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Abstract

In power grids that integrate renewable energy sources, the virtual synchronous machine
(VSM) or synchronverter offers a viable solution to the challenge posed by reduced inertia.
This technology employs inverters to transfer power to the electrical network that relies
on a control algorithm emulating the dynamic behavior of synchronous machines. Over
the past decade, it has been applied in various contexts, leveraging its control structure
based on the fundamental equations of synchronous machines. Although several review
articles have been published on control strategies for grid-forming inverters, they often lack
a specific focus on recent developments related to the synchronverter. Therefore, this paper
aims to fill that gap by presenting a detailed review on high-quality research databases
to retrieve recent documents published in recent years. These documents were classified
according to journals, conferences, and books. A keyword bibliographic analysis was
performed to identify the attractive topics related to the synchronverter control strategy. The
paper reviews recent improvements in and applications of the synchronverter, identifying
emerging trends and new potential use cases to provide a workflow guide for readers and
researchers, as the documents are presented in comprehensive tables, streamlining the
process of locating specific references. In addition, some advantages and disadvantages of
synchronverters are reported.

Keywords: distributed energy resources; grid-forming inverter; grid integration; synchronverter;
virtual synchronous machine; virtual synchronous generator

1. Introduction
1.1. Motivation

Non-conventional renewable energy sources (NCRES) have experienced rapid growth
in the past decade [1,2]. Both their initial investment and maintenance costs have decreased
significantly since their integration into the electrical grid [3]. As a result, there is an
increasing demand for a new generation of inverters that can efficiently manage power
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exchange between NCRES and the grid. These inverters, known as grid-forming inverters,
play a crucial role in this process [4–6].

The synchronverter is a type of grid-forming inverter that is specifically designed
to mimic the behavior of a synchronous generator (SG) [7]. The synchronverter helps
stabilize the grid by replicating the dynamic response of an SG, particularly in systems
with a high penetration of renewable energy sources. Over the years, numerous studies
have demonstrated its effectiveness in addressing real-world challenges, such as frequency
fluctuations in the grid [8] and voltage instability [9], which are common during grid
disturbances. As a result, the synchronverter has emerged as a key solution to integrate
NCRES in modern power systems.

1.2. Problem Definition

As a recent technology, review papers may be necessary to provide a guide on im-
portant topics currently under investigation by other researchers. Several authors have
explored the potential of the synchronverter to improve grid resiliency, support power
sharing between renewable energy systems, and improve the overall reliability of the
electrical grid [10,11].

1.3. Literature Review

The concept of synchronverter has been extensively explored and reviewed in the
literature, with numerous studies examining its application and functionality in grid-
forming inverters. For example, the review presented in [12] provides a comprehensive
analysis of single-phase grid-forming inverters, highlighting the various control structures
used to enable synchronization with the power grid. These control strategies are typically
categorized into three main approaches: droop control, synchronous machine-based control,
and virtual oscillator control, each offering distinct advantages in terms of system stability,
scalability, and ease of implementation. The review highlights several commonly used
techniques for power estimation, including low-pass filters, hold filters, root-mean-square
(RMS) calculation, and second-order generalized integrators (SOGIs). However, the authors
did not focus on the three-phase synchronverter.

A comprehensive review of grid-forming inverters was presented in [11], offering
an in-depth examination of various control strategies used to enhance the performance
and stability of these inverters under different grid conditions. The review covers a
wide range of approaches, including droop control, voltage and frequency regulation
techniques, model predictive control, and adaptive control. Through a detailed analysis,
the authors evaluated the strengths and limitations of each method, considering factors
such as system scalability, response time, and robustness to various grid disturbances such
as voltage sags, frequency fluctuations, and load variations. Additionally, they assessed the
suitability of each control strategy in different operating environments, providing valuable
insights into which methods are best suited for specific applications, such as microgrids
or large-scale integration of renewable energy. This thorough review not only clarifies
the advantages and drawbacks of each control technique but also offers a framework for
selecting the most appropriate approach depending on the nature of the grid disturbances
encountered and the operational goals of the system. However, this study did not present
the synchronverter approach.

Voltage-Source Inverter (VI)-based systems are inverters designed to replicate the be-
havior of synchronous generators (SGs), typically through three key techniques: (i) virtual
synchronous machine (VSM), (ii) virtual synchronous generator (VSG), and (iii) synchron-
verter. These approaches aim to provide grid-supporting capabilities, such as frequency
and voltage regulation, mimicking the dynamic response of traditional synchronous gener-
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ators. In a detailed study presented in [13], the authors offer an in-depth analysis of the
latest advancements, practical applications, and the challenges faced in implementing these
technologies. The article serves as a comprehensive overview, addressing not only the
theoretical underpinnings of these methods but also real-world considerations. However,
while the paper covers a broad spectrum of VI-based inverter technologies, it does not
exclusively focus on the synchronverter, providing only a portion of the broader discussion
surrounding these techniques.

1.4. Gap, Objective and Novelty

The aforementioned review papers present several classifications concerning control
strategies applied to grid-forming inverters and some specific features of the synchronverter.
However, no new research documents related to synchronverter applications are reported,
which are promising solutions for integrating renewable sources into the power grid.

Therefore, this paper presents a review of recent improvements in and applications
of the synchronverter control strategy. The novelty lies in a structured summary that
organizes the scientific literature per topic into several classifications. Those classifications
can be condensed as mathematical modeling, experimental tests, synchronization, RES,
and some other applications related to specific events that may be found in real power grids.
The paper also shows the temporal progress in recent years in synchronverter research, as
well as its advantages and disadvantages. Finally, some challenges and future prospects
are also presented.

1.5. Contributions

• To the best of our knowledge, previous literature reviews have not focused exclusively
on the synchronverter. This paper provides a comprehensive review that includes
mathematical models, recent improvements, and applications.

• Previous literature dedicated to investigating synchronization techniques and the use
of synchronverters. Likewise, this paper also presents the trend in recent years to
define interest in the topic and databases that are commonly published documents.

• Previous papers have only been dedicated to reviewing only a few functions of
the synchronverter. This detailed review presents applications focused on defining
challenges and future prospects.

• Although document [13] shows a table summarizing some merits and demerits of
the synchronverter, this review extends the advantages and disadvantages of the
synchronverter considering the applications reported through this document.

1.6. Organization

The rest of the paper has been organized into six more sections. Section 2 explains the
methodology followed by the authors in this review. Section 3 presents the mathematical
model of the synchronverter, representing the original model of the device without the
need of an extra synchronization unit, the modes of operation, and the advantages and
disadvantages of this device. Next, Section 4 shows improvements in and applications of the
synchronverter classified by topics such as renewable energy and storage, stability analysis,
and others. In addition, references associated with each subject are presented. Section 5
shows some challenges and future prospects. Finally, Section 6 presents the conclusions.

2. Methodology
This document was prepared following a detailed methodology as presented in

Figure 1 and explained in the following section.
From the results, a detailed classification was realized. Three main classifications were

defined: (i) the publication year was useful to create Table 1 and Figure 2 and to observe
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the publications preferences of the authors; (ii) the index database to display the specific
indexing databases where the journals are listed and create Table 1 and Figures 2 and 3.
This item may be helpful to new interested researchers in finding journals not only to read
but also to publish their findings; and (iii) topics where the synchronverter has been used,
such as new improvements to the algorithm or direct applications to several disturbances
presented in real power grids.

Figure 1. Review flowchart.

Table 1. Number of documents by type, database, and publication year.

Year Conferences
in Scopus

Journals in
Scopus

Journals in
ISI WoS

Books and Chapters
in Scopus

2018 20 7 7 0
2019 17 10 12 1
2020 14 12 16 0
2021 16 21 19 0
2022 29 22 19 0
2023 21 14 14 0
2024 9 13 15 0

From this point on, the documents that outline the improvements and those that high-
light applications in the synchronverter are detailed in Section 4 to highlight the usability
of the synchronverter. Recent trends in the use of the synchronverter are also highlighted.

After classifying the documents, an information analysis was performed. The results
of the analysis allow for the obtaining of the advantages and disadvantages of using the
synchronverter. In addition, challenges and future prospects are obtained and presented in
the final section of this paper.

