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Abstract

This work aimed to contribute with a new option for an already known technology, which

can be widely used in several applications, but was mainly thought and detailed here

in the context of microgrids. It is the so-called Active Impedance, which is, basically, a

series active Ąlter. Every day, new connections are added to the electrical network and

more distributed generation is available. Certainly, new challenges arise from advances

like these.

In this way, more and more harmonic distortions are inserted in the system and the Power

Quality decreases, due to these harmonics and resonances found in low voltage systems.

Thus, the use of technologies as the one proposed here seeks to solve the main problems

and challenges encountered in microgrids and distributed generation, the most prominent

being the harmonic treatment. This technology of active impedance is modeled from an

electronic power converter and aims to emulate inductances at speciĄc frequencies. By

doing this, it is possible to deĄne the paths through which we want certain harmonics to

flow in the system.

A microgrid example was used, in which the main focus in this work was to perform the

harmonic routing of the distortions present in this system. The microgrid, three-phase

four-wire centralized AC, operated connected to the power grid. It consisted of a linear

load, a non-linear load, a passive Ąlter and a distributed generation. The total power of

the loads is 56 𝑘𝑉 𝐴. In the studied scenario, the simulation was divided into three cases:

the Ąrst being the operation of the system disregarding the distributed generation and

the active impedance. In the second case, the distributed generation is inserted. At last,

the active impedance of 1.27 𝑘𝑉 𝐴 is inserted in order to prevent harmonics from flowing

towards the power grid and intensifying their presence in the passive Ąlter.

Results were obtained regarding THD and, mainly, TDD, making a comparison between

them and understanding why the second one is more interesting, since its deĄnition and

calculation are immune to load variations. A considerable reduction in the harmonic

distortions of the power grid was veriĄed, being even smaller than in the initial case.

Another highlight was that the power of the active impedance was considerably lower

than the power of the loads, corresponding to 2.26%. Such satisfactory result and the

modular ability to use this technology of active impedances allow its application in several

topics in a promising way and with many more still to be explored.

Keywords: Microgrids, Distributed generation, Active impedance, Series active Ąlter, Har-

monic routing, Harmonic distortions, Power Quality.





Resumo

Este trabalho tem o intuito de contribuir com uma nova opção para uma tecnologia já

conhecida, a qual pode ser largamente utilizada em diversas aplicações, mas foi principal-

mente pensada e detalhada aqui no que tange o assunto de microrredes. Esta tecnologia

é a Impedância Ativa, a qual, basicamente, se trata de um Ąltro ativo série. A cada dia,

novas conexões são inseridas à rede elétrica e mais geração distribuída está disponível ao

nosso redor. Certamente, novos desaĄos surgem de avanços como estes.

Desta forma, cada vez mais distorções harmônicas são inseridas no sistema e a Quali-

dade da Energia Elétrica decai, devido a tais harmônicos e ressonâncias encontradas nos

sistemas de baixa tensão. Assim, o uso de tecnologias como a proposta aqui procura soluci-

onar os principais problemas e desaĄos encontrados em microrredes e geração distribuída,

sendo o de maior destaque o tratamento harmônico. Esta tecnologia da impedância ativa

é modelada a partir de um conversor estático de potência e tem o objetivo de emular

indutâncias em frequências especíĄcas. Ao fazer isto, é possível deĄnir os caminhos pelos

quais almejamos que determinados harmônicos percorram no sistema.

Usou-se uma microrrede de exemplo, na qual o principal foco neste trabalho foi fazer o

roteamento harmônico das distorções presentes nesse sistema. A microrrede, trifásica a

quatro Ąos centralizada e em corrente alternada, operava conectada à rede elétrica. Ela

consistia de uma carga linear, uma não linear, um Ąltro passivo e uma geração distribuída.

As cargas totalizam 56 𝑘𝑉 𝐴. No cenário aqui estudado, dividiu-se a simulação em três

casos: o primeiro sendo o funcionamento do sistema desconsiderando a geração distribuída

e a impedância ativa. No segundo caso, insere-se a geração distribuída. Por último, insere-

se a impedância ativa com potência igual a 1.27 𝑘𝑉 𝐴 visando impedir os harmônicos de

fluírem em direção à rede elétrica e intensiĄcando a presença desses no Ąltro passivo.

Foram obtidos resultados quanto ao THD e, principalmente, o TDD, fazendo-se uma com-

paração entre eles e entendendo porque este é mais interessante, uma vez que sua deĄnição

e cálculo são imunes às variações de carga. Foi veriĄcada uma queda considerável nas dis-

torções harmônicas da rede elétrica, sendo ainda menores do que no caso inicial. Outro

ponto de destaque foi o da potência da impedância ativa ser consideravelmente inferior

a potência das cargas, correspondendo a 2.26%. Tal resultado satisfatório e a capacidade

modular de se utilizar esta tecnologia de impedâncias ativas permite sua aplicação em

diversos tópicos de maneira promissora e com muito ainda a ser explorado.

Palavras-chave: Microrredes, Geração distribuída, Impedância ativa, Filtro ativo série,

Roteamento harmônico, Distorções harmônicas, Qualidade da Energia Elétrica.
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𝐼𝑛 RMS value of the harmonic n

𝐼𝐹 RMS value of the fundamental current
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1 Introduction

In this chapter, a brief description of the thesis is presented. It starts with a general

context and then the objectives are listed, the motivations that aroused interest in this work

and, Ąnally, a brief structuring of how the text is organized.

1.1 Context and Relevance

The demand for energy worldwide is growing. In addition, electronic equipments

have been increasingly used (AMARAL et al., 2015). These devices commonly use Power

Electronics to interface with the power grid. In this way, more and more harmonic distor-

tions are inserted in the system and the Power Quality has been decreasing, due to these

harmonics inserted and resonances in the low voltage electrical system (AMARAL et al.,

2015). A poor Power Quality implies losses such as:

∙ More need for maintenance;

∙ Reduced equipment life;

∙ Inaccuracy in energy measurements for future invoices;

∙ Improper operation of protective devices.

In addition, the need for uninterrupted power supply has become a major focus

in recent studies. Thus, microgrid systems and distributed generation have been studied

and implemented all over the world as a solution, in addition to the possibility of taking

energy to places without power supply through the utility grid (FALCÃO, 2009).

In this scenario, the use of solutions that are easy to insert into the system in order

to mitigate these harmonic distortions, for example, through an intelligent routing of these

harmonics is a promising solution. They are attractive, providing reliability and versatility

compared to classic solutions. In addition, there is also the possibility of improving the

power factor, depending on how such a solution is inserted into the system and, ultimately,

improving the stability of the system as a whole. Therefore, one of the keys to the success

of microgrids comes from distributed solutions. However, there is still a long way to go

for its consolidation and this depends on the development of technology with nominal

power levels suitable for allocation in commercial and industrial low voltage electrical

installations and whose cost is competitive compared to existing solutions in the market.
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1.2 Objectives

1.2.1 General Objective

As a general objective, this work aims to deepen the study of a series compensator

acting as an Active Impedance in a microgrid.

1.2.2 SpeciĄc Objectives

As speciĄc objectives, this work seeks the implementation of an Active Impedance

Device, or simply Active Impedance, as a distributed solution for part of the problems and

challenges found in microgrids and distributed generation. Among these challenges, the

main focus is harmonic treatment, that is, harmonic distortions that negatively affect the

Power Quality. Briefly, these active impedances aim to synthesize a quadrature reactance

with the harmonic component in question. In this way, it is possible to determine the pre-

ferred paths within the circuit to be followed by each harmonic. These active impedances

are modeled after a static power converter, which is magnetically coupled to the system,

therefore, there is no need to interrupt the circuit to use them.

1.3 Contributions

The idea of using active impedances in a system is not new and it was initially

proposed to be applied in the control of power flow in high voltage transmission lines,

as seen in (ROGERS; OVERBYE, 2009). From then on, other applications for this tech-

nology have been proposed, among them, a solution for Power Quality in low voltage

electrical networks by mitigating harmonic distortions in commercial and industrial elec-

trical systems (FRANÇA, G. J.; CARDOSO, 2012) and (PIRES; FRANÇA; CARDOSO,

2014).

Finally, this work intends to contribute to Ąll this gap of further studies of appli-

cations of this technology, by making a survey on the topic of microgrids and a study on

the advantages and disadvantages encountered when using this technology. Here the main

objective was to prove the beneĄts of applying these active impedances in the system,

using a compensator emulating this impedance.

1.4 Methodology

This thesis begins by making a historical commentary on the electrical system as

it is known today. Then, the microgrid theme itself is introduced, citing this technological

framework and motivations for studies in this area. After this introduction, the interna-

tional scene is pointed out, mentioning some of the countries that stood out the most



1.5. Work Structure 29

over the years, and the national scene. In the national scenario, the Laboratório Tesla of

UFMG stands out with several projects being developed in the area of microgrids and dis-

tributed generation. Then, the topic of microgrids itself is addressed. The components of

the microgrids are elucidated, in addition to their greatest challenges, such as protection

aspects, energy storage, stability problems, control strategies and so on.

Then, the main focus of the present thesis begins, which intends to deepen the

use of compensators, in order to emulate active impedances. By making such emulation,

the harmonic routing through paths that are preferable provides changes in the harmonic

distortion. This entire study is done using the software MATLAB/Simulink R÷.

1.5 Work Structure

The text was structured and divided into six chapters with this introductory chap-

ter as the Ąrst. Chapter 2 brings the literature review on the topic, containing all the

theoretical foundation and motivation necessary for the later chapters. It addresses an

overview, the international and national scenario, the constituent components of a micro-

grid, differences in centralized and decentralized control, in addition to listing the various

existing challenges. By the end of this chapter, the primary intention of this thesis is for-

mally presented with details on the proposed theme, in addition to the different possible

uses of these active impedances in the electrical system.

In Chapter 3, the static power converter is modeled emulating an active impedance

based on control techniques such as proportional and integrative controllers and repetitive

control, which takes into account requirements such as frequency response curves and,

mainly, its dynamic stiffness.

In Chapter 4, the results obtained with the converter and the control strategies in

question are exposed through computer simulations that can prove their effectiveness in

working through harmonic distortions.

Finally, in Chapter 5, the conclusions obtained with this dissertation are presented,

in addition to proposals for continuity in future works and related publications.





31

2 Microgrids: Context and Characteristics

This chapter aims to address the state of the art of this topic. Here, initially, an

introduction to the electrical system as we know it today is presented, in addition to gen-

eral information about microgrids. Then, it has an international and national comparison

of how this subject has been developed. Subsequently, it enters the microgrids themselves,

by making a survey on their components, in addition to the various challenges encountered

for their operation. Secondly, harmonic distortion is addressed, such as its history, char-

acteristics and regulations. This section ends with a discussion about active impedance

itself and its applicatoins.

2.1 Microgrid Overview

The electrical power system as it is known is just over a hundred and thirty years

old. Namely, a historic milestone in electric power is due to the famous War of the Currents

starring ideologically by Thomas Edison and Nikola Tesla at the end of the 19𝑡ℎ century.

Due to the grandeur of such events, it will not be treated here how it all happened Ű

despite strongly recommending that the reader, if unfamiliar, search enthusiastically for

the subject, as in (HUGHES, 1983).

The fact is that on one side there was Edison defending the use of direct current

(DC), while Tesla the use of alternating current (AC). While the Ąrst option aimed at

servicing through generators close to the consumption points, the second aimed at making

the generating plants located close to the primary sources and transmitting them over

long distances. As we well know, Tesla emerged victorious. All subsequent developments

were technologically complementary to that proposed by Tesla. However, despite many

years being widely used worldwide, direct current has reappeared as an option for long

distances due to the considerable development of Power Electronics.

We are currently experiencing a new milestone with the themes Microgrid and Dis-

tributed Generation, which are widely studied due to their proven importance in obtaining

reliable, robust and efficient system. Microgrids are considered a basic feature of future

active distribution networks (HATZIARGYRIOUA et al., 2007). Among the factors that

made this rise possible, there is the economic viability of small energy sources, advances

in data communication, improving in measuring, sensing and control instruments (FAL-

CÃO, 2009). What before seemed somewhat surreal, compared to remote times like those

of Edison and Tesla, has become a reality: the possibility for the consumer to have the

autonomy to generate their own energy and still be able to supply it to other consumers,

the so-called prosumer.
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There are several points to be cited as motivation for this theme. In a Ąrst example,

with the use of this new system, there is an increase in the continuity of energy supply.

This is due to the consumer being able to use, in addition to the utilityŠs energy, energy

produced by himself, be it solar, wind, or other. Another example is the environmental

aspect. Hydroelectric, thermoelectric, or nuclear power plants face increasing difficulties

in their construction due to how much they affect the place where they will be installed,

both from the point of view of the population, and of the local fauna and flora.

These changes from the well known electrical system to microgrids itself and from

consumer to prosumer were partly driven by technological advances in the implementa-

tion of smart meters and Advanced Measurement Instruments (AMI). The distributed

generation systems and microgrids not only reduce the energy needed from the utility,

but also start to supply energy to it. The internet mediates this demand and assists in

the power flow. In addition, the energy market becomes more interesting, from the point

of view of having a real-time response regarding pricing and demand variation.

2.2 International vs. National Scenario

The environmental factor is perhaps one of the most concerned about the use

of microgrids. This encourages the widespread use of renewable energy sources by the

consumer, along with reducing the need to build large plants, such as hydroelectric plants.

