied.

It was stated before that the charging strategies of these vehicles must be carefully planned,
otherwise undesirable peaks are created. If not done properly, there could be an increased
cost of supporting infrastructures for the charging procedures. However, some concerns exist
regarding this technology (V2G). When it comes to battery life cycle, it could be significantly
reduced due to the bidirectional power flow instead of a typical unidirectional one [b0]. Without
this technology an unidirectional flow is present (charging process), but with the addition of the
discharging to the grid an additional flow is created.

Additional monitoring infrastructure is needed in order to accurately implement this technol-
ogy. Smart meters will help in controlling the charging process in order to prevent unnecessary
losses derived from the charging. Besides the automotive and oil industry pressures, social and
technical obstacles are still the main source of concern when regarding the successful imple-
mentation of electric vehicles in the DS. One could argue that the expected optimization done
by the smart houses would be the optimization based on the least cost payment of electrical bill
based on current pricing signals, without compromising their commodity and their habit pat-
terns. Typical price rates, such as the flat rate price, do not motivate the end-user to have an
active stance regarding the energy consumption. It is the intention of dynamic pricing schemes,
to motivate the end-user to smartly reallocate his/her energy consumption to periods that bet-
ter advantages bring to the distribution system. By this dynamic pricing scheme, the end-user,
after solving the least cost optimization, can be motivated to change some load to least cost
prices which typically represent low loads on the distribution side. Regarding these optimization
based schemes, several studies exist.

Within the SG environment it is expected that each SH will have a HEMS. This HEMS will allow
bidirectional flow of information, which allows to receive the price signals and act accordingly
to what fits best their purposes and benefits. Therefore, in [51] an algorithm that will be pro-
cessed by the HEMS in order to minimize the electricity bill from the pricing signal is proposed.
A residential load control strategy was proposed in [b2]. This strategy considered that each
residential house has a smart meter with communication capabilities. Since demand response
capabilities require that the users shift loads from off-peak periods, this could present an in-
convenient from the end-users perspective. On this study, the users specify the required time
of operation for each appliance. Therefore, the main goal of this study was to minimize the
payment of electricity, based on RTP price scheme, without compromising the operation of the
users appliances. Evidently, by this approach a shaping of demand curve is proposed and it is
stated that it can reduce the peak-to-average ratio. Nevertheless, this is not the only study that
addressed the benefits of a coordinated demand response to the peak-to-average ratio. In [53]
it is explored with electricity storage and its impacts to the peak-to-average ratio reduction and
in [b4] a scheme to reduce the peak-to-average ratio based on real-time pricing is proposed.
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A reward strategy is proposed in [B5]. It aims to give the end-users a reward based on the amount
of load that is shifted and based on their contribution to the distribution system improvement.
Based on the information retrieved from smart meters, this study aimed to contribute to the
peak shaving and also to improve the voltage stability by reducing the transformer overload-
ing. Another incentive scheme is proposed in [56]. This approach combines incentives and RTP
pricing to minimize the cost for the consumers, and also tries to minimize the overloads on
the distribution feeders. These incentives come as adjustments to the electricity prices and
its given the end-user the option of decision by accepting of rejecting these incentives as they
are offered. Therefore, these strategies try to motivate the consumers to shift their load from
overloaded to non-overloaded periods, and in the process contribute to the overall stability of
the distribution network.

It is proposed in [57] a demand response strategy based on Time-of-Use (TOU) pricing that
establishes a communication between the consumers and the utility company. In this approach,
the daily consumption of end-users is forecasted. After the demand forecast of each individual
user, the demand is aggregated and then presented to the utility company. The utility company
after receiving this information, communicates back the TOU prices, leaving the end-users the
ability to reschedule their loads based on this price.

A recent study [58] proposes an automated strategy for demand response. A control strategy of
different appliances with respect of the price signal is proposed. Also, several power constraints
are considered. Apart from the market price signal, a price penalty signal is created to prevent
the creation of network consumption peaks. Studies like [b9] address the demand response
applied to industrial facilities. Several of these studies tried to establish the relation between
end-user and the distribution system operator, in order to contribute to the overall efficiency
of the electrical system and also to provide the consumers the least price that can pay. In [60]
the effects of demand response in the distribution power system constraints are studied. In this
model, it is considered that the users sign a contract with the load service entity that allows the
control of their appliances, if needed to regulate the system so it stays below operation limits
on peak hours. The LSE achieves this by sending control signals to the end-users HEMS in order
to coordinate the appliances so as to meet system objectives. Also in this study a formulation
of the optimal power flow (OPF) to verify the benefits of the model is presented.

However, this is not the only study that uses the OPF to study the impacts on the distribution
systems, since in [61] it is proposed a coordination model that envisions the minimization of the
feeder losses with distribution power flow. In this method the loads to be controlled receive
control signals in order to alter the energy use patterns. In [62] a strategy that tries to reduce
the distribution active power losses is proposed. In this demand response environment, it is
considered that each user posses two objectives. An individual objective that tries to optimize
their consumption pattern, and a common objective, that tries to optimize in the process the
distribution losses without violating the capacity constraints.

Despite all the efforts done in this field there is still a research gap existent. All the studies
presented aimed to minimize the cost for the consumers and some even take into the account
some aspects of the distribution system stability. However, none of these studies presented the
benefits of combining the demand response coordination strategies with the distribution system
reconfiguration, which is a novel contribution this dissertation provides.
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In the previous chapter the benefits that come from the distribution network reconfiguration as
well as active power loss reduction without actual investments from the part of the DSO were
stated. Only a recent study [63] tried to bring into light the idea of combining DSR with DR.
However, this approach is not so desirable since it leaves to the DSO the full control of the
SH loads, leaving no space for the end-users to freely schedule their electrical appliances. A
strategy that combines the DSR and DR is needed, but that leaves the decision for the consumers
rather then the DSO. Therefore, reconfiguration and a well designed coordinated strategy of
demand response could probably lead to bigger savings in active power losses.

3.6 Summary

In this chapter one of important concepts of the smart grid was presented, namely Demand
Response, and its impacts and challenges in the distribution network as well as its benefits if
a successfully adopted were discussed. Then, the state-of-the-art on the subject, highlighting
the contributions that have been made in several areas on the demand response.

Regarding the end-users optimization, the main focus is the minimization of consumer electrical
bill that can be done by reallocating flexible loads to lower price periods without compromising
the consumer comfort.

From the presented state-of-the-art, it was rendered that the end-user to distribution interac-
tion was mainly focused on local power constraints. It showed the gap of knowledge that exists
in combining coordination strategies with distribution network reconfiguration.

The following chapters present the proposed method and its mathematical formulation as well
as the results and conclusions regarding the proposed methodology.
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Chapter 4

Proposed Model and Mathematical Formulation

"Measure what is measurable, and make
measurable what is not so."

GALILEO GALILEI

4.1 Introduction

At the end of the previous chapter a literature survey was presented, pointing out the existent
research gap in the field of load management coordination strategies combined with DSR. In this
chapter, the proposed model and its mathematical formulation are presented.

Firstly, the problem that could be created in the SH optimization and its direct impacts on the
DS is demonstrated, by presenting a typical Smart-Household optimization problem and explain-
ing its working principles. Afterwards, the mathematical formulation on the DSO optimization
problem is presented. The optimal reconfiguration problem is explained and then a network
analysis tool is presented.

Finally, the novel coordination strategy between the SH and the DSO is presented, explaining its
interaction framework and how state-of-the-art computational techniques can be exploited in
order to achieve increased computational efficiency.

4.2 Smart-Household Model and Working Principle

As stated before, it is expected that each SH equipped with HEMS will solve an optimization
problem, especially regarding the minimization of its electrical bill. Thus, a typical objective
function is displayed in equation (#.1)), in which T'C;, represents the total cost for each SH h;
P}ff;id is the energy that each SH directly consumes from the distribution grid that it is charged
at the current market price signal given by )\f“y. It is considered that this price changes hourly,
resulting in AT[h] = 1. Without loss of generality, the ability of each SH to inject energy back
to the grid is neglected. Considering this capability is straightforward and would result in a
modification of the objective function (4.1), to include the selling prices and the amount of

energy sold.
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TCy =Y (P AT - N"™) (4.1)

t

The entire energy supply of a typical house is provided by the DS. However, it is expected that in
SH this condition will no longer hold, since it will be able to receive energy from other available
sources within its structure. Still the energy balance must be respected, as it is described by
equation (4.2). For a given house, the total amount of energy that is supplied must match the
energy demand required by that house. For typical houses, this would result in P;;’ft'id = P}ft,
being P}ft the total demand of the house h at a given period t.

