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Abstract: Grid-connected converters (GCCs) are used extensively for the integration of DC power
sources with AC power sources. However, since it is a complex topic, there are many possibilities for
regulating grid-injected currents, as well as different modulation techniques for generating full-bridge
PWM voltages. The control techniques are directly related to the type of output filter, as well as to the
topology of the converter, since a complex plant can require more sophisticated controllers to keep the
system stable, and with good regulation performance. Furthermore, a discussion of the applicability
of these converters in weak and very weak grids with high inductance content has recently been
growing, which adds a greater degree of complexity to the control structure of the converter. In this
brief overview are outlined some topics about topologies, output filters, and control, focusing on the
current regulation of grid-connected converters. In addition, a discussion of the main challenges and
critical areas in operating on weak and very weak grids is also presented.

Keywords: grid-connected converters; current control; topologies; passive damping; active damping;
output filters; LCL; weak grids

1. Applicability of Grid-Connected Converters

Currently, there is a global effort to replace conventional energy sources based on
fossil fuels with renewable energy. This movement is due to the fact that fossil fuels have
been classified as being responsible for a large portion of environmental pollution, global
warming, and the greenhouse effect [1]. In view of the great growth of renewable energy
sources, the need for power converters has also grown, since the conversion of continuous
energy into alternating energy is necessary [2-6]. To accomplish this task, a grid-connected
converter (GCC) is generally requested [7,8].

The GCCs are used often in renewable energy sources, energy storage systems, and
other distributed generation systems with the electrical grid [9]. The grid-connected con-
verters regulate the power flow between the distributed generation system and the electrical
grid by controlling the voltage, current, frequency, and waveform of the power injected into
the grid. They are also able to provide necessary support to the main grid, such as reactive
power compensation and grid stabilization. The importance of GCCs lies in their ability
to improve the reliability, efficiency, and flexibility of the power grid, which is crucial for
the integration of renewable energy sources and the transition towards a more sustainable
energy future [10]. The application of grid-connected converters is quite vast, being used in
photovoltaic (PV) generation systems [11-13], wind generation systems [14-16], distributed
generation and microgrids [17-19], general renewable energy systems (RESs) [20-22], high-
voltage DC (HVDC) transmission [23-25], and the interconnection between the electrical
grid and the process of charging batteries for electromobility [26-28].

However, regardless of the application used for grid-connected converters, some
parameters need to be defined, such as the topology of the converter to be used, the type of

Energies 2023, 16, 3611. https:/ /doi.org/10.3390/en16093611

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16093611
https://doi.org/10.3390/en16093611
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4892-3229
https://orcid.org/0000-0003-2937-3831
https://orcid.org/0000-0003-1533-0857
https://orcid.org/0000-0003-4667-0061
https://orcid.org/0000-0003-1979-2565
https://orcid.org/0000-0003-1482-3078
https://doi.org/10.3390/en16093611
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16093611?type=check_update&version=2

Energies 2023, 16, 3611

2 of 31

output filter to be implemented, and which control strategy is to be adopted. In addition, it
is known that the characteristics of an electrical grid vary according to the location, and this
is uncertain. Moreover, impedance-based interaction between an inverter and the grid may
cause harmonic resonance in grid currents [29]. Such grid dynamics can severely impact
on the control loop of the GCCs, even bringing the whole structure to instability [30,31].

This brief survey paper provides an overview of the recent developments regarding
grid-connected DC-AC converters. As renewable energy sources become increasingly
prevalent, GCCs are becoming an essential part of modern power systems [32,33]. The
main contributions of the paper are:

e It highlights the importance of understanding the different topologies, output filters,
and current control strategies used in these power converters;

* It also discusses the challenges associated with weak grids operation, and presents
possible solutions already discussed in the literature;

e Its contribution lies in its concise and accessible overview of the field, making it a
possible starting point for researchers and engineers seeking to understand or to
become updated on the current state-of-the-art regarding GCCs topologies, current
control structures, and weak grids operation.

By providing a comprehensive overview of the field, the paper aims to help researchers
to identify the main challenges and opportunities for further research topics, and the
problems to be addressed in the area.

This work is organized as follows: Section 2 gives a review of the most recent advances
regarding grid-connected converter topologies and some specific topics about control.
Section 3 discusses the output filter types, their advantages and disadvantages, and the
damping methods. Section 4 presents a discussion about the recent discoveries concerning
current-control strategies for GCCs. Additionally, Section 5 reviews some critical aspects
about grid-connected converters operating under weak and very weak grids. Finally,
Section 6 brings the paper to its conclusion.

2. Topologies

The appearance of grid-connected converters is due to the rapid global transforma-
tion of the power system, aided by advancements in power electronics and semiconduc-
tors [34-37]. Grid-connected converters are the backbone for integrating renewable energy
resources into the grid. GCCs can be understood as one-phase or three-phase devices,
using semiconductor power switches to convert energy on the AC side to the DC side,
and vice versa, depending upon the application [38—40]. GCCs can be connected to both
the load side and the source side; this is possible due to their bidirectional power flow
capability [41]. The increased penetration of renewable sources, accompanied by GCCs,
has changed the traditional grid behavior.

An increased number of devices now employ power electronics. Thus, the future grid
tends to be a power electronics interface-dominated weak inertial grid [42]. GCCs feature
low inertia, nonlinearity, and multi-time scaling [43], making their dynamic behavior
complex. Control schemes such as power sharing capability, frequency control, voltage
control, etc., in the converter-dominated grid require special consideration, as the traditional
control strategies developed for conventional grids cannot be readily applied [44]. GCCs
can easily lose stability in the event of a disturbance, and the fast response of the converter
can cause oscillations to develop rapidly [10]. This may lead to voltage and phase changes,
which can be hazardous for the whole system [45].

For smooth integration, and to develop an optimized control architecture, a deep
understanding of the GCCs’ topologies is mandatory. The need of the day is to develop
converter topologies that are flexible, power efficient, and fast, and whose integration can
support and strengthen the grid [46-48]. Figure 1 shows the interconnection between the
grid and the renewable energy source, and the role of the converter.
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Figure 1. Power Converter Interconnection.

Apart from the single-phase converters, most of the converters that serve as the in-
terface between the DC and AC sides are three-phase inverters. GCCs are not limited to
only a specific renewable source such as solar [38]. They are applicable almost everywhere,
such as for wind, tidal, and wave energy, etc. [49]. The generic operating principle of
the converters is identical, i.e., to convert DC to AC using fast switching devices. Simi-
larly, AC is converted to DC using the same switches; the difference is in the switching
mechanism. Usually, the control is based on the pulse-width modulation technique [50].
The PWM-based technique results in a pulsating-nature output, which is implemented in
DC-AC converters by using output filters (this will be discussed in detail in the upcoming
sections) [51].