Therefore, it is good practice to constantly decrease usage of the large-scale generation

of electric energy by steam power plants. However, it is thought that the race for new

technologies also has another bias, the political one. Usually, those who have knowledge

have power. A study published by UNESCO in 2015 and with projections for 2030 shows

that Brazil both public and private R&D have progressed signiĄcantly and its strength

is on agriculture and life science, among EU countries, public R&D increased only in

Germany while it declined in France and the UK (UNESCO, 2015).

The truth is that with the consolidation of microgrids, this revolutionary change

causes many problems, usually complex, which are unknown to most of power engineers

(CURRIE et al., 2004). There are many technical problems encountered on this topic. The

way the power system was conceived does not support the leveraged use of distributed

generation, as this system was designed for passive consumers. Therefore, much still needs

to be studied and adapted. Namely, decentralized or radial power generation presents

difficulties in protection circuits, Power Quality, in addition to reliability and stability

(USTUN; OZANSOY; ZAYEGH, 2011). Thus, the expertise acquired in transmission and

distribution systems is vast and consolidated, but these concepts of distributed generation

and widespread use of renewable sources are becoming increasingly popular, stimulating

changes in the approach of electrical engineers and, consequently, more investment policies
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are needed. And, in this scenario, the microgrids enter as the key to coordinate and

manage this transformation of distributed generation from passive to active networks

and having their potential taken full advantage (HATZIARGYRIOU, 2008). Worldwide,

different technologies and topologies have been studied. The advantage of this theme

being so versatile is that it allows several approaches, from something purely theoretical,

like island implementations, as it happens in Fernando de Noronha, archipelago in the

State of Pernambuco. The current scenario around the world will be briefly discussed on

the following regions in Figure 1.

Figure 1 Ű Insight of microgrids in European Union, United States, Japan and Brazil.

2.2.1 European Union

Perhaps what allows the European Union to stand out the most on this issue is

the awareness of climate problems and the need to migrate to a more renewable energy

matrix, in addition to the reduction in carbon dioxide emissions (𝐶𝑂2). There are several

guidelines that stipulate certain quantities to be achieved in these two items (AHRENS,

2007). In this way, the EU provides several incentives in R&D projects on this subject,

which started in 1998. It is estimated that by 2030, the investment required by the EU will

be 500 billion euros with regard to topics such as microgrids and smart grid if investment

in transmission and distribution is taken into account (CENTRE, 2011).

The Ąrst project funded by the EU was the Microgrids Project led by the National

Technical University of Athens (NTUA), whose main objective was to investigate the

dynamics of distributed generation when applied to microgrids. Strategies were developed

with a series of issues, such as control algorithms, protection, intelligence requirements,

among others (KATIRAEI et al., 2008). This project had as pilot installation the island of
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Kythnos, in Greece. Meanwhile, a study on microgrid control methods was performed in

Germany. A continuation of this project, entitled More Microgrids Project, was again led

by NTUA with the purpose of studying alternative methods, together with the concepts

of universalization and plug-and-play (PnP). In (ERGE, 2007) is shown the description

of the Kyhthnos system, in addition to Stutensee and Mannhelm-Wallstadt, in Germany.

Denmark deserves to be highlighted within the EU for its promising advances and bold

goals. A series of projects was developed by the University of Aalborg in conjunction with

the Polytechnic University of Catalunya, in Spain. These researches aimed at advances

in relation to DC/AC systems in paralallel, advanced converter control, anti-islanding

algorithms, among others. This partnership results in a 350 𝑘𝑊 (GUERRERO, 2011)

microgrid implemented in Spain. Still in Denmark, it is possible to see an extensive report

at (CLUSTER, 2011) about its competencies regarding R&D, in addition to tests and

demonstrations. Its development in recent decades is unique in relation to the integration

of renewable energy sources and deserves attention.

2.2.2 Japan

Japan is a country that continues its technological advances. As it is a small

and isolated country, it has many renewable energy systems, mainly wind turbines and

photovoltaic systems. In (KOYAMA, 2020), it is possible to understand a little of its

current energy scenario and the challenges encountered. Japan is a country well known

for their Power Quality, but, inevitably, distributed generation due to its intermittency

and interface through Power Electronics affects this quality.

A notable project was the one presented in 2005 at the World Exhibition in Aichi.

The system used fuel cells, photovoltaic panels and its energy storage was based on Sodium

Sulfur (𝑁𝑎𝑆). This system underwent two tests, one in 2005, the other in 2007. The

Ąrst showed errors in the control of voltage and frequency, while the second was more

successful (MOROZUMI, 2003). Many of the subsequent projects were carried out by

the private sector. A great example is Shimizu Corporation, which has been developing

Shimizu Microgrid in cooperation with the University of Tokyo. This project aims to

develop an optimal operation and control system. Tokyo Gas, on the other hand, also

in partnership with the University of Tokyo, developed an integrated control system for

distributed generation through simulations and experiments in Yokohama (KROPOSKI

et al., 2008).

A more recent one is the Sendai Microgrid. This is a well-known microgrid project

functioning in Tohuku Fukushi University. The project is funded by New Energy and

Industrial Technology Development Organization (NEDO). The microgrid achieved star-

dom, as it performed for 2 days during the blackout to power the teaching hospital in 2011

earthquakes and tsunami. The power sources of the energy center are two 350 𝑘𝑊 gensets
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Ąred by natural gas, a 50 𝑘𝑊 solar power plant, and a DC storage device (CHANDAK;

ROUT, 2021).

2.2.3 United States

The United States has many audacious and fruitful projects. CERTS (Consortium

for Solutions in Electrical Reliability Technology) is the most known in the USA in mi-

crogrids. This involves the collaboration of a number of entities: AEP (American Electric

Power), TGEN (Tecogen), Northern Power Systems, S&C Electric Co, Sandia National

Laboratories and the University of Wisconsin (BARNES et al., 2007). This project con-

sists of microgrid and distributed generation to allow the isolation of the utility grid. As

a major breakthrough in the sector, three advanced concepts were obtained: a method to

guarantee the automatic and continuous transition between the network-connected and

islanded modes, a protection method within the microgrids that does not depend on high

fault currents and a control scheme of microgrid to stabilize the system frequency and

voltage without using high speed communication (BERKELEY et al., 2009).

The DOE (Department of Energy) Smart Grid Research and Development Pro-

gram considers microgrids to be an essential element. In this way, it established this theme

as the main focus area. The number of R&D challenges is constantly increasing. In (TON,

D.; SMITH, 2012) there is a summary of ongoing projects. Meanwhile, (BOWER et al.,

2014) aims to go deeper into the studies and experiments on microgrids. This report

addresses this issue in a more advanced way from the point of view of integration and

interoperability. It is possible to have understanding about advanced architecture sys-

tems, technical challenges and, most interestingly, a detailed list with the areas of impact

from these advanced studies in microgrids. Finally, as another example, (HARRIS, 2017)

proposes microgrid architecture topologies, including photovoltaic, biomass gasiĄer, and

wind turbine generators as well as generator hybridization topologies. As an example, a

microgrid topology and business model is constructed for a model village case study using

the methodology and architectures described.

Another project is the Microgrid at the New York University. The microgrid setup

in New York University is one of the largest microgrid setup in the university campus since

1960. The microgrid has adopted the evolution of power sources from the conventional

to the non-conventional power source, by observing the capabilities, reliability, and cost-

effectiveness. The 13.4 𝑀𝑊 combined heat and power (CHP) microgrid comprises of

5.5 𝑀𝑊 of two gas turbines and a 2.4 𝑀𝑊 steam turbine. The microgrid sources electrify

22 buildings and heat up 37 buildings in the campus. The control operation of microgrid

executes seamless transition between the grid-connected and islanded mode of operation,

and it has been successfully tested during the hurricane Sandy (CHANDAK; ROUT,

2021).
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2.2.4 Brazil

Brazil has developed several theses on this topic, precisely because it is a very

broad, important and current topic. The Laboratório Tesla Engenharia de Potência, at

UFMG, develops a series of projects in this area, such as, for example, the implantation of

a microgrid at the Escola de Engenharia da UFMG (EEUFMG). This project is developed

in partnership with Petrobras and UFMG. In summary, this is a practical study regarding

the use of different energy storage technologies, in addition to the control of different loads

present in the electrical engineering building, including integration with the Solar Plant

Ű installed on the roof of Building I of the EEUFMG Ű as an example of distributed

generation. The present theme of this thesis has as its Ąnal objective on a future project

to apply in practice, in the microgrid above-mentioned, the concept studied here. Bringing

other examples of projects developed and implemented nationally related to the topic of

microgrids in the academic area and with applications on campus, we have (BELLIDO,

2018) and (CARNEIRO, 2017).

In Brazil, the vast majority of projects developed related to microgrids focus on

isolated locations. After all, it is estimated that about two million Brazilians are not yet

connected to the Sistema Interligado Nacional (SIN) (RIBEIRO et al., 2011). This makes

research in this area even more attractive and important for the countryŠs development.

Among other developed projects, a well-known microgrid is that of Fernando de

Noronha, located in the State of Pernambuco. This microgrid serves approximately 2500

people. The islandŠs energy matrix is currently composed of generation through thermo-

electric and solar energy, and the Ąrst, in 2019, represented 90% of the electric energy

generated and solar energy approximately 10% (WWF-BRASIL, 2020).

With an installed capacity of 400 𝑘𝑊𝑝, Usina Solar Noronha I was inaugurated

in 2014, while Noronha II was inaugurated in 2018 with an installed capacity of 550 𝑘𝑊𝑝.

Celpe (Companhia Energética de Pernambuco) intends to deploy the Ąrst Smart Grids in

the State on the island, with an investment of approximately 17.6 million reais in areas

such as measurement, telecommunications and automation (RODRIGUES, 2017).

In 2019, the Ąrst battery complex connected to a generation system in Brazil was

installed in the archipelago. These batteries are connected to the Usina Solar Tubarão.

The idea is that these batteries play an important role, since during the day they will

accumulate surplus energy, supporting the system in the event of instability, in addition

to the beneĄts at night when it comes to the time of greatest consumption. In (CELPE,

2019), it is possible to see in detail the energy data of the generation and distribution

systems of the so-called ŞInnovation IslandŤ.



2.3. Components of a Microgrid 37

2.3 Components of a Microgrid

A microgrid is a group of interconnected loads and distributed energy resources

within clearly deĄned electrical boundaries that acts as a single controllable entity with

respect to the grid as seen on IEEE 2030.7 (DANLEY, 2019), but this could be further

divided in a didactic way into options such as nanogrid and picogrid, for example. Figure

2 provides a simple comparison between these three options.

Figure 2 Ű Functional classiĄcation of a microgrid.

First, for a picogrid think of a cluster of homes connected to a single solar panel,

or these battery-charging energy kiosks. The picogrid provides enough power to keep the

lights on and charge cell phones. Picogrids Ąll in where people do not have access to a

mini-grid or cannot afford connection fees. Nanogrids are single domains of power with

a single physical layer of power distribution. Though still supplying energy with limited

capacity, the scale of the applications are more important than those of a picogrid. For

example nanogrid applies for Solar Home Systems (SHS) where each home is powered by

an autonomous photovoltaic system. Most common SHS are composed of a single solar

panel, a battery with a prepaid meter and electrical plug offering enough energy to supply

a house with basic electricity needs (ADB, 2020).

In short, microgrids can be deĄned as a small-scale power system with a cluster

of loads and distributed generators operating in conjunction with power management,

control, protection and associated software devices. These devices include flexible con-

trol for the AC transmission system (FACTS) (PENG; LI; TOLBERT, 2009). FACTS

devices incorporate Power Electronics and controllers to enhance controllability and in-

crease transfer capability (EDRIS et al., 1997). A person using a cell phone to listen to

music, chat, among other possibilities on the same device, can be considered illustratively

as a picogrid, as well as, for example, an electric vehicle alone. By joining an electric

vehicle and a home to exchange energy bi-directionally with one another, one can already

consider a nanogrid. In the case of energy exchange between several DERs and loads, an

microgrid is considered. A microgrid can be represented with different micro sources and
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loads. However, the remote microgrids do not have the utility connections. The utility

microgrids span geographically a larger area compared to the facility microgrids. The

micro sources, loads, network parameters, control topologies vary in different microgrids

(SHREYAS et al., 2019).

It is interesting to note that microgrids can be DC (XIALING; XIAOMING, 2007),

AC, or even AC at high frequencies (CHAKRABORTY; WEISS; SIMÕES, 2007). The

innovative feature they have is their ability to operate autonomously in the event of a

power outage from the main grid. That is, its operation in what is called islanded mode is

possible. In this way, the consumer does not have his energy supply interrupted. However,

for example, photovoltaic systems operation in island mode are currently prohibited for

safety reasons as found in ABNT NBR IEC 62116. If it worked, technical teams that

performed maintenance on the main system could be exposed to the electricity generated

by these secondary systems. Therefore, there are methods provided by this standard,

which must be followed by the inverters used for this purpose. Evaluation of these anti-

islanding methods can be found at (REIS et al., 2015). In addition to the problem of

interrupting the supply of energy from the primary system, the microgrid can be easily

disconnected in events such as a voltage drop, frequency variation, or other problems in

the main network. Thus, microgrids assist not only in providing an uninterrupted service,

but also in maintaining the quality of the system.