Z PSupplied = Z PDemand (42)
t t

However, in a SH the energy balance may be satisfied by several alternative sources. It is
expected that, a SH will contain an EV, an ESS and a PV system that can be used to satisfy the
energy demand of the house. This leads to equation (4.3), which represents the power balance
for a given SH h in a given time ¢. On the left side of the equation, the supply part, each SH
can now, apart from the power provided by the grid (P}f;"'d), have energy contributions from the
EV2H (BfF)?H), ESS2H (P92 capabilities and the production from the PV systems (P[}).
On the other hand, the right side of equation, which represents the SH demand is decomposed
into several parts. Even with an HEMS system in each SH, some loads cannot be controlled, since
their working behavior cannot be compromised since their interruption would bring direct load
comfort to the end-user. Loads that fall under this category (e.g TV,oven, etc.) are considered
inelastic loads (P,if;). However, several types of loads can be controlled and can change their
time of operation such as the EV charging (P,}*"), the ESS charging (P, *") and all the smart
appliances that have the ability to be controlled (P,ﬁ,h’t). The notation m stands for a given
smart appliance that exists in the SH (M").

grid EV2H ESS2H PV _ pi EV,ch ESS,ch A
Py + Py T+ Pyl +Py =P+ BT+ B + Z Prone Vit (4.3)
meM”h

Furthermore, several operational constraints must be added in the optimization problem. Con-
straints such as the ESS technical specifications to prevent its min/maax capacity violation and
discharge and charge rates are also included. Similarly, regarding the EV, capacity constraints,
charging and discharging rates, and additional constraints, like time of arrival and time of de-
parture are used to ensure that the vehicle is decently charged before departure, according to
the users driving patterns. These operational constraints can be found in [63], [64] and [65] and
are not repeated here since the SH model is only used in this work to demonstrate the benefits
of the proposed coordination strategy.
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Regarding this, given the specific equipment ¢, one can state that the x. represents the vector
of decision variables that are feasible in the region of S¢ that is a subset of SH optimization
problem feasible region S". Being these constraints applied for every equipment operating
inside the SH, that contributes to the power balance, the constraints for PV, smart appliances,
EV and ESS are expressed in equation (4.4).

rpy € SPV C Sh
rsa € SSA C Sh
rpy € SEV c §" (4.4)

TESS € SESS C Sh

Following these equations, the objective function and the applied constraints of the optimiza-
tion problem that each smart-household must solve is concisely described by (4.5). Each smart-
household will solve this optimization problem aiming at the minimization of the electrical bill.
This is achieved by trying to minimize the power procured from the grid in instance ¢ with re-
spect to the price signal in that period )\i’“y. The SH will coordinate the use of appliances and the
available resources in order to maintain the SH power balance, while satisfying the operational
constraints of all its assets.

minimize TCj, = » (P{"- AT - \"™)
t

s.t. rpy € StV - Sh
zga € 84 c §P
TEpv € SEV C Sh

TESS € SESS C Sh

) (4.5)

Pg;’bd + P}EXQH + PhE:fSQH + P}f)}/ —

P+ PE L PE L S
meM™h

grid HEV2H pESS2H pPV
Py Py 77, Py Py =0

in EV,ch ESS,ch A
Pht ’Pht ’P

h,t> >0

m,h,t =

35



In order to demonstrate the behavior of the SH optimization, a brief explanation is presented.
Considering a SH that hosts two people, the typical consumption profile based on the optimiza-
tion problem (#.5) is presented in Figure §.1. Represented on the Figure are the individual
consumptions of each element inside the SH (inflexible load, ESS and EV charging, smart ap-
pliances load) with the supplied price signal by the electricity retailer that was used in the
optimization. This price signal varies hourly. Despite the fact that the inflexible demand must
be served exactly when it is required, the other loads can be controlled by the HEMS system and
can be differently allocated in order to exploit the relatively lowest price periods.

For instance, regarding the periods 10 to 11 PM a charging procedure of the ESS and the EV
is noticed. This load was controlled in order to take advantage of the electricity price signal
valley during these periods, as the figure indicates. A concentrated load charging to maximum
profit from this price and prevent charging in higher price hours is noticed. After midnight it
is expected on the typical household behavior a reduction of the inelastic load. However, the
HEMS system can still profit from the relatively low prices during these periods, by allocating
some load to them. However, an intensive charging of the EV is expected since it is required
to be fully charged before its departure time. Still during these hours (3 and 4 AM) the HEMS
system allocated the use of shiftable appliances since it happens to have a lower price in that
time.

One can notice a charging process of the ESS in the periods between 9 to 11 AM. Based on
this figure alone, one could reach to false conclusions, that the HEMS system is charging in a
higher price signal. However, in order to further understand this behavior, one must analyze the
contribution of alternative energy supplies in the SH (Figure .2).
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Figure 4.1: Simulation of the SH optimization: Consumption profile.
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Figure 4.2: Simulation of the SH optimization: Production profile.

By analysing the smart-household power contribution, additional conclusions can be drawn.
Regarding the ESS charging between 9 to 11 AM, one can conclude that the main contribution
for this charging process comes directly from the solar production systems. At the beginning
of SH optimization horizon (7 AM) it is noted that the main contribution from the supply came
directly from the ESS system. Comparing with the previous figure (Figure [.1), that after the
ESS2H operation this energy was replaced in the following hours when the user was not at home
(9 to 11 AM).

In this model the EV2H option is also available. At 7 PM, it is noticeable this contribution of
the EV to supply some of the load demand by the SH. At this hour, the combined operation of
the ESS2H and EV2H led to a significant reduction of the requested grid power demand. At this
stage, it was the HEMS decision to coordinate the available resources to supply energy, since at
that period the energy price was at a high price. This coordination action resulted in a decrease
of requested power from the grid, which results in the reduction of the billing. Evidently the
EV2H contribution will vary according to several conditions. A high contribution of the EV2H will
only be possible if the daily driving patterns of the user are relatively low, which leads to higher
SOE. Low SOEs when the EV arrives at the SH cannot contribute to the house balance since the
EV needs to be fully charged before the set time of departure. Again, one can notice the ESS2H
contribution at 12 AM in maintaining the inelastic load at that time.

Analysing both figures (Figure and Figure }.2) the full SH behavior is depicted. However,
some keypoints must be noted. It is the purpose of the HEMS to guarantee the user comfort
conditions as well as to ensure the optimization objective in question. It is evident that a SH
will only request considerable amount of power from the DS when the price signal is at its lowest
value. First point to retain is that the SH optimization will vary according to the price signal in
practice. From the point of view of a DS regarding this SH, the requested power from the grid
is given by Figure {.3.
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Figure 4.3: Simulation of the SH optimization: Requested power from the grid.

Analyzing the Figure .3, it is noted that low load amounts are allocated in the periods between
7 AM and 6 PM. One can note that at 7 PM the requested power is very low. Recalling the
previously presented Figure |.2, this happened because the main suppliers of SH energy were
the EV and the ESS. However, on the next hour one can see on Figure §.3 an increase peak of
power requested from the DS, until 11 PM. Note that, from a DSO perspective this represents
a rapid increase of demand in that period. Again at 12 AM, a similar behavior happens, since
no power was requested from the DS. Additionally, during the low price signal at 3 AM, another
peak is created for the DS. This variable power demand is a serious problem for the DS. The big
differences between low and high consumption from the grid can result in an increased active
power loss.

In the example presented, an expected optimization objective was demonstrated, in order to
investigate the problem at hand. This optimization by the HEMS lead to the creation of two
additional power peaks that were not present before. Evidently, without an HEMS this power
amount would be allocated differently in hours that can have a direct user interaction, leading
to concentrating even more on high demand periods. The HEMS model simulates the behavior
of a rational end-user, i.e. a user that strives to strictly minimize its electricity procurement
cost. Therefore, the SH flexible load is allocated based in the cost minimization purpose.

Evidently, on several occasions lower price signals will be sent at night periods in order to moti-
vate a load shifting to those periods. However, the consequence of this action is not controlled
by the DSO leaving the SH to decide on whether or not to allocate load during that period.
Regarding the minimization of the cost optimization, this peak creation on a bigger scale sce-
nario could present several problems for the DSO and the demand response objectives are not
achieved.
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4.3 Distribution System Model

The proposed coordination strategy aims to minimize the active power losses in the DS. It is
important to know these losses in different periods, since the allocation of load from users varies
with time. Therefore, the losses are calculated per branch and per time interval. Therefore,
from the relation P;,.. = R - I? one can deduce based on these considerations that the total
losses (TL) are represented by equation (4.6).