The query to obtain the documents was made in the Scopus and ISI Web of Science
databases using the keyword “synchronverter” to visualize the evolution over time of the
investigations based on the synchronverter or the virtual synchronous machine. Temporal
delimitation was established between 2018 and 2025 to cover the last years, and only
documents written in English were selected. It is important to note that the documents
consulted in the year 2025 are limited to the date when they are indexed in the databases
mentioned above. More documents are expected to be found during 2025, when those
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papers get indexed. Moreover, there are not enough documents published in 2025, so they
are not included in this review.
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Figure 2. Number of documents per year.
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2.1. Evolution of Synchronverter over Time

Table 1 shows the total number of documents per year classified by Conference—Scopus;
Journal—Scopus; Journal—ISI Web of Science (WoS); and Book Chapter—Scopus. It does
not have exclusive results from each of the databases. Therefore, for each of these columns,
it was considered that the article must be indexed in Scopus or ISI Web of Science. From
Table 1, it is observed that the interest in the synchronverter is constant. In addition, the re-
sults show a slight increase and are expected to continue to grow in the upcoming years.

The synchronverter has undergone various modifications and new applications that
allow us to solve common disturbances in the power system and microgrids with NCRES
operating in island mode. Other advances are expected, as most of the documents consulted
provided information on future work that is promising for the integration of RES. Figure 2
shows the total number of documents per year in all databases, which were 240 documents
in the time frame, limited by the time frame (2018–2024), and the language (English).
The year 2022 had a notable increase, but the rest of years have an average of 34 articles
per year.

The data presented in Table 1 is illustrated in Figure 3. Although there is no clear
upward trend in the number of investigations per year, there is still interest in the time
and quality of research aimed at addressing the challenges involved in connecting inverter-
based technologies to the interconnected power grid.

Scopus has a higher number of documents, but that is basically because Scopus
classifies a larger number of journals compared to ISI Web of Science. In addition, Scopus
includes academic conferences that ISI Web of Science does not.

2.2. Bibliographic Analysis

A bibliographic search was conducted in the Scopus and Web of Science databases using
the keyword “synchronverter”. The temporal filter covered the period from 2017 to 2024,
allowing for the observation of emerging trends in this technology. The search yielded a
total of 240 documents, which were processed in RStudio version 4.3.2, using the bibliometrix
and biblioshiny packages, to create thematic visualizations and structural metrics.

The analysis was performed using the Walktrap algorithm, which identifies com-
munities within the graph through random walks. This method allows keywords to be
grouped into two clusters that reflect significant co-occurrence patterns, facilitating the
interpretation of the main trends and thematic relationships in the dataset. This analysis is
shown in Figure 4.

The network analysis reveals two distinct clusters. Cluster 1, shown in red, encom-
passes traditional electrical system concepts such as synchronous machines, electrical
power transmission networks, and controllers. In contrast, Cluster 2, in blue, highlights
emerging technologies, including terms such as synchronverter, virtual inertia, and electric
power system control.

The size of the nodes in the network correlates with PageRank value, indicating a
term’s overall relevance. Notably, “synchronverter” stands out as the most prominent node,
boasting the highest PageRank (0.101) and betweenness centrality (26.612). This allocates
the synchronverter as a crucial thematic bridge connecting both clusters. Other highly
influential terms are “electric power system control” (betweenness: 9.443; PageRank: 0.066)
and “synchronous generators” (betweenness: 6.379; PageRank: 0.062).

The findings demonstrate how synchronverter research aligns with both established
and innovative domains, illustrating a clear transition from traditional synchronous
machine-based approaches to advanced control architectures utilizing power converters
and virtual systems.
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Figure 4. Keywords Co-occurrence.

The thematic map shown in Figure 5 illustrates the structural role of each thematic
cluster through the analysis of co-occurrence keywords. The centrality (horizontal axis)
indicates a topic’s relevance within the field, while the density (vertical axis) reflects its
degree of internal development.

Figure 5. Keywords of thematic map.

In the upper left quadrant are the Niche Themes, characterized by high internal
development but low centrality. These are well-developed topics with weak connections
to the core research field. This cluster includes concepts such as inverter-based systems,
power electronics, grid-forming, timing circuits, electric batteries, rectifying circuits, design,
energy conversion, ancillary services, and control techniques. These themes are often
associated with specific applications or technologies and may represent mature research
areas with potential for broader integration if their conceptual links are strengthened.

The upper right quadrant features the Motor Themes, which combine high density
and high centrality. These are well-developed and essential topics for the structure of
knowledge related to energy management and conversion in electrical power grids. Key
areas in this group include power control, virtual power plants, and reactive power, crucial
for modern distributed generation and advanced electric grid regulation.

The lower right quadrant includes the Basic Themes, exhibiting high centrality but low
density. These concepts are fundamental to the overall structure of the field, but require
further specialization and thematic development. This group includes terms such as syn-
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chronverter, electric inverters, electric fault currents, wind power, voltage control, power
converters, time domain analysis, and power. The inclusion of synchronverter in this cate-
gory confirms its central structural role in the recent literature, highlighting its significance
in the technological transition from conventional systems to modern architectures.

Finally, the lower left quadrant contains the Emerging or Declining Themes, showing
both low density and low centrality. This suggests they are either losing relevance or
are still in early stages of development. This category includes concepts such as energy
resources, distributed energy resources, system stability, eigenvalues and eigen functions,
and damping. Although these topics currently have less structural weight, they could
gain significance if addressed in new research lines, particularly in contexts where system
stability and the integration of distributed energy sources are critical.

The thematic map provides an integrated view of the conceptual structure of the
field, effectively identifying both well-established areas and those with high development
potential. This analytical tool is invaluable for guiding future research, focusing efforts on
strategic topics, and recognizing emerging opportunities that can significantly strengthen
energy management and control in advanced microgrids.

3. Mathematical Model of Synchronverter
Grid-forming inverters are classified into three main groups: (i) Traditional Control

Methods; (ii) Advanced Control Methods; (iii) Other Control Methods. Inside the first
group, there are three main types of grid-forming inverters: (a) Droop Control; (b) Voltage-
Source Inverter Control; (c) Virtual Synchronous Generator Control (VSG). The synchron-
verter is part of the second type (VSG) [11].

Zhong and Weiss proposed the mathematical model of the synchronverter [7]. This
device is an inverter capable of mimicking an SG. It may mimic a generator where non-
conventional renewable energy sources (NCRESs) can participate in both voltage and
frequency regulation. A synchronverter comprises two parts: power and control. Figure 6
presents the power part as a three-phase power circuit that contains a three-phase full-
bridge inverter connected to a local load as a star-connected impedance ZL, and an LCL
filter to smooth the voltage delivered to the grid. This figure shows the equivalent power
grid represented by three independent voltage sources: vga, vgb, and vgc. The DC bus may
be fed by photovoltaic arrays, wind turbines, and storage devices; however, it is important
that the DC voltage level is controlled.

Figure 6. Synchronverter connected to a local load ZL and the power grid—power part.

Phase voltages (ea, eb, and ec) and phase currents (ia, ib, and ic) are measured in the
LCL filter. These values are used to calculate the active and reactive power of the inverter
(Pe and Qe). The induced voltage calculated in the control part triggers the bridge gates.

The original synchronverter was not able to self-synchronize with the power grid
without the aid of an independent synchronization unit such as a Phase-Locked-Loop
(PLL). The self-synchronization was added by the same authors in [14]. Figure 7 shows the
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block diagram of the control part used to obtain the magnitude of the induced voltage and
its phase angle θ. This process is accomplished through three loops: the frequency control
loop, the voltage control loop, and the synchronization loop.

The loop at the top of Figure 7 represents the frequency regulation control algorithm
used in SG. Equation (1) presents the swing equation of an SG. The term θ̈ is the derivative
of the frequency of the grid and J is the moment of inertia. The term Tm is the mechanical
torque, and Te is the electromagnetic torque. In addition, Dp is the damping factor of the
machine, and θ̇ is the frequency of the grid.

θ̈ =
1
J
(Tm − Te − Dp θ̇). (1)

The PI controller keeps the difference between the nominal and actual frequencies
at zero. Initially, the frequency control loop avoids sharing power between the inverter
and the grid and is activated to perform synchronization with the switch SwP. Once the
synchronverter is synchronized, this switch must be opened.

The electromagnetic torque (Te) is calculated with Equation (2) or (3):

Te = M f i f ⟨i, ˜sinθ⟩, (2)

Te =
Pe

θ̇n
, (3)

Figure 7. Control part of the synchronverter with the self-synchronized loop [14].

