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Abstract

Environmental concerns concomitant with the steady growth of energy demand have trig-
gered government guidelines and interventions encouraging renewable-based distributed
generators in low-voltage grids. Advanced microgrid (MG) is a promising model for reach-
ing the goal of 100% renewable grid. A complete advanced MG control strategy must steer
the power flow in grid-connected mode, regulate voltage/frequency in islanded mode, and
perform power sharing between distributed energy resources (DERs) in both modes. Cen-
tralized control approaches, such as the power-based control (PBC), are well-known for
achieving these three targets. A serious disadvantage of centralized MG structure using
PBC approach is the existence of a single central converter to form the islanded MG.
Central converter is a single point of failure, which reduces the capability of the MG ex-
pansion, and it is an expensive element for implementation of MGs. Thus, the objective
of this work is to develop an improved MG structure using PBC together with a droop-
based power-loop in voltage-controlled mode (VCM) converters. This allows the MG to
operate in both modes without a central converter. The developed strategy achieves grid
power flow control, power sharing, unbalanced current compensation, voltage/frequency
restoration and smooth transitioning between modes without critical islanding detection.
Moreover, the new approach considers single- and three-phase DERs, controlled in VCM
or current-controlled mode, and DERs with self-imposed limits, characterizing a heteroge-
neous MG. Heterogeneous MG is closer to real-world practical application where several
sorts of multi-owners converters comprise a coordinated MG to achieve common goals.
Theoretical, simulation and hardware-in-the-loop tests are conducted to: first, develop a
control for VCM converters to avoid the necessity of central converter; second, develop
a centralized control for advanced MGs that considers heterogeneous converters; and, fi-
nally, to develop a control approach for harmonics compensation when VCM converters
are connected to distorted grids. Real-time hardware-in-the-loop setup is used as primary
method for validating the proposed development under several operating conditions. Re-
sults support the conclusion that centralized control proves to be a remarkable solution

for advanced MG issues.

Keywords: Centralized control, distributed generation, droop control, harmonics, het-

erogeneous converters, microgrids, smooth transition, unbalance compensation.



Resumo

Preocupagoes ambientais e o crescimento da demanda de energia elétrica desencadearam
diretrizes governamentais, incentivando recursos de energia distribuidos (DERs) de base
renovavel em redes de baixa tensao. Microrrede (MG) avangada é um modelo promissor
para atingir a meta de rede 100% renovavel. Uma estratégia de controle completa para MG
deve controlar o fluxo de poténcia no modo conectado a rede, regular a tensao/frequéncia
no modo ilhado e realizar o compartilhamento de poténcia entre os DERs em ambos os
modos. Abordagens de controle centralizado, como o power-based control (PBC), sao
conhecidas por alcancar esses trés objetivos. Uma desvantagem da estrutura de MG cen-
tralizada que utiliza o PBC ¢ a existéncia de um tinico conversor central para formar a MG
ilhada. O conversor central é um tinico ponto de falha, o que reduz a capacidade de expan-
sao da MG, além de ser um elemento caro para a implementacao de uma MG. Assim, o
objetivo deste trabalho é desenvolver uma estrutura de MG aprimorada, que utiliza o PBC
em conjunto com um conversor controlado por tensao (VCM) integrado de uma malha de
poténcia baseada em droop. Isso permite que a MG opere em ambos os modos sem um
conversor central. A estratégia desenvolvida realiza controle do fluxo de poténcia da rede,
compartilhamento de poténcia, compensacao de desequilibrio de corrente, restauracao de
tensao/frequéncia e transicdo suave entre os modos sem detec¢do de ilhamento critico.
Além disso, a nova abordagem considera DERs monofésicos e trifasicos, controlados por
tensao ou por corrente, e DERs com restrigdes auto-impostas, caracterizando uma MG
heterogénea. A MG heterogénea esta mais proxima da aplicagao pratica do mundo real,
em que varios tipos de conversores de proprietarios diversos formam uma MG coordenada
para alcancar objetivos comuns. Estudos tedricos, de simulacao e em hardware-in-the-loop
sdo conduzidos para: primeiro, desenvolver um controle para conversores VCM a fim de
evitar a necessidade de conversor central; segundo, desenvolver um controle centralizado
para MGs avancadas que inclua conversores heterogéneos; e, finalmente, desenvolver uma
abordagem de controle para compensagao de harmoénicos quando conversores VCM sao
conectados a redes distorcidas. Um setup em hardware-in-the-loop é usado como método
principal para validar o desenvolvimento proposto. Os resultados sustentam a conclusao

de que o controle centralizado seja uma solucao notavel para problemas de MG avangadas.

Palavras-chave: Compensacao de desequilibrio, controle centralizado, controle por incli-

nacao, conversores heterogéneos, geracao distribuida, microrredes, transicao suave.
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Chapter 1
Introduction

The electricity supply over the years has been made mainly by large centralized
synchronous generators. This scenario has allowed a very important increase in the share
of the population with access to electrical energy. However, the generation of electricity
has been monopolized and end-users did not have much choice of how to get electrical en-
ergy |1]. Recently, government interventions have encouraged renewable-based distributed
energy resources (DERs) into the low-voltage (LV) networks. These guidelines are trig-
gered by the steady growth in electricity demand — global electricity demand rose by 4% in
2018 [2] — concomitant with environmental concerns and rising in energy costs. Electric-
ity supply systems, operating on 100% renewable energy with the major proportion from
variable renewables, are technically feasible, reliable and affordable for many countries and
regions of the world [3]. As an example, Denmark plans to run its entire energy system
on renewable energy by 2050, with wind as its main power source [4]; and the European
Union targets at least 32% share for renewable energy by 2030 [5]. Reaching the goal of
100% renewable grid requires integration of battery energy storage systems (BESS), elec-
tric vehicles and variable renewable energy sources [6]. Besides, DERs owned by end-users
will substantially support the cost for greener electric power systems while enhancing their
role in the energy market [7]. The increase in electricity generation through low voltage
DERs, invested by end-users, is a paradigm shift from previous years.

Renewable energy sources, battery energy storage systems and electric vehicles
are connected to the main grid through electronic converters and are characterized as
DERs. Areas with heavy penetration of DERs may face some issues (e.g., over-voltage
and feeders congestion) that hinder additional installations. However, beyond the ability
of active power injection, DERs can offer ancillary services, such as injection of reactive
power and reduction of frequency/voltage deviations [8]. Besides, encouraging reactive
power markets to promote the participation of DERs in a coordinated way can bring high
economical and technical benefits [9).

The microgrid (MG) model is a communication-based solution that enables safe

and reliable operation of electric power grids, as well as accommodating the growing
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number of DERs. In general, an advanced MG can be defined as a set of loads, generators
and storage systems interconnected in a single and controllable electrical system that can
operate islanded and connected to the conventional grid [10].

Advanced MGs model not only increases the penetration of renewable sources, but
also improves grid power quality, availability, efficiency, hosting capacity and provision of
ancillary services through proper coordination of DERs. Three main targets are mandatory
for advanced MGs: i) operate in grid-connected mode and regulate the power flow with
the upstream grid; i) operate in islanded mode and control voltage and frequency; and i)
coordinate DERs through power sharing methods, avoiding undesirable current circulation
in both grid-connected and islanded modes.

The MG coordinated control allows offering active, reactive, unbalanced and har-
monic power sharing between DERs. In addition, allowing power flow control at the
point-of-common-coupling (PCC), contributes to the improvement of the system power
quality. Moreover, it allows LV MGs to be dynamically controlled and dispatchable [11].
The single-controllable structure steers active and reactive power at the PCC and may
contribute to the voltage regulation in the medium-voltage (MV) system [12,/13]. Dis-
patchable microgrids can support the operations of the electrical distribution networks
providing a variety of ancillary services to the utility grid and to the microgrid itself [14].
In this way, other tariff modalities can be created allowing the MG to explore ancillary ser-
vices markets in a coordinated manner and be compensated for it. Also, exporting energy
at times that are beneficial to the utility would free up traditional generators, reducing
the use of costly thermoelectric plants that are harmful to the environment.

Although MGs have been extensively studied in recent years [15], several aspects
of their management and operation require further study. Among many gaps in literature,
forming a flexible structure of MG has gained attention |16]. This structure includes
mutually coordinated single- and three-phase converters to perform power sharing, as
well as power imbalance compensation functionality. In LV three-phase networks, the
random installation of single-phase DERs from residential households, interconnected with
unbalanced loads, may cause voltage imbalance and inter-phase power flow circulation
among the phases of the network. Thus, the MG model is adopted to accomplish safe and
efficient coordination of distributed units.

In addition to the power quality requirements, in a real world scenario a MG
must accommodate diverse sorts of DERs in terms of primary energy sources, converters
topology, and control scheme. In general, electric vehicles and renewable sources with
small batteries are single- or three-phase converters and operate in current-controlled mode
(CCM). Large battery storage systems are normally three-phase converters and operate
in voltage-controlled mode (VCM). Also, some converters may show self-limitations on
processing reactive power, operating unbalanced, or must always track the maximum power

point, such as conventional photovoltaic (PV) inverters. The exhaustive development of
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the MG structure and control is the first step towards future Smart Grids.

1.1 Motivation and Relevance

Considering that most renewables have intermittent characteristics, energy storage
is an indispensable part of MGs, both for storing excess energy when available energy is
greater than energy consumed; as to provide power in times of scarcity, where demand
exceeds generation [17].

In advanced MGs energy storage can be used to control the power flow from
or to the main grid in connected mode. This enables MGs to assist the operation of a
stable power grid, providing better power quality and voltage control. In addition, this
configuration allows the development of new business models where the MG disconnects
or reconnects under the best economic conditions.

The factors driving MG development and deployment in locations with existing
electrical grid infrastructure fall into three broad categories: energy security, economic
benefits, and clean energy integration [1§]. The use of MG technology is already feasible in:
areas with high electricity prices — remote locations such as islands that have historically
used high cost fuel for electricity; or in facilities such as military bases [19], data centers
and hospitals that cannot risk running out of power. The MG market is booming and

includes :

o Remote Microgrid: Also called off-grid or isolated MG, this type of MG is in ge-
ographically remote areas (e.g., islands, rural areas, indigenous villages, offshore
platforms, navigation) with little or no interconnection to the main power grid. The
main objectives are electricity access, better power quality and reducing costs with
fossil fuel. In [20}21] is shown a successful case of MG implementation in Lengois

Island in Maranhao — Brazil.

o Commercial and Industrial Microgrid: This MG may be single or multi-owner. These
may be medium voltage companies or industries that wish to use energy from re-
newable sources and which, together with batteries, may obtain financial and envi-
ronmental advantages over the use of diesel generators. In [22] and [23], it is shown
the feasibility of using battery power for peak-shaving function. In addition, a MG
could provide high power quality and uninterruptible power supply (UPS) function.
In [24] there are several MG implementation examples around the world, e.g., the
Pena Station NEXT which is a 382-acre transit-oriented development adjacent to
the Denver International Airport (DEN). The project is a public-private partnership
with contributions from a variety of stakeholders, including Xcel Energy, Panasonic,
Younicos, and the airport of Denver. The development showcases a variety of smart

city and energy technologies, including smart street lighting and electric vehicle
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charging stations. This MG features Solar PV Grid Integration, Grid Peak Demand
Reduction, Energy Arbitrage, Frequency Regulation and Resilience Through Backup

Power.

Community Microgrid: This type of MG is mainly present in urban and rural res-
idential areas. For urban areas in Brazil, LV residential condominiums can obtain
benefits using the new tariff “Tarifa Branca” [25], offering similar economic advan-
tages of medium-voltage consumers with different on-peak and off-peak consumption
tariffs. In rural areas, however, consumers can benefit from existing financing pro-
grams for photovoltaic power installation in Brazil [26], and save money by replacing
diesel generators with battery-powered microgrids. Thus, enabling more indepen-
dence of external power supply and independence of electricity costs. [27] presents
the architecture, control and operating modes of a MG project under construction

in a residential condominium in Fortaleza — CE, Brazil.

Utility Microgrid: This technology allows utilities to manage DERs, enabling in-
creased insertion of renewable sources into distribution grids and improved power
quality at the point of installation. The Ameren microgrid installed at the util-
ity’s Technology Applications Center in Champaign, Illinois, serves an active utility
distribution feeder and can provide more than 1 MW of power to local customers
when paralleled with the distribution grid, improving reliability and resiliency [24].
It is one of the few MGs in the world that operates at utility-scale/medium voltages
(4-34.5 kV). It also employs a unique military-grade cybersecure MG control sys-
tem and intelligent automation scheme to seamlessly transition power from islanded
mode back to grid-connected mode for the entire distribution circuit. The system

features solar, wind, natural gas generator and battery.

Institutions and Campi Microgrids: As the name implies, this type of MG includes
buildings with a unique property, such as a campus or institution. The goal is to
increase reliability, energy quality and the inclusion of renewable sources. The Shang-
hai Microgrid Demonstration 28| is a collaboration between Aalborg University in
Denmark and Tsinghua University in China. This project developed a “demonstra-
tive, research-oriented platform, which aims to ease integrating distributed gener-
ation units, hierarchical and multilevel control strategies, and multiple microgrid
configurations with the help of standard-based communication technology, resulting
in a set of complete microgrid solutions”. The MG includes 136 kW rooftop solar PV,
20 kW (2 x 10 kW) wind turbines, 50 kW energy storage system, Energy Management
System (EMS) and smart grid communication technology. [29] presents important
design decisions of the TESLA Power Engineering Photovoltaic Experimental Power
Plant (37 kWp), connected to the power grid, which is located at the School of Engi-
neering at the Federal University of Minas Gerais (EEUFMG). This PV power plant
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is part of a future MG facility that will include three types of battery energy storage
system technologies, controlled loads, programmable loads, a PCC central controller

and a central converter.

o Military Microgrid: The main purpose of this segment focuses on power supply
security, so that it is reliable in both grid-connected and islanded modes. Cost
savings can also be associated by avoiding the use of diesel generators. The U.S.
Army’s Fort Bliss located in El Paso, Texas is a military MG example [30]. The 20-
foot containerized BESS provided by Princeton Power Systems consists of one 100-
kW grid-tied inverter and multiple advanced lead-acid batteries, capable of producing
20 kWh'’s of energy. In the event of a power outage, the BESS provides enough energy
to power the base, thus allowing it to function as an independent energy resource.
In addition to seamless transition during grid fault, the BESS also provides valuable
support services, including power factor correction and area frequency regulation
services to the local electrical system operator while it is connected to the electric

grid.

Brazil is among the 10 largest consumers of electricity in the world [31], and
around 625,000 people still live without electricity according to [32], mostly in rural areas,
islands or isolated indigenous communities with difficult access and natural obstacles [33].
Remote and rural electrification is very expensive mainly due to the distance from central-
ized generation. An option for increasing access for these people is to use autonomously
distributed generation with local renewable energy sources and storage systems in basic
MGs, i.e., without grid power flow control.

In this context, even when electricity is available in rural areas of Brazil, it is usu-
ally very precarious 34,35, with demand limitations and quality problems [36]. Brazilian
utilities annually pay penalties to consumers due to violations of voltage levels and continu-
ity indicators [37], money that could be used to investments and grid improvement. Thus,
MGs appear as a quick, practical and possibly economical solution compared to diesel
generators or rural refurbishment to improve the power quality of the rural population,
increasing their demand, and considerably reducing the amount paid by utilities.

The commercial development of the MGs is still benefited by some trends, such as:
the reduction of the cost of energy storage systems, the increasing accessibility of renewable
energy and the constant increase of the electricity tariff by utilities. The price of lithium—
ion batteries has reduced 40% from 2010 to 2014 |38] and there are projections that it will
continue to decline [39-41]; also solar panels are becoming cheaper [42]. According to a
report by Navigant Research [43], in 2018, the global market for remote MGs represented
about U$3 billion in implementation expenses, and it is expected to jump to more than
U$10.2 billion by 2027.

Therefore, the study and development of MG technology is extremely important,
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with several potential beneficiaries such as: power utilities, industry directly involved
(inverters, photovoltaic panels, batteries, electric vehicles), industries and businesses in
general, residential condominiums, remote communities, military bases, hospitals, data
centers, university campi, marine power grids, electric plane networks, oil & gas offshore
platforms, among others.

The MG market in Brazil is on trend due to Brazilian Law No. 14.300 - 2022 [44],
which establishes that utilities can remunerate distributed generation owners to provide
ancillary services; and regulates the connection of batteries at the electricity grid. It is also
feasible for the Brazilian Federal Government to use MGs in a new stage of the “Luz para
Todos” program [45] to improve power quality in rural areas and to bring energy to isolated
communities on seaside/riverside communities or indigenous islands. In this scenario, it
would save fossil fuel, cabling structure and the use of costly underwater cables. Lastly, it
is noteworthy the advantage of using MGs in environments threatened by environmental

disasters, where small unaffected systems may continue to operate independently.

1.2 Microgrid Structure and Problem Statement

In this PhD dissertation, it is proposed the study and development of a hierarchical
MG control, in which loads, generators and storage systems are allocated in a distributed
way along an ac bus. An example of a MG with such architecture is shown in Fig. [[.T}-a.
The energy sources are connected to the MG bus through their respective converters. The
loads are represented as any consumer of electricity. Further, the PCC is where the entire
MG is connected or disconnected to the main power grid.

This MG topology represents a typical three-phase distribution system that in-
cludes both three-phase and single-phase converters. In addition, the converters are split
into voltage or current controlled modes. Besides, for the MG smooth transition between
its operating modes, there must be a control strategy that manages the operation of the
converters. This heterogeneous situation, and closer to practical reality, is still rarely
explored in literature, which mostly presents tests and solutions for cases that are little
applicable, as discussed in detail in Section [2.3]

The coordination of DERs considered herein occurs through a Central Controller
(CC) usually installed at the PCC. The CC is responsible for processing the Power-Based
Control (PBC) algorithm, in which scaling coefficients are defined for the power contri-
bution of each generator. Thus, converters are coordinated to perform active/reactive
power sharing, and offering unbalance power compensation as ancillary services [11]. Con-
sequently, a low data narrowband communication link is required to exchange information
between CC and the DERs. The content of the data transmitted from the DERs to the
CC comprises the current status of output powers and rated and generation capacities;

the reverse path is basically constituted by the scaling coefficients that are detailed in
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Figure 1.1: Three-phase microgrid structures with a) single- and three-phase distributed
units, considering CCM and VCM DERs; b) U.I. and CCM DERs.