T B
TL=Y Y (R}, (4.6)
t b

However, it is not practical to deal with current I in calculating power losses, but rather with the
power P since its value typically known from the demand side. With this in mind, considering
the power relation P =V - I, and relating it to branch b at a given time ¢, replacing in equation
(#.6) results in an approximate form of estimating the power losses given by (8.7), in which f, ;
is the active power flow that flows on branch b in period ¢, and V' is the nominal voltage of
the DS. Notice that this approximate form considers that the voltage is constant throughout the
system and that reactive power is zero, in which in practical terms it is not always possible,
but the error from the approximation to the real losses are considered acceptable in practical
terms. This approach would result in the same optimal topology as a complete power flow since
this is determined by the direction of the flows in each branch of the DS [66], [67].

T B L f2
t b

Despite being an approximate form, the non-linearity is present. The non-linear term f; ; needs
to be linearized in order to ensure decent computational times for larger systems. The losses
in each branch can be approximated by the equation (4.8), in which b and ¢ are constants.

PSS =b-|foul +c f3, VWEBNVLET (4.8)

The power losses were linearized using the concept of Special Ordered Sets (SOS2). Being this an
approximation of a non-linear function in study, its accuracy depends on the amount of samples
taken from the non-linear function. More samples contribute to a more accurate representation
of the function, but it comes with the expense of increased number of variables. Note that it
is not required for the samples to be evenly spaced. However, one condition must be met that,
at most two adjacent values can be non-zero [68].
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With this concept in mind, the use of the SOS2 to approximate the flow (f3 ) is given by:

Y zip=1VbeBVLET (4.9)
pEP
foa=> X, zup=1VbeBVLeT (4.10)
peEP
Foy=Y Yy zup=1WeEBVET (4.11)
peP

In which z is a positive continuous variable.

In order to ensure the radial operation of the DS, a constraint must be added. A sufficient
constraint is needed to ensure that no loops happen in the DS is given by equation (#.12). Since
a given branch has only two possible states, a binary variable is needed to represent these
decisions y; ;. To ensure radial configuration, the total amount of closed branches must equal
the difference between the total number of load nodes existent on the network Nr.:,; and total
number of substations Ng.;.

B
Zyb = NTotal - NSub (4'12)
b=1

With respect to the DS nodes, a node power balance relation must be stated to ensure that
the total amount of power that is being supplied to the node matches the total demand (§.13).
Therefore, at a given node n in a given time ¢, the difference between what comes from the
substation and the respected node demand D,, ;, must match the difference of incoming and
outgoing flows in respect to that node. In nodes that are not substations P54 = 0.

n,t

P — Dy = § for— §  for VnEN,LET (4.13)
bEBHEQ] bEB:EQ]
Net Power Balance Incoming flows Outgoing flows

The total demand at a given node D, ; is decomposed into two parts. First is the demand that
supplies the inelastic load Pfﬁt and secondly, P,f;id is the total power requested by the node
from the DS. Is is important to separate these terms since these values will vary according to
requested power quantities from each SH.
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Dne=Pl+ > PIvn,t (4.14)
heH™

To avoid power flow from branches that are not currently active due to reconfiguration process,
the constraint (4.15) must be added. This constraint not only avoids the flow from disabled
links, but also imposes a maximum power flow that each branch can support. It is considered
a constant parameter and it is chosen regarding technical considerations (e.g. thermal current
etc.). If the binary variable of the respecting branch b takes value 0, automatically the flow is
forced to be zero.

— [y < fou < FOT oy, YbE BiteT (4.15)

Additional DSR constraints can be generalized by (§.16), in which zpso is the vector of decision
variables and SS9 is the feasible region of the DSO optimization problem. Several operational
constraints can be added to the DSR optimization problem. Constraints such as maximum power
supply for the available substations, specifying non-reconfigurable links or any other additional
constraints, that the decision-maker sees fit to include, can be added and fall under this cate-

gory.

zpso € §P5O (4.16)

Hence, the DSR optimization problem is summarized in equation (4.17) .

rZ Rb fbt
minimize TL:ZZ
t b

s.t. P —Dny= > for— >, fox MMENFET
bEB:EN] beB:ieQ]
7'7‘*P71t+ Z Pg;ianGN,tET
heH™ (4.17)

> ¥ = Nrotar — Nou

= g < for < T o VO E Bt €T

Tpso € SDSO
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4.4 Power Flow Analysis Tool

The previous formulation solves the reconfiguration problem disregarding the voltage constraints
on each distribution node. However, in order to verify the DS operating condition, a complete
Power Flow study was used as an analysis tool. The topology that is obtained from the previous
optimization problem is then set as a fixed topology in the analysis tool, in order to find out the
voltage profile. In Figure 4.4 the 7m-model of a distribution line is depicted. According to this
Figure 4.4, the active and reactive power flows, from the sending node i to the receiving node

j is given by the equations (4.18) (#.19).

Pi’j = gij‘/iz — gij‘/ﬂ/j cos 91‘]‘ + bZJV;VvJ sin Hij (418)

Qij = (bij — bi")V? — bi; ViV cos 0;; — gi; ViV sin 0 (4.19)

Following these equations, the active and reactive power balances at each node throughout the
DS are:

PZ_Gen _ ‘PZ_Load _ Z‘Pi,j Vi

s

(4.20)
Q- Qb = Y @iy v

JjEi

In which PE°™ and Q" are the total active and reactive power generated at node i, and P, ;,
Q;,; is the power flow from node i to every node j that is connected to i. On load nodes, also
known as PQ bus, there is no generation and therefore, P“*" and Q$*™ are set to zero, resulting
in the requested load at that node matching the flows from other nodes.

The power flow problem, as the formulation indicates is a MINLP. Several works try to address this
concern in order to render feasible its solution in an acceptable time. One of these strategies
is to transform the problem from a MINLP into a Mixed-Integer Conic Quadratic Programming
(MICQP).

i= N L ®
R .
Q. ipsh jbeh

Figure 4.4: The line m-model.

42



In [69] a strategy was adopted by replacing the non-linear terms into additional variables that
bridges the relation between the non-linear terms. Thus, the analysis tool used was based on
these approximations that are described in [69]. Considering this, the assumptions that define
a new set of variables are:

U, =V?

3

Wi j = ViVjcos 8 4.21)

Ti,j = ‘/1‘/] sin 91‘]‘

Replacing these new variables in the previous equations (4.18) and (#.19), results in a simpler
linear form of expressing the flows:

P; ;= gi;U; — gi; Wiy + b5 T35 (4.22)

Qij = —bijWij — gi;Tij + (bij — b3 )U; (4.23)

Additional equations must be added to ensure that no power flows through open links. This can
be achieved by using the binary parameter e; ; that describes the status of the line ij. Note
that this new variable will take the value of the previous variable y; from the DSR optimization
problem. Thus, the resulting constraints for active and reactive power are :

— Pz -€ij < Pij < Praz -5 Vij € lines

(4.24)
— Qmaz - €ij < Qij < Qmaz - €ij Vij € lines

Since its difficult to predict the expected behavior of a network, before solving its optimization,
there is a need to ensure that the problem constraints are properly relaxed. This variable
relaxation process assures that possible solutions are not ignored. However, this relaxation
needs to be properly tweaked in several simulations to ensure that a not wider space is included
in the feasible region, which could compromise the computational performance and also the
ability to the problem convergence to one solution.
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Therefore, in this model a relaxation technique, namely the Big-M was used. For example, given
two variables « and 3, the relaxation of this variable, according to this method would be:

M- (1-2)<a—-8<M-(1-2) (4.25)

in which M is a big enough number, to ensure a proper relaxation of the variable, and z is a
binary variable. Evidently, the choice of the value of M depends on each variable that is being
relaxed. With this in mind, regarding the power flow analysis, the equations that ensure a
proper relaxation of the variables at play according to [69] are:

—keq (L—eij) U - Uy = W2 = T7; < keq - (1 —€;5) Vij € lines

—kw-(I—e;) <W;; =W, <kw-(1—e;;) Vij € lines
w e ( ,J) J J w - ( J) J (4.26)

— kT . (1 — 61'7]') S T%_j + Tj,i S kT . (]. - ei’j) VZ] € lines

In which k.,, kw and kr are constants. The following equation (#.27) uses this relaxation
technique to ensure that the current flowing through the line ij does not violate the maximum
current limit (/,,,.) allowed for that line:

—ky - (1 — 61'1]') < IZ2,] <kj- (]. — 62'7]') + Ifnaa: © €4 V’L] € lines (427)

Finally, voltage constraints are added (4.28) to ensure on the analysis tool that nodes voltage
do not violate minimum (V,,,;,) and maximum (V,,....) specifications. Since one does not know
the behavior of the voltage profile on high load periods (e.g EV charging periods) this constraint
should be relaxed in the first runs.

