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Abstract

This paper presents an overview and critical discussion about the utilization of power
converters in several microgrid configurations that incorporate non-conventional renewable
energy sources and energy storage. The methodology is developed over 69 works published
in this research topic. The papers are selected from databases in electrical engineering, e.g.,
IEEExplore, ScienceDirect, Springer, MDPI, etc. Then, the papers are classified depending
on its focus, i.e., power converters in microgrids or power converters in distribution
systems. At least, three classifications are proposed and one of them is made over more than
40 papers about power converters used in microgrids and electric distribution systems. Given
the wide variety of microgrids and their configurations, the selection of appropriate power
converters for every scenario is not trivial; therefore, this work also classifies the converters
in their most common application, their advantages and disadvantages, and also point out
the study domain, i.e., simulation or physical implementation. One of the main conclusions
made from the overview is a gap identified in the study of direct current/ direct current
microgrids despite being the simplest configuration among the three analyzed configurations.
This is because hybrid and alternate current microgrids are more widely used since they
allow taking advantage of the infrastructure of the current electrical systems.

Keywords
Power converters, renewable energy sources, distributed power generation, interlinked
microgrids.

Resumen

Este articulo presenta una visién general y una discusién critica sobre la utilizacién de
convertidores de potencia en varias configuraciones de microrredes que incorporan fuentes
de energia renovable no convencionales y almacenamiento de energia. La metodologia se
desarrolla sobre 69 trabajos publicados en este tema de investigaciéon. Los documentos se
seleccionan de bases de datos en ingenieria eléctrica, p. ej. IEEExplore, ScienceDirect,
Springer, MDPI, etc. Luego, los articulos se clasifican segin su enfoque, es decir,
convertidores de potencia en microrredes o convertidores de potencia en sistemas de
distribucién. Se proponen al menos tres clasificaciones y una de ellas se realiza sobre mas de
40 articulos sobre convertidores de potencia utilizados en microrredes y sistemas de
distribucién eléctrica. Dada la gran variedad de microrredes y sus configuraciones, la
seleccién de convertidores de potencia apropiados para cada escenario no es trivial; por lo
tanto, este trabajo también clasifica a los convertidores en su aplicacién mas comun, sus
ventajas y desventajas, y también sefiala el dominio de estudio, es decir, simulacién o
implementacién fisica. Una de las principales conclusiones extraidas de la visién general es
una brecha identificada en el estudio de las microrredes de corriente continua / corriente
continua a pesar de ser la configuracidn mdas simple entre las tres configuraciones
analizadas. Esto se debe a que las microrredes hibridas y de corriente alterna son las mas
utilizadas ya que permiten aprovechar la infraestructura de los sistemas eléctricos actuales.

Palabras clave

Convertidores de potencia, fuentes de energia renovable, generacién distribuida,
microrredes interconectadas.
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1. INTRODUCTION

Renewable energies have gained a position as a solid alternative for achieving the
decarbonization objectives and meeting the climate change challenges. Thus, models of power
generation, transmission, and distribution, have experienced a significant transformation
owed to the incorporation of 1) advanced technologies, such as smart metering and power
electronic converters, 2) new structures, such as smart grids and microgrids, and 3) new
concepts such as distributed generation and distributed control [1]. Conventional passive
devices used to connect power grids' elements are not suitable for future grids due to their
limitations of modularity, plug-and-play capabilities, and voltage level compatibility for sub-
grids interconnection [2]. In this sense, the necessity of including power converters in these
evolving systems is imperative due to their capacity for modularity and decentralized
control [3].

The continuous research on microgrids and power generation based on non-conventional
renewable energy sources (NCRES) has broadened the areas of study, including operation,
planning, design, protection, and reliability of microgrids. Then, the evolution from the phase
of study and simulation into a commissioning phase was possible. The latter includes
implementation, project deployment, and commercial exploration [4]. The economic aspect is
highly relevant to encouraging the financing of renewable projects, as well as their research
and development. Although the deployment of non-conventional renewable energy sources
was driven by environmental reasons, its economic profitability has made it a focus of
attention from most sectors, including industry, academia, banking, and government. For
instance, business models are emerging around that kind of projects, such as the engineering,
procurement, and construction model (EPC) [5], the power purchase agreement [6], the
leasing, the High-Capacity Generation Model, among others.

Although the experimentation and implementation phase of microgrids is a fact, it still
requires the study of some technical aspects for an optimal and reliable operation [4]. The
structure of electrical grids has suffered transformations, as well as the demand profiles with
continuous load variability, affecting not only the operation of the main grid but the
microgrids in immature development. Additionally, the generation intermittence from
NCRES causes, among other aspects, fluctuation in the frequency and voltage signals [2],
[7]. Hence, there are substantial challenges in terms of the design of controllers to guarantee
the synchronization and interconnection of different power converters [2]. Also, in this
emerging generation system where the grid elements interconnection is done through power
converters, the problem of rotational inertia loss is inherent. Low inertia in these systems
makes them prone to instability. In this sense, some control techniques based on the use of
electronic power converters that emulate the behavior of a synchronous machine have been
proposed [8]-[12]. For instance, grid-feeding and grid-supporting converters provide inertia
issues eventually solved through droop control techniques. On the other hand, in grid-
forming converters, low inertia is not a prevalent issue [8]—[10].

All last situations are been tackled by engineers, practitioners, and researchers producing
and reporting a big number of solutions and even new open problems. To facilitate the
incorporation of new members in the development of power converters used in microgrids, it
1s necessary to provide a literature review that summarizes the estate of the art in power
converters used in microgrids, identifies the open problems in the topic, and makes son
recommendations for future work.

The main objective of this paper is to present an overview and critical discussion about
the utilization of power converters in the several microgrid configurations and its
interconnections with power distribution systems. The review takes into account 69 works
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published in this research topic. The papers are selected from databases and editorials that
classify papers in electrical engineering or more specifically distribution systems and
microgrids, e.g., IEEExplore, ScienceDirect, Springer, MDPI, etc. The papers are read and
classified depending of its focus, i.e. power converter in microgrids or power converters in
distribution systems. The result of the review classifies the paper in the next way: in the first
part, two classification of microgrids were presented using their voltage i.e., AC, DC or AC/DC
and the operation mode i.e., grid-connected, islanded or both. Specifically, both classifications
were derived from six reviewed papers. Subsequently, a power converters classification is
proposed based on the kind of microgrid where they are used and the converters operation
mode, which correspond to grid-forming, grid-feeding and grid-supporting. The last
classification is made over more than 40 papers about power converters used in microgrids
and electric distribution systems. Also, in that classification the type of converters is
discussed in detail indicating the kind of microgrid where the converter is used, the variables
that are measured, the control system topology, and the equivalent circuit that is used for
representing the power converter. The equivalent circuits or reduced models are useful to
designing the controllers for each converter. Then, a final classification is presented where
the kind of converter, i.e., grid forming, greed feeding, grid supporting and interlinking power
converters, are associated to the renewable energy application such as photovoltaic, wind,
energy storage, electric vehicles, etc. Also, the advantages and disadvantages offered by those
converters are highlighted and particularly the implementation domain is also
included (model simulation or physical implementation).

The rest of the paper is organized as follows: Section 2 introduces the fundamental
concepts of power converters (PCs), presents a classification of the most relevant PCs used in
microgrids (MGs), and presents the associated control techniques. Section 3 proposes a
comparative analysis of the PCs types used in different scenarios of microgrids including AC,
DC, and AC/DC topologies. This section also includes a discussion about control reactive
power in microgrids using smart inverters. Finally, in Section 4 the main conclusions and
the future word are presented.

