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Resumo

A integracdo de recursos renovaveis tem contribuido para o aumento dos requisitos de
flexibilidade nos sistemas elétricos de energia. Paralelamente a este constante aumento de
introducao de producao dispersa, tem-se assistido a criacdo de novas solucdes para colmatar a
variabilidade da producao renovavel, nomeadamente sistemas de armazenamento de energia. Por
conseguinte, surgem dificuldades em coordenar ambas as tecnologias para redes tao vastas, sendo
expectavel que estas limitacdes sejam ultrapassadas através da transformacao das redes atuais em
micro-redes, equipadas com sistemas inteligentes de comunicacao, permitindo uma flexibilizacao de
recursos e uma coordenacao otimizada.

Uma das caracteristicas distintivas das micro-redes é a capacidade de poderem operar
interligadas com a rede de distribuicao local, ou de forma isolada, isto €, desligadas da rede. A
operacao das micro-redes em rede isolada consiste num modo de operacdo sensivel e requer a
implementacao de estratégias de controlo especificas para o correto funcionamento do sistema,
nomeadamente ao nivel das protecdes. A presente dissertacdo apresenta o funcionamento de uma
micro-rede, com foco na analise do seu comportamento em cenarios de falha, nomeadamente curto-
circuitos simétricos e assimétricos.

A metodologia € aplicada a trés casos de estudo distintos, suportados por uma simulacao
computacional, referentes a ligacdo de uma micro-rede as redes de distribuicao de média e baixa
tensao, bem como o seu funcionamento em modo isolado. Estes estudos permitem avaliar a
contribuicao dos diversos elementos do sistema para a corrente de curto-circuito e a adequabilidade
dos sistemas de protecao do sistema, podendo haver a necessidade de adaptabilidade das protecoes
existentes.






Abstract

The integration of renewable resources has contributed to increase flexibility requirements in
electric power systems. Parallel to this constant increase in the introduction of dispersed production,
new solutions have been created to cope with the variability of renewable production, namely energy
storage systems. As a result, there are difficulties in coordinating both technologies for such complex
and active networks. It is foreseeable that these limitations may be tackled by the adoption of
microgrids, with multiple distributed energy resources and equipped with intelligent communication
systems, allowing resource flexibility and optimized coordination.

One of the distinguishing characteristics of microgrids is the ability to operate interconnected
with the local distribution network, or isolated, meaning, disconnected from the main network. The
operation of isolated microgrids is a sensitive mode of operation and requires the implementation of
specific control strategies for the correct functioning of the system, namely at the level of protection
systems. The present dissertation presents the operation of a microgrid, focusing on the analysis of
its behaviour in fault scenarios, namely symmetrical and asymmetrical short-circuits.

The methodology is applied to three different case studies, supported by a computational
simulation, concerning the connection of a microgrid to the medium voltage and low voltage
distribution networks, as well as its operation in isolated mode. These studies allow the evaluation
of the contribution of the various elements of the system to the short-circuit current and the
suitability of the system protection systems that may require the adaptability of existing protections.
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Chapter 1

Introduction

1.1. Overview

This work proposes a dynamic analysis of the behaviour of Battery Energy Storage Systems
(BESS) for different modes of operation and fault scenarios in the context of a Microgrid (MG)
integration. This chapter presents a brief description of the addressed problem, motivation,
objectives and scope of the study. In addition, it summarizes the methodology used for this
research and the dissertation structure.

1.2. Motivation

Energy Storage (ES) began to be thought due to industrialization and the need to increase
the installed capacity in the energy networks. This subject became deeper when, at the
beginning of the 20th century, it was implemented the first stationary ES. Initially, it consisted
in storing energy in lead-acid accumulators to feed residential and industrial loads when the
power stations were turned off, by connecting it directly to the grid [1]. However, the energy-
to-weight ratio was very low and more flexible alternatives were, in fact, needed.

In 1929, pumped hydroelectric storage arose, which consisted of pumping water upstream
and, when the demand exceeded the production, the water stored in the reservoirs would be
released by the turbines, producing electricity. However, with the massive introduction of
residential loads in the network, this type of storage became insufficient, but the main problem
with this technology was that it had a very low response time to energy variations, and energy
demand has become higher [2]. In the past few years, the interest in ES has grown due to the
need of managing energy prices regarding self-consumption, as well as investments on network
expansion and the integration of Renewable Energy Sources (RESs). Mostly, ES until today is
done through pumped hydroelectric [3], although a large increase on ES based on battery bank
has been achieved in last years. Increased peak electricity demand coupled with investment in
renewable-based generating units has resulted in challenges such as transmission congestions,
reversed power flows in distribution grids and even load shedding in some power systems.

On the other hand, deployment of Energy Storage Systems (ESSs) has been regarded as a
viable solution for the effective exploitation of renewable resources.

One of the main features of the electric energy system is the ability to generate large
amounts of energy in a short period of time, although energy consumption fluctuates
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throughout the day. It is, therefore, important to develop technologies that allow effective
storage so that the mismatch between demand and supply by the source is null or minimum, so
there is no need to resort to fossil fuels to cover the periods when there is no renewable
production. These production breaks are due to the variability of renewable sources, namely
solar and wind [4], which constitute the largest share of renewable production.

ES can, hence, fill this gap by maintaining relatively constant power supply values,
facilitating the work of the system operators [5].

1.3. Thesis Scope and Objectives

As renewable penetration increases, power intermittence in the power system is more
frequent and severe. Thus, much attention has been focused on the development of ES
technologies to properly accommodate the inherent characteristics of RES generation, which
can also contribute to grid the system stability in case of disturbances.

The introduction of Distributed Energy Resources inverDER) offers many benefits but at the
same time presents some limitations that will be addressed in the next chapters. It is therefore
evident the importance of the development of storage technologies and consequent
implementation in Low Voltage (LV) distribution networks. However, due to their variable and
distributed nature, the increasing integration of DER into LV networks has raised some
challenges, mainly technical, for the correct functioning of LV distribution networks. The main
challenge is the Electric Power System (EPS) coordination in different scenarios and modes of
operation since DER can operate connected to the distribution network or in an islanded mode.

This work intends to model and simulate the dynamic behaviour of MGs with the integration
of BESS in specific scenarios of operation, performing an objective analysis during fault
situations. Such scenarios aim to study its behaviour during their connection to Medium Voltage
(MV) and LV distribution networks, as well as their behaviour in islanded mode. This modelling
is intended to recreate a real MG. It was assumed that the storage systems were available
during the islanded mode operation and the transition was due to an upper system
disconnection, through the action of the protection system. Moreover, it is intended to verify
the performance of the protection systems applied to a real MG.

1.4. Publications

During the course of this dissertation it was submitted an abstract paper titled: “Fault
Analysis in a Microgrid Context: The DEMOCRAT Project” for the IEEE conference: 2nd
International Conference on Smart Energy Systems and Technologies, Porto, Portugal,
September 2019. This abstract is still awaiting acceptance.
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1.5. Dissertation’s Structure

The Dissertation is structured in six chapters, reflecting the methodological steps followed.

— Chapter 1 covers the study of the problem by referring its interest. A
contextualization to the topic is addressed in this work, whose detailed
description is presented in subsequent chapters.

— Chapter 2 discusses the drivers behind the development of the Smart Grid (SG)
and MG concepts, its social, economic and quality-related advantages and the
current challenges imposed by its implementation. This chapter focuses on the
description of the most revealing general characteristics of ESSs, presents a
concise information about the different ES technologies and the importance of
the protection systems for interconnected and in islanded power systems.

— Chapter 3 describes the electrical model of the network being studied, with a
detailed description of the distribution network parameters, storage system,
loads and other system components. Presents a description of the behaviour of
the systems during different types of fault, as well as some considerations for
calculating Short-Circuit (SC) currents.

— Chapter 4 applies the SC concepts presented in the previous chapter to
symmetrical and asymmetrical faults for three different network
configurations. It also presents the simulation platform used and the
foundations of the planning framework for integrating BESSs in distribution
networks of both islanded and interconnected power systems.

— Chapter 5 presents the results for the simulated case studies, the assessment
and validation of the developed methodology described in the previous
chapter.

— Chapter 6 highlights the main findings of this dissertation and points out some
lines for future works.
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Chapter 2

Integration of Energy Storage Systems in
Electric Power Systems

The high concern with environmental problems and the scarcity of fossil fuels has promoted
the development of measures to reverse the indiscriminate increase of fossil fuels consumption,
to reduce the emission of green-house gases and, therefore, to encourage the use of Renewable
Energy Sources (RESs). Thus, today it is seen a great development of the areas related to
renewable energies and, namely, in the field of Energy Storage (ES) and inherent technological
solutions.

The increase in global energy demand means that it could be challenging to meet
consumption using only conventional energy production, leading to the integration of
alternative resources capable of satisfying demand in the near future, while reducing its
environmental impact [6]. Reducing greenhouse gas emissions is seen as one of society's main
challenges to achieving a more sustainable supply [7], with a focus on the integration of clean
energy sources into electricity generation [8].

Although the production of electricity from RES represents a promising solution to respond
to this challenge, on the other hand, their high dependence on weather conditions brings
variability and uncertainty to their production. Due to the variable nature of renewables, the
generated power profile may not be able to match the load requirement, and thus, their
remuneration may be penalized by deviations from the production forecast at each hour of the
day. In this scenario, storage systems associated with Distributed Energy Resources (DER) can
play a role in minimizing economic penalties [4]. In addition, by reducing uncertainty in
renewable production, they value technically and economically the energy that is produced by
these sources, contributing to the benefits of greater integration of these sources in the
electrical systems.

2.1. The Relevance of Energy Storage within the Smart Grid
Concept

Smart Grid (SG) can be defined as self-sufficient systems, which allows integration of any
type and any scale generation sources to the grid that reduces the workforce targeting
sustainable, reliable, safe and quality electricity to all consumers [9]. A fundamental aspect
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of operating an electric power network is its operation at a frequency and voltage within very
strict values (e.g. 50 Hz, and 1 p.u.) to guarantee energy quality. These parameters may
fluctuate slightly as long as they remain within the range of values that ensures the proper
functioning of the loads. A large variation in these parameters can trigger a situation of
instability in the power grid and may ultimately cause it to collapse with a systemic failure.

The deployment of Energy Storage Systems (ESSs) contributes to maximizing energy
efficiency of a distribution network, and overall network performance can be enhanced by their
optimal placement, sizing, and operation.

ESSs are frequently used in large-scale applications such as power generation, distribution
and transmission networks, DER, renewable energy, and local industrial and commercial
facilities [1]. The application of ESSs in distribution networks can benefit the supplier, the
customer, and the Distribution System Operator (DSO) as well as the Transmission System
Operator (TSO) and the generation operator (conventional and DER) [10] in numerous ways (e.g.
managing peak loads and reducing import energy requirements).

Currently, in order to cope with the variability of RES production, the electrical system is
equipped with plants with a rapid response capacity, namely thermal, combined cycle gas and
large hydroelectric power plants [11], which, together with the interconnections, regulate the
variations of power injection in the distribution networks. Nevertheless, although power plants
of the electrical system can potentially solve systemic stability problems, their scope is not
efficient in solving local problems at the distribution networks level. It is therefore fundamental
to change the current paradigm so that more efficient management of the Electric Power
Systems (EPS) can be fostered [12].

The objectives for attaining desirable enhancements such as energy savings, distribution
cost reduction, optimal demand management, and power quality management or improvement
in a distribution network through the implementation of ESSs requires a wide range of
equipment and functionalities, as well as different technologies such as IT and communications,
control technologies and ES [13].

2.2. The Particular Case of Microgrids

The distribution network is evolving from a traditionally radial system to a multi-terminal
grid with flexible energy distribution [13].

During the last decades, the EPS has progressed on the basis of a traditional hierarchical
structure considering three different levels: production, transmission and distribution.
Historically, this passive distribution network structure relies on the concept of delivering bulk
energy from the transmission network to consumers at lower voltages [12].

The planning model of the conventional ESS allows the energy transport in large scale with
reduced losses in the lines and its unidirectional power flow simplifies the model of operation
of the energy distribution network. In addition, the large electric power production units
contribute significantly to the stability of the system [12]. However, most large power plants
such as coal-based thermal power plants are characterized by low-efficiency levels, ranging
from 28% to 35% [14]. One of the main characteristics of the conventional paradigm of the EPS
is the great distance that separates the production of the consumption that implies the
construction of vast and expensive transmission networks, being that the growth of these
distances causes the increase of energy losses in the lines. In a hierarchical system, the
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existence of regulatory or structural problems can create difficulties in investing in new
production facilities or in transmission networks [14]. The resulting impact proves to be
negative in terms of the security of the overall system supply, since any problem in an upper
hierarchical part can affect numerous elements of the lower hierarchical part.

Recently, and particularly since the early 1990°s [14], power systems are facing a
substantial growth on the interest of connecting generation plants to the distribution network,
usually denominated as Distributed Generation (DG) contributing to the DER concept, assuming
an important role in the new organizational paradigm of electric energy production and
consumption, facing challenges and significant changes in the EPS operation as networks behave
as active networks contrary to the previous paradigm in which the networks were passive.

The emergence of the concept of distributed production simultaneously with the
development and improvement of some already existing concepts such as storage devices and
controllable loads that together with generation technologies comprise DER. With the arrival
of liberalized markets and environmental challenges, it required that the industry responsible
for electricity supply reinvent the way the EPS is thought [13]. This new paradigm is seen as
the way to ensure that tomorrow's power grids can meet the needs of future consumers. In this
way, the production management started to be done in a decentralized way, aiming to equip
existing networks with the means to coordinate the diverse assets reaching high safety
standards and low-cost supply efficiency, thus contributing to a more sustainable system with
lower environmental impacts.

A Microgrid (MG) can be generally defined as a small-scale power network plus its loads and
several DER connected to it, together with the appropriate management and control
functionalities supported by a communication infrastructure [14]. It has a distinguishing
characteristic that is the ability to be operated as a coordinated entity, both in interconnected
or islanded mode. The emergence of the MG imposes further challenges to the system operation
from security and reliability to economics.

In recent years, there have been several technical impacts resulting from the massive
introduction of DG in the Low Voltage (LV) networks without any type of associated control,
affecting the network’s voltage and frequency. Thus, ESS can play a vital role to compensate
these disturbances and seem to be a crucial part of SGs in the future [15]. This effect is
notorious in the more external busbars of the network since the voltage values may exceed the
technical limits defined, due to the resulting bidirectional power flow [16].

Active management of the distribution network with the inclusion of ancillary monitoring
and control systems is seen as a key element in achieving cost-effective solutions and
maximizing the benefits of dispersed generation [17]. MGs, when operated efficiently and
intelligently, introduce great benefits to the overall system, in particular the flexibility they
bring to the system because they can be operated autonomously when disconnected from the
network [17] or interconnected to the main network. In this way, adequate management of
distribution networks, particularly in the context of MGs, will make it possible to minimize
consumption from the upstream network at peak periods, reduce the need for investments in
reinforcement or new electrical infrastructures and, therefore, defer or even avoid investment
costs [11]. Taking advantage of and maximizing the value of generation near the places of
consumption and the existence of flexible resources are leveraged gains of efficiency that
translate into an EPS with lower environmental impacts and transversal benefits also for the
final consumer.
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ES technologies play a major role in the SG concept and in a scenario where there is a
massification of DG in LV distribution networks [14]. From the consumer point of view, through
the use of this type of technologies, more attractive conditions for self-consumption emerge,
storing surplus energy during periods of greater renewable production for injection in the
network in periods of higher consumption, reducing the monetary value of the energy bill [13].
Regarding the operation of LV distribution networks with a high presence of small power DG,
the storage devices may have different applications such as peak shaving, with the objective
of improving the operation of these networks [18], in a SG context.

2.3. Energy Storage Systems

As there is a growing increase in the integration of renewable solar and wind energy in the
EPS, there is an interest in resources that increase the network flexibility. Compensations in
the energy production phase create some challenges, since, with increasing energy production
from renewable sources during periods of lower load, it is necessary to store the surplus energy.
In fact, ES translates the transformation of this energy into different types with the
particularity to be used in the future for various purposes. The implementation of ES can be
made in the five main subsystems of the EPS: production, transmission, substations, distribution
and final consumers [15]. Thus, in the same way as SGs are essential to increase the deployment
of ESS, these also achieves the objectives of an efficient and smart network.

2.3.1.Energy Storage System Characteristics and Applications

ES in LV distribution networks can play an important role in supporting control and balancing
strategies. At the distribution network level, it also contributes to the voltage and frequency
control and to mitigate the network power congestion. At the consumer level, contributes to
the optimization of the electricity costs through smart metering and the possibility of avoiding
high-cost investments to expand network components such as transformers and/or lines.

The use of ESS in the network has benefits, namely greater reliability with less undesirable
interruptions, a greater efficiency due to lower values of losses [8], an effective levelling of
consumption, reducing congestion rates based on the installation of storage systems in
distribution substations, among others.
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The main applications for ESSs are:

- Energy Time-shifting: electric energy is stored in periods of lower
demand and are subsequently used or sold in peak periods, minimising the
demand charges [3]. This requires a considerable storage capacity and moderate
response times [19].

- Transmission and distribution investment deferral: in addition to the
conventional options for network capacity expansion, operators can use storage
devices to improve dispatch operations and even reduce network congestion [14].
The integration of ESS avoids the capacity reinforcement of a distribution grid by
tackling load growth, derived from the integration of electrical vehicles, and
peak demand, therefore avoiding constrained grid assets [3].

