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ABSTRACT Driven by environmental and economic aspects, the proliferation of renewable energy sources
(RES) has been expanded in power systems worldwide. In this regard, the intermittent generation of such
RESs (e.g., photovoltaic and wind farms) can cause several operational and stability problems in such low-
inertia power systems. To handle these issues, great interest in the literature has been directed to develop fea-
sible grid-forming voltage source converters (VSC) control schemes that have voltage/frequency regulatory
functions. Accordingly, an inclusive review is presented in this paper for these promising grid-forming VSC
control schemes which will be the backbone of sustainable converter-dominated power systems. Specifically,
control structures, smart grid-support functionalities, stability issues, and fault current mitigations are
compared considering the existing grid-forming VSC control schemes. Besides, the applications of grid-
forming VSC along with their benefits and drawbacks are investigated for both isolated and bulk power
systems. The evaluation aspects are also explored for assessing the performance of the existing VSC control
schemes in the grid. Finally, the current challenges that face VSC in forthcoming applications and existing
gaps are highlighted while corresponding perspectives for future research studies are defined for stable
sustainable low-inertia power systems.

INDEX TERMS Grid-forming VSC, control schemes, low-inertia power systems, renewable energy sources,
energy storage systems.

I. INTRODUCTION
A. BACKGROUND
Recently, great interests have been focused to integrate
diverse renewable energy sources (RESs) into power sys-
tems throughout the world. In this regard, Paris Agreement
endorses all parties to contribute in innovative scientific ways
to mitigate crucial risk carbon emissions for accomplishing
sustainable development and lessening climate change [1],
[2], [3], [4]. The European Union (EU) follows a strategy to
utilize a 64% to 97% renewable energy share in 2050 [5],
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[6], [7], [8]. Further, the application of solar and wind energy
sources is expanding in several areas with high solar irradi-
ance and wind speed profiles. Promising RESs can provide
considerable technical benefits to the grid, besides environ-
mental benefits [9], [10], [11]. To allow such expansion, new
research and development are required to be feasibly real-
ized where distributed energy sources will be integrated into
diverse power system levels, including distribution systems
and transmission systems [12], [13], [14], [15], [16].

B. MOTIVATION
Incidentally, uncertain and intermittent renewable
generations can greatly affect the performance and economic
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condition of power systems [17], [18], [19], [20], [21]. Most
importantly, frequency deviations due to lack of inertia are
common operational problems with high RES penetrations
[22], [23], [24], [25]. To lessen these technical issues, power
utilities and system operators have established administra-
tive codes in the case of integrating RESs into the main
grid (transmission and distribution system levels). Besides,
various research efforts have been directed to optimize renew-
ables’ hosting capacity without degrading system perfor-
mance while avoiding high energy curtailment [26], [27],
[28], [29], [30]. A combination of various approaches has
been intensively studied for improving the performance of
such sustainable power systems, e.g component upgrades and
planning and managing RES units, energy storage devices,
and flexible loads [31], [32], [33], [34], [35].

However, one of the main challenges of a power system
with a high penetration of RES comes from the fact that
the majority of RES, including photovoltaic and wind farms,
as well as battery storage systems and high-voltage direct-
current (HVDC) linkages, are linked to the power grid via a
converter-based interfacing device. The different generators
are classified in Fig. 1 based on their interfacing devices
and ability to manage the voltage and frequency of the grid.
Importantly, only electrical generation systems with syn-
chronous generators indicated in Fig. 1 have the natural iner-
tia while can manage the voltage and frequency of grids [36],
[37], [38]. The induction generator, current source converters,
and most of the voltage source converters can only inject
power into an already constructed network.

In turn, modern VSC technologies, known as grid-
following, are managed by software to work as a current
source to follow the grid voltage [39], [40], [41] and, like
current source converters (CSC), are incapable of controlling
voltage. Specifically, they employ a phase lock loop (PLL)
unit and perform best in a power supply with almost constant
voltage [42], [43], [44].

In grid-following mode, VSC requires a strong power
system, which is already built by other generators such as
synchronous generators [45], [46], [47]. As a result, in power
systems without a significant amount of synchronous genera-
tors (i.e., converter-dominated systems), an additional control
mode of the converter called grid-forming needs to be used to
form/support system voltage and frequency.