2. POWER CONVERTERS FOR MICROGRIDS

In this section a classification of power converters used in microgrids is presented. The
classification start selecting papers of well-known databases or editorials such as
IEEExplore, ScienceDirect, Springer, MDPI, etc. In the review it is evident that there are
several converters used in several types of microgrids, which can be classified based on the
nature of the bus voltage and based of their operation mode. It is necessary to know if any
converter cab be used in any type of microgrid or which is the power converter more used in
a specific type of microgrid understanding the advantages and disadvantages offered by the
converter. Power converters are the main elements that enable the interconnection of
Renewable Energy Sources (RES) and Energy Storage Systems (ESS) with the power grid
and microgrids. In addition, to allow the interconnection of the different elements of the
microgrid, the PCs are capable of other functions such as guaranteeing the power quality and
reliability of the microgrid [2], [13], [14]. The classification of power converters is based on a
variety of categories. But their use increased significantly with the introduction of microgrids
in the power system, which, in turn, are also classified into several categories.

The nature of microgrids can vary based on the type of voltage present at the busbar,
which, in the context of power quality, can be called Point of Common Coupling (PCC), i.e.,
based on the voltage nature at the point where all renewable energy sources and loads are
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connected. Microgrids can also vary in terms of their operation mode [15]. Based on the
voltage at the busbar, microgrids are classified as AC, DC, and AC/DC also called hybrid
microgrids. On the other hand, based on their operation mode, microgrids are classified as
grid-connected (or on-grid, i.e., those connected to the main power grid) and islanded (or off-
grid, i.e.,, those that operate autonomously) [2], [15]. Additionally, some microgrids can
operate in both modes, i.e., in grid-connected mode or islanded mode for determined periods.
This classification is summarized in Figure 1.

The last classification of microgrids allows to introduce a power converter with a very
clear function which is to interconnect AC/DC or hybrid microgrid. That kind of converter
can be called Interlinking Power Converter (IPC), its function is illustrated in Figure 2. As
can be inferred, an interlinking power converter should have the capacity to invert or rectify
voltage allowing the power flow in any direction or both directions; also, when inverting the
power, it has to has a specific frequency, voltage, and even more demanding, a specific power
quality. Additionally, that hybrid microgrid should be connected to the utility grid or main
power system through the PCC. The concept and classification of the IPC would be described
forward in Subsection 2.4.

Since the power converters analyzed in this paper would be used in power systems that
include local generation with RES and local loads, the converters must be studied and
selected in this specific context. In this sense, the first step is to define the configuration and
operation mode of the microgrid, to select the appropriate set of converters. As mentioned
above, there are many categories of power converters, and some of them are described in the
following subsections.

Microgrids classification

based on

the voltage at the busbar their operation mode

|

AC DC AC/DC Grid-connected Islanded Islanded and grid-connected

Figure 1. Microgrids classification. PCC is the point of common coupling. Source: Created by the authors.

Utility
Grid
|

PCC

AC/DC Microgrid

DC
Microgrid

AC
Microgrid

AC DC
busbar busbar

Figure 2. Interconnection between DC and AC sides of an AC/DC microgrid and connection with the utility
grid. IPC is an Interlinking Power Converter; PCC is the Point of Common Coupling
Source: Created by the authors.
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The synthesis of reviewed papers also shows that there is possible to classify the
converters based on the form of the generated energy from the RES, i.e., DC or AC; The
categories of that classification correspond to 1) DC/DC and DC/AC if the RES generates in
DC and 2) AC/DC, AC/DC/AC, and AC/AC if the RES generates in AC. Those categories are
well-known and therefore are not discussed here in detail, but it can be summarized in the
left side of Figure 3. On the other hand, according to the operation mode, power converters
can be classified into 1) grid-forming, 2) grid-feeding, and 3) grid-supporting converters [16];
see the right side of Figure 3. Because the last classification is less common, it is selected to
explain the converters in the next four subsections.

Moreover, converters connected to the grid usually operate in Current Control Mode
(CCM), which is robust to voltage disturbances in the grid. Most renewable energy-based
distributed generation converters currently operate in grid-feeding mode [15]. Nevertheless,
converters in island mode usually operate in Voltage Control Mode (VCM) providing the
voltage and frequency references.

In the next four subsections, the grid-forming, grid-feeding, and grid-supporting and
interlinking converters are presented. Each subsection describes the common representation
of the converter, the renewable resource associated, the microgrid application, and the
regulated variable associated with the type of microgrid. Also, a complete structure is
presented to describe the type of microgrid, the type of control system, the manipulated and
regulated variables and the low order representation. Because the results of the robustness
and reliability of control systems is presented in the analyzed papers, those results are not
presented here in sake of brevity.

| Power converter classification |

Basled on

[ 1
the nature of the generated voltage their operation mode
|

| | I I l
from DC generation sources ~ from AC generation sources | Grid-forming Grid-feeding Grid-supporting

[ [
toa DC-MG toan AC-MG to a DC-MG to an AC-MG
I
DC/DC DC/AC AC/DC
AC/AC  AC/DC/AC

Figure 3. Power converters classification. MG is the abbreviation for “microgrid”
Source: Created by the authors.

2.1 Grid-forming power converters

Grid-forming power converters can be set up as an ideal AC voltage source with a low
series impedance as illustrated in the green frame of Figure 4. These converters are
associated with ESS. They commonly operate in VCM since they are essential in isolated
microgrids, although they can also operate in grid-connected mode in AC and DC
networks. These converters are essential in the operation of isolated microgrids to form the
network, especially when other PCs, such as grid-feeding (described later in Section 2.2), are
connected to the grid, i.e., at least one of the PCs connected to the grid is required to operate
as grid-forming [2], [8], [16]-[18]. The illustration of this converter operating in VCM is
shown in Figure 4 with the differentiation for both microgrid types, i.e., AC-MG in blue dotted
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line and DC-MG in green solid line. The terms that apply to both microgrid types are
represented with a black solid line. In Figure 4, |v,|* is the magnitude of the voltage
reference, w* is the angular frequency of reference, i.e., the grid frequency, and i," is the
current reference. v, and i, are the output values of voltage and current, respectively. The
term “MG bus” represents the busbar of either the AC microgrid or the DC microgrid.

2.1.1 Grid-connected operation

When a grid-forming converter is connected to the grid, it is responsible for adjusting the
power values of the sub-networks. In the case of AC networks, it adjusts the values of active
power, P, and reactive power, @; while in the case of DC networks, it adjusts the value of
active power, P. Additionally, in this operation mode, the grid-forming converter helps to
maintain the State of Charge (SoC) of the ESS and, at the same time, improving the voltage
profiles in DC networks or the power quality in AC networks [2].

2.1.2 Islanded operation

In this mode, grid-forming converters are responsible for setting the local network
references. In the case of AC networks, they generate a sinusoidal voltage with the desired
amplitude and frequency; while in DC networks, they set the DC voltage with the desired
reference [2].

Renewable
Energy Sources

Vo ;
"Uo‘*, W* + Zov Y . MG bus
_________ > « - 1o
Voltage |7, Current | Comtrol Powe
‘/U ‘ * control |—Jppt control | Ofcl_ o OUES
04) loop loop action converter ___{

Power converter

AC or DC

microgrid

------ for AC - MG o
—>»
for DC - MG L Z | 0
Low impedance +

for both AC-MG and DC-MG
UO Vo

O

Figure 4. Grid-forming power converter scheme in VCM mode. MG is the abbreviation for “microgrid”
Source: Created by the authors.

2.2 Grid-feeding power converters

These converters can be set up as an ideal AC current source with a high parallel
impedance as illustrated in the green frame of Figure 5. These converters are also associated
with non-dispatchable RES. They commonly operate in CCM since they are frequently used
in grid-connected microgrids. Though they can operate with several paralleled grid-feeding
converters, their behavior tends to be unstable [2], [15]—[17], [19], [20]. The illustration of
this converter operating in CCM is shown in Figure 5, with the differentiation for both
microgrid types, i.e., AC-MG in blue dotted line and DC-MG in green solid line. The terms
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that apply to both microgrid types are represented with a black solid line. In Figure 5, P* and
Q" are the reference values for active and reactive power, respectively, i," is the reference
value of current, and v, and i, are the output values of voltage and current, respectively. The
term “MG bus” represents the busbar of either the AC microgrid or the DC microgrid.