- Grid regulation: this application includes frequency and voltage area
regulation which have an added value in islanded power systems where a very
fast response from BESSs can be crucial to maintain the security of supply and
avoid load shedding [3]. This is related to supply and demand, making possible
the network frequency control, while the voltage provides support for reactance
control at a more local level [20].

- Power quality: this application counteracts the network disturbances
in order to maintain and guarantee a power supply [19]. The power level needs
to be compatible with the consumption of the final consumer [21].

- Power reliability: this application guarantees the bridging power during
a power outage. It can be applied in uninterrupted power application, such as
uninterruptable power supply [19] or industrial processes, data centres or
healthcare facilities, although with less impact than the others. The
requirements have as a concern the alignment between the electrical power and
the final consumer’s load (usually up to tens of MW).

2.3.2. Energy Storage Technologies and Characteristics

As the grid evolves in the coming years and incorporates new generation resources and
consumption patterns, various combinations of capacity, power, reliability, and cost-
effectiveness in storage technologies might prove useful. Due to the inability of DER to deliver
power in coordination with network and consumption requirements [14], a new technological
solution was adopted that combines the DER and ES. Many areas of resource use have long
utilized storage to manage supply and demand, from food preservation technologies, silos, and
warehouses to dams for water reservoirs [22]. In the literature, ESSs have a wide variety of
potential options to respond to these demands, including mechanical, chemical, thermal,
electrical and electrochemical technologies [22]. Each of these four categories is in commercial
use today and presents a possible solution at grid-scale in the future.
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2.3.2.1. Mechanical Energy Storage

The working principle of this technology is to utilize kinetic energy and potential energy for
storage. The largest grid-scale ES technology is pumped hydropower storage (“pumped hydro”),
representing nearly 99% of global installed electrical storage capacity [13]. Pumped hydro uses
excess electricity generated during off-peak times to pump water from a lower reservoir
(charging) to a higher reservoir. When required, the water flows back to the lower reservoir,
producing electricity after powering a turbine with a generator to cover temporary peaks in
demand from consumers or unplanned outages at other power plants. While pumped hydro is a
highly useful, cost-effective, and proven technology, its further expansion has been limited by
its geographical requirements, environmental concerns, and high capital costs [22].

Compressed air energy storage is similar to pumped hydro although relies on pressurizing
air, pumping it into underground geological formations. The air is later released to drive
turbines when there is a demand peak. In the limited commercial applications of CAES to date,
stored air is released and mixed with natural gas to generate electricity [22].

Flywheels store rotational energy in an accelerated rotor and use excess energy to drive
the motion of a wheel suspended on bearings or magnets. This suspension allows the rotational
body to keep a constant speed. If the flywheel’s rotational speed is reduced electricity may be
extracted from the system by a transmission device. Flywheels have been in use since 1970 [13]
in various forms due to their simplicity, reliability, and responsiveness. They are most
commonly used today for industrial and commercial applications which require high discharge
power, although a few grid-scale installations have been built.

2.3.2.2. Thermal Energy Storage

Thermal storage technologies store available heat in an insulated reservoir for residential
or industrial applications, such as space heating and cooling, being deployed to overcome the
mismatch between thermal energy demand and supply [15]. The capacity of a storage system
is defined by the specific heat capacity and the mass of the medium used. Currently, thermal
storage technologies are subdivided into three main groups: latent heat, sensible heat and
thermo-chemical sorption (absorption and adsorption) [23].

Thermal salts, which are the most used latent heat storage media, [13] are commonly
associated with concentrating solar power plants. This technology uses phase change materials
as a media, and this particular case utilizes the excess energy to heat a molten salt solution.
The energy in this solution can be turned into electricity by heating steam, which drives a
conventional turbine. Due to the inefficiency of the energy transfer, thermal conductivity is a
key instrument in latent heat system [15].

Sensible heat storage leads to temperature changes in the process and the thermal energy
is stored solely through a change of temperature of the storage medium.

Sorption storage systems work as thermo-chemical heat pumps. Its physical process is
characterised by the accumulation and take-up of one material by means of a second material.
The accumulation of a material on a surface is called adsorption. In the case of the
accumulation in the liquid phase, the process is called absorption, being both exothermal
processes [23].
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The wide-scale adoption of thermal batteries could act as a peak shaving [22], reducing
peak demand while increasing the overall efficiency of energy systems, although these sorts of
solutions are rarely considered in the same category as other ES technologies.

2.3.2.3. Electrical Energy Storage

Electrical storage refers to an electrostatic storage process of converting electrical energy
into a form that can be stored for converting back to electrical energy when required [24].
These systems comprise a small range of technologies, namely double-layer capacitors and
superconducting magnetic energy storage [13].

Double-layer capacitors fill the gap between classical capacitors and general batteries.
They are an extremely high-power storage system based on electrostatic effects that occur
between two carbon electrodes with high specific surface areas per volume. The electrodes are
immersed in an electrolyte, and it is used a separator between the electrodes [25]. The two
main features are the extremely high capacitance values, of the order of many thousand farads,
and the possibility of very fast charges and discharges due to extraordinarily low inner
resistance which are features not available with conventional batteries. [13].

In superconducting magnetic energy storage systems, the energy is stored in the magnetic
field created by the flow of direct current in a superconducting coil [13]. The main advantages
for this technology are the very quick response since the requested power is available almost
instantaneously and the high overall round-trip efficiency.

2.3.2.4, Electrochemical Energy Storage

Electrochemical storage technologies are commonly known as batteries. These power
sources convert chemical into electrical energy and are proven options for most distribution
network applications due to their long lifetime and good efficiency [10]. The most familiar
storage technology in the contemporary ES market is the Li-ion battery [26]. Its lithium
compound electrode and electrolyte structure recall similar alkaline batteries that have been
used to power consumer electronics for decades. The key difference is that Li-ion batteries are
lighter and significantly more energy-dense than their alkaline counterparts. [27] Lead-acid
batteries are also familiar. They consist of two lead electrodes submerged in a liquid sulfuric
acid electrolyte.

Early grid-scale applications composed of stacked lead-acid cells were plagued by safety
issues. Recent improvements to this 150-year-old technology include incorporating a gel or solid
absorbed glass mat electrolyte instead of the standard liquid to improve safety, and the
addition of ultracapacitors to improve performance. Nickel-based batteries are similar to
lithium-based batteries in their construction, but the use of nickel allows for different charging
properties which suit distinct applications. Nickel-cadmium and the newer, less toxic, nickel
metal hydride batteries provide improved energy and power compared to lead-acid batteries
and operate in a wider variety of temperature conditions and levels of discharge, but they have
not been used much in grid-scale projects [22]. Electrochemical flow batteries, a relatively
recent invention, dispense with the electrode and electrolyte system in favour of two
circulating electrolyte fluids which exchange electrons directly across a shared membrane.
These batteries are well-suited to grid-scale storage due to their relatively low energy density
and power output. While some power is required for the operation of mechanical components,
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the battery itself has a low self-discharge rate, extended life cycles, rapid response times [24]
and can increase scale simply by adding electrolyte volume.

Liquid metal batteries combine the capacity and discharge of electrochemical cells with
the stability of thermal salts [28]. These batteries replace the traditional solid metal electrode
structure and electrolyte solution with metallic liquid electrodes and electrolytes to create a
more stable and higher energy density electrical cell. [29]. Similar to Li-ion batteries, liquid
metal cells can be stacked into systems to provide various amounts of ES and high on-demand
power supply while total system heat generation can be prodigious, because the liquid metal
reforms for each reaction, liquid metal batteries could significantly improve upon many of the
reliability and safety concerns of standard electrochemical batteries.

2.4.The Relevance of Protection Systems in the Context of
Microgrids with Energy Storage

The environmental goals and liberalization of energy markets have led to a huge increase
of DER in the electrical power system, which includes not only DG but also ES and responsive
loads. The power system architecture, incorporating DER, is changing from a hierarchical power
supply to small-scale power grids [12]. Thus, the concept of MGs is significantly growing,
boosting the idea of a sustainable growth and providing more flexibility, reliability and control
[30]. This relevance is due to some distinctive features namely the capability of operating
autonomously, providing voltage and frequency regulation, although its stability relies in ES
and generation availability [17]; having a single Point of Common Coupling (PCC), regarding the
MG as a controllable entity [31].

A MG can operate in two steady state modes, grid-connected or island, in the event of an
upstream fault or a scheduled event, and in two transient modes of operation [32], islanding
or resynchronization. In grid-connected mode, the terminal voltage and frequency of the DER
are generally near their nominal values. Hence, in this mode, the units deliver their nominal
active and reactive power [31] and the main grid will provide high fault currents to activate
fault protection devices such as fuses or circuit breakers. However, in an islanded MG, since it
is dominated by power electronic interfaces and the DG are mainly inverter based [30], the
fault current is limited. Hence, since there may not be enough fault currents supply, the
conventional overcurrent protection devices may not sense the fault and will not operate and
so, MGs with the ability to operate both in the grid connected and islanded modes require more
sophisticated protection schemes for a successful operation [33].

During transient modes, voltage and frequency disturbances occur, which must be rapidly
mitigated so that the system maintains its stability and the synchronous devices with the
network do not collapse [34]. The transition must be instantaneously detected by the DERs
which must be switched to a voltage control mode, acting as a grid forming unit or automatic
voltage regulators [12, 35] in order to guarantee constant voltage for local sensitive loads.
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Thus, the grid synchronization, which commutes from islanded MG to grid-connected, or
vice-versa is a critical procedure of the entire operation [36]. According to the literature [34],
an effective solution for MG protection is an adaptive protection system since the commonly
used differential and bidirectional relays cannot give reliable protection. For a MG with inverter
interfaced DER, the protection scheme cannot differentiate between fault current and an
overload current. Adaptive protections are capable of readjusting the relay settings
automatically when in a transient mode.

In a scenario of large integration of DG, a simultaneous miss operation of the
interconnection relays may provoke serious system operation problems. In fact, if a Short-
Circuit (SC) takes place in the transmission network and its effects on voltage are propagated
downstream to the distribution level, it may provoke the decoupling of a large amount of DG
[12]. Since they are tripped, a sudden increase in power flows coming from upstream, takes
place in this network area, such that it may provoke cascading operation of overcurrent relays
in distribution and transmission branches, because of overload situations. Furthermore, the
voltage profiles in the area where the DG was disconnected can be seriously affected and turn
into a voltage collapse phenomenon.

To ensure the uninterrupted operation of its critical loads, the MG must be capable of
operating in both the grid-connected mode and the islanded mode and offer a smooth and
seamless transition between these two modes. ES and protection systems are, therefore, a key
element in the MG concept, enabling these two modes of operation. Furthermore, the storage
voltage controller should help to smooth the islanding and resynchronisation of the MG to the
main grid and the fast operation of protection systems improves the ability to maintain
synchronism, which is crucial to the system stability [34].

2.5.Chapter Summary

MGs will be key to the "smart” energy use for communities, industries and residential
buildings. The use of ES is an important part of the energy supply chain, as well as the
maintenance of the energy source. Associated with these concepts, it is imperative to consider
the protection systems for their effective operation and applicability.

—  Section 2.1. of this chapter presents the SG concept and the importance of the
integration of ESSs, presenting its technical and economic value for distribution
networks management.

— Section 2.2. presents the MG concept, its operating characteristics and the
benefits of its integration in EPSs.

— In Section 2.3. are presented many ES technological options. Each technology
has its own operating mode, involving different materials and processes. These aspects
define the typical characteristics of each technology, as well as its application potential
and constraints. Although a wide range of storage solutions were addressed, the study
presented in the following sections was restricted to lithium-ion battery systems, since
these are more cost-effective.

— Section 2.4. discusses the relevance of protection systems. It is also detailed
the MG behaviour in fault scenarios and different modes of operation.
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Chapter 3

Fault Analysis in a Microgrid Context

Low Voltage (LV) distribution electrical networks have a typical radial topology, while
Medium Voltage (MV) distribution networks may have both ring and radial topology [37]. The
radial configuration allows the end customers to be supplied with reliable and high-quality
energy from multiple distribution transformers and different supply paths. Due to its large size
and number of connected dispersed elements, it is necessary for the network to hold many
protections so as to locate and isolate faults with minimum disruption to the rest of the network
and to efficiently protect the electrical power networks from faults, such as Short-Circuits
(SCs). The protection system is also required to safeguard users and to prevent or reduce
damage to the network components and critical loads [38].

The protection system operates on the principle that when a fault occurs, the resulting
current is usually significantly higher than that experienced under normal operating conditions.
This allows an upper threshold to be set and when the current rises above this threshold, it
indicates that there is a fault in the system and the corresponding faulted shortest section
should be turned off. The fault current can be of varying magnitude depending on the location
of the fault, which can lead to different fault levels [39] at different parts of the network.

As far as fault current injection is concerned, converter-based resources present very
different characteristics to its synchronous counterparts and unlike a synchronous generator,
which can supply an instantaneous injection of fault current upon fault inception, this
characteristic is not replicated in converter based plant [40] as will be exposed in the following
section. Thus, the fault current plays a major role in the safety of three-phase systems based
on power converters, because, due of its limitation, it may not act effectively the protections.

Fault analysis in three-phase systems is, therefore, one of the essential exercises in the
design and determination of the Electric Power Systems (EPSs) protection, particularly in cases
such as microgrids (MGs) that can have multiple operation modes.

This chapter will describe the relevance of power converters for fault analysis in a MG
context, the fundamentals of three-phase system representation and the properties of the
calculation tools. It will also explain the fundamentals of the calculation of different SC types,
with an approach that facilitates the use of spreadsheets for simple cases and applications for
large systems.



16 Fault Analysis in a Microgrid Context

3.1.Power Converter Interface

Worldwide, electric power grids are transforming toward varied levels of modernization.
Drivers for such transformations include the need for enhanced reliability and power quality to
serve loads; accommodation of projected growth in demand levels; and integration of cleaner
sources of electricity generation and Energy Storage (ES).

Distributed Energy Resources (DER) have been introduced in EPSs, located close to the load
and interconnected with the electrical distribution system.

These units typically comprise fossil-fuel, renewable resources electric vehicles and ES
technologies, and are becoming increasingly common in distribution networks, presenting
several challenges, inherent in their use, for protection systems. The introduction of these
resources, and in the event of an incident (e.g., fault), will increase the amount of available
current and therefore influence protective devices requirements in the distribution system
[41].

There are considerable differences in the performance under fault conditions among the
three basic types of DER: synchronous machines, induction machines, and inverter-based
sources. The last, consisting mainly of solar Photovoltaics (PV), wind turbines, fuel cells,
microturbines and BESS require inverters to interface with the utility grid [42].

Power systems have originally been planned with synchronous generators and then the
integration of Converter-Based Distributed Generation (CBDG) have created challenges in
circuit breaker ratings, protection operating times and even system synchronization. Unlike the
synchronous or induction machines, which have torque, the systems based on power converters
do not have a rotating mass component, not having the ability to efficiently contribute to the
inertia of the system and to feed the fault current [40], which have a significant impact on the
behaviour and characteristics of the transmission system.

A unique feature of inverter-based DER is the power electronics interface. Power
electronics have the ability to control fault current contributions from DER systems regarding
the design of the converter’s control system and the protection of switching devices from
excessive currents during faulty conditions [43]. This adjustability can thereby optimize the
system protection coordination issues by controlling fault current levels.

Typically, CBDG are designed to act as ideal current sources or Voltage Source Converters
(VSCs) [44]. Several inverter-based fault current contribution research documents contain a
widely used criterion derived from experience, of one to two times an inverter’s full load
current for a few cycles [43, 45, 46, 47]. Therefore, are provided minimal fault current
contributions and have a small effect on overcurrent protection and coordination strategies for
fuse and circuit breakers [41].

Power converters for renewable energy integration present a higher complexity when
compared with those used in industrial or stand-alone systems because there is a need to
efficiently manage power flow and stay synchronized with the grid [48]. This power electronic
connection also increases the appliance of the sources when they have to work without the grid
(island mode) [49].

Thus, intermittent nature of renewable resources, makes power electronics crucial for
voltage, frequency and power output characteristics regulation, increasing its interest in its
interface to the power grid [48]. With the inclusion of CBDG units, as these have power
fluctuations due to their renewable character, a problem arises regarding the inertia of the
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system and, consequently, to voltage control, power balance fluctuations and frequency
regulation [41].

During an incident, a rapid system response is required so that the voltage and frequency
values are kept within the narrow band, ensuring stability and continuity of service. With the
decrease in system inertia, during a fault, the frequency of the network varies more abruptly.
The interface of the converters associated to the renewable generation is made through voltage
and current control schemes and frequency adaptive synchronization, with very restricted
operating bands [50]. When a fault occurs, the limits can be exceeded and may lead to the
disconnection of the DER and this phenomenon can lead to a chain reaction, leading to the
blackout of the system. Recently, adaptive protection mechanisms to the LV distribution system
have been implemented, namely Fault Ride-Through (FRT) requirements for power converters
[51].

3.1.1. Low Voltage Fault Ride-Through in Distribution Networks

Grid stability and security of supply are two important aspects for energy supply. In order
to avoid power outages, it is necessary that power generating plants should have control
capabilities and protection mechanisms [51].

The occurrence and removal of SC faults by protection systems will often result in a
momentary voltage sag experienced across the entire power system. A long, persistent, severe
fault or the inability for generation to ride-through a fault could result in the disconnection of
large amounts of generation and possibly system collapse. The FRT ability of generation to
remain connected through disturbances on the power system is therefore critical to power
system security [52].