The term M f represents the mutual inductance between the stator and the rotor coil.
The term i f is the field current and i is the three-phase current in the stator. In addition,
the term Pe is the active power delivered to the system, θ̇n is the nominal angular frequency
of the grid, and the operators ˜sinθ and ˜cosθ are given in Equations (4) and (5).
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˜sinθ =


sin θ

sin
(

θ − 2π

3

)
sin

(
θ +

2π

3

)
, (4)

˜cosθ =


cos θ

cos
(

θ − 2π

3

)
cos

(
θ +

2π

3

)
. (5)

The moment of inertia, together with an integrator 1/Js, produces the system fre-
quency, which is implemented to obtain the angular velocity θ̇. An additional integrator
is used to acquire the phase angle θ, which corresponds to one of the outputs of the
control part.

The left-bottom side of Figure 7 is the control loop concerning the excitation of the
synchronous machine. The reference value of the reactive power is established as a constant
(Qset), and the shared reactive power Q is calculated and fed back into the loop. The voltage
magnitude is estimated using Equation (6) and filtered to avoid second-order harmonic
ripples [7].

vm = −4
3
√

vavb + vbvc + vcva, (6)

where vm is the voltage magnitude; va, vb, and vc are the phase voltages measured in the
power grid. The measured voltage is subtracted from the nominal voltage. It is amplified
by the voltage droop coefficient Dq, which represents the relationship between the change
required in reactive power ∆Q and the change in voltage ∆v. This ∆Q is activated with the
switch SwQ to work in mode 1, which uses the reference value of the reactive power, or in
mode 2, which is the control of the reactive power droop.

When SwQ is open, the amplitude of the excitation voltage M f i f is obtained from
the tracking error between Qset and Q, and the integrator with gain 1/Ks, where K is the
counterpart of J, as observed in Equation (7). When SwQ is closed, the error between the
grid voltage and the nominal voltage is considered; it activates the reactive power droop
control as expressed in Equation (8). The voltage deviation can be observed in Equation (9).

M f i f =
1

Ks
(Qset − Q), (7)

M f i f =
1

Ks
(
Qset − Q + ∆vDq

)
, (8)

∆v = Vn − Vg, (9)

where Q is the reactive power calculated using Equation (10).

Q = −θ̇M f i f ⟨i, ˜cosθ⟩. (10)

The lower right loop in Figure 7 corresponds to the virtual current loop [14]. The virtual
current is is calculated using the difference between the measured grid voltage vg and
the induced voltage e calculated from the synchronverter. This current is multiplied by
the transfer function of the filter inductor impedance 1/(Ls + R). This current is used
in Equations (2), (10) and (11) for the synchronization stage. Once the synchronverter is
synchronized, the virtual current is no longer used; instead, the measured output current
i from the synchronverter replaces it. The switch Swz leads the process. When Swz is in
position 1, the virtual current is is considered. However, when it is in position 2, the actual
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current i is used. The second output of the control part is the magnitude of the induced
voltage, which is calculated using Equation (11).

e = θ̇M f i f ˜sinθ. (11)

The operation modes of the self-synchronized synchronverter are presented in Table 2,
based on [14].

Table 2. Operation modes of the self-synchronized synchronverter.

Switch SwZ Switch SwP Switch SwQ Mode

1 ON ON N/A
1 ON OFF Self-synchronization
1 OFF ON N/A
1 OFF OFF N/A
2 ON ON P-mode, QD-mode
2 ON OFF P-mode, Q-mode
2 OFF ON PD-mode, QD-mode
2 OFF OFF PD-mode, Q-mode

The switch SwZ allows for the transition among the use of virtual or actual current
in the synchronverter calculations. The virtual current is used when SwZ is in position 1,
while the actual measured current is used when SwZ is in position 2. From Table 2, it
is evident that when SwZ is in position 1, the only feasible combination is when SwP is
ON and SwQ is OFF. As a result, the active power loop ensures that the steady-state error
remains at zero between the nominal frequency and the synchronverter frequency, while the
reactive control loop tracks the Qset point. This process guarantees the self-synchronization
of the synchronverter.

When SwZ is in position 2, there are four possible operation modes:

• P-mode and QD-mode: this mode keeps the steady-state error at zero between the
grid and synchronverter frequencies. The reactive control loop is in the droop control
mode, which considers changes in Q to adjust the terminal voltage.

• P-mode and Q-mode: there are no changes in the active control loop. The reactive
control loop only follows the point Qset.

• PD-mode and QD-mode: both power loops are in the droop control mode. The shared
powers change to adjust the frequency and the terminal voltage.

• PD-mode, Q-mode: only the active power droop control is activated, while the reactive
control loop follows the point Qset.

The synchronverter is a good choice for emulating synchronous generators that usu-
ally work with droop control strategies. The emulation of synchronous machine inertia
may help the grid operators to maintain the stability of the system with the aid of the
self-synchronization process and the other four operation modes described above. It is
important to note that the synchronverter response is faster than conventional synchronous
machines, and its primary frequency response and voltage regulation are limited to the
source capacity. These are the main reasons why several researchers have focused on new
developments to make the synchronverter an even better option for the challenges of the
future power grid, which will have many NCRES based in inverters.

After presenting the mathematical model of the synchronverter, Table 3 highlights the
most important merits and drawbacks that the synchronverter may have.



Energies 2025, 18, 3574 12 of 39

Table 3. Advantages and disadvantages of the synchronverter.

Advantages Disadvantages

- Self-synchronizing to the grid frequency without the
need of an extra unit such as a PLL or a FLL.

- There is no overcurrent protection because it behaves as
a voltage source.

- Easy parallel implementation to share real and
reactive power.

- Numerical instability may exist due to the complexity of
differential equation based on the synchronous machine
swing equation.

- Controlling a synchronverter may be done in the same
way as a synchronous generator.

- Voltage-source control has no inherent protection
against severe grid transient.

- Robust control of real and reactive power, voltage phase,
and frequency. - External protection for safe operation is required.

- The frequency derivative known for noise is absent. - Some parameters must be changed to avoid
deterioration during harsh events.

- It is possible to operate under voltage imbalances. - In case of voltage imbalances, synchronization with only
the positive sequence may not be solid.

- Virtual inertia can be changed to face power grid events. - If the virtual impedance is not well suited,
the oscillation in the system may increase.

- Harmonic reduction is possible by adapting the output
virtual filter.

- It is complicated to feed nonlinear loads, and the
response to transient events may slow down.

- Interesting approach to deal microgrid environments.

- Dynamic current-limitation strategies can be used to
ensure its operation.

In general, the synchronverter is used as a voltage-controlled source, which is very
similar to the feature of the synchronous machine. In addition, advanced control strategies
can be integrated to increase the inverter response during events or to protect the physical
device against fault currents. In contrast, computation times may be high due to additional
settings that might be added to make the synchronverter a more secure control strategy.

Researchers can use the information presented in Table 3 to analyze whether the
synchronverter is a solution to the problem they are facing.

4. Recent Improvements and Applications Using the Synchronverter
Control Strategy

This section examines some improvements and applications where the synchronverter
has been applied. The original synchronverter model works appropriately as long as
it is used to connect an inverter to a robust and balanced electrical network. However,
the current cases differ from the optimal scenario. Therefore, some improvements have
been required in the mathematical model to address the common problems that a real
electrical network or a microgrid may have.

4.1. Modifications of the Original Synchronverter and Experimental Tests

Moulichon et al. [15] proposed an observer-based current controller for a virtual
synchronous generator (VSG) in the presence of unpredictable and unmeasured loads. It
comprises a linear quadratic regulator that incorporates an integrator and a state observer.
The intention was to supply some loads that were not known in advance and unpredictable,
represented as nonlinear and unbalanced loads. According to the results, this control
strategy is necessary to handle common load perturbations in the industry and incorporate
a non-simplified synchronous machine model, as VSG may behave similarly to diesel
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generators. The authors pointed out that some parameters of the VSG must be changed to
avoid deterioration of the inverter during harsh events such as faults.

The authors in [16] mentioned that the model predictive control (MPC) is a good tool in
real applications. They modeled a photovoltaic power plant together with a synchronverter
and demonstrated that MPC may be tied to a synchronverter, improving its response and
capabilities, especially because it is possible to state a specific control aim. A drawback of
this model may arise when the optimizer finds a solution generated by inaccurate initial
conditions due to the switching transistors. The authors stated that more sophisticated
filters or state estimation must be designed or used to solve the above issue.

The control of voltage and reactive power can be performed with synchronverters,
as exposed in [17]. Ramirez et al. performed hardware-in-the-loop experiments using
Matlab/Simulink®. They evaluated the performance of the synchronverter under differ-
ent operating conditions and became quite relevant when a reactive power control loop
is activated.