Regarding the power source, DC-AC converters are normally divided into two large
groups: current-source inverters (CSls) and voltage-source inverters (VSIs). CSls are
fed with constant current, while VSIs are fed with constant voltage [52]. In terms of
converter commutation methodologies, power converters can be broadly classified into
two categories, i.e., natural commutated converters and forced commutated converters [49].
Previously, the line commutated converter (LCC) was considered as the only mature
technology, despite its drawbacks in terms of control and efficiency. Commutation failure
is the prominent drawback in LCC technology [53] based on thyristors. However, VSC
is the trending technology supplanting the far-too-outdated LCC in low- or medium-
power applications ranging up to 600 kV [54]. The VSC technology uses IGBTs instead of
thyristors, and thus it can be turned on and off with the help of a pulse. It also allows for
the independent control of active and reactive power, allowing for the bidirectional flow of
energy, which is why it is considered as the most suitable for high-voltage direct current
(HVDCQ) transmission [55]. Multi-terminal direct current (MTDC), combined with VSC,
also known as flexible DC technology [56], supports the integration of renewable resources,
strengthening the distribution network, power system stability, and the interconnection of
the AC system. MTDC is the future of the power system, due to the increasing installations
of DC systems worldwide and the flexibility that it offers for the distribution network.
The disadvantage associated with using VSC are the power losses due to the presence of
diodes [57]. The modular multilevel converter (MMC) covers the defects of VSC, allowing
for high power-level operation. It is derived from the VSC in such a way where two
half-bridge VSCs are cascaded to form an MMC. The harmonic performance of MMC is
better than that of VSC, and is suitable for high-voltage applications. However, the control
strategy tends to be complex and time consuming [58].

2.1. The Line Commutated Converter

A line commutated current-source converter with mercury-arc valves was used in
the first HVDC link commissioned in 1954 [59]. LCCs use thyristors, which can be turned
on using a gate signal, and the turn-off occurs at the zero crossing determined by the AC
network (line commutation) [60]. The charge stored between the layers of the thyristor
during the turn-on period must be removed before establishing the voltage blocking. There
must be sufficient recovery time to avoid commutation failure [59]. Figure 2 shows the
simplest LCC converter topology.
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Figure 2. Six-Pulse Converter Topology.

The LCC configuration normally uses six switches. Two switches conduct in the bridge,
connecting and converting the three-phase input to two-terminal DC [61]. For instance,
if S1 and S2 are conducting, the output DC voltage is the difference between the phase 1
voltage and the phase 3 voltage. Mathematically, this topology can be represented as

3V,
Vpe = —HN cos — 6fLI, (1)

T

where Vi (,e1) is the line-to-line input voltage, and a is the firing angle of the switch. In
addition, f is the frequency, L represents inductance, and [ is the currrent.

LCC Twelve-Pulse Bridge

The six-pulse configuration leads to significant harmonic distortion at both ends [62].
Thus, large filtering equipment is required, which increases the system'’s cost and com-
plexity. The efficient approach is to implement a twelve-pulse bridge. The two bridges
are connected in series so that the phase displacement within the AC side results in the
cancellation of current and voltage harmonics [63]. The twelve-pulse topology is shown in
Figure 3.

Figure 3. Twelve-Pulse Converter Topology.

The LCC has some limitations because it cannot be seen as part of the modern grid,
as the thyristors are semi-controlled devices, and this lack of controllability is a serious
disadvantage [64]. It depends on an AC source for its operation and commutation, as
the power system is vulnerable to disturbances such as harmonics, voltage, frequency
instability, etc. [65]. These phenomena can cause commutation failure, which causes a
challenge for LCCs being fed into weak AC grids because they will need a longer time to
recover from such disturbances, which can prove hazardous. Moreover, the LCC cannot
also control the reactive power [66]. These shortcomings make room for new technology.
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So, with the advancements in power electronics, the voltage source converter (VSC) was
developed, which covers the shortcomings of the LCC technology [67].

2.2. The Voltage Source Converter

The insulated gate bipolar transistor (IGBT) provides two-degree freedom, i.e., the
capability to turn off and on, which forms the basis of a voltage source converter. A VSCis a
converter that can convert AC to DC or DC to AC [68]. In a VSC, the polarity of the voltage
remains constant, and the direction of the power flow is determined by the direction of
the current. A large capacitor is connected in parallel to the VSC, as it relies on a stiff DC
voltage source, which implies approximately constant DC voltage between consecutive
switchings. In practice, a large capacitor is required at the DC side of the VSC converter.
DC capacitance is used for flicker mitigation [69,70]. The full controllability improves the
low-order harmonic performance of the converter because IGBTs can be turned on and
off according to requirements, simply through a pulse [71]. This was not possible in an
LCC. Unlike the LCC, VSCs have the ability to rapidly control the transmitted active power,
and also to independently exchange reactive power with transmission systems [72]. The
comparison of both technologies is presented in Table 1. The structure or working principle
of a VSC can be comprehended by understanding the structure of an H-bridge. Figure 4
represents a two-level, three-phase VSC. The parallel diode attached to each IGBT allows
for conduction in the reverse direction, creating a bidirectional switch.

V.
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Figure 4. Two—Level 3-Phase VSC Topology.

The simplest two-level VSC without good PWM-based control can result in harmonics
and distortions as compared with the high-level VSCs or a VSC with a good PWM-based
control. The pulse-width modulation technique is used to improve performance by de-
creasing the harmonic distortion [73]. The PWM technique allows for the switching of the
IGBTs at a rapid rate. However, such frequent switching results in power losses during the
switching, reducing efficiency [74]. A two-level VSC is not suitable for very high voltage
levels because it is necessary to connect a large number of IGBTs in series, followed by the
gate-driving circuit of each IGBT. This will increase the complexity of the circuit and result
in increased levels of electromagnetic interference [75]. To improve the harmonic perfor-
mance of a two-level VSC, another configuration known as a three-level or neutral-point
clamp (NPC) converter may be used [76]. The NPC converter can synthesize three levels of
voltages at the AC terminal. The NPC topology is shown in Figure 5.
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Figure 5. Three-Level NPC Converter Topology.

Several strategies can be applied for the control of a VSC, but the most common
strategy is the vector control method. Multiple control strategies for the VSC can be found
in the literature; for instance, in [77], a fuzzy logic technique was implemented to optimize
the performance of a VSC. A deep learning approach was adopted in [78]. A droop control
strategy was applied in [79]. The scope of this section is focused toward the understanding
of the circuit topology, and further control techniques will be discussed in detail at Section 4.
Using IGBTSs, a vector control method can be applied, which results in the independent
control of active and reactive power, supported by the bi-directional power flow capability
of the converter. The AC currents and voltages inside the converter following the vector
control strategy are converted in a direct-quadrature (d-q) frame of reference. During the
conversion from abc to d-q reference, the angle is kept synchronized with the help of a
phase-locked loop (PLL) [80-82]. The vector control architecture of a VSC is shown in
Figure 6.