2 2
Vmin <U; < Vmam

Vi (4.28)
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Hence, the power flow analysis tool processes is described by equation (4.29). Note that this
tool does not address the reconfiguration, but will be used to assess the benefits of the proposed
strategy regarding the voltage profile of each distribution node. Therefore this tool will aid the
DSO in the decision-taking, regarding the topology that was obtained previously.

Nsup
minimize Y > P
i j€i
s.t. peen — plost =3P ; Vi
JET
G Load .
Qi en __ Qi oad _ ZQi,j Vi
J€EL

Pij = 9ijUi — gi;Wij + bi; T
Qij = —bi;Wij — gi;Tij + (bij — b3

- Pma;c * €45 S Pi,j S Pmaac c €5 VZ] € lines (429)
— Qmaz - €ij < Qij < Qmaz - €ij Vij € lines

Vi <U <V2

min mazx

Vi
—kr - (1 — em-) < IZQ] <kjr- (1 — 67;7]') + I,Q,Laz © € V’L] € lines
—keqg- (=€) U - Uy = W2 = T2, < keq- (1 — € ;) Vij € lines

— kw - (]. — 67;’]‘) < Wi,j — Wj,i <kw- (]. — ei’j) VZJ € lines
— kg - (1 — ei’j) < Ti,j + Tj,i <kr- (1 — ei,j) Vij € lines
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4.5 Coordination Strategy

The literature survey demonstrated an existent gap in the field of DSR combined with DR. Several
studies exist, on addressing the benefits of a well coordinated DR strategy. However, none of
these studies addressed the benefits of developing a strategy that combines a demand response
strategy with a reconfiguration strategy from the DSO point of view.

Tariff systems will, at some point, motivate the users to shift their load to a low price period. It
is even expected that, with the increase of home automation systems, the end-user would not
need the direct interaction to perform load shifting since this procedure is done automatically
by the HEMS. Depending on the desired objective of each user, the HEMS will take its decisions
while guaranteeing the user comfort. The tariff system based on RTP, according to the presented
literature survey, seems to be the most promising mechanism since it represents the actual
production price in each period.

Pricing the consumers with RTP prices could create a problem for the DSO regarding the losses.
The RTP will indirectly motivate the price responsive users, to shift their loads to relatively
lower price periods. If the users exploit the pricing curve by allocating their shiftable loads, to
low price periods, new network load peaks could occur in hours that were not existent before,
and one of the objectives of demand response is not achieved, the flattening of load curve.

It is important that the pricing mechanisms address not only economical concerns on produc-
tion, but also the technical concerns of the electrical DS. This model proposes a new strategy to
motive the demand response, by introducing the DSO input in generating a price signal, which
will be taken into account in decision-making process taken by the user. Therefore, this in-
teraction will assume two distinct sides, the DSO and the end-user. In Figure 4.5 the proposed
coordination strategy is presented.

The proposed coordination strategy starts with Step 1, in which the users receive the electricity
price signal through the smart-meter. For the purpose of this work, it is assumed that the users
receive 24-Hour price signal based on the day-ahead prices, well before the actual dispatch day
(e.g. the previous evening). The prices of the market may change during the real-time operation
of the system but the consumers will be priced according to the determined day-ahead prices.
This is a common practice, e.g. in MISO market [70].

In Step 2, each SH solves its optimization problem. In practice, each SH will solve a different
problem regarding their comfort specifications. It is assumed that the optimization problem
done by one individual (one SH) is the same to every SH present in the DS, which are responsive
to the incentives provided through the dynamic price signal. In this step, advanced computa-
tion capabilities will be exploited in order to make it feasible in an acceptable time frame for
practical applications as it will be explained in Section [4.6.
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Figure 4.5: Proposed coordination strategy.
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In Step 3, after the optimization process, each smart household communicates its scheduled
power demand to the DSO, through the existent communication infrastructure.

In Step 4, since it is impractical for the DSO to known each individual household load sched-
ule, the DSO aggregates their load according to the corresponding node that each smart house
belongs. In this stage the DSO can have a network profile for each distribution node and its
corresponding load demand.

In Step 5 the DSO knows the corresponding load scheduling curve per node in the DS. In this
stage, the DSO solves its optimization problem regarding network reconfiguration in order to
minimize the active power losses. This reconfiguration guarantees that the DSO operates with
the least losses possible for the corresponding load curve per node, which is a result of the
communicated demand per user. After the reconfiguration process is done, the DSO generates
its prices in order to further motivate the users into altering their consumption patterns. This
signal approach tries to balance the low price signals that are provided by the market retailer,
which the SH could exploit leading to creating an additional network load peak. After the SH
solve their optimization and based on their load scheduling, the DSO generates a price signal
per period if the communicated load demand is not acceptable by the DSO. If not, the DSO
generates a penalty price to try to demotivate the SH owners to shift into hours more suitable
for the DSO. In order to guarantee a good balance in each distribution node, the pricing signal
matches its corresponding node. Since the marginal cost of the system losses are difficult to
quantify, the adopted method is described by the equation (4.30). The generated DSO price wy
is designed by charging the unitary increase of demand with respect to their contribution to the
losses in each node. This DSO pricing scheme follows a similar logic that is presented in [71].

oTL grid buy
(1 + 8Dn.,t) Yonern Pry oA

= T Vi, t (4.30)

After the generation of these prices the DSO informs the end-user, through the communication
infrastructure, the new addition to the pricing signal (Step 6).

In Step 7 the smart households are now aware of the new prices provided by the DSO and also
aware of the previous pricing signal provided by the market retailer. At this stage the smart
households repeat their optimization problem regarding both pricing signals (Retailer and DSO).
This optimization is done in order to ensure that each smart household has the optimal least
cost operation regarding the new prices. Therefore, the new objective function that describes
the total cost of each SH is given by equation (4.31). Note that this new objective includes
two prices: the previous price from the original price signal A’*¥ and the new price generated
by the DSO n}'. This new price is applied to the difference of power that the SH requests now
compared with the previous request.

TC, = Y IR N + - (P = P - AT (4.31)
t
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By replacing this new objective function (4.31)) in the previous optimization problem (4.5) the

new optimization problem of each SH at this stage is given by:

minimize TC, = Z {[P}fj;id . )\?uy + ol (Pf;id B P}g;id,preu” . AT}

t
s.t. rpy € SPV e gh

xga € 954 c S
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h,t
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meMh

(4.32)

In Step 8 each SH communicates the new load demand schedule to the DSO. It is possible at this
stage that the load demand differs from the previous communicated demand, since it is now
exposed to two price signals. After the communicated load schedule to the DSO, the interaction

from the smart-household side is terminated.

In Step 9 the DSO knows the new aggregated load in each distribution node, and resolves its opti-
mization problem regarding the new load demand schedule. After the optimization terminates,
the DSO could have two reconfiguration scenarios options to compare, before and after the new
generated price signal. The decision-maker in the DSO side, with the presented topologies and

its possible outcomes, decides the final operating topology (Step 10).
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4.6 Computational Optimization

In the previous chapters, the importance of achieving a solution within an acceptable time frame
has been highlighted. Complex models tend to present an increased computational burden
when they are applied to large-scale systems. Lack of computational efficiency may prove a
demotivating factor as regards their practical application. Thus, there is a need to investigate
the potential of exploiting modern computing techniques in order to improve the computational
efficiency and motivate the decision-makers to adopt such tools.

In the practical side of the proposed interaction framework, each smart-household will solve
its optimization problem individually regarding its own SH domain. Basically each optimization
problem is solved by the SH owner and the desired load schedule is then reported to the DSO.
This leaves the computational burden of the SH optimization model to the HEMS system that
each SH contains.

However, it is important that the DSO can predict certain times the behavior of the consumers,
by analyzing their response to price change. Given this proposed coordination strategy, it is
not expected that the DSO can accurately forecast the load schedule without running a similar
optimization problem that is being done by each individual user. By being aware of an expected
behavior from the users, the DSO can use this information with the addition of the reported
information from the users, to design better incentives and select its best operation topology
for the DS in its current condition.

The proposed model was implemented using the optimization software GAMS [72]. Additionally,
to address this computational concern, the GAMS Grid Computing capabilities were explored.
With the current improvements in hardware, multi-processor computers are becoming widely
available. However, the current methods of solving the optimization problems leave the opti-
mization platforms under-utilized in comparison with their available resources. A comparison
of solving approaches can be seen in Figure 4.6.