Chapter [4

A hierarchical control divided in three main layers is considered. The primary
layer is dedicated to the local control of each DER, with its basic functions. The PBC is
implemented in the secondary layer. And the tertiary layer is controlled by the distribution
system operator defining the references of grid power flow. The hierarchical control is fully
detailed in Section 4.2

Most works on the adoption of hierarchical centralized architecture usually com-
prises two classes of active components: a centralized utility-interactive converter and
DERs, as shown in Fig. b). The former operates in CCM as a grid-supporting con-
verter during MG grid—connected mode, and it operates in VCM as grid—forming converter
when the MG is islanded. Such converter, named Utility Interface (UI), is sited at the
PCC and also guarantees smooth transition between MG operation modes [46]. The lat-
ter components can be further classified as grid-connected inverters usually operating in
CCM. Such devices consist of DERs equipped with any sort of primary energy source.

The necessity of a central converter (i.e., UI) to form the islanded MG, as shown
in Fig. b), is considered a critical disadvantage of this approach. First, because it
is difficult to design a converter to assume all the load transients when the MG is in
islanded mode. Second, because it is a single point of failure, and it is critical during
islanded operation. Third, because it reduces the capability of the MG expansion. And
forth, because it is an expensive element for the MG. Besides, critical islanding detection
is required, once the Ul switches its operating mode, that is, switches from CCM to VCM,
when the MG is islanded.

This gap is identified and the precursor goal of this work is to remove the central
converter, but still maintain the centralized control, as shown in Fig. a). Notably, the

central controller is also a single-point of failure, however such an element is quite cheap
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in a MG implementation, and its redundancy is feasible. For this, it is necessary that one
or more converters assume the role of grid-forming converter in islanded operation. Thus,
a new converter control structure is proposed to achieve smooth transition between grid-
connected and islanded modes and correct parallelism between other converters. Also, an
improved PBC, considering a new MG structure, is proposed and the same advantages of
using the PBC with the Ul are achieved. The new MG structure is more heterogeneous
in terms of converters control and topology, and a central converter is no longer needed,

which is a limitation of the previous proposals.

1.3 Objectives

1.3.1 Main objective

Considering the discussions presented and the benefits that may come from the
spread of advanced MGs, the main objective of this work is to:

Develop a MG control strategy in which the central converter is replaced by dis-
tributed VCM converters (i.e., distributed grid-forming converters), being able to fulfill

the three main targets for advanced MGs:
i) operate in grid-connected mode and regulate the power flow with the main grid;
i1) operate in islanded mode and control voltage and frequency;

it1) coordinate DERs through a power sharing method in both operating modes.

1.3.2 Secondary objectives

As secondary objectives arising from the primary one, this work aims to:

o Develop a self-adaptive control for grid-forming converter, i.e., VCM converter, ca-

pable of:

i) providing precise active/reactive power in grid-connected (GC) mode;

i77) achieving proportional power sharing among other VCM converters;

)
i) performing seamless transitioning from GC to islanded (IS) mode;
)
i)

accomplishing smooth and automatic reconnection to the main grid.

o Integrate different sorts of converters in a MG control strategy, characterizing it as

a heterogeneous MG.

o Compensate harmonic current circulation when a VCM converter is connected to a
distorted grid.
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1.4 Contributions

This dissertation main contributions are highlighted according to each topic re-

lated to the developed objectives:

1. Self-adaptive control for grid-forming converter (Ch.

A droop-based power-control loop is proposed capable of achieving the four main
objectives required for grid-forming converters. The main novelty of this solution
is the no need of high-speed communication between the converter and the CC,
but rather a flag signaling is employed. Therefore, this solution can be deployed
in large MG sites with several grid-forming converters. Additionally, this method
is tolerant to grid voltage variation, and no critical islanding detection is required.
This chapter also contributes with the development of a methodological procedure for
properly designing power-loop controllers, limits values of saturators, and guidelines

for practical applications.

2. MG coordinated control for heterogeneous converters (Ch.
The proposed MG control improves the so-called PBC and uses it together with

the self-adaptive control for VCM converters. The main contribution of this new
method is the absence of a central converter. Besides, it is proposed a complete
centralized /hierarchical control for MGs capable of performing the following features,

such complete MG control is not previously found in literature:

accurate grid power flow control;

o proportional power sharing between all DERsS;

o unbalance compensation;

« participation of single- and three-phase DERs;

o participation of CCM and VCM converters;

« participation of DERs with self-imposed constraints;
« voltage and frequency restoration;

o operation in both grid-connected and islanded modes;
o smooth transitioning between operating modes;

e 1o need for critical islanding detection.

3. Compensation of harmonic current when VCM converters are connected
to distorted grids (Ch.

It is proposed a novel strategy that aims to synthesize, at the output of the VCM

converter, the same harmonic voltage detected at the PCC. The harmonic voltage
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reference for the VCM converter is synchronized with the PCC harmonic voltage
using GPS modules; and its phase synchronization information and amplitude are
broadcast by communication. The main contribution of this method is the voltage

synchronization in grid-connected mode using low-bandwidth communication.

1.5 Publications

The results presented in this dissertation are a collection from research published

in scientific journals and national and international conferences, as listed below:

1.5

1
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. L. S. Araujo, D. I. Brandao, and B. J. Cardoso Filho, “Power-based Droop Con-
trol for Heterogeneous Converters connected in Microgrids,” Applied Energy, 2022 —

under review.

. L. S. Araujo, T. Caldognetto, D. I. Brandao, and P. Mattavelli,“Harmonic Voltage
Synchronization Using GPS Modules for Grid-Connected Power Converters,” IEFEE

Open Journal of Power Electronics, 2022 — under review.

. A. J. Masi, L. S. Araujo, T. Oliveira, D. 1. Brandao, B. Cardoso Filho, T. A.
C. Maia, “Advanced Microgrid: Active Power Flow Control and Communication

Constraints,” Applied Energy, 2022 — under review.
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with smooth transition between microgrid operating modes,” International Journal
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. L. S. Araujo, A. M. S. Alonso, D. I. Brandao, “Decentralized control of voltage-and
current-controlled converters based on ac bus signaling for autonomous microgrids,”

IEEE Access, vol. 8, p. 202075-202089, 2020.
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Selected Topics in Power Electronics, vol. 8, no. 4, pp. 3861-3877, 2020.
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for Distributed Generation Systems (PEDG 2022), 2022, Kiel, Germany.
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1.6 Dissertation Outline

This dissertation is outlined into six chapters, organized according to the devel-
opment of the objectives of this work. The first chapter, Ch. [I introduces the research
topic, pointing out the problem statement, as well as the objectives and contributions
of this work. Ch. [2| shows the literature review covering the main research studies that
addressed the related objectives of this dissertation in order to highlight the literature
gaps. To eliminate the necessity of a central converter, in Ch. a control structure
for dispersed VCM converters is proposed and developed. The proposed control enables
multiple grid-forming converters to provide precise active/reactive power in GC mode, to
achieve proportional power sharing, and to perform seamless transitioning between oper-
ating modes. In Ch. [d], the control of VCM converters developed in Ch. [3|is used in a MG
with heterogeneous converters. A centralized control strategy, that is, a modified power-

based control, is proposed to allow the MG to operate in grid-connected mode regulating
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the PCC power flow, operate in islanded mode controlling voltage and frequency, and co-
ordinate DERs through a power sharing method in both operating modes. Next, in Ch. [5
it is considered the scenario where a distorted grid is present. Thus, a control strategy for
grid-connected VCM converters is proposed to limit unnecessary circulation of harmonic
current. The research presented in Ch. [5| was developed during a short mobility exchange
at the Power Electronics Group of University of Padova - Italy, under supervision of Prof.
Tommaso Caldognetto and Prof. Paolo Mattavelli. For better organization and clarity,
each development chapter presents experimental hardware-in-the-loop results to validate
the effectiveness of the proposed solution. Finally, Ch. [f] discusses the general conclusions
drawn from the dissertation and the research perspectives.

This work has been developed under the Research and Technological Development
Program of the Electric Energy Sector regulated by ANEEL under the title “Technical
and commercial arrangements for the insertion of energy storage systems in the Brazilian
electric sector”; project id ANEEL PD-00553-0046/2016, with Petrobras as the project
proponent. As part of this project, it was implemented a real test-bench of a single-
controllable microgrid in the Engineering School of the Federal University of Minas Gerais
(UFMG) using commercial devices. Appendix |[A| shows the most important aspects and
details of this implementation, which uses the PBC as coordinated control for the inverters

and for provision of ancillary services.
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Chapter 2

Literature Review

2.1 Introduction

This chapter explores a literature review of the most recent papers related to the

topics of the development of this dissertation, separated into:
1. Grid-forming converter control for smooth transition between MG operating modes;
2. Secondary control for advanced MGs; and

3. Harmonics compensation for VCM converters.

2.2  On Grid-forming Converter Control

In recent years, the research community has pursued the concept of grid—forming
converter. This class of converter is capable of supporting the operation of an ac power
system under normal, disturbed, and emergency conditions without relying on services
from synchronous generators or synchronous condensers [47]. The grid—forming converter

is a VCM converter with specific functionalities to operate in MGs:
i) precise output active/reactive power control in GC mode;
i) seamless transitioning from GC to IS mode;
i17) proportional power sharing among VCM converters;
iv) smooth and automatic reconnection to the main grid.

Several types of control for VCM converters are proposed in literature to achieve
these objectives, e.g., hybrid current and voltage mode (HCVM) control, virtual syn-
chronous generator (VSG) and self-adaptive control. In the HCVM control, the inverter
operates in CCM during the GC state, and in VCM during the IS state [48-50]. In this
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method, it is necessary to switch between control modes depending on the MG operating
mode, which requires extremely fast islanding detection to prevent high inrush currents
and triggering electrical protection. In [51], a HCVM control is proposed and tested on
a real MG with high-speed communication for islanding detection and grid synchroniza-
tion. In VSGs, the converter is controlled to mimic the synchronous generators under
grid and load disturbances. However, few works consider the transition between operating
modes and, when examined [52], implementation is complex and requires measurements of
grid quantities in real-time. Thus, this approach hinders the use of multiple grid-forming
converters.

The most recent and adherent works that consider seamless or smooth transition
of grid-forming converters are presented as follows [49,/50,/52-74]. Centralized solutions
for seamless mode transition are proposed in [53] and [54], which are communication in-
dependent approaches, but do not support multiple grid-forming converters and require
critical islanding detection. Also in [55], a converter that interfaces with the main grid is
adopted to achieve MG resynchronization without communication. However, it represents
a single point of failure, reduces the capability of the MG expansion and it is an expensive
element for the MG. In [56], seamless disconnection is achieved using a droop based self—
adaptive control method in which, during GC operation, the power controller tracks active
and reactive power references; and during IS mode the power controller saturates and the
converter operates as conventional droop control. In [57], three cascade control loops are
used, but the external loop controls the grid current instead of the output power in GC
mode (grid current — ac voltage — inductor current); also using limiters. When islanding
occurs the VCM converter changes from grid current control to a version of droop control.
However, it requires islanding detection and switching of control mode that may cause
voltage and current overshoot. Also, real-time signals that are constantly changing (e.g.,
voltage angle or frequency) are used into the control loop to achieve re-synchronization.
Thus, the control performance and stability are highly affected by communication delays.
An interesting approach is presented in [58], in which two cascade control loops are imple-
mented with a phase-locked-loop (PLL) that generates the reference of voltage loop. Thus,
in GC mode the voltage controller takes no action and the converter operates in CCM;
when islanding occurs it automatically runs in VCM. However, in IS mode, the converter
operates as an isochronous generator. Therefore, it does not perform parallelism with
other grid-forming converters. In [59] and [60], proportional-derivative (PD) controllers
are used in droop equations to enhance the transition response. But, in [59], a secondary
control that sends frequency and voltage values to DERs is used to resynchronization;
and in |60] the resynchronization is performed by means of slip frequency. The authors
of [61] present a hierarchical control structure that enables seamless transfer from one MG
operating mode to the other and improves voltage/frequency regulation and resynchro-

nization. However, it is a communication-based approach that needs to send quantities
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to be used in the control loop. Besides, the DERs are not able to control their individual
active and reactive power. In [62] and [63] a hierarchical structure with a disturbance
observer (DOB) based feed-forward scheme is proposed to attenuate disturbance effects.
In [64], communication is used in a control method that takes into account the circulating
current to eliminate power sharing mismatching. A distributed control based on consensus
protocol is used in [65] and |66] to perform power sharing in IS mode and resynchroniza-
tion to GC mode. Some works [68,70] present different solutions of seamless transition
to IS mode, but they do not consider the reconnection process. Other works focus only
on the smooth transition from IS to GC mode [67]; or focus on the reconnection when
the grid and/or MG voltages are slightly distorted [69}/73]. The authors of [71] propose
a controller that permits PV plants to operate seamlessly in GC and in IS mode; but
only one grid-forming DER is considered and grid-voltage measurement is used for the
reconnection method, same as presented in [72|. In [74], a controller formulated through
an optimization problem is used to ensure seamless transition between GC and IS modes.

The most relevant works that consider seamless GC to IS transition and smooth

reconnection are summarized and compared in Table 2.1l Some works consider only one

Table 2.1: Summary of literature review on grid-forming converters.
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Ref. Control approach control in & GC to IS forming reconnec- islanding P .
voltage communi-
GC s transition converters tion detection .
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, nly equired equired
1912019 Hybrid curr. and volt. Only P X v X v R ired R ired
mode
|50],2020 Modified HCVM v X v X X Required Required
|54],2015 Centrahzed utility— v X v X v Required Not req.
interface converter
Self-adaptive control Onlv
s method with grid cur- ot req. equired
57),2020 method with grid v f? v v v N Required
rent control. Jgrid
Self-adaptive control
method with voltage .
|58],2020 reference generated by v v v X v Not req. Required
a PLL
152],2020 VSG based control v v v X v Not req. Required
Communication-based .
|61],2011 hierarchical control X X v v v Not req. Required
Hierarchical structure
162],2018 with DOB based feed- X X v v v Required Required
forward
Mechanism to elimi-
|64],2020 nate the circulating— Only P X v v v Required Required
current
Distributed control
|65],2018 with consensus proto- v X v v v Required Required
col
PD power controllers
160],2019 with slip frequency Only P X v X v Not req.  Not req.

resync.
Self—adaptive control

Herein with automatic recon- 4 4 4 v v Not req.  Not req.
nection
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grid—forming converter, i.e., the parallelism between converters in IS mode is not consid-
ered; other works do not perform proportional active and reactive power sharing; or only
the transition from GC to IS mode is considered. Still, some approaches need critical
islanding detection to perform mode transition properly. Above all, the main issue in
the reconnection process considered in the literature is the need of sending signals such as
grid voltage phase angle, frequency or amplitude, which may require high-speed commu-
nications, as shown in Table .1l In MGs with large geographical size, with many DERs,

fast communication could be unpractical.

2.3 On Secondary Control for Advanced MGs

Three main targets are mandatory for advanced MGs: 7) operate in grid-connected
mode and steer the power flow with the upstream grid; i) operate in islanded mode and
regulate voltage and frequency; and i) coordinate DERs through power sharing methods
avoiding undesirable current circulation in both grid-connected and islanded modes.

Several sorts of MG control strategies were developed along the last decades in
order to achieve the three main objectives [75,76]. However, most of the papers focus on
only one or two objectives, such as: voltage and frequency restoration and power sharing
in islanded mode, or grid power flow control in grid-connected mode. Therefore, a gap is
identified in literature of a strategy capable of fulfilling concomitantly all three objectives
and also considering different sorts of DERs in its control.

Initially, most of the control strategies of DERs applied to MG were based on
the well-established concept of droop and reverse droop control, and the MGs were pro-
posed without information and communication technology (ICT) infrastructure, only lo-
cally adjusting the droop gains [77,78]. However, conventional droop controllers suffer from
drawbacks such as poor frequency and voltage regulation due to their constant deviation
from nominal condition, inaccuracy of power sharing among DERs, low stability margin,
power line impedance dependence, and slow dynamic response. These disadvantages are
accentuated under weak networks like off-grid MG operation [77,(79,80]. To overcome
these problems, decentralized modified droop with stability and adaptive restriction are
proposed in [79]. Then, with the emerging of low-bandwidth communication infrastruc-
ture, the MG structures based on central controller, and neighboring-communication (i.e.,
multi-agent system) have become more attractive [81-83], because they achieve more ac-
curate power sharing, lower values of voltage and frequency deviation, and flexible energy
management and operation of MG. However, centralized architectures have some inherent
drawbacks compared to the decentralized ones. Typical examples are lower reliability and
more expensive cost because of ICT.

Considering the aforementioned aspects, the more adherent and cutting-edge

works are summarized and analyzed. A strategy that does not rely on communication
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is shown in [84]. It improves the islanded MG voltage regulation and reactive power shar-
ing among DERs using state estimators and optimal control. Nevertheless, due to the
current development of low-bandwidth communication infrastructure, MG secondary con-
trol based on central controller or neighboring-communication (i.e., multi-agent system or
consensus protocol) have become more common. Communication-based strategies achieve
more accurate power sharing, lower values of voltage and frequency deviation, and better
management and operation of MG. In [85], a distributed secondary control is developed
to improve reactive power sharing, and restore voltage and frequency in an islanded MG.
Each DER has its own secondary layer, so voltage, frequency and power offset information
are transmitted from one DER to another.

Regarding distributed virtual impedance methods, in [86], VCM converters are
coordinated to perform reactive power sharing and voltage regulation. A similar approach
is used in [87|, but considering also CCM units and performing harmonic compensation
at the expense of precise proportional sharing. Further, imbalance compensation is also
performed in [8§]. In [89], online estimation of feeder impedance is used for optimal
tuning of the complex virtual impedance to improve reactive power sharing. More recently,
an iterative virtual impedance regulation strategy is proposed for improving balanced,
unbalanced and harmonic current sharing [90].

Neighboring communication is used in [91,/92] to perform active/reactive power
sharing and voltage/frequency regulation in an islanded MG. In [9394], proportional active
power sharing is performed in an islanded MG using a distributed approach with reduced
communication, that is, event-triggered strategy. However, reactive power sharing is not
taken into account. A decentralized power sharing approach for islanded MG that restricts
thermal damage of converter components to avoid over-stressing is proposed in [95]. All
the papers mentioned above are applied only in islanded MG, therefore, the power flow at
the PCC is not controlled and power sharing in grid-connected mode is not performed.

In [96], the PCC power flow is controlled using a cooperative method, but, only
grid-connected mode is considered. A complete work is found in [65], in which consensus
protocol is used to control DERs in both grid-connected and islanded mode. The PCC
power flow is controlled, the power-sharing is achieved, frequency and voltage are restored
in islanded mode, and it performs smooth reconnection. However, only three-phase VCM
converters are considered and critical islanding detection is required to perform mode
transitioning. In [97], a distributed control method is developed to achieve energy level
balancing, active/reactive power sharing, and voltage/frequency synchronization of het-
erogeneous battery storage devices. The batteries are considered heterogeneous in terms of
energy level and power, although the difference in the converter control structure and self-
constraints are not taken into account. Moreover, smooth transition between operating
modes is not considered.