In a VSC, the output frequency is equal to the frequency
of the input carrier signal [48], [49], [50], which is not
associated with the active power balancing, and the swing
equation. Therefore, the grid-forming mode requires a new
control paradigm to maintain synchronization with other
generators and balance production and consumption. Fully
VSC interfaced generation systems are in use in low or
medium-voltage electricity supplies (i.e., microgrids) [51],
[52], such as offshore wind farms and uninterruptible power
supplies [53], [54], [55]; However, few research studies have
been conducted on transmission system applications to date
due to high risks and uncertainties.

Many papers have reviewed the relevant literature on
the diverse features of grid-forming converters. The authors
of [56] have examined several virtual synchronous generator
control approaches, their drawbacks, prospective directions
for future research, and their application to grid frequency
management. Other grid-forming control varieties, never-
theless, are not described in [56]. Various approaches and
their typologies, such as synchronous generator model-based,
swing equation-based, frequency-power response-based, and
droop-based control methods have been described in [57],
along with a discussion of virtual inertia and associated
concerns. In [58], a literature review of diverse forms of
virtual synchronous machine control approaches has been
introduced for wind turbines while not covering the other
grid-forming control types. A classification and review of
VSC grid forming control techniques have been conducted
in [59]. In [60], three control methodologies have been sum-
marized as grid-forming control categories. As noticed in the
literature, most of the review papers on this topic focus on
a single type or specified types of grid-forming control vari-
eties. In this regard, this paper will contribute to expanding
the literature review by providing a recent summary of the
VSC grid-forming control varieties which are classified into
five categories.

C. CONTRIBUTION AND PAPER ORGANIZATION
To address these challenges and requirements, there has been
a lot of interest in the literature in developing practical grid
forming VSC control systems with voltage/frequency regu-
lating functions. As a result, this study provides a compre-
hensive assessment of these prospective grid-forming VSC
management techniques, which will serve as the foundation
of long-term low-inertia power systems. Control structures,
smart grid-support functions, stability difficulties, and fault
current mitigations are specifically compared while taking
into account the existing grid-forming VSC control systems.
Furthermore, the applications of grid forming VSC, as well
as their advantages and disadvantages, are examined for both
isolated and bulk power systems. The assessment criteria are
also investigated for analyzing the performance of the grid’s
existing VSC control methods. Finally, the present issues that
VSC will encounter in future applications, as well as existing
gaps, are emphasized, while corresponding plausible solu-
tions and future visions for reliable, sustainable low-inertia
power systems are proposed.

The next sections of the paper are organized as follows.
Section II describes the development of power systems
toward low-inertia features. In Section III, VSC model-
ing and control techniques are reported. The evaluation
aspects are explored in Section IV for assessing the perfor-
mance of the existing VSC control schemes. In Section V,
the current challenges. Finally, Section VI concludes this
paper and provides the corresponding recommendations are
defined for stable sustainable low-inertia power systems with
VSC.

VOLUME 10, 2022 130025



K. Mahmoud et al.: Promising Grid-Forming VSC Control Schemes Toward Sustainable Power Systems

FIGURE 1. Classifications of electrical generation systems according to the interfacing devices and energy sources.

II. DEVELOPMENT OF POWER SYSTEMS TOWARDS
LOW-INERTIA FEATURES
RESs are being used inequitably, however, there is a definite
trend toward investment in this promising energy industry.
The effectiveness of capturing a certain type of energy is
determined by factors such as geographical location, avail-
able space, capital expenses, operational costs, and environ-
mental issues [61], [62], [63]. At the moment, the cost of
energy obtained by capitalizing on renewable energies is
generally higher than the cost of energy obtained by capital-
izing on depletable energy resources, and the current trend
is to gradually increase renewable energy recovery systems,
in tandem with technological evolution. Such RES technolo-
gies are introduced in various power system levels, includ-
ing transmission systems, distribution systems, and buildings
[64], [65], [66]. At various scales, energy consumption is
mostly documented in the form of thermal and electrical
energy gained through the use of nonrenewable resources,
with relatively substantial issues, which is why there are
attempts to progressively replace these systems.