The default solving approach (synchronous solving), starts by generating the model based on
the available data and the equations that participate on the model to be submitted to a solving
stage. In this stage, the model is solved, ending this stage when a better solution is found. This
stage is a time varying process and depends on the model complexity. After the end of this stage
the solutions are reported.

By using the proposed and improved grid approach, the software can take advantage of models
that can be decomposed and solved separately, such as the optimization problem of the SH
presented in (B.1)), which leads to better use of the multiple CPUs available in the workstation.
This approach, also considered as an asynchronous approach, envisions the decomposition of the
optimization problem into several sub-problems in order to be solved separately by each indi-
vidual CPU. These sub-problem blocks can be solved in parallel mode, without requiring the full
solving of the entire model. When a processing unit finishes with solving its sub-problem block,
automatically stores locally the solution from that block and immediately takes the next sub-
problem block, if exists. After all solution blocks have been stored, a collection loop retrieves
the solutions and displays the optimal solution found.
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Figure 4.6: Computing approaches: a) Default Solving, b) Grid Solving.

With this technique, each sub-problem block can be solved separately exploiting the full capac-
ity of the multi-processors, preventing the low use of memory and idling CPUs from the default
solving approach. It is important to state that not every optimization problem can be decom-
posed, due to its nature. Additionally, several modifications must be added to the original
optimization model to enable the grid approach. Still, it has significant advantages that cannot
be neglected, especially in repeated tasks and large iteration loops, thus being applied in the
novel coordination framework, regarding the SH optimization.

4.7 Summary

In this chapter a SH model was explained in order to demonstrate the problems faced by the DSO.
Afterwards, the optimization problem to be done by the DSO and the power flow analysis tool
used to verify the DS behavior was presented. Then, the novel coordination model framework
was presented, ending the chapter with the adopted computational methods that were used in
this work, namely grid computing.
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Chapter 5

Results and Discussion

"Difficulties mastered are opportunities
won.”

WINSTON CHURCHILL

5.1 Introduction

In this chapter the results from the proposed coordination strategy are presented. It starts by
presenting the data input used in the SH optimization problem. Later, two test DS on 16-Bus
and a 33-Bus will be presented, depicting the relevant information on the simulations while
discussing results relevant to the coordination strategy.

On the 16-Bus DS the conceptual working principle of the proposed coordination strategy will
be presented. It will highlight the basic principles that this novel coordination strategy will try
to accomplish. This is presented in this conceptual system that is a typical test system used to
demonstrate benefits of strategies in DS.

Later, a more detailed analysis will be presented for a larger 33-Bus DS. The detailed analysis is
only presented in this system, since this system structure is closer to practical DS. This system
will allow demonstrating the benefits of the proposed strategy in larger systems.

5.2 Smart-Household Data Input

In this section, the data input regarding the SH optimization are presented. These data is
built under several assumptions that are presented. The first consideration taken is the data
regarding the SH consumptions. The SH consumption is decomposed into two parts: Flexible
load and Inflexible load.

As it was presented before, the flexible loads are the loads that can be controlled by the HEMS
system in order to fulfill the desired objective function, minimization of the electrical bill.
However, these SH also have loads that can not be controlled but need to be quantified, the
inflexible load. For the SH load profiles, two types of families were considered in this work (2
and 4 occupants).

The load profiles were built taking into account typical power ratings of existing appliances from
an existent SH [73]. Therefore, the inflexible load profiles are depicted in Figure b.2.
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For the purpose of this work, two load profiles were considered, one for each test case (16-Bus
and 33-Bus DS), and are presented in the Figure 5.2.

Since the arrival times are not always known and depend on each user driving patterns, it is
considered that this follows a normal distribution with mean at 5 PM and a standard deviation
of 2 hours, being truncated at 12 PM and 10 PM to consider an expected arrival behavior. This
arrival time distribution was created using real data taken from [74]. For the purposes of this
work, it was considered that all the EVS must be fully charged before the time of departure at 6
AM. It is also considered in this study, that each SH have an ESS system with an energy capacity
of 3 kWh. The initial SOE of the ESS system follows a normal distribution, which was created
considering a mean capacity at 40 % with a standard deviation of 10%. To ensure minimum and
maximum specifications, this distribution was truncated at lower bound 25% and upper bound
70%. For each SH participating in the demand response, it is assumed that it has a PV system
installed. It is considered that the installed PV capacity is of 1 kW for the 2 occupants family
and 1,5 kW for the 4 occupants family. In Figure the normalized PV production, per kW of
production, is presented.

The price signal considered for this optimization is illustrated in Figure 5.3. The users receive
this price signal from the market retailer. As it was presented before, it is assumed that this
price is based on the day-ahead prices that they receive before the optimization day. Users will
be priced according to this price signal, having guarantees that it does not change during the
day of the optimization [70].
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Figure 5.1: Normalized PV production.
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Figure 5.3: The 24-Hour varying electricity price signal.

5.3 Test case: Modified 16-Bus Distribution System

The first test case presented is based on a modified version of a 23 kV 16-bus Distribution
System [75]. The system is depicted in Figure .4, which consists in only one substation, unlike
the original system that has three substations. For this system the initial operation state, before
reconfiguration, considers that branches 3-9, 8-12 and 5-14 are normally open branches.

Based on this system and its data [75], some assumptions were made. In order to study the
behavior of the SH in relation with the coordination scheme, it was assumed that each 1 MW of
the system load represents approximately 400 clients.

Additionally, it was considered that 25 % of the total number of clients in a node are price respon-
sive, meaning that they have an HEMS and respond to the time-varying price signal. Therefore
the data referring to this system that represents the total number of users and responsive users
are shown in Table .1

Recall that this DS is a conceptual test system, which is only presented here to demonstrate the
working principles and the objectives of the proposed strategy. It is considered a small system,
becoming easier to study the behavior of the strategy under the influence of low number of
clients.
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Table 5.1: Number of clients at each node in the modified 16-Bus DS.

Number of  Non-responsive Number of smart

Node clients clients households

1

2 800 600 200
3 1200 900 300
4 800 600 200
5 600 450 150
6 1600 1200 400
7 2000 1500 500
8 400 300 100
9 240 180 60
10 1800 1350 450
11 400 300 100
12 400 300 100
13 400 300 100
14 840 630 210
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Figure 5.5: Total power request of SH from the grid (Step 1 of the optimization).

The coordination interaction starts by the SH optimization process as it was explained before.
The purpose is the minimization of the electrical bill. Based on the data presented and the de-
sired objective function, it is needed to study the impact of the strategy on the DS. In Figure 5.5
the total power request from the DS is presented. The SH will always try to exploit the market
retailer price signal, in order to benefit from it by only demanding the power from the DS if
needed.

Evidently, the SH have several resources at their disposal that can cover their demand. In the
Figure .5 one can notice this behavior by checking periods such as 9 AM to 1 AM that it has no
power request. This is possible due to the PV production that each SH contains. Additionally,
at 12 AM one can notice the demand being non-existent at that period. Since the price signal
provided by the market retailer at this period is relatively high, it is expected that at this period
the total load demand of the SH was provided by the ESS2H and EV2H capabilities that each SH
have.

Note that the presented curve only depicts the SH power request from the DS (Figure 5.5). At
this stage the DSO knows the required load that is from the inflexible load of the system, the
non-responsive users and the total load that is demanded from the responsive users. It is to
these clients that the DSO generates a new price signal in order to induce a new shift of loads
that were allocated in periods that constitutes considerable losses for the DS.

Therefore, in Figure 5.6 the generated price signals per node are illustrated. Note that this
price signal must be generated for each node for an evident reason. For instance, an individual
signal for each node allows the DS to have better control over the expected response behavior,
by designing more appealing signals to extreme load condition nodes. In this work, the gener-
ation price mechanism is built on the principles that prices the losses according to each node
contribution to its loss increase. By analysing Figure 5.6 some conclusions can be drawn. It is
noted that nodes that posses more responsive clients receive higher price signals.

57



0,010

0,009
0,008

0,007

0,006

0,005

0,004

DSO prices [€/kWh]

0,003

E - N
AN /7\\V//A\-/-\\
2V \B/=

ol
o)
/o

0,001 -

0,000 - =
ﬁ‘“v““q\r Qv““\5“Q““.s“Q“‘Q“‘gz““;z““Q“U@“‘@“‘@“‘@“‘g““v“‘v“‘v“‘v"“v““v““v““
Period of the day

—o—node 2 —o=node 3 —o=node 4 —o=node 5 —o=node 6 —o=node 7 —o=node 8
—o=node 9 =o=node 10 =o==node 11 =o=node 12 node 13 —o=node 14

Figure 5.6: Price generation from the DSO to each node in the modified 16-Bus DS.