Regarding the adoption of hierarchical centralized architecture, the well-known
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PBC is a complete strategy capable of performing proportional power sharing in grid-
connected and islanded modes [98]. The PBC has undergone improvements over time in
order to enhance its benefits. It can be chronologically divided in three generations. The
first generation of PBC (PBC-I) [98] was originally developed for controlling dispersed
inverters in a single-phase MG. It is achieved proportional sharing of active and reactive
power among DERs by defining two scalar coefficients (ap, ag) that are broadcast to
the DERs. It can be easily extended to three-phase networks, but it does not provide
unbalance compensation. Also, all DERs are considered in CCM.

The second generation of PBC (PBC-II) described in [99] defines six scalar phase
coeflicients (apy, and ag,,), where m stands for phases a, b, and ¢, applied to a three-phase
four-wire MG. It shares proportionally the active and reactive power among the DERs that
are connected at the same m-th phase and provides load unbalance compensation at the
PCC. However, it drives also the three-phase inverters for unbalanced operation, which
may be undesirable due to the high ac power component absorbed at the dc-side of the
inverter. Moreover, all DERs are considered in CCM.

Then, the third generation of PBC (PBC-III) is proposed in [100]. All the features
of PBC-II are contemplated, but otherwise the three-phase DERs may operate balanced
by defining eight scalar coefficients (app, agm, apsy and agse). Again, all DERs are still
considered as CCM. Table shows the main PBC evolutions over recent years.

Table 2.2: Evolution of PBC Strategy for MG Application

PBC Gen. Features Ref

Proposed to single-phase MG. Proportional power sharing of active and reac-
tive power among DERs by two scalar coefficients (ap, ag). If extended for
three-phase networks, it does not compensate current unbalance. All DERs are
considered CCM.
Proposed to three-phase four-wire MG. It proportionally shares active and re-
active power among DERs that are connected at the same m-phase and pro-
PBC-1I vides current unbalance compensation at the PCC by six scalar phase coefficients ~ [99)
(apm, @Qm), where m represents phases a, b and c. Three-phase DERs operate
unbalanced. All DERs are considered CCM.
Proposed to three-phase four-wire MG. It proportionally shares active and reac-
tive power among DERs that are connected at the same m-phase and provides
PBC-III  current unbalance compensation at the PCC by eight scalar phase coefficients  [100]
(pm, Qm, p3g, aQ3s). The three-phase DERs may operate balanced. All
DERs are considered CCM.

PBC-I (98]

To verify the PBC applicability, a three-phase three-wire MG with three- and
single-phase inverters in both VCM or CCM is considered in |11]. This strategy enables
to arrange a flexible MG control method in which the DERs may operate in different
ways: 1) three-phase DERs that must operate balanced, proportionally contributing to
active and reactive power sharing; 2) single or three-phase DERs operating in both VCM
or CCM; 3) explore the fact that with only two single-phase DERs, connected in different
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phases, it is possible to compensate three-phase three-wire load unbalance, in accordance
with Steinmetz principle [101] [102].

The PBC has been improved over the years, and the most recent advance performs
grid power flow control, proportional power sharing, and considers single- and three-phase
DERs working in CCM and VCM |[11]. In [103], the benefits of PBC is combined with
consensus protocol to decrease communication implementation costs, while flexibility and
reliability are enhanced. A serious disadvantage of these MG structures using the PBC
approach is the necessity of a central converter, named Utility Interface (UI), to form the
islanded MG. Central converter is a single point of failure and critical during islanded
operation, which reduces the capability of the MG expansion, it is difficult to design one
single converter to assume all transients due to the arbitrariness of the loads, and it is an

expensive element for the MG.

2.4 On Harmonics Compensation for VCM Convert-

ers

In low-voltage grids, the widespread use of power converters for DERs, like photo-
voltaic and batteries, allows a number of advantageous functionalities for electrical power
systems, but some challenges still exist toward optimal operation [104]. A relevant power
quality issue is the unwanted harmonic current circulation between the converters and the
mains when grid voltages are distorted, which is actually a common condition.

Regarding the zero-level control of grid-connected power converters, two main ap-
proaches are employed, that is, ¢) current-controlled mode (CCM) or i7) voltage-controlled
inverter (VCI). The VCI approach is very popular, despite of a higher complexity, mainly
because it allows grid-forming functionality in islanded conditions and smooth transitions
between grid-connected and islanded modes [56,{105].

In grid-connected mode, VCls typically use droop loops (e.g., P-f & Q-V laws) to
provide to the inner voltage-control loop a sinusoidal voltage reference that is synchronized
with the main grid voltage. Additional outer control loops may also be included to achieve
active and reactive output power reference tracking [105,|106]. Notably, the converter
voltage references are typically purely sinusoidal.

However, the grid voltage in low-voltage power systems may present significant
harmonic components [107]. The IEEE Std. 519-2022 [108], for example, recommends a
limit of 8% to the voltage total harmonic distortion (THD) for low-voltage grids. Conse-
quently, when a VCI with purely sinusoidal voltage is connected to a grid with distorted
voltage, there is an harmonic current flowing between the two sources, due to the different
harmonic content. This exchange of harmonic current among the two sources is referred to

as harmonic circulation currents herein, analogously to what is done in [109] considering
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fundamental quantities. Harmonic circulation currents are unnecessary and impair distri-
bution efficiency, effectiveness of protection devices, and further deteriorates the quality
of the currents fed at the PCC.

The distortion of low-voltage grids is usually due to a voltage drop in line imped-
ances caused by non-linear loads. Thus, some works propose the use power converters to
directly compensate the related harmonic currents [110-112]. In this type of approach,
the non-linear load current, or the grid current, is sensed and used to generate the current
compensation reference. Regarding harmonic voltage compensation, the converter control
commonly uses the point-of-common-coupling (PCC) voltage and a virtual impedance
in the control loop to generate a voltage reference and try to compensate the distor-
tion |113-115]. The main drawback of these approaches is that measuring the PCC voltage
or current as quantities used for control is not practical, due to the distance of the PCC
from distributed converters. Also, the performance of this type of strategy often depends
on the specific values of the line impedances. Some works contemplate approximating
the PCC voltage with the voltage at the point-of-connection (PoC) |116], but this is not
always acceptable, due to the differences in voltage amplitude and phase related to the
circulation of fundamental active and reactive power through the distribution lines. No-
tably, this issue is particularly relevant for the reduction of harmonic circulation currents
aimed herein. The PCC/PoC approximation for harmonic circulation current reduction
is used in [117], where, instead of measuring the PCC voltage and use it directly in the
control loop, low-bandwidth communication is applied for sending PCC voltage harmonic
amplitude to the converters. The PCC voltage harmonic components are extracted in
synchronous reference frame and then transmitted to each converter controller, then the
transmitted data consist of mainly dc signals. In such kind of approaches, the angle used in
the Park transformations performed in the converter control and in the PCC measurement
block may differ, due to phase-shifts related to power circulation along the distribution
lines and the fact that the two systems are not synchronized. This impairs the quality of
the performed compensation.

Recently, the use of global positioning system (GPS) technology has attracted
interest as one of the several options to achieve the synchronization of converters in low-
voltage MGs. In [118], the GPS signal is used to directly synchronize the microprocessors
clock of droop-based grid-forming inverters in order to maintain the parallelism of the
converters. In [119] and [120], the GPS is used together with advanced phase-locked-
loops (PLLs) to improve the synchronization of dispersed converters and the main grid.
However, these proposals rely on fast communication, because the rotating angle of the
grid voltage needs to be transmitted to the converters.

GPS synchronization is also employed in converters control to perform harmonic
current sharing between the converters [121], or to overcome frequency and phase devia-

tions during islanded operation of a MG [122-125]. Thus, the converters may operate as



2.5. Conclusions 41

isochronous generators, keeping the frequency fixed [126]. However, these approaches are
applied only to islanded MGs, and do not consider the grid-connected mode. Furthermore,
real GPS modules are not always used to test the control.

Therefore, harmonic voltage compensation for VCM converters is still in develop-
ment. Also, the use of synchronization means like GPS signals to improve the performance
of grid-connected power converters connected to low-voltage grids is currently relatively

new and only partially explored in the literature.

2.5 Conclusions

This chapter presented and compared the most cutting-edge research papers re-
lated to the specific topics of development of this dissertation. A critical analysis was
carried out in order to identify the literature gaps. In summary, the literature papers that
address grid-forming converter control for smooth transition between MG modes require
critical islanding detection due to control mode switch, or require high-speed communica-
tion to perform reconnection. The papers regarding secondary control for advanced MGs
normally focus on only one or two objectives, which means that a complete strategy is lack-
ing, especially one that considers different sorts of DERs in its control. On the harmonics
compensation for VCM converters, most of the papers do not take into account the phase
shift caused by distribution lines, thus, proper synchronization is not performed. Some
papers contemplate the use of GPS modules for synchronizing VCM converters, but only
islanded operation is considered. Thus, the contributions of the control methods proposed

in the following chapters were endeavored to fill the identified gaps.
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Chapter 3

Self—adaptive Control for

Grid-forming Converter

3.1 Introduction

The self-adaptive control is a control approach for grid-forming converters, which
normally consists of three cascade control loops (output power — ac voltage — inductor
current) with the addition of saturators [56]. The self-adaptive control approach is based
on the well-known droop control equations, and no switching from CCM to VCM, and
vice-versa, is needed. In addition, seamless transitioning from GC to IS is accomplished
through the introduction of limiters in the control scheme to saturate or de-saturate the
output of the power regulator under occurrence of islanding. Therefore, critical islanding
detection is not required.

This chapter proposes an innovative solution to the self-adaptive control with a
new method to achieve the four main objectives required for multiple grid-forming con-
verters. The main novelty of this solution is the no need of high-speed communication
between the DERs and the CC, but rather a flag signaling. Therefore, this solution can be
deployed in large MG sites with several grid-forming converters. Additionally, this method
is tolerant to grid voltage variation and no critical islanding detection is required.

The well-known three cascade control loops are implemented with saturators at
the power controller to guarantee the first three objectives (i.e., precise power control,
seamless islanding and autonomous power sharing). This chapter also contributes with the
development of a methodological procedure for properly designing power-loop controllers,
limits values of saturators, and guidelines for practical applications.

The smooth reconnection from IS to GC (i.e., the forth objective) is driven through
a CC, which broadcasts a signal (“flag”) informing the DERs that the MG is in the re-
connection procedure. This signal can be interpreted as a Boolean information that just

informs that the MG will soon reconnect. Thereby, the grid—forming DER changes its
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operating frequency, so that the MG and the main grid temporally run with a slight fre-
quency difference. Thus, occasionally, there is a time interval in which the angle difference
between the two voltages is small enough to perform the reconnection (i.e., slip frequency
technique), and a synchrocheck relay governs the switch that reconnects the MG to the
mains.

The flag signal is not considered a real-time communication, but rather only sig-
naling, because there is no byte data exchange. The flag signaling does not transfer voltage
phase information, and it is not used in the DER control loop. Besides, the reconnection
procedure is not affected by packet loss or latency. Also, this signal can be redundant and
sent more than once to increase reliability. Besides, the requirements and complexity for
its implementation are minimal; a latency of 167ms is shown in Section without loss

of performance.

3.2 Proposed Control for Self-adaptive Grid—forming

Converter

The grid—forming converter considered herein is shown in Fig. [3.1] It is composed
of a conventional three-phase half-bridge inverter with a LCL output filter and a local
circuit breaker, C'By. The inductor current (i), capacitor voltage (vor), output current
(Zout), and the point-of-connection (POC) voltage (vpoc) are measured and used in the
control loops. Switch Sj is controlled by the CC together with a synchrocheck relay [127],
which is responsible for reconnecting the MG, detailed in Section [3.2.3.3] The circuit
breaker C'Bj is driven by the distribution system operator (DSO). The converter topology
is not the goal of this chapter, which restricts its focus on the development of the control.
The MG can also include grid—following converters without jeopardizing the overall system
operation, they would only be part of the equivalent load.

Two possible configurations for switch S are proposed, as shown in Fig. In
Fig. a), it is proposed to include a contactor in series with the circuit breaker C'By; thus
the synchrocheck relay governs the contactor for reconnection, and the C'B; acts only in
case of faults. In Fig.2-b), another possible configuration is shown with a solid-state relay
(SSR) [128] of lower rated current in parallel with the contactor. In this second approach,
the synchrocheck relay governs both the contactor and the SSR simultaneously. The solid-
state relay closing time delay is about 1ms [129], which allows the closing procedure to
be almost instantaneous and with very low deviation from both voltages. Thus, the SSR
closes first assuming the grid transient current; and the contactor closes right-after with
an average delay of 40ms. At steady-state, the SSR opens up, and the contactor assumes
the operation. The use of only a SSR is discouraged due to the lack of galvanic isolation

and high losses.
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Figure 3.1: MG structure and grid—forming converter electric diagram.
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Figure 3.2: Possible switch S; configuration: a) Three-phase contactor; b) Three-phase
contactor in parallel with a three-phase solid-state relay (SSR).

The converter control scheme is split into three loops: ) external power—loop
responsible for controlling the output power during grid—connected operating mode, and
for smooth transition to islanded mode; i) voltage—control loop that regulates the voltage
across C'r capacitor; and #77) inner current—loop that controls the current through the 4

inductor and guarantees overcurrent protection.

3.2.1 External power—loop

Fig. shows the block diagram of the proposed external power control loop. This
loop is split into active and reactive power loops. The power control is based on droop
equations relating active power with frequency and reactive power with voltage. Despite
considering low voltage grids (predominantly resistive), droop equations were developed
for grids with inductive characteristics, since the output inductance of the converters LCL
filters are much higher when compared to line resistance. Nevertheless, the formulation
proposed herein differs from the conventional droop in two main points: 1) an outer loop
with an integrator is used, and 2) the integrator is limited at certain values. When the

MG operates at GC mode in steady—state, the frequency switch is in position “2”, thus,
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Figure 3.3: Power control loop of the grid—forming converter.

the control equations are shown in (3.1]) and (3.2)):

Wqg = Wo + km : (pi — ?345) (31)
Va=WVo+k, - (¢ — @3¢) (3.2)

where wy and V; are the angular frequency and the voltage magnitude that generate the
converter voltage reference (vip); wo and Vp are the rated grid frequency and voltage
magnitude; k,, and k, are the droop coefficients for active and reactive power; P34 and

@34) are the calculated average active and reactive power at the converter output; and p;

and ¢; equations are shown in (3.3)) and (3.4)):

Eip —

pi=-—" (Psy — P3g) (3.3)
kiq * a)

q; = s ’ (Q3¢ - Q3¢) (3.4)

where k;;, and k;, are the integral gains; and Pj, and )3, are the references of active and
reactive power.

The external power—loop implemented with the extra integrator enables accurate
active and reactive power control during GC mode. However, in IS mode, the extra
integrator takes the system out of its nominal limits of frequency and voltage whether the
converter output power differs from its power references. To overcome this issue, a limiter

is included at the output of the integrator. Such operation is discussed in Section [3.2.3.2]

3.2.2 Inner voltage and current control loops

The inner control loops are composed of a voltage—loop and a current-loop in

cascade, as shown in Fig. 3.4, The voltage-loop controls the vop voltage to track the
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Figure 3.4: Current and voltage control loops of the grid—forming converter.

voltage reference imposed by the power—loop. A PI controller is adopted and an output
current (i) feedback is used to compensate the disturbance. The current-loop controls
the i7; current to track its reference provided by the voltage loop. A proportional controller
(Pr) is used and the capacitor voltage measurement (vcp) decouples the disturbance,
where Vpe is de-link voltage rated value. The zero-level control implementation is not
the focus herein. Thus, the PI controller with disturbance compensation signals (i,,; and
ver) is chosen because it achieves satisfactory results and its implementation is simple.
Other more advanced controllers could be used with AC signals, e.g., proportional-resonant
controller [130].

3.2.3 System Operation

Considering the black—start of such a converter to connect to an energized grid,
before turning on C By, it is necessary to synchronize the converter output voltage (vcor)
to the POC voltage (vpoc). Thus, frequency switch starts in position “1” to phase-lock
the voltage angle. Also, for a smoother connection, the power references (Ps;, Q34) are
set to zero at the black-start to avoid inrush currents at the converter connection. After
voltage synchronization, C'By is turned on, and frequency switch is turned to position “2”.

In summary, the frequency switch takes on three different positions depending on

the converter operation:

1: (wpoc) - Converter synchronization at black-start;

2: (wp) - Normal operation at both GC or IS modes;

3: (Wena) - Transitory operation at the MG reconnection process — where “cnz” stands for
connection — explained in detail in Section |3.2.3.3

3.2.3.1 Accurate power control in grid-connected mode

In GC mode the voltage and frequency values are set by the main grid. Thus, the
external power—loop steers the converter to exchange accurate active and reactive power

to the grid, characterizing a power dispatchable converter.
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Figure 3.5: Droop curve with external power-loop: a) P —w; b) @ — V.

The extra integrator output (i.e., p;, ¢;) changes the y-intercept coefficient of the
droop curves, as shown in Fig.[3.5] The curve displacement allows the converter to provide
non—zero power at grid voltage rated values, as wy and Vjy. Therefore, this implementation
zeros the output power error even under grid voltage variation, and allows to control
the dynamics of the output power when proper controller design is adopted. The curve

boundaries are explained in Section [3.3]

3.2.3.2 Seamless transition to islanded mode

When the main grid is absent, C'By opens and the grid—forming converter forms
the MG voltage. However, under power balance mismatching the external power loops may
overflow and the islanded MG voltage and frequency may exceed the normal operational
limits. Hence, a saturator is implemented after the integrator to keep voltage magnitude
and frequency within their maximum and minimum values.

In fact, when p; and ¢; saturate, the converter operates temporarily as a shifted
conventional droop—control, as one of the red dashed curves in Fig. 3.5 For example,
if the power errors are positive values, p; and ¢; saturate in their maximum value and
the converter operates automatically in conventional droop equation, as shown in ({3.5])
and . This implementation guarantees smooth transition to IS mode without fast
islanding detection, no switching control mode from CCM to VCM, and no large voltage

and current transients.

Wq = Wo + km ’ (pimaa: - P73¢) (35)
‘/d = % + kin ’ (Qimax - %) (36)

The CC detects whether the MG is islanded or if the mains is reestablished; and

then drives S according to the occasion. When islanding is detected, the CC opens 5;.



3.2.  Proposed Control for Self-adaptive Grid—forming Converter 48

Islanding detection is required for security reasons and can be performed using, e.g., a
remote islanding detection method [131].