In summary, the main issue today not for microgrids, but for DERs is overvoltage.

When inverters start injecting elevated current/power, this tends to increase the voltage

(PICCINI et al., 2021). So, overvoltage is the main villain here. In urban areas, the

overload of conductors/feeders is the second villain (LEGRAND, 2009). In rural areas,

the voltage imbalance is the main big villain (CIONTEA; IOV, 2021). The microgrid is

a way to solve these problems. The concept of DERs changes from country to country.

The global concern in the scope of DER is the lack of inertia to maintain the power

balance (MILANO et al., 2018). For example, electromechanical converters as in wind

have inertia, electronic converters as in solar do not. Systems based on electromechanical

elements can have very high overloads, reaching up to 10x the rated capacity of the

motor and remaining in this state for seconds, without burning out. In the case of power

converters, they can have an overload of 1.5x or 2x and can remain on it for milliseconds,

so it is a great challenge, how to transition from a high overload rate to a low overload rate

system (SEP, 2020). Besides the DER causing an increase in voltage, the bidirectional

power flow causes difficulty in the protection system (HUSSAIN et al., 2010). Techniques

as volt-var and volt-watt functions tends to increase the hosting capacity of the system

(PICCINI et al., 2021). The impact of DER on Power Quality depends to a large extend on

the criteria that are considered in the design of the unit. When the design is optimized for

energy production only, massive DER penetration will probably adversely impact quality,

reliability and security. Several types of interfaces are however capable of improving the
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Power Quality. In a deregulated system this will require economic incentives, for example

in the form of a wellfunctioning ancillary services market (BOLLEN; HAGER, 2005).

In order to make the features outlined above available, the microgrids cover a

range of equipments, interfaces, controls, supervision and protection devices, among oth-

ers. These can be classiĄed into three groups (SOSHINSKAYA et al., 2014): generation,

storage system and loads; physical network for distribution and advanced controls. Figure

3 exempliĄes a microgrid consisting of energy storage, grid connection possibility, genera-

tion by solar and wind energy, in addition to consumers at the center Ű control aspects not

represented. These three mentioned groups are part of the challenges to be faced during

the advances in microgrids studies. Finally, in order to make it even clear, Figure 4 brings

a comparison between a conventional grid and a modern grid.

Figure 3 Ű Microgrid concept.
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Figure 4 Ű Comparison between conventional grid and Smart Grid.

2.3.1 Energy Storage

Storage systems are indispensable for the proper functioning of the microgrids, as

one of its purposes is to store the surplus energy generated throughout the day. In this

way, it becomes possible for these storage units to supply this energy in the event of a

fault, or to prevent the system voltage drop. As an example, a microgrid is assumed in

which its distributed generation basically consists of solar energy. Thus, during the night,

in the event of a power outage at the utility, the system starts operating in island mode.

However, there is no more solar energy to supply the needs. Thus, energy storage facilities

could supply the loads of this system with what was stored throughout the day, either

through solar generation or through energy from the utility. This brings more reliability

to the system, since it improves the power supply attribute without interruptions. The

greater the efficiency of these storage units, in addition to features such as fast loading

and slow unloading, the better it will be for the overall operation of the system. This

will not be the focus of this work, but more about this topic can be found at (DIVYA;

ØSTERGAARD, 2009).
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One of the most promising technologies is that of 𝑁𝑎𝑆 battery system (Sodium-

Sulfur). It has several advantages such as higher energy density, high efficiency and no

self-discharge. In contrast, it requires high operation at high temperatures. With this in

mind, several companies in the United States and Japan have developed in this area.

Another interesting option has been batteries based on high-purity graphite blocks. In

short, these batteries heat up due to energy from either solar or wind generation, as

examples. This heat can be used in the production of steam and through heat exchangers

generate electricity again with generators (USTUN; OZANSOY; ZAYEGH, 2011).

2.3.2 Protection

Protection is a very important aspect to be taken into account. As previously

stated, it is intended that, even if the utility ceases to supply energy, the microgrid is

able to continue operating. This mode of operation is the island mode, when one or more

sources of distributed generation continue to provide energy (LOPES; ZHANG, 2008). It

is important to differentiate these two terms, cease to supply is related to system stability,

while island mode is related to galvanic disconnection and safety. Currently, the islanded

mode is not allowed as a rule and that is why several references such as (BRITO et

al., 2018) look for strategies and algorithms Ű which are divided among passive, active

and hybrid techniques Ű to avoid this scenario. One of the main objectives of microgrids

is precisely the uninterrupted energy supply. Consequently, we may encounter problems

regarding security during the maintenance of the utility grid; it is possible that loss

of control over the frequency and voltage of the system occurs Ű quantities of extreme

importance for the power flow; damage to equipment if the utilityŠs reclosure occurs out

of phase; among others.

It is a fact that current protection projects are not suitable for the scenario that

awaits. The increasing integration of distributed generation and the development of mi-

crogrids means that current protection is difficult at different levels and directions. There

are several loads and several generators that can connect or disconnect from the system

at any time. Some of the most imminent problems in this matter are short circuit energy,

level and direction of the fault current, erroneous trips, among others (OUDALOV; FIDI-

GATTI, 2009), (WANG; SUN; DONG, 2011). It is interesting to note that, in a short

circuit, power usually flows from the highest voltage to the lowest voltage. In addition,

the short-circuit current decreases with increasing distance from the source. However, this

changes drastically in the microgrids scenario, since there are several generation points

connected to the system and can even supply energy to the utility, this joint current of

all generations can be high (BARAN; EL-MARKABY, 2005). Figure 5 exempliĄes this

case in which the total current can be increased by adding all the contributions from each

distributed generation.
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Figure 5 Ű Fault current during island mode.

It is difficult to estimate this current, especially when Power Electronics is needed

at the interface of these distributed generations, as the short-circuit currents in this case

are not high enough to trigger protection devices (MARNAY; RUBIO; SIDDIQUI, 2001).

It is at this moment that the problem of undesirable tripping becomes so difficult to

be mitigated, as it is susceptible to system transients. In addition, it is possible that

the meter is measuring only part of the fault current, since several possible paths exist

(HUSSAIN et al., 2010). Other characteristics researched at this point are overvoltages

(CHEN; YU, 2010), voltage sags (LEI; AI; CUI, 2010) and communication issues. Regard-

ing communication, there are quite innovative systems, which consist of determining the

needed parameters for its operation and make the necessary calculations (OUDALOV;

FIDIGATTI, 2009), (LAAKSONEN, 2010). However, a major drawback of communica-

tion can be the distance in the transmission of information, in addition to making it

more expensive and perhaps even unfeasible to implement (POGAKU; PRODANOVIĆ;

GREEN, 2007). Therefore, it is important that the protection system is adaptive and

uses, for example, techniques such as machine learning, artiĄcial intelligence and fuzzy

logic in an attempt to predict these microgrid states.
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2.4 Microgrid Architecture

The control aspect of a microgrid is one of the most crucial for its consolidation.

This aspect is completely dependent on the quantity, depth of the distributed genera-

tion in question and the characteristics of the system loads, in addition to the Power

Quality restrictions, since for a microgrid this must vary signiĄcantly in relation to the

conventional grid (SANCHEZ, 2008).

The microgrid (MG) control has three different architectures: centralized control,

decentralized control and distributed control, as seen in the Figure 6 (MARIAM; BASU;

CONLON, 2016). Table 1 provides a small comparative summary among these possibilities

with their discriminated advantages and disadvantages.

Figure 6 Ű Decentralized on the left; centralized on the middle; distributed on the right.



44 Chapter 2. Microgrids: Context and Characteristics

Table 1 Ű Microgrid architecture, adapted from (MARIAM; BASU; CONLON, 2016)

Decentralized Centralized Distributed Multi-Agent
Autonomous converter Adjust the load sharing Autonomous

agents/converters

Based on local information The scalability is of concern Use local information and
neighbour-to-neighbour
communication

Without communication
link

Communication may be im-
practical for MG with many
small distributed units

Achieve cooperative objec-
tives

Reliable Data centralizes introduces
privacy and security con-
cerns

Improved performance over
decentralized

PnP capability Has advantages in terms of
robusteness, scalability and
flexibility over centralized

Limited information

It is unable to fully uti-
lize the combined power and
energy capacities of ESS



2.4. Microgrid Architecture 45

In addition, DERs can be classiĄed within a MG as grid-feeding, grid-forming and

grid-supporting (JADEJA et al., 2020). It depends on the responsibilities of which each

DER and, consequently, on the constructive aspect of the converter that it uses. Hence,

the DER usually operates as a grid-feeding, but it can also operate as a grid-forming when

associated with a battery system. This classiĄcation can be described simply as follows

and illustratively in the Figure 7.

∙ Grid-forming Ű voltage forming device deĄning the voltage for the islanded micro-

grid;

∙ Grid-feeding Ű inject active power reducing energy bill;

∙ Grid-supporting Ű current-controlled or voltage-controlled that may provide ancil-

lary services solving power quality problems.

Figure 7 Ű DERs classiĄcations within a MG: a) grid-forming; b) grid-feeding; c) current-
source-based grid-supporting and d) voltage-source-based grid-supporting.
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2.5 Harmonic Distortion Overview

Historically, our electrical system was designed with well-deĄned voltage and fre-

quency values for its operation. However, with the advent of Power Electronics, these

values can vary over a wide range of values. More and more equipments use this elec-

tronics as an interface in relation to the electrical system and this imposes that each

equipment can have its own voltage and frequency values for its operation (DAS, 2015).

A common aspect in the vast majority of these equipments is the need to rectify the

voltage, for example with a diode rectiĄer, as we can see in the Figure 8, to then convert

the original signal to the desired operating values of voltage and frequency.

Figure 8 Ű Single-phase example of application of a rectiĄer diode bridge, adapted from
(MOHAN; UNDELAND; ROBBINS, 2003).

A current that is deformed, which means it does not have a waveform only deĄned

by its fundamental value of the Fourier Series, has harmonics. In fact, it is through this

same analysis by Fourier series that it is possible to discover the exactly magnitude of

each of these harmonics when it is a continuous and periodical signal (BOYCE, 2006).

This harmonic equation can be seen in 2.1, which brings a generic function 𝑚(𝑡). In this

equation, 𝑎0 is the average value; 𝐴ℎ is the effective value of the harmonic component ℎ;

Ðℎ is the phase angle of the component ℎ and æ is the angular frequency.

𝑚(𝑡) = 𝑎0 +
∞

∑︁

ℎ=1

√
2𝐴ℎ ≤ 𝑠𝑖𝑛(ℎæ𝑡 + Ðℎ) (2.1)

𝐴ℎ =

√︃

𝑎ℎ
2 + 𝑏ℎ

2

2
(2.2)
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Ðℎ = 𝑡𝑎𝑛⊗1
⎤

𝑎ℎ

𝑏ℎ

⎣

(2.3)

𝑎0 =
1

2Þ

∫︁ Þ

⊗Þ
𝑚(æ𝑡) ≤ 𝑑(æ𝑡) (2.4)

Where:

𝑎ℎ =
1

2Þ

∫︁ Þ

⊗Þ
𝑚(æ𝑡) ≤ 𝑐𝑜𝑠(ℎæ𝑡) ≤ 𝑑(æ𝑡) (2.5)

𝑏ℎ =
1

2Þ

∫︁ Þ

⊗Þ
𝑚(æ𝑡) ≤ 𝑠𝑖𝑛(ℎæ𝑡) ≤ 𝑑(æ𝑡) (2.6)

Generally, representation by Fourier approximations is required for voltages and

currents from measurements made in practice or from computer simulations, which are dis-

crete over time, i.e. discontinuous. In these cases, the Discrete Fourier Transform (DFT)

is used in the decomposition into frequency components.

In (AMARAL, 2016), a detailed study is made based on the example circuit of

the Figure 8. An analysis is initially made about the possible modes of operation of the

rectiĄer, which are:

∙ State 1: when 𝐷1 and 𝐷2 start driving, as in the Figure 9;

∙ State 2: when 𝐷3 and 𝐷4 start driving, as in the Figure 10;

∙ State 3: when all diodes are blocked, as in the Figure 11.

Figure 9 Ű State 1, adapted from (AMARAL, 2016).

With these modes of operation, the equations that govern each state are developed

using the Thévenin equivalent circuit. Then, using the DFT it is possible to identify the
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Figure 10 Ű State 2, adapted from (AMARAL, 2016).

Figure 11 Ű State 3, adapted from (AMARAL, 2016).

coefficients of each spectral component, which in the following example it means up to

the 13𝑡ℎ order. From the Superposition Theorem, a circuit is made with the fundamental

voltage and the voltage of each of the 13 harmonics. Then, this analysis reaches and

interesting conclusion. The power flow when at the fundamental frequency occurs from

the grid to the rectiĄer. At higher frequencies, power flows from the rectiĄer to the grid.

Therefore, part of the energy absorbed by the rectiĄer at the fundamental frequency is

converted into grid losses at higher frequencies. This can be seen in the Figures 12 and

13, respectively. Finally, even if the grid voltage is as pure as possible, this losses will

occur and it brings the importance of mitigating the harmonic distortion, because it will

improve the Power Quality, subject of the next subsection.
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Figure 12 Ű Power flow from the grid to the rectiĄer at fundamental frequency, adapted
from (AMARAL, 2016).