To better understand the control architecture, it can be viewed as a two-level control
system, composed of an inner loop (low-level control) and an outer loop (upper-level
control). The inner loop regulates the dg components of the current through the filter and
the coupling. The outer loop deals with the active power and magnitude of the voltage.
Based on the vector current control, the lower-level structure includes a PI controller to
regulate the current through the inductor. In addition, the independent control of the 4
and g axis is also allowed [83], providing the extended mathematical details and the vector
current control concept. The outer loop calculates the current reference to obtain the desired
active power value and voltage amplitude. It consists of two PI controllers, one for each
component.
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Figure 6. Vector-Controlled VSC Architecture.

Regarding the converter topology, it is called a two-level VSC because the voltage on
the AC side will be either (—Vp¢) or (+Vpc). The common DC side voltage source is in
parallel with the half bridge’s DC side, while the AC side of each half bridge is connected
to one leg of the three-phase AC side [84]. Mathematically, the VSC can be modeled as

V/(t) = m(t) Y5 — HV, — rei(t), )

where V, and r, are defined as

Ve="Vq— (%ﬁtc)ron + VDC(%)f ®3)

Te = ( - tTﬂ)ron ~ Tons 4)

and T; is the switching time period of the converter.
The interaction of the VSC system with the grid can be classified into the following
categories:

*  Grid Imposed Frequency VSC System: VSC is interfaced with a large AC system;
hence, the operating frequency is led by the large system [85].

e Controlled Frequency VSC System: The VSC and the AC grid are connected in such a
way where the VSC regulates the overall frequency [86].

*  Variable Frequency VSC System: In the variable system, the operating frequency is not
regulated directly but instead is treated as an overall system state variable, depending
upon the operating point [87,88].
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Table 1. LCC vs. VSC Performance Comparison [54].

LCC and VSC Performance Comparison

Property LCC VSC
. Requires AC waveform for Does not need AC waveform
Commutation . :
commutation for commutation
System Cost Higher cost—.requlres filtering Low COSt,. low filtering
equipment requirements

Power Factor
Harmonics

System Cost
Power Flow

Voltage and Power Level

Energy Storage Element
Overload Capability
P and Q Control

Needs reactive power supply

High harmonics
Higher cost—requires filtering
equipment
Voltage polarity needs to be
reversed
High voltage/power
level—800 KV
Inductor
Good
Dependent P and Q control

Low cost, active and reactive
power controls
Low harmonics
Low cost, low filtering
requirements

Bi-directional current flow

Low voltage/power
level—500 KV
Capacitor
Weak
Independent P and Q control

2.3. The Modular Multilevel Converter

The modern power system infrastructure, dominated by renewable or power electronics-
interfaced sources, requires synchronous and asynchronous interconnections [89]. Most
of the renewable energy generation units are located far from the demand centers, so the
efficient transmission of electricity over such a long distance is always a challenge in terms
of power losses [90].

As discussed in the previous section, the VSC is more efficient than the LCC technology,
but VSC still has some limitations and a lot of room for improvement. Therefore, the
modular multilevel converter (MMC) topology was realized recently, and it has been
identified as the most efficient transmission technology to date, as compared with the
VSC or any other converter topologies [91-93]. Compared with other topologies, the
MMC offers unique advantages such as high efficiency, ease of scalability, good THD
performance, fault tolerance and blocking capability, reduced voltage stress on switches,
etc. [94,95]. Moreover, due to the modular structure of the MMC, the voltage stress across
each switch is divided, and so low-power switches can be used for overall high-voltage
conversion applications. The MMC is becoming a building block for the new renewable
energy installations and MTDC projects [96,97]. Figure 7 shows the structure of MMC
topology.

The structure of the MMC is such that each phase has two arms, i.e, an upper arm
and a lower arm, connected through an inductor. The inductor plays a role in limiting
the circulating currents, and during fault protection. Each arm contains “n” number of
sub-modules (SMs); in total, there are “2n” SMs (upper arm and lower arm) [98]. Each
SM is usually a half-bridge with two switches and one parallel capacitor. It operates in
such a way where at each instant of time, “n” SMs are ON (including the upper and the
lower arm). Inside the SM, when the upper switch turns ON, the voltage appears across the
capacitor, while the capacitor is bypassed when the lower switch turns ON [99,100]. This
creates a staircase waveform at the output whose levels depends on the number of SMs
in the entire string m = n + 1. This sub-modular structure allows the converter flexibility
for medium- and high-power applications. The MMC most certainly offers advantages,
but its control needs careful consideration. Additional control schemes for balancing the
capacitor voltage are required, due to which the resultant system becomes complex and
expensive [101].
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Figure 7. MMC Structure.

The optimized MMC performance can be leveraged by applying proper DC voltage
and AC-side control. The MMC'’s capability enhances the system stability and provides
support to the AC side. The outer and inner loop control strategies developed for the VSC
can be extended for the MMC. In the literature, several control schemes for balancing the
voltage of the DC capacitors are illustrated [102-104]. Apart from the significant advantages
that the MMC technology provides, it also has some challenges that need to be resolved,
such as large energy storage requirements in the DC capacitor, the requirement for a large
number of semiconductors, the circulating current problem, fault handling, etc. [105-109].
These issues are still a hot research area and can be overcome through the modification of
either the converter structure or the control method. Some extended MMC topologies can
be found in the literature, but there is no comprehensive overview of the existing extended
MMC topologies. This paper covers all the advanced and extended MMC topologies. In
Figure 7, the half-bridge SM MMC toplogy is shown, which is a very popular one controlled
by controlling the two switches in the SM. The control and modulation scheme decides the
number of SMs to be inserted into each arm. Usually, the PWM-based mature modulation
techniques are applied due to their ease of implementation and good performance [110].

Table 2 shows the performance analysis in terms of the benefits and shortcomings of
the MMC.
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Table 2. MMC Performance Comparison [111].