In steady-state of IS mode, the external power controller saturates, due to the
mismatching of power reference (P3;) and power output (}_73¢), so both converters operate
as conventional droop-control with the power reference (pi) saturated at Pimaz OT Dimin
(see Fig. . The saturators are designed to maintain the power sharing when operating
as conventional droop control, detailed in Section [3.3.5] Therefore, only reactive power
sharing would be impaired due to different voltage profiles, which is adjusted by the
secondary control.

When islanding is detected by the CC, the power references (Pj; and Q3,) may
be updated by the MG secondary control aiming to restore the MG voltage magnitudes to
rated values, and to improve the power sharing. Thereby, the power-loop integrators de-
saturate and, once the output power and power reference match, the voltage and frequency
return to their nominal operating values. Note that the islanded detection is not critical
to the operation, but only enhances power quality by eliminating voltage and frequency
deviations in steady-state. The development and implementation of the secondary control
layer is shown in Ch. [4]

3.2.3.3 Smooth reconnection

When the mains is reestablished and detected by the CC, the reconnection process
starts. The CC broadcasts a signal flag to the grid—forming converter indicating that the
mains is stable. Then, the DER turns the frequency switch to position “3” to prepare to
operate GC again.

Since in the steady-state of the IS mode the secondary control drives the con-
verter power references to restore the MG frequency and voltage to their rated values, the
converter power error is null when the frequency switch is turned to position “3”. Thus,
the converter changes its operating frequency to we,,, and the islanded MG operates at
Wene frequency in the reconnection interim. The w,,, value is slightly different from the
rated frequency (i.e., 2760.1 rad/s); it is explained in detail in Section [3.3.6]

In the reconnection interim, the operating frequency of the islanded MG must
be different from the main grid frequency. This small frequency deviation is the key to
the automatic reconnection. As the islanded MG operates in a different frequency of the
main grid, occasionally, there is a time interval in which the angle difference between the
two voltages is small enough to perform the reconnection. The CC monitors both voltage
angles (vpoc and vg4q); and at the instant that they are in-phase, the synchrocheck relay
automatically closes S; and the MG operates in GC mode again. Besides the phase, the
synchrocheck relay must verify that the MG complies with the frequency, voltage level
and phase-sequence [132].

As the power controllers of the grid—forming converter are already desaturated,
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they can track their power references in the reconnected operation, even with different
droop frequency (wens). After ensuring that the MG is grid—connected and stable, the CC
turns the reconnection flag off, and then the converter changes the frequency switch to
position “2” returning to wy again.

The reconnection process is automatic and allows smooth transition with reduced
transient currents and voltages. The grid-reconnection does not require fast communica-
tion with multiple grid-forming converters, i.e., the CC does not transmit the vg,q angle
to grid—forming converter synchronization or other time—variant signals, which would be a
critical issue in large MGs. Moreover, during IS state, if the secondary layer control com-
munication fails, the grid—forming converter would still operate stable, but in a slightly
inferior condition in terms of voltage and frequency deviation values. Finally, if the main
grid reconnects before the island is detected — as it is used to happen with distribution au-
tomatic reclosers — the MG would still be operating at GC mode properly, so no switching

of control mode is required.

3.3 Design of Control Parameters

This section details the design of the parameters of the proposed grid—forming

converter control, from inner loops to external power controllers and limiters.

3.3.1 Inner loops controllers

The controllers used for the capacitor voltage (vor) and inductor current (iz;) are
developed. The plant model is shown in Fig. 3.6, in which the open loop transfer function
can be obtained. The controllers are tuned based on any desired technique [133], one used

the frequency response analysis.

Figure 3.6: Model for the inner a) current— and b) voltage—loop controller design.
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It is recommended to design the cutoff frequency of the current controller a decade
below from the switching frequency. For the voltage controller, a cutoff frequency at most
half the cutoff frequency of the current loop is recommended. Thus, the control design for
each loop is considered independent and can be analyzed individually. In this case study,
for the current loop the cutoff frequency is 1200H z; and for the voltage loop, the cutoff

frequency is 600H z and the phase margin of 60° is considered.

3.3.2 Droop control parameters

To define the droop coefficients k,, and k,, which are based on the IS operating
mode, one can use the conventional approach of maximum allowed voltage and frequency

deviation such as:

- Wmazd — Wmind

ky, = 3.7
Pmam - Pmm ( )

Vmaxd - Vmind
kp=—""——7"— 3.8
Qmam - szn ( )

where wqzq and wying are the maximum and minimum angular frequency values allowed
variation (herein considered (2 - 7 - 60.5) rad/s and (2 - © - 59.5) rad/s, respectively);
P,.. and P,,;, are the maximum and minimum converter active power; V,,.zq and Vi,ing
are the maximum and minimum phase voltage values allowed in normal grid operation
(herein considered 131 Vs and 123 Vs, respectively); and Qe and Q.. are the
maximum and minimum converter reactive power. The frequency and voltage limits are

determined based on the mormal operation limits of low—voltage grids of the Brazilian
Grid Code PRODIST-8 [134].

3.3.3 External power—loop controllers

The design of the power—loop controllers k;;, and k;, considers the simplified system
model shown in Fig. The line impedance is neglected as the inverter output impedance
is usually much higher than the line impedance value [135].

The power flow equations of the system of Fig. are:

Ver - Vg - sinfl
p=g. L2 o (3.9)
Ve —Vor -V, - cost
Q=3" CF Cl;(z g = COS (3'10)

where X5 is the Lo inductor reactance of the converter.
Considering that the grid voltage and the inductor reactance are constant, the

small-signal linearization of the power flow equations around the equilibrium points “f,,”
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and “Vpp,, 7 are:

- 3V

p=2_"
Xy

[Vg - Ver, - sibeq - 0+ (2 Ver, —Vy - coste,) - @} (3.12)

(cheq 080,y - 6 + 51Nbeq - \7CVF> (3.11)

~ 3
“Tx

where the tilde () refers to the small-signal variation around the operating point.
The angle equilibrium point is set to 6., = 0 and the voltage equilibrium point is

set to the nominal grid voltage Veor,, = V; then, the linearized power flow equations are

reduced to:
- 3-V2
P = ng o, (3.13)
~ 3-V __

Based on Fig. [3.3] and considering constant grid quantities, the small-signal lin-

earized control equations are:

6 = i g (3.15)
W =k, - lki;p - (P, — %&b) - ;’34 (3.16)
~ kiq = o =
Va=ky - [s ) (Q3¢ - Q3¢) - Q3¢] (3'17)

The average active and reactive power output are obtained through a Moving
Average Filter (MAF). When tuned at 60 Hz, the MAF frequency dynamic is similar to a
first order low-pass filter (LPF) tuned in 15 Hz, analyzing the spectrum up to 10 Hz [136].
Thus, the MAF transfer function at 60 Hz is approximated to a LPF transfer function at

we = 2715 rad/s:
We

MAF(s) = 3.18
(5) = —= (319)
iﬂ”t ,
(o
L,
+ +
Three-phase V.20 V20 3¢

Converter g Grid

Figure 3.7: Simplified grid—connected converter model.
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it

(OR

Figure 3.8: Small-signal model for the external a) active power— and b) reactive power—
loop controller design.

Therefore, f can be represented as a block diagram of the small-signal
model for the external power—loops controller design, as shown in Fig. 3.8 The open-loop
transfer function is then obtained, and the controllers can be tuned based on any desired
technique [133]. A cutoff frequency of at least a decade below the cutoff frequency of
the voltage loop is recommended. In this case study, the cutoff frequency and the phase
margin for the active and reactive power loop are 1.92H z and 85°, and, 1.24Hz and 87°,

respectively.

3.3.4 Sizing the Coupling Inductor

To guarantee the regulated power flow when the VCM converter operates grid-
connected, it is important to size the coupling inductor, Lo, correctly [137]. The desirable
inductor size can be seen as the minimum size that the inductor can have, and still being
able to satisfy the delivery requirements. First, it is important to define the maximum
value of the capacitor voltage of the inverter, VZi#*, which is usually related to the dec-link
voltage, Vpe. Herein, one considers VZi#* = Vpe. Second, one sets the maximum active,
Pz, and reactive, Q,q., power that the converter is able provide. Third, one limits the
maximum power angle, 0,,,.. Apart from 0,,,,, the other values must be already defined
in pre-design stages, that are not demonstrated in this work. Regarding 6,,,, definition,
the following guidelines are highlighted.

At zero active power, 0 is ideally zero, that is, both vor and v, are in-phase. On
the other hand, 6,,,, is the power angle at maximum active power. Thus, 6,,.. should not
be chosen too small, because it is actually the range that the voltage controller can have to
synthesize a voltage to provide that given active power. For example, if 6,,,, is chosen as
one degree, the voltage controller would have only a one degree margin to go through all
P42 of the converter, which implies in a very precise or even impractical control. However,
O.max cannot be chosen too big either, considering that it is desired to operate in the linear

portion of the P(f) characteristic. A reasonable choice for the maximum value for # to
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operate in the linear portion is 30°. Other important aspects in defining the maximum

power angle, 0,,,., must be analyzed:

i) the smaller the power angle, the smaller is the inductor to transfer power, thus, the
more precise the controller and instrumentation resolution must be to guarantee the
power synthesis due to small angle range. The range of the power angle cannot be
allowed to get too small, e.g., as one degree, to avoid errors in the power to become

unacceptable;

it) the smaller the Vg voltage, the smaller the inductor must be to transfer power, and

thus, the smaller is the power angle;

it7) the smaller the inductor, the cheaper and less bulky.

Thus, (3.19) and (3.20) are derived from (3.9) and (3.10]), for one leg of the

converter, to establish a starting point for inductor sizing. Two values of the maximum

inductor reactance, X, are calculated, one chooses the smallest among them.

VEg® - Vg o sin(@maz)

Xnarl — 5 (3.19)
mazx2 _ Y/max . . emax
X;TL(JIZ — VCF CFQ ‘/‘Vg COS( ) (320)

where V} is the rated value of the grid voltage.

3.3.5 External power—loop saturators limits

The saturators limits are defined to keep the IS operation in the allowable tem-
porary range of frequency and voltage deviation, according to standards and grid codes.
First, the maximum (wy,q,) and minimum (wy,;,) frequency values that the MG can reach
in extreme operation are defined; as well as the maximum (V},4,) and minimum (V)

voltage values. Thus, the saturators limits are calculated in (3.21])—(3.24)):

(Wmax - WO)

Dimaz = e + Prin (3.21)
Pimin = W + Prna (3.22)
Gimaz = (mGn_%) + Qmin (3.23)
Gimin = W + Qumas (3.24)

The maximum considered frequency and voltage values are shown in Table [3.1]

The limits are determined based on the temporary operation limits of low—voltage grids of
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the Brazilian Grid Code PRODIST-8 [134].

This approach ensures that the maximum and minimum limits of voltage and
frequency are maintained in IS operation. In GC mode, the saturators limits allow to
exploit full active power, even when the grid frequency deviates in normal operation. The
reactive power, otherwise, is affected by the voltage drop of line impedance in GC mode,
thus, the limits of the reactive power saturators can be relaxed to exchange more reactive
power with the main grid. However this would cause larger voltage deviation in IS mode.
Therefore, there exists a trade—off between reactive power exchange capability during GC

mode and voltage deviation during IS mode.

Table 3.1: Maximum and minimum frequency and voltage values in temporary operation

Wmax Wmin Vmam Vmin

(2 -7-61l)rad/s (2 -7 59)rad/s 135 Vips 119 Vs

3.3.6 Reconnection frequency definition

The reconnection frequency (we,,) is a value slightly different from the rated grid
frequency, as explained in Section [3.2.3.3] According to [134], in normal grid operation,
the frequency may vary between 59.9 Hz and 60.1 Hz, thus, it is chosen a value outside
this range. As in the most common operation the grid—forming converter feeds the MG
loads, i.e., its output power is positive, then one chooses w.,, at the upper limit to main-
tain the positive power flow when grid—connection is established and to reduce transient
currents. Therefore, we,, value is chosen as 2 - m - 60.1rad/s. This frequency difference
is in accordance to the IEEE Standard 1547-2018 — Synchronization parameter limits for
synchronous interconnection to an energized local electric power system to an energized

area electric power system [132].

3.4 Real-time Hardware-in-the-loop Results

The proposed control for grid-forming converter in MG applications is tested in
this section under different case studies in order to verify and validate its effectiveness. It
is used the Typhoon HIL 604 real-time emulator to run all the power stage. The control
stage is implemented onto industrial TT TMS320F28335 control cards which send back the
PWM gate control signals to all six switches of each converter modeled on the HIL system,
as shown in Fig. Two identical DERs with the proposed control are implemented, and
a CC which detects the grid absence /presence and governs the switch S; is considered. The
quantities are measured using two Keysight DSOX2014A oscilloscope that are triggered

simultaneously. The hardware-in-the-loop test presents results widely recognized for the
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Figure 3.9: Hardware-in-the-loop setup for control validation.

reliability and representativeness of the real plant. Table [3.2] summarizes the system
parameters and the controller gains that are used throughout the following tests. The
system line impedances (Rjine and Lj,.) represent a distance of 30 meters between each
node, that is, 60 meters from DER; to the grid, and 60 meters from DFE R, to the grid.

3.4.1 Power-loop controller model verification

To validate the power-loop model developed in Section [3.3.3] Fig. [3.10] shows
the step response of the small-signal model represented in Fig. [3.§ together with Mat-
lab/Simulink simulation and HIL results of an active (Fig.[3.10}a) and a reactive (Fig. [3.10
b) power step during GC operation. The controllers k;, and k;, are tuned to perform a
settling time of a step response of about 0.3s. It is noted that the simulation and model

curves are overlapped and the HIL curve is slightly nonidentical, which validates the model
of Fig. 3.8
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Table 3.2: System and Control Parameters

System Parameter Value Control Parameter  Value
de-link voltage (Vpc) 408 V Gain (kp;) 4.27
DER rated power (Sn) 10 kV A Gain (k) 1.79
Filter inductor (Lq) 3.85 mH Gain (ki) 3895
Filter capacitor (Cr) 164.46 pF Gain (k;p) 12
Filter inductor (Ls) 250 pH Gain (k;q) 17.8
Line resistance (Ryine) 0.12 Q Gain (k) 3.141e~4
Line inductance (Liine) 7.96 pH Gain (k,) 4e~4
Switching frequency 12 kHz Sat. (Pimaz) 10e3
Rated grid frequency 60 Hz Sat. (Dimin) —10e3
Rated grid phase-voltage 127V Sat. (Gimaz) 10e?
per-phase star-load 2.42Q + 3.21mH Sat. (Gimin) —10e3
Pioadazs and Qoadse at rated conditions 16 kW, 8 kvar  Ope, Q VAET =127V 1.12°

Step response - Active power

0.8

System: Model

Settling time (seconds): 0.309
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Figure 3.10: a) Step response of active power; b) Step response of reactive power.
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3.4.2 Seamless grid-connected to islanded operation transition

This case study verifies the accuracy of P & () control of the DERs in GC mode;
and the seamless transition of parallel DERs without PCC voltage transient during the
state passage. Fig. shows: the phase-a PCC voltage, frequency, and phase-a DERs
currents. At the first instant the MG is in GC mode, and DER; and DFE Ry provide
controlled power (Pss = 6kW, Q34 = 3kvar) each, with currents of same amplitude and
phase. The DER; and DER, currents show THD [[Jof 1.58% and 2.2%, respectively. When
the mains is suddenly disconnected (C'By opens), the PCC voltage quality is guaranteed
without disturbance, and both DERs instantly share the load current supplied by the
main grid. In IS mode, the DER; and DER, currents show THD of 3.06% and 3.28%,
respectively. The THD of the PCC voltage in GC mode is 0.39%, and in IS state is 2.35%.
Since the power references for each converter (P, = 6kW, Q34 = 3kvar) are smaller
than the load power that each converter provides (Piouass/2 = 8kW, Qloadse/2 = 4kvar),
the amplitude and the frequency of the MG voltage saturate at a value lower than the
rated ones, according to and . The frequency is saturated above 59 Hz, and
the thresholds defined in Table are guaranteed. It is worth highlighting that no island

detection is needed for continuous operation.

— Grid disconnection
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Figure 3.11: Results of the transition from grid-connected to islanded operation.
(Ch1:40V/V; Ch2:12A/A; Ch3:12A/A; Ch4:1Hz/V — 60Hz offset.)

3.4.3 Secondary control in islanded mode

For security reasons and to improve the IS operation in steady-state, a MG island
detection is used in the CC. When the CC detects that the MG is in IS mode, it turns

IThe THD is defined as the ratio of the RMS amplitude of harmonic current to the RMS amplitude
of the fundamental current [138].
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S; off and the MG secondary control acts to restore the voltage and frequency to their
rated values, improving the quality of the PCC bus voltage. Fig. a) shows the instant
that the secondary control updates the power references from P35, = 6kW, Q3, = 3kvar
to Py, = 8.2kW, Q3, = 4.1kvar for each DER, and the voltage amplitude and frequency
automatically desaturate and return to their rated values. The power sharing is also
improved in terms of proportional contribution as shown in Fig. b). After the sec-
ondary control acts, during IS mode, the DER; and DE R, currents show THD of 0.47%
and 0.71%, respectively; and the THD of the PCC voltage is 0.35%. Note that there is no
disturbance at the PCC voltage and on the load current because no switching of control

mode is required.

Secondary control
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Figure 3.12: Results of the secondary control in islanded mode. a) Chl1:40V/V;
Ch2:16A/A; Ch3: 1Hz/V — 60Hz offset; Ch4: 5V/V — 127V offset. b) Chl: 2000W /V;
Ch2:2000var/V; Ch3:2000W/V; Ch4:2000var/V.
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3.4.4 Islanded operation to grid-connected transition

When the main grid is reestablished (i.e., C'By turns on), the CC broadcasts a
flag to the DERs informing that the reconnection process will start. Hence, each DER
changes its frequency switch to position ‘3" Since the secondary control updates the power

references to match the load power, the power errors are null, and the converters can

Reconnection flag Grid reconnection
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Figure 3.13: Results of the transition from islanded operation to grid—connected.
a) Chl:40V/V; Ch2:40V/V; Ch3:1Hz/V — 60Hz offset; Ch4:1V/V. b) Chl:12A/A;
Ch2:16A/A; Ch3:12A/A; Ch4:12A/A.
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change the MG frequency momentarily different than 60 Hz, as shown in Fig. 3.13}a).
Thus, the PCC voltage synchronizes to the grid voltage in approximately 1.65s. When
the phase difference is minimal, the synchrocheck relay closes Sp, returning to the GC
mode. Fig. b) shows the currents at the grid, load and DERs at the reconnection
instant. No apparent inrush current or voltage transient are shown during the reconnection
process; only a small grid current transient (igigmas = 19 A) is noted due to the frequency
mismatching. Since the secondary control had already updated the DERs references to
supply the load and operate at rated frequency/voltage in IS state, the main grid do not
contribute to the load power at reconnection. The grid current during grid-reconnection
is not controlled and is not eliminated. The proposed method based on slip frequency
technique is to minimize the grid current at reconnection ensuring a small phase difference
between the MG and mains voltages at the time of switch closure. When the reconnection
process is finished and the grid is stable, the CC turns the flag off and the DERs operate at
frequency switch position ‘27 again. This method does not influence at the system stability

as no extra controller is inserted in the DER control levels.