The IEEE 39-bus test system was used to compare different VSG control strategies [18].
The authors evaluated the following. ISE-Lab, synchronverter, Kawasaki Heavy Industries
Model, and power synchronization control. The comparison was based on different network
conditions such as X/R ratios, network faults, and load types. The authors implemented
the case study in the OPAL-RT real-time simulator. The synchronverter performed better
than the other VSG control techniques in each scenario and was more suitable for its
integration into distribution power networks because it considered dynamic loads.

Synchronization is commonly preferred before coupling the inverter and the power
grid. In [17], the authors proposed a different way to synchronize the synchronverter
with the power grid. First, the inverter voltage amplitude is compared with the grid
voltage amplitude. To do this, an estimated voltage is obtained using the angle, the mutual
inductance of the virtual field, and the field current as follows: θM f I f . The error of
the estimated and the grid voltage passes through a constant called Ksync to obtain the
necessary reactive power to lead that error to zero. Once the inverter is connected to the
grid, Ksync becomes zero. The angle θ is established with the aim of a reset process based on
synchronization and connected step. The proposed method was able to share the reactive
power satisfactorily using a hardware experimental setup.

Some PLL-less self-synchronization approaches have problems such as the lack of
uninterrupted power supply capability during the synchronization process, or delays and
uncertainties depending upon grid conditions. In [19], a Fourier analysis-based synchro-
nizer was proposed for the synchronverter. The authors used the uninterrupted power
supply capability as a fast solution to synchronize the synchronverter without obtaining the
difference between the inverter voltage and the grid voltage. This proposal was compared
with the differential root mean square voltage (DRMSV)-based approach, improving the
speed and the certainty under perturbed grid conditions.

4.2. Renewable Energy and Storage

Inverters are not only applied to NCRES, as they are useful to compensate the electrical
power network, such as static synchronous compensators (STATCOM), dynamic voltage
restorers (DVRs), and others. However, based on interest in DG and global warming,
investors are playing an important role in integrating NCRES. They are required not only
to inject power but also to take an active part in auxiliary services for frequency and
voltage regulation.

In [15], a synchronizer based on a fuzzy logic controller is proposed for a grid-
connected solar energy system with an adaptive damping factor. A conventional PI
control-based synchronverter is not equipped with an adaptive damping factor (Dp) or a
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digitized intelligent controller to manage fast response solar input. The authors proposed a
new fuzzy logic controller framework to operate the synchronverter in a grid-connected
solar power system. The damping factor is controlled in real time to achieve a balance be-
tween speed and stability for frequency error correction based on the frequency difference.
The results indicate that the frequency deviation is reduced to at least 0.2 Hz. The authors
proposed undergoing works to take advantage of the synchronverter virtual part to increase
its performance during harsh events. While a fuzzy logic controller for synchronverters
may be helpful in reducing frequency deviations in stability issues, a reduction of only
0.2 Hz may not be enough for grid scenarios where a great amount of NCRES power
is injected.

Adaptive virtual inertia is a way to modify the response of a synchronverter. In [20],
this concept is employed to control a wind turbine connected to the electrical network
through a back-to-back converter. A linear dynamic system for the proposed adaptive
virtual inertia was developed, which uses the frequency deviation and the rotor angle
deviation of the synchronverter model as state variables and the virtual inertia together
with the frequency drop gain as control variables. Additionally, a linear quadratic regulator
(LQR) was used to ensure the optimal balance between the fast frequency response and the
voltage of the wind turbine during disturbances that may exist on the grid. The frequency
deviations were satisfactorily minimized, as shown in the simulations in comparison with
the original synchronverter model. Adaptive inertia may not always yield optimal results,
as real-world disturbances can be unpredictable and multifaceted.

Wind turbines generally have variable speeds and generate energy regardless of
intermittent resources. However, they require a back-to-back device that converts the
generated AC into DC and returns it to be converted to a constant-frequency-controlled
alternating current. To achieve this, variability in the virtual inertia of the inverter is
required. Therefore, in [16], a synchronverter was used with the ability to modify virtual
inertia and virtual damping to minimize mechanical loads and achieve a useful life of
longer, sufficient to ensure the economical operation of the turbine. The authors proposed
a PID control for shaft torque as an additional controller of a variable-speed wind turbine
connected to a virtual synchronous machine on the grid side. The results obtained with the
simulation indicate that the method is effective when the fastest reach of the steady-state
values is optimized individually. However, the objective function could include other goals
such as minimize the overshoot, etc.

It is a common practice to install a battery energy storage system (BESS) together with
a wind farm to improve virtual damping or simply have energy storage in case it is needed
when the natural wind resource is not able. The authors in [21] presented a microgrid
model with two main energy sources comprising diesel generators, double-fed induction
generator-based wind turbines (DFIG) and a BESS. A complete linearized model considered
the resources mentioned above to derive a transfer function between the BESS damper
signal and the DFIG torque. A bandpass filter was designed to shift the torsional mode
eigenvalues to improve the damping ratio on a complex plane. The dynamic response of the
system was tested by means of changes in the load using MATLAB/SIMULINK with very
good results. However, the initial costs and ongoing maintenance of battery systems can be
prohibitive and their performance can degrade over time, leading to reduced effectiveness
in energy storage and management.

The IEEE 14-bus test system was modified to match the parameters of a real hydroelec-
tric power plant in [22]. The authors used this information to emulate the power generated
by a DFGI-based wind turbine connected to the system. They developed a comprehensive
state-space model to represent both the mechanical and electrical variables of the wind
turbine. The synchronverter was selected to operate on the grid-side converter and provide
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frequency support from the wind turbine by a virtual resistor. The results were obtained
from the PSCAD/EMTDC software, demonstrating that the system meets the requirements
of the power grid and provides frequency support. The authors pointed out that an optimal
tuning method for the parameters of the synchronverter could improve its behavior.

The synchronverter is a suitable choice for integrating NCRES with the power grid,
but there are some important concerns to consider. Although advances in inverter technol-
ogy and control strategies for renewable energy systems show promise, they also present a
range of challenges that must be carefully considered. The complexity, costs, and poten-
tial reliability issues associated with these systems can outweigh the benefits, making it
essential to evaluate alternative approaches to grid management and the integration of
renewable energy. Innovative solutions, such as energy storage systems that use advanced
battery technologies or hybrid models combining various renewable sources, may offer
more sustainable and efficient alternatives to traditional microgrid setups.

4.3. Stability Analysis

Power systems based on synchronous machines are robust due to the rolling inertia
reserve in the network. Modern power systems are migrating toward the implementation
of power electronics, such as NCRES, energy storage systems, and active grid compensation.
They require power conversion from DC to AC or vice versa. They are classified as solid-
state devices, so they do not have an inertia reserve. Therefore, VSMs are suitable options
to keep the power grid within a stable range.

The transition between grid-connected and island modes of a synchronverter must
be smooth to provide reliable use. The concept of distributed energy resources intercon-
nected through inverters is studied in [23]. A new virtual flux link and virtual torque-based
synchronization technique are integrated into the synchronverter controller to provide plug-
and-play capability of voltage-controlled inverters and their smooth transition between
the two operating modes. Comprehensive mathematical modeling, design, and analy-
sis are provided and real-time simulations are used to validate the effectiveness of the
proposed technique.

Another important factor for massive integration of NCRES lies in the interoperability
of two or more synchronverters. When two synchronverters operate in parallel, they can be
synchronized without major problems [24]. The stability robustness of the synchronverters
is evaluated with the µ analysis, resulting in a reduction when they work together. A way
to overcome this limitation is to implement virtual variable impedances in the control
algorithm. A precise state-space model of the system under study is developed by adopt-
ing the component connection method, and robust stability analysis is validated against
simulations in the time domain. Experimental results are carried out on a power test bench
using hardware-in-the-loop technology.

The probabilistic evaluation of the transient stability of a 13-node IEEE test system
with four synchronous virtual machines is presented in [25]. The model used is the limited-
frequency synchronverter with an integral voltage controller. Many existing potential
failures in a power system with parallel computing of Graphics Processing Units (GPUs)
were simulated to ensure convergence of the probabilistic approach. The results quan-
tified the transient stability of the synchronverter system in terms of different locations,
penetration levels, and parameter selections with the aim of a Neural Network Predictive
Control approach.