MMC Performance Comparison

Advantages Disadvantages
Low total harmonic distortion (THD) Complex control scheme
Low dv/dt for semiconductor switches Energy storage and monitoring require-
ments for the capacitor
Scalable with no DC voltage limitations Circulating current issue
Simple structure construction High count of switches leads to higher cost
Mitigation of filters on AC side Fault handling is complex

Lower losses

2.3.1. Parallel-Connected MMC Topologies

One of the most common extended MMC configurations is the parallel-connected
converter configuration. In this arrangement, each phase has to support the DC voltage.
These parallel-connected topologies include the alternate arm converter, the H-bridge-based
converter, three-level converters, etc. The alternate arm converter combines the benefits
of the MMC and the two-level converter [112-114]. This topology leads to the minimum
number of SMs, along with fault ride-through capability. The energy storage requirements
for the SMs are low here due to the fact that energy deviations are smaller as compared
to the normal MMC topology [115,116]. Figure 8 illustrates the parallel-connected MMC
topologies, showing the short overlap [117], extended overlap [118], shared alternate
arm [119], improved alternate arm [119], and augmented trapezoidal arm [120] topologies,
respectively.

Lower

Arm

[ s ] [ s ] [ ] s ]
(© (d) (e

(a) (b)

Figure 8. Parallel-Connected Topologies: (a) Short Overlap, (b) Extended Overlap, (c) Shared
Alternate Arm, (d) Improved Alternate Arm, (e) Augmented Trapezoidal Arm.

2.3.2. Series-Connected MMC Topologies

Unlike parallel-connected MMCs, series-connected MMCs are meant for low-power
applications. In the series-connected configuration, each phase is exposed to one-third of
the full voltage with full current flow. The SMs are connected with an arm inductor in
series for each phase [116,121]. Moreover, due to the lower number of SMs required, the
power losses are also relatively low compared with the simple MMC. The disadvantage of
the series connection configuration includes the third harmonic current issue caused due
to the single-phase structure [122]. Under faults or unbalanced grid conditions, the DC
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voltages need to be balanced. Figure 9 shows multiple series-connected topologies, such
as series-connected MMC [121], series-connected asymmetrical hybrid MMC [123], series
hybrid multilevel converter [124], modular directed series modular converter [125], and
series bridge converter [126].

su | [ sm su | | sm
: su | [ sm . su | [ sm

su | [ s

s | [ sm

Phase B

Phase C|

(h)

Figure 9. Series-Connected Topologies: (a) Series-Connected, (b) Series-Connected Asymmetrical
Hybrid, (c) Series Hybrid Multilevel Converter, (d) Modular Directed Series, (e) Series Bridge Con-
verter, (f) Series Half-Bridge Hybrid Multilevel Converter, (g) Thyristor-Augmented Modular Bridge
Converter, (h) METDC.

2.4. Z-Source and Quasi-Z-Source Topologies

Different from voltage-source and current-source converters, there are the impedance-
source (or Z-source) converters. The Z-source inverter (ZSI) was proposed initially by [127].
It employs a unique impedance network to couple the converter main circuit to the power
source, load, or another converter for providing unique features that cannot be observed
in the traditional voltage-source or current-source converters. The unique feature of the
Z-source inverter is to operate as a buck-boost inverter that has a wide range of obtainable
voltages [127].

The Z-source converter also generated another converter topology, the quasi-z-source
inverter (qZSI), widely used in distributed generation applications [128]. The qZSI has
certain additional features: it draws a constant current from the generation source and
presents less stress on the impedance source components, making this topology quite
suitable for applications in photovoltaic systems, as shown in [129-131]. Figure 10 presents
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the Z-source and quasi-Z-source single-phase converter schematics, where L1, Ly, C1, and
C;, constitute the impedance network.

D, L,

PV C —»  Output

L, (@)
C,
]
]|
L, D, L,
NPT
% Output
—— uipu
PV G —» Filter
T G &S, 354
C®

Figure 10. Z-source and quasi-Z-source converter topologies. (a) ZSI; (b) qZSI.

Both the ZSI and qZSI have passive elements between the input source and the inverter
bridge, allowing for the use of a third operating state in addition to the status of power
transfer from the bus to the output and the status of freewheel, which is the shoot-through
state (ST). This is possible because the bus impedance network limits current growth in the
short circuit state, as shown in [129]. With the availability of this third state, input voltage
regulation of the photovoltaic array can be performed, such as the sum of the voltages
on the impedance source capacitors or the voltage on just one of them. Additionally, if
considering a cascade loop, the waveform of the current injected into the grid can be
adjusted, as shown in [130,132]. Despite the advantages of the impedance network, the
inclusion of inductors and capacitors increases the order of the converter models. To reduce
the effort and order of the models, the vast majority of works that use the qZSI topology
model the photovoltaic array as a voltage source (Thevenin equivalent) [127,130].

However, in view of the nonlinearity of a photovoltaic module, it is known that
the intrinsic input resistance varies according to the irradiation and temperature, as
shown in [133], revealing itself as an uncertainty in a PV system. Furthermore, in view
of the need to track the maximum power point using an algorithm such as perturb and
observe (P&O), it is necessary to regulate the current or the voltage of the PV array, which
requires the inclusion of a third capacitor in the model. This capacitor is placed in parallel
with the PV array and allows the converter input voltage to be modeled as a state of the
system. On the other hand, some models obtained using this method pass from second
and fourth order to fifth order, reasonably increasing the complexity of the controller
design [130].

Several control techniques were used for the regulation of impedance source convert-
ers. Ref. [130] proposed the application of PI and PR to control the capacitor voltage and
grid-injected current, respectively. In addition, Ref. [134] proposed an SM control structure,
while Ref. [135] proposed the application of an adaptive controller for the regulation of the
equivalent bus voltage. Recently, model predictive control structures were proposed for
the regulation of closed loops in quasi-Z-source converter applications [136,137].
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2.5. Section Discussion

Up-to-date and advanced grid-connected converter topologies were discussed and
presented. Every topology has a set of advantages and disadvantages, which were pre-
sented so that the reader can opt for the correct one according to the application. Moreover,
a brief overview, comparison, and some control architectures of recent and advanced GCC
topologies from the literature were discussed, which will help to pave the way to present
the solved issues, as well as the research challenges in this domain of power electronics.

3. Output Filters for GCCs

To carry out the integration of renewable energy sources with the grid, especially when
it comes to photovoltaic solar energy, output filters are considered in order to reduce the
high-frequency harmonic components generated by the switching action of the converter.
There are well-known standards that impose some restrictions regarding energy quality,
such as IEEE 519, IEEE 1547, and IEC 62109, which limit the total harmonic distortion (THD)
rates of grid-side currents up to 5%, and also give directions about individual harmonics
limits. Several types of output filters were considered for GCC harmonics suppression, such
as L, LCL, LLCL, and LCL-LC [138-142]. Figure 11 shows a three-phase grid-connected
converter with different output filter settings.
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Figure 11. General three-phase grid-connected power converter diagram with L, LCL, LLCL, and
LCL-LC filters.

