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Microgrids have been proposed as a solution to the growing deterioration of traditional electrical power systems
and the energy transition towards renewable sources. During the design of an microgrid (MG), the components and
physical arrangement must be considered to achieve a proper transition between the different modes of operation.
The connection of the loads, the microgenerators, and the storage elements, require rigorous analysis to obtain the
operation and the desired efficiency by the network operator and the user. The way to interconnect all the elements

of the network is known as MG topology.

distributed generation electrical power system microgrid network topology

| 1. Introduction

Topologies can be selected considering the following characteristics 23!

Control mechanisms of the dynamic characteristics of the distributed generation (DG) resources;

» \oltage regulation and frequency for power balance both in island mode and connected to the EPS;

» The transition between operation modes to detect situations that cause changes;

« Economic dispatch to share the load between different DGs;

o Renewable sources are available;

e Minimum impact on the distribution network;

Coordination between DERs.

Depending on the type of power supplied, microgrid (MG) topologies are divided into DC, AC, hybrid, and 3-NET 4

[5lI81. According to its configuration, MGs are classified into cascade-type and parallel-type MGs.

AC MG systems use the same operating mechanisms as traditional AC power systems, such as frequency, voltage
levels, and protection features . DC MGs have been implemented in recent times because of the development of
power electronics technology that has increased DC loads and power converters for DC voltage transformation at

different levels for different applications . At present, DC MG systems are implemented in special applications
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such as aviation, automotive, marine, and manufacturing industries; however, an expansion in residential
distribution systems is planned [2I10],

In the coupled AC topology, the connection to the EPS is made through an AC MG. In the decoupled AC topology,
there is not a direct connection between the utility EPS and the AC MG [l therefore, it is more expensive. A
decoupled MG, in general, is more expensive than coupled MG because higher capacity AC-DC converters are
needed LIS The multiple MGs’ topology corresponds to a network of several MGs AC or DC that are

connected to the high-voltage network and other MGs.

The 3-Net MG topology consists of the union of three different types of networks: a high-quality DC network, a low-
quality DC network, and an AC network. This topology makes it possible to supply energy in a single MG to
elements of different levels of sensitivity concerning changes in the power quality parameters. An example is rural
networks that may have loads such as computers, which are very sensitive to voltage disturbances, along with
loads such as water heaters, which are not sensitive to these disturbances. Although 3-Net MGs have high

reliability, they represent a higher cost in their development and implementation 24,

According to the configuration, MG topologies can be divided into two categories: parallel type and cascade type.
The parallel type has been the subject of numerous investigations and is used in applications that include state-of-
charge (SOC) balance for storage systems and obtaining optimal economic distribution schemes for DGs 2. They
also include voltage drop control with a maximum power point tracking (MPPT) regulator of PV systems and an

optimal DG distribution scheme.

The cascade type is recent and has a relevant function in applications that require the reliable use of DER at a
high-voltage level 131, Furthermore, it is practical in MGs that operate in island mode, where the energy balance
between all modules is fundamental L3IL6I17],

| 2. Control Structures of DC and AC MGs

According to the control structures, the AC and DC MGs are divided into two groups as can be seen in Figure 1.

The first group is the control methods, and the second group is the load-sharing techniques 18I[19],
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Figure 1. Topologies of AC and DC MGs 29,

In the control structures, the power electronic converters are essential components because they must ensure the

adequate supply and distribution of the electrical load without affecting the correct operation of the system [22121],

2.1. Control Method

PV Systems

In PV systems the control methods depend on the type of configuration (i.e., centralized inverter, inverter chain,

and microinverter configuration).

Centralized Inverter Configuration

The centralized inverter configuration, has one of the highest efficiencies of all PV systems (over 98%). This

configuration is estimated to be used in 44% of PV systems installed in the commercial and utility sectors.