In [26], the inertial response is decoupled from the primary frequency response. The au-
thors proposed a condition that allows the inverter to have a critically damped inertial
response. They achieved this by improving the damping of the machine and decoupling
the active and reactive power control loops. Real-time simulations were performed to
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evaluate their proposal against the original synchronverter model. These simulations
improved stability by enhancing damping, decoupling the power loop, and achieving a
better primary frequency response. The model must be evaluated from the point of view of
the power system.

Zhong et al. [27] improved the original model to maintain the frequency and voltage of
the synchronverter within the specified ranges while maintaining the original functionality.
Analytical methods are used to find the stability region given by the system parameter.
This lets the proposed method work continuously in the stable region and reach a single
equilibrium if the power delivered is within the region. The tests were carried out through
real-time simulation with the OPAL-RT hardware for connection to a strong network and a
weak network, and the results were satisfactory.

In [28], the authors compared three of the most used grid-forming converters, namely
the VSM, the synchronverter, and the grid-forming droop control. They compared their re-
sponse to that of an SG. Evaluations are conducted to validate that grid-forming converters
are much faster than the SG in a system frequency event. The conclusion is that inverters
may play an important role in both frequency and voltage control.

The synchronverter is not the only control approach to connect NCRES to the net-
work. There are other techniques such as the virtual synchronous generator [29], droop
control [30], and virtual oscillator control [31]. Although these techniques use the swing
equation of synchronous machines, the synchronverter explicitly models a physical ma-
chine, and both mechanical and electrical characteristics of a synchronous generator. This
fact allows grid operators to treat the NCRES as a conventional rotating machine from the
perspective of the system.

4.4. Virtual Impedance

Synchronverters can be synchronized with the power grid without requiring a phase-
locked loop (PLL). In addition, a virtual impedance can be integrated into the control
algorithm to improve the dynamics and current limitation capabilities of the power system.
Research has shown that the use of virtual impedance methods combined with inertia
control can assist in improving the stability of the power system.

In [32], a variable virtual impedance method is used to guarantee the correct op-
eration of AC microgrids that operate connected to the network or in the island mode.
The method proposed by the authors is mathematically modeled and simulated in Matlab®,
demonstrating that it is capable of adapting to variations in load and generation.

The original model of synchronverters is based on proportional and integral control.
However, in [33], an observer-based current controller is proposed for a VSG to improve
its operating performance. This model integrates a PI controller with a state observer.
In addition, this model is compared to a traditional PI and a PI with a virtual impedance
for the filtering stage. The comparison demonstrates that the proposed method can supply
power to unknown and unpredictable loads with the help of the state observer.

In [34], a theoretical comparison of different VSGs implemented in inverters is carried
out. The VSG is proposed as a method to add virtual inertia to the grid, emulating the
rotating mass of an SG in the control algorithm of an inverter. Virtual impedance is added
to the converter output to improve voltage stability issues. In addition, a theoretical
comparison is made between different VSG topologies, including the VSM method and
the synchronverter.

In [35], the effect of output resistance on the oscillation frequency in a parallel virtual
synchronization system is analyzed. It also proposes a method to suppress the active
power oscillation by compensating voltage in the transient state. It is concluded that the
output power of the VSM is largely determined by its position in the network and that
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active power oscillation can be suppressed and system stability improved by the proposed
method. Voltage changes at the terminals affect the output power of VSMs in a complex
network. During the transient state, the voltage output of VSMs is forced to change because
of the lack of phase-angle adaptation. The proposed method effectively suppresses the
active power oscillation and stabilizes the output voltage.

In [36], a PQ decoupling technique based on a virtual power circle is used for a
VSG connected to a weak grid. The proposed technique uses a virtual impedance to
independently control the active power (P) and the reactive power (Q). The effectiveness of
the proposed scheme is validated using the synchronverter connected to a weak grid in a
MATLAB/SIMULINK environment. The addition of a negative virtual impedance may
result in a high current when faults occur. The authors mentioned that they will work on a
solution in future work.

Virtual impedance, while intended to improve voltage stability, can introduce addi-
tional complications and may not be universally effective across different grid conditions,
such as (i) nonlinear loads; (ii) mismatched line impedances, which can cause issues with
power sharing and voltage compensation, and using a high value of virtual impedance
can cause a large voltage drop at the PCC; and (iii) increasing virtual reactance, which can
increase the oscillation in the system.

However, adaptive-tuning controls such as robust control theory, Lyapunov stability
theory, impedance-based stability analysis, Model Reference Adaptive Control, and others
may be implemented.

4.5. Active Compensation

Inverter-based power plants may add active compensation to the power network. This
ability can be achieved because the parameters can be changed at any time based on to the
circumstances or events that take place on the network. A synchronverter is able to modify
some parameters against a fault and then change them again to face a frequency deviation.

In reference [37], the authors proposed a synchronverter to maintain the voltage
profile in the PCC and the load of a network with several microgrids that have diesel, solar,
and wind generators. Interconnected microgrids are used to overcome the intermittent
nature of distributed generation sources. Synchronverters can synchronize distributed
energy systems and can improve the stability and performance of microgrids. The frequency
and voltage control in synchronverters can keep the voltage profile and other parameters
within the appropriate limits.

In [38], a new control method called positive–negative sequence synchronverter ap-
plied to unbalanced alternating current networks is proposed. The synchronverter is able
to limit the output currents during unbalanced voltage drops and when the network is
unbalanced. Additionally, this method helps reduce power oscillations in synchronverters
connected to the network when faced with network disturbances. It can be considered as
an effective solution to implement in grid converters that emulate synchronous machines
in distributed generation applications. The experimental study validated the proposed
method through experimental results.

In summary, synchronverters can act as an active filter at the same time they deliver
power to the grid. These advances solidify synchronverters as a promising solution for
synchronous machine-emulated grid converters, fostering the seamless integration of
renewable energy sources and strengthening the resilience of modern power networks.

4.6. Harmonic Reduction

Synchronverters have been investigated for their potential in mitigating harmonics
through various control strategies. Through advances in control strategies and system de-
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sign, synchronverters can effectively minimize harmonic distortions, ensuring the delivery
of high-quality power to the grid. For instance, enhancing current loop response times can
effectively reduce harmonic distortions.

In [39], the authors applied a low-pass filter to the current feeding loop to enhance the
stability of the synchronverter and eliminate power ripples. They used a small signal model
of the conventional synchronverter and studied the effectiveness of power ripple elimina-
tion. They also analyzed the impact of an unbalanced grid voltage on the conventional
synchronverter and proposed a resonance-based strategy to control current harmonics and
power ripples in an unbalanced power grid. Comparative experimental studies were con-
ducted to confirm the effectiveness of the proposed strategy in both auto-synchronization
and power control modes by reducing the Total Harmonic Distortion (THD) index.

Harmonics at the output of the synchronverter may be decreased by a proper filter
design. In [40], the authors designed three filter topologies to reduce both the voltage and
current harmonics at the PCC. They used three configurations, such as L-, LC-, and LCL-
filter. Finally, they selected the LCL-filter design and validated by means of simulation in
MATLAB/SIMULINK that the THD was reduced.

In [41], a fast current controller was proposed and added to the VSM algorithm to
provide compensation for delays related to the computation process. It also eliminated
both the DC components of the grid-side currents and the zero sequence of the output
currents, which helps in the case of unbalanced voltages. A virtual capacitor was also
added to diminish the THD at the PCC. This new controller was compared with other
current control algorithms, obtaining better results through simulations.

Although the synchronverter can eliminate harmonics delivered to the power grid
by selecting the appropriate virtual filters, it may slow the response to transient events.
Furthermore, there is a lack of real implementation papers dealing with the reduction
in harmonics.

In contrast, dedicated Active Power Filters (APFs) eliminate and adapt to harmonic
distortions produced by non-linear loads. However, enhanced synchronverters can both
reduce harmonic distortion and manage bidirectional power flow. In addition, APFs require
dedicated filters while synchronverters may use the same hardware for voltage support,
frequency support, and filtering harmonics.

4.7. Unbalanced Voltage and Asymmetric Faults

Unbalanced voltage conditions can lead to negative components in grid voltage, incor-
rect operation of different loads, and low performance of voltage source inverters. Synchron-
verters can contribute significantly to the reliable and efficient operation of power systems.