This is an expected behavior since the number of resources available to the SH increase and
with it their impact on the DS. Moreover, it is not only the number of users that needs to be
considered. Nodes such as node 10, based on the topology presented in Figure 5.4 even with
reconfiguration, is still an end node (antenna connection). Together with the fact of having
high demand from the SH and the other inflexible system load, leads to increased losses on the
branch that connects node 10.

Additionally, a similar adverse behavior can be noticed from nodes of lesser demand. Considering
the generated price signals, it is observed that nodes with small contribution to the system
losses, such as node 9, have the lowest price signal received from the DSO. This is an expected
behavior since 60 clients in a total of 240 clients that exist on that node do not bring increased
losses when compared to more crowded nodes.

Therefore, in Figure 5.7 the DSO price signals relation in comparison with the supplied price
signal from the market retailer is illustrated. After receiving these new prices the SH have
now to consider two price signals in the optimization problem as it was described before in

Figure j4.5.

In Figure @ the comparison of the grid power request (before and after the proposed strategy)
is presented. By analysing the SH energy demand from the grid, several conclusions can be
drawn. First noticeable point of the proposed strategy was the mitigation of two significant
network peaks that were existent previously, the periods of 11 PM and 3 to 4 AM. These peaks
were mainly caused by the EV charging at these hours since the HEMS exploited the ability of
charging them at a lower market retailer price signal. By introducing the new price signal as it
was depicted before in Figure .7, changed the allocation of these vehicles. With the intensified
charging of EVs, these network peaks increased significantly their contribution to the DS losses.
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The DSO generated a signal that envisioned an increased price at these periods in order to
demotivate the intensified allocation of these vehicles at these hours. As it is depicted in
Figure 5.d these peaks ceased to exist by allocating this load to different hours. For instance, a
new peak that was created with the proposed strategy happened at 5 AM, being expected that
some EV charging happened in this period.

Additional benefits can be observed in Figure 5.8. For instance, the contribution of the proposed
strategy in valley filling, the most notably at 10 PM. In this period, the use of the proposed
strategy led to an increase of the SH power requested from the DS. Before the proposed strategy,
this period (10 PM) had low demand following a high demand in the next period (11 PM). With
the proposed strategy this difference of power demand (10 PM and 11 PM) was significantly
reduced, which is beneficial for the DS.

It is clear by analyzing Figure b.8 that the new DSO price was considered in the optimization
of the SH. The low price signal allowed the SH to reconsider how they properly allocated their
load by exploiting the DSO benefits at that period. This allowed them to allocate some load at
that period to contribute to the valley filling purposes of the DSO.

Moreover, this contribution to less loaded periods is noticeable such as night periods between
12 AM and 4 AM. At this period it allowed a smoother energy request from the DS. Moreover,
between 1 PM and 7 PM a moderate increase of the requested energy occurred. This allowed
the DSO the purpose of gradually filling the low demand periods and also preventing high peak
demand periods that were caused from the SH optimization procedures.

Before considering the reconfiguration of the DS a simulation was made in order to demonstrate
the benefits of the proposed strategy in a fixed default topology. The results presented before
were relevant in considering the use of reconfiguration. Therefore, the overview of the results
is presented in Table p.2.
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Figure 5.8: Total power request of the SH from grid in the modified 16-Bus DS.

Considering the base test of no coordination strategy and without reconfiguration, the total
active losses of the system were 12,249 MWh. Based on the results, the benefits of adopting
reconfiguration strategies are clear, contributing to a significant loss saving. Moreover, the use
of the proposed strategy, combined with the reconfiguration capabilities, allowed the DSO to
reduce the overall system losses, to a value of 10,634 MWh.

The proposed strategy with reconfiguration achieved a reduction of 13,2 % when compared to the
base test (fixed topology without proposed strategy). By only adopting reconfiguration without
the proposed strategy the loss reduction is 7,5 %. It is evident that the use of this strategy can
increase the DS loss savings. By adopting the proposed strategy, the losses can further decrease
(around 5,7 %) comparatively to the reconfiguration without strategy.

An additional benefit of the proposed strategy can be seen using the metric peak-to-average
ratio. This can be studied by analysing the maximum network peak created from the request of
energy of the SH from the DS, over the average energy requested during the day. Considering
the proposed strategy only in the test cases that involve reconfiguration, the peak-to-average
ratio decreased from 4,37 to 2,98.

Table 5.2: Active power losses for the modified 16-Bus DS.

Without With
Reconfiguration Reconfiguration
Without Novel
Coordination Strategy 12,249 MWh 11,334 MWh
With Novel 11,467 MWh 10,634 MWh

Coordination Strategy
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Figure 5.9: Aggregated Smart-Households cost comparison per node in the modified 16-Bus DS.

The benefits of the proposed strategy for the DS are evident. However, a major point needs to
be addressed: the costs that result from the SH optimization. This strategy could raise concerns
as regards the compromise of the economic benefits that would motivate end-users to enroll
under time-varying pricing schemes. Therefore, in Figure 5.9 the relation of the paid prices
per day of the aggregated SH per node (before and after the proposed coordination strategy) is
presented.

It is evident that, with the use of the proposed strategy the SH can benefit in their optimization.
For instance, previously the minimum price that at each node was paid was around 82 cents.
With the provided electricity price, it is extremely difficult that a better optimization can be
done by the SH. With the proposed strategy it is noticeable that at some nodes, at least one SH
benefit from the provided DSO price, lowering the minimum payment at some nodes.

Moreover, the reduction of the average payment before and after the coordination strategy is
evident. Additionally, it is also evident that not all nodes share the same benefits. Even at some
nodes the SH cost balance remained the same. However, on other nodes a significant benefit
occurs with the proposed strategy (e.g Nodes 6, 7 and 10).

When studying this behavior regarding the data provided in Table B.1, these nodes represent
the nodes with more responsive users. Evidently, the SH that belong to these nodes represent a
bigger flexible load that most contributes to the loss of the system. Especially at these nodes,
the price generated by the DSO motivates them to alter their consumption behaviors, leading
to lowering their prices. On nodes that contribute less to the DS losses, the price generated by
the DSO has no significant role in altering their consumption.
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It was stated before that the DSO would have the possibility after the proposed strategy of
changing the network topology in two instances. The first reconfiguration approach starts when
the DSO receive the aggregated load signal from the optimization of the SH. At this stage the
DSO can perform a reconfiguration based on that signal. After sending the signal to the SH to
perform its re-optimization, the DSO based on the new aggregated load could have the possibility
of reconfiguring again. The final configuration of the DS that achieves the minimum active power
losses is depicted in Figure b.10.

VA‘ Substation

i Load Demand
—— Closed link
1 t— Open link

= Bus

Figure 5.10: Modified 16-Bus DS final configuration.

62



5.4 Test case: 33-Bus Distribution System

The previous test case presented the working principles of the proposed strategy in a modified
16-Bus DS. An additional larger test case is presented in order to demonstrate the proficiency
of the novel coordination strategy in a system that is similar to practical DS.

The system used in this test case is a well known benchmark system, the 12,66 kV 33-Bus DS
as it is portrayed in Figure 5.11. The data concerning technical considerations such as line
parameters were taken from [76]. For this system, in order to demonstrate the benefits of
the proposed strategy, it was assumed for this system that 70% of the total number of users
are responsive, and 30% of users are not responsive. This can be seen in terms of the DSO as
flexible system load (responsive users) and inflexible system load (non-responsive users). The
data regarding the total number of clients is summarized in Table 5.3.

In this system, with a typical price signal the results of the optimization done by the SH in
the 33-Bus DS are depicted in Figure 5.12. A similar behavior to the modified 16-Bus test case
is noticeable. Regarding the flexible load part of the system, which consists of controllable
appliances, EV and ESS systems, a concentration of these resources in the low price periods
11 PM and 3 AM is observed. Evidently, these night load peaks are created due to the time of
departure set point to ensure that EVs are fully charged before this time. Regarding the period
of 12 AM to 2 AM, the SHs did not allocate loads on this period since it would not be profitable
considering only the market electricity price signal.

Therefore, the proposed strategy will generate a DSO price signal in order to prevent these
peaks created from the optimization procedures of the SH, only considering the market retail
price.
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Figure 5.11: The 33-Bus Distribution System.
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Table 5.3: Number of clients at each node in the 33-Bus DS.