Because of the increased usage of RES, traditional power
systems are being changed into sustainable ones all over the
world. In this regard, the EU has created an ambitious goal
to become the world leader in RES use by 2030 [67], [68],
[69]. According to the road map to 2050 reported in [70],
to satisfy the Paris Agreement’s decarbonization and climate
mitigation targets, renewable energy usage must have glob-
ally been scaled up at least 6 times rapidly. For instance,
Fig. 2 compares the past and future penetration levels of RES
in various countries [70], [71], where a massive increase in
the RES share is noticed by 2050. Further, the worldwide
electricity generation from 2010 till 2050 by different energy
sources (coal, oil, natural gas, nuclear, and renewables) is
shown in Fig. 3 [72]. Interestingly, the share of electricity
generation by renewables is rising; in turn, the share of other

FIGURE 2. Past and future penetration levels of RES in various countries
[70], [71].

traditional energy sources, especially the cool, is going down
worldwide.

Aside from reducing RES emissions toward a carbon-
neutral society, these RES may deliver significant technical
improvements to distribution networks, such as energy loss
reduction, flexible voltage control, enhancing grid resilience,
and improving grid power quality [73], [74], [75]. Wind
power generating systems and photovoltaic (PV) is the most
promising RES categories based on current industrial growth
because they provide an adaptive and flexible structure that
can be linked to the system by operators, entrepreneurs, and
even residential users [76], [77]. Surprisingly, the watt-var
control characteristics of their inverters are a defining feature
of these two RES categories, providing for local regulatory
options. These alternate possibilities, however, come at the
price of severe power curtailment in highly penetrated RES
systems [78], [79], [80]. Furthermore, substantial technolog-
ical, economic, and regulatory penalties may constrain future
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FIGURE 3. Worldwide electricity generation by different energy sources
from 2020 till 2015. (a) Electricity generation, (b) the percentage of share
of renewable and coal [72].

worldwide efforts to increase projected RES accommodating
capacity [27], [81], [82], [83], [84]. Parallel to the rising trend
of wind power and PV technologies, the use of energy storage
devices, including charging stations for electric vehicles, has
lately expanded [85], [86], [87], [88].

The frequency of the power system is a common measure
of the instantaneous power balance between production and
consumption, as well as power exchange, whereas frequency
performance is an important sign of robust system security.
In this regard, frequency variations outside the desired region
can put the security of the entire system at risk by lowering the
available balancing reserves to deal with disruptions, espe-
cially with RES generation intermittency. Fig. 4 illustrates
an example of the development of power systems from the
traditional to the future power system structures. Traditional
power systems are demonstrated with synchronous genera-
tors at high-voltage transmission levels as well as distribution
system levels. In turn, future power system structures will
move towards adopting more renewables in which the con-
verters are utilized to interface them to the grid. In general,
such RESs do not have the ability to provide a natural inertial
response to a grid, unlike synchronous generators. In other
words, as the penetration of RES grows, the inertia of the
power grid reduces [72], [89], [90]. Under power imbalances,
the lower inertia in the power system causes a rise in the
amount of change of frequency and frequency deviations
in a relatively short period, affecting the frequency system
stability. In such a future scenario, promising grid-forming

converters can play a vital role to enhance system stability,
which is reviewed in the next section.

III. VSC MODELING AND CONTROL SCHEMES
A. GENERAL STRUCTURE
Typically, a power electronic converter is a device that has
the ability to transform direct current (DC) electricity from
a typical energy source type (e.g. wind power, PV units,
or battery systems), into alternating current (AC) form to be
synchronized with the main grid. A basic power electronic
inverter model, as illustrated in Fig. 5, includes three main
terms: 1) DC side with a connection to the energy source,
2) series of switching semiconductor devices, and 3) grid-
side passive filter [91], [92], [93]. It is important to note that
the input side of the DC-link could have two forms; the first
form is to be connected with the energy source, such as wind
and PV, directly while the second form is to be linked to extra
power electronic devices, so-called DC-to-DC converters that
can yield the maximum power point tracking [94], [95], [96],
[97]. To interface such a unit to the grid, a power transformer
is normally exploited, allowing to match its terminal voltage
to the grid voltage.