Some authors have focused on the problem of connecting the synchronverter to
unbalanced and unsymmetrical networks. The authors of [42,43] studied the fluctuation of
the power and harmonic components of the current in the presence of the negative voltage
component in the PCC that only appears when there is a voltage imbalance. In the works
mentioned, two similar proposals are presented, where it is required to apply the concept
of decomposition of symmetrical components to obtain positive and negative components
of both the voltage and the current. Counting on the sequence variables, they proposed
adding control loops for voltage and current to calculate a reference current that allows
removing power fluctuations, unbalanced current delivered to the network, and balancing
voltage profiles in island mode. The most significant difference between the two proposals
lies in the reference frame of the coordinates used to perform the control: αβ0 and dq0,
respectively. The authors of these papers used a PLL to synchronize the synchronverter and
decompose symmetrical components, taking as a reference the voltage and the phase angle
delivered by the PLL. In both cases, a drawback is observed, either the double frequency
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oscillation of the delivered power or the additional load for the microprocessors responsible
for the synchronization of the inverter.

In [44], the operation of a STATCOM based on a synchronverter with voltage unbalance
compensation functionality, called S-STATCOM, is presented. This document provides
details of the operating modes of the S-STATCOM and its capability to share reactive power.
It also mentions the system start and synchronization process and the compensation of
voltage imbalances. The proposed device utilizes tilt control to linearly share reactive
power and regulate the bus voltage to achieve the desired distribution. S-STATCOM
has several operating modes, including the start mode and six power operating modes.
The compensation of voltage imbalances is tested using an added inductive impedance in
the power circuit of S-STATCOM. The stability of this proposal must be evaluated during
frequency disturbances.

In [45], the operation of synchronizing an inverter connected to the power grid is
presented using a VSG controller. Different methods for limiting the fault current and
maintaining frequency stability are also discussed. Synchronized operation of an inverter
connected to the electrical grid using a VSG controller does not change the original opera-
tion mode of the electrical grid. The fault current can result in an unbalanced three-phase
current or overcurrent and causes frequency fluctuations in the output power. Various
control strategies are proposed to limit the current of the fault, such as low voltage ride-
through techniques and differential current control. This method has some limitations such
as the non-stationarity of current prediction was not considered, and the time control was
not studied comprehensively.

In [46], three fault ride-through strategies are proposed for synchronverter-interfaced
energy resources to address power oscillations and excessive current generation during
unbalanced faults. The first fault ride-through strategy uses an instantaneous active and
reactive control to mitigate power oscillations. The second fault ride-through strategy uti-
lizes average active and reactive control to maintain average power delivery and sinusoidal
phase currents. The last strategy employs comprehensive instantaneous active and reactive
control to eliminate power oscillations and maintain sinusoidal currents. Activation of the
PMC controller reduces power generation and limits current generation during voltage
drops. The proposed strategies enable the reduction in power oscillations, control the
generated peak current, manage the power factor, and regulate the production of active
and reactive power according to the conditions of the grid. However, this work shows that
although good results are obtained with the proposed strategies, more work must be done
regarding the accuracy of the power tracking capability.

Auto-synchronization is complex when the synchronverter is connected to a weak
unbalanced power grid. In [47], the authors performed synchronization using the positive
sequence of a decomposition into symmetric components. The output variables of the
synchronverter can be obtained using the positive sequence. This was possible because
the positive sequence contains three balanced signals, as required by the synchronverter
control algorithm. But when the voltage imbalance is as high as in faults, it was not possible
to follow the voltage magnitude of the grid adequately.

After revising several documents related to the compensation of voltage imbalances
due to load unbalance or faults and using a synchronverter model, it can present stability
problems, such as frequency disturbances. Additionally, undesired results may arise
because it is complicated to predict the non-stationary current, or the adequate activation
time of control actions. Finally, it is not possible to completely eliminate active and reactive
power oscillations while delivering balanced currents at the same time.
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4.8. Parameterization and Design

The synchronverter can also be used to identify the parameters that improve the
response of the system. They have been used for the design of electrical systems in
conjunction with the synchronverter to obtain better responses to different events.

In [48], the authors present a design of a synchronverter, which functions as a simulated
SG and allows renewable energy sources and distributed generation systems to contribute
to the control of the frequency and voltage of the grid. They used advanced computer
simulations to design and test the synchronverter. The power component converts direct
current to alternating current, while the control component manages switching and timing.
The synchronverter is evaluated under various operating circumstances using simulation
software. This solution maintains consistent voltage and frequency and enhances overall
system stability. The solution can integrate multiple inverters into the grid to improve
power stability, efficiency, and quality.

In [49], the authors discussed the equivalence of the tuning of microgrid controllers,
regardless of the control architecture and the tuning parameters used. It is highlighted how
they can be reduced to similar dynamics and how they can be fitted equivalent to the known
Droop coefficients. The results show that the resulting dynamic equations and the fitting
method guarantee an equivalent parallel active and reactive power distribution, controlling
the rate of change in the deduced frequency and voltage signals and their steady-state
values. Furthermore, the method is intuitive and easy to implement and represents the
physical meaning of each adjustable value of the different controllers.

In [50], a small signal analysis of the improved droop controller in VSG is performed to
recommend a practical and tunable maximum power harnessing mode. The simulation is
performed in Simulink, and the impact of adjusting the virtual inertia and the time constant
of the low-pass filter on the dynamic response of the controller is analyzed. The results show
that adjusting the virtual inertia and time constant of the low-pass filter has an effect on the
dynamic response of the controller. This research found that adjusting the virtual inertia in
the active power loop of the improved droop controller does not affect the response speed
of the droop characteristic effectively. An increase in the time constant of the low-pass
filter will postpone the maximum power recovery time over a large interval, providing
the controller with considerable flexibility in determining the time for post-disturbance
maximum power harnessing.

The synchronverter, as most of control algorithms may be adjusted to the circum-
stances. To do so, it is necessary to select the control parameters in accordance with the
purpose to be tackled. This feature allows any distributed generation unit to connect to the
power grid, satisfying the network requirements.

4.9. Short-Circuit Analysis and Protection Against Faults

Reliability and security in a power system require a detailed short circuit analysis and
the implementation of an optimal protection scheme. Hence, the synchronverter is useful
in providing virtual inertia to enhance dynamic stability in power systems. In addition,
synchronverters can help system protection schemes minimize the operating time of re-
lays. Furthermore, synchronverters with fault ride-through capabilities enhance microgrid
protection during balanced and unbalanced faults.

In [51], optimal control and protection in microgrids are discussed. They employed
synchronverters and the theory of modified instantaneous power. It also addresses chal-
lenges of power quality and protection faced by microgrids, especially due to the presence
of distributed generators interfaced with inverters. In addition, grid codes and the current
regulation for distributed generators via the inverter interface are discussed. Synchron-
verters with the proposed fault ride-through strategies can seamlessly adapt to microgrid
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operation modes and switch between normal and fault conditions without switching ac-
tions. Optimal protection control (OPC) is achieved using the average power control (APC)
scheme and the enhanced power control (EPC) scheme in synchronverters. The modified
instantaneous power theory is used to obtain the optimal settings of time-inverse over-
current relays (TIV-OCR) considering the network operation modes, the balanced and
unbalanced faults.

In [52], a method is proposed to improve the inertial response in distribution networks
with high penetration of renewable energy based on inverters. A protection scheme for
the operation of recloser-fuse devices and an algorithm to improve this protection are
proposed. The main objective is to prevent the failure of the recloser due to the resistance
to the fault in the recloser-fuse protection scheme. Synchronverter-based CESS is used
in distribution networks with multiple MG and high penetration of renewable energy to
improve the inertial response. The effect of CESS on the protection of the recloser-fuse in
distribution networks with multiple MGs is explored. An algorithm is proposed to improve
the protection of the recloser fuse and prevent its failure due to fault resistance.

In [53], a single-phase synchronous inverter controller with overcurrent protection is
proposed. It uses an active power output calculation method to synchronize with the grid
and prevent the oscillation of active power output. The controller also includes a reactive
power controller to adjust the reactive power output and contribute to voltage control in
the distribution system. Additionally, the controller incorporates a current controller with
a latched limit strategy to achieve fault ride-through during instantaneous voltage sag.
The proposed controller operates as a GFM inverter without a minor loop during normal
operation and avoids controller instability. It also prevents overcurrent overshoot in the
event of a grid fault. The effectiveness of the controller was verified through numerical
simulations and demonstration experiments.

Despite the fact that the synchronverter may achieve a good control for ride-through
scenarios, it may generate unlimited currents during faults if it is not properly adjusted.
On the other hand, if the synchronverter is focused on coping with overcurrent problems,
it is possible to drag instability issues.