These requirements can be fulfilled by conventional power plants. In the meantime,
however, the share of Renewable Energy Sources (RESs) in the total electricity generation has
become so significant that these must contribute to the grid stability too [41, 49]. Therefore,
the Transmission System Operators (TSOs) have established the so-called grid codes with certain
critical values and control characteristics that the generating plants have to fulfil. The grid
codes referred to the distribution networks focus on protection requirements, quality of supply,
power factor and earthing requirements [53].

An important part of these requirements is the so-called Low Voltage Ride-Through (LVRT)
capability of generating plants. LVRT brought some changes in the design and control of
generating machines, although this concept is not always applicable to installations connected
to the distribution network [45]. It gives guidelines to a define a lower voltage limit during
which the generating plants must support the grid, avoiding outages [46].
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Figure 1- Low Voltage Ride-Through [54].

Short-term voltage dips may occur, for example, when large loads are connected to the
grid or as a result of grid faults like SCs. Renewable generating plants such as wind turbines
were allowed to disconnect from the grid during a fault when the voltage drop exceeded 10-
20% the rated value [54]. If too many generating plants disconnect at the same time the entire
network could collapse, a scenario which is also known as “blackout”. For this reason, the LVRT
requirement has been established which is meant to guarantee that the generating plants stay
connected to the grid [51]. Additionally, many grid codes demand that the grid should be
supported during voltage drops to as low as 5% of nominal voltage [54].

Generating plants can support the grid by feeding reactive current into the network and so
raise the voltage. Immediately after the fault clearance, the active power output must be
increased again to the value prior to the occurrence of the fault within a specified period of
time. The public distribution system is regulated in Europe by EN 50160 [55], which gives the
main voltage parameters and their permissible deviation ranges at the customer’s Point of
Common Coupling (PCC) in public LV and MV electricity distribution systems, under normal
operating conditions [50]. These requirements which at the beginning were only applied to wind
farms [45], now also have to be fulfilled by Photovoltaic (PV) systems and, most recently, by
combined heat and power plants. The PV inverter recognizes the voltage drop and feeds a
reactive current of approximately 100% of the nominal voltage into the system for the duration
of the fault in order to support the grid [50]. After fault clearance, the active power output is
increased to the value prior to the occurrence of the fault and the DER may provide post-fault
voltage support [41].

3.2. Per-Unit System

Fault current in power networks is a key factor for calculating the ratings of interrupting
and sensing protection devices. Analysis of the SC capacity and the pre-fault calculations are
necessary for selecting the circuit breakers, the protective relays as well as their settings [39].
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It is, therefore, necessary to define calculation methodologies to obtain fault currents. The
most common method of performing SC calculation is the "impedance method" according to the
IEC 60909 standard, which is used to efficiently calculate the SC currents at a given point, in
case of balanced or unbalanced SCs, in LV three-phase AC systems, operating at a nominal
frequency of 50 Hz or 60 Hz [56]. This method consists of the sum of all resistances and
reactances upstream of the fault, which requires knowledge of all the characteristics of the
network components. The calculation of the current comes from the complex generalisation of
Ohm's Law [57]:

L' = _ U

f VB @)
Where

I,,"'- fault current;

U,,.- nominal voltage;

Z;- fault impedance.

The general principle of the application of the previous equation is based on the Thevenin
theorem, which states that a linear electrical network, seen from the defect node, can be
replaced by an open circuit equivalent voltage source and an equivalent impedance [39].
Depending on the magnitude of the SC, i.e. minimum or maximum, and where it occurs, i.e.
LV, Medium Voltage (MV) or high voltage grids, a coefficient ¢ is defined to obtain a more
efficient approximation. These values are shown in the following table:

Table 1- Initial voltage values (c parameter).

Maximum I,,” | Minimum I,,”’
Low Voltage (<1kV) 1,0 0,95
Medium Voltage (<35kV) 1,1 1,0
High Voltage (>35kV) 1,1 1,0
Zy r
| p— |
| I

Figure 2-Network Equivalent.

Power systems contain many elements that need to be included in this calculation,
considered as impedances. Thus, a standard notation system is used for the simplification of
complex systems. In per-unit notation, the physical quantity is expressed as a fraction of the
reference value [58]. This reference value depends on the characteristics of the element to be
simplified and the base chosen.
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actual value

(3.2)

er—unit value =
p base value

Normally, per-unit impedances of network equipment are always declared at their base
values. In case there are components with different bases, it is possible to transform different
per-unit equipment impedances at different bases to a common selected base according to the
following equation [39]:

S Voua \*
ZNew = ZOld * ( New) * < Old) (33)
SOld VNeW

Where
Zyew- impedance on new selected base;
Z14- impedance on given old base;
Syew and Vi, - new selected base power and voltage;
So1a and V- old given base power and voltage.

Base impedance of any section of system can be calculated by

VBaLse2 (34)

ZBase_Q = S
Base

Where
Zpase - Dase impedance (Q);
Vgase- base voltage (V);
Spase- selected base power (VA).

To convert actual impedance to per-unit impedance, the following equation can be
utilised

Zpu = Zo* 2 (3.5)

Where
Zp .- Per-unit impedance;
Z o - given impedance (Q).

3.2.1. Loads Model

In some SC models, the load impedance can be neglected, because it is very high compared
to the impedances of the remaining system components. In this case, errors are obtained on
the order of 5%. In most SC studies, only the active part of the loads is neglected, and for those
cases where only the reactive part is considered, the errors obtained are less than 1%.
Therefore, it can be assumed as an accurate approximation.



Per-Unit System 21

Loads, when passive, may be represented by constant impedances while reactive loads,
e.g. induction motors, require a more detailed representation because they may contribute to

feed the sub-transient SC period [59].

S=P+;0

Figure 3-Model of a load.

The load conversion to per-unit model is based on the equation 3.5.

i
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Figure 4-Per-unit load impedance.

3.2.2. Generators Model

A generator is an electrical machine that transforms mechanical or kinetic energy into
electrical energy and can be modelled as synchronous or asynchronous machines. Usually
winding resistance is despised, being considered only the reactance.

The asynchronous generator usually operates as a motor, but at the initial instants of the
SC it works as a generator. During the SC it no longer receives the reactive energy from the
network, which is required for the excitation, rapidly decreasing the magnetic flux,
contributing to the SC only during the sub-transient period.

The synchronous generator has its operation at the network nominal frequency and for its
modelling, it is considered a steady state regime in each period, e.g. sub-transient, transient
and symmetrical. For the modelling, depending on the type of circuit-breaker, the sub-transient
reactance is used for fast acting circuit breakers and transient reactance for slow acting circuit
breakers, while for asynchronous machines, only the sub-transient reactance is considered [59].
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Z=jX or jX or jX,

Figure 5- Per-unit generator model.

3.2.3.Lines and Cables Model

Power transmission cable systems are the backbone of electrical energy supply [60].
The interconnected lines facilitate the bulk transport of electrical energy from a generating
site to a substation or a customer.

Ig Ip

7 Transmission v
S Line X

Figure 6-Two port representation of a
transmission line.

Through the length of the lines, the systems can be subdivided into short and long, and
their representation models, estimated. In the short-line approximation, the shunt capacitance
is almost negligible and then the total impedance of the line is Z = R + jX.

Z=R+jX
_‘_"_W\,_(m_——“’

Vs Vi

Figure 7- Short transmission line
representation.

As in the power flow studies, the longest lines are modelled according to the pi model.
In this model is considered a lumped series impedance and two shunt admittance Y, placed
at the two ends [61]. The value of these admittances is equal to half the admittance value of
the line, Y.
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I Z=R+jX = B

Figure 8- Equivalent n representation of a
long line.

In MV, high voltage or very high voltage overhead lines, as the reactance value is
substantially higher than the resistance value, the parameters R and Y, can be neglected. In
contrast, in LV networks, the cables resistance is much higher than the reactance and therefore
the X can be neglected. Usually, the smaller the reactance, higher the Short-Circuit Current
(SCC) will be [59].

3.2.4. Transformers Model

When it comes to stabilising the power grid, it is necessary to adopt solutions that
efficiently control the voltage levels and guarantee a stable operation. The transformer will
enable low-loss and extremely efficient power transmission over long distances and are a key
component due to its reliable operation that is crucial to ensuring a stable and resilient power
supply [62].

In power transformers there are longitudinal components which are the leakage reactance
component X and a small resistance which can be neglected. The transverse components are
the resistances associated with the iron losses and magnetization reactance which is very high
in most of the transformers [63]. This statement allows transformers to be represented by a
simple reactance.

X, X,

Figure 9- Per-unit transformer model.

When there is a fault in the power grid, it is necessary to consider the transformer winding
configuration in case the fault is asymmetrical, as shall be seen in subsection 3.3.3.2.

3.2.5. Power Converters Model

DER are mainly connected to the power system through DC/AC or AC/DC/AC converters
[64], depending on the type of renewable source. Although there exist numerous alternative
technologies, e.g. current source converters and Voltage Source Converters (VSCs), most of the
CBDG units, use a VSC [49, 50].
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Sources interfaced to the network via a DC/AC grid-side converter present identical
characteristic with respect to their expected SCC contribution, regardless of the primary energy
source. For the representation of such sources, the provisions of IEC 60909 standard for
reversible static converter-fed drives could be applied, treating these sources as asynchronous
machines [45, 56].

According to [65], the behaviour of converters during a SC can be divided into two periods,
the transient period and the steady-state period. In terms of performance of the MG protection
systems, the transient period is the most important since it corresponds to the first cycles of
the SCC, where it is higher.

Due to the power electronics associated with the converters and the current-limiting
controller that prevents the semiconductors from damage, the SCC contribution for three-phase
faults is limited to its rated current or slightly above its rated current [66]. On the other hand,
it inhibits the inverter to inject a larger current output to trigger the overcurrent protection
devices [67].
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Figure 10- Per-unit converter
model.
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3.3. Short-circuit Analysis of Inverter-Based DER

A SC generally corresponds to a fault that causes undesired ground contact or between
phases, introducing in the electrical circuit an impedance much smaller than normal. This
generally leads to high currents that could lead to equipment damage or even failure besides
putting people in danger. It is important to calculate the maximum that these currents can
achieve to size the cutting power of the equipment and calibrate the protective timing [59];
and the minimum, to confirm the lower limits of protection operation, namely, that they act
in a useful way even in a fault situation, in which the currents are far from the maximum.

The SC considered generally as more powerful is the symmetrical three-phase SC [68]. This
refers to the released power, not necessarily in terms of phase current since there are cases
where a line-to-ground SC may lead to a higher current than the three-phase symmetrical SC.
That is one reason why it is not enough to calculate the currents in the latter case. On the
other hand, in terms of frequency of occurrence, the single-phase, or line-to-ground SC is, by
far, the most common.
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3.3.1.Short-Circuit Behaviour

When SC fault occurs in the distribution network, the current fault would flow towards the
fault point. This current, which is normally substantially higher than the load currents verified
under normal conditions [39], if it lasts too long, causes the conductors to heat up and may
result in transient over voltages that may endanger the equipment insulation in other parts of
the system and possible irreversible deterioration of the equipment due to electrodynamic
stresses [69] between phases of the conducting elements, namely busbars, windings, etc.

The fault current, commonly known as SCC is defined as the maximum possible value of
current that may occur at a particular location in the distribution system assuming that no fault
related influences are acting to reduce the fault current. It is related to the capacity and size
of the power sources, e.g. generators, motors and the utility grid, supplying the system and is
typically independent of the circuit current load and structure [70].

The main factors determining the magnitude and duration of the SCCs are the type of fault,
existing fault current sources, and the impedances between the sources and the point of the
SC [69]. The characteristics, locations, and sizes of the fault current sources connected to the
distribution system at the time the SC occurs have an influence on both the initial magnitude
and the wave shape of the fault current. Depending on these factors, the fault current can be
classified as symmetrical or asymmetrical. A symmetrical current presents the shape of an AC
current around the zero axis, with symmetry of positive and negative peak values.

Figure 11- Symmetrical AC wave.

The asymmetrical current, due to the resistances and reactances of the system, namely the

; coefficient [59, 71], presents a waveform with an asymmetry around the zero axis, comprising
a DC component and an AC component.

i

——— Maximum first half-cycle peak

DC current Instantaneous current

Figure 12- Asymmetrical AC wave.

The total SCC available in a distribution system is usually supplied from a number of sources,
which can be grouped into three main categories. The first is the utility transmission system
supplying the facility, which acts like a large, remote generator. The second includes “local”
generators either in the plant or nearby in the utility. The third source category is synchronous
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and induction motors, which are located in many plants and facilities. All these are rotating
machines; those of the second and third categories have machine currents that decay
significantly with time due to reduction of flux in the machine during a SC [69].

For a SC at its terminals, the induction motor symmetrical current disappears entirely after
one to ten cycles while the current of a synchronous motor is maintained at a lower initial value
by its energized field. Networks having a greater proportion of induction motors to synchronous
motors will have quicker decays of AC SCC components. The fault current magnitude during the
first few cycles is further increased by the DC fault current component (Figure 10). This
component also decays with time, increasing the difference in SCC magnitude between the first
cycle after the SC occurs and a few cycles later. The total SCC that has steady-state AC,
decaying AC, and decaying DC current components can be expressed as shown in the following
equation.

Isc = Idc decay + Iac decay + Iac steady state (36)
With
_ Rot
Idc decay = (Iac steady state) Sln(a - ¢)6 X (37)
Lac decay = V2Issin(ot + a — g)e (3.8)
loc steady state — \/715 sin(wt + a— @) (39)
Where

I, is the decaying symmetrical Root Mean Square (RMS) current magnitude;
¢ is the angle of the applied voltage in radians when the fault occurs;

w is the angular frequency;

I, is the symmetrical steady-state RMS current magnitude;

k is a variable depending upon the mix and size of rotational loads;

t refers to time, in seconds.

The ratio of the system reactance and resistance indicates the rate of decay of any DC off-
set in SCC. The greater the fault point X/R ratio, the longer will be the asymmetrical fault
current decay time. For a specific X/R ratio, the angle of the applied voltage at the time of SC
initiation determines the degree of fault current asymmetry that will exist for that X/R ratio
[68].

If a SC occurs at the peak of the voltage waveform, the SCC will start at zero and trace a
sine wave that will be symmetrical around the zero axis over time. In this case, there is no DC
component [59]. If the fault occurs at any point between a voltage zero and a voltage crest,
the current will be asymmetrical to some degrees depending upon the point at which the SC
occurs on the applied voltage waveform. If a SC occurs at a zero-voltage point, the current will
start at zero but cannot follow a sine wave symmetrically around the zero axis because in an
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inductive circuit the current must lag the applied voltage by 90° [69]. This is the most critical
situation because the DC component is maximum and there is the possible doubling of the peak
current comparing to the initial symmetrical SCC [59].
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Figure 13- Asymmetrical and Symmetrical AC currents.

Three periods relating to the time variation of the fundamental component of the SCC are
then defined [59]:
e Sub-transient period: it is the initial period during which the SCC value rapidly
decreases;
e Transient period: following period, corresponding to a slower decrease of the
SCC, until the permanent value of that current is reached;
e Permanent period: period in which the SCC has its steady value. Typically, this
period is not reached, since the total insulation time of the fault is much lower.

At the time of the SC, alternating current generators, synchronous and induction motors
and utility ties will supply current, being the predominant sources of SCCs.

The transient conditions prevailing, while the SCC develops, differ depending on the
distance between the fault location and the generator. This distance is not necessarily physical
but means that the generator impedances are less than the impedance of the elements between
the generator and the fault location [71].

A SC is considered to be "near generator” when the magnitude of the symmetrical AC
component of the prospective fault current decays with time. The symmetrical alternating
component of the SCC decreases from the symmetrical SCC to the permanent SCC and the
aperiodic DC component decays from an initial value to zero [56]. This decrease is due to the
variation in time of the synchronous machine’s reactance and their influence on the variation
of the impedance seen from the defect site. A fault close to a generator is affected by the sub-
transient, transient and permanent periods as shown in the following equation [72]:

I.(t) = EN2 [(Xié’ - Xi‘,) e t/td + <Xi,; - Xid) e~t/ta 4 Xid] sin(wt) + b;;fe't/ta (3.10)
Where

E is the phase-to-neutral RMS voltage at the generator terminals (V);

X/ is the generator direct-axis sub-transient reactance (Q);

X} is the generator direct-axis transient reactance (Q);

X, is the generator synchronous reactance (Q);
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t; is the generator sub-transient time constant (s);
t, is the generator transient time constant (s);

t, is the aperiodic time constant (s).
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Figure 14- "Near the generator” short-circuit.

A SC is considered to be "far from generator” when the magnitude of the symmetrical AC
component of the prospective fault remains essentially constant with time. This is due to the
small relative weight that the synchronous machines have in the equivalent impedance value.
In this case, the effect of the generator sub-transient behaviour is ignored and since there is
no AC decrement for this type of SC, the steady-state fault current is nearly equal in magnitude
to the initial fault current [56]. The SCC comprises only the steady-state AC, and decaying DC
current components as shown in the following equation [72]:

Rt

sin(wt +2)—e X (3.11)
[sin (et +5)

Ise (t) = E\/E

fault

Where
E is the RMS voltage of the circuit (V);
Zgquie 1s the fault impedance (Q);

R, . . .
3 s the resistance and reactance ratio at the point of fault (Q).
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Figure 15- "Far from generator" short-circuit.

3.3.2. Symmetrical Fault

In a three-phase power system, the type of faults that can occur are classified by the
combination of conductors or buses that are faulted together through an impedance.
Symmetrical SCs consist in a three-phase fault where three conductors are physically held
together with zero impedance between them.