Figure 13 Ű Grid losses at higher frequencies, adapted from (AMARAL, 2016).
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2.5.1 Power Quality

All agents involved in the generation, transmission, distribution or consumption of

energy are interested in this matter. This is because the sensitivity of electrical equipment

is increasingly pronounced from disturbances on the grid voltage (ANDREI et al., 2017).

In addition, these same equipment can cause disturbances in the electrical grid through

harmonics and electromagnetic interference, for example. Such disturbances contribute to

poor Power Quality, as these affect the voltage supplied to consumers and, consequently,

the operation of the equipment in the installation.

Power Quality is a subject that has been increasingly studied. In Brazil, as we have

regulations for Power Factor like the ones found in (ANEEL, 2012), we have the Prodist

module 8 for Power Quality (MARIANO, 2020). The consolidation of norms is extremely

important in order to be possible to deĄne the responsibilities for everyone involved in the

electricity sector, from consumers, utility companies to electrical and electronic equipment

manufacturers, in addition to applying penalties to those who fail to comply with these

standards. On one hand, for example, IEC deĄned Power Quality on the IEC 61000-4-30

standard as Şthe characteristics of the electricity at a given point on an electrical system,

evaluated against a set of reference technical parametersŤ (FAU; UFU, 2014). On the

other hand, IEEE has deĄned it on the IEEE 100 (IEEE, 1996) as Şa wide variety of

electromagnetic phenomena that characterize the voltage and current at a given time and

at a given location on the power systemŤ. However, this is best expressed lately as Şvoltage,

current, or frequency deviations and subsequent failure, misoperation or premature aging

of customerŠs equipmentŤ (BANTRAS et al., 2012).

One might want to see in detail why this harmonic compensation of non-linear

loads is important. The truth is that the distortion caused by the load is best seen in the

current. However, as voltage and current are coupled electrical quantities, this distortion

can also be seen indirectly in the voltage. An electrical system with high short-circuit

capacity, means a rigid system, a strong grid. It means that the series impedance seen by

the electrical source is very small, then voltage drops in the line impedances are small.

It means that the the current will have little impact on the voltage. The following is an

example illustrating this idea.

In Figure 14, the non-linear load drains a current with a very distorted waveform.

As much as the grid voltage is sinusoidal, this current when passing through the line

impedance causes a distortion in the voltage at the node in question. Thus, even though

a second load in another branch is purely resistive, its current will also be distorted. This

distortion will be greater or less depending on the magnitude of the current drained by

the non-linear load and depending on the absolute value of the line impedance. If this

impedance is high, the voltage drop in it will be greater and therefore more distortion.

Briefly, the impact of a non-linear load on the degradation of Power Quality is direct on
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Figure 14 Ű Disturbance propagation caused by non-linear loads.

the current and indirect on the voltage. The spread of such disturbances occurs through

voltage, since the harmonic currents can flow into any part of an AC system to which it

is connected, as determined by the impedances of the various branches of the system at

the harmonic frequency.

The harmonic distortion has been increasing, as well as the interest in it, due to

Ąnancial aspects, which consists of losses for both consumers and distributors (AMARAL

et al., 2015). There are several economic studies carried out in order to quantify this

loss. The European Copper Institute (ECI) conducted a series of interviews and surveys

over a period of two years in eight European countries, across different sectors of activity

(BELEIU, 2011). It found out that costs due to unsatisfactory Power Quality in the

analyzed countries represent over 25 billion of Euros in the EU economy for the year of

study. Over 90% of these losses were in the industry sector. In (BELEIU et al., 2018),

there is a recent study from 2018, which describes the economic effects on industry in

three categories:

∙ Partial or total loss of one or more processes (e.g., loss of control due to a voltage

sag);

∙ Poor long-term productivity or low product quality (e.g., because of employee fatigue

due to flicker)

∙ Increased costs due to reduced equipment life, leading to premature failure (e.g.,

overheating of transformers due to harmonics).

The economic consequences of the Power Quality disturbances is summarized as

in Figure 15, while Figure 16 brings the classiĄcation costs due to Power Quality distur-

bances.
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Figure 15 Ű Economic consequences of Power Quality disturbances, adapted from
(BELEIU et al., 2018).

Figure 16 Ű ClassiĄcation costs due to Power Quality disturbances, adapted from
(BELEIU et al., 2018).

2.5.2 Conventional Solutions for Harmonic Distortions

First, before dealing with the active impedances technology, it is interesting to

review more conventional solutions, which are consolidated and disseminated throughout

the systems.
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A three-phase 4-wire system provides a ground path for homopolar harmonics

(3𝑟𝑑 and multiple), since they are zero-sequence. In the case of a delta connection, they

circulate within the delta. All of this and the fact that there are resistive loads in the

system help to make the waveform more sinusoidal. Successively, the power systems dilute

the harmonics based on the presence of neutral conductors and transformers for the same

previous reason. In short, the further upstream, the more sinusoidal. The more at the

ends of the grid, the more distorted.

The most common solution for minimizing the inconveniences caused by the cir-

culation of harmonic currents in a system is the installation of tuned passive Ąlters. The

intention is to create an alternative path for the circulation of these currents, avoiding

their circulation upstream the system and consequent harmonic voltage distortions, ad-

ditional losses in transformers and cables and possible resonances. In general, passive

Ąlters are formed by capacitors, inductors and resistors sized in a way that the resulting

impedance is minimal at the frequency of the harmonic to be mitigated. Figure 17 brings

an example illustrating the allocation of passive Ąlters in a typical system, with one for

the 5𝑡ℎ order, another for the 7𝑡ℎ and Ąnally one for the higher order.

Another solution would be to use an electronic converter, i.e. active Ąlter, in or-

der to improve the Power Quality on the grid side. In this way, this would prevent the

disturbances from spreading to other nodes. The concept of an active Ąlter is to inject a

waveform that is contrary to the disturbance of the load, so that they will cancel each

other out as seen in Figure 18. Parallel devices improve current quality, while serial devices

improve voltage quality. Usually, series Ąlters have high current capacity, but reduced volt-

age capacity. In the parallel Ąlter, the opposite occurs, with low current capacity and high

voltage capacity. DERs are parallel elements and therefore act directly on the current and

can indirectly affect the voltage. Figure 18a and Ągure 18b bring some simple examples.

2.6 Active Impedance

Active impedance is a distributed mitigation of harmonic distortions, which has

been reported in several works. In (CHENG; LEE, 2015) is proposed the application of

distributed parallel active Ąlters controlled as harmonic conductances. In (KUO et al.,

2007) is used this same technique in order to suppress resonances in industrial systems

with power factor correction capacitors.

Active impedances technology consists of the synthesis of controlled voltage har-

monic components, for instance, in quadrature with the current harmonic components

present in the installation, inserting, in this case, reactances at the frequencies of interest.

For this, a compensator based on a static power converter is used, whose coupling with

the electrical system is made magnetically. In this way, there is the great beneĄt of the
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Figure 17 Ű Application of passive Ąlters in a typical installation.

practicality of inserting this compensator wherever it is necessary in the system so that

it has the desired performance, as it becomes modular. It is interesting to point out that

this technique has a lot of versatility and can, therefore, emulate either a resistance, or

an inductive or capacitive reactance. It will basically depend on the angle difference be-

tween voltage and current in the converter winding (AMARAL, 2016). In the case of a

resistance, the Ąlter must also be able to drain active power.

This technology can provide a multitude of applications. In the present study, the

beneĄt veriĄed was the improvement of THD and TDD of the network through harmonic

routing management. It is interesting to determine a strategy for dynamically deĄning the

reference values of harmonic inductances, based on the load current spectrum. Obviously,

the set of inductances must be synthesized in such a way that the power corresponding is

within the compensation limit of the static converter (AMARAL et al., 2015). Initially,

the objective is to develop the Fourier analysis (FFT) of a microgrid system, in order to
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(a) Parallel active Ąlter example.

(b) Series active Ąlter example.

Figure 18 Ű Active Ąlter examples.

know its harmonics magnitudes. From there, inductances are emulated at these speciĄc

frequencies in order to reduce the current of these harmonics in the network. The math-

ematical formulation and algorithm for this are explained below for one of the phases:

∙ The current from the point of inserction and compensation on the power grid is

measured;

∙ Harmonic analysis is performed using FFT to verify which harmonics need to be

compensated, as well as which ones you want to compensate;

∙ Obtain the waveform of these harmonics of interest, as well as their amplitudes

(Iℎ(𝑡));

∙ The derivative signal for each of these harmonics is generated;

∙ The sum of all the inductances to be emulated correspond to the maximum induc-

tance (𝐿𝑚𝑎𝑥). For example, in order to emulate inductances for the 3𝑟𝑑, 5𝑡ℎ and 7𝑡ℎ

order harmonics it would be:

𝐿𝑚𝑎𝑥 = 𝐿3 + 𝐿5 + 𝐿7 (2.7)

∙ A weighted average from the maximum inductance that the converter in question

is capable of emulating is performed between the amplitude of the harmonics to
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be compensated. The greater each ones amplitude, the greater the corresponding

inductance to be emulated. Using the same example as before, for each current (𝐼ℎ)

is obtained its inductance (𝐿ℎ):

𝐿ℎ =
𝐼ℎ(𝑡)

𝐼3(𝑡) + 𝐼5(𝑡) + 𝐼7(𝑡)
≤ 𝐿𝑚𝑎𝑥 (2.8)

∙ The voltage (𝑣ℎ) corresponding to each of them is determined through the following

equation:

𝑣ℎ(𝑡) = 𝐿ℎ

𝑑𝑖ℎ(𝑡)

𝑑𝑡
(2.9)

2.6.1 Harmonic Routing

The harmonic current components of a non-linear load flow through the system

impedances. In an installation like the one in Figure 19, this impedance is composed of

cables, transformers and capacitor banks, and there may be more than one path for the

circulation of harmonic currents of a non-linear load, with the one that offers the lowest

total impedance being preferred. In the case of the rectiĄers, one of the possible paths is

towards the distribution network. In this case, the circulation of harmonic currents results

in additional heat dissipation in the cable and transformer resistances and consequent

unwanted overheating. Furthermore, harmonic voltages are produced in the busbars due

to the circulation of harmonic currents through the impedances of these elements.

An interesting and important application would be to give a preferential path

to unwanted harmonics, that is basically the harmonic routing. Since we have already

deĄned obstacles for harmonics to flow towards the power grid, a preferential path can

also be deĄned. Therefore, it uses the concept of hybrid Ąlters. As a Ąrst step, active

impedance is used in series with the power grid and a passive Ąlter, for example, tuned to

the frequency of unwanted harmonics in order to direct them to ground as seen in Figure

20. In this subject, (FRANÇA, 2013) brings a study concerning the development of series

compensator for distributed harmonic mitigation and dynamic correction of power factor.
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Figure 19 Ű SimpliĄed diagram of a typical installation.



58 Chapter 2. Microgrids: Context and Characteristics

Figure 20 Ű Harmonic routing from the combination of active impedance and a passive
Ąlter resulting in a hybrid Ąlter, adapted from (AMARAL, 2016).
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2.7 Conclusion

In this chapter, a general summary of microgrids was initially addressed, where a

preliminary idea of where their advances are standing, whether around the world or in

Brazil, with several projects as examples. Then, the different classiĄcations of microgrids

are deĄned, in addition to their aspects such as energy storage, protection and archi-

tectures. Well-established conventional networks are compared with smart grids and the

challenges and beneĄts that the latter imposes on us. An overview is made on harmonic

distortions and then the concept of active impedance is introduced, in addition to its

applicability.
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3 Active Impedance Design and Control

This chapter presents a study on the turns of the transformer in its primary and

secondary based on the converter power and the RMS voltage values of the harmonics

to be compensated. Then, the design of the main components of the converter and the

LC Ąlter is discussed, in addition to the particularities that must be taken into account.

Afterwards, a study is made on the control loops on the AC side of the converter using

PI and repetitive controllers, how they work complementary. Finally, the control on the

DC side of the converter is studied. In every control study, the important aspect of the

dynamic stiffness takes place for its validation.

3.1 Coupling Transformer

The need to establish low-voltage values allows the use of a secondary winding

with only one turn, this turn being the cable or busbar of the electrical system where

harmonic suppression is desired (PIRES; FRANÇA; CARDOSO, 2014). In addition, the

use of a toroidal core adds modularity and great ease of installation and maintenance

of the compensator, eliminating any type of sectioning for connection. Detailed study

regarding the losses of this transformer, whether in its core or windings, in addition to

the determination of all its parameters can be seen thoroughly in (AMARAL, 2016).

Briefly, the transformer primary windings is considered to be the voltage generated

by the converter, while the secondary is the voltage actually applied to the circuit (𝑉2,𝑟𝑚𝑠).

This RMS voltage is obtained considering the voltage of each harmonic to be compensated

(𝑉ℎ). To determine the maximum voltage that the converter is capable of emulating, we

have Equation 3.1.

𝑉2,𝑟𝑚𝑠 =

⎯

⎸

⎸

⎷

∞
∑︁

ℎ=1

𝑉ℎ
2 (3.1)

The RMS voltage at the transformer primary, 𝑉1,𝑟𝑚𝑠, can be chosen by the designer

and makes it possible to determine the number of turns of the primary (𝑁1), as seen in

Equation 3.2. The determination of the RMS primary voltage must be made based on the

nominal currents and voltages of the switches used in the inverter and the bypass switch

(AMARAL, 2016).