Basically, a closed-loop control scheme is essential for
the power converters which mainly consist of multiple con-
trollable switches. Accordingly, a considerable proportion of
closed-loop controllers in current converters take the form
of a digital controller. Because digital-based control units
are totally programmable, they have the ability to provide a
high degree of algorithmic elasticity and allow for a relatively
simple mixture of modern controllers. There are two control
schemes for the inverter, which are grid-forming and grid-
following modes. To illustrate them, Fig. 6 shows the major
features of the grid-forming mode and the grid-following
mode of the converter-dominated system in terms of repre-
sentations as well as active/reactive power generation char-
acteristics. From the perspective of their representations,
grid-following-based controllers behave similarly to current
sources with respect to the grid with fixed active and reactive
generation (i.e., P and Q) due to terminal voltage (V ) and
frequency (F) real-time variations. The most obvious differ-
ence in the grid following converters is that it requires to be
synchronized to the existing grid and its operation is based
on current control with current, the active and reactive pow-
ers can be adjusted. In turn, grid-forming-based controllers
behave similarly to voltage sources in which their output
power can be adjusted dependent on droop rules for active
and reactive power. In this review paper, we will focus on
the grid-forming control schemes that can maintain a healthy
grid, which are given in the next subsection.

B. GRID-FORMING CONTROL SCHEMES
In the literature, several grid-forming techniques for
converter-based generators have been developed to date.
In this context, the term grid-forming has widely been utilized
to refer to any controller of converters that has the function to
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FIGURE 4. Traditional and future power system structures. (a) traditional power system with synchronous generators; (b) future power system
structures with converter-based RES generators.

FIGURE 5. Overall structure of a grid-connected inverter-based generation system with a control unit.

control the real-time frequency and terminal voltages and that
does not necessitate the use of a PLL. Another notice about
grid-forming techniques is that the multiple units naturally
operate in a decentralized manner (i.e., without requiring
communication infrastructure) with respect to the voltages
and frequency, similar to synchronous machines. In other
words, the grid-forming control schemes aim to emulate the

natural response of synchronous machines while considering
the operational limits and regulations of its power electronic-
based components.

Existing grid-forming controllers, as illustrated in Fig. 7
(a, b, c, d, and e), can be roughly classified as droop based
(DB) control schemes, virtual synchronous machine-based
(VSMB) control schemes, matching based (MB) control
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FIGURE 6. Major features of (a) the grid-forming mode and (b) the grid-following mode of inverter-based generations in terms of
representations as well as active/reactive power generation characteristics.

FIGURE 7. Classifications of the various grid-forming based control schemes. (a) DB control schemes, (b) VSMB control schemes, (c) MB control
schemes, (d) VOB control schemes, and (e) PLLB control schemes.

schemes, virtual oscillator based (VOB) control schemes, and
PLL based (PLLB) control schemes. These controllers are
described as given below:

1) DB CONTROL SCHEMES
DB control, which has been initially presented two decays
earlier, is the most well-established grid-forming inverter
control approach in standalone AC power systems [98].
Another variant of the DB control scheme has been proposed
in [99] and [100] that does not require a communication
connection, taking into account the main source impact.
Fig. 10 shows the DB control scheme block diagram in
which the controller consists of voltage, current, and power
controller models. As shown in Fig. 12, the power controller
model involves frequency droop control and voltage droop
control. The frequency droop control looks like the speed
droop feature of the synchronous machine while trading off
deviations of the active power output (P) with respect to
its rated value (P∗) and frequency deviations of measured
frequency (ω) from the nominal frequency (ωr ), where Df
signifies the gain of the governor speed droop. Similarly,
the voltage droop control simulates the synchronous machine
AVR where Q is the reactive power output and Q∗ its rated
value; Dq signifies the droop gain.
The authors of [101] have provided a stability-constrained

adaptive droop control strategy for autonomous power-
sharing in an AC-multiterminal DC (MTDC) grid after a

FIGURE 8. Block diagram of the VSMB control scheme [107].

FIGURE 9. Block diagram of the power control model in the DB control
scheme [93], [94], [95], [96], [97], [98], [99], [100]. (a) Frequency droop
control, (b) Voltage.

converter outage. The use of model predictive control has
been introduced in [102] to coordinate all droop-based con-
trollers. This new model can decrease the grid DC voltage
variations and eliminate control mode changes in order to
retain the capability of droop VSC to manage DC voltages.
A decentralized adaptive droop-based control scheme has
been proposed in [103] for active power sharing across
parallel inverters in autonomous microgrids. DB methods
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FIGURE 10. Block diagram of the VSMB control scheme [107].

FIGURE 11. Block diagram of the MB control scheme [116].

having ancillary control loops to improve the steady-state
voltage and frequency regulation, active and reactive power-
sharing, and small-signal stability introduced in [104]
and [105].