3.4.5 Power control under grid voltage variation

This test is performed to verify that the proposed control can regulate the output
power even under grid voltage and frequency variation during GC mode, as shown in
Fig. 3.14} Initially, the grid is operating with its rated values, and DER; provides Ps, =
6kW and ()34 = 3kvar. In Fig. a) there is a grid frequency step from 60H z to 59.9H z,
and in Fig. [3.14}b) there is a grid voltage step from 127V to 124V. When the frequency
varies from 60Hz to 59.9Hz the active power shows a 40% variation in relation to its
power reference (6kW), but there is no large current or reactive power transient. When
the voltage varies from 127V to 124V, the reactive power varies 2.5 times the reference
(3kvar), and the current presents a peak value of 384, which represents 52% of overshoot
regarding the reference value. Nevertheless, the current and power values return to their
set-points in less than 0.5s. The power loop is designed to be slow (settling time of a step
response of about 0.3s), and the effective power tracking is achieved in steady state. The
transient dynamics can also be adjusted considering the perturbations in the design of the

power loop controllers.

3.4.6 Different load conditions in mode transition

Fig. shows a case study that considers three system transitions: first, two
VCM converters provide 6kW and 3kvar to the grid, and a load consumes 16k and
8kvar. At ti, there is a large load step to 8kW and 4kvar, the VCM converters are
disturbed, but the control properly rejects such disturbance in less than 0.1s as shown in
the zoom clip of Fig. [3.15] At to, there is an unintentional islanding and, at t3, another
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Figure 3.14: Results of the power control with a) Grid frequency variation (Chl:12A/A;
Ch2:1Hz/V — 60Hz offset; Ch3:2000W /V; Ch4:2000var/V.); and b) Grid voltage variation
(Ch1:12A/A; Ch2:5V/V — 127V offset; Ch3:2000W/V; Ch4:2000var/V.).

load step to 16kW and 8kwvar. The zoom clips show that the system does not present
voltage or current overshoots during the islanding and load step variations. In Fig. [3.15]
the behavior of DER, is omitted due to its similarity with DER;. Besides, it is worth
underlining that a similar result of (Fig. 24) shows a response of 0.25s despite using
external grid current control.

Before the islanding, the power references (Pjp = 6kW, Q35 = 3kvar) of the
VCM converters are superior to the load power (8kW and 4kvar) — considering that the
load power is divided by both converter. Then, when islanding occurs, the frequency
and amplitude of the voltage saturate above the rated value (60.26Hz and 130.75V), as
shown in Fig. .15 This situation is contrary to that shown in Fig. When the load
step occurs in the islanded operation (¢3), and the load assumes the previous values of

16kW and 8kwvar, the frequency and amplitude of the voltage saturate in the lower values
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Figure 3.15: Results of mode transition from grid—connected to islanded operation with dif-
ferent load conditions. (Ch1:40V/V; Ch2:1Hz/V — 60Hz offset; Ch3:16A/V ; Ch4:12A/V.)

(59.1Hz and 120.6V), the same as in Fig. [3.11} The voltage amplitude behaves akin to

the frequency, so, due to the limited channels on the oscilloscope, it is omitted.

3.4.7 Evaluation of delays in the reconnection process
3.4.7.1 Reconnection process with S1 closing time delay

The deployment of only a contactor (Fig. a) for switch Sy requires a case study
considering the closing time delay developed in this section. In contactor manufacturers
catalog , a minimum and a maximum closing time is guaranteed. For contactors
AC-3 of rated currents from 115A to 1000A, the operating closing time varies from 20ms
(minimum) to 80ms (maximum) in the worst cases. Two cases are considered: a closing
time of 40ms (average) and 80ms (critical), shown in Fig. [3.16la) and -b), respectively.
In Fig. [3.16}a), there is a peak in the grid current (ig.q) of 244, which is barely noticed
in the DERs currents. In Fig. b), a transient peak in the grid current of 48A arises,
but it is not sufficient to cause any substantial disturbance to the system. In both cases
the DERs maximum currents are not exceeded. Nevertheless, to reduce the closing time
delay, the average delay specified at manufacture’s catalog can be compensated in the

synchrocheck relay command. For example, for a contactor with a closing time delay of
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40 — 80ms, the synchrocheck relay may operate 60ms before the phase difference reaches
its set-point; thus, the actual delay would be a maximum of £20ms.

Anyhow, considering the worst-case scenario of an 80ms closing time delay (Atgeqy)
and a frequency difference (Af) of 0.1Hz, this would impact in a phase difference (A6)
of 2.88°, as shown in . This phase difference is in accordance to the IEEE Stan-
dard 1547-2018, which requires a maximum phase difference of 20°. Considering a phase
difference of 20° and a frequency difference of 0.1Hz, the closing time delay can be ap-
proximately 0.5s, which is much greater than the closing time of the commonly used

contactors.

AG =360 - Af © Atgeray (3.25)

3.4.7.2 Reconnection process with flag signaling delay

The results in this section show that even the DERs receiving the reconnection
flag at different time frames, the MG still reconnects smoothly to the main grid. The MG
is initially in IS state, and the CC informs the DERs with a flag that the reconnection
process will soon begin. DFE R, receives the flag approximately 10 cycles after DERy, i.e.,
167 ms delay, and a small transitory is noted at DERs current when the flag is received,
as shown in Fig. a). Nevertheless, the reconnection is still smooth with a grid current
transient of 154, as shown in Fig. 3.17}b).

3.4.8 Islanded operation under adverse conditions
3.4.8.1 Uneven line impedances

In this section, the line impedance of DFE R, is twice the line impedance of DER;.
Fig. shows the DERs output power initially in GC mode, in which both DERs provide
the same active and reactive power, independent of the line impedance. After the grid
disconnection, it is noted that DFER; contributes with a larger amount of reactive power
than DERy (Qprri = 4460var; Qpgere = 3000var). However, the power sharing is
reestablished with the secondary control. The active power, on the other hand, is shared
all over the process. In fact, line impedance only influences the reactive power sharing in

IS mode, as expected for conventional droop.

3.4.8.2 DERs with different power ratings

This case study considers DFE R, with half of the power rating of DER;. Fig.
shows the DERs output power initially in GC mode, in which DFE R, provides half of the
active and reactive power of DER;. After the grid disconnection, it is noted that the
active power is still shared proportionally (Ppgri = 7360W; Ppgre = 3700W), but the
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reactive power sharing is impaired (Qpgrr1 = 2920var; Qpgra = 2720var). However, the
control structure implemented in the converters (Fig. [3.3)) allows the power sharing to be

reestablished with the secondary control, as shown in Fig. |3.19

3.5 Conclusions

This chapter proposed a control method for grid—forming voltage-controlled mode
converters to proper microgrid operation in both islanded and grid—connected modes with
smooth transition between them. The main novelty of this method is that it does not

rely on high-speed communication for resynchronization, and no critical islanding de-
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tection is required, which would be an issue in large microgrids with many distributed
generators. The results performed in hardware-in-the-loop have shown that the proposed
method achieves precise output active and reactive power control in grid-connected mode
even under frequency/voltage variation; seamless transitioning from grid—connected mode
to islanded mode; autonomous power sharing between other voltage-controlled mode con-
verters; and smooth reconnection to the main grid after islanding. Thus, the proposed
control structure would be suitable for implementation in distributed VCM converters in

order to replace the central converter approach.
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Figure 3.17: Results of different signal flag receiving time in the reconnection process. a)
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Chapter 4

Centralized Control for

Heterogeneous Converters

4.1 Introduction

Considering the literature review presented in Section 2.3 a gap is identified
regarding a strategy capable of fulfilling concomitantly the advanced MGs objectives and
also considering different sorts of DERs in its control. Thus, this chapter proposes a

complete hierarchical control for MGs able to perform the following features:
o precise grid power flow control;
« proportional power sharing among all DERs;
e power unbalance compensation at PCC;
 participation of single- and three-phase DERs;
« participation of CCM and VCM converters;
o participation of DERs with self-imposed constraints;
« voltage and frequency restoration;
e operation in both grid-connected and islanded modes;
e smooth transitioning between operating modes;
e 1no need for critical islanding detection and previous knowledge of MG parameters.

The proposed MG control modifies the so-called PBC and uses it together with
the droop-based power-loop for VCM converters developed in Ch. [3] One fundamental
particularity of this new method is the absence of the central converter in comparison to

previous works |11,103]. Herein, multiple distributed VCM converters are able to form the
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MG in islanded mode and still perform power-sharing with other heterogenecous DERs.
Thus, a new MG structure is introduced to achieve all these features. Besides, only scaling
coefficients are communicated to DERs power loop, that is, no other information is trans-

mitted from the CC to DERs, so there is no switching operation in DERs environment.

4.2 Hierarchical Control

The PBC is a MG control strategy implemented in MG applications based on a
hierarchical centralized architecture for low—voltage distribution networks in urban areas.
Its main premise is to provide active/reactive power sharing among DERs in proportion
to their available capability. Also, when running in connected mode and depending on the
energy resources availability, to provide accurate controlled active/reactive power to the
upstream grid.

This strategy features coordinate regulation of DERs by a central unit located
at the PCC, as shown in Fig. |4.1{a). The possibility of providing controlled active and
reactive power to the grid makes the MG model to become dispatchable in active and re-
active power. Also, the PBC inherits as main advantages low implementation complexity,
minimum requirements in terms of ICT (i.e., narrowband and low data rate communica-
tion), not requiring previous knowledge of the network parameters, and it supports the
plug-and-play integration of new DERs. The information exchanged between the CC and
DERs consists only on average values.

The adopted hierarchical MG control approach is basically split into three layers

as shown in Fig. [4.1b). This division is done according to the updated frequency rate
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Figure 4.1: a) Low-voltage three-phase microgrid. b) MG hierarchical control architecture.
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of the handled variables, also upon the imperativeness of the layer for the system overall
adequate operation.

The primary layer is the fastest one, working on the kHz scale, and it is responsible
for the local operation of DERs. This layer includes the basic and specific functions,
which are the elementary operational functions of the converter to work according to
standardized requirements, such as the current and voltage control, de-link control, and
grid synchronization. Depending on the PES and local grid codes, there are some specific
functions for each of them [140]. Ancillary services are complementary offered, being not
vital for the converter operation. It is worth underlining that local controllers guarantee
compliance with grid codes, and do not rely on the communication link.

The secondary layer comprises the PBC algorithm and it is executed based on a
fundamental frequency rate (=~ 20 ms) or slower. This layer works toward the proportional
power sharing, where the power quantities of each DER are sent to the CC. Thereupon,
the CC broadcasts the new portion of power that each DER shall provide, according to
their capability. Hence, the secondary layer is dependent on communication. However,
if the communication is lost, the MG still operates assuming the functionalities of the
primary layer.

The tertiary layer is the slowest, being updated few times per day. It is responsible
for defining the references for the active or reactive power flow between the MG and the
main grid, therefore it only works under interconnected mode. This layer allows the
interaction with the utility’s distribution system operator (DSO), in terms of active and
reactive power flow. Note that there is no control loop in this layer; it just generates the
active and reactive power references based on technical or economic interests within the

mutual agreed contract.

4.3 Microgrid Structure and Converters Control

A MG structure that comprises all sorts of DERs described in Section [4.1]is shown
in Fig.[4.2] The MG is connected to the main grid at its PCC through switch S;. The CC
is installed at the PCC to measure PCC voltage, vpcc, and grid current, i,4.,4, and thus,
to calculate PCC power quantities. The CC is equipped with a communication device
to receive power quantities from the DERs and to broadcast the scaling coefficients back
to them. Both the proposed PBC and the Restoration Control are implemented in the
CC, which is responsible to calculate the appropriate values of the coefficients. Also, a
synchrocheck relay is used to reconnect the MG from islanded to grid-connected mode.
It measures the voltages at the main grid and PCC and detects when both voltages are
in-phase, then it closes switch S} so the MG reoperates grid-connected.

The loads and DERs are spread out over the MG with different values of line

impedance between them. Notably, there is not a central converter for grid-forming role in
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Figure 4.2: Three-phase Microgrid structure with heterogeneous converters.

this MG structure. Thus, the distributed 3&-VCM DERs are responsible for grid-forming
in islanded operation. The DERs are also equipped with communication for participating
in the coordinated control. Single- and three-phase VCM DERs, single- and three-phase
CCM DERs, and DERs with self-imposed limits are considered, thus, characterizing a
heterogeneous MG.

The control scheme of the single- and three-phase DERs, under both CCM and
VCM, are devised in abc-frame as shown in Fig. The control scheme of a CCM DER,
highlighted in orange, comprises an inner inductor-current control and an outer power
control loop. Then, the inverter tracks a precise instantaneous current reference, which is
given by the power loop. The VCM DER control scheme, highlighted in blue, is split into
three loops: i) external power-loop responsible for controlling the output power during
grid-connected operating mode, and for smooth transition to islanded mode; i) voltage-
control loop that regulates the voltage across Cr capacitor; and i7) inner current-loop
that controls the current through the L; inductor and guarantees over-current protection.
The power-loop for VCM converters is shown in Fig. [£.4] It is adapted from Ch. [3| which
is a droop-based control that allows accurate output active and reactive power control in
grid-connected mode and seamless transitioning from grid-connected to islanded mode. In
Ch. [3] the power loop also contains a frequency switch for smooth reconnection of multiple
grid-forming converters to the main grid, which is moved in this proposal to the CC, as
explained in Section £.4.2] The use of this power-loop at VCM converters allows a MG
structure that operates in both modes without a central converter and critical islanding

detection.
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4.3.1 DERSs self-imposed limits

Most of the DERs installed at distribution level are not designed to participate
in a coordinated control for MGs. Thus, due to manufacturing and application reasons,
some DERs may present self-imposed limits. Nevertheless, in this chapter is proposed a
coordinated control that allows the DERs already installed to be engaged in the provision
of ancillary services, without the need of retrofitting. Four types of self-imposed limits are

considered, as follows:

4.3.1.1 Three-phase DERs that must operate balanced

These converters are considered fed by hybrid PV and batteries sources or only
by batteries (or other type of dispatchable source, e.g., fuel cell). The necessity of the con-
verter to always operate balanced is mainly related due to the small dc-link capacitor that
is usually specified in commercial three-phase PV inverters. Thus the dc-link oscillation,

caused by unbalanced currents, would impair the converter operation [141].
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4.3.1.2 DERs with reactive power processing constraint

Generally, the diodes thermal resistance of commercial inverters power modules
are higher than those of the IGBTs — in ABB Hi Pack IGBTs, for example, the difference
is almost double [142]. In [143] and [144] it is shown that the diode temperature exceeds
the IGBT temperature. When reactive power is synthesized, the peak current and the
maximum synthesized voltage are not in-phase, which causes current circulation through
the diodes bridge. These manufacturing and operating aspects lead the converter to have
a maximum rated reactive power, that is, nameplate reactive power, different from its
maximum active power. Thus, these constraints are taken into account in the proposed

coordinated control strategy.

4.3.1.3 Pure PV DERs

This type of DER represents single or three-phase inverters fed by PV sources
that do not hold storage systems. The DER active power reference is provided by its
implemented maximum power point tracking (MPPT) algorithm, so it always delivers the
maximum power available at that instant. This way, one obtains maximum use of the
PV source, but active power sharing is not performed. If the inverter does not provide
its maximum rated power, due to irradiation conditions, the remaining available inverter
power can be exploited for reactive power processing and the DER can contribute to

reactive power sharing and unbalance compensation.

4.3.1.4 Active power filter

An active power filter (APF) is a converter that only holds a dc capacitor in its
dc-link. Thus, it is considered to only process non-active terms, e.g., reactive power or
unbalanced power when a three-phase converter is considered. This way, its active power

reference is null, but the APF contributes to reactive and unbalanced power sharing.

4.4 Centralized Control for Heterogeneous Distributed

Converters

This section develops the centralized coordinated control used for achieving tight
grid power flow control, proportional power sharing, and unbalance compensation in both
grid-connected and islanded modes. An improvement in the MG structure using the PBC
strategy is proposed herein, in which a central converter is not required, so distributed
three-phase VCM DERs act as grid-forming converters in islanded mode. Thus, the PBC is
modified to consider the distributed VCM converters and the converters with self-imposed

limits. In islanded operation, a Restoration Control is proposed to be applied together
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with the PBC, so voltage and frequency deviations are restored, and VCM converters keep

sharing power with other DERs regardless their power electronic topology and limits.

4.4.1 Modified Power-based Control

For the sake of understanding, the PBC is split into three main cyclical steps: 1)
each DER sends its power quantities that characterizes its status to CC; 2) PBC algorithm
is processed in CC and the scaling coefficients are calculated and broadcast to DERs; and
3) the local controller of each DER sets its active and reactive power references based on

the scaling coefficients received. The latter step is explained in detail to each sort of DER.

4.4.1.1 Data Packet from DERs to Central Controller

The control is performed on the basis of the status of distributed units, which is
collected by the CC at the beginning of each control cycle (k). The status of a j-th DER (j
=1, 2, .., J)is a set of power quantities representing the availability of generating power
of the DER, which includes: the measured output active, Pg;(k), and reactive, Qg;(k),
power; and the maximum capacity of providing active, Pg**(k), and reactive, QF5”(k),
power, given by ; where Ag; is the rated apparent power of DER; and, if local storage
is present, the minimum active power, Pg‘jm(k’), that can be absorbed. Both VCM and
CCM DERs are included on these quantities.

Q" (k) = \JAZ; — F&;(k) (4.1)

4.4.1.2 PBC Algorithm Processed in Central Controller

Once the CC has gathered all the required information, the status of the whole
MG is computed in terms of the power quantities introduced in the following steps. Let
us indicate with m a generic phase of a three-phase system, and with 3¢ any three-phase
quantities for three-phase balanced devices. Active and reactive power calculations are
analogous, so only active power quantities are demonstrated. The mentioned steps and

computed quantities are:

i) Total active power delivered by three-phase, Pgsei(k), and single-phase, Pg.i(k),
DERs at cycle k:

Pesar(k) = 2—21 Pesaj(k) (4.2)

J
Peamu(K) = 3 Py () (43)
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i)

iii)

i)

Similarly, it is calculated the total minimum, P24z, (k), PZm(k), and maximum,

Pre(k), PRer(k), balanced and per-phase capacity of providing active power.