𝑁1 =
𝑉1,𝑟𝑚𝑠

𝑉2,𝑟𝑚𝑠

(3.2)
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Meanwhile, the rated current of the transformer primary, 𝐼1,𝑟𝑚𝑠, is given by Equa-

tion 3.3.

𝐼1,𝑟𝑚𝑠 = 𝐼2,𝑟𝑚𝑠 ≤ 1

𝑁1

(3.3)

The transformer design and other elements of the compensator will be based on

a case study. It is important to remember that, in addition to the harmonic voltage

components offset by 90𝑜 from the respective currents, it is necessary to synthesize the

fundamental component in series with the fundamental current, in order to provide active

power to supply the losses in the compensator elements. A detailed discussion of this

aspect will be made later. Considering, therefore, that the components of the 3𝑟𝑑, 5𝑡ℎ,

7𝑡ℎ, 9𝑡ℎ, 11𝑡ℎ and 13𝑡ℎ harmonics will be emulated, the compensator must synthesize as in

Equation 3.4:

𝑉2,𝑟𝑚𝑠 =
√︁

𝑉1
2 + 𝑉3

2 + 𝑉5
2 + 𝑉7

2 + 𝑉9
2 + 𝑉11

2 + 𝑉13
2 (3.4)

3.2 Converter Design

The rated power required for the active Ąlter is deĄned by (AKAGI, 2005) as in

Equation 3.5:

♣𝑆𝐴𝐹 ♣ =
√

3 ≤ 𝑉𝐷𝐶√
2

≤ 𝐼𝐴𝐹√
2

(3.5)

Where:

∙ 𝑉𝐷𝐶 Ű DC link Voltage of the active Ąlter;

∙ 𝐼𝐴𝐹 Ű Transformer primary peak current of the active Ąlter;

∙ 𝑆𝐴𝐹 Ű Apparent power of the active Ąlter.

To determine the maximum inductance that the converter is capable of emulating,

the previous rated power is used and an inductance emulated at the fundamental frequency

(f) is estimated. As part of the converterŠs power is destined to supply losses in both its

components and its switching, it is arbitrated that about 90% of its power would be

available for the purpose of interest, as follows in Equation 3.6:

𝐿𝑚𝑎𝑥 = 0.9 ≤ 𝑉𝑓
2

2Þ𝑓 ≤ 𝑆𝐴𝐹

(3.6)
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3.3 LC Filter Design

Figure 21 shows the inverter and the output Ąlter in a simpliĄed way. Such circuit

has the following equations 3.7, 3.8 and 3.9:

Figure 21 Ű Basic inverter model with output Ąlter.

𝑖𝐿(𝑡) = 𝑖𝑜(𝑡) + 𝑖𝑐(𝑡) (3.7)

𝑖𝐿(𝑡) =
𝑣𝑖(𝑡) ⊗ 𝑣𝑜(𝑡)

𝑅𝐿 + 𝐿𝑓
𝑑𝑖𝐿(𝑡)

𝑑𝑡

(3.8)

𝑖𝑐(𝑡) = 𝐶𝑓

𝑑𝑣𝑜(𝑡)

𝑑𝑡
(3.9)

The application of the Laplace Transform and the rearrangement of the terms

allows the representation in a block diagram as shown in Figure 22.

Figure 22 Ű Block diagram representation of inverter and Ąlter.

For the output voltage to be sinusoidal, it is necessary to use at least one LC

Ąlter, in order to eliminate the switching ripple. The LC is a second order Ąlter, with

an attenuation equal to 40 𝑑𝐵/𝑑𝑒𝑐𝑎𝑑𝑒, so that a separation of a decade between the

cutoff frequency and the switching frequency reduces the impact at the output from the



64 Chapter 3. Active Impedance Design and Control

switching ripple (SILVA, 1999). The relationship between the ĄlterŠs cutoff frequency and

its parameters is shown in Equation 3.10:

𝑓𝑐 =
1

2Þ
√︁

𝐿𝑓𝐶𝑓

(3.10)

Once the cutoff frequency of the LC Ąlter is deĄned, there is an inĄnite variety of

inductance and capacitance values that can satisfy the previous equation. It is important

to note that the higher the capacitance, the better the voltage Ąltering, but there will be

an increase in the power demanded from the electronic converter. A commonly adopted

design criterion is to limit the LC Ąlter capacitive branch current to between 10 to 15%

of the converter rated current (SILVA, S. M.; FILHO, 2002). The following Equation 3.11

deĄnes the Ąlter capacitor.

𝐶 =
𝑘𝑆𝑛

6Þ𝑓𝑉 2
𝑝ℎ

(3.11)

Where:

∙ 𝑆𝑛 Ű Three-phase converter power;

∙ 𝑉𝑝ℎ Ű Converter phase voltage;

∙ 𝑓 Ű Fundamental electrical frequency;

∙ 𝑘 Ű Percentage of LC Ąlter reactives.

3.4 Converter Control

Considering the system in question, Figure 23 illustrates a typical control diagram

that can be applied to inverters that operate as an series active Ąlter. The diagram can

be applied to single-phase and three-phase topologies. The converter operates in closed

loop, and the voltage loop has a PI controller, 𝑘𝑝𝑣 and 𝑘𝑖𝑣, which generates a reference for

the faster and more internal current loop, which uses only a proportional controller, 𝑘𝑝𝑖.

Figure 23 Ű Cascade control of inverter output voltage.
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The conventional diagram would have limitations due to characteristics of the plant

itself, which implies a misuse of the controllers. Since the current, 𝐼𝐿, and the voltage,

𝑉𝑜, are measured quantities for the implementation of the control system, a signiĄcant

improvement in this system would be obtained through the use of such values for the

compensation of the internal feedbacks (SILVA, 1999). In the case of 𝐼𝐿, the parasite

resistance of the inductor is estimated (𝑅𝐿) and its loss compensated. Furthermore, sudden

variations in the load current, 𝐼𝑜, are corrected by the current control loop only from the

moment they cause variations in the output voltage, 𝑉𝑜, so that the system dynamics is

restricted to the operation of the voltage loop. In this sense, a signiĄcant improvement

in the performance of this control loop can be obtained from the use of 𝐼𝑜 measurement

to compensate its disturbance previously. These topics can be seen Figure 24. Operating

the inverter with a sufficiently high switching frequency (much higher than the frequency

of 𝐼𝑜 and 𝑉𝑜, which means about ten times) allows considering 𝑘𝑖𝑛𝑣 = 1.

Figure 24 Ű SimpliĄed system representation with internal feedback and disturbance com-
pensations.

In order to improve the reference voltage tracking, it is implemented a repetitive

controller. The repetitive controller emerged from the need to elimination of load dis-

turbances and the tracking of periodic references in control systems (OLIVEIRA et al.,

2013). This mainly improves the severe limitation of the conventional control of having

frequency-dependent angular lag response. This controller is based on the principle of the

internal model (BRITAIN, 2015), which establishes that for a system to have zero error in

steady state in the presence of any reference or load disturbance, the input signal models

must be present in the stable closed-loop control system. As an example, for a system

with step inputs (1/s) to have zero error in steady state, an integrator must be present in

the stable closed loop of the system. This concept can be extended to systems that have

periodic inputs. In this case, the harmonic components of the input signal are presented

in Equation 3.12:

𝑐𝑘 =
𝑘æ0

𝑠2 + (𝑘æ0)2
(3.12)

Where k = 1, 2, 3, ... ∞ and æ0 is the fundamental frequency (rad/s), must be

positioned in the stable closed loop of the system, in a structure similar to Figure 25. In



66 Chapter 3. Active Impedance Design and Control

this Ągure, there are poles at æ0𝑘 for k = 1, 2, 3... ∞. The resonant Ąlter bank structure

works like an integrator for each of the frequencies, which allows to eliminate steady-state

error at these frequencies.

Figure 25 Ű Controller based on the principle of the internal model applied to systems with
periodic inputs and Ąlter association resonant, adapted from (OLIVEIRA et
al., 2013).

The implementation of this structure may become impracticable since the number

of harmonic components in the signals input becomes excessively large. That is where

repetitive control takes place as an alternative. The repetitive controller enables the im-

plementation of the internal model principle for systems with periodic inputs by delaying

a fundamental period of the input signal (𝑇0) positioned in a negative feedback loop, as

illustrated in Figure 26.

Figure 26 Ű Repetitive controller block diagram for odd harmonics, adapted from
(OLIVEIRA et al., 2013).

The repetitive controller is positioned parallel to the voltage loop as seen in Figure

27. To guarantee a stable operation of the repetitive controller, a low-pass Ąlter (LPF)

is used, in order to adapt the bandwidth that the converter can operate (CHEN et al.,

2008). The chosen LPF is of second order and with a cutoff frequency equal to that of

the voltage loop, since it is necessary for the Ąlter to have a cutoff frequency lower than

the one of the current loop. Furthermore, it is necessary to deĄne the gain 𝑘𝑟, in order

to provide, together with the proportional action of the voltage loop controller PI, fast

response in transient conditions. However, high values of this gain can make the control

loop unstable. Thus, its value should be as high as possible as long as it does not cause

instability in the control loop or saturation of the PWM inverter. Another point that
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should be highlighted is that the Ąlter must have a null phase characteristic, to avoid

poles displacement of the repetitive controller. For this, a phase advance was performed

using the Padé Approximation (ANTUNES, 2018).

In the present study, for the time delay (𝑒⊗𝑠), the use of its Ąrst-order function

as seen in the Equation 3.16 was sufficient for satisfactory results, in order to carry out

this correction. In case of an even more rigorous study, i.e. a better approximation, the

second or third order equations could be used, as seen respectively in Equation 3.17 and

Equation 3.18. Both the 𝑘𝑟 gain and the phase advance were obtained through simulation

considering what was discussed in the previous paragraph. To adjust the phase correction,

it was calculated a certain amount of delay samples on the repetitive controller. It was

implemented as follow in Equation 3.13:

ã𝑐 = 𝑧(⊗𝑛+𝑁𝑎) (3.13)

Where:

𝑛 =
𝑇

2 * 𝑇𝑠𝑤

(3.14)

𝑁𝑎 = 𝑇𝑠𝑡/𝑇𝑠𝑤 (3.15)

Figure 27 Ű Controller composed of repetitive controller for odd harmonics and PI con-
troller, adapted from (OLIVEIRA et al., 2013).

𝑅1(𝑠) =
⊗𝑠 + 2

𝑠 + 2
(3.16)

𝑅2(𝑠) =
𝑠2 ⊗ 6𝑠 + 12

𝑠2 + 6𝑠 + 12
(3.17)

𝑅3(𝑠) =
⊗𝑠3 + 12𝑠2 ⊗ 60𝑠 + 120

𝑠3 + 12𝑠2 + 60𝑠 + 120
(3.18)
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Finally, the complete control loop is found in Figure 28, the voltage loop with PI

is in parallel with the repetitive controller branch, LPF and n quantity of delay samples

for phase correction. Internally, there is the current loop with a proportional controller.

Figure 28 Ű Complete control loop.

Many control techniques aim solely for the controlled variable to follow a reference

value. However, it is extremely important to analyze the systemŠs ability to reject external

disturbances. This characteristic can be evaluated from its dynamic stiffness, given by the

relationship between the load current 𝐼𝑜 and the output voltage 𝑉𝑜 when the voltage

reference is zero (𝑉 *

𝑜 = 0). The transfer function is shown in Equation 3.19:

𝐼𝑜

𝑉𝑜

⧹︃

⧹︃

⧹︃

⧹︃

𝑉 ∗

𝑜 =0
= ⊗𝑠2𝐿𝑓𝐶𝑓 + 𝐶𝑖(𝑠)𝐶𝑓 + 𝐶𝑖(𝑠)[𝑅(𝑠) + 𝐶𝑣(𝑠)]

𝑠𝐿𝑓

(3.19)

Where:

𝐶𝑣(𝑠) = 𝑘𝑝𝑣 +
𝑘𝑖𝑣

𝑠
(3.20)

𝐶𝑖(𝑠) = 𝑘𝑝𝑖 (3.21)

𝑅(𝑠) =
𝑘𝑟

1 + 𝑒⊗
𝑠𝑇

2

(3.22)

Therefore, æ𝑖, æ𝑣(1) and æ𝑣(2) (with æ𝑖 > æ𝑣(2) > æ𝑣(1)) constitute the frequencies

of the zeros of the dynamic stiffness function ♣𝐼𝑜/𝑉𝑜♣. So that there is no degradation of

the dynamics of controllers designed for lower switching frequencies, the pole frequency æ𝑖

is assigned a value 5 times smaller than the switching frequency æ𝑠𝑤. The ratio between

adjacent poles is also set at 5, so that the dynamic stiffness at frequencies around 60 Hz

was higher (COTA, 2016). This allocation criterion is summarized in Table 2.

To calculate these gains, the equations 3.23, 3.24 and 3.25, seen in (ANTUNES,

2018), were used. The expected result for the dynamic stiffness disregarding repetitive

control is found in Figure 29.

𝑘𝑝𝑖 = æ𝑖𝐿𝑓 (3.23)
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Table 2 Ű Summarizing the methodology of the allocation of poles.