For a balanced symmetrical system, the fault current magnitude is balanced equally within
the three phases. While this type of fault does not occur frequently, its results are used for
protective device selection, because this fault type generally yields the maximum SCC values
[69].

/

Figure 16- Symmetrical short-circuit.

3.3.2.1.  General Calculation Methodology

To determine the precise magnitude of a SCC, after the inception of a fault is a rather
complex calculation. In order to calculate with a reasonable degree of accuracy, the SCC that
can be expected to flow in a system, it is necessary to find an equivalent circuit for each system
element. For three phase balanced circuits simplification, it is common to adopt the single-
phase equivalent circuit [69] according to the impedance method mentioned in the previous
section.

In order to apply the single-line scheme and to perform a per-phase analysis, it is hecessary
to consider some calculation assumptions. In this way, it is assumed that the network is
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symmetric, being constituted by balanced components; voltage sources generate three-phase
symmetrical electromotive force systems; the defect is symmetrical; the system components
are represented by elements with constant parameters; a fault impedance Zgg,,;; is introduced
between the SC node and the circuit reference [59].

The symmetrical SCs analysis will therefore be carried out by steady-state and symmetrical
study of a linear circuit, using the laws for the analysis of these circuits. The Thevenin Theorem
allows to establish for an electrical network, seen from any node i, an equivalent scheme
represented by an equivalent impedance seen from node i when all the sources of voltage and
current are cancelled and replaced by their respective internal impedance, in series with a
voltage source equal to the pre-fault voltage and the fault impedance. The initial symmetrical
SCC is thus calculated according to:

V 0
L = (3.12)
Zkk +Zfault

“fault
—
[—]

Figure 17- Thevenin Diagram.

3.3.2.2. Systematic Methodology for Computational Calculation

For a general EPS with n nodes, where k is the node where it is intended to simulate the
occurrence of a symmetrical three-phase SC, due to its size and complexity, a calculation
methodology based on vector and matrix calculation is used. In this way, vectors of dimension
n, referring to the values of the nodal voltages are defined:

V0 VT

b

The previous vectors refer to pre-defect nodal voltages, obtained by solving a power flow
problem for the operating conditions of the system before the occurrence of the defect, and
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to the nodal voltage variations vector. For this purpose, it is considered the single-line diagram
of the network with the models of the various components related to SC studies, namely their
internal impedances.

k
0

zﬂm it

Figure 18-Fault in node k.

Post-fault nodal voltages are obtained through the sum of the pre-fault nodal voltage and
the nodal voltage variation vectors.

[V/]=[V°] + [VT] (3.13)

The calculation of the variation of the nodal voltages is done through the impedance matrix
of the single-line diagram of the Thevenin network.

[Y«LT] [Zu w2y Zln][ 0 1
I I R | B
lykT‘ = [Zkl v Tk e an] i_ll’(’j (3.14)
vz o Zu o zZull o

The elements of the main diagonal represent the of Thevenin equivalent impedance
upstream of the respective node while the elements outside the main diagonal represent the
transfer impedance of the node, relating the effect of the injected current and voltage.

Vi = —I{ Zk (3.15)
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Utility Grid

Figure 19-Short-circuit current in
node k.

According to the previous equation, the post-defect voltages vector can be represented by:

\h

I[ ]I 210 VT [VO Zae 1 0 7 [V — Zue 1]

R | R :
[ Vi f|=l_;?j+l j [ Zige || =10 = |V - Zkk'll’c’} (3.16)
lV_an Zng l 0 J Yr(l)_ Zni Ik

For the post-fault currents circulating in the network branches, i.e. from bus i to bus j:

f_ o
Vi -y S Yon_ij

= S 3.17
= Zij -2 (3-17)
The currents supplied to the SC by the generators coupled to the grid are given by:
A
-1 -
L =10+ = 1+ = (3.18)
49

The presented systematic methodology for computational calculation of symmetrical SCs
can be divided into 3 distinct stages. The first stage corresponds to the conditions of pre-fault
operation in which the power flow problem is solved, obtaining the initial conditions of the
system.

The second stage corresponds to the variations caused by the fault in which are established
the single-line Thevenin equivalent scheme according to per-unit system, the nodal impedances
matrix and calculated the fault current, described in equation 3.12.

The third stage corresponds to the post-defect operation conditions in which are calculated
the node voltage, the current in the branches, as described in equation 3.17 and the
contributions of generators and network equivalents, described in equation 3.18.



Short-circuit Analysis of Inverter-Based DER 33

3.3.3. Unsymmetrical Fault

In contrast to symmetrical SCs, an unsymmetrical fault breaks the underlying assumptions
used in three-phase power, invalidating the single-phase equivalent circuit condition method
for calculating SCC [56]. Usually, electrical power systems are assumed to be balanced, allowing
an easier study. However, when an unsymmetrical fault occurs, there is a contact between a
line and the ground, between lines or even between lines and the ground, unbalancing the
three-phase lines which leads to unequal currents with unequal phase shifts in a three-phase
system. Consequently, it is impossible to directly use tools such as the one-line diagram, where
only one phase is considered. However, due to the linearity of power systems, it is usual to
consider the resulting voltages and currents as a superposition of symmetrical components, to
which three-phase analysis can be applied.
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Figure 20- Line-to-line short- Figure 21- Line-to-line-to- Figure 22- Line-to-ground

circuit. ground short-circuit. short-circuit.

3.3.3.1.  Application of symmetrical components

This powerful mathematical instrument proposed by Charles Fortescue in 1918 [68] allows
an asymmetric n-phasor system to be decomposed into n-1 symmetric n-phasor systems with
different phase sequences and a zero-sequence n-phasors system [73] . For an asymmetric
system with three current and voltage phasors, it is then possible to represent the unbalanced
phase components by their decomposition into a sum of three symmetric three-phase systems,
called symmetrical components.

The symmetrical components are divided into: positive-sequence, negative-sequence, and
zero-sequence. In a three-phase system, one set of three equal magnitude vectors displaced
from each other by 120 degrees in the same sequence as the original set of unsymmetrical
vectors is called the positive-sequence component. A second set of three equal magnitudes
vectors displaced from each other by 120 degrees in the reverse sequence as the original set of
unsymmetrical vectors is called the negative-sequence component. A third set of three equal
magnitude vectors displaced from each other by 0 degrees is called the zero-sequence
component.
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Figure 23- Representation of the positive (1), negative (2) and zero-
sequence (0) systems.

When using symmetrical components, it is convenient to define an operator “a” such
that:
a=12120°= ¢ 3 = 05 +j§ (3.19)
Taking the line conductor a as reference, the currents I, I,, and I, are given by:
lo = Loy + Ly +lagg (3.20)
b =gy + Loy + logy = @lagyy + allayy + Iagg (3.21)
le = Loy + Loy + Leggy = lagyy + Plaggy + Lagy, (3.22)

The transformation of symmetrical components into values per phase can therefore be
obtained

? a 1|y (3.23)

a o 1|1

[1 1 1] !a(l)
Q)

B~ g

The Fortescue Matrix is then defined as the matrix that allows the transformation of
symmetrical components into values per phase.

I
L) = [1]|lag (3.24)
L

Where

1 1 1
Z o« 1] (3.25)

The equations above can be rewritten to allow the determination of the symmetrical
components associated with an unbalanced system
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I I

Io ) (1) L
I| =[T] !‘1(2) =) Ll(z) = [T L (3.26)
L La La o, L
Where
11 « o
17 = 3|1 &« (3.27)
1 1 1

There is thus a unique transformation between values per phase of an unbalanced system
and its symmetrical components. The above equations also show that the zero-sequence
component is different from zero only if the sum of the values per phase is not null. As the sum
of the line voltages in a three-phase system is always zero, the zero-sequence voltage
component is never present in the system line voltages, regardless of the degree of its
unbalance.

As referred previously, electrical power systems are usually balanced. However, unbalanced
SC/fault conditions typically result in equally unbalanced voltages and currents. If the voltages
and currents in a system can be related by constant impedances, the system is said linear, and
the superposition principle can be applied. In this way, the system voltages, subject to an
unbalanced current system, can be obtained considering the isolated response of each
symmetrical components.

The impedance of elements in a symmetrical electrical system may be resolved into
positive, negative, and zero-sequence components. In a balanced three-phase system, only
positive-sequence impedances are required, and only positive-sequence voltage drops, and
current flows result from the analysis [69]. In systems where the phase impedances are not
equal or where unbalanced faults are simulated using symmetrical networks, positive, negative,
and perhaps zero-sequence voltage drops, and current flows will result.

The elements of the electrical energy system of interest for this analysis are synchronous
and asynchronous machines (generators and motors) and power converters that contribute to
supply SCCs; transformers, lines and loads. It is then necessary to evaluate how each component
of the system depends on its winding connection and the relationships that can be established
with the symmetrical components.

3.3.3.2.  Short-circuit impedances of electrical equipment

The analysis of an unsymmetrical fault on a symmetrical system consists of finding the
symmetrical components of the unbalanced currents which are flowing. The positive and
negative-sequences of linear, symmetrical, static circuits are identical because the impedance
of such circuits is independent, or phase order provided the applied voltages are balanced [74].
The impedance of such circuits to zero-sequence currents may differ from the impedance to
positive and negative-sequence currents. In general, the impedances of static elements are the
same in positive and negative-sequences but may differ in the zero-sequence. In the case of
rotating machines, all three sequence impedances might be different [56].

The study of impedance to negative and zero-sequence current becomes complex when a
complete analysis is attempted for many different kinds of circuits. Only the more elementary
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cases and those which will be encountered in the analysis will be considered. Positive-sequence
impedances do not need detailed explanation because they have been discussed previously.

Three-phase Loads

For symmetrical three-phase static loads consisting of lumped constants or loads which can
be analysed as having lumped constants, the impedances to current of positive, negative and
zero-sequences are the same because each phase is isolated from, and independent of, other
phases. If the load is delta-connected or star-connected with an ungrounded neutral, no path
exists for the flow of zero-sequence current. If there is an impedance Z,, in the connection
between neutral and ground, an impedance of 3Z, is placed in series with the zero-sequence
impedance of the load since 35(0) flows in the neutral impedance.
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Figure 24- Star connected shunt
impedance with neutral.

Three-phase Transformers

A three-phase power transformer is a passive, non-rotating machine. Therefore, the leakage
impedance does not vary with the order that the phases are applied. In this way, the positive
and negative-sequence impedances have the same value. However, the transformer
complicates the analysis of asymmetrical SCs, because its zero-sequence impedance depends
on the type of windings and the connection of neutral points to ground [75]. The measurement
of this impedance is carried out by means of a classic SC test, applying an electromotive force
to the three phases on the side where the measurement is to be carried out, the other winding
being short-circuited [68]. An example of the zero-sequence impedance estimation for a
transformer with star-to-star connection with neutral ground connection is presented below.
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Figure 25- Short-circuit test for a star-to-star
connected transformer.



Short-circuit Analysis of Inverter-Based DER 37

In this scheme, the currents, both in the primary and secondary windings, have free path
to close the circuit. Thus, the impedance that is seen on either side of the transformer is the
machine leakage impedance [74].

Ey = VS + X, (3.28)

K,

= jX5I, (3.29)

Since in the per-unit system, primary voltages KOP and secondary KOS are equal

Ve =V (3.30)
Ey = (X" +jX9)ly = (XDl (3.31)

As current I, is only limited by the leakage impedance X;, if it is equal to the nominal value,
the voltage will be numerically equal to the zero-sequence impedance Z), which in turn is
equal to transformer leakage impedance. Depending on the type of windings, it may not be
possible to ground the neutral point of one of the windings; In this case, the circuit with the
test generator will not be closed and the current will be zero, meaning that the zero-sequence
impedance has an infinite value. In other words, the zero-sequence circuit, viewed from that
side of the transformer, is an open-circuit. The different zero-sequence transformer
representations for various winding arrangements are listed on the following table [75].

Table 2- Zero-sequence representation of transformers.

Representation per

Connections of windings Comments
phase
Primary Secondary
Ly Zero-sequence currents free to
O —0 . .
& & flow in both primary and secondary
— — 0
- - circuits.
Z,
)\ A o0—0 0— —0 No path for zero-sequence currents
— o—_— in primary circuits.
z;.! . .
q A .:._nr T Single-phase currents can circulate
— — in the delta but not outside it.
2
q )\ 0—0 0—I o No flow of zero-sequence currents
o o possible.
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Ly
Q l> o0—0 o0 No flow of zero-sequence currents
possible.
T
["} & o0 ol e Tertiary winding provides path for
— - zero-sequence currents.

Lines and Cables

Lines and cables are bilateral static elements composed of identical conductors with
identical characteristic impedances and with a symmetrical geometric arrangement such that
the mutual impedances are also all equal.

For the construction of a convincing model it is necessary to take into account that the
current in any phase will induce the other phases and the neutral conductor, due to the
electromagnetic coupling [68]. Recalling this, the Kirchhoff equations for the phases a, b and
¢ can be written, considering the series and induced voltage drops in both phase and the neutral
conductors.

Ia

Figure 26-Asymmetrical currents in a symmetrical three-phase line with neutral

conductor.
Vo=Z) g+ Zdy + Z I, + Zpply + V' — (Zpdy + Zgnly + Zgnlp + Zgnl,) (3.32)
Vy=Zy+ZJdy+ Z . + Zpplyy + V' — (Zply + Ziply + Zgndy + Zgnl,) (3.33)
Vo=Z,+ Zly + Zdy + Ziplyy + V' — (ol + Ziply + Zognly + Zgnl,) (3.34)
Recalling that
I,=—, +1, +1.) (3.35)

And assuming that

Zo=7,+27,—2Z;, (3.36)

Ty = Zo + Zy — 271, (3.37)
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Where

Z. is the characteristic impedance;
Z, is the leakage impedance;

Z,y, is the line-to-neutral impedance;
Z,, is the mutual impedance;

Z, is the electromagnetic impedance;

The symmetric matrix equation can be written in the three phases, equivalent to the
characteristic and mutual impedances of a three-phase system with neutral

|[Va_Va]| Zc Zm Zm Ia
Va=Va|= Zm Ze Zp||p (3.38)
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The transformation to symmetrical components can be applied, obtaining the model of the
decoupled line in three symmetrical components

Vo=Vl [ O 41(1) Zwlag,
,-V/'|=|0 Zgy _a(z) = |Z@lagy, (3.39)
Va - Va’ 0 0 Z(O) _11(0) Z(O)_a(o)

The positive and negative-sequence impedances are the normal balanced values. The zero-
sequence impedance depends upon the nature of the return path through the earth if no fourth
wire is provided. In the absence of detailed information, the following rough guide to the value
of Z, may be used. For a single-circuit line Z)/Z, should be assumed as 3.5 with no earth
wire and Z g, /Z;y assumed as 2 with one earth wire [75].

Generators

In the SC calculation model, the generator impedances are considered to be purely reactive
(resistance is neglected). As mentioned before, the contribution of a synchronous machine to
a SC is divided into three fundamental periods, as a result of sudden changes in current due to
the change in magnetic fluxes.

Constructively, generators are designed to create electromotive forces in positive-
sequence. Therefore, to determine the positive-sequence impedance of an alternator, it is
enough to excite the machine to 100% of its nominal electromotive force and to SC its terminals.
The SCCs will only correspond to the positive-sequence circuit [68]. Observing the current
values in one phase will allow the calculation of the positive-sequence impedance. This
impedance is given by
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1

Zoy=Xu = | P (3.40)
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The negative-sequence impedance can be calculated by applying an inverse electromotive
force to the generator by short-circuiting the inductor circuit. Measuring the currents flowing
to the test machine, the impedance can be obtained

Zy =X —i(ﬂ 3.41
@ =% =) ) (3.41)

[steadystate |

Since zero-sequence current means identical current in each phase winding, a convenient
method of measuring zero-sequence impedance is to connect the thee-phase windings in series
and to apply a single-phase voltage, short-circuiting the inductor circuit.
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Figure 27- Assembly to obtain the zero-sequence impedance.

By measuring the currents flowing to the machine under test
E
Zioy =Xy = T @) (3.42)
a(0)

Typically, the per-unit system values of generator and motor impedances are shown in the
following table. As in the case of lines and cables, these values are used in the absence of
detailed information.

Table 3- Synchronous machine reactances (in p.u. of rated MVA).

Synchronous motors Synchronous Hydro Thermal
Reactances
High-speed Low-speed condenser generators generators
Xa 0.80 1.10 1.60 1.00 1.15
X, 0.30 0.35 0.40 0.30 0.15
X, 0.18 0.20 0.25 0.20 0.10
X2 0.19 0.35 0.25 0.20 0.13

X0 0.05 0.07 0.08 0.07 0.04
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Power Converters

Finally, reversible static converters are considered for three-phase systems similar as
asynchronous motors. In case of a fault, the DC system only contributes to an AC SC when the
converter operates as an inverter, if the grid-control protection does not operate [69]. Thus, it
continues to conduct current from the DC motor acting as a source to the AC SC.

The induction motor impedance based on its reactive current injection is given by

1 VrM

Zmotor = Xmotor = T \/§I p.-u.
LR/ Lrm ™

(3.43)

Where
I r/Lyy is the ratio of the locked-rotor to the rated current of the machine;
V. is the rated voltage of the machine.

