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ABSTRACT

Inverters are the key actuator in the control of AC microgrids, since they manage the power flows of both the generators
and energy storage devices. In general, there are three types of inverters depending on the control strategy: grid feeding
inverters, grid forming inverters and grid supporting inverters. Those inverters can be implemented with different
hardware topologies, each one of them with advantages and disadvantages. This paper presents a synthesis of the
inverter topologies widely used in AC microgrids. Moreover, this paper also describes the inverters architectures and
main control strategies.
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RESUMEN

Los inversores son los principales actuadores en el control de microrredes en AC, pues ellos gestionan los flujos de
potencia de los generadores y los dispositivos de almacenamiento de energia. En general, existen tres tipos de
inversores dependiendo de la estrategia de control: inversores alimentadores de red, inversores formadores de red e
inversores soporte de red. Dichos inversores pueden ser implementados con diferentes topologias hardware, cada una
de ellas con ventajas y desventajas. Este articulo presenta una sintesis de las topologias de inversores ampliamente
usadas en microrredes de AC. Ademads, el articulo también describe la arquitectura y las principales estratégicas de
control de los inversores.

PALABRAS CLAVE: Microrredes en AC, Inversores, Tipos de inversores, Principales topologias.

1. INTRODUCCION respectively, and have shown a continuous growth trend
in the last years [1].

The use of renewable energy sources to supply the world

energy demand has continuously increased in the last
years. Nowadays, more than 19% of the global energy
consumption and more than 27% of the global electricity
consumption is supplied by renewable energy generators
[1]. In the electricity production the main zero emissions
generators, excluding hydroelectric, are wind turbines
(WT) and photovoltaic (PV) systems, which produce a
3.7% and 1.2% of the global electricity consumption,

The use of renewable generators has been promoted by
the development of technological platforms that not only
facilitates the use of renewable generators like WT and
PV arrays, but also provide a new set of economic,
environmental, and technical benefits to the user. One of
such integration platforms are the microgrids (MG),
which are low voltage distribution networks that integrate
energetic resources (i.e. distributed generators, energy
storage devices (ESD) and flexible loads) and a control

Este articulo puede compartirse bajo la licencia CC BY-ND 4.0 y se referencia usando el siguiente formato: J. D. Bastidas-Rodriguez, C. A.
Ramos-Paja, “Types of inverters and topologies for microgrid applications” UIS Ingenierias, vol. 16 no. 1, pp. 7-14, Enero-Junio 2017.
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system to operate connected to the grid or islanded [2],

[3].

The control systems manage the energetic resources in
order to supply the energy demand and guarantee the
power quality. Moreover, the energy exchange with the
main grid need to be managed to optimize a given cost
function, e.g. minimizing the energy cost to the microgrid
users or maximizing the incomes for the energy sales to
the grid [4], [5]. Such a control is performed by
manipulating the power flows of the energetic resources
through inverters in AC microgrids. Those inverters, can
also be used to perform power quality enhancement
actions by additional control loops [6], [7], which may
reduce or even eliminate the necessity of active filters or
other devices to fulfill the power quality requirements.
Inverters in a microgrid can be implemented by using
multiple topologies available in literature; however, one
of the most used topologies is the two-level voltage-
source inverter [4], [8], [9]. There are other topologies like
the multilevel and interleaved [4] that have recently
aroused the interest of researchers in microgrids. Other
power converters recently proposed for MG applications
are the current source inverters [10], [11], matrix inverters
[12], [13] and solid state transformers [14].

In literature there are some papers focused on: the control
strategies of the microgrid inverters [8], [9], the general
state-of-the art of MGs [15], the additional functionalities
of MG inverters [6], and the challenges related with the
MG inverters. Nevertheless, the authors have not found a
survey dedicated to discuss and overview the MG
inverters types and main topologies. That is why this
paper presents an overview of the types of inverters in MG
applications and the relevant inverter topologies.

This paper is organized as follows, Section Il introduces
the MG concept and the control architecture of AC MGs;
Section Il presents the types of inverters in a MG;
Sections 1V and V show the widely used inverter
topologies and some recent inverters used in MGs, and the
conclusions close the paper in Section VI.