4.10. Microgrids

The synchronverter has also gained significant attention in the use of microgrids. This
device can be used when the microgrid is connected to the network or is operating in
island mode.

In [54], the synchronverter is used to control the stability of the microgrid with renew-
able energy sources. It is discussed how renewable energy sources can affect the stability
of the power grid and how the synchronverter can solve this problem. The importance
of adjusting the values of the synchronverter parameters according to the needs of the
network is highlighted. The synchronverter can automatically inject active and reactive
power according to the load requirements. However, the importance of conducting more
research to evaluate the performance of the synchronverter in microgrids with various
renewable energy sources is highlighted.

In [55], a synchronverter is proposed to integrate alternative energy generation systems
into the grid and improve the distribution of energy flows. The synchronverter can operate
connected to the main grid or isolated under autonomous conditions. The aim is to
introduce energy generated by renewable sources into the microgrid.

In [56], the synchronverter is used in a microgrid to control the inverter and regulate
the voltage and frequency. In addition, it helps maintain network stability and meets
network requirements. The utility of the synchronverter is to efficiently control inverters
in microgrids and distributed generation applications. This control system also provides
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virtual inertia, which helps maintain grid stability during variations in renewable energy
generation and changes in load.

Hybrid microgrids combine networks with alternating current (AC) and direct current
(DC). A study presented a 3D droop control linked to a VSG, achieving a more resilient
system in the event of faults on the utility side [57]. Such a combination improved the
stability issues regarding the quasi-static active and reactive power oscillations.

An adaptive virtual inertia was used to improve the dynamic frequency regulation
of a microgrid [58]. The adaptive inertia was capable of slowing the dynamic process
and improving the frequency nadir when it is outside the normalized value. It was also
observed that when the frequency is restored to an acceptable value, the virtual inertia
is decreased to accelerate the system dynamics and consolidate a quick transient process.
Such results were acquired through an experimental hardware-in-the-loop approach.

An important scenario must be evaluated in future work, as there is a lack of research
on the integration of more than three sources. Most of the papers evaluated have two
renewable energy sources and a storage system, such as a battery array.

4.11. Other Applications

Several works have been done on more practical and direct approaches, such as electric
vehicles [59], single-phase designs to connect solar panels located on the roofs of homes [60],
transmission and connection in HVDC [61], among others.

4.12. Summary

Table 4 shows a list of references that improved the original synchronverter model
to address the real problems presented in electrical networks, and the applications of the
synchronverter in recent years, based on the scientific literature. This table may be used
for both junior and senior researchers who are working on grid-forming inverter control
strategies. This table contains papers in which the authors developed experimental tests
using hardware-in-the-loop approaches or even with real elements. In addition, this table
includes works where the researchers used case studies proposed by the IEEE. Furthermore,
the table contemplates works in which the authors improved the synchronization process
of the VSM.

In summary, the synchronverter is a feasible solution to face the challenges of integrat-
ing the virtual machine into a power grid with a large number of synchronous machines.
The section reviewed improvements to the original mathematical formulation of the syn-
chronverter, addressing limitations of the original model. Some papers show that some
experiments and case studies have been conducted using the synchronverter for electrical
networks and microgrids. Increasing publications highlight the interest in synchronvert-
ers. Some of the applications include power decoupling, primary frequency responses,
and damping improvement. Techniques such as virtual impedance and adaptive inertia
help manage unpredictable loads and ensure stability, outperforming traditional meth-
ods in maintaining system frequency and voltage. Advanced control strategies, such as
model predictive control and synchronization improvements, enhance the response of the
synchronverter. Diverse approaches, using PLL for synchronization and Fourier analysis,
validate effectiveness, aiming to integrate more resilient and adaptive synchronverters into
modern electrical grids.

From the consulted documents, there are also some cautions concerning the synchron-
verter. (i) Some models were evaluated in simulations but might need an assessment from
a power system perspective. (ii) Some parameters of the VSG must be changed to avoid
deterioration of the inverter during harsh events, such as faults. (iii) When the MPC is
integrated with synchronverter, the optimizer may find a solution generated by inaccurate



Energies 2025, 18, 3574 23 of 39

initial conditions due to the switching transistors. (iv) If synchronization is performed
only by positive sequences, it may be difficult to properly follow the magnitude of the grid
voltage. (v) If an additional unit is required for synchronization purposes, an additional
load is added to the microprocessors responsible for synchronization. Therefore, more
studies are required to evaluate real scenarios in real power grids and to develop solutions
to the drawbacks mentioned here.

Table 4. Recent applications of the synchronverter.

Recent Application of the Synchronverter References

Mathematical modeling or modification of the
original model [13,15–17,20,23–28,32,33,57,58,62–94]

Experimental tests [17,18,23,25,27,58,60,66,67,69,70,76,78,95–139]

Implementation of case studies [18,22,72,96,140–160]

Synchronization [17,19,39,40,47,66,101,108,115,118,127,135,147,161–169]

RES and storage systems [16,21,22,24,54,60,61,63,65,74,75,77–79,84,95–98,101,102,107,110,122–
124,130,140–142,154,155,157,158,170–189]

Stability analysis
[5,22,27,28,33,58,61,64–
66,69,72,80,81,86,87,95,103,105,111,112,117,121,123,128–
132,138,140,141,143–148,161,170,171,174,177,180,183–185,190–213]

Virtual impedance [24,34–36,76,83,106,108,109,114,153,156,162,198,200,214–216]

Active compensation [6,21,37–39,44,60,73,106,130,150,161,163,178,191,198,199,216–218]

Harmonic reduction [2,38–41,71,82,114,126,163,191,214,215]

Unbalanced voltage and asymmetric faults [44–47,57,63,83,155,177,215]

Parameterization and design [40,41,48–50,64,66,70,74–76,81,82,100,108,116,118,124,131,134,135,
149,162,174,191,193,198,200,203,204,208,219–222]

Short-circuit analysis or protection
against faults [23,45,51–53,78,82–84,96,115,120,137,153,223–225]

Microgrids [21,54–56,68,69,79,80,100,112,119,175,182,183,187,199,206,226–229]

Other applications [53,59–61,102,104,113,115,116,127,152,155,176,177,189,219,230–242]

In addition, the synchronverter has been modified to fit the practical scenarios required
by a real power system. The literature showed some relevant applications of the synchron-
verter for NCRES, electric vehicles, distribution networks, and transmission networks.
The role of grid-forming inverters, such as synchronverters, in maintaining frequency and
voltage stability was highlighted. Applications of VSM were reviewed for addressing
stability issues, with techniques such as virtual impedance and adaptive controllers. Math-
ematical modeling and simulation play a crucial role in improving microgrid dynamics
and transient stability.

Several challenges such as harmonic distortion were identified, and proposed solutions
included enhanced inverter control methods and PQ decoupling. Synchronverters play
an essential role in emulating the behavior of traditional synchronous generators, thus
aiding in voltage and frequency stability in microgrids, with applications in both grid-
connected and islanded systems. Despite progress, further research is required to optimize
performance in various renewable energy scenarios.

Finally, the most important gaps found in the literature span theoretical control,
practical implementation, and system-level interactions. The following is a list of key gaps
for synchronverters is presented below.
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• Robustness and stability under diverse and extreme grid conditions.

– Weak grids and low short-circuit ratio (SCR): Synchronverters are often challenging
to stabilize in very weak grids, where the coupling between active and reactive
power is strong. The development of robust control strategies and parameter tuning
methods that guarantee stability across a wide range of SCR values is critical.

– Asymmetrical faults and unbalanced conditions: While some progress has been
made, ensuring stable operation and proper fault current contribution during
unbalanced faults (e.g., single-phase faults) without excessive current or power
oscillations remains a significant challenge. Fault ride-through (FRT) strategies
need further refinement for unbalanced conditions.

– Grid resonances and harmonics: Although synchronverters can contribute to
harmonic mitigation, their inherent interaction with grid impedance can also lead
to or exacerbate harmonic resonances. Robust methods are needed to identify,
damp and actively compensate for resonances in various grid grid configurations.

• Adaptive and autonomous parameter tuning.

– Online adaptive control: As grids become more dynamic and uncertain, fixed
synchronverter parameters may not be optimal. Developing online, self-tuning,
and adaptive control algorithms that ensure stability while optimizing perfor-
mance (e.g., using AI/optimization-based methods like Reinforcement Learning)
is a major gap. The trade-off between adaptation speed and stability guarantees
is a key research area.