Variable Premise
Switching frequency æ𝑠𝑤

Pole frequency of the current loop (æ𝑖) æ𝑠𝑤/5
Second pole frequency of the voltage loop (æ𝑣(2)) æ𝑖/5
First pole frequency of the voltage loop (æ𝑣(1)) æ𝑣(2)/5

LC Ąlter cutoff frequency (æ𝑐) æ𝑠𝑤/5

Figure 29 Ű Asymptotes in dynamic stiffness, adapted from (COTA, 2016).

𝑘𝑝𝑣 = (æ𝑣(1) + æ𝑣(2))𝐶𝑓 (3.24)

𝑘𝑖𝑣 = æ𝑣(1)æ𝑣(2)𝐶𝑓 (3.25)

3.5 DC Link Design

The simpliĄed DC link is shown in Figure 30 and the DC side currents will be

discussed next. The initial criterion for its minimum capacitance is based on the maxi-

mum allowable voltage variation in relation to the established nominal voltage, which is

considerated here as 5% (AMARAL, 2016), then in Equation 3.26:

Δ𝑉𝐷𝐶 = 0.05 ≤ 𝑉𝐷𝐶 (3.26)

It is up to the applicability and the designer which harmonics will be compensated

by the converter. Regardless of the composition of harmonic voltage, the DC link must

be continuously regulated, as discharge occurs due to the energy used to supply losses in

the converter. In this work, the proposal is that the energy necessary for its operation

is absorbed from the power grid itself by the synthesis of fundamental voltage in phase

with the fundamental current, emulating a resistance at this frequency. The greater the
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Figure 30 Ű Currents on the DC link, adapted from (AMARAL, 2016).

voltage amplitude, the greater the resistance value and, consequently, the active power

drained.

The gain 𝑘𝐷𝐶 is obtained considering that the current in the DC link is composed

of two parcels. The portion 𝑖𝑐𝑐 is responsible for the charge on the capacitor, and is directly

related to the voltage synthesized by the compensator at the fundamental frequency. On

the other hand, the portion 𝑖𝑑 is related to the active power drained from the bus to

supply the losses in the compensator elements. The voltage on the DC link must be

set to a predetermined nominal value, 𝑉 *

𝐷𝐶 . Comparing this value with the measured

voltage, 𝑉𝐷𝐶 , and using a proportional controller, 𝑘𝐷𝐶 , which provides the amplitude of

the fundamental voltage to be synthesized. Currents seen in Figure 30 are related to the

voltage 𝑉𝐷𝐶 as shown in the block diagram in Figure 31.

Figure 31 Ű Block diagram for the voltage control on the DC link, adapted from (AMA-
RAL, 2016).

The closed loop transfer function and the dynamic stiffness of this loop are given

by Equations 3.27 and 3.28 respectively.

𝑉𝐷𝐶

𝑉 *

𝐷𝐶

⧹︃

⧹︃

⧹︃

⧹︃

𝐼𝑑=0
=

𝑘𝐷𝐶

𝑠𝐶 + 𝑘𝐷𝐶

(3.27)

𝐼𝑑

𝑉𝐷𝐶

⧹︃

⧹︃

⧹︃

⧹︃

𝑉 ∗

𝐷𝐶
=0

= ⊗(𝑠𝐶 + 𝑘𝐷𝐶) (3.28)
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Therefore, Figure 32 shows, in block diagram form, the obtention of 𝑣ℎ1. The

determination of the fundamental frequency angle is done by a simple PLL algorithm

(AMARAL, 2016).

Figure 32 Ű Block diagram model for generating the reference voltage at the fundamental
frequency, adapted from (AMARAL, 2016).

3.6 Voltage Reference

The voltage to be synthesized by the compensator can include multiple harmonic

components, depending on the dynamics of the system where it is installed. The gener-

ation of voltage references at harmonic frequencies must be done so that the emulated

impedance is purely inductive, according to Equations 3.29 and 3.30. Here, ℎ is the har-

monic order; 𝐿ℎ represents the inductance to be synthesized; 𝑣ℎ and 𝑖ℎ voltage and current

of the corresponding harmonic; ãℎ is the phase angle. Figure 33 shows the implementation

of the voltage reference in block diagram form, considering the fundamental frequency and

the other ones of interest.

𝑣ℎ = 𝐿ℎ ≤ 𝑑𝑖ℎ

𝑑𝑡
= 𝐿ℎ

√
2𝐼ℎℎæ ≤ 𝑠𝑖𝑛

⎞

ℎæ𝑡 + ãℎ +
Þ

2

⎡

= 𝐿ℎ

√
2𝐼ℎℎæ ≤ 𝑐𝑜𝑠(Φℎ) (3.29)

Φℎ = æ𝑡 + ãℎ (3.30)

Electrical systems are basically made up of sine or cosine waves. This brings a

range of very important beneĄts for us mathematically speaking. One of these points is

precisely the derivative of these functions. The derivative of a sine function is basically its

displacement in time of 90𝑜 in addition to having its magnitude multiplied by its angular

velocity. Details on obtaining the derivative of the signal are shown on Appendix A.

3.7 Harmonic Distortion Study

In the next chapter of results, several studies will be carried out. Among them,

simulations in relation to the THD of a given case study. It is calculated as shown in
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Figure 33 Ű Block diagram model showing voltage reference generation containing funda-
mental, 3𝑟𝑑, 5𝑡ℎ and further harmonics, adapted from (AMARAL, 2016).

Equation 3.31.

𝑇𝐻𝐷 =
𝐼𝐻

𝐼𝐹

=

√︁

𝐼2
2 + 𝐼3

2 + ... + 𝐼𝑛
2

𝐼𝐹

(3.31)

Where:

∙ 𝑇𝐻 Ű RMS value of the harmonics above the fundamental;

∙ 𝐼𝑛 Ű RMS value of the harmonic n;

∙ 𝐼𝐹 Ű RMS value of the fundamental current.

Another important measure for distortion value is the Total Demand Distortion

(TDD). Unlike THD, TDD is the harmonic current distortion given in % of maximum

load demand (𝐼𝐿) and for this current is considered the fundamental frequency component

at PCC. It condenses harmonic information in a current waveform without depending on

the time function of the waveform. It is the calculated harmonic current distortion in an
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electrical system against the full load demand. It can be mathematically expressed as in

Equation 3.32. Both concepts can be seen in detail in (IEEE, 2014).

𝑇𝐷𝐷 =
𝐼𝐻

𝐼𝐿

=

√︁

𝐼2
2 + 𝐼3

2 + ... + 𝐼𝑛
2

𝐼𝐿

= 𝑇𝐻𝐷 ≤ 𝐼1

𝐼𝐿

(3.32)

When it comes to current harmonics, it can not completely rely on the current THD

index, as the fundamental current changes with load variations. Current in the circuit or

system can be full load current for a duration of time or can get reduced according to

the load. Considering the load variations in the circuit or system, it is not advisable to

follow the current THD, which is the ratio of summation of current harmonics to the

fundamental current. Current distortions are instead measured using TDD.

A high THD value with low TDD indicates any harmonic effects on the system are

insigniĄcant. At full load, THD and TDD values are equal and this is a matter of serious

Power Quality concern. TDD can describe the current distortion as a percentage of full

load demand current and it is the best Power Quality index to explain current harmonics

at the consumer end. The TDD value provides information regarding the linearity of the

load connected to an electrical system. Current distortion is less when the loads are linear,

therefore, the TDD value is low in those cases. When the load introduces non-linearity

to the system, the TDD value increases. If the percentage of non-linear loads is small

compared to the full system load demand, TDD is less.

3.8 Conclusion

In this chapter, it was explained how to determine the transformer turns from the

value of the RMS voltage seen by the secondary of the transformer, which are a conse-

quence of the value of the RMS voltage of each one of the harmonics to be compensated.

The converter power is projected from the voltage on the DC link and the peak current of

the active Ąlter. For the LC Ąlter, the capacitance value is determined primarily and then

the inductance value, which is a consequence of the value chosen for the cutoff frequency

of the Ąlter. It is shown in detail all the loop control, its equations and curves. The start-

ing point was the classic cascade control and its limitations. Next step, was to improve

the control system by compensating its internal feedbacks. This strategy is simple, yet of

great value. Then it is shown the resonant control, its beneĄts and limitations. Finally,

it is implemented the repetitive controller. The DC Link is studied therefore completing

the control loop. The voltage reference for each harmonic stands out, as well as their

respective inductance and how it is obtained. At the end, a comparison between THD

and TDD is made, as well as its possible interpretations.
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4 Simulation Results

This chapter brings the results arising from the topics that were discussed through-

out this work. All results described here were obtained through simulation using the soft-

ware MATLAB/Simulink R÷. The Ąrst step here was to establish a case study with a mi-

crogrid. Through it, it is possible to draw different conclusions about the application of

active impedance technology. The design and deĄnition of each part of the system is done

based on the step by step found in the methodology.

4.1 Case Study

The case study is based on a microgrid that was presented in (ANTUNES et al.,

2018). This power electrical system is an example of a three-phase four-wire centralized

AC microgrid, which has its electrical parameters in Table 3 and can be seen in Figure

34.

The analyzed system operates in grid-connected mode and it is composed of linear

and non-linear loads, a passive Ąlter and a grid-feeding converter, which is the DER.

The performance and control of a hybrid Ąltering system, in relation to compensation of

current and voltage harmonic distortion at PCC is evaluated.

Table 3 Ű Electrical parameters of the studied microgrid.

System Characteristics
Power grid 220 𝑉 ; 60 𝐻𝑧; 𝑆𝑠𝑐 = 750 𝑘𝑉 𝐴; 𝑋/𝑅 = 0.5
Linear load 220 𝑉 ; 35 𝑘𝑉 𝐴; 𝑝.𝑓. = 0.73 lagging

Non-linear load 220 𝑉 ; 30 𝑘𝑊 ; 6 𝑘𝑉 𝐴𝑟; 𝐿𝑁𝐿 = 0.1 𝑚𝐻; 𝐶𝑁𝐿 = 18.8 𝑚𝐹 ; 𝑅𝑁𝐿 = 2.5 Ω

Active Ąlter
𝑓𝑐 = 4.8 𝑘𝐻𝑧; 𝐶𝑓 = 20.88 Û𝐹 ; 𝐿𝑓 = 52.64 𝑚𝐻;

𝑅𝑓 = 49 𝑚Ω; 𝐶𝐷𝐶 = 12 𝑚𝐹

Passive Ąlter

220 𝑉 ;
5𝑡ℎ : 𝑄5 = 42; 𝐿5 = 2.7 𝑚𝐻; 𝐶5 = 105 Û𝐹
7𝑡ℎ : 𝑄7 = 42; 𝐿7 = 1.3 𝑚𝐻; 𝐶7 = 107 Û𝐹

11𝑡ℎ : 𝑄11 = 2.2; 𝐿11 = 0.5 𝑚𝐻; 𝐶11 = 109 Û𝐹
DER 18 𝑘𝑉 𝐴; 𝑝.𝑓. = 1, more details on Appendix B
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Figure 34 Ű Three-phase balanced centralized microgrid with four wires, adapted from
(ANTUNES et al., 2018).
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4.2 Transformer Turns

After deĄning the series active Ąlter power and simulating the microgrid in ques-

tion, the following RMS values for the harmonic components were obtained and summa-

rized in Table 4. Each voltage value is determined by the respective emulated inductance

at each frequency of interest. This inductance, in turn, is obtained from the weighted

average of the currents of each harmonic as seen in the previous chapter.

Table 4 Ű RMS voltage of the harmonic components.

Harmonic RMS Value
Fundamental 11.47 𝑉

3𝑟𝑑 ≡ 0 𝑉
5𝑡ℎ 1.73 𝑉
7𝑡ℎ 0.81 𝑉
9𝑡ℎ ≡ 0 𝑉
11𝑡ℎ 3.70 𝑉
13𝑡ℎ 2.31 𝑉

In view of the previous result, the voltage to be emulated by the converter corre-

sponds using the Equation 3.4 is equal to 12.42 𝑉 on its secondary.

𝑉2,𝑟𝑚𝑠 =
√

11.472 + 02 + 1.732 + 0.812 + 02 + 3.702 + 2.312 = 12.42 𝑉 (4.1)

Considering a nominal voltage of 220 𝑉 in the primary and the RMS value on the

secondary of 12.42 𝑉 , it is obtained the transformer turns using the Equation 4.2:

𝑁1 =
220

12.42
≡ 18 (4.2)

The crest factor is the ratio of the peak value and the true RMS value as shown

in Equation 4.3:

𝑘 =
𝑉2,𝑝𝑘

𝑉2,𝑡𝑟𝑢𝑒⊗𝑟𝑚𝑠

=
25.03

12.69
= 1.97 (4.3)

For the value of its current in the primary, we have the Equation 4.4.

𝐼1,𝑟𝑚𝑠 = 𝐼2,𝑟𝑚𝑠 ≤ 1

𝑁1

= 74.97 ≤ 1

18
≡ 4.17 𝐴 (4.4)

4.3 Converter Values

As seen on Equation 3.5, we have the values for the case study:
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∙ 𝑉𝐷𝐶 = 400 𝑉 Ű Voltage in DC link of the active Ąlter;

∙ 𝐼𝐴𝐹 = 3.67 𝐴 Ű Peak current of the active Ąlter;

∙ 𝑆𝐴𝐹 = 1.27 𝑘𝑉 𝐴 Ű Apparent power of the active Ąlter.