This configuration is used mainly in residential as well as in small and medium commercial applications offering
reliability [22123124]  Additionally, both the implementation and maintenance costs are the lowest of the PV
configuration types 221231241 However, damage to the inverter stops the entire system, so constant maintenance is
necessary, and available inverters are required for replacement (221231241 Some applications using this topology for
AC and DC MGs were assessed in [231281127],

Inverter Chain Configuration
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The inverter chain represented in Figure 2 has high efficiency (approx. 98%), making it highly profitable. It has

power ranges of around 150 kW peak and is estimated to have the highest percentage of use in the market [221[23]
[24],

Bus AC

d

= :

5

Figure 2. Inverter chains 12211,

This configuration is reliable, which allows it to be used in residential and some commercial applications. Because
there are different inverter cell groupings, the damage of one does not prevent the system from generating power
continually [22l123l24] However, this configuration is expensive because it requires an inverter for each group of
cells, increasing maintenance costs [22l128l241 Applications with this configuration were studied in [281221[30],

Microinverter Configuration

The microinverter configuration, presented in Figure 3, is the least used. In this configuration, the inverter is

connected directly to a battery and converts DC to AC.
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Figure 3. Microinverter 12121

The batteries are charged by PV cells and are optimized to be used with a single PV panel [22123l24] |n this
configuration, installation costs are low, and parts are easy to replace, ensuring continuous use and fast
maintenance. In addition, the panels are independent, which means that the failure of one does not affect the total
system [2228124] However, it does not have galvanic isolation between the AC-DC connection, affecting reliability

between users [221[231124] | [811[32] yarious implementations of this architecture were assessed.
Wind Systems

In wind systems, the control methods depend on the technology of the generator used (i.e., induction generator,

double-winding induction generator, synchronous generator, and permanent-magnet synchronous generator).

Induction Generator

The induction generator configuration can be divided into cage rotor and wound rotor. In addition, it can present
multiple configurations according to the use of the loads, such as capacitor banks, frequency converters, and
starters. This configuration generates electricity, converting the mechanical energy of the movement of the blades
into a magnetic field 231231,

This configuration is built robustly, ensuring its prolonged use. Generally, it does not require additional elements
and can easily be used in parallel configurations in spaces already used, such as farms and vacant lots (3323l
However, this configuration has moving parts that require constant maintenance, take up a lot of space, and
generally require high starting torque. Additionally, the power factor of this generator can be reduced to low values
(831231 This topology was used in [34133],

Double-Winding Induction Generator
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The double-winding induction generator is characterized by having a winding that covers the rotor. In this
configuration, represented in Figure 4, the stator fulfills the function of controlling the power flow, while the power is
controlled from the connection to the rotor (21361,
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Figure 4. Induction generator 1221

This configuration allows greater power generation without overheating and allows the stator to be connected

directly to the EPS [2H[28] However, they require additional equipment to control the frequency of the network [21]
136]

Synchronous Generator

This configuration, as shown in Figure 5, comprises a fixed stator with a three-phase wound and a rotor with a

magnetic field. They also have multiple subdivisions based on construction, excitation mode, and the parts used
[36]
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Figure 5. Synchronous generator 121211,

The synchronous generator has a wide range of configurations, making it suitable for multiple situations and
locations. An example is the excitation mode, which can be used as power from the EPS or through a capacitor
bank. In 28 a comparative study was performed of each type of synchronous generator according to its
subdivisions. The disadvantage of this configuration depends on the selected construction. For example, if a
variable speed induction generator with a partial power converter is chosen, an energy loss is produced due to the

heat in its gears. In 28, an analysis was performed according to its subdivision.
Permanent-Magnet Synchronous Generator

Figure 6 shows the permanent-magnet synchronous generator configuration.
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Figure 6. Permanent-magnet synchronous generator 21211,

This configuration is generally used in offshore wind turbines B7. Its operating principle is like the synchronous
generators, in terms of the dependence of the speed on the energy consumption of the EPS. Due to their
construction characteristics, they generate a large amount of power 822, However, its use is limited because it

has more complex control systems and a high maintenance cost 381391,

2.2. Load Sharing Techniques

Load sharing techniques are divided according to the type of control (i.e., centralized control, master and slave

control, average load sharing control, and ring control).

Centralized control

In centralized control, the loads and DG units connect via a centralized connection or centralized DC bus. In this
configuration presented in Figure 7, the main or centralized control has two functions: to link the MG with the user
or with the EPS [20]41],
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Figure 7. Centralized control [22121],

This configuration presents high efficiency at low costs and only requires a converter for connection to the EPS.
Additionally, the electronic elements used are simple, and wiring is cheap and simple 2241 However, as the
principal connection axis is the centralized control, a failure could isolate the MG and convert it to an inoperable

network. Additionally, it is very susceptible to a bad network design “d41],

In ¥2 a model to a mini-grid project in sub-Saharan Africa was implemented using a centralized control
architecture considering multiple connected nodes to optimize the resource, size, nodal location, and generation
dispatch. On the other hand, in 43 the centralized control strategy for AC MG connected to the EPS, taking into

account the different DGs, was developed. Other applications that use centralized control were discussed in [£4143],
Master and Slave Control