According to IEC 60909 standard, the I,;/L, ratio for reversible static converters is equal
to 3, V,,, corresponds to the rated voltage of the converter and I, corresponds to the rated
current [56]. Then

1 I/CDTIVET er
Zconverter = Xconverter = 3 @—t p.-u (3.44)
converter

If there is no information about the converter or if relevant data is omitted, the circuit
component that represents the DC machine contributing through an inverting converter in the
equivalent circuit for an AC SC calculation, is considered as an equivalent locked rotor current
of 0.33 (X" =33%), based on the AC three-phase apparent power input of the converter
transformer, or at rated DC machine load and an equivalent X/R ratio of 10 if there is no
transformer [69].

3.3.3.3. Systematic Methodology for Computational Calculation

Recognizing the extremely important role of the application of systems transformation to
symmetrical components and the need to reduce complexity of electrical systems, a
methodology was defined, to calculate asymmetrical SCCs. The strategy involves decomposing
the original circuit into three symmetric systems by aggregating the respective impedances and
decomposing the voltages and currents, solving each circuit in the domain of symmetrical
components.

In this methodology, the Thevenin theorem is applied to each of the positive, negative and
zero-sequence circuits. Thus, the Thevenin equivalent of each of these circuits, viewed from a
system node, is composed of a series open circuit voltage source with an equivalent impedance,
which is given by the principal diagonal value of the nodal impedance matrix of the respective
network. Due to the diversity of transformer zero-sequence circuit models, it will be possible
to be considered only a subsystem, since transformers may present an infinite impedance in
the zero-sequence circuit.

The open-circuit voltage source refers to the pre-defect voltage, V/, assuming that the
system in this condition was operating normally, and therefore, the existing voltages and
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currents are only non-zero in their positive-sequence component, considering the
electromotive forces of the generators.

As in the case of symmetrical faults, the pre-fault operating point is taken for each
positive, negative and zero-sequence network, as given by

vi=z 1/ (3.45)
Ly Iz Loy
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Figure 28-Thévenin equivalent in the positive, negative and zero-sequences.

According to the previous schemes, equation 3.36 can be written in matrix form for a system
with n nodes and a fault in node k
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|Yk.(1>|=|\_’;i+ Z"’fu) (L] |Yk.(z>|= Z"’f(z) (L) |Yk'(0)|= Zk’f(o) [Lo) (3.46)
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After the positive, negative and zero-sequence voltages and currents are known, the
voltages and currents in each phase and in each node can be calculated through the Fortescue
matrix, shown in equation 3.18. This methodology can be applied to several types of SCs, as
shown below.

Line-to-ground short-circuit

It corresponds to an abrupt structural change in the three-phase EPS, characterized by the
establishment of an electrical contact between a phase and the ground, through a circuit of
low impedance. This type of fault is the most common representing about 80% of occurrences
[71] and is the least disturbing to the system. The line-to-ground fault current magnitude is
determined by the method in which the system is grounded, and the impedance of the ground
return circuit is the path of the fault current [69]. Calculation of the exact line-to-ground fault
current magnitudes requires special calculating techniques using symmetrical components.
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Figure 29- Line-to-ground fault.

For this type of fault, the contact of a phase (phase a) with the ground is considered, and
the vector of the currents in the system are given by

Ll [l
=10 (3.47)
I 0
Converting to symmetrical components
) L] 1 a @[] |3
!a(z) =[T]|L| = g[l o al [ Ol = %Lgc (3.48)

Which means that the positive, negative and zero-sequence components of the current are
the same. Considering that V/= Z, I, =3-Z Ly, and V= Viery T Vi gy + Vi the
following equation is obtained

L7 . —yf_— .
3 ZSC !a(o) - Z (Zkk(l) + Zkk(z) + Zkk(o)) !‘1(0) (3'49)
=
124
Zkk(l) + Zkk(z) + Zkk(o) +3- ZSC

Ly =lag) =l =

Figure 30- Thevenin equivalent
impedances seen from the defect node.
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The SCC is then given by

I 31 (3.50)
Lse = ) .
Zkk(l) + Zkk(z) + Zkk(o) +3 ZSC

In a line-to-ground fault, the current in the faulted phase is high and very low or nearly
zero in the remaining two. In contrast, the voltage at the fault node in the corresponding phase,
is low depending on the fault impedance, while the voltage at the same phase, at the remaining
nodes, increases with the distance to the fault node. In the two phases not affected by the
fault, the voltage will be close to the nominal per-unit value, and an overvoltage can occur
comparing to the pre-defect values and tends to decrease with the distance to the defect node.

Typically, due to the transformer winding connections and the type of neutral connection,
the zero-sequence equivalent circuit has a different topology than the positive and negative-
sequence equivalent circuit.

Line-to-line short-circuit

Bolted line-to line faults occur when there is a conductive path between two different lines
caused by an impedance, physical contact or by ionization of air, representing about 15% of
total occurrences [71]. Since it is an unbalanced fault, it is necessary to apply the system
transformation to symmetrical components for the calculation of the SCC. In the case of this
type of SC, it is possible to simplify the system by cancelling the zero-sequence component,
because there is no contact with the ground, applying only the positive and negative-sequence
components, as will be shown later.

Figure 31- Line-to-line-fault.

For the system represented by the previous figure, the fault occurs between phases b and
¢. The vector of the currents is given by

il

Applying the transformation to symmetrical components

il =l
— 5o

1
%(1) ) 1y 1[1 a azl IO {5(“_“2)5’}
Iy| =TT b|=3[1 &2 «a||lb|=]1 (3.52)
L) Ll 31 1| \5(“2‘“)5]

0



Short-circuit Analysis of Inverter-Based DER 45

Considering that Vo=V =2 Lo =Zse " I, V, = azyk(l) + i, + Ve and

(O]
V.= o@c(l) + azyk(z) + yk(o), expressing the current of phase b in its symmetrical components,

the following equation is obtained
(@ = Vi, + (@ = W, = Zse(@la) + az) (3.53)
Since I(1) = —Iy

(@ = Wy, + (@ = W) = Zee(@ = Dy (3.54)

Substituting the voltage variables for the expression derived from the Thevenin equivalents

vl

Iy =l = m , Iy =10 (3.55)
Figure 32- Thevenin equivalent
impedances seen from the defect node.
The SCC is then given by
Le = Pl + dy = (& — D)) (3.56)
Applying the result obtained to the matrix of currents per phase
0
I 0 [ WAL ]
. Zier + Zigo + 2
L|=| (@ —dly |=|&kay T Lrrg) T Lse (3.57)
L] |=(¢=aly] | V3V,

e

|_Zkk(1) + Zkk(z) + ZSC

In a phase-to-phase SC, the current magnitude in the two faulted phases is high and zero in
the healthy phase. The voltages of the faulted phases are approximately equal to half of their
nominal value whereas in the phase where the SC does not occur, the voltage will be
approximately nominal in the per-unit system.

As mentioned, there are no zero-sequence currents because the circuit is not closed by the
ground or by the return conductor. This factor does not affect the values of the SCC due to the
lack of grounding connection, but some transformer winding connections may have relevant
impacts.
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Line-to-line short-circuit with ground connection

Line-to-line-to-ground faults are typically line-to-ground faults that have escalated to
include a second phase conductor. In this unbalanced fault, the magnitudes of double line-to-
ground fault currents are usually greater than those of line-to-line faults but are less than those
of three-phase faults [69].

Figure 33- Double line-to-ground short-circuit.

The system under analysis presents the occurrence of a defect between phases b and c. In
this case, the fault conditions are
i
L=
I

It is then possible to obtain the characteristics of the symmetrical components of the SCC

] (3.58)

ko

%(ab, +7L)

Iy| =M h|=%1 & al|b|=|5(AL+al) (3.59)
3 3
L) I 1 1 1l[L 1
3¢ +1L)
Regarding the values per phase of the post-defect voltage
I ‘ Uy +&)Zsc (3.60)
Uy + 1) Zsc
Transforming into symmetrical components
Vol 11 a Y 1 [Ye ~ 3LoyLse
Vo l=3]1 @ a||+L)Ze|=3]k = 3Loic (3.61)
Y0 1 1 1 +1L)Zs Vo + 6l0)Zsc

Observing the vector of the symmetrical components of the post-defect voltage at the node
where the SC occurs, it is concluded that Vi;y = V5, and V1) — Vigy = =310y Zs.-

From the previous equations following scheme can be obtained, that allows to define the
symmetrical components of the current.
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ZIH im

Figure 34- Thevenin equivalent impedances seen from the defect
node.

The positive, negative and zero-sequence components of the current are then

v
Iy = = .62
0 = e ¥ @y +3 L) gy (3.62)
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From the above equations, it is possible to calculate the SCC

Le = Iy + 1oy () Lse = 3+ L) (3.65)
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3.4. Chapter Summary

The SC study is of fundamental importance in the power systems analysis, since it is possible
to obtain values related to the system variables when a fault occurs, namely voltage, current,
power and even power factor. Currently there is a wide set of techniques to perform the study
of electrical faults. Combining circuit theory with mathematical methods, it is possible to
identify and analyse the state of the system after the occurrence of a fault. The presented SC
model makes approximations aiming at a system linearization, using the symmetrical
components method, which consists of obtaining, from an unsymmetrical system, three
decoupled systems called positive, negative and zero-sequences.

— Section 3.1. presents the relevance of CBDG for the MG operation and fault
analysis.

— Section 3.2. of this chapter presents the methodology for calculating the SC
current, the standard notation system for converting the elements of the system to the
same base, and finally the model of each element.

— Section 3.3. exposes in detail the main characteristics of the SC current, the
types of faults that typically occur in an EPS, and the associated calculation
methodologies.



Chapter 4

Applications of Short-circuit Analysis

Numerical calculation of Short-Circuits (SCs) in the network is extremely important in the
planning, design and operation of facilities and networks, in order to anticipate the
consequences of the simulated faults. This knowledge makes it possible to take the necessary
measures to minimize damaging electrical equipment and efficiently protect people, with the
least possible disturbance in the system. This includes not only the placement and regulation
of devices that promote the interruption of defective circuits, but also ensure that all
components of the network covered by the fault currents can withstand their effects while they
persist.

4.1. Short-Circuit Calculation

The SC studies are essential for the correct sizing of the various components of the Electric
Power System (EPS) regarding the dynamic and thermal stresses of the SC currents. On the
other hand, they are crucial, both for the definition of the cutting power of the protective
devices, and for the design and regulation of the protections.

Setting the assumptions for calculating SCCs, the methodologies presented in the previous
chapter are applied to a Microgrid (MG) consisting of an inverter-based Battery Energy Storage
System (BESS), a load, a synchronous generator, an electric vehicle charging station and the
respective connections to medium and Low Voltage (LV) distribution networks, being that their
connection is mutually exclusive. It is considered that the system was stable and the voltage in
the buses of the system is its nominal value. The following figure represents a MG related to
the Democrat project that will be detailed later.
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Figure 35- Microgrid diagram.
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4.1.1.Short-Circuit Current Contribution during Balanced Faults

The symmetrical SC analysis shall be based on the methodology presented in subsection
3.3.2. and applied to the system shown in the previous figure. Three different operating modes
will therefore be exposed: connection of the system to the Medium Voltage (MV) distribution

network, connection of the system to the LV distribution network and operation in isolated
mode.

4.1.1.1. Low Voltage Grid Connection

The analysis of this type of connection will consider only the storage system, the LV utility
grid connection transformer, the load bank and utility grid, as shown in the following figure.

| LV Utility Grid
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e
o
-

:

Figure 36- Low voltage grid-
connected microgrid.
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In order to carry out the SC analysis, it is necessary to know the characteristics of the MG
elements. For this purpose, the following parameters are considered

Table 4- Low Voltage system parameters.

Parameters
Rated
Element Apparent Power
Voltage(V) Current
Power (VA) factor
(A)
Utility Grid 400 20 x 10° - -
Load Bank 400 25 x 10* 0.8 -
Power Transformer 400/315 25 x 10* - -
Inverter 315 25 x 10* — 458
Battery Storage System 7360 21.8 x 10* 1 2960

Taking into account what has been presented in subsection 3.2, it is necessary to transform
all elements of the system into an equivalent linear model, considering them as impedances.

Utility Grid

The LV network is considered as a large generator whose characteristic X/R = 0.9. Assuming
the value for the base power, Sg,s. = 25 X 10* VA and according to equations 3.2 and 3.4

__ Suytility __ 20x10°

SUtilityp.u‘ = Spase  25x10% =80p.u. (4.1)
Vutilitypulz 1
Zytuiity ., = e = =00125p.u (4.2)
Considering the characteristic X/R
ZUtilityp.u. = m (4.3)

ZUtilityp_u. =9.2912 x 1073 +j8.362 x 1073 p.uL.

Load Bank

The load is modelled according to equation 3.5

2
Zioad Bankpy, = —L8BIE = 0512 + j0.384 p.1. (4.4)

PLoad Bank—QLoad Bank
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Power Transformer

Considering that the transformer has a leakage reactance equal to the characteristic
impedance, Ziqnsy = X5 = 4.2%, it is only necessary to convert it to the corresponding base.
The transformer is then modelled by equation 3.3. As the system and transformer bases are the

same
Ztmnsfp_u_ = X; = j0.042 p.u. (4.5)

Battery Energy Storage System

For the MG under study, the batteries behave as a current source, injecting into the bus to
which they are connected. Considering the efficiency of the inverter can be calculated the
current injected into the network by the storage system.

Ppc — PInverterlosses = Pyc (46)
=
Ppe — (1 =) " Ppc = Ve " luc 4.7)

Considering the efficiency of the converter of 98.4%

21.8 X 10% — (1 — 0.984) x 21.8 X 10* = V3 x 315 X I, (4.8)
=
Le =39217 A

Inverter

The modelling of the inverter, as mentioned in the previous chapter, is based on the
nominal voltage and the current that it provides to the network to which it is connected. Since
the supplied current is the output current of the battery system, the inverter impedance model
is obtained from equation 3.41, previously presented and, therefore

1V rter .
Z = Xinverter = 3 - —CORperter — j0,155p.u (4.9)

inverterp y, 3 VBlac

For the correct operation of the inverter, a filter was considered, having an equivalent
impedance of

Zsitter,,, = 0112 +0,109 p.u (4.10)

In this way, the impedance of the inverter also includes the impedance of the filter.
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Lines and Cables

For the interconnection of the elements described above, it is considered some electrical
connecting cables, whose impedances are specified in the following table

Table 5- Low Voltage cable impedance.

Connector From To Impedance (p.u.)
Cable 1 Utility Grid Power Transformer 0.0131 40,0071
Cable 2 Power Transformer Load Bank 0.0065 + j0,0035
Cable 3 Power Transformer Inverter 0.0024 +0,0019

Knowing the equivalent impedances of all elements of the system can then be applied the
methodology for calculation of symmetrical SCs, previously presented. Thus, considering a fault
in the furthest bus from the storage system, the magnitude of the SCC can be analysed using
the following scheme

2 ytility

Z) oad Bank Zrranst

——— D

Zinverter

Z battery
1

Figure 20- Symmetrical
fault at bus 1.

By the application of the Thevenin theorem, the initial symmetrical SCC is calculated
according to equation 3.1. since it is possible to represent the system as an equivalent
impedance seen from node 1 in series with a voltage source equal to the pre-fault voltage and
the fault impedance, and in this case, it is considered as null. It is also considered that the
system was in stability and, thus, assume the pre-defect conditions V° = 1 p.u.and I,,° = 0.

Thus,

o w1 (4.11)

- 124 n
Z11 +Zfquir Z11
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n
Where ZII = ZUtilityp_u_//ZLoad Bankp_u_//(ztransfp.u' + Zbattery+inverterp_u_)

The SCC for the system is then

nmo_ 1 1

T Z11" T 1.981x1072+j1.466x10~2

L =32.621 — j24.138 p.u. (4.12)

In order to calculate the magnitude of the SCC, it is necessary to define a base for the
circuit current

SBase __ 25x10%

Ipase 4oy = FVpess — Vax400 360.844 A (4.13)
The SCC for the example described above is given by
Ishort—circuit = |L1”|'IBase400V = 146454 (4.14)

4.1.1.2. Medium Voltage Grid Connection

The analysis of this type of connection will consider only the storage system, the MV utility
grid connection transformers and the load bus, load bank and utility grid, as shown in the
following figure.

MV Utility Grid

/

2

AWM

A

Y
AN 1

—

Figure 38- Medium voltage grid-connected
microgrid.
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Proceeding in the same way as the previous case, it is necessary to know the characteristics
of the elements of the MG. For this, the following parameters were defined
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Table 6- Medium voltage system parameters.

Parameters
Rated
Element Apparent Power
Voltage(V) Current
Power (VA) factor
(A)
Utility Grid 400 100 x 10° - -
Load Bank 400 25 x 10* 0.8 -
MV Power Transformer  15000/315 25 x 10* - -
LV Power Transformer 400/315 25 x 10* - -
Inverter 315 25 x 10* - 458
Battery Storage System 7360 21.8 x 10* 1 2960

It is then necessary to transform all elements of the system into an equivalent linear model,
considering them as impedances.

Utility Grid

The MV network is considered as a remote generator whose characteristic X/R =5.

Assuming the value for the base power, Sg,.. = 25 X 10*v4 and according to equations 3.2 and
3.4

_ Sutility _ 100x10°

SUtilityp_u_ = SBase = 25x10% = 4’00 p. u. (4.15)
z _ T’ L g 51072 4.16
Utility ., = Sumuyp.w =00 & X p.u (4.16)
Considering the characteristic X/R
Zutiity,,,, = VR* +X* (4.17)

Zutiity,,,, = 4903 X 107" + /2451 X 107 p.u

Power Transformers

Considering that the transformer connected to the MV network has a leakage reactance
equal to the characteristic impedance, Z;,qnsr = Xy = 4%, it is only necessary to adapt it to
the corresponding base. The transformer is then modelled by

ZMVtransfp_u_ = Xf = ]004 p-u. (4.18)
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Lines and Cables

For the interconnection of the elements described above, it is considered some electrical
connecting cables, whose impedances are specified in the following table.