2. AC MICROGRIDS: CONCEPT AND
CONTROL ARCHITECTURE

A MG can be defined as an integration platform of
distributed energetic resources (i.e. micro generators),
energy storage devices (e.g. batteries, flywheels, super-
capacitors), and flexible load, which are connected in a
low voltage distribution network. Those resources are
managed by a control system [2], [3] in order to
guarantee the energy supply of the MG users according
to an optimization criteria, which can be economical,
environmental, technical or a combination of them. The
following sub-sections present a brief description of the
MG elements and the control architecture.
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2.2 Main elements in a microgrid

A basic structure of an AC microgrid and its main
components is presented in Fig. 1. It can be observed that
electronic power converters (blue cubes in Fig. 1) are
required to connect the micro-generators and energy
storage devices to the distribution network. Moreover,
the loads are connected directly to the distribution
network and the microgrid can be connected or
disconnected from the main grid by a switch.

Micro-generators can be divided into two groups
depending on the availability of their energy source:
dispatchable and non-dispatchable. On one hand, in
dispatchable generators the energy source is available at
any time, therefore, the control system is able to define
the desired output power in a given time. On the other
hand, in non-dispatchable generators the energy source is
time variant and difficult to forecast, hence the power
produced cannot be defined by the control system and the
generators supply the maximum power available in a
given time to exploit as much as possible the energy
source. Diesel and fuel cells based generators are
examples of dispatchable sources, while photovoltaic
(PV) and wind generators are typical non-dispatchable
sources.

The widely used energy storage devices (ESD) are
chemical, like batteries, flow batteries and hydrogen
storage [16]; however, there are also exists mechanical
and electrical ESD. Within the electrical ESD are the
super-capacitors and superconducting magnetic energy
storage systems. Some examples of mechanical ESD are
the flywheels and systems based on compressed air and
water pumping [16].

The generators and ESD are also named energetic
resources (ER) and are connected to an AC bus through
a set of two power converters. The first power converter
is directly connected to the ER and allows the
implementation of control techniques to optimize the
operating point of the ER. This power converter is a
DC/DC or a rectifier (AC/DC) depending on the output
of the ER, e.g. a DC/DC is used for PV generators and
batteries and an AC/DC for wind turbines and diesel
generators [2], [3].
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Figure 1. Basic structucture of an AC microgrid. Source. Own
elaboration.

The second power converter is an inverter (DC/AC),
which has two main functions: to regulate the active (P)
and reactive (Q) power injected to the AC bus, and to
manage the connection of the ER to the microgrid AC
bus. The P and Q injected by dispatchable ERs is defined
by the MG control system and depends on the particular
control strategy. For non-dispatchable ERs the P and Q is
not defined since they deliver as much power as possible,
typically with unity power factor [17], [18].

The AC bus is low voltage and it requires an adaptive
protection system due to the changes in the magnitudes
and direction of the failure currents. When the MG is grid
connected the failure currents magnitude are large
(provided by the grid), while in islanded mode those
currents are low (provided by the ER). Moreover, failure
currents can be bidirectional in some parts of the AC bus.

2.2 Control architecture

The control of AC microgrids is hierarchical and can be
divided into four levels as shown in Fig. 2 [5], [8], where
Levels 0 and 1 are located within the inverter and the
Levels 2 and 3 are in the MG control system.

The control of the inverter output voltage and current
(Level 0) is formed by the control loops with higher
speed and performance, and those act directly on the
switches of the inverters. The objective of these
controllers is to follow sinusoidal current and voltage
references. A common implementation practice is to
perform the dqg or of [19] transformation of the three-
phase voltages and currents in order to use two
independent Pl compensators, one for each component
[19]. Additionally, there are other nonlinear control
techniques like sliding mode or predictive controllers that
offer some advantages in response time and robustness.

*  Microgrid P and Q import and export

* fand Vregulation (isclated mode)

» Synchronizations (isolated to grid connected modes)
= Pand Q control (Droop control, P-f/Q-¥)
= Pcentrol (£ from MPPT y O=0)

= DC/AC output voltage control

* DC/AC oulput current control

Figure 2. Control levels in AC microgrids. Source. Own
elaboration.

Level 1 control regulates the power injected to the AC
bus, and its main objective is different for inverters
associated with non dispatchchable generators and
inverters connected to ESD and dispatchable generators.
For the inverters of non dispatchable generators, the
objective is to inject the power provided by the
Maximum Power Point Tracking (MPPT) technique into
the AC bus with a unitary power factor [5], [8]. The other
inverters regulate the active (P) and reactive (Q) power
injected to the AC bus by using droop control, whose
main objetctive is to contribute to the frequency and
voltage regulation of the AC bus [5], [8].