In the configuration shown in Figure 8, a voltage inverter works as master control and adopts the reactive power
control method (PQ). When the system works in island mode, the inverter adopts the voltage—frequency control
method (V/F) 18I148147] |n this configuration, the master unit can be classified into three subcategories: battery
energy storage system (BESS), DG, and a combination of BESS-DG [18I48147] Thjs type of control allows excellent
energy performance and voltage recovery at the MG/EPS PCC [481147],
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Figure 8. Master—slave control 1221,

According to Figure 15, the complete system depends on the master control. When this mater control fails, the
configuration stops working, requiring constant monitoring and maintenance €471, |n 48] master—slave wave farm

systems and control methods were investigated.
Average Load Sharing Control

In the average load sharing control (see Figure 9), each inverter shares the load regulation process. A common
bus related to current is used to calculate the average of the current. Each time a current cycle occurs, the system
performs a new calculation to average the load. It has two main configurations: single-inverter and parallel-inverter

system [49],
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Figure 9. Average load sharing 29121,

This configuration makes the system reliable due to its ability to distribute the control actions among all inverters.
Additionally, it also presents an optimal performance in the current and voltage variables 49, However, it can be

affected by the line impedance effect, producing some power losses 49,

In Y & distributed control scheme, with current sharing and average voltage regulation in DC MGs, was
proposed. The contribution is that the proposed control scheme achieves average voltage regulation without the
need for voltage measurements. On the other hand, in BLI[32 g hierarchical control strategy was used for DC MGs
with DG.

Ring Control

As can be seen in Figure 10, in this strategy control, a loop is created where a module with its inverter is
connected in series to another inverter, using a bus that controls the voltage output. Additionally, a connection is

made between the last and the first modules to complete the loop 42,
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Figure 10. Ring control 1221],

This configuration presents a good response to changes in the system, and it allows for the obtainment of a stable
output voltage 9. However, if an inverter fails, the performance of the system is compromised, leading to the
possibility of completely disabling the network. It also presents limitations in the electrical capacity 4253l A ring DC

MG control architecture was used to manage load balancing and power distribution in B4I551(56]

| 3. Hybrid MG Topologies

Hybrid MG topologies are divided into AC coupled, AC decoupled, and multiple MGs with their respective

subcategories. Each of these topologies is discussed below.

3.1. Coupled AC

AC coupled MGs can have partially isolated or completely isolated configurations. The characteristics of each

configuration are described below.

Partially Isolated Configuration

This configuration is generally used to interconnect several asynchronous AC networks. The most typical
applications of these topologies are large-scale PV and wind farms. In this configuration (see Figure 11) the AC
MG is connected to the EPS in normal operation mode, and low-capacity AC-DC converters are used to handle the
energy flow between the EPS and the DC network L1I[22[13]
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Figure 11. Partially isolated configuration (24,

The AC-DC converter that connects the DC network to the EPS is not behind the transformer; therefore, the
nominal power of the transformer reduces because it must conduct the flow of energy from the AC network.
Therefore, galvanic isolation does not exist for the DC network unless a second transformer is added 1. In this
configuration, the protection of devices for DC medium voltage (MV) networks is unusual, and their cost is

expensive, so it is not often used because MV networks DC are rarely used in MGs [11],
Completely Isolated Configuration

This configuration presented in Figure 12 is divided into three main stages and is more common than the partially
isolated configuration. The micro-source stage is the first one, where DG units, ESS, and the DC link are
connected. The second one is the combined source, where the inverter and the AC link are located to connect

them. Finally, the third stage is the MG, where the low-voltage interconnections and the EPS are carried out [111122]
(13,

LVAC
AC netw. Z_ DC netw. MVAC | :{ .
LVAC LvDC —@T{m

Grid
MVAC

Figure 12. Completely isolated configuration 24,

This configuration compared to conventional configurations strengthens the reliability and flexibility of the
distribution network. In addition, its plug-and-play-based system benefits the incorporation of next-generation,
charging, or storage devices 111,

A transformer between MGs and the EPS is used at the PCC. It supplies galvanic isolation to the MG and

decreases the voltage to create AC and DC low-voltage networks (1. Although this configuration is suitable for
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incorporating DG units in the network, many converters are required to connect the DG AC units to the DC

network. However, connecting DG units to the network would improve the efficiency of the configuration 21,

3.2. Decouple AC

AC decoupled MGs are divided into the following configurations: two-stage completely isolated, two-stage partially
isolated, and three-stage partially isolated configuration. The characteristics of each configuration are described

below.