Table 7- Medium Voltage Cable impedances.

Connector From To Impedance (p.u.)
Cable 1 Utility Grid Power Transformer  0.000013 + j0,0000014
Cable 2 Power Transformer Inverter 0.0024 + j0,0019
Cable 3 Power Transformer Load Bank 0.0065 + j0,0035

Since the equivalent impedances of the other elements have been calculated in the previous
case, the symmetrical SC calculation methodology presented previously can be applied. Thus,
considering a fault in the point of coupling of the storage system to the distribution network,
the magnitude of the SCC can be analysed using the following scheme

T

Z ytility
I 3
Z MV Transformer
|. .’ 2
Z inverter Z LVTransformer
zbatter'_.r ZLoad Bank

Figure 39- Symmetrical
fault at bus 2.

By the application of the Thevenin theorem, the initial symmetrical SCC is calculated
according to Equation 3.7 since it is possible to represent the system as an equivalent
impedance seen from node 2 in series with a voltage source equal to the pre-fault voltage and
the fault impedance, being that in this case, this is considered as null.

As in the previous case, it is considered that the system was in stability and, therefore,
assume the pre-defect conditions V° = 1 p.u. e I3,° = 0. Thus

0
=B =L (4.19)

14 !
Zy2 tZfauit  Z22
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Where

ZZZN = (ZUtilityp_u_ + ZMVtransfp_u_) // [(ZLVtransfp_u_ + ZLoad Bankp,u,) // (Zbattery+inverterp.u.)] (4'20)

The SCC for the system in question is then

L' == ! = 2.785 — j27.670 p.u. (4.21)

Zz2'" T 3.601x1073+j3.578x1072

In order to calculate the magnitude of the SCC, it is necessary to define a base for the
circuit current. Since the fault occurs on the 315V bus, the base current is given by

I _ _SBase =25><104
Base31sv T \Bvpae  V3X315

= 458.214 A (4.22)

The SCC for the example described above is given by

n

= 12743 4 (4.23)

Lshort—circuit = |!2 * Ipases sy

4.1.1.3. Islanded mode of operation

Finally, the operation of the MG in isolated mode shall be considered, taking into account
only the storage system, the diesel generator, the electric vehicle charger, the load-side busbar
transformer and the load bank, as shown in the following figure.

T 1]

[
= [

Figure 40- Islanded microgrid.

Proceeding in the same way as in the previous cases, it is necessary to know the
characteristics of the elements of the MG. For this, the following parameters were defined
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Table 8- Islanded microgrid system parameters

Parameters
Rated
Element Apparent Power
Voltage(V) Current
Power (VA) factor
(A)
Load Bank 400 25 X 10* 0.8 -
Electric Vehicle Charger 400 50 X 103 0.98 73
Diesel Generator 400 30 X 10* 0.8 -
LV Power transformer 400/315 25 X 10* - -
Inverter 315 25 X 10* - 458
Battery Storage System 7360 21.8 X 10* 1 2960

It is then necessary to transform all elements of the system into an equivalent linear model,
considering them as impedances.

Electric Vehicle Charger

The electric vehicle charger, for fault analysis, is considered as a load. Assuming the value
for the base power, Sg,.. = 25 X 10*v4 and according to equation 3.4

VEv chargerz 4002 )
Z = = = 3.136 0.637 p.u 4.24
BV chargerp . ™ Sgy charger | 49%103-j9.95x10° tJ p ( )

Diesel Generator

Considering that the generator has a leakage reactance equal to the characteristic
impedance, Zgenerator = X'f = 12%, it is only necessary to convert it to the corresponding
base. The transformer is then modelled by

_ o ._SBase  _ 2sx10t
ZGeneratorp.u. =Xy —Scenemmr =0.12 X ot = jo.1p.u. (4.25)

Having been calculated the equivalent impedances of the other elements in the previous
cases, the symmetrical SC calculation methodology presented previously can be applied. Thus,
considering a fault in the 400V bus, the magnitude of the SCC can be analysed using the
following scheme
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Figure 41- Symmetrical
fault at bus 1.

By the application of the Thevenin theorem, the initial symmetrical SCC is calculated
according to equation 3.7 since it is possible to represent the system as an equivalent
impedance seen from node 2 in series with a voltage source equal to the pre-fault voltage and
the fault impedance.

As in the previous cases, it is considered that the system was in stability and, therefore,
assume the pre-defect conditions V° = 1 p.u.and I,,° = 0. Thus,

"o_ 7° _ 1
L == = (4.26)
Zy1 tZfauir  Z11
Where
leu = (Zbattery+inverterp.u_ + ZLVtransfp.u_) // ZGeneratorp_u.// ZEV chargerp_u.// ZLoad Bankp y, (4-27)

The SCC for the system in question is then

mo_ 1 _ 1 _ .
= 7 = Toosaao T emsenio = 2610 —j13.881 p.u. (4.28)

The SCC for the example described above is given by
Ishort—circuit = |£1” * Iggse = 5096 A (4.29)

4.1.2. Analysis of Short-Circuit Current during Unbalanced Faults

In this subsection the analysis of asymmetrical SCs based on the methodology described in
subsection 3.3.3 will be presented and applied to the same MG. Different operation modes will
also be exposed by connecting the system to the MV distribution network, connecting the
system to the LV distribution network and operating in isolated mode.



60 Applications of Short-circuit Analysis

4.1.2.1.  Microgrid connected to the Low Voltage Grid

The study of asymmetrical short-circuits requires a more detailed study of the system since
it is necessary to take into account the symmetrical components of the system. In this way,
each system will be represented into its positive, negative and zero-sequences. Due to the
small size of the MG under analysis, for the construction of the matrix of the nodal impedances,
the matrix of the admittances will be used instead of the algorithm of direct construction due

to its complexity.

LV Utility Grid

A

‘? ‘_I

3
§

{

AC

D

L]0

1
T

Figure 42-Low
voltage microgrid.

Considering the diagram of the previous figure, it can be decomposed into its positive,
negative and zero-sequence components, with the first two having the same configuration. The
scheme in the zero-sequence component is influenced by the configuration of the transformer

windings.
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Zinverter
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(a) (b
Figure 21- (a) Positive and negative-sequence
systems; (b) Zero-sequence system.
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Defining the schemas in their symmetrical components, it is possible to obtain the matrix
of the admittances and consequently the matrix of the nodal impedances. For the positive and
negative-sequence systems

Table 9- Equivalent impedances.

Branchi—k Zi—kp_u. Yikpu.
1-2 j0.042 —j23.809
Node k Zkkp.u. Ykkp..
2.143 X 1072
1 31.564 —j21.835
+j1.482 X 1072
2 0.114 — j0.266 1.363 —j3.171

From the equivalent impedances of the nodes and the connecting branches, can be obtained
the matrix of the admittances

31.563 —45.099 j23.809
+- —
[y~ = [ j23.809 1.363 —j26.981 (4.30)
Where
Yie = Vi 0 # k) (4.31)
Yie = Yir + Zizx Yiek (0 = k) (4.32)
Being that
[z] =[]~ (4.33)
[Z]* = [1.981 X 1072 +j1.466 X 1072  1.808 X 1072 + j1.202 X 10‘2] (4.34)
"~ 11.808 x 1072 +j1.202 x 1072 1.832 x 1072 + j4.695 x 1072 )
For zero-sequence system
Table 10- Equivalent impedances.
Node k Zikpa, Vickp.a.
1 1.025 x 1072 4 j1.482 x 1072 31.567 — j45.639
2 0.114 —j0.266 1.363 —j3.171
From the previous table, the matrix of the admittances is
31.567 — j45.639 0
0 —
[v]* = [ 0 1363 — j3.171 (4.3)
Consequently
[z] =[y]™ (4.36)
1.025 x 1072 + j1.482 x 1072 0
0 —
21" = [ 0 0.114 — j0.266 (4.37)



62 Applications of Short-circuit Analysis

After obtaining all the values of the equivalent impedances referring to the symmetrical
components of the system, it is possible to calculate the SCC for different types of faults.

Line-to-ground short-circuit

For the MG under analysis, it is considered a SC in bus 1, being possible to calculate the SCC
by applying the Equation.3.47

a4 = B .
Zkk(l) + Zkk(z) + Zkk(o) +3 ZSC

Substituting the unknown variables for the values obtained previously

" 3
AT 0x(1.981x10724/1.466x102)+(1.025% 10~ 2 +)1.482x10™2)

=33.731 — j29.856 p.u. (4.39)

In order to calculate the magnitude of the SCC, it is necessary to take into account the base
current of the bus. In this way, the SCC for the example described above is given by

Ishort—circuit = |L1” * IBase4_00V = 162554 (4-40)

Line-to-line short-circuit

By applying equation 3.54 and considering a contact between phases b and ¢, the SCC can

be calculated

i f
L" = ACA (4.41)

Zkk (1) +Zkk ) +Zsc

Using the corresponding equivalent impedance values

i "no__ -jV3

L = ieeini0 24 1466102 = —20.904 — j28.247 pu (4.42)
The magnitude of the SCC is then calculated by
Ishort—circuit = |L1” * IBase4_00V = 12680 4 (4-43)

Line-to-line short-circuit with ground connection

The last case to be studied will be the line-to-line SC between phases b and c, with ground
contact. The value of the SCC is obtained through equations 3.61 and 3.62

[ = Zik(z) 1
0) — 1
- Zkk(z) + Zkk(o) +3 'ZSC e

(4.44)
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Zkk ) ' Kf

Zkk(l) ' Zkk(z) + Zkk(l) ' (Zkk(o) +3- ZSC) + Zkk(z) ' (Zkk(o) +3- ZSC)

Loy = —

=

Iy = 11.237 — j12.349 p.w.

From the above equations, it is then possible to calculate the SCC
11 = !(1) + !(2) (:)Ll =31 (445)

=(0)
=
I," =3x(11.237 — j12.349 ) = 33.709 — j34.046 p. u.

The magnitude of the SCC is then given by

Lshort—circuit = |£1”| * Iasesqoy = 18073 A (4.46)

Typically, the SCC is more severe for symmetrical faults. However, for the analysed case,
it is verified that the earth faults present higher values of SCCs. This is due to the contribution
of the zero-sequence component of the circuit impedance.

4.1.2.2.  Microgrid connected to the Medium Voltage Grid

Applying the same principle to the study of MV grid-connected MG, it was decomposed into
its symmetrical components.

T T

Zutiey Zutility
2 1

MVTransformer

I' Z MvTransformer
2 [
J J -’

Zinvert Z vt f

inverter ranstormer Zinverter Z LvTransformer Z | gad Bank

I -l_—=|—=|—||-
z battery Z | oad Bank z battery =
a) b)

Figure 22- (a) Positive and negative-sequence systems; (b) Zero-sequence system.

To use the same methodology, it is necessary to construct the equivalent matrices of the
system for the positive, negative and zero-sequence components.
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Table 11- Positive and negative-sequence equivalent impedances.

Branchi—k Zi—kp.u. Yikpu.
2-3 j0.04 —j25
Node k Zkkp.u. ykkp.u.
2 0.108 + j0.266 2.506 —j4.118
3 5.036 X 10™* +;2.451 X 1073 80.321 — j391.216

Table 12- Zero-sequence equivalent impedances.

Node k Ly, Yikpa,
2 0.114 + j0.226 1.362 — j3.171
3 5.036 X 10™* + j2.451 X 1073 80.321 — j391.216
Since
[Zz] = [¥]™* (4.47)
2] = 3.601 x 107* +j3.578 x 1072 6.084 x 10™* + j2.032 x 10-3] (4.48)
" 16.084 x 107* +2.032 x 1073 5.049 x 10™* + j2.427 x 1073 '
0.114 + j0.226 0
0 —
21 = [ 0 5.036 X 10™* + j2.451 X 1073 (4.49)

As for the symmetrical SC analysis, a fault was considered in bus 2. In order to avoid
repetition of information, since the calculation method is homologous to that presented in the
previous case, the results of the calculation of the different types of fault were condensed in
the table below

Table 13- Current magnitude

Type of fault Ishort—circuit (A)
Line-to-ground 4279
Line-to-line 11036

Line-to-line with
_ 2546
ground connection

The results obtained in the previous table show the impact of the zero-sequence component
of the system on the SCC and the relevance of the transformer winding configuration.
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4.1.2.3. Islanded mode of operation

The last case for analytical study of asymmetrical SCs will be the operation of the MG in
isolated mode. In the same way as the previous cases were analysed, the system will be

decomposed into its symmetrical components.

1

," l 1 F 4
z z
ZEV Charger Z Generator Z | VTransformer Z | 0ad Bank EV Charger Z Generator LvTransformer
= = I
= = 2 =

Zinverter 2
] z inverter

z battery
-I_ z battery

a) b)

Figure 23- (a) Positive and negative-sequence systems; (b) Zero-sequence system.

From the schemes presented above, the equivalent matrices of the systems are

Table 14- Positive and negative-sequence equivalent impedances.

Branchi—k Zi—kp_u. yi—kp.u.
1-2 j0.042 —j23.809
Node k Lk, Yickep.u,
1 1.261 X 1072 + j8.913 X 1072 1.556 —j10.999
2 0.114 + j0.264 1.362 —j3.210

Table 15- Zero-sequence equivalent impedances.

Node k Lk, Yikpa,
1 1.282 X 1073 +2.867 X 1072 1.556 — j34.809
2 0.114 + j0.264 1.362 — j3.210
Since
[z] = [r]™*
2]+ = 1.308 x 1072 + j6.958 x 1072  1.458 x 1072 + j6.058 X 10—2]
" 11.458 x 1072 4 j6.058 x 1072 1.736 X 1072 4 j8.952 x 102

Zoad Bank

(4.50)

(4.51)
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1.282 X 1073 + j2.867 X 1072 0

0 _
121 "[ 0 0.112 + j0.264 (4.52)

The results of the SCC calculation for different types of fault were condensed in the table
below

Table 16- Current magnitude

Type of fault Ishort—circuit (A)
Line-to-ground 6365
Line-to-line 4414

Line-to-line with
. 6473
ground connection

Analysing the previous values, the relevance of the zero-sequence component of the MG for
SC analysis is evident, since the attenuation of the fault current and the type of connection of
the neutral conductor of the transformer can compromise the operation of the protection
systems in the sense that it influences the value of the SC current due to its contribution to the
zero-sequence impedance.

4.2. MATLAB/Simulink Simulation Platform

The study of electrical power systems most often requires more intuitive interfaces for
analysis of power distribution networks. Typically, computational tools are used to allow
replicating real systems with accuracy and to obtain precise results. In this sense, the designed
solution would be a simple interface application that would enable to calculate the SC currents
at all points of a MG.

Therefore, it was necessary that the program used for this purpose offered the functionality
of creating a high-quality intuitive interface and at the same time allowed to use its
mathematical tools for the resolution of the SC currents. The solution found was MATLAB,
which, with the Simulink Guide User Interface, allows the construction of intuitive interfaces
and excellent operability, and at the same time it is a program that allows the development of
algorithms to obtain reliable results after analysis of the SC currents. The interface construction
has a great degree of freedom that allows the programmer to create exactly what he wants
and develop options for help and assistance to the user. Its application also allows the insertion
of any renewable based network, for any network topology.

In order to carry out an analysis in the time domain, as well as to enable the performance
of suitable tests for the operation of an electric power conversion system, a MATLAB/Simulink
model was developed with similar characteristics to the previously presented MG. The
implemented network was modelled in depth up to the level of the substations, representing
all the Distributed Energy Resources (DER), existing connections between power plants and
substations, energy transport network and transformers related to power distribution.
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4.3. Chapter Summary

Through the linearization of electrical energy systems, it is possible to apply the classical
SC study. This has increased relevance given the need to properly protect electrical equipment
during fault scenarios. The presented SC model allows to gauge the magnitude of SC currents
for a Converter-Based Distributed Generation (CBDG) MG in different operating scenarios.

— Section 4.1. presents the methodology used to calculate SC currents and
consequently the results obtained during the connection of the MG to the LV and MV
distribution networks and during the isolated mode.

— Section 4.2. of this chapter introduces the tool for dynamic MG modelling and
its relevance in SC studies.
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Chapter 5

The Democrat Case Study

This chapter aims to present a dynamic analysis of a Microgrid (MG) in the three operation
scenarios described previously, based on a simulator. The results of the previous chapter will
be confirmed, and the accuracy of the created models will be verified.

Given that most of the Low Voltage (LV) networks during their design have not been
dimensioned or structured to integrate Distributed Energy Resources (DER) on a large scale, the
challenges to its operation are becoming more and more crucial. There is, therefore, the need
to coordinate new sources of consumption and sources of renewable generation, which will not
only prevent increases in consumption peaks, which lead to investment needs in the
reinforcement of electrical infrastructures, as well as allow these loads to be fed from
renewable energy.

The DEMOCRAT project aims at demonstrating an integrated and innovative MG concept,
applied to LV networks, as a suitable solution for efficiently managing their DER, working
simultaneously as a flexible asset of the distribution networks [76]. Considering that this
management is performed close to the majority of the end users, its effects are spread to the
voltage levels above, improving substantially the overall system’s operation leveraging the
transition of the electrical power systems to the Smart Grid (5G) paradigm, enabling, among
others, the increasing of the networks capacity to host new DER, to increase the penetration
levels of renewable energy in the energy mix and the improvement of the quality of service
and energy.