Three-phase converters that allow unbalanced operation are treated here as three
single-phase converters connected on the same node. Their reported quantities must

be properly addressed to the phases they represent.

Total capacity of active power available by DERs for contributing to the whole MG

power needs:
PE(K) = Piii) + 3 Pasi(k (4.4)
Total active power, Pygm:(k), demanded by the MG per phase during cycle k:

J
PMGmt(k) = Pgm’dm(k> + PGmt(k) + Z PVCM3<I>mj(k) (45)
j=1
where Pyiam (k) is per phase active power measured at the grid side of PCC; and
Pycmsom;(k) is per phase active power delivered by j-th 3&-VCM DERs.

Total three-phase active power, Pygi(k), processed within the MG at cycle k:

M
Puci(k) = Pezor(k) + D Pucme(k) (4.6)

m=1
Note that Pgsei(k) comprises the power provided by balanced 3®-VCM and 3®-
CCM DERs, so both types of converters share power in grid-connected and during
islanded mode. The distribution power losses through line impedance are auto-
matically considered in this calculation, likewise any other distributed inverter not

participating in the PBC.

In possession of the total power absorbed and generated in the MG, the CC calculates
the references for the total three-phase active power, Plsqg,(k + 1), to be delivered
by three-phase balanced DERs in the next control cycle, k+1; and the references for
the total per phase active power, Pg, .(k+ 1), to be provided by single-phase DERs
and for each phase of three-phase unbalanced DERs:

Pagi(k +1) = Puci(k Z oridm (K + 1) + Py onrze (K)] (4.7)
P cnrsan(k
Pk +1) = Puse(k) — [Ppian(h + 1)+ vean®ly g g

These DERs related references are computed by the CC to regulate the power flow
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i)

at MG’s PCC among the different phases, according to the energy state of the
DERs. Note that they are estimated for a next control cycle, based on the quantities

measured during the actual cycle k.

P*

gridm

tertiary control layer, and guarantee the balanced condition at the grid side. They

(k + 1) is per phase active reference of the grid power flow determined by a

may be set based on energy management strategies |13}/14], or on optimization al-

gorithms [145], or zero in islanded mode.

P s (k) is the sum of all j-th 3¢-VCM DERs active power references at cycle
k, P anse;(k)s 16 Pyonsar(k) = 371 Pyoase; (k). The active power reference of
each j-th 3&-VCM DER is set by multiplying the scaling coefficient aps by
its maximum active power capacity (£.13), i.e., Pyoase; (k) = apss = Pt se;-
Note that the computation explained so far is developed in the CC. In this modified
version of PBC, PJcyse:(k) is added so distributed 3®-VCM DERs share power
with other DERs even in islanded mode, as detailed in Section [1.4.2]

Finally, the 3¢ scaling coefficients apss and agse, and the phase scaling coefficients
app and agn, (all ranging in the interval [-1, 1]) are computed and broadcast to all
DERs. apsg and agsg are sent to three-phase balanced devices only, while ap,,, and
agm are broadcast to single-phase units connected to the corresponding m-phase,
and for three-phase unbalanced DERs. Active power is controlled by variable ap,
while reactive power is controlled by variable cg. Negative and positive signals of ap
and «ag represents, respectively, storage and delivery of active power, and capacitive

and inductive reactive power.

Plse(k +1) Qesae(k +1)
— 4.
e = paee) T Qi )
Apry = M Aom = M (4.10)
reni(k) Gmi (k)

It is worth underlying that in steady-state, the coefficients are summarized in (4.11])
and (4.12)), which verifies that the DERs actually perform power sharing with each
other.

2%21 Pemi(k) + Posar(k)

Qp3p = P () , in steady-state (4.11)
Pt (k

Upm = — Pomi (k) in steady-state (4.12)
Pt (k)
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4.4.1.3 Power Reference Generator of DERs local controller

Once the DERs have received the scaling coefficients, they establish their local
active and reactive power references. It is emphasized that any type of overload in steady—
state is avoided, since the saturation of the scalar coefficients are taken into account
by the CC itself. Also, the active power injection takes precedence over reactive power
contribution, which is assigned sequentially, . Although, for transient protection it is
still required the proper limiter in DER’s local control loops. The power references are

separated according to different types of DERs, as follows:

i) Single-phase and/or balanced three-phase DERs

Both DER topologies single-phase and balanced three-phase generate their power
references similarly, but using their correspondent coefficients ap,,, agm or apsgs,
aQse, here generalized as ap and ag. Given ap and ag, the DER local control sets
its active and reactive power injection according to and ([4.14). Where, Pg;(k)
and Q’&j(/{) are respectively the active and reactive power references for j-th DER

at the current control cycle.

PLi(k) = ap - Poe (4.13)
Qg;(k) = ag - Qg;* (k) (4.14)

it) Unbalanced three-phase DERSs

The three-phase converter that allows unbalanced operation receives all the six phase
scaling coefficients (ap,, and ag,,,), and sets different power references for each phase,
proportional to the coefficients. For this, the three—phase DER power is equally
divided into each phase, and the maximum available phase capacity for reactive

power compensation, Qgss, . (k), is calculated:

A .
Aazpmj = G33¢] (4.15)

max P&ndw,
Pifiim; = =37 (4.16)
Qs (k) =/ A2 — Plygni (k) (4.17)

Thus, the power references for each phase are calculated:

max

P53¢mj(k) = 0pm " L'G34mj (4.18)
Qesems (k) = agm = Qfgm; (k) (4.19)
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iii)

i)

In this type of converter, it is expected greater dc-link voltage oscillation than in

balanced converters, so dc capacitors should be properly designed.

DERs with reactive power processing constraint

DERs that have limits in reactive power processing, due to manufacturing reasons,
must establish the maximum reactive power according to their current condition of
power supply. For exemplification, consider a single-phase converter that can process
only 44% of reactive power, as in [132]. The rated (i.e., nameplate) reactive power,
Qjratea> 18 calculated in (4.20), yet the maximum capacity of providing reactive
power in cycle k, Q@¢*(k), is calculated in (£.21). If Q@¢*(k) value is greater than
Qb rated> then QEST,.4 18 sent to CC and it is used to receive the coefficients, otherwise

Q3" (k) is used, as shown in Fig. 4.5, Then, the active and reactive power references

are set as in (4.13) and (4.14])).

ng;fated =0.44 - Aij (420)

Q" (k) = \JAZ; — P&;(k) (4.21)

Pure PV DERs

Pure PV DER must exploit its active power to maximize the use of its renewable
source. Thus, the active power reference is its maximum available active power,
, and it does not participate in active power sharing. In case of no restriction
in processing reactive power, its reactive power reference is provided as in (4.14)),
ensuring three-phase DERs to operate balanced (typical commercial inverter). If the
DER has reactive power restriction, its reference is calculated as in Section .

Otherwise, if the DER should operate with unity power factor, its reactive power

g (k)

Calculation

o5 (k) Ol
is used is used

Figure 4.5: Flowchart of maximum reactive power evaluation.
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reference is simply null.
Pepv(k) = Pipy (k) (4.22)

v) Active power filter

An APF is a converter without active power supply, so its active power reference is
null. Usually, this kind of converter is able to operate unbalanced, thus, its reactive
power reference is defined as in (4.19). Thus, APFs contribute to reactive power and

imbalance compensation.

4.4.2 3-phase VCM DERs References and Restoration Control

In the proposed MG structure, 3®-VCM DERs provide controlled active and
reactive power in grid-connected mode, participating in the PBC and sharing power with
other DERs. Thus, they receive the same coefficients as other balanced 3®¢-CCM DERs,
apss and agss, and set their power references as in and (4.14)).

When islanding occurs, the power controllers (Fig. saturate and 3®-VCM
DERs operate droop-controlled. Thus, the MG runs with a natural voltage and frequency
deviation. Thereby, the control scheme of Fig. is proposed. When islanding is detected
by the CC, the islanding switch is turned to position 2, and the coefficients, apse_vem
and agse_vewm, change to a frequency and voltage restoration control. The Restoration
Control detects the PCC frequency and voltage deviation and updates the coefficients of
3®-VCM DERs through the output of a PI. The PI of both loops must be designed to
obtain slower dynamics than the power-loop embedded in DERs. The complete procedure
of this design is out of scope of this work. In this way, the power controllers desaturate and
the islanded MG operates at rated condition. When 3®-VCM DERs are desaturated, they
automatically share active and reactive power with each other and among other DERs that
participate in PBC. Notably, in islanded mode, the power reference P 30:(k) of
is not sent to 3®-VCM DERs by their coefficients. Nevertheless, 3¢-VCM DERs provide
that same amount of power indirectly, as power balance, due to the lack of power in the
equation.

For reconnecting the islanded MG to the main grid, the reconnection switch is
turned to position 2. Thus, frequency reference value is slightly different from the rated
frequency (i.e., 60.1 Hz), and 3®¢-VCM DERs form the MG voltage at that frequency. As
the islanded MG operates in a different frequency of the main grid, occasionally, there is a
time interval in which the angle difference between the two voltages is small enough (lower
than 20° [132]) to perform the reconnection. The CC monitors both voltage angles (vpoe
and vg.q); at the instant that they are in-phase, the synchrocheck relay automatically

closes S and the MG operates in GC mode again. Then, CC turns the islanding switch
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Figure 4.6: Restoration Control diagram at Central Controller.

to position 1, and 3®-VCM DERs receive apse and agse. As their power controllers
are already desaturated, they can track their power references and keep sharing power
according to the PBC.

4.5 Real-time Hardware-in-the-loop Results

The proposed strategy is deployed and verified under different case studies in a
real-time hardware-in-the-loop (HIL) setup using external controllers, as shown in Fig. H
Hardware-in-the-loop simulation shows results widely recognized for the reliability and rep-
resentativeness of the real plant. Two Typhoon HIL 60/ real-time emulator are connected
in parallel to be able to implement the MG electric circuit of Fig. [£.2] the converters cir-
cuits shown in Section and the Central Controller. The converters control signals are
acquired by industrial TT TMS320F28335 control cards, in which the converters control
are implemented. Seven control cards are used: the control of three-phase converters are
implemented in one controller for each, and the control of one single-phase VCM and one
CCM converters share the same control card. The controllers send back the PWM gate
signals to switch each converter deployed on the HIL system.

The rated grid phase-voltage and frequency are 127V and 60H z, respectively.
Uneven line impedances are modeled according to a real low-voltage distribution grid.
Table shows DERs rated maximum active and reactive power, and their respective
constraints, and Table[.2]shows the line impedance parameters. The sample and switching
frequency of all DERs are 12k H z. The CC sample frequency is 10k H z, for the sake of grid
power calculation, but the scaling coefficients are transmitted to DERs once per second.
Thus, the CC updates the coefficients before the DERs update the output power. This
ensures that the control can be implemented by low-bandwidth communication and is not

impaired by communication delays [11].
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Table 4.1: DERs rated power

DERs Praz kW] Quaz[kvar] Constraints
3¢-VCM DER-1 24 18 balanced operation
3¢-VCM DER-2 24 18 balanced operation
aN-VCM DER-3 6 6 -
aN-CCM DER-4 3 3 -
bN-VCM DER-5 6 6 -
bN-CCM DER-6 5 3.5 limited reactive power
¢N-VCM DER-7 6 6 -
c¢N-CCM DER-8 6 proportional pure-PV
3¢-CCM DER-9 - 6 / phase unbalanced APF

3¢-CCM DER-10 10 / phase 10 / phase

unbalanced operation

Table 4.2: Line impedances parameters.

Branch ~ Length [m] R[] L [uH]
No—N; 30 0.026  8.753
N1—Ni4 30 0.026 8.753
N1-Nia 30 0.026 8.753
Ni-Nis 30 0.0189  8.753
N1—Ny4 15 0.0131  4.376
Ni—N, 15 0.0131  4.376
Ny—No 4 10 0.0369  3.714
No—Nj o 15 0.0131  4.376
Ny—Ny3 15 0.0131  4.376
Ny3-Noy 10 0.0219  3.713
No=Ny 5 15 0.0131  4.376
No—Nyg 15 0.0131  4.376
Ny6—No7 10 0.0219  3.713
Ny—Nyg 10 0.0219  3.713

4.5.1 Grid-connected operation

The following case studies consider the MG at grid-connected operation, i.e.,

switch S; is closed. The proposed control strategy is analyzed under four transient condi-

tions:
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DER-5 and DER-6 Control
DEand DER-8 Control

Figure 4.7: Hardware-in-the-loop setup for control validation.

4.5.1.1 Centralized control activation

Fig. [4.8 shows the transient results of the PCC quantities when the PBC is acti-
vated. At the first moment, all DERs are connected to the MG bus but without providing
power (PBC is off). It can be noted that the PCC current and power are unbalanced, and
there is a neutral current, ¢0,.,4, of 25.5 Arms. When the PBC is turned on, the DERs
provide power to the MG according to their references sent by the CC. In this case, the
grid power flow is set to zero, i.e., P4, (7.4 = 0. PCC current and power quantities
decrease to about zero, and i0gy,;q decreases to 5.5 Arms, as the PBC does not contain an
integral controller and due to measurement inaccuracies — each DER control contains an
intrinsic error that is multiplied in a MG with many DERs — the quantities do not reach
zero. At the first period of Fig. [£.9)is shown the steady-state of PCC and DERs power for

this condition.

4.5.1.2 Grid power step

Fig. a) shows the transient results when the grid power references change from
zero to Py, = —10kW and Q},,; = —1kvar. The PCC power flow is accurately-controlled,
and the unbalanced load is compensated by the DERs. As the active and reactive power
step are done at the same time, one can note that the active power dynamics takes prece-

dence over the reactive power, and the reactive power dynamics are influenced by the
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Figure 4.9: HIL Results: Grid-connected mode - performance under grid power step; a)
PCC quantities; b) DERs quantities.

active power, specially in VCM converters, as shown in Fig. b). CCM converters are
more accurate in power control, and active and reactive power loops are more decoupled,
thus performing better power sharing.

Fig. b) shows that all heterogeneous DERs, including the ones with con-
straints, operate properly coordinated:

i) 3¢-VCM DERs share the same power and operate balanced, as shown in Fig. [4.10
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Figure 4.10: HIL Results: Grid-connected 3¢-VCM converter operating balanced.

i) 1¢-phase DERs connected at the same m-phase, regardless of whether they are VCM
or CCM, share the same proportional power with the m-phase of the 3¢-DERs and APF
that are able to operate unbalanced. For instance, after the power step, phase-a DERs
provide about 74% of their maximum active power and 36% of maximum reactive power;
ii1) pure-PV DER-8 provides its maximum active power (at this case study it is considered
4kW) and shares its remaining reactive power, according to , i.e., it provides 2058var,
which is 46% of its maximum capacity of 4472var for that active power condition;

iv) DER-6 operates properly according to Fig. 4.5, Before the grid power step, DER-

max max max
6 uses Qg tea = 3900 var for reactive power contribution, because Q" > Q¢ icas

ie., Q@™ = /50002 — 23882 = 4392 var. After grid power step, DER-6 provides more
active power, then, QFE¢* = /50002 — 37452 = 3312 var, which is lower than QFEE: .4
Thus, DER-6 uses QF¢* for reactive power contribution, i.e., it provides 41% of its current

maximum reactive power (Qgs = 0.41 - 3312 =~ 1360 var).

4.5.1.3 Grid disturbances

In Fig. grid power references are Py, = —4kW and @},

shown the system behavior when the grid voltage sags from 127V to 122V. In Fig. [4.12]

the grid frequency fluctuates from 60H z to 59.9H z when grid power references are set to

4 = 0, and it is

zero, P

orid> Qgria = 0. In both cases, the PCC power is restored after the transient when

the PBC is updated, showing resilience to grid disturbances.

4.5.1.4 Load Step
In Fig. 4.13] it is shown the transient of a load step when the MG is in grid-
connected mode and the grid power references are set to zero, Py, Q7.4 = 0. When the

load step occurs, the grid momentary supplies the new load, until the next updated cycle
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Figure 4.13: HIL Results: Grid-connected mode - performance under load step; a) PCC
quantities; b) DERs quantities.

of the PBC. When the DERs receive the updated coefficients, the PCC power is controlled
again and the load power is shared between the DERs.

4.5.2 Transition from grid-connected to islanded operation

The proposed control strategy allows smooth transition from grid-connected to
islanded operation, as shown in Fig. Islanding occurs suddenly, while the grid power

references are P'., = —bkW and Q7

rid oria = —2kvar. The smooth transition is achieved

without a central converter and without fast islanding detection, because VCM converters
are implemented with the control proposed in . As grid power references are non-
zero when islanding occurs, there is a transient current which is shared between the VCM
converters. However, right after islanding, 3¢-VCM converters do not participate in power
sharing, as they are working for power balancing in this transitory interim, as shown in the
first period of Fig.[4.15] Also, one can note that the system shows a voltage and frequency
deviation which is momentary until the islanding is detected. Despite that, the system is
in equilibrium, there is no disturbances at the PCC voltage and the CCM converters keep

providing the same active and reactive power values.

4.5.3 Islanded operation mode

When islanding is detected by the CC, it opens Si, and grid power references are
set to zero, Py, Qy..q = 0. Thus, the scaling coefficients change, and power sharing is
performed between the converters, as shown in Fig. [£.15] However, 3¢p-VCM converters

are saturated and do not participate in power sharing, which keeps causing voltage and
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frequency deviation. Therefore, the proposed Restoration Control is turned on, that is,
islanding switch is turned to position 2 in Fig.[4.6] at 40s and 57s for voltage and frequency,
respectively. The Restoration Control changes 3¢p-VCM converters coefficients to restore
the islanded MG voltage and frequency to their rated values. Also, the usage of such
control automatically achieves power sharing between several grid-forming converters and
other DERs, i.e., 3¢0-VCM converters provide the proportional average power between the
three phases.

4.5.3.1 PV withdraw

Fig. shows the transitory condition when pure-PV DER-8 promptly stops
providing power, i.e., an emulation of a sudden PV power variation. Right after the
transitory, at t=0s, VCM converters instantly supply the active power lack, but CCM
converters keep providing the same power amount. 3¢-VCM converters increase phase-
C power, but decrease the other phases contribution, that is, they operate momentarily
unbalanced, which brings 1¢-VCM converters to provide more power. The zoom clips of
the frame “3®-VCM DERs active p.” of Fig. [4.16| show the currents of DER-1 before and
after the PV withdraw, evidencing the unbalanced operation that causes the transient 3®-
VCM DERs active and reactive power oscillation. When PBC is updated, at ¢t = 0.75s, the
power sharing is re-arranged, thus, 3¢-VCM converters return to balanced operation and
the power oscillation disappears. One can note that DER-8 increases its reactive power
contribution, as in , due to the capacity of using all its rated power for reactive

power provision.
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Figure 4.15: HIL Results: Islanded operation mode.