The distinguishing characteristic of such a control scheme
variant is that similar to a normal synchronous machine in
the steady-state condition, it displays a linear relationship
between frequency and active power as well as voltage and
reactive power. Such linear relations (i.e., droop laws) are
known as the real power-frequency (P-F) and reactive power-
voltage (Q-V ) relationships. As a result, all interconnected
units to the power system will diverge to an identical fre-
quency after load variations. Another property is that each
interconnected unit shares a certain amount of the additional
load levels according to its adjusted droop slope, besides its
nominal rating.

2) VSMB CONTROL SCHEMES
This control scheme is constructed based on emulating a
synchronous machine inside the confines of the interfac-
ing inverter. Specifically, this control scheme provides both
phase angle and frequency references to the inner control
loops for operating the VSC. There are various variants
of this control scheme as follows. The authors of [106]
have introduced a virtual synchronous machine in which a
power electronics-based technique enables grid-compatible
incorporation of mostly RES electricity producers even in
ill networks, giving them the appearance of common elec-
tromechanical synchronous apparatuses. As shown in Fig. 11,
it involves virtual damping, represented by Df (ω∗ −ω),

FIGURE 12. Inertia of the Nordic power system during December 2021
(Fingrid, [144]).

which is inspired by the speed droop response of synchronous
machines [107]. J represents the inertia constant of the vir-
tual rotor; Mf is the magnitude of the virtual mutual induc-
tance. In [108], an enhanced grid-connected inverter control
paradigm has been proposed which is based on duplicating
the positive properties of conventional generators. The fun-
damental limits of the standard droop control system have
been revealed in [109]; after that, an improved droop control
approach has been given in order to provide precise propor-
tional load sharing for standalone microgrids. The authors
of [110] have proposed a virtual synchronous control scheme
for VSC which can utilize the dynamics of the capacitor on
the DC side to apprehend self-synchronization. For such con-
trol schemes, the real-time data from the current and voltage
sensors of the inverter are passed to a digital synchronous
machine model. The main duty of this digital synchronous
machine model is to mimic nonlinear dynamics. The vir-
tual machine’s complexity might range from comprehensive
electromechanical paradigms to basic swing forms. In gen-
eral, virtual inertia control schemes are considered simple
approaches, and they capture merely the dynamics of an
imitated rotor and its stable P-F relations. Using comparable
modeling, the research proposed in [111] has offered a robust
secondary frequency control design technique for the VSM-
based low voltage microgrid cluster based on VSMB.

The emulation of rotor dynamics could introduce new
oscillatory modes into the power systems for the VSMB
control. To handle this issue, a control scheme based on the
alternatingmoment of inertia has been proposed in [112] with
experimental validations with promising stabilizing impacts.
In [113], a parameter alternating VSMB control scheme has
been introduced to enhance the damping performance and
reduce the negative influence on the DC side voltage stability.
The authors of [114] have introduced self-adaptive inertia
combined with a damping control technique to enhance the
frequency stability of VSMB.

3) MB SCHEMES
MB control schemes are considered one of the grid-forming
control variants that take the use of operational likenesses
between synchronous machines and power converters. As an
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example of this control scheme, in [115], it has been
explained in detail how to control power converters by way
of synchronous machines in the d-q coordinate domain while
illustrating the relations between power converter parameters
with respect to the ones of isotropic synchronous machines.
In general, their concept is based on the notion that voltage
on the DC side can be used as an implication for imbalances
in power, like frequency in synchronous machines. Conse-
quently, the voltage at the DC side is employed to push the
converter frequency up to a certain setting. The converter
differential formulae are reformulated so as to match the ones
of the synchronous machine. Besides, the current in the DC
side is utilized to adjust the power on the AC side in the same
way as the machine input torque is. The authors of [116]
have considered the topic of developing grid-forming con-
verter control techniques for weak-grid settings based on the
concept of matching control, in which the critical coupling
between the voltage at the DC side and the corresponding
frequency on the AC side is accomplished via feedback.
Accordingly, in a coordinate frame coupled to the virtual
oscillator angle, this method can offer an appropriate con-
dition ensuring the uniqueness, presence as well as global
asymptotic stability of driven equilibria. As shown in Fig. 11,
the dynamics of the matching control angle are signified as
θ = kθvdc where kθ = ω∗/v∗dc. Note that the magnitude of
the voltage is managed by the modulation factor µ with a PI
control [116]. In [117], to precisely match the dynamics of
the synchronous machine, the dc-bus integrator is proposed
to be added to provide unhindered power flow from AC to
the DC side while combining the features of the machine and
inverter.