2.2.1 Grid-connected operation

In this mode, grid-feeding converters are responsible for injecting a specific amount of
either power or current to the sub-grid while following the reference values. For instance, in
the case of AC networks, these PCs inject active power P and reactive power @, while
following the voltage and frequency references V and f. In the case of DC networks, these PCs
inject either active power or current while following the voltage reference V.

2.2.2 Islanded operation

In this mode, grid-feeding converters can only inject power or current if there is at least
one grid-forming converter (or one synchronous generator) operating and generating the AC
or DC voltages in the MG’s bus. Otherwise, in island mode, grid-feeding converters are unable
to operate because they need a voltage reference to follow [2], [17], [18].

Renewable
Energy Sources

v N
P*, Q* O+ Zov v ’L MG bus
"""""" » Power

) Current Power %
P* ( 7 * ) control |2 ypf control Control ORET
—> loop loop action converter

*

AC or DC

microgrid

0
e {PT L ererroree
Power converter
------ for AC - MG o
for DC - MG " High X
* 5k impedance
for both AC-MG and DC-MG (2

7

O

Figure 5. Grid-feeding power converter scheme in CCM mode. MG is the abbreviation for “microgrid.” PLL is
the Phase-Locked Loop. Source: Created by the authors.

2.3 Grid-supporting power converters

Grid-supporting converters can operate in both control modes, i.e., CCM and VCM. In
VCM, they can operate autonomously either in islanded (IS) or grid-connected (GC) mode.
However, in CCM these converters require at least one grid-former converter that provides
the synchronous generator behavior and the proper references [2], [15], [16]. Moreover, those
converters can contribute to the stabilization of the grid in both control modes (VCM and
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CCM). So, they contribute to the primary regulation through droop control strategies, as will
be discussed in the next subsections 2.3.1 and 2.3.2 [2], [21]-[23].

2.3.1 Ccurrent control mode operation

As discussed in Section 2.2, grid-feeding converters cannot operate in IS mode without
assistance from either other PCs or a synchronous generator. Then, grid-supporting
converters are suitable to provide support for the function’s performance of these converters,
such as the regulation of active and reactive power (only active power for DC microgrids) and
setting the voltage and frequency references (only voltage for DC microgrids). In GC mode,
grid-supporting converters can also aid the grid-feeding converters in the load supply
function and contribute to the regulation of voltage and frequency for both the microgrid and
the main grid. The illustration of this converter operating in CCM is shown in Figure 6, with
the differentiation for both microgrid types, i.e., AC-MG in blue dotted line and DC-MG in
green solid line. The terms that apply to both microgrid types are represented with a black
solid line. In Figure 6, P** and Q™ are the reference values generated through the droop
control equations for active and reactive power, respectively. P* and Q" are the reference
values for active and reactive power, respectively, which are externally provided.
Likewise, v,* is the magnitude of the voltage reference and w* is the angular frequency
reference, i.e., the grid frequency. i," is the reference value of current, and v, and i, are the
output values of voltage and current, respectively. Additionally, in an AC-MG the terms
w" — P* and v,” — Q" represent the droop curve of w* against P* and the droop curve of v,”
against Q”, respectively. v,” — i," represent the droop curve of v,* against i,” in the DC-MG
scenario.

Renewable
Energy Sources

Vo X
P *ok + Zov v . MG bus
b
R ') Power |¢2* Current T Power Lo
I o) ontro
1P*k (ks control —) control | Y90
'P ( ? loop loop action converter ¢

AC or DC

microgrid

1
1 [
! :
i Ag |
Gt 1PLLj----=-=-=nn---- '
! bt Power converter
] <_"‘_’i_?_1_3j_’_9_:_f_9_* loy
Droop B e « High °
control <Uo —1 (UO — P ) Z;k impedance +
.
------ for AC - MG -
O
for DC - MG

for both AC-MG and DC-MG

Figure 6. Grid-supporting power converter operating in CCM mode. Source: Created by the authors.
2.3.2 Voltage control mode operation

Grid-forming converters discussed in Subsection 2.1, are occasionally unable either to
maintain the voltage and frequency references in IS mode or to preserve the power quality
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in GC mode. Then, grid-supporting converters are also a proper alternative for supporting
these converters' functionality. In IS mode they act as an additional distributed generator
(DG) with similar features to a synchronous generator providing the voltage and frequency
references (only voltage for DC microgrids). In GC mode they contribute to the regulation of
voltage and frequency (voltage for DC microgrids) values and also contribute to the
improvement of the power quality (voltage profile for DC microgrids) in the microgrid [2],
[16], [18]. The illustration of this converter operating in VCM is shown in Figure 7, with the
differentiation for both microgrid types, i.e., AC-MG in blue dotted line and DC-MG in green
solid line. The terms that apply to both microgrid types are represented with a black solid
line. In Figure 7, P** and Q** are the reference values generated through the droop control
equations for active and reactive power. P* and Q* are the reference values, which are
externally provided. Likewise, v,* is the magnitude of the voltage reference and w* is the
angular frequency reference, i.e., the grid frequency. i,* is the reference value of current, and
v, and i, are the output values of voltage and current. In an AC-MG the terms w* — P* and
v, — Q" represent the droop curve of w* against P* and the droop curve of v,* against Q~,
respectively. v,* — i, represent the droop curve of v,* against i,” in the DC-MG scenario.

2.4. Interlinking power converters

Interlinking power converters (IPCs) are power electronic devices that facilitate the
connectivity of multiple sub-grids with either the same nature or different nature and
architectures, i.e., AC/AC, DC/DC, AC/DC, even AC/AC with different frequencies, and
DC/DC with different voltages. But, their most frequent use is in the interconnection of
AC/DC sub-grids, i.e., in hybrid microgrids [2], [21]. For instance, the IPC in Figure 2
interconnects a DC sub-grid with an AC sub-grid for an AC/DC microgrid. IPCs also operate
as energy routers in the grid, i.e., provide the energy management of all renewable energy
sources to distribute it dynamically along the grid [24], [25]. A remarkable characteristic of
IPCs is that the primary and secondary sides are not necessarily fixed compared to the
conventional power converters.

Renewable
Energy Sources

Vo )
’UZ*, WwF* + Zov Y . MG bus
i 1
r ______ ') Voltage ’L* Current o
1 ¢k o 1 Control Power AC or DC
| v, c?ggrol — P C(f;l(t)ro action converter microgrid
e i
1
1
1
! Power converter
! <w*_P*’ i i
R A Droop [®~~"=T="===TTooos I —
* SO * ©
control Vo — 1 (U o P ) Low impedance T+
%
/UO UO
------ for AC - MG
for DC - MG °

for both AC-MG and DC-MG

Figure 1. Grid-supporting power converter scheme in VCM mode. Source: Created by the authors.
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IPCs can even perform the equivalent functions of other PCs like the grid-forming and the
grid-supporting converters. These converters provide a high quality of power flow, as well as
the PCs mentioned. However, this fact limits the maximum utilization of the energy
generated by the RES, which compromises the RES efficiency [2], [26], [27]. These power
converters can be classified as shown in Figure 8.

The following subsections describe some of these topologies, their most distinctive
features, and their use. For instance, the Bidirectional Power Converter (BPC), the
Buck/Boost converter, the Isolated Bidirectional DC/DC Converter (IBDC), the Back-to-Back
(B2B) converter, and finally the Solid-State Transformer (SST).

2.4.1 Bidirectional power converter

Bidirectional Power Converters (BPC) are devices capable to support the power between
AC and DC sub-grids, maintaining a dynamic power equilibrium in the system. These
converters can operate in parallel with other BPCs. Today's power systems use bidirectional
converters broadly given their bidirectional power flow capability, specifically in microgrids'
applications, such as, the charge of electric vehicles (EVs), renewable energy sources (PV,
Wind, etc.), and ESS, as well as, in uninterruptible power supplies (UPS) and in aerospace.
The primary control techniques for these converters are studied based on their configuration,
i.e., single BPC or parallel BPCs [28]—[30].