4.4 LC Filter Values

As seen on Equation 3.10, we have the values for the LC Ąlter:

∙ 𝑆3ã = 1.27 𝑘𝑉 𝐴 Ű Apparent converter power;

∙ 𝑉𝑓 = 127 𝑉 Ű Converter phase voltage;

∙ 𝑓 = 60 𝐻𝑧 Ű Fundamental electrical frequency;

∙ 𝑘 = 10% Ű Percentage of LC Ąlter reactives.

Using Equation 3.11, it is obtained a capacitor of value 20.88 Û𝐹 . Then, using the

Equation 3.10 and deĄning the cutoff frequency of 4.8 𝑘𝐻𝑧 it is obtained an inductance

of 52.64 Û𝐻.

4.5 Converter Control Values

A summary with the allocation of poles and the controllersŠ gains can be seen in

Tables 5 and 6, respectively. The result for the dynamic stiffness disregading the repetitive

controller can be seen in Figure 35, while the one considering the repetitive controller

with the Ąrst-order Padé approximlation is found in Figure 36. A comparison between

using only the PI controller, or combining it with the repetitive controller can be seen

respectively in Figures 37a and 37b and how the voltage across the active impedance

output capacitor manages to follow the reference voltage produced by the control loop. In

all these studies and Ągures, it is evident that using PI combined with repetitive control

considerably improves the obtained results.

Table 5 Ű Allocation of poles and frequencies of interest.

Variable Value
Switching frequency (æ𝑠𝑤) 24 𝑘𝐻𝑧

Pole frequency of the current loop (æ𝑖) 4.8 𝑘𝐻𝑧
Second pole frequency of the voltage loop (æ𝑣(2)) 960 𝐻𝑧
First pole frequency of the voltage loop (æ𝑣(1)) 192 𝐻𝑧

LC Ąlter cutoff frequency (æ𝑐) 4.8 𝑘𝐻𝑧



4.5. Converter Control Values 79

Table 6 Ű ControllersŠ gains.

Gain Value
𝑘𝑝𝑖 3.18 Ω
𝑘𝑝𝑣 0.15 Ω⊗1

𝑘𝑖𝑣 152 Ω⊗1 ≤ 𝑠⊗1

𝑘𝑟 1

Figure 35 Ű Dynamic stiffness disregading the repetitive control.

Figure 36 Ű Dynamic stiffness comparison with (LPF curve) and without (LPF-Padé
curve) phase correction.
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(a) Control strategies comparison.

(b) Control strategies comparison in detail.

Figure 37 Ű Qualitatively analyzed control strategies.
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4.6 DC Link Values

The DC link capacitance was chosen through simulations as 12 𝑚𝐹 . Figure 38

shows the dynamic stiffness as a function of the capacitance and values of 𝑘𝐷𝐶 . It can be

seen from the Ągures that the greater the value of 𝑘𝐷𝐶 , the greater the bandwidth and

the better the dynamic stiffness of the voltage control. On the other hand, the increase

in bandwidth makes the dynamic response faster, which can lead to a faster voltage

reference calculation than the inverter can synthesize (AMARAL, 2016). In this sense,

the 𝑘𝐷𝐶 chosen was 20.

Figure 38 Ű Dynamic stiffness of the DC Link.

4.7 Pre-charge of the DC Link

The study of the pre-charge phase is divided into two steps. During the Ąrst second

of simulation, the microgrid works normally without the action of the active impedance.

Then, the compensation performed by the active impedance starts to act. This can be

summarized in Figure 39, as well as the obtained result.

What is most interesting in Figure 39 is the fact that the DC link can be charged

by the power grid without the need for a pre-charge circuit, as it is usually done thinking

in terms of safety and limitations of electronic components. In the next paragraphs, more

details about an example of a pre-charge circuit, in addition to the situation studied here,

to understand why it is possible to dispense this circuit.

A way to start up the converter can be described below and was based on (AMA-

RAL, 2016) as in Figure 40. In this step, the IGBTs of the DC/AC will remain off, as
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Figure 39 Ű DC link pre-charge circuit result.

well as switch 𝑆𝑝𝑐. For the purpose of demonstrating the procedure, the electrical system

and the coupling transformer will be replaced by a current source.

Figure 40 Ű DC link precharge circuit, adapted from (AMARAL, 2016).

Initially, the converter is in the bypass mode and current 𝑖′

𝑠 flows through the

thyristor switch. When this switch is opened, current flows through the pre-charge resistor,

𝑅𝑝𝑐, and then the Ąlter capacitor, establishing alternating voltage 𝑉𝑜 in this element. With

this, the free-wheeling diodes of the DC/AC operate as rectiĄers, and the current 𝑖𝑜 flows

through the DC link as long as ♣𝑉𝑜♣ > 𝑉𝐷𝐶 . Once the DC link is charged, the 𝑆𝑝𝑐 switch is

activated and the pre-load resistor is short-circuited. Therefore, the IGBTs control start to

act emulating the active impedance. In addition to simplicity and speed, this pre-charge

technique has the advantage of minimal impact on the electrical system.

Now let us look at the simulation developed in this project as seen in Figure 41.

First, it is noticed that the charging occurs naturally through the diodes present in the
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IGBTs of the converter. At Ąrst, one can imagine this would lead to an overcurrent in the

converter. However, it is noticeable that up to 1 second the voltage rises in a well-behaved

way and this occurs for two reasons that will be discussed below.

Figure 41 Ű DC link precharge circuit as developed on simulation.

The Ąrst and most important reason is that the transformer turns ratio between

primary and secondary is quite high, which makes the system to be seen and to behave as

a current source. The higher this ratio, more pronounced this behavior. Secondly, the 𝐶𝑓

works as a path for part of this current, reducing even more the current that will charge

the DC link.

Therefore, in this study the need for a pre-charge circuit composed of 𝑆𝑝𝑐 and 𝑅𝑝𝑐

was disregarded. The bypass switch continues in the circuit, since it has the function of

protecting the compensator in the event of a short-circuit in the electrical system. The

current 𝑖𝑠 is very high in this situation, and therefore 𝑖′

𝑠 , making it necessary to provide

an alternative circulation path during the fault. Under normal circumstances, the bypass

switch is kept open.
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4.8 Harmonic Distortion Study

For this simulation, initially there is only the power grid supplying the power

required by the loads and passive Ąlter. Then, the DER enters supplying part of the

active power of the system. Finally, the active impedance starts to act. The simulation

time is divided like this: only the power grid supplies the load until 0.3 seconds, when the

DER comes in and in 0.5 seconds the active impedance enters. First, the improvement in

THD will be studied. Then, an analysis is made from the TDD point of view, as well as

the justiĄcation for such choice.

4.8.1 THD Improvement

The simulation results for the distortion study can be summarized in FIgure 42.

Figure 42a brings the results obtained regarding the grid side, while Figure 42b regards

the passive Ąlter. The comparison of the results appears in the Table 7 and the Table

8. Here, 𝐿𝑚𝑎𝑥 corresponds to 6.7 𝑚𝐻 and was obtained having as an initial basis the

Equation 3.6.

Table 7 Ű THD on the grid side for three different cases.

Case 𝑇𝐻𝐷𝑣 𝑇𝐻𝐷𝑖

Case 1 3.24% 8.23%
Case 2 3.29% 20.83%
Case 3 2.09% 8.08%

Table 8 Ű THD on the passive Ąlter for three different cases.

Case 𝑇𝐻𝐷𝑣 𝑇𝐻𝐷𝑖

Case 1 3.27% 99.14%
Case 2 3.30% 98.96%
Case 3 4.24% 114.80%

All the values for each odd harmonic in each case is found in Figure 43. Regarding

the grid side in Figure 43a and Figure 43b regarding the passive Ąlter. It brings an

important observation. The converter in Case 3 was able to reduce the more pronounced

harmonics on the grid side, that is, 5𝑡ℎ, 7𝑡ℎ, 11𝑡ℎ and 13𝑡ℎ order, which became even lower

than in Case 1. On the other hand such harmonics increase in the passive Ąlter which acts

as a sink to these harmonics. However, harmonics 5𝑡ℎ and 7𝑡ℎ were better compensated

than 11𝑡ℎ and 13𝑡ℎ order. The explanation for this is due to the inductance weighted

average. When performing it, the algorithm present in the control loop focuses on the

harmonics that stand out the most.

For Case 3, it is possible to see, in Figure 44, the voltage through the coupling

transformer on its secondary. This voltage is equivalent to the sum of the voltages of each
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harmonic, each of which will be in quadrature with its harmonic respective current. First,

it is shown that the voltage on the grid side and the load side are similar. Then, this

difference is seen right below in the same Ągure, which shows the peak voltage of about

25 𝑉 .

Figure 44 Ű Voltage through the coupling transformer on its secondary.

It is interesting to see qualitatively the results in the time domain in relation to

the improvement in the waveform of the power grid current, in Figure 45, since the THD

values were improved through the insertion of active impedances. Figure 45b brings an

overview of the current behaviour in the power grid throughout the simulation. Then,

Figures 45a, 45c and 45d bring the current waverform for each studied case.









91

5 Conclusion

In this chapter, the general conclusions of this thesis are presented, as well as

proposals for future work. Although the scope was well deĄned, several issues were raised

during its execution, its presentation being relevant.

5.1 Final Considerations

The concept and application of active impedances in a system are not new, but it

is always worth taking a fresh look at other possibilities, as they can provide different and

interesting solutions in other scenarios. This work aimed to contribute with a new option

for this already known technology, which can be widely used in several applications, but

was mainly thought and detailed here regarding the subject of microgrids and distributed

generation.

The application studied here proved to be attractive when performing intelligent

harmonic routing of the system, since this is done by combining active impedances with

passive Ąlters, thus making a hybrid Ąlter. This application can become very important

facing the challenges encountered for the implementation of microgrids in relation to the

harmonic distortions.

Regarding the improvement of total harmonic distortion, it had pronounced and

satisfactory results. While the insertion of DERs somehow alleviates the power required

by the network to supply the full operation of the system loads, on the other hand, the

total harmonic distortion values mainly in the current are deteriorated in this process,

since the fundamental frequency decreases its magnitude on the power grid. In other

ways, the TDD, which is immune to load variations, proved itself as the best tool for this

study. When using the active impedance technique, the improvement in these values were

considerable.



92 Chapter 5. Conclusion

5.2 Future Works

For future works, the main point to be observed is precisely the application

in microgrid stability. This application can be made from the perspective of negative

impedance, which would be emulated by the active impedances.

There is an interest to develop theoretically into this application in addition to

performing simulations validating such use, as done in the present study for harmonic

distortions. Ultimately, the main continuity would be to do practical experiments. For this,

it would be interesting to use Typhoon Hill applied to the microgrid of the Engineering

building at UFMG, which is part of a project between the Laboratório Tesla and Petrobras,

as previously mentioned, when this is up and running. The possibilities for this use are

numerous depending on what will be most interesting from the characteristics of this

microgrid.

5.3 Related Publications

The present work, before being concluded, generated a publication focusing on the

application of active impedances improving harmonic routing and managing distortions

in distribution networks:

FRAGA, C. C. S. M.; ANTUNES H. M. A.; SILVA, S. M. ŞAplicação de Dis-

positivos de Impedância Ativa para Roteamento Harmônico em Redes de DistribuiçãoŤ Ű

XXVI Seminário Nacional de Produção e Transmissão de Energia Elétrica, 2022.
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APPENDIX A Ű Derivative from Rotation

Vectors

The mathematical operation of deriving an equation is commonly seen as a problem

in practice, due to disturbances and noise present in measurement systems, it is practically

impracticable to use this device, for example, in algorithms and control systems. Proof of

this is that PID controllers have its use almost resctricted to PI actions.

Electrical systems are basically made up of sine or cosine waves. This brings a

range of very important beneĄts for us mathematically speaking. One of these points is

precisely the derivative of these functions. The derivative of a sine function is basically its

displacement in time of 90𝑜 in addition to having its magnitude multiplied by its angular

velocity.

Usually, we have the derivative table of these functions as seen in Table 10.

Table 10 Ű Derived Functions on Time Domain.

f(t) fŠ(t)
sin(æt) cos(æt)
cos(æt) -sin(æt)

If we take a generic phasor written in algebraic form we have the Equation A.1.

If we want to derive this vector by getting its form 𝑣′ we have the Equation A.2 and the

Figure 47 as a result:

𝑣 = 𝑣Ð + 𝑗𝑣Ñ (A.1)

𝑣′ = 𝑗𝑣 (A.2)

Developing algebraically the equations A.1 and A.2, we have the Equation A.3

resulting on the desired derivative value on frequency domain.

𝑣′ = ⊗𝑣Ñ + 𝑗𝑣Ð (A.3)
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Figure 47 Ű Study of the derivative of a sinusoidal function.
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APPENDIX B Ű Distributed Energy

Resource Modelling

This appendix aims to deal with the modeling of the LCL Ąlter of the DER in

addition to its current loop being able to inject active and/or reactive power and at last

the DC link loop.

B.1 LCL Filter Design

To provide the connection of the converter supplying the electrical network, it is

common to use the LCL Ąlter instead of the pure inductive Ąlter. In this way, it is possi-

ble to attenuate the multiple harmonics of the switching frequency of the output current

regarding the current harmonic distortion rate limits (IEEE, 1996). With this conĄgura-

tion, it is possible to obtain an attenuation in the output current equal to 60dB/decade,

allowing a reduction in the weight and size of the Ąlter, with a consequent reduction in

costs (REZNIK et al., 2012) and (SILVA et al., 2015). Figure 48 shows the per phase

electrical circuit of an LCL Ąlter.