– Model-Free control: Reducing reliance on precise grid models for tuning, espe-
cially in rapidly changing scenarios, is desirable. Exploring more data-driven or
model-free adaptive control techniques is an important direction.

• Coordination and interaction in multi-synchronverter systems.

– Scalability and decentralized control: Synchronverters, potentially from different
vendors and with varying characteristics, must interact when operating in parallel
in a large grid or microgrid. Developing robust decentralized or distributed
control strategies that ensure stable power sharing, frequency/voltage regulation,
and oscillation damping without extensive communication is crucial.

– Interaction with traditional generators: Managing the transition and dynamic
interactions between a diminishing fleet of synchronous generators and an in-
creasing number of synchronverters, especially during disturbances, requires
more detailed study and coordination strategies.

– Interoperability: Establishing common standards and protocols for synchron-
verter communication and control to ensure seamless interoperability between
devices from different manufacturers.

• Optimal placement, sizing, and economic viability.

– Grid planning and integration: Developing comprehensive methodologies for
optimal placement and sizing of synchronverters in future grids to maximize their
benefits (e.g., inertia support, fault current contribution, black start capability)
while considering economic factors and grid constraints.

– Cost–benefit analysis: A detailed techno-economic assessment comparing the
overall system benefits of synchronverters against their increased complexity and
cost compared to traditional grid-following inverters.

• Practical implementation challenges.

– DC-Link dynamics and energy storage integration: The DC-link capacitor plays a
crucial role in synchronverter stability and transient response, especially during
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faults. Optimizing its sizing and integrating energy storage systems (BESS) for
enhanced ride-through capability and damping, particularly in dynamic scenarios
like variable renewable generation, is an ongoing challenge.

– Mechanical stress in coupled systems (e.g., wind turbines): For direct integra-
tion with wind turbines, the emulation of synchronous machine dynamics can
sometimes induce mechanical stress on the turbine components (e.g., torsional
vibrations). Research is needed to mitigate this without compromising the grid
support functions of the synchronverter.

– Hardware-in-the-loop (HIL) and real-time testing: Moving beyond pure simula-
tion, more extensive and standardized HIL and real-time testing frameworks are
needed to validate synchronverter performance and stability under realistic and
extreme grid conditions before widespread field deployment.

• Advanced ancillary services and grid codes.

– Beyond basic emulation: While synchronverters mimic basic SG functions, ex-
ploring how they can provide more advanced ancillary services, such as power
oscillation damping (POD), synthetic inertia for specific frequency bands, or en-
hanced voltage support tailored to specific grid code requirements is an area for
further development.

– Harmonic filtering integration: Although mentioned previously, fully integrating
robust and comprehensive active filtering capabilities without compromising
primary grid-forming functions remains a research gap.

Addressing these gaps will pave the way for synchronverters to become truly foun-
dational elements of future highly inverter-dominated power systems, ensuring stability,
reliability, and efficient integration of renewable energy sources.

5. Challenges and Future Prospects
Future research in synchronverters could focus on improving its effectiveness and integra-

tion with power systems and microgrids. Here are some potential avenues for investigation.

• When a synchronverter is working in grid mode and suddenly transfers to the
standalone- or isolated-mode, the frequency deviation must be immediately con-
trolled. When it operates as a single machine, it can work properly. But when there are
more than one grid-following or grid-forming inverters, the response must be joint. It
is imperative to explore more parallel control strategies to avoid frequency deviations.

• When the power grid requires more power, the synchronverter must be able to deliver
it. The problem arises on the source side, since photovoltaic and wind farms typically
work at their maximum capacity to take advantage of the available intermittent
power. If the synchronverter does not deliver the 100% of the power, the efficiency
is reduced. From the utility company perspective, the maximum cost efficiency
is required. Therefore, more studies are indispensable to enhance techniques and
topologies to optimize synchronverter capability.

• There is a great need to integrate the synchronverter with the vehicle-to-grid condi-
tion. Electric vehicle (EV) sales have increased in the last decade and are expected
to continue to increase. EV batteries are crucial for future network planning, be-
cause batteries can be charged from the grid at a valley hour and deliver power to the
grid at a peak hour. It is important to investigate the support that EV may offer to
synchronverters. New control strategies can be developed.

• Synchronverters are cataloged as grid-forming inverters. In the increasing use of mi-
crogrids, there are always grid-forming and grid-following inverters. An appropriate
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ratio between grid-forming vs. grid-following inverters installed in a microgrid must
be found to guarantee an operation within the limits permitted by the network codes.

• When there is a voltage imbalance in the PCC, the synchronverter can operate but only
under a small imbalance. If the percentage of imbalance is larger, the synchronization
becomes an issue, since the auto-synchronization process does not perform well. New
algorithms must be developed to allow for phase-independent synchronization.

• The dynamic and uncertain behavior of the loads must be properly modeled to evalu-
ate what the synchronverter is capable of.

• Synchronverters may change their virtual impedances to face different disturbances
on the grid. A proper study to evaluate the stability response when those parameters
are changed in real time is mandatory.

• Future research on synchronverters should prioritize enhancing their robustness and
stability, ensuring reliable performance even under extremely weak or highly unbal-
anced grid conditions, which are increasingly prevalent in renewable-heavy systems.

• Developing adaptive and autonomous tuning methods is paramount, moving be-
yond fixed-gain controls towards intelligent, self-optimizing strategies, potentially
leveraging advanced AI, to enable seamless operation in dynamic grid environments.

• Addressing the challenges of multi-synchronverter coordination is vital, focusing
on decentralized control schemes that ensure stable power sharing and oscillation
damping as numerous synchronverters operate in parallel.

• Research is needed to determine their optimal deployment and economic viability
across large-scale grids, providing robust methodologies for placement, sizing, and a
clear cost–benefit analysis.

• Continuous effort is required in practical implementation refinements, particularly in
optimizing DC-link dynamics for improved fault ride-through, mitigating mechan-
ical stresses in directly coupled systems, and expanding comprehensive real-time
testing frameworks.

• Future research and development must focus on how synchronverters can robustly con-
tribute to grid-scale frequency and voltage stability in low-inertia environments, opti-
mize fault current contribution and protection coordination for an inverter-dominated
grid, mitigate harmonic resonances across vast electrical networks, ensure small-signal
and transient stability in increasingly complex power systems, and enhance cyberse-
curity of critical grid services. Successfully navigating these challenges will solidify
the role of the synchronverter as a cornerstone technology to enable the reliable and
resilient operation of future power grids.

6. Conclusions
This paper reviewed the current status and recent applications of synchronverter

technology, systematically examining publications from the last seven years retrieved from
comprehensive online research databases. The documents collected were meticulously
categorized by publication type, encompassing journals, conference proceedings, and books,
to provide a structured overview of the field’s progression.

The review highlights that significant improvements and specialized applications of
the synchronverter have been proposed to address various challenges within electrical
networks, both in simulation and in hardware implementations. In particular, the syn-
chronverter emerges as a crucial solution to complex power grid issues, such as seamless
integration of renewable energies and the enhancement of the dynamic response of inverter-
based systems. Furthermore, its capability for parallel operation in microgrids supports
the development of robust energy communities. The reviewed literature also detailed the
parameterization methods essential for stability analysis, demonstrating how the synchron-
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verter improves network conditions. Recent contributions have introduced novel solutions
for critical grid problems, including synchronization without Phase-Locked Loops (PLLs),
effective harmonic reduction, enhanced fault-ride-through capability, stable operation
under voltage unbalances, and improved voltage and frequency regulation.

The analysis of the past seven years clearly indicates an emerging and accelerating
trend in synchronverter research, evidenced by a consistent increase in the average num-
ber of publications. This upward trajectory suggests a highly favorable perspective for
continued progress in this domain, with a growing volume of contributions to the subject
in the foreseeable future. This review aims to encourage academics to further explore
inverter-based solutions incorporating the synchronverter, thereby advancing efforts to
reduce the reliance on fossil fuels and improve grid resilience. Specific avenues for future
work include mitigating voltage imbalance at the Point of Common Coupling (PCC), vali-
dating synchronverter efficacy in various unbalanced distribution networks, integrating its
use within economic dispatch optimization, and incorporating advanced digital harmonic
filters directly into its current control loops.

Finally, this paper detailed the inherent advantages and existing disadvantages of the
synchronverter, along with a comprehensive exposition of critical research gaps. These
identified challenges offer precise directions for future research, directly contributing to the
advancement and practical implementation of this promising technology.
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