Node Number of  Non-responsive Number of smart
clients clients households
1
2 67 20 47
3 60 18 42
4 80 24 56
5 40 12 28
6 40 12 28
7 135 40 95
8 135 40 95
9 40 12 28
10 40 12 28
11 30 9 21
12 40 12 28
13 40 12 28
14 80 24 56
15 40 12 28
16 40 12 28
17 40 12 28
18 60 18 42
19 60 18 42
20 60 18 42
21 60 18 42
22 60 18 42
23 60 18 42
24 280 84 196
25 280 84 196
26 40 12 28
27 40 12 28
28 40 12 28
29 80 24 56
30 135 40 95
31 100 19 81
32 140 42 98
33 40 12 28
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Figure 5.12: Power request from the DS due to the SH optimization.

In Figure 5.13 the generated prices from the DSO with respect to the market retail price are
depicted. For the sake of simplicity, regarding the DSO prices generated, the most relevant
metrics are observable. During the low price signal from the market retailer, an increase of the
price provided by the DSO is noted. Regarding the peak that was existent at 11 PM, the market
price signal is at 2,6 cents. Considering this period, the maximum provided price by the DSO
reached 1,5 cents. This maximum price was provided to the nodes that contribute most to the
energy losses in the system (nodes 24 and 25). These nodes in question receive a higher signal,
since they have the highest amount of load allocated to that period and present better chances
of shifting some amount of this load to less loaded period. The node that contribute less to
the losses in this period is node 10, receiving the minimum price displayed in Figure 5.13 of 0,2
cents.

Another interesting point to note is that not all the low price signal periods of the market
retailer price signal were priced by the DSO. For instance, at 2 PM the DSO did not supply a high
price on this period since no significant load was allocated at this period, giving no contribution
to the loss increase. This proves that the proposed strategy does not respond directly to low
values of the price signal provided by the market retailer, but rather the contribution of the
load allocation to the increased loss of the system. The low price generated at this signal could
be used by the SH to avoid the high penalties that they receive on the loaded periods (11 PM
and 3 AM).

After receiving the DSO price signal, the SH re-optimize their consumptions based on two prices.
Based on the reported load schedule after this optimization, the new DS network load profile is
depicted in Figure 5.14. The first important aspect to be observed is the significant reduction of
the network peak at 11 PM. Before the proposed strategy (Figure 5.12) this peak had a magnitude
of over 14 MW, which constitutes a considerable stress to the DS with significant contribution
to the system losses. However, by adopting the proposed strategy, the load demand at this
period was reduced to the values of approximately 3 MW, which represents a reduction of 80%.
Moreover, the second network peak that existed at 3 AM was also reduced.
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Figure 5.13: Price signal comparison in the 33-Bus DS.

Previously, regarding the period of 3 AM the total power demand was around 10,5 MW. Adopting
the new strategy reduced the magnitude of power request reaching the levels of 2,5 MW, which
represents a reduction of 76% in this period.

Evidently, the power demand that was previously requested at the low price periods was al-
located to other periods. For instance, another hour that presented itself profitable to the
SH was the period of 2 PM. It was seen before in Figure that this period had low level of
load allocation. However, with the proposed strategy, new loads were allocated in this period,
reaching the magnitudes of approximately 5,6 MW, representing an increase of 67%. Another
conclusion that can be drawn by observing Figure 5.12, is that previously it was not profitable
to allocate loads at 5 AM. With the proposed strategy, it is noted that a significant increase on
load demand happened on this period (Figure 5.14).

The proposed strategy managed to reduce the impact of high demand peaks during low price
periods by the market retailer. This behavior is illustrated in Figure 5.15. It is observable that
with the proposed strategy, the demand load curve suffered a significant reduction. Although
the new strategy created three additional peaks that were not present before, this magnitude
is significantly less when compared to the situation before the proposed strategy.

An important point that the strategy needs to prevent is the overpricing of the users due to the
supplied DSO price. This new price signal cannot demotivate the users in abandoning the demand
response program. If the SH use the combined prices (Market and DSO price) in the optimization
and do not profit from the coordination strategy, the demand response is not achieved and the
loss minimization of the DS is not guaranteed.

Therefore, an important point to be taken into account is the total SH cost before and after
the proposed strategy. If the costs for the SH after the proposed strategy increase, the strategy
compromises the optimization of the SH, resulting in abandoning of the responsive programs.
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Figure 5.14: Power request from the DS due to the SH optimization after receiving the DSO price signal.
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Figure 5.15: Total power request of the SH from grid in the 33-Bus DS.
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In Figure 5.16 the aggregated SH cost analysis per node, before and after the proposed strategy
is presented. Recall that these costs presented here are not the total costs of the month but
rather the costs per day. It is verified that with the proposed strategy there is a reduction of
these costs. It is noticeable that nodes with high flexible demand can significantly profit from
this strategy.

For instance, regarding nodes 24 and 25, the reduction is visible not only in absolute values such
as maximum and minimum cost but also in the average payment. Before the proposed strategy
the average payment of node 24 was 0,75 €, but with the proposed strategy this average was
reduced to the amount of 0,57 €. Moreover, the maximum payment by a SH at that node
before the proposed strategy was 1,1 € and after the proposed strategy was 0,94 €. Evidently,
nodes with lesser flexible loads have smaller profits from the proposed strategy, since their
contribution to the system losses is smaller when compared to high demand nodes.

It can be concluded that the generated DSO signal does not overprice the users. Additionally,
the tariff establishes a fairness for nodes that have low contribution for the losses, in this case,
the begging nodes of the distribution radial tree. For instance, this strategy prevents that
these nodes that contribute less to the losses pay the same price compared to nodes that most
contribute. Observing the SH cost comparison, the DSO signal can be seen as an incentive that
helps the SH reduce their billing costs.

The optimal configuration found that minimizes the active system losses is depicted in Figure b.17.
Comparing the default configuration, it led to the opening of branches that connect nodes: 7-
8, 9-10, 14-15, 25-29, 32-33. A more detailed analysis of the voltage and the system losses is
presented in the next section (b.4.1)).
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Figure 5.16: Aggregated Smart-Households cost comparison per node in the 33-Bus DS.
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5.4.1 Voltage Analysis and System Losses

It is important to study the impact of the proposed strategy on the DS voltage levels. Therefore,
two situations are studied: a peak-clipping instance (11 PM) and an increased peak instance
(2 PM). This analysis was done considering the optimal topology presented before. Moreover,
the line shunt susceptance (bff;) is neglected since the value is relatively small. Therefore, in
Figure the voltage profile of DS at 11 PM is presented.

Before the proposed strategy, this period had significant load allocation that created an extreme
peak to the network. This load demand at this low price hour compromised the voltage profile
of the system. Regarding the figure, only three nodes had voltage levels within the acceptable
limits (V' > 0,95 pu). Technically, the deviation of the voltage levels can vary between countries.
Considering a +5% voltage tolerance, the same tolerance limits that are adopted in Portugal,
this system presents serious problems.

Regarding this case, there are three nodes that are beginning to display critical signs (depicted
as yellow) and extremely critical nodes (depicted as red). It is evident the critical network
status under these conditions. The minimum voltage is 0,694 pu belonging to node 33 which
is an end node of the radial tree and the average voltage of the system under these operation
conditions is at 0, 824 pu.

Recalling Figure on the total power request of the SH from the DS, after the proposed strat-
egy a load demand reduction occurred in this period (11 PM). The reduction of the magnitude
of this peak led to a significant improvement of this system (Figure b). No nodes are in
critical levels, only five nodes that have signs of voltage drops. The rest of the system is above
the desired level of 0,95 pu. The system at this period is much more stable, being the lowest
voltage level at node 33 of 0,938 pu and the average of the system of 0,97 pu.
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The improvement of the voltage profile with the reduction of a significant load demand peak is
evident. However, a voltage profile needs to be studied regarding an increase of load demand
due to the proposed strategy. This situation is referring to the period of 2 PM and is illustrated

in Figure 5.19.

Previously at this period low amounts of load were allocated. Regarding this period, the voltage
profile of every node in the system is above the desired levels (V > 0,95 pu). One can note
that overloading at this period will worsen the voltage profile. With the proposed strategy at
this period, the deterioration of the voltage levels is noticeable. The two most evident are the
critical nodes that were not present before. These are end nodes of the radial tree which get
more affected by the allocation of load at this period (node 18: 0,899 pu, node 33: 0,898 pu).
Several nodes were affected with this strategy. Only thirteen nodes managed to maintain the
voltage levels within the acceptable limits.