Figure 48 Ű LCL Ąlter scheme per phase, adapted from (ANTUNES et al., 2018).

(REZNIK et al., 2012) present in their work a methodology for calculating the

parameters of the LCL Ąlter. The inductor at the output of the VSI is responsible for

making it behave as a current source. To calculate the 𝐿1 inductance, a current ripple

criterion of 30% is adopted, calculated using Equation B.1.

𝐿1 =
𝑉𝑑𝑐

6𝑓𝑠𝑤Δ𝑖𝐿𝑚𝑎𝑥

(B.1)
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Where:

∙ 𝑉𝑑𝑐 Ű DC link Voltage (V);

∙ 𝑓𝑠𝑤 Ű Converter switching frequency (Hz);

∙ Δ𝑖𝐿𝑚𝑎𝑥 Ű Maximum current ripple in the inductor (A).

The Ąlter capacitor is responsible for absorbing the converter switching ripple. For

its modelling, it is considered that with the connection of the capacitor there is a variation

of the power factor seen by the electrical network around 5%. The capacitance per phase

is calculated using Equation B.2 (LISERRE; BLAABJERG; HANSEN, 2001).

𝐶𝑓 = 0.05
𝑆𝑛

2Þ𝑓𝑔𝐸2
𝑛

(B.2)

Where:

∙ 𝑆𝑛 Ű Apparent three-phase power of the inverter (VA);

∙ 𝑓𝑔 Ű Electric network frequency (Hz);

∙ 𝐸𝑛 Ű Line voltage (V).

The output inductor 𝐿2 re-converts the structure to impose current source charac-

teristic in addition to Ąltering the output current. Equation B.3 presents the calculation

of the output inductor 𝐿2 as a function of the attenuation factor 𝐾𝑎, which is commonly

adopted as being equal to 20%.

𝐿2 =

√︁

1
𝐾2

𝑎

+ 1

(2Þ𝑓𝑔𝐸𝑛)2𝐶𝑓

(B.3)

The LCL Ąlter with pure capacitor has the problem of harmonic resonance asso-

ciated with its operation, which can cause an increase in the 𝑇𝐻𝐷𝑖 at its output. To

solve this problem, it is possible to use an active or passive damping technique (PATEL;

WEI; NASIRI, 2014). A widely used passive technique is obtained from the dimensioning

of a resistance in series with the Ąlter capacitor. The equation that presents the transfer

function of the LCL Ąlter with passive damping is:

𝑖𝑠(𝑠)

𝑣𝑖(𝑠)
=

𝐶𝑓𝑅𝑓𝑠 + 1

𝐿1𝐶𝑓𝐿2𝑠3 + 𝐶𝑓𝑅𝑓 (𝐿1 + 𝐿2)2 + (𝐿1 + 𝐿2)𝑠
(B.4)

Figure 49 presents the Bode diagram of the Ąlter transfer function deĄned in

Equation B.4. It is possible to observe that without damping resistance there is a large
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harmonic ampliĄcation peak, but that is eliminated with the insertion of resistance with

loss of performance above the cutoff frequency. However, it should be noted that the

addition of the damping resistance reduces the Ąlter attenuation to 40dB/decade.

Figure 49 Ű Bode diagram of LCL Ąlter with and without passive damping.

The damping resistor is calculated by Equation B.5 as being equal to one third of

the impedance of the capacitor at the angular resonant frequency (æ𝑟𝑒𝑠).

𝑅𝑓 =
1

3æ𝑟𝑒𝑠𝐶𝑓

(B.5)

The electrical resonance frequency of the LCL Ąlter is calculated by Equation B.6.

It should be noted that depending on the resonant frequency required for the converter

control design, the capacitance of the LCL Ąlter can be adjusted.

𝑓𝑟𝑒𝑠 =
1

2Þ

√︃

𝐿1 + 𝐿2

𝐿1𝐿2𝐶𝑓

(B.6)

For the LCL Ąlter to have a good performance, the following must be respected

(LISERRE; BLAABJERG; HANSEN, 2005):

10𝑓𝑔 ⊘ 𝑓𝑟𝑒𝑠 ⊘ 𝑓𝑠𝑤 (B.7)

B.2 Current Loop Control

In this section, the modelling of the DER controllers with the conĄguration shown

in Figure 50 is discussed. All control is done in dq0 coordinates in the synchronous frame.



108 APPENDIX B. Distributed Energy Resource Modelling

Figure 50 Ű DER conĄguration and measurements, adapted from (ANTUNES et al.,
2018).

The reactive injection is done with a command to the iq loop, with open loop

operation of the converter. A methodology for the design of each control loop of the

network supplier is presented below.

Initially, the VSI equations in the time domain will be obtained, considering that

the impedance of the capacitor in the LCL Ąlter is very high at the fundamental frequency,

which characterizes it as an open circuit (WANG et al., 2012). From the equivalent circuit

per phase shown in Figure 51, we have Equation B.8.

Figure 51 Ű Equivalent circuit per phase of inverter and mains at fundamental frequency,
adapted from (ANTUNES et al., 2018).

𝑣𝑖(𝑡) = 𝑅𝑖𝑠(𝑡) + 𝐿
𝑑𝑖𝑠(𝑡)

𝑑𝑡
+ 𝑣𝑠(𝑡) (B.8)

Where: 𝑅 = 𝑅1 + 𝑅2 and 𝐿 = 𝐿1 + 𝐿2.

Transforming Equation B.8 to referential ÐÑ0 using the Clark transformation we
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have:

𝑣ÐÑ0(𝑡) = [𝐶]𝑣𝑎𝑏𝑐(𝑡) ⊃ 𝑣𝑎𝑏𝑐(𝑡) = [𝐶]⊗1𝑣ÐÑ0(𝑡) (B.9)

𝑣𝑖(ÐÑ0)(𝑡) = 𝑅𝑖𝑠(ÐÑ0)(𝑡) + 𝐿
𝑑𝑖𝑠(ÐÑ0)(𝑡)

𝑑𝑡
+ 𝑣𝑠(ÐÑ0)(𝑡) (B.10)

Converting Equation B.10 from frame ÐÑ0 to dq0 using the Park transformation,

it is possible to obtain the following equations:

𝑣𝑑𝑞0(𝑡) = [𝐶]𝑣ÐÑ0(𝑡) ⊃ 𝑣ÐÑ0(𝑡) = [𝐶]⊗1𝑣𝑑𝑞0(𝑡) (B.11)

𝑣𝑖(𝑑𝑞0)(𝑡) = 𝑅𝑖𝑠(𝑑𝑞0)(𝑡) + 𝐿
𝑑𝑖𝑠(𝑑𝑞0)(𝑡)

𝑑𝑡
+ 𝐿𝑖𝑠(𝑑𝑞0)

𝑑([𝑃 ]⊗1)

𝑑𝑡
[𝑃 ] + 𝑣𝑠(𝑑𝑞0)(𝑡) (B.12)

Developing and separating the previous equation in axes:

𝑣𝑖𝑑(𝑡) = 𝑅𝑖𝑠𝑑(𝑡) + 𝐿
𝑑𝑖𝑠𝑑(𝑡)

𝑑𝑡
+ 𝑣𝑠𝑑(𝑡) ⊗ æ𝐿𝑖𝑠𝑞 (B.13)

𝑣𝑖𝑞(𝑡) = 𝑅𝑖𝑠𝑞(𝑡) + 𝐿
𝑑𝑖𝑠𝑞(𝑡)

𝑑𝑡
+ 𝑣𝑠𝑞(𝑡) + æ𝐿𝑖𝑠𝑑 (B.14)

𝑣𝑖0(𝑡) = 𝑅𝑖𝑠0(𝑡) + 𝐿
𝑑𝑖𝑠0(𝑡)

𝑑𝑡
+ 𝑣𝑠0(𝑡) (B.15)

In Equations B.14 and B.15 it is possible to verify the existence of a cross coupling

with the terms æ𝐿𝑖𝑠𝑞 and æ𝐿𝑖𝑠𝑑, in addition to the dependence with 𝑣𝑠𝑑 and 𝑣𝑠𝑞. In

Equation B.15, there is only the dependence with the term 𝑣𝑠0. By feeding the loops with

the opposite sign of the crossed terms of current and voltage with a feedforward action,

it is possible to obtain the block diagram seen in Figure 52.

Thus, open-loop transfer functions in the Laplace domain are obtained.

𝑖𝑠𝑑(𝑡)

𝑣𝑖𝑑(𝑡)
=

𝑖𝑠𝑞(𝑡)

𝑣𝑖𝑞(𝑡)
=

1

𝑠𝐿 + 𝑅
(B.16)

The transfer function is of Ąrst order. To increase the operating speed of the loop,

a PI controller will be used, according to the block diagram in Figure 53. As the VSI has

no neutral, it is not necessary to control the zero sequence component of the current.

Developing the closed loop transfer function Figure 53 it is possible to obtain:

𝑖*

𝑠𝑑(𝑡)

𝑖𝑠𝑑(𝑡)
=

𝑖*

𝑠𝑞(𝑡)

𝑖𝑠𝑞(𝑡)
=

1

𝑠á𝑖 + 1
(B.17)
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Figure 52 Ű Decoupling with feedforward action, adapted from (ANTUNES et al., 2018).

Figure 53 Ű Closed loop current control, adapted from (ANTUNES et al., 2018).

Where: á𝑖 = 𝐿/𝑅

To deĄne the 𝑘𝑝𝑖 and 𝑘𝑖𝑖 gains of the current loop, the pole allocation technique is

used. The cutoff frequency (æ𝑐) of the closed-loop transfer function presented in Equation

B.17 is given by:

æ𝑐 =
1

á𝑖

(B.18)

To eliminate the effect of switching harmonics in the control loop, a cutoff fre-

quency equal to (1/10) of the inverter switching frequency is adopted (YAZDANI; IRA-

VANI, 2018). In this way, the gain 𝑘𝑝𝑖 and 𝑘𝑖𝑖 of the PI controller is obtained through the

equations:

𝑘𝑝𝑖 = æ𝑐𝐿 (B.19)
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𝑘𝑖𝑖 = æ𝑐𝑅 (B.20)

B.3 DC Link Loop Control

When the primary source connected to the DC link of the covnerter is of the current

source type, it is necessary to ensure that the voltage is stabilized, which is done by means

of a direct axis current command. In this way it is ensured that energy is transferred from

the capacitor to the mains, or vice versa, maintaining converter operation. Neglecting the

losses in the inverter of the grid supplier, we have the following modeling of the dc bus.

of the VSI, as shown in Figure 54 (ANTUNES et al., 2018).

Figure 54 Ű DC link modelling, adapted from (ANTUNES et al., 2018).

The time domain equation that describes it is:

𝑖𝐷𝐶 ⊗ 𝑖𝑖𝑛𝑣 = 𝐶𝐷𝐶

𝑑𝑉𝐷𝐶

𝑑𝑡
(B.21)

Converting it to the Laplace domain:

𝑖𝐷𝐶(𝑠) ⊗ 𝑖𝑖𝑛𝑣(𝑠) = 𝑠𝐶𝐷𝐶𝑉𝐷𝐶 (B.22)

Neglecting the inverter losses and considering the steady state operation (DC link

voltage constant) we have:

𝑃𝑖𝑛𝑣 = 𝑃𝑠 (B.23)

𝑉𝐷𝐶𝑖𝑖𝑛𝑣 =
3𝑣𝑑𝑖𝑑

2
(B.24)
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𝑖𝑖𝑛𝑣 =
3𝑣𝑑𝑖𝑑

2𝑉𝐷𝐶

(B.25)

The block diagram of the dc bus. is shown in Figure 55. The DC link control is

done through a voltage control loop with PI controller, in cascade with the current loop.

It will be considered that the current loop is much faster than the voltage loop, and thus

its dynamics can be neglected. The effect of the disturbance of the current 𝑖𝑖𝑛𝑣 will be

canceled with its feedback, as illustrated in Figure 56, which guarantees a good dynamic

response to the system.

Figure 55 Ű Block diagram of the DC link, adapted from (ANTUNES et al., 2018).

Figure 56 Ű Closed loop block diagram of DC link voltage control, adapted from (AN-
TUNES et al., 2018).

The closed loop transfer function is as follow, where: 𝐺 = ⊗3𝑣𝑑/2𝑉𝐷𝐶 :

𝑉 *

𝐷𝐶(𝑠)

𝑉𝐷𝐶(𝑠)
=

𝑠𝐺𝑘𝑝 + 𝑘𝑖𝐺

𝑠2𝐶𝐷𝐶 + 𝑠𝐺𝑘𝑝 + 𝑘𝑖𝐺
(B.26)

For the voltage loop controller design, the pole allocation technique will be used.

The voltage loop poles æ𝑐1 and æ𝑐2 are allocated one decade apart, with the fastest pole

having a frequency equal to one decade of the current loop cutoff frequency. The DC link

voltage loop PI controller gains are then deĄned as:

𝑘𝑝 =
(æ𝑐1 + æ𝑐2)𝐶𝐷𝐶

𝐺
(B.27)

𝑘𝑖 =
æ𝑐1æ𝑐2𝐶𝐷𝐶

𝐺
(B.28)
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