2.4.2 Buck/boost power converter

The Buck/Boost is a bidirectional converter used in the isolated DC/DC sub-grids
interconnection where the voltage levels are similar but not equal. In the case of the same
voltage levels, additional capabilities are required. These converters do not provide galvanic
isolation [31], [32]. For the AC/DC sub-grids interconnection, this converter can be used
through the inclusion of a voltage source inverter (VSI) on the AC side. This configuration is
known as Buck/Boost + VSI [33]— [35].

l Interlinking Power Converters classification |

\

based on the sub-grids nature

DC—|DC AC-AC AC-DC
|
| | | | |
Islanded  Grid-connected 3-Stages Islanded Grid-connected
2-Stages I oo
DAB DABY 1-Stage UB3B 9L-VSI 2L-VSI

Buck/Boost LDirect Matrix Converter B2B

Flyback Buck/Boost + VSI

Figure 8. Interlinking Power Converters (IPC) classification. Source: Created by the authors.
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2.4.3 Isolated bidirectional DC/DC converter

The Isolated Bidirectional DC/DC Converter (IBDC) is a variety of bidirectional converters
used in DC/DC microgrids. This classification includes the dual active bridge (DAB) and the
Flyback converters. Compared to the Book/Boost converter, the IBDC provides galvanic
isolation. The DAB is the IBDC most used as suggested in several papers [36]—[39], although
flyback is also used [40]. The application of these converters is also possible in the AC-DC
interconnection. For instance, in [41] the configuration of a microgrid connected to the grid
is studied, where a bidirectional AC-DC converter is used to integrate a DC distribution
network to the utility grid.

2.4.4 Back-to-back converter

The Back-to-Back (B2B) converter has been mostly used in the interconnection of AC sub-
grids, either an AC sub-grid to an AC sub-grid or an AC sub-grid to the main grid [21],
[42]. Also, back-to-back converters are often used in the transmission of high voltage DC
power systems [43]. In the interconnection of AC/AC sub-grids, the B2B topology is formed
with two stages (2-stage), where a DC bus is between each AC side. Then, one stage of
conversion goes from one of the AC sides to the DC bus, and the other conversion stage
continues from the DC bus to the other AC side. This 2-stage structure enables the
interconnection of multiple AC asynchronous sub-grids and is illustrated in Figure 9. On the
other hand, this topology can be used in the scenario of AC/DC sub-grids
interconnection. Here the DC sub-grid would be used as a DC-MG where energy storage
systems, distributed generators, and loads can be connected to [23], [42], [44]-[53].

Despite back-to-back assuring the backup capability under a grid failure and maximizing
the use of RES, the efficiency of the power conversion is not the best feature, due to the two
power conversion stages. In this sense, this type of IPCs is usually used for ancillary services
in combination with direct connections, i.e., without power conversion stages.

2.4.5 Solid-state transformer

A solid-state transformer (SST), also known as a smart transformer, is a power electronic-
based transformer with the capability of transforming power and providing power control
services. In the SST topology is usual to find three stages of conversion, where an IBDC is
incorporated in the middle [21].

As in the back-to-back topology, the SST permits the integration of energy storage systems
and distributed generators. But it also allows galvanic isolation compared to back-to-back,
which facilitates the connection of sub-grids with different voltage levels. Figure 10
1llustrates the three stages topology of an SST with galvanic isolation, which is represented
for the DC/DC converter in green color. This topology can be used in AC/AC sub-grids
Interconnection but is not the best choice given the incorporation necessity of a DC link, not
commonly found in these systems [54]—[59].

AC/DC | DC/AC I CE
Converter I (‘(m\((‘rn r h"IlcrOgrld 2

DC
busbar

Figure 9. Back-to-back topology of two stages for an AC-AC sub-grids interconnection
Source: Created by the authors.
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Ac/oC 1| [Pe | Do/ac AC
Converter | DC Converter grld
MvDC Converter 1yvpc
busbar busbar
Figure 10. Solid State Transformer topology of three stages for an AC-AC sub-grids interconnection
Source: Created by the authors.

Some important aspects regarding the IPCs presented are: The 3-stage SST topology
described in Subsection 2.4.5 provides many advantages to solving different issues in the
AC/AC sub-grids connection. However, it is still an expensive and complex topology to
implement, while using simpler topologies can work effectively in this microgrid
configuration. If the use of DC links in these scenarios increments in the future, then the 3-
stage SST topology would be a suitable choice.

In the DC/DC isolated microgrids, Buck/Boost, DAB, and flyback converters are some
alternatives for use in this scenario. If voltage levels are similar, Buck/Boost can be used, but
if galvanic isolation is required, either DAB or flyback converter are suitable options.
However, the most used BPCs topologies are the full-bridge ones, i.e., the DABs, and more
research is desired for flyback converters.

The back-to-back converter does not include galvanic isolation. For this purpose, a power
transformer must be included. This fact makes this choice expensive and less efficient. It is
desirable to choose either a DAB or a flyback topology for the DC/DC interconnection.

3. CLASSIFICATION OF POWER CONVERTERS BASED ON THEIR APPLICATION,
ADVANTAGES, DISADVANTAGES, AND IMPLEMENTATION

Another classification of a group of papers related with power converters is in Table 1. In
this case the power converters are presented according to their role in the microgrid or
distributed energy system. Then, the applications, which correspond to distributed
generators, energy storage systems, photovoltaic arrays, wind generators, and electric
vehicles. The more relevant advantages and disadvantages of the converters are listed for
each role; Finally, the type of implementation between simulation and laboratory is
presented citing the analyzed papers.

Table 1 shows that power converters in the role of grid-forming do not require support for
others converters and are typically used with distributed generators and energy storage
systems. Those converters are high power, and the low output impedance allow them to give
high current without affecting their voltages, i.e., they are capable to regulate the voltage,
and frequency in AC or hybrid microgrids. However, low output impedance has some
disadvantages if the converter is required to operate in parallel with other sources generating
circulating currents among the sources in parallel. Also, the low impedance makes the
converter more susceptible to disturbance in the microgrid. On the other hand, among the
reviewed papers related with grid-forming converters, the simulation was the preferred way
to develop the implementation. There is an opportunity to test the several published solutions
in real environments or laboratories.

Grid-feeding converters are used to connect photovoltaic arrays and wind generators in
parallel with other sources thanks to its high output impedance, which limits circulating
currents improving the stability of the microgrid. However, in the same parallel operation,
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the behavior of the grid-feeding converters tends to be unstable if the other sources have high
output impedance or they are grid-feeding converters. Simulation is preferred over laboratory
implementation among the reviewed papers.

Grid-supporting converters are used with distributed generators and energy storage
systems or battery packages. They can operate in both control modes, voltage control mode
and current control mode. Those control modes offer the possibilities to protect the source or
the load as required, i.e. grid-supporting configuration is flexible to connect sources in the
microgrid. Among other disadvantages, as cost, complexity, efficiency and dependence of
weather conditions, there is the low inertia that makes the microgrid susceptible to
instability.

Table 1. Power converters classification based on their application, advantages, disadvantages, and
implementation. Source: Created by the authors.