One could be tempted to conclude that the proposed strategy is not worth it in terms of voltage
improvements. However, if analyzing the minimum and the average it is noted that improve-
ments are possible with the proposed strategy. Regarding the period represented in Figure 5.19,
before the proposed strategy, the stability of the system with a minimum value of 0,9713 pu
and an average of 0,9828 pu is evident. It is evident that the allocation of load to this period
had an impact in the minimum and average value. After the strategy the system lowest voltage
level was at 0, 8986 pu and an average of 0,9423 pu .

On the other hand, comparing these results to the previous case depicted in Figure b.18, the
benefits from improving the voltage at 11 PM outweighs the consequences of the voltage dete-
rioration at 2 PM.

Evidently, the proposed strategy contributed to the improvement not only in the loss savings but
also in the voltage profile. Before the proposed strategy the peak-to-average ratio was at 5, 48.
With the proposed strategy a reduction of the metric occurred, leading to a value of 2,67.

The use of the proposed strategy has several advantages for the DS operation stability. Regard-
ing this comparison the most relevant points are presented in Table b.4. Note that the losses
presented here consider the reactive flow in the network and different voltage levels that dif-
fer from the approximation. Comparing the system operation before the proposed strategy the
losses represented 8,82% of the total energy supplied. With the proposed strategy this value
was reduced significantly, reaching a value of 4,45%. Note that this reduction is due to the
mitigation of two significant load demand peaks that were mainly responsible for the system
losses. In economical terms, the daily cost of losses reduced from approximately 160 € to 86 €.
Considering an horizon of a year these costs could be: before the proposed strategy (58400 €)
and after the proposed strategy (31390 €). This could represent significant yearly money savings
of the order of 27010 €. Evidently this cost can vary according to the applicable market retailer
price signal.
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Figure 5.19: Voltage profile in the 33-Bus DS at 2 PM: a) Before the proposed strategy; b) After the
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Table 5.4: Comparison of the 33-Bus DS status before and after the proposed strategy.

Before proposed After proposed
strategy strategy
Active Power Losses [kWh] 5 950,63 2 976,01
Daily Cost of Losses [€] 159,97 86,3
Percentage of DS Losses w1t.h 8,82% 4,45%
respect to the energy supplied
Peak-to-Average Ratio 5,48 2,67

5.4.2 Extreme-Day price signal

The previous results depicted the network status under a typical market retail price signal. This
section, illustrates the behavior of the proposed strategy under an extreme-day price signal.
Typically, these are very few days in a year but the proposed strategy needs to be analyzed
under these conditions.

In Figure the behavior of the network status before and after the proposed strategy is
presented. It is expected that the SH allocate their loads to the lowest price period from the
provided signal. Evidently, this creates a significant demand peak that needs to be reduced in
order to minimize the system losses. With the proposed strategy, the DS nodes will receive a
DSO price signal that is higher on these periods in order to demotivate the SH into shifting some
of their loads.

However, this simulation represents a scenario where adopting the new proposed strategy is
not effective. With the introduction of the new price signal some loads were shifted but a
more critical peak was created. This peak was not present previously and the provided price
signal motivated the users to allocate their load to this period. Another critical concern is the
maghitude of this peak. Before the coordination strategy, the peak reached its maximum value
of approximately 14 MW. The proposed strategy led to the creation of a new peak with a bigger
magnitude of the order of approximately 16 MW.

In this case the strategy worsen the behavior of the network. It can be easily verified that
previously the peak-to-average ratio rated 4, 86 and with the proposed strategy 5, 69. Evidently,
this new strategy needs to be augmented in order to respond to these extreme price signals in
order to prevent this behavior.
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Figure 5.20: Total power request of the SH from the grid in the 33-Bus DS under extreme-day electricity

price signal.

In order to demonstrate the importance of the use of advanced computational methods, Table 5.5
presents the most relevant information regarding this subject. These computation times only
concern the optimization of the SH, since its the step of the optimization that presents higher
computational burden. The simulations were performed under a workstation with two 16 Core
Intel CPU clocking at 3,10 GHz and 200 GB of RAM. Additionally, the optimization problems were
solved using commercial solver CPLEX 12. It is evident that the use of the adopted technique in
handling these problems proves itself worthy for practical deployment.

Table 5.5: Comparison of the computational times.

Default Solving Grid Solving

s Cre Time Time
16 - Bus System 52 min 1min30s
33 - Bus System 31 min 54 s
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Chapter 6

Final Considerations

"To make an end is to make a beginning.
The end is where we start from.”

T. S. ELIOT

The distribution systems require optimization regarding their operating condition, in order to
minimize the active power losses. The increasing pressure of the efficiency goals, requires the
adoption of optimization methods to improve the electrical system. Moreover, the increasing
number of automated systems available to the consumers and the introduction of dynamic price
signals can be seen as a benefit or a setback regarding the DS operation conditions. A typical SH
optimization process was depicted, highlighting the main impacts that it could present to the
distribution system. The proposed strategy brings the DSO input closer to the decision taken by
the SH. The strategy supplied an additional price signal, that prices the DS nodes according to
their contribution to the system losses.

Two test cases were presented in order to demonstrate the benefits of the proposed strategy.
On the modified 16-Bus DS test case, the general working principle of the proposed coordination
strategy was presented. In this test case the losses were calculated using the approximate form
presented on the formulation chapter and the optimal topology was found. This approxima-
tion neglects the use of reactive power and considers the voltage to be constant throughout
the system. However, the approximation that considers constant voltage is not valid regarding
practical considerations, since the concentrated allocation of loads affects the voltage stability
of the system.

The behavior of the voltage profile was analyzed in the 33-Bus DS test case. In this test case, it
was considered that this system had a bigger percentage of responsive users. The high number of
demand responsive users significantly affects the DS performance when the users base only their
optimization on the market retail price signal. In this test case, the benefits of the proposed
strategy were evident. Not only successfully reduced critical network peaks, but also improved
significantly the voltage profiles at critical nodes. However, with the coordination strategy at
some periods some nodes worsen their voltage profile due to the new demand allocated at these
periods that was not present before. Still, the benefits from reducing the critical peaks from
the network, outweighs the consequences of overloading in other periods.

Another significant benefit, apart from the active power loss reduction, is the economic benefit
emerging because of reducing of these losses. It was demonstrated that, adopting this new
strategy could significantly reduce yearly costs for the DSO, that could provide them a motivation
factor to adopt reconfiguration strategies.
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Itis critical that new pricing strategies do not demotivate the users on adopting demand response
programs. Nevertheless, with the proposed strategy the electrical bill paid by the SH can be
reduced in several instances. Regarding the strategy, the nodes that profit most from the DSO
price signal were the nodes that had bigger loads, since their contribution was larger to the
system losses. In the presented test cases, the SH profit from adopting the strategy proven
itself useful in further motivating the users into adopting these programs. Additionally, the
proposed strategy needs to be improved regarding the extreme-day price signals, since it could
deteriorate the network condition.

Another important point that can aid in the decision making process taken by the DSO is the
advanced computational methods. With the use of these methods, the DSO can analyze the
impacts of the supplied price signal before its broadcast to the SH. Moreover, this technique
favors the scalability, thus being suitable for simulating in real distribution systems.

6.1 Future Work

During the development of this work several points were considered interesting to be investi-
gated in the future. Firstly, the coordination strategy needs to be improved in order to address
the extreme days electricity price signal. Moreover, the strategy is based only on developing
a price based on the node contribution to the losses. An additional future work possibility is
the ability of the DSO to provide in the same price signal, not only the penalty from the losses
contribution but also an incentive in convenient periods selected by the DSO.

In the future it is important to use the power flow not only as a tool to asses the network status
but also during the coordination procedure. Using the power flow study during the reconfigura-
tion of the proposed strategy could lead to improvements while maintaining the voltage limits.

Finally, the application of the proposed approach in a real distribution system would be inter-
esting in order to investigate its practical applicability.

6.2 Research Contributions Resulting from this Work

N.G. Paterakis, M.F. Medeiros, J.P.S. Catalao, O. Erdinc, "Distribution system operation en-
hancement through household consumption coordination in a dynamic pricing environment”,
in: Proceedings of the IEEE Power Tech 2015 Conference, Eindhoven, Netherlands, 29 June - 2
July, 2015 (accepted). Best Student Paper (Basil Papadias Award) Nominee.

N.G. Paterakis, M.F. Medeiros, J.P.S. Catalao, A. Siaraka, A.G. Bakirtzis, O. Erdinc, "Optimal
daily operation of a smart-household under dynamic pricing considering thermostatically and
non-thermostatically controllable appliances”, in: Proceedings of the 5th International Con-
ference on Power Engineering, Energy and Electrical Drives — PowerEng 2015 (technically co-
sponsored by IEEE), Riga, Latvia, May 11-13, 2015.
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