4.5.4 Reconnection transition

The reconnection transition is shown in Fig. Once the main grid and the MG
are prepared to reconnect, the reconnection switch is turned to position 2 in Fig. Thus,
ap coefficients of 3¢-VCM converters are adjusted, therefore the MG operating frequency
changes to 60.1Hz. As mains voltage and the MG voltage are on different frequencies,
there is a period when the phase difference between the two voltages is minimal (i.e., slip
frequency synchronizing). Then, the synchrocheck relay detects it and closes S, returning
the MG to grid-connected mode. When 5] is closed, the Restoration Control is disabled,
that is, islanding switch turns to position 1 in Fig. 4.6, Thus, the coefficients for the 3¢-
VCM converters are defined by PBC again, in order to control the PCC power flow. At
grid reconnection, the PCC voltage does not present any disturbances, and inrush current
peak is 50A, which corresponds to approximately 10% of the MG rated current. Also,
one can note that only VCM converters contribute to the reconnection current, and they

return to the previous condition in less than 0.2s.
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Figure 4.16: HIL Results: Islanded operation mode - PV withdraw.

4.6 Conclusions

In this chapter, it is proposed a complete control strategy for advanced microgrids
capable of performing precise grid power flow control, converters power sharing, unbal-
ance compensation and voltage/frequency restoration in both grid-connected and islanded
modes. Smooth transitioning between operating modes is achieved without critical island-
ing detection. This strategy is a confluence of a centralized/hierarchical architecture and
the droop-based power-loop for voltage-controlled converters developed in Ch. Thus,
two main points are highlighted: all objectives are accomplished without a central con-
verter, and heterogeneous converters can participate in the coordinated control. Hardware-
in-the-loop results show coordination of single- and three-phase converters, current- and
voltage-controlled, and with self-imposed constraints in a low-voltage microgrid under
several operating conditions.

Results support the conclusion that current-controlled converters are more accu-
rate in power control and thus perform better power sharing. Voltage-controlled converters

with an outer power-loop are able to provide controlled output power and participate in
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Figure 4.17: HIL Results: Transition from islanded to grid-connected mode; a) PCC
quantities; b) DERs quantities.

power sharing. Besides, they are fundamental for islanded operation and for providing load
transients. Furthermore, it was shown that only voltage-controlled converters contribute

with the transient current in the reconnection state.
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Chapter 5

Harmonic Voltage Synchronization

for Grid-connected Converters

5.1 Introduction

As introduced in Section 2.4 when a VCI with purely sinusoidal voltage is con-
nected to a grid with distorted voltage, an harmonic current flows between the two sources,
due to the different voltage harmonic content. The VCM converter control developed in
Ch. 3} and also used in Ch. 4] provides a sinusoidal voltage reference for the voltage loop
of the VCI. In the previous chapters, the grid voltage is considered purely sinusoidal, thus,
there is no harmonic current circulation.

In this chapter, the VCI is connected to a distorted grid. For this reason, it is pro-
posed a novel strategy to synthesize, at the output of the VCI, the same harmonic voltage
detected at the PCC. The harmonic voltage reference for the VCI is synchronized with
the PCC harmonic voltage using GPS modules and its phase synchronization information
and amplitude are broadcast through low-bandwidth communication.

The control proposed herein considers the synchronized harmonic voltage compen-
sation for grid-connected converters without using the PCC voltage directly in the control
loop. The proposed control is developed in a hardware-in-the-loop experimental setup,
and is compared against conventional droop-control with outer power loop, and with the
harmonic rejection approach. The results show that the proposed control is effective in
improving the grid current and the load-voltage THD, and in reducing the circulating cur-
rent and the power losses. The proposed strategy can be potentially applied for enhancing
other existing control functions, like, for example, the one in [110] related to the sharing

of harmonic currents between distributed converters.
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5.2 Theoretical Background

The proposed control aims to synthesize at the output capacitor of the inverter
the same harmonic voltages detected at the PCC of the grid subsection to which it is
connected. To this end, the harmonic components to be compensated must have the same
amplitude and phase, that is, they must be synchronized. However, the PCC may be
physically distant from the converter, as shown in typical environments, like, for example,
in [146]. This makes it challenging to measure PCC voltage in real-time and use it in a
converter control loop.

A solution to feasibly achieve the desired features with existing, possibly, low-
bandwidth communication means, consists in communicating only dc variables between
the control agents. This section gives the theoretical background exploited to represent a
time-varying phasor using dc variables that can be communicated to a different location
and then allow a subsequent reconstruction of the original signal.

Consider the h-th harmonic component v, = V}, sin(hwt) superimposed to a dis-
torted grid voltage, where V), is the amplitude of the harmonic and w is the fundamental
grid-voltage frequency. Also consider two unitary orthogonal signals, v), = cos(hwt + ¢)
and v, j = sin(hwt + ¢), with the same frequency of the harmonic component, but not
necessarily the same phase. Be ¢ the related phase-difference between the harmonic and
the orthogonal voltages.

By multiplying the harmonic component by twice the voltage v p, it yields:

Vg =2 vy - v p =2+ Vysin(hwt) - sin(hwt + ¢) =

(5.1)
=V}, [cos ¢ — cos (2hwt + ¢)] ,

where the former component is constant and is related to the amplitude of the h-th har-
monic projected along v, j, the latter is an oscillatory component at frequency 2hw. Then,

by appropriate filtering, it yields:
Vg, = Vi cOS . (5.2)
The same procedure considering the signal v 5, gives:

Ugh =2 - vp - v =2 - Vysin(hwt) - cos(hwt + ¢) =

(5.3)
=V}, [—sin ¢ + sin (2hwt + ¢)]

Vdh — —Vh singb (54)

Then, the dc terms vg, and vy, can be communicated to other remote converters

and allow to reconstruct a replica v} of original signal vy, if the base vy j, v); is known,
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as:

vy = Vg, - sin(hwt + ¢) + va, -+ cos(hwt + @)
=V}, cos ¢ sin(hwt + ¢) — V}, sin ¢ cos(hwt + ¢) (5.5)
= V}, sin(hwt)

Notably, the reconstructed harmonic voltage in is virtually identical to the original
signal vy, thus, it can be used as a reference to synthesize that harmonic voltage at the
converter output.

Of course, the signals v, 4, v}, should be uniquely and autonomously determined
by both the sender and the receiver of the terms and (5.4). To this end, different
approaches may be adopted. The use of a GPS synchronization means is proposed and
explored herein, as explained in details in Sect. [5.3]

5.2.1 Phase-mismatch influence in parallel voltage-sources

The connection of a VCI to an electric grid can be simplified as two voltage-
sources connected by a series impedance as shown in Fig.[5.1] where V, is the converter
h-harmonic voltage amplitude, Vy, is the grid h-harmonic voltage amplitude, 6, is the
phase-difference between the harmonic voltages, R and L are the impedance resistance
and inductance, respectively. The harmonic circulation current between the two sources

can be computed as:

. Ve — Vi

I=-> % 5.6
R+ ith ( )

Assuming equal amplitudes for the harmonics, that is, Vi, = Vg, and 0, = wpt,

(5.6) can be rewritten as: |
V;h(ezwht _ 1)

R + ith
which is represented in Fig.[5.2] normalized by the term:

I = (5.7)

Ven

ly=——"7"—
R+thL

(5.8)

Figure 5.1: Simplified model of a grid-connected converter.



5.83. GPS-based Harmonic Voltage Synchronization 93

Fig. shows the influence of the synchronization accuracy with respect to the harmonic
current suppression. The current amplitude is reported in p.u. and the synchronization
error in terms of number of samples, considering a sample frequency of 12kHz. Notably,
if both voltages are perfectly synchronized there is no current flow between the sources.
However, a small error (e.g., two samples) is sufficient to cause a considerable current
flow depending on the grid parameters . Moreover, higher-order harmonics are more
sensitive to synchronization accuracy. These kind of considerations are important in order
to design the accuracy of the synchronization equipment (e.g., GPS module) or the sample

frequency of the controller, in relation to the targeted impact on current suppression.

5.3 GPS-based Harmonic Voltage Synchronization

The proposed strategy is performed based on two main players that are equipped
with GPS modules:

« PCC measurement system (PMS), which estimates the parameters (amplitude and

phase) of the main grid voltage, and
o VCI distributed within the considered sub-grid, like, a microgrid.

An application example of the proposed control is shown in Fig.

The PMS is responsible for detecting the harmonic components of the PCC voltage
Vdqn, and for calculating the time interval tpcc between the GPS signal and the first
positive zero crossing of the PCC voltage. The quantities are then sent to the dispersed
VCI by low-bandwidth communication. Details of the PMS are described in Sect. [5.3.1]

0.6 \
—w, = 2760
05 || — 3 = 27'['603 i
wg = 27w60-5

04k —w;= 27w60-7 |
203} '

0.2 1

0.1r J

0 Il Il Il Il Il

0 0.5 1 15 2 25 3 35 4
Syncronization error [n° of samples at fSW]

Figure 5.2: Normalized relations between synchronization error and current flow.
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Figure 5.3: Application example of the proposed control.

The local controllers of VCI receive the quantities sent by the PMS and, based on
their local GPS signals, they generate an harmonic voltage reference of the same amplitude
and phase of the corresponding harmonic voltage at the PCC. The fundamental voltage
reference is provided by a droop-based controller. The VCI control is discussed in more
details in Sect. B.3.2

Each GPS module produces an IRIG-B output signal [147] that is synchronized
with the other GPS modules. The IRIG-B signal is commonly used for transferring timing
information, but it is also used as a precision trigger for time coordinated testing, event
initiation, or other control functions. A sample of an IRIG-B signal is shown in Fig.[5.4b.
Two consecutive pulses lasting 8 ms, referred to as “Ref.”, occur once per second and
indicate the beginning of a new time frame. Herein, only the rising edge of the first pulse
after Ref. is used as synchronized trigger for both PMS and VClIs.

5.3.1 PCC Measurement System

The PMS scheme is shown in Fig.[5.4h. Two main tasks are performed in the PMS:
i) calculate the amplitude (i.e., vgy and vg,) of the PCC harmonic voltages of interest; and
ii) calculate the time interval ¢ poc between the GPS signal and the PCC voltage at zero
crossing, required for synchronization.

The amplitude of the A-th harmonic components (e.g., h = 3,5,7) is calculated
independently in the, so called, “Harmonic Detection block”, shown in Fig.[5.4c. To this
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Figure 5.4: PCC Measurement System structure.

end, the fundamental component of the total PCC voltage, indicated as vpoe 1, is firstly
obtained and subtracted from the PCC voltage, in order to consider only the harmonic
content. Two orthogonal voltages at the specific h-th harmonic component (i.e., v, ; and
V| in Sect. are then created and multiplied by the PCC harmonic components. After
processing the result through a low-pass filter (LPF), the direct (i.e., vgy) and quadrature
(i.e., vg,) amplitudes are obtained and broadcast to the distributed converters. The time
interval tpcc between the GPS signal and the PCC voltage at zero crossing is also calcu-
lated, as shown in Fig.[5.4b. This information is broadcast to the VCI and used for the

synchronization of the harmonic components.

5.3.2 Voltage-controlled inverter control

The control scheme at VCI side is shown in Fig.[5.5a] The control is composed of
three cascade loops, that is, power, voltage, and current, that generate the PWM pulses
to the gate driver of the converter. The outer power-loop is the same as the one in Ch. 3]
and defines the fundamental component of the voltage. By this control, the converter is
capable of providing controlled active and reactive power. The voltage-loop uses ordinary
proportional-resonant controllers for each harmonic that should be compensated, while
the current-loop uses a proportional controller.

The harmonic voltage reference v; is defined by the “Harmonic Compensation”
block, detailed in Fig.[5.5b] First, the GPS signal is used to calculate the time delay ¢poc

between the zero-crossing of the POC fundamental voltage vpoc 1 and the first rising
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Figure 5.5: a) VCI control structure; b) Harmonic compensation block detailed.

edge after Ref. pulses from the local GPS signal, analogously to what is described in
Sect.[5.3.1] for the PMS. Based on the received tpcc broadcast by the PMS, and the local
measurements tpoc and 0poc, a synchronized phase 0y, that estimates the phase of the
PCC voltage Opcc can be computed as shown in Fig.[5.5bk

93ync<t) == HPOC(t) - (bsynC(t) =

= wot — wotpoc —wo (tpce — tpoc) =

Opoc (t) d)sync

(5.9)
= wot — wotpec = Opcc(t)

that is used for harmonic synchronization. Thereby, based on the harmonic amplitudes
Vg, and vy, transmitted by the PMS, it is possible to rebuild the harmonic voltage v, that
was detected at the PCC. The signal v}, can be finally given as reference to the converter
voltage controller to reproduce at its output terminals the same harmonic content of the
PCC voltage.

As a final remark, the proposed concept for harmonic synchronization can be
potentially implemented with other synchronization mechanisms than the GPS technology

considered herein.
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5.4 Real-time Hardware-in-the-loop Results

Fig.[5.6] shows the HIL experimental setup used to validate the proposed con-
trol. The electrical circuit of Fig.[5.7] representing the the power stage, is implemented in
Typhoon hardware-in-the-loop (HIL). The scenario consists of a VCI connecting a DER
to the main grid with different loading conditions considered to evaluate the proposed
method performance, including RL load, RC load, and non-linear load. The PMS and
the VCI control are deployed in two different Imperixz B-Board controllers, which generate
the PWM control signals based on the measured currents and voltages of the converter
emulated in the HIL system. The PMS communicates the control quantities to the VCI
by Ethernet UDP protocol. The communication line is processed through a dedicated
network emulator NE-ONE to emulate realistic conditions in terms of, for example, band-
width, congestions, latencies, and packet loss. Each B-Board controller is connected to
an independent SEL-2/01 GPS module, which provides the IRIG-B output with 4100 ns
timing accuracy.

The results are evaluated considering three VCI control approaches: 1) conven-
tional control of the VCI, without harmonic compensation, v} is set to zero; 2) harmonic
rejection in the converter output current, vy is defined based on vpoc measurement in-
stead of vpcc, so the converter synthesizes a voltage vop with harmonics equal to those of
vpoc, avoiding any harmonic current circulation at the output; and &) with the harmonic
compensation proposed in this chapter, with v} defined as in Fig.[5.5

Four different case studies are considered to verify the effectiveness of the proposed
control. The first three cases consider distorted grid voltage with linear loads, while the last
case considers a pure sinusoidal grid-voltage with a non-linear load. System parameters,
including line impedance values, grid voltage harmonic content, are listed in Table[5.1} The
considered parameters are typical for low-voltage distribution networks (see, e.g., )

— QD

B-board 1 . S B-board 2
PMS DER Control

Figure 5.6: Experimental setup for the proposed method validation.
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Figure 5.7: Electrical circuit implemented in HIL.
Table 5.1: System parameters
Parameter Value Parameter Value
Grid frequency (wp) 2760 rad/s DER power (Sn)  8.48 kVA
Grid voltage (Vo) 127V2 V Inductor L; 4.5 mH
3-rd harmonic 5%V /15° Capacitor Cg 140 pF
5-th harmonic 4.5%Vh£25° Inductor Lo 62.5 ulH
7-th harmonic 4%V £35° Switching frequency 24 kHz
Grid voltage THD 7.83 % Rgc load 0.19
L (9.5m + jw62.51) Q Cre load 15.3 mF
Zlineo (30m + jwlOp) © Rpy, load 0.33 Q
Zlinel (30m + jwlOp) Q Lgr load 0.89 mH

5.4.1 Distorted grid voltage—No load

The situation with VCI connected to a distorted grid voltage but without any
load connected (i.e., CBy-CBy in Fig. open) is considered first. The grid voltage and
current waveforms are shown in Fig.|[5.8 where the distorted grid voltage is clearly noticed
by its non-sinusoidal shape. When the conventional control is employed, the DER output
voltage tries to be kept sinusoidal, which produces a noticeable circulating current between
the grid and the converter, as shown in Fig.[5.8h.

When the proposed harmonic compensation is employed, the DER voltage presents
the same harmonic content as the grid voltage measured at the PCC, as shown in Fig.[5.8k.
Thus, the grid circulating current is drastically reduced from 89 A to 1.05 A, and the line
impedance losses decreased from 118 W to 0.08 W. In this case study scenario (no load),
there is no phase-shift between PCC and POC voltages, so the implementation of harmonic

rejection performs similarly to harmonic compensation, as shown in Fig.[5.8p.

5.4.2 Distorted grid voltage—RC load

The second case study considers the RC load in Fig. connected (i.e., CBy
closed). In this way, the situation in which the POC voltage is phase-shifted from the
PCC voltage is evaluated. In this particular case, POC fundamental voltage is 10° lagged
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Figure 5.8: Results for distorted grid voltage and no load.
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Figure 5.9: Results for distorted grid voltage and RC load.

from the PCC voltage. Other network configurations with different load and generation
conditions could cause similar effects. The results are shown in Fig.[5.9]

The grid current without the DER (i.e., CB; open) shows a THD value of 9%.
When conventional control is active, a high harmonic current flows from the DER to the
grid, this situation deteriorates even more the grid current THD, which increases to 10.2%.
The harmonic rejection strategy successfully inhibits the harmonic current flow keeping
the grid current THD at 9.1%. The proposed harmonic compensation, instead, synthesizes
the same PCC voltage in the converter output capacitor, this causes an harmonic current
flow that contributes with the load harmonic current. In this last case, grid current THD
improves to 5.7%.

Remarkably, this case study also shows that the use of the POC voltage instead
of PCC voltage as an approximation for voltage compensation could result in inap-

propriate compensation.

5.4.3 Distorted grid voltage—RL load

This section considers the RL load in Fig.[5.7] connected (i.e., CBj closed). When
the DER is disconnected, the grid-voltage harmonics result in a correspondingly distorted
load current, with THD value of 2.5%. In this case study, the DER is set to provide active
and reactive power of 6kW and 6kvar, respectively. Fig.[5.I10h displays the obtained

results by using a conventional control for the DER, in which a pure sinusoidal voltage is
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Figure 5.10: Results for distorted grid voltage and RL load.

given as reference to the converter voltage controller, as commonly done in classical droop
control. In this case, the grid current shows a THD of 22.4%. Using the harmonic rejection
approach, a substantial improvement is noted in the DER current (THD of 2.3%) but, on
the other hand, a worse grid current (THD of 3.7%) than the situation without DER, as
shown in Fig.|5.10pb.