Although each filter configuration has positive points, the most common filters for
grid-connected converters are the L and LCL. Note that the L filter, being of the first order,
presents an attenuation of —20 dB/decade, while the LCL filter, of the third order, presents
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an attenuation of —60 dB/decade. In addition to the greater suppression of harmonics at
high frequency, the LCL filter tends to present a smaller size and weight, and reduces the
cost of the converter project [140,143-145]. On the other hand, in terms of modeling, design,
and control challenges, the LCL filter proves to be more complex than the L filter [20,22,143],
since the LCL tends to present a significant resonance peak, bringing a higher degree of
difficulty to the control algorithm [20-22]. To attenuate the resonance peak present in the
output filters, there are two main approaches: passive and active damping, which will be
discussed next.

3.1. Passive Damping

Passive damping is performed via hardware, where other elements are added to the
system filter in order to reduce the resonance peak of the filter. For the LCL filter, for
example, the most common is the insertion of a resistor in series with the filter capacitor,
since this element has less current circulation, and consequently the efficiency of the system
tends to be less impaired, as there is less power dissipation in the form of heat [146].
Moreover, Ref. [147] contributes with a comprehensive analysis of designing a passive
LCL filter for the shunt active filter, modulated by using variable switching frequency
techniques. In this work, the designed parameters of the LCL filter affect the improvement
of the efficiency of the active filter considerably, and lower the ratings of the power switches.
However, other techniques of passive damping were proposed, such as inserting a resistor
and a capacitor in parallel with the LCL filter capacitor [148], which generated a margin for
studies on the losses obtained with different forms of passive damping [149].

Nevertheless, it is noted that this is a research topic that has not attracted much recent
attention from researchers, since with the growing concern about system efficiency, espe-
cially when it comes to renewable energy sources, passive damping techniques have given
way to active damping techniques. This has occurred because nowadays the computa-
tional powers of microcontrollers and digital signal processors (DSPs) are quite high. Thus,
it is justifiable to choose complex active damping techniques, which require a complex
design and an elevated computational effort from the controller, since execution speed
and computational memory for the application of real-time controllers is less and less of
an issue.

3.2. Active Damping

In a different way, active damping is normally performed by the control system via
software, but even if there is no reduction in the system’s efficiency, the complexity of
the control structure tends to be impacted [150-152]. This technique has gained a lot
of visibility over the last few years, and several works have emerged along this line, as
in [20,21,51,143,153-162].

In [153,154], active damping techniques based on virtual impedance are investigated,
where a proportional gain is implemented in the control loop, emulating the physical
resistance of the LCL filter. Moreover, a similar approach can be developed in which the
proportional gain can also be changed to a high-pass filter in order to mitigate the effect
of time delay and maintain resonance damping [155]. In addition, Ref. [156] presents a
comparative analysis of a virtual resistor damping technique applied to LCL filters.

A different approach is proposed in Ref. [143], where a design procedure enables LCL
filters to obtain enhanced stability and robustness based on selecting the ratios between the
switching and resonance frequencies, the electrical grid and converter inductance, and the
filter capacitance and total inductance. Moreover, the LCL filter parameters are obtained by
selecting the proper ratios, the attenuation, the desired robustness, and the reactive power
consumption. In addition, Ref. [161] presented a new active damping method, where a
solution for improving the conventional direct power control (DPC) was presented. This
method aimed to improve the conventional DPC with an active damping algorithm via
multivariable constraint adjustment, which is based on an augmented lookup table and
multivariable comparators.
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It is known that adaptive controllers can be implemented for the regulation of plants
over a simplified mathematical model, since some assumptions and restrictions can be
expected, as widely discussed in [163,164]. In this way, a different way for the active
damping of LCL filters based on direct-type adaptive controllers was recently proposed
by [158] and also implemented in [20-22]. This technique aims to use a direct-type adaptive
control algorithm with a reduced-order reference model. Then, the LCL filter can be
mathematically considered as a first-order model, where the pair of conjugated complex
poles referring to the resonance peak can be disregarded, since it is located at a frequency
that is much higher than the frequency of the signal of interest. However, this technique
can be implemented only by control algorithms that are sufficiently robust against matched
and unmatched dynamics.

3.3. Section Discussion

Finally, it can be seen that there are several possible filter configurations for GCCs.
Each type of filter has its own characteristics; however, it can be seen that as the filter
order increases, and consequently, its high-frequency harmonic attenuation performance
increases, the effort required by the control structure to keep the plant stable and with good
regulation performance is high. In addition, regarding the damping of the resonance peak
of higher-order filters, it appears that several works have been developed for both passive
and active damping, showing that both techniques are possible for implementation for
commercial applicability. However, the choice of the converter topology, as well as the
need for an output filter and the damping technique (if necessary), varies according to the
application and must be determined on a case-by-case basis.

4. Current Control of GCCs

For DC-AC power converters, the regulation of the output current is essential for
correct operation. Depending on the application, it is still common to control the DC bus
voltage or even the voltage level of some specific capacitors that make up the DC bus [131].
When the topic is regarding complex DC-AC topologies, such as Z-source or quasi-Z-source
converters, the control structures can be severely complex [165,166]. In solar photovoltaic
applications, for example, it is also common to regulate the maximum power point tracking
(MPPT) of the system [167]. However, given the wide range of topologies, applications,
and control structures, this section aims to address recent discoveries regarding the current
control of GCCs. It is common for GCCs to have two kinds of control regulation: converter-
side or grid-side. Although converter-side current feedback controllers are simpler than
grid-side current feedback controllers, they cannot ensure a precise injection of active
power because they present phase differences when compared with the grid-side current.
In contrast, grid-side current feedback controllers can perform it. However, it is more
complicated for the control structure to regulate the grid-side currents than the converter-
side currents, since the plant for converter-side current regulation presents a relative degree
of 1 (phase lag = 90 degrees), while the grid-side current presents a relative degree of 3
(phase lag = 270 degrees) [21,51].

In addition, as previously discussed, the most common output filters for DC-AC
converters are L and LCL filters. L filters are first-order systems, while LCL filters are
third-order systems and their control is far more complex than that of L filters due to a pair
of conjugated complex poles (resonance peak) [22,51,168,169]. Furthermore, the techniques
designed for LCL filters can also be applied to L filters, but since their level of complexity
is not elevated, they commonly do not demand complicated control structures. In this way,
PI or P + R controllers are widely used for GCCs with L or LC filters [170-174].