The control strategy of Level 2 has two main objectives:
the first one is to keep the frequency and voltage of the
microgrid within acceptable ranges, and the second
objective is the MG synchronization in the transition
from islanded to grid connected operation. On one hand,
the regulation of the MG frequency and voltage is
performed by adjusting the power flows, which is
performed by modifying the P and Q references of the
Level 1 controllers [9]. On the other hand, the microgrid
synchronization is performed by defining an offset in the
droop controls of the MG inverters and making small
modifications of the microgrid frequency reference until
the grid frequency is tracked [9].

The active and reactive power exchange between the MG
and the grid is managed by an optimization strategy
(Level 3) that minimizes or maximizes an objective
function [9], [20]. Such a function can be the
maximization of the MG income or the minimization of
the microgrid energy cost or fuel consumption,
depending on the users’ priorities. For this control
strategy the information of the electricity markets, and
the forecast of renewable energy generation and the load
profiles are typically used to parameterize the
optimization algorithms [9].

3. TYPES OF INVERTERS IN AC MICROGRID

The inverters in an AC MG can be divided into three
groups according to their function: grid following (or
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feeding), grid forming and grid supporting [5], [8]. Those
types of inverters are illustrated in Fig. 3 and their main
functions are briefly described in the following sub-
sections.

3.1 Grid following inverters

These converters are associated with the non-
dispatchable micro-generators (i.e. PV arrays and wind
turbines) and their main function is to inject the power
generated by the sources into the grid with a unitary
power factor (i.e. Q = 0 VAR) [5].

Grid following inverters receive DC power from a
DC/DC converter, which performs the MPPT by
modifying the operating point current or voltage of the
micro-generator. To inject such a power into the grid, the
inverter measures the grid voltage to identify its
frequency and peaks in order to synchronize the output
voltage of the inverter with the grid. In other words, the
inverter “follows” the grid to inject a sinusoidal current
in phase with the grid voltage, this is to obtain a unitary
power factor. It is worth mentioning that this inverter
requires a voltage reference in the AC bus to follow,
therefore, this type of inverters can be represented as a
controllable current source in parallel with a high
impedance, as shown in Fig. 3 [5], [8], since the inverter
injects current into the grid following the grid voltage.
This behavior is the same for grid connected and isolated
MG operation, hence only one control strategy is
required.

3.2 Grid forming inverters

This type of converters is associated to the ESD and have
two main objectives, one for grid connected and another
for islanded operation. During grid connected operation,
grid forming inverters regulate the active and reactive
power injected to the AC bus to maintain the state of
charge of the ESD and, in some cases, to improve the
power quality. In islanded operation it is necessary to
form or generate the sinusoidal voltage in the bus; such a
task is performed by grid forming inverters, which can be
represented as a controlled voltage source with a low
impedance in series [5], [8], as shown in Fig. 3.

Grid supporting Linear and
P-f/Q-V droop control nenlinear loads

Transformer
¢ T QOO
L Switch

— e - Grid

IR

Grid forming Grid following
P-f/Q-V droop control P depending on MPPT, Q=0

Figure 3. Types of inverters in AC microgrids. Source. Own
elaboration.
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Grid forming inverters typically have droop control to
regulate both the output voltage frequency and magnitude
by modifying the active and reactive power, respectively.
Such a control is also named P-f/Q-V droop control (see
Fig. 3), and emulates the control of traditional generators.
On one hand, during the islanded operation f and V
references are fixed (e.g. 60 Hz and 220 Vrms) and the
droop control modify P and Q to maintain f and V within
the ranges required by the power quality standards [8]. On
the other hand, in grid connected operation, the P and Q
injected or consumed by the grid forming inverter is
defined by the MG control.

In both modes the grid forming inverter discharges and
charges the ESD when power is injected to or absorbed
from the AC bus, respectively. Therefore, a controlled bi-
direction DC/DC converter is connected between the ESD
and the inverter to manage the charging and discharging
cycles of the ESD [4].