The proposed harmonic compensation is implemented with a poor quality com-
munication of a bandwidth of 0.512 Mbps, a latency of 35— 60 ms, and a 5% of packet loss.
The results are shown in Fig.|5.10g, in which a better grid current shape is noted (THD
of 1.9%), due to the DER harmonics contribution (THD of 5.7%). It can be noticed that
the proposed approach does not interfere with the active and reactive power supply of the

converter, and the poor quality communication does not affect the operation performance.

5.4.4 Sinusoidal grid voltage—Distorted load

This last case study considers the grid voltage as purely sinusoidal and a con-
trolled current source as a load. The current source is set to drain only harmonic current
(h=3,5,7), so that the voltage drop in the line impedance causes a distorted voltage at
the point of connection of the load, with a voltage THD value of 6.5%. With the VCI
switched off (i.e., C'B; open), the total losses in the line impedance amount to 1683 W.

In Fig.|5.11h, it is shown the behavior of the system using the harmonic rejection
approach. The output voltage of the DER has a similar shape of the load voltage. Thus,
the DER does not provide current to the grid, and the load voltage THD is kept in
6.5%. Using the proposed harmonic compensation, the DER synthesizes a pure sinusoidal
voltage (the same as the PCC), as shown in Fig.[5.11p. Hence, the DER automatically
shares the load harmonic current, reducing the voltage drop across the line impedances,
and improving the load voltage quality (THD of 3.5%). Moreover, the total line impedance
losses are reduced to 1600 W.

Table[5.2] shows a performance comparison of the four case studies regarding the
line impedance power losses, the THD value of the grid and DER currents, and the THD

value of the load voltage. In general, the conventional approach is the worst, as expected.
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Figure 5.11: Results for sinusoidal grid voltage and distorted load.

Instead, the harmonic rejection approach is the best regarding the converter stress, as
it presents the lowest THD for the DER current. Finally, the harmonic compensation
strategy improves the power quality for both the load voltage and the grid current, and

also presents the lowest overall line power losses.

Table 5.2: Performance comparison of the approaches

Case study no-load RC-load RL-load nonlinear-load
Control THD THD THD THD
adopted Losses lgrid lgrid Tder Losses Vioad

Conventional control 118 W 10.2% 22.4% 55.5% - -
Harmonic rejection 0.1W 9.1% 3. 7% 2.3% 1683 W 6.5%
Harmonic compensation 0.08 W 5.7% 1.9% 5.7% 1600 W 3.5%

5.5 Conclusions

This chapter addressed the harmonic circulating current issue caused when a
voltage-controlled inverter with a pure sinusoidal voltage output is connected to a grid with
distorted voltage. To overcome this problem, an harmonic voltage compensation strategy
is proposed, in which the voltage-controlled inverter synthesizes the same harmonic voltage
detected at the PCC. Global positioning system (GPS) modules are exploited to perform
the synchronization between the PCC and the voltage-controlled inverter harmonics. An
experimental setup using hardware-in-the-loop with external controllers, together with
GPS modules and a communication network emulator, was used to test the proposed
approach. The proposed method was compared with two other approaches: 1) the con-
ventional droop control with external power loop, and 2) with the harmonic rejection

approach. Four case studies were conducted in order to verify the control performance
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in different system conditions. The proposed harmonic compensation performs the best
reduction in the grid current and load voltage THD, and in line power losses. However, the
reproduction of the harmonics by the converter may increase the stress and losses inside
itself, so, these issue needs to be further considered. The harmonic rejection approach,
otherwise, is the best choice regarding the converter stress; it does not improve the grid
current, as the harmonic compensation, but also does not deteriorate it, as the conven-
tional control. Therefore, for a low investment implementation, the harmonic rejection is a
better choice than the conventional control; but for the system overall operation, harmonic

compensation presents the most beneficial choice.
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Chapter 6

Conclusions and Research

Perspectives

6.1 Conclusions

The advanced MG model is a promising grid application with technical, environ-
mental and economical benefits. The grid power flow control feature is a feasible solution
for 100% renewable generation and heavy integration of electric vehicles. It was presented
some Brazil- and world-cases that already apply the MG model, benefiting from its flex-
ibility and convenience. Some trends (e.g., the decrease in the prices of PV panels and
battery packs, and the increase in energy tariff) indicate that in near future the MG im-
plementation will become a more common reality. However, the technical development of
a reliable MG is still in progress with some challenges to be solved. The main issue in-
vestigated in this dissertation is the development of a complete MG structure and control
strategy that does not rely on a single grid-forming converter for the islanded operating
mode. Nevertheless, such advanced MG strategy should be capable of: 7) performing pre-
cise grid power flow control at its PCC; 1) operating in both grid-connected and islanded
condition with smooth transitioning between modes; #i7) regulating voltage and frequency
during islanded mode; and iv) accomplishing proportional power sharing among all DERs.

With that clear objective, the first step, in Ch. |3, a control structure for grid-
forming converter was investigated. It was proposed a control that uses a droop-based
power loop with the insertion of saturators. The chapter main contribution is the pro-
posal to use a frequency switch in the VCM converter control, so reconnection to grid-
connected mode is automatic through slip frequency technique, without necessity of high-
speed communication. The proposed control proved to be appropriate for synchronizing
multiple VCM converters under circumstances such as intentional and unintentional is-
landing, since the MG voltage is not affected. Furthermore, the slip frequency technique

is adequate for grid-reconnection of dispersed grid-forming converters. Results showed
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that no critical voltage and current transition is observed in the reconnection process,
even considering typical switch delays. The reconnection and synchrocheck function is
part of MG secondary control, which must be embedded in a CC placed at MG PCC.
Notably, MG transitions must be done smoothly, so that DERs do not get disconnected
by their local islanding detection. Lastly, the proposed VCM converter control proved to
be suitable for use in a centralized control, as desired.

Once the VCM converter control structure to substitute the central converter
is defined, a secondary control is developed using such converter in Ch. [d] The power-
based control is improved to consider this modification and also to include heterogeneous
DERs. Such condition characterizes a more practical reality situation. All objectives are
achieved transmitting only scaling coefficients from the CC to the DERs. The results
support the conclusion that it is possible to obtain the same performance of a centralized
control using dispersed grid-forming converters. The proposed strategy encourages the
engagement of VCM converters and all DERs connected in MG in a coordinated control
to achieve the common goals of MG. Thus, more power capacity will be available, and
enhanced conditions of efficiency and power quality.

In Ch. 5 the scenario with distorted mains voltage is considered. Thus, a partic-
ular harmonic compensation for the VCM converter developed in Ch. [3|is proposed. The
proposed method uses GPS modules to synchronize the harmonic output voltage of the
VCM converter with the harmonics detected at the PCC. The results showed that the GPS
module can be used for distributed harmonic compensation among VCM converters, re-
ducing line impedances power losses, and improving overall power quality. It was observed
that the compensation accuracy becomes more sensitive especially at higher frequencies.
In addition, it was noticed that some factors influence the compensation accuracy, such as:
the implemented digital low-pass filter, the converter control and PMS sample frequency,
and the accuracy and jitter of the GPS module. Further investigation is needed to define
such boundaries and the harmonic order limit for compensation. Moreover, the results
support the conclusion that it is better for the overall electrical system that the converters
contribute to harmonic currents locally, instead of only rejecting the harmonics.

Hardware-in-the-loop results with real digital controllers validate all proposed
strategies, but still real MG testbeds are encouraged to verify real application aspects.
Furthermore, all proposed strategies use only low-bandwidth communication, which makes
their implementation feasible. This dissertation addressed several aspects and learning
such as: control of power converters, power systems knowledge, implementation of dig-
ital control, implementation of communication, implementation of power meters in real
hardware and signal conditioning. Finally, this dissertation contributes to the maturity
of a centralized MG control, and several sorts of MGs can benefit from the proposed MG
control structure, such as: commercial and industrial MGs, community MGs, utility MGs,

institutions and campi MGs and military MGs.
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6.2 Research Perspectives

The research developed in this dissertation opens up some challenges that require

further investigation. Thus, the following topics are proposed as continuity perspectives:

o Further investigation of the communication issues for the PBC implementation. For
example, define the maximum number of DERs that can participate at the coordi-
nated control as function of the size of data packets that are sent and received and

of the update rate of the coefficients;

» Investigate the use of integrative or derivative components in the calculation of the

PBC coefficients to improve the control dynamics and steady-state error;

o Develop, in light of stability, a method to quantify the minimum power of a grid-
forming converter for the islanded mode as a function of the total MG power, in-

cluding CCM converters and loads;

o Investigate a method to specify the maximum reactive power that a three-phase
unbalanced converter may provide as a function of the maximum ripple of the dc-
link;

o Further investigate the use of GPS modules for harmonics compensation in power
converters. Test the implementation boundaries and critical cases, such as desyn-
chronization when multiple DERs perform compensation. Moreover, issues related
to the use of digital low-pass filter that may affect harmonics components should be

investigated.

o Implement the proposed strategies in a real experimental setup to verify the control

performance under conditions closer to practical reality.
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Appendix A

TESLA-UFMG Microgrid: A

Practical Implementation

A.1 Introduction

This chapter presents the implementation of a single-controllable microgrid in the
engineering school of the Federal University of Minas Gerais using commercial devices.
Such a MG exchanges controllable active and reactive power terms with the upstream
grid, proportionally shares active/reactive power among the battery-based DERs and en-
dows the microgrid with the capability of operating in both grid-connected and islanded
modes. The energy storage system is composed of three different battery technologies:
lead-acid, lithium-ion and sodium-nickel, which are coordinately controlled according to
their inherent features. The single-controllable MG is able to perform the following ser-
vices: self-consumption, energy time shift, peak-shaving and reactive power support to
the upstream grid. A coordinated secondary control, that is, the PBC, is applied into
this setup and the services are validated by means of full-scale experimental results using
commercial devices. The results demonstrate the MG capability of delivering ancillary ser-
vices at the connection with the upstream grid, and proportionally exploiting the dispersed

battery banks. In addition, the challenges of practical implementation were analyzed.

A.2 Microgrid Structure and Control

A.2.1 Microgrid structure

Fig. shows the centralized three-phase four-wire MG structure that has been
running since July /2021. It consists of a centralized backup grid-forming system (full four-
quadrant grid simulator TC.ACS); C'B; and CB; breakers responsible for switching the
MG operating modes, i.e., grid-connected (C'Bj closed and C'B; open) and islanded (C'B;

open and C'Bs closed); C'Bs and C B, breakers to disconnect non-critical loads under island
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Figure A.1: Block diagram of the single-controllable microgrid.

mode; a PV power system with a 12-kilowatt three-phase inverter from PHB-PHB12KN-
DT; a programmable power load (regenerative four-quadrant AC load NHR 9430); an AC
bus for critical load connection (i.e., island operation transitioning); and three battery
inverters of 6 kW each from SMA (sunny island 6.0 H), supplied by three different battery
banks of about 5 kW /15 kWh of usable energy: lead-acid (48 V-1320 Ah)-six strings in
parallel composed of four batteries in each of 12MS234 from Moura; lithium-ion (48 V-500
Ah)-five modules in parallel of UPLFP48 from Unipower; and sodium-nickel (48 V-400
Ah)-two modules in parallel of 48TL200 from FZSONICK. It is worth highlighting that
the battery inverters are in delta connection due to their required voltage level (about
230 V). Such a MG is coordinated by means of a centralized controller, a Raspberry Pi
B3+ embedded in a power node device in star connection at the MG PCC. The power
node measures grid voltages and currents and computes the active and reactive powers,
transferring them to the CC through a ModBus RTU (RS-485) communication link. It
also performs non-critical load shedding (C' B3 and C'By) during MG-islanded operation.
The CC interoperability with the battery inverters is based on ModBus TCP. Finally,
Fig. [A.2 shows a picture of the actual installation at UFMG.
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Figure A.2: Real installation of the single-controllable microgrid at UFMG, Brazil.

A.2.2 Control and Organization

The hierarchical MG architecture is adopted to coordinate the local operation of
DERs, and to provide specific ancillary services to the single-controllable MG. The PBC is
implemented at the CC , which uses a communication link to exchange data between
DERs. The content of the data transmitted from DERs to the CC comprises the current
status of output power as well as rated and generation capacities. The reverse path of
communication is the scaling coefficients used to set the power references in the local
controller of DERs.

A.2.3 Communication Infrastructure

Fig.[ATshows the MG communication infrastructure. The DER units have a local
communication interface, as recommended by IEEE Std. 1547-2018 [132]. The communi-
cation protocol used between the DERs and the CC is based on ModBus TCP, according
to IEEE 2030.9-2019 . The ModBus protocol paves the way for the interconnection
of DERs from different manufacturers in a single-controllable MG. The communication
between the power node device and the CC occurs via ModBus RTU (RS-485) at a baud
rate of 115200 bits/s. Both Modbus protocols run with a polling rate of 5 s.

The Node-RED programming tool was used to develop the CC algorithm (i.e.,
modified power-based control-MPBC [150]). For the sake of stability, the secondary control
must be processed at a lower rate than the traffic of data through the communication
network. Then, the MPBC algorithm is executed once every minute because the SMA

Sunny Island inverter inherits high latency in updating its output power after having
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received a power command via the ModBus TCP port. Finally, communication between
the database/supervisory and the CC is carried out once every minute via HTTP protocol,
as shown in Fig. [A.1] This ensures the interoperability of the MG with external agents,
such as the MGO and/or DSO.

A.3 Single-Controllable Microgrid Operating Modes

The single-controllable MG performs different operating modes according to its
targets, such as economical (self-consumption, energy time shift), electrical technical con-
straints (peak-shaving), reliable operation (island mode) and upstream power quality en-

hancement (grid operational support). The main operating modes are described as follows:

1. Self-consumption (SC): this mode minimizes the power flow exchanged between the
MG and the upstream grid, thereby maximizing the use of renewables. Under normal
operation of voltage, frequency and energy resources, the grid power flow is zero
and the MG operates in a manner that is virtually disconnected from the mains,

minimizing the impact on the upstream power system.

2. Energy time shift (ETS): this involves storing energy into the batteries when costs
are low, and delivering energy when the costs are high. It maximizes the profit and
shortens the payback period of DERs. In Brazil, the price of energy is about 3-4
times more expensive during 17-20 h (peak time) than for outside this range. Then,
it is expected to store energy from the PV power plant and then self-supply the local
loads between 17-20 h. The peak-shaving service is similar to ETS, but takes into

account the peak load demand in order to alleviate the upstream feeders.

3. MG islanded operation (I0): this may occur intentionally or non-intentionally; the
former is planned for MG stability, whereas the latter is used for continuous power
supply during main grid absence. During the MG IO, the grid-forming converter
provides voltage reference to the grid-following ones, and the non-critical loads are

shed by means of remotely controlled breakers that are spread over the MG feeders.

4. Grid operational support (GOS): it enhances the power quality of the upstream
grid based on active/reactive power responses as a function of frequency/voltage
deviations. It is basically the freq/watt, volt/var and volt/watt functions applied
to the MG PCC with the upstream grid. Moreover, it can also compensate for load

imbalances by properly steering the phase-to-phase DERs.
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A.4 Experimental Results - Energy time shift

As an application example, the service energy time shift is implemented with the
setup of Fig.[A.2] The challenge of this service is to completely deliver the energy during
the 17-20 h period of costly energy prices, considering three different battery technologies:
lead-acid, lithium-ion and sodium-nickel. In order to fully maximize the power delivery,
the three battery banks must inject power that is proportional to the overall usable energy
stored in the system, as well as consider their individual released capacities. Thus, this
prevents a battery bank from reaching its minimum limit of SOC before the other battery
banks. If this occurs, it will interrupt the ETS service or cause imbalances in power injected
into the upstream grid. Fig. shows the output power, charged energy, discharged
energy, SOC values of each battery bank and PCC power. The battery charging process
begins at around 6 am with a power of 2.5 kW. As a result of the different battery
technologies used, the charging process ends at different times. In addition, it is observed
that the sodium-nickel battery reached its voltage limit twice during the charging process,
and the central controller acted by reducing the power during charging. From the top
graphic, one can see that the ETS service begins at 17 h and lasts up to 20 h, delivering
about 5 kW per battery bank. At 17 h, the three battery banks show maximum SOC
values, as shown in the fourth graphic. During the 3 h of ETS operation, the battery
banks delivered power in proportion to their released capacities. One can see that the
three battery banks achieved their minimum SOC values at 20 h. Thus, the three battery
banks were fully exploited, independent of their technology and inner features. Finally, the
round-trip efficiency is computed as the ratio between the discharging net energy delivered
and the total charging energy consumed. Then, the round-trip efficiency for the battery
banks are: lithium-ion, 93%; lead-acid, 89%; and sodium-nickel 88%. During the seven
months of operation (from June to December of 2021), the average round-trip efficiency
values were 93% (lithium-ion), 85% (lead-acid) and 81% (sodium-nickel). These numbers
are in accordance with values found in literature that show 90-95% for lithium-ion, 80-85%
for lead acid and 75-90% for sodium-nickel [151].

A.5 Conclusions

This chapter presented the practical implementation of a single-controllable MG
based on commercial devices and open-source software. This approach creates possibilities
for greater developments in MG labs at universities, allowing more interaction between
researchers and students with technology. The setup was validated under typical oper-
ating conditions, highlighting its capability to provide ancillary services at the point of
the MG connection with the upstream grid. The battery banks reached their minimum

SOC values at about the same instant in time. The lithium-ion battery showed the best
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Figure A.3: Results of the energy time shifting operation: DER power, charged DER en-
ergy, discharged DER energy and SOC value during the energy time shift using three differ-
ent battery banks: lithium-ion (DERab), lead-acid (DERbc) and sodium-nickel (DERca).

performance in terms of round-trip efficiency, 93% over 85% (lead-acid) and 81% (sodium-
nickel). Lithium-ion battery technology also showed the best compromise between market
availability, cost, energy density and usability. The centralized MG controller based on
the MPBC was deployed using the Node-RED programming tool in a Raspberry PI. This
combination made possible a relatively fast prototyping of the microgrid central controller
and the supervisor, as well as easy interaction with the Modbus communication protocol.
However, for applications that require greater processing power as well as reliability and
redundancy in the central control, the use of programmable logic controllers (PLCs) ap-
pears to be a good option. In order to update the power variables through the ModBus
communication port, the SMA Sunny Island inverter inherits a delay of about one minute.
It limits the MG response time on the order of a few minutes, which is quite reasonable for
services based on steady-state quantities, rather than on dynamic services as the reactive

current support at the voltage level to create virtual inertia.
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