Type of Applications Advantages Disadvantages Implementation
Power
Converter
Does not require support
from other PCs.
Grid- Low output impedance, Simulation: [7]
f . DGs, ESS therefore good voltage Low output impedance. M
orming . (8], [16], [17]
regulation.
In GC mode: keep-up the
SoC of the ESS units
Its behavior tends to be
Grid- . . . unstable when operating Simulation: [7],
feeding PV, Wind. High output impedance. o' ool paralleled  [8], [16], [17]
grid-feeding converters.
Low inertia that may lead
. . to instability. Simulation:
Slf;i'or ting  DOs. ESS Sliggfeirjteégﬁozﬁé"g‘éﬁl Failed to maintain the [71, 181, [15], [16],
> " pre-assigned V & f in the [60]
sub-grids.
Interfacing sub-grids of Non-linear load behavior. Simulation:
DGs, ESS, PV, different nature. DC/DC, Circulating current when 3], [19] [Gi] [36]
Wind. AC/DC, AC/AC of different  IPCs in parallel. Re- [62,] [63,] ’ ’
PC voltages and frequencies. synchronization issue. BPé' [26], [64]
BPC: Limitation of power Lab(;ratOJr’ -
EV, UPS, PV, BPC: Can coordinate the exchange between AC/DC v
Wind, ESS. distribution of power sub-grids implies [38], [65]. BPC:
: P & p [27], [30], [41]

among parallel BPCs

efficiency reduction.

The type of converter that reunite most of the converters used in microgrids is the
interlinking power converter. As can be seen in Table I, this converter is used to connect
distributed generators, storage energy systems, photovoltaic arrays and wind generators. As
bidirectional power converter can be used to connect electric vehicles, photovoltaic arrays,
wind generators, and uninterruptible power supplies with battery packs. By far the main
advantage of IPCs is to interconnect subsystems or microgrids with different voltages and
frequencies in the case of AC/AC microgrids. When those converters are used to interconnect
AC/DC microgrids, the efficiency can be reduced due the different size of the systems. When
interconnecting AC/AC microgrids the problem issue is the resynchronization of the systems.
It is normal that the most spread type of converter presents a lot of problems in contrast with
a big number of solutions.
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For islanded microgrids a hierarchical control strategy was proposed and three inverters
were used as actuators to share the reactive and real powers. The control strategy consists
of an inner control loop, primary control, and secondary control [66]. Also, the improvement
of power quality in distribution networks is achieved using smart inverters through the
control of voltage and reactive power [67]. Classical control techniques, predictive control
techniques, and iterative algorithms are proposed to control a DC microgrid. The microgrid
and the control systems are modeled and implemented in Simulink [68]. A review on optimal
control applied to smart power substations was presented in [69]. The review highlights the
area, the problem, constrains, and approaches identified in 20 papers about optimal control
in substations.

4. CONCLUSIONS

This paper presented the review of papers related with power converters used in
microgrids and distribution systems. First, the classification of microgrids were presented
using the voltage nature i.e., alternate current, direct current, or alternate current/ direct
current and the operation mode i.e., grid-connected, islanded or both. Subsequently, the
classification of power converters was presented based on the kind of microgrid where the
power converters were connected and their operation mode, which correspond to grid-
forming, grid-feeding and grid-supporting. For the last classification, the converters are
discussed in detail indicating the next: the kind of microgrid where they are used, the
variables that are commonly measured, the structure of the control system, and the
equivalent models that are used for their representation.

From the literature review five topics were identified: First, a gap was identified in the
study of direct current/ direct current microgrids despite being the simplest configuration
among the three analyzed configurations. This is because hybrid and AC microgrids are more
widely used since they allow taking advantage of the infrastructure of the current electrical
systems. Another conclusion was made with grid-supporting converters, which offer low
Inertia; however, the incorporation of droop control techniques in their operation can solve
this issue, e.g., the use of interlinking power converters is a recommended option if primary
regulation is required, since it can include droop control strategies in its operation. The third
topic is also related with interlinking power converters, which are a recommended choice if
asynchronous interconnection of sub-grids is required, even if the sub-grids are different in
voltage nature, levels, or frequency.

For future work, the literature review showed that a main focus should be in back-to-back
converters because they are flexible connecting systems of different nature. The development
of detailed models of the power converters will allow the design of sophisticated control
systems increasing efficiency and increasing the range of operation of the power converters.

5. ACKNOWLEDGMENTS

This research was funded by Minciencias, Universidad Nacional de Colombia,
Universidad del Valle, and Instituto Tecnolégico Metropolitano under the research project
“Dimensionamiento, planeacion y control de sistemas eléctricos basados en fuentes
renovables no convencionales, sistemas de almacenamiento y pilas de combustible para
incrementar el acceso y la seguridad energética de poblaciones colombianas”, (Minciencias
code 70386), which belongs to the research program “Estrategias para el desarrollo de

Pagina 15 | 19



E. Osorio et al. TecnoLdbgicas, Vol. 26, nro. 57, €2498, 2023

sistemas energéticos sostenibles, confiables, eficientes y accesibles para el futuro de
Colombia”, (Minciencias code 1150-852-70378, Hermes code 46771).

CONFLICTS OF INTEREST

All the authors declare that there is not a possible conflict of financial, professional, or
personal interests that may inappropriately influence the results that were obtained or the
Interpretations that are proposed.

AUTHOR CONTRIBUTIONS

All the authors contribute equally to conceptualize, design, and conduct the study and
prepare and edit the final manuscript.

6. REFERENCES

[1] A. H. Mohsenian-Rad and A. Leon-Garcia, “Distributed Internet-Based Load Altering Attacks Against
Smart Power Grids,” IEEE Trans. Smart Grid, vol. 2, no. 4, pp. 667-674, Dec. 2011.
https://doi.org/10.1109/TSG.2011.2160297

[2] S. Ansari, A. Chandel, and M. Tariq, “A Comprehensive Review on Power Converters Control and Control
Strategies of AC/DC  Microgrid,” IEEE  Access, vol. 9, pp. 17998-18015, 2021.
https://doi.org/10.1109/ACCESS.2020.3020035

[3] A. Ordono, E. Unamuno, J. A. Barrena, and J. Paniagua, “Interlinking converters and their contribution to
primary regulation: a review,” Int. J. Electr. Power Energy Syst., vol. 111, pp. 44-57, Oct. 2019.
https://doi.org/10.1016/j.ijepes.2019.03.057

[4] X. Wei, X. Xiangning, and C. Pengwei, “Overview of key microgrid technologies,” Int. Trans. Electr. Energy
Syst., vol. 28, no. 7, p. 2566, Mar. 2018._https://doi.org/10.1002/etep.2566

[5] K. Kabirifar and M. Mojtahedi, “The impact of Engineering, Procurement and Construction (EPC) phases
on project performance: A case of large-scale residential construction project,” Buildings, vol. 9, no. 1, p. 15,
Jan. 2019. https://doi.org/10.3390/buildings9010015

[6] F. Taghizadeh-Hesary, N. Yoshino, E. Rasoulinezhad, and C. Rimaud, “Power purchase agreements with
incremental tariffs in local currency: An innovative green finance tool,” Glob. Financ. J., vol. 50, p. 100666,
Nov. 2021. https://doi.org/10.1016/].¢f].2021.100666

[7] J. Hu, Y. Shan, J. M. Guerrero, A. Ioinovici, K. W. Chan, and J. Rodriguez, “Model predictive control of
microgrids — An overview,” Renew. Sustain. Energy Rev., vol. 136, p. 110422, Feb. 2021.
https://www.doi.org/10.1016/j.rser.2020.110422

[8] B. K. Poolla, D. Gro3, and F. Dérfler, “Placement and Implementation of Grid-Forming and Grid-Following
Virtual Inertia and Fast Frequency Response,” IEEE Trans. Power Syst., vol. 34, no. 4, pp. 3035-3046, Jul.
2019. https://doi.org/0.1109/TPWRS.2019.2892290

[9] D. Wang and H. Wu, “Application of virtual synchronous generator technology in microgrid,” In 2016 IEEE
8th International Power Electronics and Motion Control Conference (IPEMC-ECCE Asia), Hefei, 2016, pp.
3142-3148. https://www.doi.org/10.1109/IPEMC.2016.7512798