On the other hand, when the topic concerns GCCs with LCL filters, it is possible to
have P + R controllers for the current-control loop, as discussed in [175-177]. However,
this technique has been losing space for more robust techniques over the past few years.
There are high-performance controllers, based on the feedback of the converter-side or
grid-side currents aiming at fast transient response, low grid-currents’ THD, and elevated
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robustness [21,51,178,179]. When we discuss grid-connecting converters, there are many
different uncertainties, such as load uncertainty and abrupt variation, grid impedance
uncertainty and variation, exogenous disturbances, parametric variations due to modeling
approximations, sensor error, and even the aging of the converter components, which
tends to impact on the components’ value [8,158]. Therefore, when one or several of these
uncertainties stand out, the global stability of the closed-loop system can be compromised,
since the plant model can be considerably different from that obtained under adequate
operating conditions, requiring more robustness from the control structure [21,22]. In light
of this, several different control strategies were designed, being aimed at robustness with
reasonable performance, such as robust controllers, predictive controllers, and adaptive
controllers, among other techniques that will be discussed next.

Robust controllers can deal with uncertainties by maintaining stability with reasonable
performance due to the polytopic time-varying model considered in the controller de-
sign [180-182]. For GCCs with LCL filters, sudden variations can affect the resonance peak,
shifting the filter resonance peak and impacting the current-control loop. This behavior
can occur due to an increase in grid impedance (regarding a weak or very weak grid) or
else due to severe parametric variations in the plant, as previously discussed. In this way,
system stability may not be assured [183], once it is assumed that the plant is linear and de-
terministic [184]. Furthermore, robust controllers are usually designed using linear matrix
inequalities (LMIs). However, the LMI design is far from trivial, and full-state feedback
requires a large set of sensors for implementation in practical applications [178,185], which
tends to severely impact upon the project cost and hardware complexity. To overcome this
problem, some techniques considering partial-state feedback for GCCs were proposed in
the literature, aiming to reduce the number of sensors while maintaining good performance
and high robustness [186,187].

Another common branch of controllers for the current control of GCCs is based on
sliding mode control (SMC), and was applied in single-phase and three-phase GCCs, as
in [8,179,188,189]. SMC structures can provide relevant robustness due to their indepen-
dence from the plant parameters [190-192]. On the other hand, due to its nature, the SMC
controller will tend to present high-frequency oscillations (chattering). These oscillations
are related to the order, and consequently, to the complexity of the sliding mode struc-
ture, as well as to the sampling frequency and also to the parametric variations of the
plant [193,194]. Considering this, low-order, SMC-based control strategies need additional
algorithms to mitigate the chattering effects [194] once the chattering phenomenon tends
to increase the overall currents” THD [8,179,188], which directly impacts on the system
energy quality. In contrast, high-order SMC can naturally attenuate the chattering phe-
nomenon [191,195,196]. However, this performance enhancement comes in exchange for
an increase in controller mathematical modeling and computational burden.

Model predictive control (MPC) is commonly used in many industrial applications,
including for the current control of GCCs [166,197-199]. This kind of control structure
requires the knowledge of an accurate plant model to determine controller gains in order
to obtain satisfactory performance results with acceptable robustness. However, since this
control method requires a precise model of the plant, potential variations in the system
parameters, such as unmodeled dynamics and parametric variations that were not con-
sidered when modeling the system, can affect the closed-loop performance and stability.
Hence, some solutions were carried out in order to bypass this limitation by including a
model reference adaptive system (MRAS) [200], robust deadbeat predictive control [201],
or a Luenberger observer [202], among others. In addition, optimization techniques were
also applied to overcome parameter discrepancies, such as LMIs [203], stochastic algo-
rithms [204], and others. Model predictive structures can also be implemented when the
system is lacking state measurements, and can be considered in order to reduce the number
of sensors, and consequently, to impact on the system cost. Some alternatives include state
estimators, as proposed in [205-207].
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As can be noted from the control structures discussed, a common limitation among
the control algorithms is the lack of updating the controller gains in real time. Since
the controllers are designed to perform within a specific zone of operation, considering
parametric variations and limited disturbances in the plant, if the system to be controlled
is subjected to severe disturbances or unmodeled dynamics, the stability of the structure
can be compromised and the controller will not be able to regulate the plant [21,178].
Several alternatives have been proposed in order to correct this limitation, using learning-
based controllers to modify the gains online, or at least to predict the abnormal plant
behavior, as in [208-211]. However, intelligent learning-based algorithms, such as machine
learning and deep learning techniques, tend to require a large dataset in order to train
the neural networks, since they need to understand the behavior of the system in the face
of the most diverse scenarios and uncertainties, in order to propose gains updates and
corrections in the real-time control algorithm [211,212]. However, for implementation in
commercial DSPs to regulate industrial applications, such as machines, converters, or active
filters in environments with several unmodeled dynamics, for example, the use of these
techniques based on real-time learning and control application in real time is unfeasible.
Furthermore, for control of machines or converters connected to the grid; for example,
where the sampling frequency varies from around a few kHz to dozens of kHz [21,51,213],
online learning-based techniques are impractical, since new gains are expected from the
control system at each operating cycle. Due to this limitation, the union of techniques based
on learning for tuning controllers in real applications usually presents simulation, hardware
in the loop (HIL) or control in the loop (CIL) results [209,212,214,215], or intelligent offline
decision making [211,216], since due to hardware limitations, it is not possible to apply the
complete algorithms (learning-based algorithm + control algorithm) in real time.

On the other hand, optimization techniques were applied offline in order to find the
best control structure gains for real applications [187,217-222]. Since these optimization
algorithms are implemented offline, where the optimization technique tends to converge to
the best solution set of gains to minimize a cost function chosen by the designer, it does not
tend to impact relevantly on the computational burden [219,220]. However, it is important
to guarantee the stability of the control structure in the face of the set of gains obtained
using the optimization algorithm, since for real applications, there are hardware limitations
that cannot be considered in simulation. There are several different algorithms for the
optimization of control structures, such as the genetic algorithm for PI controllers [223],
dolphin echolocation for neural PID controllers [224], the spider monkey optimization
algorithm for PV systems [225], the artificial bee colony algorithm for PID controllers for
power converters [226], the ant colony optimization algorithm for PID controllers [227], and
particle swarm optimization for GCCs with LCL filters [228], as well as genetic algorithms
applied for the optimal initialization of direct-type adaptive controllers for GCCs [221,222],
among others.