The integrated MG concept proposed by DEMOCRAT is based on the use of a set of innovative
functionalities applicable to LV networks, of public or private nature, which have assets that
can be controlled in a way that optimizes, either from a technical or economic point of view,
the use of electric energy.

This project is the result of an integration process of a set of individual solutions and
technologies, allowing the development of an innovative MG solution for wide-scale application
for electrical power systems. The scalability of DEMOCRAT results from the fact that it is not
only a solution for LV networks operated by regulated entities, namely Distribution System
Operators (DSOs) but also for customers, such as industrial hubs [11].
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In this chapter the computational application used for fault analysis in the MG context will
be presented. There will be exposed the objectives to achieve by the application and the results
obtained in three different operation scenarios: Medium Voltage (MV) grid connection, LV grid
connection and islanded mode of operation. Initially, the models created in the simulator will
be validated and, later, fault scenarios will be analysed.

5.1. Microgrid Data and Model Assumptions

The MG comprises several technological solutions, such a lithium-ion based Battery Energy
Storage System (BESS), connected to the grid by a power inverter, controllable loads, electric
vehicle charging stations and a synchronous generator. This project has as main objectives the
operation in isolated mode, feeding a set of real installation loads, fulfilling the limits
associated to the parameters of quality of energy, namely frequency and voltage nominal
values; the activation of the storage system in island mode in the black-start scenario.

The DEMOCRAT project intends to create the conditions for MGs to be seen as an asset
capable of locally managing disruptions while at the same time providing great flexibility in the
overall management of the system. It has communication infrastructures that aim to provide
the networks of means that allow to coordinate the diverse and heterogeneous assets in order
to guarantee high standards of safety and efficiency.

The MATLAB/Simulink modelling involves the connection of Democrat project to MV and LV
distribution networks and its isolated operation, although they operate in distinct scenarios,
since they work independently from each other. These models require real technical data of
the system components.

The MG, based on a real system, consists of a BESS of 218 kW/218kWh, a 250 kVA inverter,
a load bank of 250 kVA, a LV/LV power transformer for LV distribution coupling and galvanic
isolation a LV/MV power transformer for MV distribution connection, a 50 kVA electric vehicle
charger, a 300 kVA diesel generator and their respective protection devices. Both MG’s
upstream networks were represented as voltage sources, connected to each of the distribution-
side substations. The described elements were modelled, taking into account the existing
Simulink blocks, initially validating the normal operation of the MG and, later, simulating the
symmetrical and asymmetrical faults, observing the behaviour of the same MG. It is intended
to verify the contribution of the various elements to the Short-Circuit (SC) current and, if in
the critical case of isolated mode of operation, it can be fed in such a way to exceed the upper
current threshold imposed by the protection system. After the fault, it is required that the
system compensates the disturbances and maintains system’s stability.
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5.2. Microgrid Description

The constituent elements of this project and the main characteristics of its modelling are
described in this section.

Battery Energy Storage System

DEMOCRAT comprises a high voltage battery storage system based on lithium-ion phosphate
battery, used to support reliable power for various types of equipment and systems. The system
is composed of multiple batteries connected in series to expand capacity for longer power
support.

Table 17- BESS parameters

Parameter
Cell Technology Ll-ion
Battery System Capacity (kWh) 218
Battery System Voltage (V) 736
Battery System Capacity (Ah) 296
Battery Module Quantity (pcs) 46

Battery System Charge/Discharge Current (Normal) (A) 148
Battery System Charge/Discharge Current (Maximum) (A) 296
Efficiency (%) 96

&5 '
da:l .
i -

Figure 24- Battery Rack.

Power Inverter

As far as power electronics are concerned, bidirectional inverters are required for on-grid
applications in various power segments and, more recently, the operation of the MG forces its
operation in off-grid mode.

In the on-grid mode, the main function of the inverter is to control the power associated
with the battery in its charge and discharge mode, by means of a reference value defined by
the system management controller, and to provide a set of services related to the network
support, or optimization of its exploitation.

During off-grid mode, the inverter will be responsible for generating and maintaining a
stable voltage and frequency references according to the nominal parameters associated with
the quality of service. This operation in island mode is more demanding due to the low inertia
of the system forcing a bigger effort from the converter-based dispersed generation to ensure
network stability, where its control will have a significant impact on microgrid’s performance.
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Table 18- Inverter Parameters.

Input
@| L J
Minimum Voltage (V) 480 - A
Maximum Voltage (V) 880
Maximum Current (A) 542 i
Output
Rated Power (kVA) 250 :'
Rated Voltage (V) 315
Rated Current (A) 458 5
Efficiency (%) 98.4 ' Ly

]
Figure 25- Power Inverter

Load Bank

Residential and industrial hubs are represented as a three-phase controllable load bank
consisting in two major components: a resistive load and a reactive load. Resistive load is
provided by groups of tubular resistor elements switched in groups by contactors while the
reactive load is provided by inductances of various values to match each resistive element
group.

Table 19- Load Bank Parameters.

Parameter
Rated Power (kVA) 250
Power Factor 0.8
Rated Voltage (V) 400
Frequency (Hz) 50

Distribution Transformers

Concerning power conversion, the MG includes two three-phase transformers: a step-up
transformer for interconnection to the MV network and a decoupling transformer to connect to
the LV distribution network. The interconnection to the LV or MV networks is mutually
exclusive, depending on the use case in demonstration. The installation also includes MV
equipment with protection by circuit breaker and measurement sensors, as well as LV
equipment, with similar functions.



Table 20- Transformer Parameters.

MV/LV Transformer
Rated Power (kVA) 250
Primary Voltage (V) 15000
Secondary Voltage (V) 315
Vector Group Dy11
Short-Circuit Voltage (%) 4
LV/LV Transformer
Rated Power (kVA) 250
Primary Voltage (V) 315
Secondary Voltage (V) 400
Vector Group Dyn11
Short-Circuit Voltage (%) 4.2

Electric Vehicle Charger
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Figure 26- Power Transformer

The paradigm shift towards greener and more sustainable solutions has affected the
mobility sector. In this way, the DEMOCRAT project comprises a management model for electric
charging, incorporating charging stations for electric vehicles.

Table 21- EV Charger Parameters.

AC Nominal Input for the DC Output

Rated Power (kVA) 50
Power Factor 0.98
Rated Voltage (V,) 400
Rated Voltage (Vp() 50 to 500
Rated Current (A4¢) 73
Rated Voltage (4pc) 0 to 120
Frequency (Hz) 50

/O-"‘—I\\

Figure 27- Electric Vehicle Charger
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Diesel Generator

A generator model is presented, aiming at power sharing with the BESS during emergency
scenarios, as well as reducing costs associated with the loss of battery life. This model
coordinates the BESS with a diesel generator, while ensuring the stability of the MG.

Table 22- Generator Parameters.

AC Nominal Input for the DC Output

Rated Power (kVA) 300

Power Factor 0.8

Rated Voltage (V) 400

Rated Current (A) 432

Frequency (Hz) 50
] Figure 28- Diesel Generator

Protection Devices

In the event of a fault, it is crucial that protective devices act safely by creating an
electrical insulation from the power system, and efficiently, cancelling the fault as soon as
possible to minimize damage to electrical equipment and prevention of injuries, whilst leaving
as much of the network as possible still in operation. The MG that the Democrat intends to
demonstrate has protection systems based on circuit-breakers.

Table 23- Circuit-Breaker Parameters.

Parameters
Rated short-circuit breaking capacity (kA) 50 150
Rated Current (A) 630 630
Overload Trip (A) 315-630 315-630
Rated Voltage (V) 400-415  400-415 s
Frequency (Hz) 50

——————————————————————————————— ]
Figure 29- Circuit Breaker
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5.3. Microgrid Fault Analysis

To further illustrate the behaviour of the proposed MG under specific scenarios, the
previously presented elements were modelled according to their previously mentioned
parameters in the MATLAB/Simulink simulation platform, and the behaviour of the MG was
studied in three different case studies: LV grid connection, MV grid connection and islanded
mode.

5.3.1.Case 1: Microgrid Connected to the Low Voltage Grid

The first scenario refers to the LV grid connection where the integration of the storage
system connected by an inverter to feed a three-phase load was analysed, and later the analysis
of a fault, as shown in the following figure.

Three-phase Fault \
< @

Low Voltage Utility Grid Measurements Measurements

N v [Vgrid] | R Preft
A
labe s i P_ref|d 200e3
. B -[ T b
( c c b T T l . Bp—4 | b p—dB
v y Q_ref 4 150e3
: T PR N o ]
L Cable 1 111 Qrel
Cable 3
L < o O LV/LV Transformer Inverler + Storage

Measurements

j
Cable 2
@0
Three-Phase Load
LT

Figure 30-Simulink Model of a Low Voltage Microgrid.
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It was studied the behaviour of the integration of the battery system in the network and
evaluated the distribution of power supplied to the load. The inverter is activated at 0.3
seconds, and from this moment on, it is verified the attenuation of the current on the
distribution network side and the respective increase of the current injection by the inverter
in order to feed the load in a shared way. This establishes a balance between the contribution
of the distribution network and the energy storage system, although the voltage has increased
slightly. The results of this transition are presented in the following figures
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Figure 54-Current waveforms in the LV utility grid and in the inverter, respectively.
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Figure 55- Utility grid RMS voltage waveform.
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Figure 56- Active and reactive power waveforms.

After the analysis of this integration, the behaviour of the MG during different types of SC
is studied for a SC occurred in the 400V network section.

5.3.1.1. Three-Phase Short-Circuit

The first type of SC analysed has been symmetrical three-phase. The results obtained will
be presented in the following figures
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Figure 57-Utility grid voltage waveforms for symmetrical short-circuit- Case1.
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Figure 58-Utility grid current waveforms for symmetrical short-circuit - Casef.
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Figure 59- RMS Values of the Short-Circuit Current for symmetrical short-circuit - Casel.

09

Figures 57, 58 and 59 shown above represent the fault behaviour for symmetrical three-
phase SC. In figure 57 it is possible to observe a sinusoidal behaviour of the voltage waveforms
in the three distinct phases. In this behaviour is identified a slight increase at 0.3 seconds
resulting from the activation of the storage system, and, as expected, when the SC occurs at
0.6 seconds, the voltages become null.
In figure 58 are represented the fault currents in the respective three phases already
mentioned. The transient behaviour is visible immediately after the SC and, posteriorly, the
current stabilises when it reaches the steady state.
In figure 59 the same behaviour of figure 58 is observed, and the magnitude of the SC
current during the steady state is then represented, having a value of 14910 A.
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Figure 60- Inverter voltage waveforms for symmetrical short-circuit - Casel.
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Figure 61- Inverter Current Waveforms for symmetrical short-circuit - Case1.
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Figure 60 and figure 61 represent the voltage and current of the inverter in the fault
scenario. In the first one (figure 60), there is a voltage drop at 0.6 seconds, precisely when the
SC occurs. From there and up to about 0.75 seconds, the voltage maintains the residual
value. After this situation, the inverter is out of service because the control of the inverter is
not designed to withstand such large voltage unbalances in the three phases. In the second
(figure 61), the current injection by the storage system at the moments subsequent to the fault
is observed, which is about twice the nominal current of the inverter.

From the last figure, it is concluded that the load is initially fed by the network, and then
by the inverter until the moment of the fault. Due to the magnitude of the SC current and the
voltage drop, the load is disconnected after the fault.
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Figure 62- Active and reactive power waveforms for symmetrical short-circuit - Case1.

5.3.1.2. Line-to-Line Short-Circuit

It was also analysed the behaviour of the MG for the occurrence of a phase-to-phase SC and,
as expected, a decrease of voltage magnitude was observed in the phases where the fault
occurred (Phase A and Phase B). Also, the voltage in the sane phase, visible in Figure 63, keeps
its nominal value. In relation to the currents in the bolted lines, there is a symmetrical
behaviour of its waveforms whose effective value is 12850 A.
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Figure 63- Utility grid voltage waveforms for line-to-line short-circuit - Case1.
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Figure 64- Utility grid current waveforms for line-to-line short-circuit - CaseT.

The behaviour of the inverter for this type of SC was different from the three-phase SC,
which was maintained in service after the fault by injecting its nominal current in the healthy
phase and practically twice that current in the faulted phases, as a consequence of the voltage
decrease in inverter phases A and B. For this SC scenario, the inverter keeps in operation,
because its control allows an imbalance of phase-to-phase voltages of about 80%.

Inverter
T T Phase A

AR u*m‘o‘»womommtmw

Time (s)

Figure 65- Inverter voltage waveforms for line-to-line short-circuit - Case1.
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Figure 66- Inverter current waveforms for line-to-line short-circuit - Case1.
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The following figure represents the supply of the load before and during the fault, it being
verified that after 0.6 seconds, the active power is very unstable due to the persistence of the
fault in the system.
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Figure 67- Active and reactive power of the load for line-to-line short-circuit - Case1.

5.3.1.3. Line-to-Ground Short-Circuit

The third type of SC to be analysed refers to a contact with low impedance between phase
A and the ground. After the occurrence of the defect, the voltage in this phase becomes zero

while in phases B and C it remains at its nominal value, although an increase due to phase
unbalance is expected.
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Figure 68- Utility grid voltage waveforms for line-to-ground short-circuit - Casef.

The following figure illustrates the behaviour of current waves after the fault. The current
in the contact phase with the ground is maximum and equal to the SC current, having an
effective value 15050 A. The other two waveforms represent a defective behaviour of the
inverter model, which, by including a transformer in its internal model, affects the operation
of the simulator by injecting currents five times higher than the current of the inverter.
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Figure 69- Utility grid current waveforms for line-to-ground short-circuit - Case1.

Unlike the SCs studied so far, the inverter has a very distinct behaviour for a line-to-ground
fault. Although the fault occurs in phase A, there is an internal imbalance in the voltage
waveforms, which causes the current to be injected into the phases where the voltage drop
occurred. As in the previous case, the inverter stays in service, although it behaves differently
than expected.
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Figure 70- Inverter voltage waveforms for line-to-ground short-circuit - Casel.
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Figure 71- Inverter current waveforms for line-to-ground short-circuit - Casel.
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Figure 72-Active and reactive power of the load for line-to-ground short-circuit - Case1.

The waveform of the active power maintains the same oscillatory behaviour due to the
permanence of the fault and it is verified that the supply of some reactive energy is maintained.

5.3.1.4. Line-to-Line Short-Circuit with Ground Connection

Finally, the line-to-line SC with ground connection was analysed. Since the contact between
phases A and B has occurred, it is expected, that the voltage waveforms become zero. However,
in the sane phase there is a voltage drop referring to the connection of the inverter, although
the voltage should be higher than its nominal value due to the imbalance caused in the phases.
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Figure 73- Utility grid voltage waveforms for line-to-line-to-ground short-circuit - CaseT.

Therefore, the current in the bolted lines has increased, the effective value of the SC
current being 15030 A. The current in the sane phase has increased considerably due to the
voltage drop and the current injection by the inverter.
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After the fault, the waveform of the power in the load has a similar behaviour to the other
SCs.
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Figure 77- Active and reactive power waveforms of the load for line-to-line-to-ground short-circuit -
Casel.

In summary, the SC current values obtained through the simulation in MATLAB/Simulink and
their relative error are shown in the table below, compared to the values calculated in the
previous chapter.

Table 24- Short-Circuit Currents- Case 1.

Type of Short-Circuit Calculated Simulated Relative Error (%)
Three-phase 14645 14910 1.81
Phase-to-Ground 16255 15050 7.41
Phase-to-Phase 12680 12850 0.79

Phase-to-Phase-to-
18073 15030 16.84

Ground

It is verified that the model created is partially valid, although it has some flaws with
respect to the modelling of the SCs that involves ground connection.

As far as the protection systems are concerned, it is verified that the circuit-breakers would
operate correctly, in about 0.01 seconds, since the value of the SC current exceeds its minimum
limit of operation. This way, the fault is isolated and the electrical equipment and people,
protected.
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5.3.2. Case 2: Microgrid Connected to the Medium Voltage Grid

The following case study refers to the MV grid connection with the integration of the storage
system connected by an inverter to feed a three-phase load. As in the previous case study, a
fault analysis was carried out, as shown in the following figure. The normal behaviour of the
system will not be presented since is similar to the previous case
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Figure 78- Simulink model of a Low Voltage Microgrid Connected to the Medium Voltage Utility Grid.

5.3.2.1. Three-Phase Short-Circuit

The first analysis for this type of connection was the symmetrical SC in the 315V network
section. The results of the simulation of this fault are presented in the following figures.
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Figure 79- Fault Location voltage waveforms for symmetrical short-circuit- Case2.
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In the previous figure, the beginning of the operation of the battery and inverter system is
visible at 0.3 seconds, with a slight increase in voltage. At 0.5 seconds, when the fault occurs,
the voltages in the three phases are zero, as expected.
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Figure 80- Fault location current waveforms for symmetrical short-circuit- Case2.

At 0.3 seconds there is an attenuation of the current coming from the network, having a
power sharing between the network and the storage system in the load supply. When the SC
occurs, there is a small asymmetry in the waveforms of the current during the transient period,
stabilising in the stationary period. In this period, the magnitude of the current in the three
phases stabilises as can be seen in the following figure, with the effective value of 13290A.
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Figure 81- RMS values of the short-circuit current for symmetrical short-circuit- Case2.

During the transient period, there is an oscillation of the current waveform, stabilising at
the end of 5 cycles. This is due to the inductive character of the distribution network.
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Voltage (V)

The inverter has a normal behaviour, cancelling the voltage in the three phases after the
occurrence of the SC and supplying the SC current with about twice its nominal current.
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Figure 82- Inverter voltage and current waveforms for symmetrical short-circuit, respectively - Case 2.