[10] J. Chen and T. O’Donnell, “Parameter Constraints for Virtual Synchronous Generator Considering
Stability,” IEEE Trans. Power Syst., vol. 34, mno. 3, pp. 2479-2481, May. 2019.
https://www.doi.org/10.1109/TPWRS.2019.2896853

[11] J. Liu, Y. Miura, H. Bevrani, and T. Ise, “Enhanced Virtual Synchronous Generator Control for Parallel
Inverters in Microgrids,” IEEE Trans. Smart Grid, vol. 8, no. 5, pp. 2268-2277, Sep. 2017.
https://www.doi.org/10.1109/TSG.2016.2521405

[12] A. Fathi, Q. Shafiee, and H. Bevrani, “Robust Frequency Control of Microgrids Using an Extended Virtual
Synchronous Generator,” IEEE Trans. Power Syst., vol. 33, no. 6, pp. 6289-6297, Nov. 2018.
https://www.doi.org/10.1109/TPWRS.2018.2850880

[13] M. Gaiceanu, I. N. Arama, and I. Ghenea, "Power Electronic Converters in AC Microgrid," In Microgrid

Pagina 16 | 19


https://doi.org/10.1109/TSG.2011.2160297
https://doi.org/10.1109/ACCESS.2020.3020035
https://doi.org/10.1016/j.ijepes.2019.03.057
https://doi.org/10.1002/etep.2566
https://doi.org/10.3390/buildings9010015
https://doi.org/10.1016/j.gfj.2021.100666
https://www.doi.org/10.1016/j.rser.2020.110422
https://doi.org/0.1109/TPWRS.2019.2892290
https://www.doi.org/10.1109/IPEMC.2016.7512798
https://www.doi.org/10.1109/TPWRS.2019.2896853
https://www.doi.org/10.1109/TSG.2016.2521405
https://www.doi.org/10.1109/TPWRS.2018.2850880

E. Osorio et al. TecnoLdbgicas, Vol. 26, nro. 57, e2498, 2023

(23]

(24]

(28]

(29]

(30]

(31]

(32]

(33]

Architectures, Control and Protection Methods, Cham, Power Systems Springer. 2020, pp. 139-175.
https://www.doi.org/10.1007/978-3-030-23723-3 7

B. Toual, L. Mokrani, A. Kouzou, and M. Machmoum, “Power quality and capability enhancement of a
wind-solar-battery hybrid power system,” Period. Polytech. Electr. Eng. Comput. Sci., vol. 64, no. 2, pp.
115-132, Jan. 2020. https://www.doi.org/10.3311/PPEE.14437

T. Dragicevié, L. Meng, F. Blaabjerg, and Y. Li, “Control of Power Converters in ac and dc Microgrids,”
Wiley Encycl. Electr. Electron. Eng., Feb. 2019. https://www.doi.org/10.1002/047134608x.w8389

P. Rodriguez, I. Candela, C. Citro, J. Rocabert and A. Luna, "Control of grid-connected power converters
based on a virtual admittance control loop," In 2013 15th European Conference on Power Electronics and
Applications (EPE), Lille, 2013, pp. 1-10. https://doi.org/10.1109/EPE.2013.6634621

0. Palizban, K. Kauhaniemi, and J. M. Guerrero, “Microgrids in active network management - Part I:
Hierarchical control, energy storage, virtual power plants, and market participation,” Renew. Sustain.
Energy Rev., vol. 36, pp. 428-439, Aug. 2014. https://doi.org/10.1016/].rser.2014.01.016

dJ. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, Conitrol of Power Converters in AC Microgrids,
Mahdavi Tabatabaei, Power Systems, 2012. https://www.doi.org/10.1007/978-3-030-23723-3 13

F.Z. Peng, Y. W. Li, and L. M. Tolbert, "Control and protection of power electronics interfaced distributed
generation systems in a customer-driven microgrid," In 2009 IEEE Power & Energy Society General
Meeting, Calgary, 2009, pp. 1-8. https://doi.org/10.1109/PES.2009.5275191

T. C. Green and M. Prodanovié, “Control of inverter-based micro-grids,” Electr. Power Syst. Res., vol. 77,
no. 9, pp. 1204-1213, Jul. 2007. https://doi.org/10.1016/j.epsr.2006.08.017

A. Ordono, E. Unamuno, J. A. Barrena, and J. Paniagua, “Interlinking converters and their contribution to
primary regulation: a review,” Int. J. Electr. Power Energy Syst., vol. 111, pp. 44-57, Oct. 2019.
https://doi.org/10.1016/].ijepes.2019.03.057

G. Guarderas, A. Francés, R. Asensi, and J. Uceda, "Large-signal black-box behavioral modeling of grid-
supporting power converters in AC microgrids," In 2017 IEEE 6th International Conference on Renewable
Energy  Research and  Applications (ICRERA), San  Diego, 2017, pPp. 153-158.
https://doi.org/10.1109/ICRERA.2017.8191258

H.-J. Yoo, T.- T. Nguyen, and H.- M. Kim, “Multi-frequency control in a stand-alone multi-microgrid system
using a back-to-back converter,” FEnergies, vol. 10, mno. 6, p. 822, Jun. 2017.
https://doi.org/10.3390/en10060822

Y. Xu, J. Zhang, W. Wang, A. Juneja, and S. Bhattacharya, "Energy router: Architectures and
functionalities toward Energy Internet," In 2011 IEEE International Conference on Smart Grid
Commaunications (SmartGridComm), Brussels, 2011, pPp. 31-36.
https://doi.org/10.1109/SmartGridComm.2011.6102340

Y. Ma, X. Wang, X. Zhou and Z. Gao, "An overview of energy routers," In 2017 29th Chinese Control And
Decision Conference (CCDC), Chongqing, 2017, pp. 4104-4108. https://doi.org/10.1109/CCDC.2017.7979219
H. Alrajhi Alsiraji and R. El-Shatshat, "Serious Operation Issues and Challenges Related to Multiple
Interlinking Converters Interfacing a Hybrid AC/DC Microgrid," In 2018 IEEE Canadian Conference on
Electrical & Computer Engineering (CCECE), Quebec, 2018, pp. 1-5.
https://doi.org/10.1109/CCECE.2018.8447831

M. Hosseinzadeh and F. R. Salmasi, “Robust optimal power management system for a hybrid AC/DC micro-
grid,” IEEE Trans. Sustain. Energy, vol. 6, mno. 3, pp. 675-687, Jul. 2015.
https://doi.org/10.1109/TSTE.2015.2405935

P. Li, T. Guo, F. Zhou, J. Yang, and Y. Liu, “Nonlinear coordinated control of parallel bidirectional power
converters in an AC/DC hybrid microgrid,” Int. J. Electr. Power Energy Syst., vol. 122, p. 106208, Nov. 2020.
https://doi.org/10.1016/].ijepes.2020.106208

J. Huang, J. Xiao, C. Wen, P. Wang, and A. Zhang, “Implementation of Bidirectional Resonant DC
Transformer in Hybrid AC/DC Micro-Grid,” IEEE Trans. Smart Grid, vol. 10, no. 2, pp. 15632-1542, Mar.
2019. https://doi.org/10.1109/TSG.2017.2771822

Z.Lv,Y. Zhang, Y. Xia, and W. Wei, “Adjustable inertia implemented by bidirectional power converter in
hybrid AC/DC microgrid,” IET Gener. Transm. Distrib., vol. 14, no. 17, pp. 3594-3603, Jul. 2020.
https://doi.org/10.1049/iet-gtd.2020.0279

M. Kumar, S. C. Srivastava, S. N. Singh, and M. Ramamoorty, “Development of a control strategy for
interconnection of islanded direct current microgrids,” IET Renew. Power Gener., vol. 9, no. 3, pp. 284—-296,
Apr. 2015. https://doi.org/10.1049/iet-rpg.2013.0375