Adaptive controllers were also implemented for the current control of GCCs, as
in [51,168,189,213]. However, due to the plant being of third order, it tends to require that
several parameters be adapted in the control algorithm, which increases the computational
burden. The implementation complexity of these controllers, especially if they are using an
RLS-type parameter adaptation algorithm, can become such that their practical applica-
tion can be unfeasible for commercial DSPs. Therefore, aiming for a low computational
burden, in [158] it was shown that the LCL filter can be approximated to a first-order
transfer function to design a robust model reference adaptive controller (RMRAC). Since
the reference model needs to have the same relative degree as the nominal plant for model
reference adaptive structures, this approximation strongly reduced the controller mathe-
matical modeling and complexity. Nevertheless, for this approximation to be possible, the
control structure needs to be robust enough to deal with the non-inclusion of the resonance
peak of the LCL filter in the plant model. This is possible only because the resonance peak
of the LCL filter is located at high frequencies compared to the frequency of interest of
the GCC current control loop (50 or 60 Hz). In this way, this approximation requires a lot
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of robustness from the control structure, since it also has to deal with grid uncertainties,
exogenous disturbances, and parametric variations. However, as the control structures
are adaptive, and through the stability proof via Lyapunov [229-232], it can be mathe-
matically proved that the RMRAC-based controllers are robust against structured and
unstructured uncertainties. Based on this methodology, other direct adaptive controllers
for current control of GCCs were proposed: model reference adaptive proportional-integral
controller (PI-RMRAC) [20], robust first-order sliding mode controller [8], robust adaptive
super-twisting sliding mode controller [21], robust adaptive one sample ahead preview
controller [22] and a hybrid robust adaptive sliding mode controller for partially modeled
systems [233].

Section Discussion

In this section, a literature review was carried out regarding the current control
of grid-connected converters. It can be seen that several control techniques have been
implemented for this task, from linear controllers, such as PI and P + R, to more complex
control structures, such as high-order sliding mode predictive and adaptive controllers.
Furthermore, optimization techniques for the optimal choice of controller gains were also
applied for different control structures. However, due to recent research on weak and very
weak grids, it is clear that there is room for improvement in controller performance in order
to maintain robustness against unmodeled grid dynamics and uncertainties.

5. GCCs Operating under Weak and Very Weak Grids

The definition of a weak grid is widely discussed in the literature, but there is no
specific parameter that determines whether a grid is strong or weak [31]. However, most
authors consider that if the short circuit ratio (SCR) of the system is smaller than 5, then it
already characterizes a weak grid, while 2 < SCR < 3 represents a very weak grid [30,31].
In addition, note that even if the SCR is calculated for the electrical grid where the converter
is connected, its real impedance still remains uncertain, since its dynamics in practice vary
in real time according to the voltage and current characteristics of the loads.

5.1. SCR Calculation

Considering the diagram presented in Figure 11, and since an equilibrated three-phase
system can be considered as three identical single-phase systems, the SCR can be calculated
as follows:

Zg(l(P) = To(grid) +j27rfng(grid)/ ®)
where Z; is the grid impedance per phase, 74 (c,ig) is the grid resistive part, and Ly gyig) is
the grid inductance. In addition, f, is the grid frequency.

The apparent power of the grid can be written as

)
Y4

58(147) = Zg(l(i’) ’

(6)

being that S¢(1¢) is the apparent power and v, the grid voltage. In addition, the active
power of the grid can be calculated as

Pg(14’> = |Sg(14’)|/ @)
where P, (1¢) is the grid active power. Moreover, the SCR can be obtained according to
Py (19)
SCR = £—"= ®)
Piy (147)

being that P;, (1¢) is the grid-connected converter maximum power per phase.
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5.2. A Weak Grid Case Study of a Three-Phase GCC with an LCL Filter

GCCs operating under a weak or very weak grid pose an additional challenge to the
controller, since as grid inductance increases, a higher DC bus voltage is required to inject
the same amount of power into the grid. Furthermore, considering current control for
example, the gain and phase margins of the plant with an LCL filter tend to be significantly
reduced as the grid inductance increases [183]. Moreover, most grid-connected converters
usually have a phase-locked loop (PLL) to synchronize the phase and frequency of the grid
current with those of the grid voltage. Under weak grids, the voltage disturbance on the
PCC can lead the PLL to an undesired performance [234].

In order to illustrate the plant behavior as the grid stiffness deteriorates, a three-
phase voltage-source converter with an LCL filter was considered, as this is one of the
most common filters in the literature. Several works present comparisons and modeling
proposals for converters connected to the grid with LCL filters [51,235,236]. A three-phase
GCC scheme with an LCL filter can be seen in Figure 12. Note in the schematic that the
passive damping is present by means of a resistor in series with the capacitor from the LCL
filter. However, if an active damping technique is chosen for damping the resonance peak
of the LCL filter, the damping is performed via software, in the control algorithm. The
passive and active damping discussion was carried out in detail in Sections 3.1 and 3.2.
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Figure 12. Diagram of a general three-phase grid-connected converter with an LCL filter.

The LCL plant transfer function that relates the current injected into the grid with the
voltage modulated for the full-bridge switches is

1
iLg(S) _ LgLCCf )
Tab (S) &4 (T’gLC + Vch) 2 (Lc + Lg + 7’g7’ccf) s re + 71 ’
Lch LgLCCf LgLCCf

where 7, is the voltage synthesized through the desired modulation technique, and ip is
the grid-side current of the filter.

To elucidate the grid deterioration and the impact on the frequency response of the
plant, an LCL filter was designed. The design of the filter elements was completed according
to [236]. Some limits on the parameters must be considered in order to obtain a better
performance in the design of the elements, such as:

e  The LCL filter capacitor must have its value limited by the reactive power of the
system, at less than 5% of the total power.

*  The value of the LCL filter inductors must be optimized in order to reduce the voltage
drop in the resistors.

e The filter’s resonant frequency, fr.s, cannot interfere with low frequencies, and at the
same time, it should be slightly lower than the Nyquist frequency. So, 10fg < fres <
1/2fsw, where fo = 60 Hz and fs;,, = 10 kHz.
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*  The value of the damping resistor, R;, must be optimized in order to reduce the losses
by the Joule effect, also taking into account the dynamics of the filter and its resonant
frequency. However, the system will be designed without R, considering an active
damping.

Furthermore, the parameters of the LCL filter depend directly on the power of the con-
verter, the effective voltage of the filter, the grid frequency, and the angular and switching
frequencies. Thus, according to [236], the filter values are normalized with respect to the
base values, as shown in

2

U4(RMS)

Pin(¢)

where P, (¢) is the converter maximum power (per phase) and v, is the grid voltage.
In addition,

Zy = (10)

1
Cr= onZy’

(11)

The value of the LCL filter capacitor is limited by the maximum reactive power of the
system, x, considered as 5% and obtained in

C f= be. (12)
The inductor L, of the LCL filter is calculated as a function of the maximum ripple of
the output current, represented by
_ Ud(RMS)
2V6fswbiy’

where fs;, = 10 kHz and Aiy = 20% are factors chosen by the designer.
The grid-side inductor, L¢, can be obtained by relating the value of L. and the desired

current attenuation, or through
1
— +1
Vg™
(14)

Ly= A0,
§ Cf((")fsw)2

where w = 271fe, ks = 0.1, and f; = 60 Hz, chosen by the designer and according to [236].
In this way, the angular frequency of the filter resonance can be obtained by

[Le + Lg
Wres = LCLng . (15)

Note that the filter resonant frequency, fes, obtained for the LCL design was 3.28 kHz,
which is reasonable, as it complies with the design requirements previously presented.