3.3 Grid supporting inverters

Depending on the MG characteristics a grid forming
inverter may not be able to maintain the fand V of the AC
bus within the desired limits due to the limited amount of
energy that can be absorbed or delivered by the ESD.
Hence, dispatchable generators and/or additional ESD are
used to help, or support, grid forming converters in
islanding operation. The inverters connected to those
generators or additional ESDs are named grid supporting
inverters, and those are equipped with droop controllers
to provide the P and Q with the aim of maintaining the
power quality in the AC bus [5], [8].

In islanded mode, the control of grid supporting inverters
is typically adjusted to operate as controlled voltage
source as shown in Fig. 3; nonetheless, those inverters can
be also controlled to follow the grid and to inject a given
amount of current to help grid forming converters. During
grid connected operation, those grid supporting inverters
do not operate or may be used to improve the power
quality of the AC bus.

4. WIDELY USED INVERTER TOPOLOGIES IN
AC MICROGRIDS

The three types of inverters, i.e. grid following, grid
forming and grid supporting, can be implemented using
different hardware structures. Nevertheless, the two-level
voltage-source inverter is the most widely used topology
[4], [8], [9]- Multilevel inverters are also discussed since
they are commonly adopted in literature [21]-[23].

4.1 Two-level voltage-source inverter (TLVSI)

The general structure of a TLVSI is presented in Fig. 4. It
is composed by a voltage source, that represents the
distributed generator or the ESD, two DC link capacitors,
six switches organized in three legs of two switches each,
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a low pass filter at the output, output voltage and current
measurements, a modulation strategy, and a control
strategy.

The modulation strategy generates the “on” and “off”
signals of the six switches of the TLVSI in order to obtain
a desired average sinusoidal phase voltage before the low
pass filter. Such a phase voltage has two levels only, i.e.
+Vpc/2 and -Vpe/2, hence this is a two level inverter. Two
widely used modulation strategies are the carrier based
and space-vector based ones [4].

The two levels phase voltage has a high harmonic content;
therefore, it needs to be filtered to obtain low distortion
voltage and current waveforms. Such a filter is typically
implemented with a single inductor (L filter), one inductor
and one capacitor [8], [9] (LC filter) or two inductors and
one capacitor (LCL filter) [4].

The control strategy depend on the type of inverter in the
microgrid [8], nonetheless, all the controllers modify the
reference of the modulation strategy and use the dq or o
transformation to simplify the control. Grid forming
inverters commonly use a cascaded control with the
current and voltage as inner and outer loops, respectively.
Instead, grid following inverters have P and Q regulation
controls along with a closed loop synchronization
strategy. Grid supporting control strategy is similar to the
one of grid forming inverters but with a droop control that
calculates the voltage references.
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Figure 4. Basic two-level voltage-source inverter topology.
Source. Own elaboration.

4.2 Cascaded H-Bridge multilevel inverter

Inverters able to provide more than two levels in each
phase voltage are named multilevel inverters. A widely
used multilevel inverter topology is the Cascaded H-
Bridge (CHB) inverter [21]-[23].

The basic structure of a three-level CHB inverter is show
in Fig. 5. It is composed by three H-Bridge (HB) power
converters, where each converter has a DC source (i.e. a
generator or an ESD) and a link capacitor. One output of
the HB converters forms a phase voltage and another is
connected to a common neutral point. With this topology
each phase can have three levels: +Vpc/2 V closing

B -

switches S; and S4, 0 V closing S1 and S3 (or Sz and Sa),
and -Vpc/2 V closing Sz and S».

Although the filter, modulation strategy and control
system are not presented in Fig. 5, they are also required
to use CHB inverters in MG applications. The filters and
general control system are similar to the ones used for
TLVSI, however, the modulation strategies are different
due to the number of switches and the hardware
structures.

Following the structure presented in Fig. 5, and using
more HB converters, it is also possible to increase the
number of levels in each phase of the inverter. A higher
number of levels reduces the harmonic distortion in the
voltages and currents in the point of connection of the
inverter; nevertheless, the hardware is considerably more
complex as well as the modulation strategy.
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Figure 5. Basic Cascaded H-Bridge (CHB) inverter topology.
Source. Own elaboration.

5. INVERTER TOPOLOGIES USED IN AC
MICROGRIDS

There are inverter topologies that have recently attracted
the attention of researchers due to their functionalities and
advantages in MG applications. Some of those topologies
are the four-leg, current source, and matrix inverters,
which are concisely presented in the following sub-
sections.