J. Ma, M. Zhu, X. Cai and Y. W. Li, "Configuration and operation of DC microgrid cluster linked through
DC-DC converter," In 2016 IEEE 11th Conference on Industrial Electronics and Applications (ICIEA),
Hefei, 2016, pp. 2565-2570. https://doi.org/10.1109/ICTEA.2016.7604026

D. R. Aryani and H. Song, “Coordination control strategy for AC/DC hybrid microgrids in stand-alone
mode,” Energies, vol. 9, no. 6, p. 469, Jun. 2016. https://doi.org/10.3390/en9060469

Pagina 17 | 19


https://www.doi.org/10.1007/978-3-030-23723-3_7
https://www.doi.org/10.3311/PPEE.14437
https://www.doi.org/10.1002/047134608x.w8389
https://doi.org/10.1109/EPE.2013.6634621
https://doi.org/10.1016/j.rser.2014.01.016
https://www.doi.org/10.1007/978-3-030-23723-3_13
https://doi.org/10.1109/PES.2009.5275191
https://doi.org/10.1016/j.epsr.2006.08.017
https://doi.org/10.1016/j.ijepes.2019.03.057
https://doi.org/10.1109/ICRERA.2017.8191258
https://doi.org/10.3390/en10060822
https://doi.org/10.1109/SmartGridComm.2011.6102340
https://doi.org/10.1109/CCDC.2017.7979219
https://doi.org/10.1109/CCECE.2018.8447831
https://doi.org/10.1109/TSTE.2015.2405935
https://doi.org/10.1016/j.ijepes.2020.106208
https://doi.org/10.1109/TSG.2017.2771822
https://doi.org/10.1049/iet-gtd.2020.0279
https://doi.org/10.1049/iet-rpg.2013.0375
https://doi.org/10.1109/ICIEA.2016.7604026
https://doi.org/10.3390/en9060469

E. Osorio et al. TecnoLdbgicas, Vol. 26, nro. 57, €2498, 2023

(34]

[41]

[42]

P. C. Loh, D. Li, Y. K. Chai, and F. Blaabjerg, “Autonomous control of interlinking converter with energy
storage in hybrid AC-DC microgrid,” IEEE Trans. Ind. Appl., vol. 49, no. 3, pp. 1374-1382, May. 2013.
https://doi.org/10.1109/T1A.2013.2252319

P. C. Loh, D. Li, Y. K. Chai, and F. Blaabjerg, “Hybrid AC-DC microgrids with energy storages and
progressive energy flow tuning,” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1533—1543, Apr. 2013.
https://www.doi.org/10.1109/TPEL.2012.2210445

A. S. Morais and L. A. C. Lopes, "Interlink Converters in DC nanogrids and its effect in power sharing
using distributed control," In 2016 IEEE 7th International Symposium on Power Electronics for Distributed
Generation Systems (PEDG), Vancouver, 2016, pp. 1-7. https://www.doi.org/10.1109/PEDG.2016.7527077
B. Karanayil, M. Ciobotaru, and V. G. Agelidis, “Power flow management of isolated multiport converter
for more electric aircraft,” IEEE Trans. Power Electron., vol. 32, no. 7, pp. 5850-5861, Jul. 2017.
https://www.doi.org/10.1109/TPEL.2016.2614019

X. Li et al., “Flexible Interlinking and Coordinated Power Control of Multiple DC Microgrids Clusters,”
IEEE Trans. Sustain. Energy, vol. 9, no. 2, pp. 904-915, Apr. 2018.
https://www.doi.org/10.1109/TSTE.2017.2765681

M. Lee, W. Choi, H. Kim and B. -H. Cho, "Operation schemes of interconnected DC microgrids through an
isolated bi-directional DC-DC converter," In 2015 IEEE Applied Power Electronics Conference and
Exposition (APEC), Charlotte, 2015, pp. 2940-2945. https://www.doi.org/10.1109/APEC.2015.7104769

S. Konar and A. Ghosh, "Interconnection of islanded DC microgrids," In 2015 IEEE PES Asia-Pacific Power
and Energy Engineering Conference (APPEEC), Brisbane, 2015, pp. 1-5.
https://www.doi.org/10.1109/APPEEC.2015.7380986

R. Haghmaram, F. Sedaghati, and R. Ghafarpour, “Power exchange among microgrids using modular-
isolated Dbidirectional DC-DC converter,” Electr. Eng., vol. 99, pp. 441-454, Sep. 2016.
https://www.doi.org/10.1007/s00202-016-0437-7

R. Majumder, A. Ghosh, G. Ledwich, and F. Zare, “Power management and power flow control with back-
to-back converters in a utility connected microgrid,” IEEE Trans. Power Syst., vol. 25, no. 2, pp. 821-834,
May. 2010. https://www.doi.org/10.1109/TPWRS.2009.2034666

Y. Shu, G. Tang, and H. Pang, “A back-to-back VSC-HVDC system of Yu-E power transmission lines to
improve cross-region capacity,” CSEE J. Power Energy Syst., vol. 6, no. 1, pp. 64-71, Mar. 2020.
https://www.doi.org/10.17775/CSEEJPES.2018.01280

M. Goyal and A. Ghosh, “Microgrids interconnection to support mutually during any contingency,” Sustain.
Energy, Grids Networks, vol. 6, pp. 100-108, Jun. 2016. https://www.doi.org/10.1016/j.segan.2016.02.006
Q. Sun, J. Zhou, J. M. Guerrero, and H. Zhang, “Hybrid Three-Phase/Single-Phase Microgrid Architecture
With Power Management Capabilities,” IEEE Trans. Power Electron., vol. 30, no. 10, pp. 5964-5977, Oct.
2015. https://www.doi.org/10.1109/TPEL.2014.2379925

Y. Liu, Y. Fang, and J. Li, “Interconnecting microgrids via the energy router with smart energy
management,” Energies, vol. 10, no. 9, p. 1297, Aug. 2017. https:/www.doi.org/10.3390/en10091297

N. Deng, X. -P. Zhang, P. Wang, X. Gu and M. Wu, "A converter-based general interface for AC microgrid
integrating to the grid," In IEEE PES ISGT Europe 2013, Lyngby, 2013, pp. 1-5.
https://www.doi.org/10.1109/ISGTEurope.2013.6695391

N. Deng and X. -P. Zhang, "A novel management scheme of multiple microgrids via a common interface,"
In 11th IET International Conference on AC and DC Power Transmission, Birmingham, 2015, pp. 1-66.
https://www.doi.org/10.1049/cp.2015.0059

R. Majumder, "A Hybrid Microgrid With DC Connection at Back to Back Converters," IEEE Transactions
on Smart Grid, vol. 5, no. 1, pp. 251-259, Jan. 2014. https:/www.doi.org/10.1109/TSG.2013.2263847

I. U. Nutkani, P. C. Loh, P. Wang, T. K. Jet, and F. Blaabjerg, “Intertied ac-ac microgrids with autonomous
power import and export,” Int. J. Electr. Power Energy Syst., vol. 65, pp. 385-393, Feb. 2015.
https://www.doi.org/10.1016/j.1jepes.2014.10.040

I. U. Nutkani, P. C. Loh, and F. Blaabjerg, “Power flow control of intertied ac microgrids,” IET Power
Electron., vol. 6, no. 7, pp. 1329-1338, Aug. 2013. https://www.doi.org/10.1049/iet-pel.2012.0640

S. Bala and G. Venkataramanan, "Autonomous power electronic interfaces between microgrids," In 2009
IEEE Energy Conversion Congress and Exposition, San Jose, 2009, pp. 3006-3013.
https://www.doi.org/10.1109/ECCE.2009.5316062

J. Susanto, F. Shahnia, A. Ghosh, and S. Rajakaruna, "Interconnected microgrids via back-to-back
converters for dynamic frequency support,” In 2014 Australasian Universities Power Engineering
Conference (AUPEC), Perth, 2014, pp. 1-6. https://www.doi.org/10.1109/AUPEC.2014.6966616