Two-Stage Completely Isolated Configuration

In this configuration, shown in Figure 13, a solid-state transformer (SST) is at the input, supplying galvanic

isolation to the MG.

MVALC E LvDe
| — e =
oC netw. = " |_1AC netw,
LY a" LvAC = LVAC

Figure 13. Two-stage completely isolated configuration 1],

This configuration avoids the stability or timing problems that occur when DG units are integrated into the
traditional EPS. Additionally, the system works securely with several DG units 1. However, tight control of

interface converters can affect system stability [2H[12][13]

Two-Stage Partially Isolated Configuration

The two-stage partially isolated topology (see Figure 14) (as the AC coupled partially isolated topology), is less
usual than the other topologies because the protection of the devices for the DC MV network is not as usual, and

their cost is relatively high.

—

7 —{DC netw. = _{gi}_mnlm.
= MVDC IMAC \. - LVAC
ZaEl

Figure 14. Two-stage partially isolated configuration (111,
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This topology presents a simple perspective on the generation of the DC MG regarding the conversion stages. The
SST, which is placed in the AC LV network, uniquely guarantees the isolation of this network [11112](13]

Three-Stage Partially Isolated Configuration

This configuration, represented in Figure 15, provides DC MV and LV networks as well as an AC LV network 111,

Additionally, it employs a DC MT network as the two-stage partially isolated configuration.

5.9
.8

Wl _loc new. = _—.DICMM.—@—ACMM.
MVDC - LVDC LVAC

Grid
MWVAC

I¥|
pooes
N

LVAC
—a
P“‘

Figure 15. Three-stage partially isolated configuration (1],

The usage of a medium-frequency (MF) transformer in the DC-DC stage supplies galvanic isolation of the LV side
of the MG and the size of the devices is extremely reduced 1. Moreover, the use of an MF transformer makes it
suitable for small- or large-scale integration of DG units, ESS, or loads. Nevertheless, it must improve reliability and

efficiency while it reduces price and size devices [11112]113]
3.3. Multiple MGs

Multiple MGs are autonomous, independently managed, and operated systems that allow the use of DG units and
loads efficiently. Each MG may have some functions or capacity such as excess renewable generation, which

could benefit other MGs in the same area and at different times B2,

AC—DC

Figure 16 shows the structure of multiple MGs AC and DC.
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Figure 16. Multiple AC-DC MGs [4I[3],

Neighboring MGs connected can increase their performance in backup, reliability, economic dispatch, and power
quality &l However, the energy management of multiple MGs system is a complex problem since the DG units
within each multiple MG, the energy exchange between the multiple MGs, and the energy exchange between the
EPS and the MGs must be coordinated. The development of multiple MG systems is limited by the current energy

management capacity L8157,
Based on SST

The configuration based on SST (see Figure 17) uses an SST that acts as a power router, which can perform all

the functions of a conventional transformer 21,

SST

P n, DC = AC
— netw. N\ netw.

Grid
Figure 17. Based on SST 21,

This configuration can coordinate the power exchange between neighboring AC and DC MGs. It offers high-power
quality and allows a reduction in the number of faults BIB8IEA However, the three-phase unbalance problem can

cause adverse impacts on the power quality of the SST B8IB9 Applications that integrated SSTs and DG were
studied in [69[61]62]

3.4. -NET
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This configuration is based on the union of three different networks, as seen in Figure 18. The first one is a high-
guality DC network, the second one is a low-quality DC network, and the third one is an AC network connected to
the EPS through a PCC. This configuration is essential for situations where there are constant interruptions and
concerns about power quality 241631,

| new

High quality
DC

AC
S e

PCC

Grid
g DC
— netw.
Low quality
DC

Figure 18. 3-NET [14],

The reliability offered by this configuration is very high. In addition, many loads can be connected to any of the
types of networks. For example, it would be feasible to connect a heater to the low-quality DC network and
sensitive electronic devices to the high-quality DC network. However, the design and implementation costs of this

network are high, and high power losses can be presented 14631,

Currently, it is necessary to develop flexible MGs capable of operating both connected to the EPS and in island
mode. Therefore, studies about MG topologies, architectures, planning, and configurations are necessary. A
challenge of this configuration is the need to integrate new technologies of power electronics, telecommunications,
generators, and ESS, among others &I,
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