The design values obtained for the elements of the LCL filter and for the other param-
eters of the inverter are presented in Table 3. In addition, more details about LCL modeling
can be found in [21,22,51,158,236].

(13)

[

Table 3. Parameters of the converter.

Parameter Value Parameter Value
P, 6000 ka fs 10 kHz
L¢ 0.6 mH e 0.001 Q
Lg 130 uH Tg 0.001 Q
Lg(grid) 0to 8 mH rg(grid) 0.001 O
Cf 22 },LF Olink 500 V

(7 127V iLg 15.75 A
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To obtain the plant transfer function in continuous time, the obtained converter val-
ues from Table 3 can be incorporated into (9). Furthermore, in order to obtain the grid
impedance values that correspond to weak and very weak grids, the SCR of the sys-
tem was calculated using the aforementioned equations. It could be observed that for
Ly (gria) = 2 mH, the calculated SCR was 10.696, representing a weaker grid but still being
strong (SCR > 5). In addition, when L (gria) = 5mH, the SCR was 4.2783 (weak grid), while
for Lg(4riq) = 8 mH, the obtained SCR was 2.674 (very weak grid).

Figure 13 presents the Bode diagram of (9), with the grid impedance varying from
a strong grid to a very weak grid. Note that as the grid inductance increases, the plant
gradually becomes more difficult to control, as its dynamics drastically change and its
margins decrease, tending to require more robustness from the control algorithm to keep
the closed-loop system stable. Additionally, it can be observed that the resonance peak of
the system shifts toward the low frequencies. The plant frequency response under a very
strong grid (Lg(grig) = 0 mH) presented a resonance peak at 3.28 kHz, while under a weak
grid (Lg(qriq) = 5 mH), the resonance peak was located at 1.46 kHz, and under a very weak
grid (Lg(4riq) = 8 mH), it was at 1.44 kHz. Note that for weak and very weak grids, the
resonance peak is close (1.46 kHz against 1.44 kHz). This resonance peak at low frequencies
characterizes a serious problem, since maintaining the proper functioning of the system
requires 10fy < fres < 0.5f; [22,236].
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Figure 13. Bode diagram of a grid—connected converter with LCL filter under grid impedance
variation.

Some studies have proposed methods to enhance system stability and robustness
against weak and very weak grids, as well as to obtain a better PLL system or to ensure good
performance under grids with SCR < 5 or < 3. When an LCL-type converter is attached to a
weak grid, its current control and PLL will interact with each other via the PCC. Considering
this, Ref. [234] presented a technique for enhancing PLL behavior under weak grids based
on a PI controller and capacitor-current-feedback active damping. A different approach is
proposed in [237], with a symmetrical phase-locked loop that can eliminate the frequency-
coupling terms caused by the asymmetric dynamics of conventional PLLs. Moreover, the
undesired sub-synchronous oscillation caused by the conventional asymmetrical PLL can
be avoided, and classical SISO impedance shaping can be utilized to cancel the negative
resistor behavior caused by the PLL. Similarly, Ref. [238] presents an improved design
of PLL controller parameters. With this method, not only can the dynamic and static
response performance of the PLL independent system be maintained, but also, the negative
influence of PLL dynamics on the current control can be effectively reduced in weak
grids. Additionally, Ref. [239] proposed a Kalman filter as a synchronization method
for the current control of GCCs, as a Kalman-filter phase locked loop (KF-PLL). In this
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way, the Kalman filter is used to observe the grid voltages and to filter the imperfections
and disturbances, extracting the fundamental frequency component. This method has
limitations, but its usability as a synchronization method and its applicability in unbalanced,
distorted, and weak grids brings benefits. In another case, Ref. [183] presented an RMRAC-
based control structure with an adaptive super-twisting sliding mode for the current
regulation of single-phase grid-connected converters with LCL filters operating under very
weak grids. This control structure also uses a Kalman Filter for grid synchronization, and
presented good results for operation under weak and very weak grids.

5.3. Section Discussion

In this section, the behavior of the plant of a grid-connected converter connected to the
grid through an LCL filter could be observed in the face of the increase in grid inductance,
going from a strong grid environment to a very weak grid environment. A shift of the
filter resonance peak toward the low frequencies can be noticed, which tends to add a
greater degree of difficulty to the control structure to keep the plant stable, and with good
regulation performance.

Furthermore, with research advancements in RESs and microgrids, the application
of GCCs in weak or very weak grid environments has gained space in academia, since
it is directly related to the power quality of the system. In this way, the robustness of
the current controllers of the converters is questioned when the topic is the grid stiffness.
However, it can be seen that there is still space for contributions regarding RESs with
grid-tied converters connected to weak, very weak, or distorted grids.

6. Conclusions

This paper aimed at presenting a brief of some recent advances regarding GCCs,
discussing differences in topologies, various control techniques, and the operation of weak
and very weak grids. Since interest in GCCs has been increasing in recent years due to
the application of renewable energies, this topic is of great interest for power electronics
and control engineers. As discussed in Section 2, there are many different hardware
topologies, where each one has some advantages and disadvantages and should be selected
properly depending on the GCC application and objectives, and the voltage and current
levels. The objective of Section 3 was to present the possible filter configurations for GCCs,
where it was noted that L and LCL filters are most common choices. However, each
filter configuration has its own characteristics, and it could be seen that as the filter order
increases, the effort required by the control structure to keep the plant stable and with
good regulation performance is also elevated. In addition, regarding the resonance-peak
damping for higher-order filters, passive and active damping were discussed. Section 4
aimed to present the most-used current control structures for DC-AC converters with
LCL filters, discussing robust control, sliding mode control, model predictive control, and
adaptive control. Also discussed were the applications of learning-based techniques and
optimization algorithms for finding the best gains for the control structures. Furthermore,
there was also a discussion on the applicabilities of GCCs in weak and very weak grids,
which tend to add a greater degree of complexity to the control structure dealing with
these grid dynamics, as once the grid inductance increases, the control structure needs to
increase its contribution to keep injecting current into the grid. Moreover, it was shown
that for high-order filters, as the grid impedance increases, the resonance peak is shifted
toward low frequencies, which can cause serious current-control stability problems.
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