Z. -X. Zou, G. Buticchi, and M. Liserre, "Control and communication in the Smart Transformer-fed grid,"
In 2016 IEEE 21st International Conference on Emerging Technologies and Factory Automation (ETFA),
Berlin, 2016, pp. 1-9. https://www.doi.org/10.1109/ETFA.2016.7733495

C. Kumar, Z. Zou and M. Liserre, "Smart transformer-based hybrid grid loads support in partial

Pagina 18 | 19


https://doi.org/10.1109/TIA.2013.2252319
https://www.doi.org/10.1109/TPEL.2012.2210445
https://www.doi.org/10.1109/PEDG.2016.7527077
https://www.doi.org/10.1109/TPEL.2016.2614019
https://www.doi.org/10.1109/TSTE.2017.2765681
https://www.doi.org/10.1109/APEC.2015.7104769
https://www.doi.org/10.1109/APPEEC.2015.7380986
https://www.doi.org/10.1007/s00202-016-0437-7
https://www.doi.org/10.1109/TPWRS.2009.2034666
https://www.doi.org/10.17775/CSEEJPES.2018.01280
https://www.doi.org/10.1016/j.segan.2016.02.006
https://www.doi.org/10.1109/TPEL.2014.2379925
https://www.doi.org/10.3390/en10091297
https://www.doi.org/10.1109/ISGTEurope.2013.6695391
https://www.doi.org/10.1049/cp.2015.0059
https://www.doi.org/10.1109/TSG.2013.2263847
https://www.doi.org/10.1016/j.ijepes.2014.10.040
https://www.doi.org/10.1049/iet-pel.2012.0640
https://www.doi.org/10.1109/ECCE.2009.5316062
https://www.doi.org/10.1109/AUPEC.2014.6966616
https://www.doi.org/10.1109/ETFA.2016.7733495

E. Osorio et al. TecnoLdbgicas, Vol. 26, nro. 57, e2498, 2023

disconnection of MV/HV power system," In 2016 IEEE Energy Conversion Congress and Exposition (ECCE),
Milwaukee, 2016, pp. 1-8. https://www.doi.org/10.1109/ECCE.2016.7855451

W. A. Rodrigues, R. A. S. Santana, A. P. L. Cota, T. R. Oliveira, L. M. F. Morais and P. C. Cortizo,
"Integration of solid state transformer with DC microgrid system," In 2016 IEEE 2nd Annual Southern
Power Electronics Conference (SPEC), Auckland, 2016, pPp- 1-6.
https://www.doi.org/10.1109/SPEC.2016.7846176

S. Bifaretti, P. Zanchetta, A. Watson, L. Tarisciotti, and J. C. Clare, "Advanced Power Electronic
Conversion and Control System for Universal and Flexible Power Management," IEEE Transactions on
Smart Grid, vol. 2, no. 2, pp. 231-243, Jun. 2011. https://www.doi.org/10.1109/TSG.2011.2115260

X. She, A. Q. Huang, S. Lukic, and M. E. Baran, “On integration of solid-state transformer with zonal DC
microgrid,” IEEE Trans. Smart Grid, vol. 3, mno. 2, pp. 975-985, Jun. 2012.
https://www.doi.org/10.1109/TSG.2012.2187317

X. Yu, X. She, X. Zhou, and A. Q. Huang, “Power management for DC microgrid enabled by solid-state
transformer,” IEEE Trans. Smart Grid, vol. 5, mno. 2, pp. 954-965, Mar. 2014.
https://www.doi.org/10.1109/TSG.2013.2277977

R. Jadeja, A. Ved, T. Trivedi, and G. Khanduja, “Control of Power Electronic Converters in AC Microgrid,”
In Microgrid Architectures, Control and Protection Methods. Power Systems. Cham, 2019, pp 329-355.
https://www.doi.org/10.1007/978-3-030-23723-3 13

T. C. Green and M. Prodanovié, “Control of inverter-based micro-grids,” Electr. Power Syst. Res., vol. 77,
no. 9, pp. 1204-1213, Jul. 2007. https://www.doi.org/10.1016/j.epsr.2006.08.017

D. A. Herrera-Jaramillo, D. Gonzalez Montoya, E. E. Henao-Bravo, C. A. Ramos-Paja, and A. J. Saavedra-
Montes, “Systematic analysis of control techniques for the dual active bridge converter in photovoltaic
applications,” Int. <J. Circuit Theory Appl., vol. 49, no. 9, pp. 3031-3052, Apr. 2021.
https://www.doi.org/10.1002/cta.3031

M. Neubert, A. Gorodnichev, J. Gottschlich, and R. W. De Doncker, "Performance analysis of a triple-active
bridge converter for interconnection of future de-grids," In 2016 IEEE Energy Conversion Congress and
Exposition (ECCE), Milwaukee, 2016, pp. 1-8. https://www.doi.org/10.1109/ECCE.2016.7855337

S. A. Gorji, H. G. Sahebi, M. Ektesabi, and A. B. Rad, “Topologies and control schemes of bidirectional DC—
DC power converters: An overview,” I[EEE Access, vol. 7, pp. 117997-118019, Aug. 2019.
https://www.doi.org/10.1109/ACCESS.2019.2937239

V. M. Iyer, S. Gulur, S. Bhattacharya, and R. Ramabhadran, "A Partial Power Converter Interface for
Battery Energy Storage Integration with a DC Microgrid," In 2019 IEEE Energy Conversion Congress and
Exposition (ECCE), Baltimore, 2019, pp. 5783-5790. https:/www.doi.org/10.1109/ECCE.2019.8912590

H. Yépez, W. Pavén, S. Simani, E. Ayala and A. B. Asiedu-Asante, "Source Inverter Voltage and Frequency
Control for AC Isolated Microgrid Applications," In 2022 IEEE T7th International Energy Conference
(ENERGYCON), Riga, 2022, pp. 1-6. https://www.doi.org/10.1109/ENERGYCON53164.2022.9830410

M. Montufar, W. Pavén, M. Jaramillo, and S. Simani, “Control Strategy Applied to Smart Photovoltaic
Inverters for Reactive Power Exchange Through Volt-Var Control to Improve Voltage Quality in Electrical
Distribution Networks,” In Communication, Smart Technologies and Innovation for Society, Singapore,
Smart Innovation, Systems and Technologies, 2021, pp 357—366.
https://www.doi.org/10.1007/978-981-16-4126-8 33

M. Lema, W. Pavon, L. Ortiz, A.B. Asiedu-Asante and S. Simani, “Controller Coordination Strategy for DC
Microgrid Using Distributed Predictive Control Improving Voltage Stability” Energies, vol. 15, no. 15, p.
5442 Jul. 2022. https://www.doi.org/10.3390/en15155442

W. Pavon, E. Inga, S. Simani and M. Nonato, “A Review on Optimal Control for the Smart Grid Electrical
Substation Enhancing Transition Stability,” Energies, vol. 14, no. 24, p. 8451, Nov. 2021.
https://www.doi.org/10.3390/en14248451

Pagina 19 | 19


https://www.doi.org/10.1109/ECCE.2016.7855451
https://www.doi.org/10.1109/SPEC.2016.7846176
https://www.doi.org/10.1109/TSG.2011.2115260
https://www.doi.org/10.1109/TSG.2012.2187317
https://www.doi.org/10.1109/TSG.2013.2277977
https://www.doi.org/10.1007/978-3-030-23723-3_13
https://www.doi.org/10.1016/j.epsr.2006.08.017
https://www.doi.org/10.1002/cta.3031
https://www.doi.org/10.1109/ECCE.2016.7855337
https://www.doi.org/10.1109/ACCESS.2019.2937239
https://www.doi.org/10.1109/ECCE.2019.8912590
https://www.doi.org/10.1109/ENERGYCON53164.2022.9830410
https://www.doi.org/10.1007/978-981-16-4126-8_33
https://www.doi.org/10.3390/en15155442
https://www.doi.org/10.3390/en14248451