5.1 Four-leg voltage-source inverter

The structure of a three-phase four-leg voltage-source
inverter is shown in Fig. 6 [19], [24], which is similar to
the TLVSI shown in Fig. 4, but with an additional leg
connected to the neutral point of the load through an
inductor (L,). Moreover, it can be noticed that the
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capacitors of the output filter are also connected to the
neutral point.

The additional leg provides the possibility of managing
neutral point currents, therefore, it is possible to handle
unbalanced and nonlinear loads keeping low ripples on
the DC link capacitors voltage. Nonetheless, the
implementation of an additional leg implies a significant
increment in the hardware required and more complicated
control strategies [19].

+Vl2
1
Coe-
R pc LF
8
i T Coc 8| 41’135 43}
-V, /2 l

DI

Figure 6. Basic four-leg two-level inverter topology. Source.
Own elaboration.

5.2 Matrix inverter

Matrix converter is a recent type of AC/AC converter that
does not required energy storage devices [12], whose
conventional structure is introduced in Fig. 7. This
inverter is interesting for MG applications, especially for
AC sources like wind turbines [13].

A matrix inverter is composed by nine four-quadrant
switches to connect each phase of the input with each
phase of the output as shown in Fig. 7. In this inverter,
four-quadrant switches are required since each switch
needs to handle bidirectional currents and bipolar voltages
to enable bidirectional power fluxes.

b e

S
AC Source c ___3_1_ L _fz__ __A?B_E__
I—\/_' N
Filter Libe¥ © o o

Figure 7. Basic matrix inverter topology. Source. Own
elaboration.

With a proper modulation strategy and a control system it
is possible to obtain high-quality input and output
waveforms and to regulate the frequency, phase and
magnitudes of the output voltage and current. However,
both the hardware required and the modulation strategy
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are complex; that is why some authors proposed a
modified topology [13].

5.3 Current source inverter

Three-phase Current Source Inverters (CSI) operate
similarly to three-phase VSI but injecting an average
sinusoidal current in each phase [11], [25]. The topology
of a Two-Level Current-Source inverter is shown in Fig.
8, where the energy source is presented by a current
source in parallel with a resistor, the energy storage
element is the inductor L and the six switches of the three
legs are IGBTs without freewheeling diodes with a diode
connected in series.
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L —Ié —|§Z —|§Z ia.bc

X

@ LSRR °
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. 45} 452
Figure 8. Basic current source inverter topology. Source. Own
elaboration.

Although CSI are limited to unidirectional currents, due
to the diodes in series with the switches, it has some
advantages: it provides smooth DC currents, the energy
storage element has a longer lifetime (with respect to the
capacitors), and it has voltage boosting capabilities, which
may be useful for the integration of low voltage energy
resources like PV generators.

6. CONCLUSIONS

Inverters are the key actuator element in the control of AC
microgrids, since they define the active and reactive
power flows from the energy resources. Therefore, an
overview of the types of inverters and widely used
topologies for microgrid applications has been presented
in this paper.

There are three types of MG inverters: grid forming, grid
following and grid supporting. Grid following inverters
inject the power produced by renewable energy sources to
the grid by “following” the sinusoidal voltage in the AC
bus. During islanded operation, the grid forming inverter
“forms” the sinusoidal voltage in the AC bus and it
regulates the desired voltage frequency and magnitude by
injecting or absorbing power from the AC bus. Therefore,
grid forming inverters are associated with ESDs. Finally,
grid supporting inverters, which are associated to
dispatchable generators or ESDs, help grid forming
inverters to keep the AC bus voltage within the ranges
defined by the quality standards.
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Inverters can be implemented with different topologies,
where the most widely used is the two-level voltage-
source inverter. In the last years there has been also an
increasing interest in multilevel inverters, where the
cascaded H-bridge inverter is a widely adopted topology.
Nonetheless, there are other inverter topologies that have
attracted the interest of MG researchers due to their
additional functionalities and advantages. Some of those
topologies are the four-leg voltage-source inverters,
matrix inverters and two-level current-source inverters.

There are other inverter topologies that can be applied to
MG, additional functionalities that can be implemented
with new control strategies, and different MG
architectures that combine AC and DC microgrids;
therefore, this is an interesting topic that deserves further
research to contribute with the development of microgrids
and renewable energies.
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