After the fault, the load is no longer fed and there is no active and reactive power flow.
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5.3.2.2. Line-to-Line Short-Circuit

The behaviour of the system during a contact between two phases (A and B) is just as
expected, with voltage attenuation in the fault for 0.5 p.u. and stabilisation of the remaining
voltage in 1 p.u.
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Figure 84- Fault Location voltage waveforms for line-to-line short-circuit - Case2.
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Figure 85- Fault location current waveforms for line-to-line short-circuit - Case2.

The currents are symmetrical in phases A and B, corresponding to the SC current. These
currents have an effective value of 11510A.

Since the voltage measurement at the fault location is the same as the voltage
measurement at the inverter output, only the current injected by the inverter must be taken
into account. In this way, it is verified that this is double the nominal current of the inverter
in the faulted phases and equal to the nominal current in the sane phase.
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Figure 86- Inverter current waveforms for line-to-line short-circuit - Case2.

As in the previous case study, the active power in the load becomes oscillatory due to the
remaining fault current, while the reactive power in the load becomes zero.
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Figure 87- RMS values of active and reactive power of the load for line-to-line short-circuit - Case2.

5.3.2.3. Line-to-Ground Short-Circuit

After a line-to-ground fault, as expected, the voltage in the phase that had contact with
the ground (Phase A) becomes zero, while the voltage in the others remains close to the
nominal. In both sane phases, the voltage should rise slightly to compensate for imbalance.
This behaviour can be seen in the following figure.

G

Phase A
Phase B[ |

R

| | | | | |
04 05 08 07 08 09 1
Time (s)

Figure 88- Fault Location voltage waveforms for line-to-ground short-circuit - CaseZ2.
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Figure 89- Fault location current waveforms for line-to-ground short-circuit - Case2.

Regarding the post-fault current, it rises in the faulted phase, corresponding to the SC
current, with an effective value of 8615A, and in the others it presents a value different from
the nominal value, due to the current injection by the inverter. This current should be about
twice as high as the nominal current of the inverter, but it is explained by the existence of a
transformer in the inverter model that affects the behaviour of the simulator. Due to the
configuration of this transformer and the corresponding voltage levels, the injection and
current in the network should be only approximately 30% above the current of the inverter.

After the fault, the active power values are oscillatory due to the persistence of the SC
currents in the system and a constant supply of reactive power is verified.
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Figure 90- RMS values of active and reactive power of the load for line-to-ground short-circuit - Case2.
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5.3.2.4. Line-to-Line Short-Circuit with Ground Connection

At last, the line-to-line SC with ground connection was analysed, revealing the same
behaviour observed in the connection to the LV distribution network. After the contact between
phases A and B, it is expected, that the voltage waveforms reach zero and in the sane phase
there is a voltage drop referring to the connection of the inverter, although the voltage should
be higher than its nominal value due to the imbalance caused in the phases.
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Figure 91-Fault location voltage waveforms for line-to-line-to-ground short-circuit - Case2.

Therefore, the current in the bolted lines has increased, with the effective value of the SC
current being 11640 A. The current in the sane phase has increased considerably due to the
voltage drop and the current injection by the inverter.
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Figure 92- Fault Location current waveforms for line-to-line-to-ground short-circuit - Case2.

As in previous types of SC, the behaviour of the current in the load causes oscillation of the
active power waveform and reactive power flow to the load becomes null.
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Figure 93- RMS values of active and reactive of the load for line-to-line-to-ground short-circuit - Case2.

As in the previous case study, the SC current values obtained through the
MATLAB/Simulink simulation and their relative error are shown in the table below, compared

to the values calculated in the previous chapter.

Table 25- Short-Circuit Currents - Case 2.

~ Typeof Short-Circuit ~ Calculated ~ Simulated  Relative Error (%)
Three-phase 12743 13290 4.29
Phase-to-Ground 4279 8615 -
Phase-to-Phase 11036 11510 4.30

Phase-to-Phase-to-
2516 10360 —
Ground

It is verified that the model created is valid for load balancing and for SC analysis without
ground connection, presenting some flaws with respect to the modelling of SCs with ground
connection.

As far as the protection systems are concerned, it is verified that the circuit-breakers would
operate correctly, in about 0.01 seconds, since the magnitude of the SC current exceeds its
minimum limit of operation. This way, the fault is isolated and the electrical equipment and
people, protected.
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5.3.3. Case 3: Microgrid Connected to an Islanded Grid

The last scenario refers to the behaviour of Democrat during an isolated mode of operation.
The model regards the integration of the storage system connected by an inverter to feed a
three-phase load and an electrical vehicle charging station. The system is supported by a diesel
generator, operating for load support. This system can be seen in the in the following figure.
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Figure 94- Islanded Microgrid.

Since the inverter model used in the simulations of the Democrat project connected to the
distribution networks followed the voltage references of the network for its operation, it was
necessary to adapt the inverter model to become a grid formation unit, since there is no voltage
reference. In this way, this unit assumes control of the voltage and frequency of the MG,
responding quickly to the imbalances between generation and consumption. The operation of
the following MG is shown in the following figures.
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Figure 95- Microgrid voltage waveforms- Case 3.

The previous figure shows the formation of the grid by the inverter in the first 0.3 seconds,
feeding the electric vehicle charger, considered as a load. The voltage values stabilise after
this moment and at 0.75 seconds there is a voltage drop related to the drive of the load bank,
and the voltage is quickly recovered by the inverter.
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Figure 96 represent the actuation of the generator and the inverter after the introduction
of the load bank. When the system senses the voltage drop, it quickly and efficiently activates
the generating units and it is verified the current sharing by the two elements for powering the
electric vehicle charger and the load.
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Figure 96- Current waveforms of the Generator and Inverter, respectively- Case 3.

The following figures present the active and reactive power provided by the generating
units. Figure 96.a shows the power supplied to the electric vehicle charger and figure 96.b
shows the power supplied to the system load bank.
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Figure 97- RMS values of active and reactive of the EV Charger and Load bank, respectively- Case 3.

After demonstrating the correct functioning of the MG, different types of SCs were
simulated, as in previous case studies.

5.3.3.1. Three-Phase Short-Circuit

The first analysis for this type of connection was the symmetrical SC in the 400V network
section. The results of the simulation of this fault are presented in the following figures.
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Figure 98- Fault Location voltage waveforms for symmetrical short-circuit- Case3.

The previous figure shows the voltage behaviour before and during the fault. A slight voltage
drop is visible at 0.75 seconds referring to the connection of the load bank although it is
recovered by the system. At 1 second, the symmetrical SC occurs, and there are voltage drops
to zero on the bolted lines.
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Figure 100- RMS values of the short-circuit current for symmetrical short-circuit- Case3.

Figures 99 and 100 show the current waveforms during the operation of the MG, with a
slight increase in current due to the introduction of the load and after the SC, the current
waves in the three phases stabilise to the same value. There is a short transient period, for 0.2
seconds, stabilising the value of the currents after about 10 cycles in 5128A.
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Figure 101- Inverter current waveforms for symmetrical short-circuit- Case 3.

The inverter has a normal behaviour, injecting, after the SC, a current slightly above
its nominal current.
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Figure 102- RMS values of active and reactive power of the EV Charger and Load bank for symmetrical
short-circuit, respectively- Case 3.

The previous figure shows the correct supply of the loads until the occurrence of the SC,
which is interrupted after that moment.

5.3.3.2. Line-to-Line Short-Circuit

The second type of SC analysed was the fault that involves the contact between phases A
and B of the network. As expected, there is a voltage drop in the defective phases, with the
post-fault voltage being about 0.5 p.u. and a small rise in voltage in the sane phase, then
stabilising to its nominal value.
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Figure 103- Fault Location voltage waveforms for line-to-line short-circuit - Case3.
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The currents are symmetrical in phases A and B, corresponding to the SC current. After the
transient period, these currents stabilise to an effective value of 4497A.
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Figure 105- Inverter current waveforms for line-to-line short-circuit - Case3.

There is a normal behaviour of the inverter, contributing with about twice its rated current
to the SC current
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Figur 106 RMS alues of active and reactive power of the EV Charger and Load bank for a line-to-line
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For asymmetrical faults, as verified in previous case studies, the waveforms of the active
powers in the system load have an oscillatory behaviour due to the permanence of the fault in
the system.

5.3.3.3. Line-to-Ground Short-Circuit

After a line-to-ground fault, the voltage in the faulted phase (Phase A) becomes zero, while
the voltage in the others remains close to the nominal values. In both sane phases, the voltage
should rise slightly to compensate the imbalance. This behaviour can be seen in the following
figure.
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Figure 107- Fault Location voltage waveforms for line-to-ground short-circuit - Case3.
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Figure 108- Fault location current waveforms for line-to-ground short-circuit - Case3.

Regarding the post-fault current, it rises in the faulted phase, corresponding to the SC
current, with an effective value of 7017A, and in the others it presents a similar value to its
nominal. These currents have the correct behaviour for this type of SC, although some elements
of the system contribute irregularly to the SC current, as will be presented next.
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Figure 109- Inverter current waveforms for line-to-ground short-circuit - Case3.
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Diesel Generator
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Figure 110- Diesel generator current waveforms for line-to-ground short-circuit - Case3.

Figures 109 and 110 show the injection of high fault currents in the sane phases of the
system, although at the fault location, the current value is the expected one. At this point in
the system, current waveforms correspond to the sum of the currents injected by the two
elements, and the current injected by the inverter is influenced by the behaviour of the
transformer in an earth fault scenario. However, these currents have phase shifts, which

translates into an apparently correct behaviour at the fault location. These behaviours can be
seen in the following figure.
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Figure 111- Current waveforms and respective phase shifts for the inverter and generator.

After the fault, the active power values are oscillatory due to the persistence of the SC
currents both for the load bank and the electric vehicle charger while there was some remaining
reactive power in the load bank.
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Figure 112- RMS values of active and reactive power of the EV charger and load bank for line-to-ground
short-circuit - Case3.

5.3.3.4. Line-to-Line Short-Circuit with Ground Connection

Finally, the line-to-line SC with ground connection was analysed, revealing a similar
behaviour observed in previous case studies. After the contact between phases A and B, it is
expected, that the voltage waveforms reach zero and in the sane phase there is a substantial
voltage drop referring to the fault and the connection of the inverter, although the voltage
should be slightly higher than its nominal value due to the imbalance caused in the lines.
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Therefore, the current in the bolted lines has increased, with the effective value of the SC
current being 6943 A. The current in the sane phase stayed within its nominal values. However,
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this behaviour was due to the phase shifting of the fault currents injected by the inverter and
the diesel generator, as explained in the previous SC study.
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Figure 114- Fault Location current waveforms for line-to-line-to-ground short-circuit - Case3.

As in previous type of SC, the behaviour of the current in the load causes fluctuations in
the active power waveform, and reactive power flow to the load becomes null both for the
electric vehicle charger and the load bank.
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Figure 115- RMS values of active and reactive power of the load bank and EV charger for line-to-line-to-
ground short-circuit - Case3.
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The SC current values obtained through the MATLAB/Simulink simulation and their relative
error are shown in the table below

Table 26- Short-Circuit Currents - Case 3.

~ Typeof Short-Circuit  Calculated ~ Simulated  Relative Error (%)
Three-phase 5056 5128 1.42
Phase-to-Ground 6365 7017 10.24
Phase-to-Phase 4414 4497 1.88

Phase-to-Phase-to-
6473 6943 6.81
Ground

The model for isolated SC analysis is reasonably accurate and can be considered valid,
although as in the interconnections of this system to the distribution networks, it presents flaws
with respect to ground faults.

Although isolated networks may have challenging behaviours in what concerns the
protection systems, the analysis of this MG proved the effective performance of the existing
circuit breakers and consequent suppression of the fault.

5.4. Chapter Summary

The DEMOCRAT project reveals itself innovative in terms of the MG concept. It provides a
viable power supply solution in coordination with the distribution networks or in its stand-alone
operation, being able to efficiently feed system loads. Due to the characteristics of power
systems in isolated mode, namely in the capacity of current injection by the static elements in
fault scenarios, it is important to ensure the proper functioning of the protection systems.

— Section 5.1. presents the purpose of this system in the power supply, and the
relevance of the study of protection systems in fault scenarios.

— Section 5.2. of this chapter gives a detailed description of the constituents of
the DEMOCRAT project and their characteristics.

— Section 5.3. demonstrates the operation of the system in three different case
studies through computational simulations. The case studies refer to the connection of
the system to LV and MV distribution networks and its operation in isolated mode. An
extensive analysis of different SC scenarios is presented, in order to prove the results
obtained in the previous chapter.



Chapter 6

Conclusions and Future Work

6.1. Conclusions

This dissertation analyses the inclusion of Battery Energy Storage Systems (BESSs) in
Microgrids (MGs), focusing on the analysis of the behaviour of the MG in the occurrence of
different types of electrical faults and, consequently, the adequacy of existing protection
systems.

A MATLAB/Simulink simulation was performed, analysing the behaviour of the MG and its
elements in time domain. The purpose of this analysis was due to the need of studying the
impact of different types of Short-Circuits (SCs) at different points of Low Voltage (LV) MGs,
when they are interconnected with the main distribution network and in isolated mode,
confirming the suitability and evaluating behavioural requirements of the existing protections.

Typical protection systems may not provide reliable protection for inverter interfaced units,
because there is limited fault current since most inverters, in fault scenarios, may only inject
their nominal current. These fault currents would require a complete redesign, including huge
investment costs, of all existing protection systems at the lower voltage levels of the grid, as
these protection systems rely on the magnitude of the fault currents. Having a controllable
fault current level allows power electronics to optimally regulate and limit Distributed Energy
Resources (DER) fault current at the connection point.

Due to the relevance and pertinence of this subject, a numerical and dynamic SC analysis
was carried out in the MG context to study the impact of the electrical faults in the protection
systems in a real MG.

According to the numerical results obtained, the application of the Democrat project in the
LV and Medium Voltage (MV) distribution networks does not jeopardise the viability of the
protection systems. As the networks are robust and solid, they have sufficient SC capacity to
generate enough fault currents to exceed the minimum threshold imposed by circuit breakers.
However, its operation isolated from the network could be jeopardised by the low inertia of
the MG, since it may not have enough SC power, due to the predominance of Converter-Based
Distributed Generation (CBDG).

Both numerical results and the simulation results in MATLAB/Simulink prove the correct
performance of the protections in case of symmetrical and asymmetrical SCs. The theoretical
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analysis of SC currents is in concordance with the experimental results presented by the
simulator in cases of SCs that do not involve ground connection. In order for the protections to
be correctly triggered, it is necessary that the maximum current injected by the inverter
reaches the minimum limit imposed by the circuit breakers. It is important to take into account
that this minimum limit refers to the SC condition and not to the overload condition, being
imperative that the circuit breakers can differentiate them. If this condition does not occur,
the SC current will remain in the system and may damage the electrical equipment connected
to the network and even endanger personnel.

The simulation proves that the operation of the inverter without backup system for load
supply has the ability to inject enough SC currents, tripping the protections. In practice, power
converters are provided with protections that limit this current injection due to the electrical
parameters of their semiconductor components. It is verified that the operating times of the
circuit breakers implemented in the MG will act according to that corresponding current,
fulfilling the minimum acting times that refers to the limits imposed by the circuit-breakers
curves of operation.

Regarding the simulation model, it revealed some limitations during the study of ground
faults due to the internal model of the transformers used, and therefore, some results
presented errors in the effective values of the SC current, especially in the MV grid connection.
During the simulations, a sensitivity analysis was performed to detect the errors, where several
configurations and types of transformers were tested, as well as different generation sources.
Besides that, due to approximations and linearization of the system components during
theoretical calculations, relative errors were higher than expected. Such consideration is
justified by the conservative hypotheses that the IEC 60909 standard uses to determine the SC
currents. Also, the models of the inverters presented some limitations, showing a correct
behaviour during normal operation conditions of the MG, but an unexpected behaviour during
some types of asymmetrical faults, due to its control.

In conclusion, fault detection and analysis are a crucial subject in the study of electrical
energy systems, being necessary to select or design suitable switchgear equipment, relays,
circuit breakers and other protection devices. Finally, with the accomplishment of this work,
the importance of such study became evident, since the need to adapt the electric power
systems is crucial for its correct functioning.

6.2. Future Work

The work carried out during the dissertation is at an early stage in the modelling of MGs,
focusing on the models of CBDG and also on inverter models, for fault scenario studies. As
presented, the inverter models used have irregular behaviours in situations of accentuated
imbalances, imposing new challenges in the control of these elements.

In order to continue developing MG-based simulations, it is necessary to improve its
operation to minimize errors found in its modelling and also study the transition from on-grid
mode to isolated mode and the reconnection to the grid, besides the ability of the system to
withstand these transitions, respecting the limits associated with power quality parameters.
Testing of actual inverter fault characteristics is needed to develop information that could be
used in modelling and fault analysis programs, namely inverter-based DER fault current-ride-
through capability on distribution system protection schemes.
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Other points of interest would be the study of the behaviour of the MG for system
restoration after a fault condition and the modelling of adaptive protections for transition of
connection to the distribution network to isolated mode of operation. Other renewable sources
and multiple loads in the system may be included in these analysis for coordination studies and
performance of the protection systems, based on selectivity and classification of priority loads.

Finally, another suggestion is to determine the LV ride-through capability of inverter-based
DER and defining how protective relay coordination will be affected during such events.
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