4) VOB CONTROL SCHEMES
Alternative inverter control scheme based on nonlinear oscil-
lator simulation has evolved recently [118]. VOB is a time-
domain-based controller that allows linked RES interfacing
inverters to stabilize any beginning circumstances to a syn-
chronized sinusoidal limit cycle, as opposed to the DB control
schemes, which are only adequately characterized in sinu-
soidal steady-state. In this scheme, the measured real-time
data are analyzed by a digital paradigm, which modulates the
inverter power stage in the same way as a virtual synchronous
machine would. The essential distinction is that the paradigm
takes the form of an oscillator circuit with a natural fre-
quency that coincides with the rated frequency of the power
system; in turn, the other parameters are set to manage the
controller bandwidth as well as the terminal voltage. In [119],
it has been investigated a novel method for synchronizing
linked oscillators, which does not operate in polar coordi-
nates and does not reflect oscillations of static magnitude,
in contrast to the well-known models. Both synchronization
and dispatch-ability features have been confirmed in [120]
by simulations and experimental validations, suggesting that
VOB control schemes are efficient for upcoming smart grids.
It is a fact that the structure of this inverter control scheme
has a significant difference compared to the other three

aforementioned schemes; however, they also have similar
characteristics in the settled condition by following the droop
laws.

5) PLLB GRID-FORMING CONTROL SCHEMES
As illustrated above, the controller emulates the swing equa-
tion of a synchronous machine in grid-forming control,
thereby forming frequency droop characteristics. However,
it has recently been demonstrated that a PLL, which is ordi-
narily grid following, can be utilized in a way to simulate a
generic power controller and so yield a grid-forming control
scheme. The authors of [121] have examined the possible
capability of VSCs that are empowered by the PLL unit to
play a role in islanded power systems with including inertia
response and frequency control. Based on the experimental
implementation in [122], the finding of the PLLB grid form-
ing control schemes has exhibited near-identical performance
compared with the PLL-free grid forming control schemes.

C. COMMON FEATURES OF VARIOUS CONTROL SCHEMES
Tables 1 and 2 provide a summary of DB control schemes,
VSMB control schemes, MB control schemes, VOB control
schemes, and PLLB control schemes. It is clear that differ-
ent schemes are investigated in the literature with different
control features. Several test systems are used for this topic
where most of the studies use only simulations, thereby more
experimental verifications are required for future studies.

Despite the different dynamic properties of the five con-
trol schemes, they have unified properties in steady-state
behavior with slight variations. Specifically, the voltage and
frequency behavior when adopting any of such grid-forming
control schemes will be similar to the characteristic of
common voltage sources in which frequency and voltage
vary with active and reactive power, respectively. This fea-
ture enables grid-forming control schemes to modify output
power almost instantly to balance generation and demand
(frequency control) and manage the terminal voltage mag-
nitude. In [123], a comparative study of some of the
grid-forming control strategies has been established on the
9-bus test system. This study has shown the importance of
considering AC and DC current limitations; however, further
technical issues in VSC are still required more investigations.
The performance of diverse applications of grid-forming con-
verters throughout significant transient disturbances has been
investigated in [59]. Further, the functionalities of the main
subsystems have been classified, which has led to a generic
control structure while providing possible solutions for these
subsystems considering the transition from island to grid-
connected operation.

A detailed overview of grid-forming converters for power
system applications has been provided in [124] where
a functional comparison of grid-forming converters and
grid-following inverters has been made to demonstrate the
potential of grid-forming inverter technologies in support-
ing power system stability. Furthermore, sophisticated con-
trol methodologies incorporated into grid-forming inverters
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TABLE 1. Summary of DB and VSMB control schemes.

under diverse operating situations are provided by evaluating
current research and practical implementations. While grid-
following inverters have received a lot of attention in both
research and practical implementations, grid-forming control
schemes have developed mainly theoretically, while their
practical implementations are limited to small-scale power
systems, e.g., micro-grids and isolated power networks.

Here, we provide some realistic projects with grid-forming
converter techniques. In Jamestown, South Australia, a grid-
forming control has replaced the pre-existing grid-following
control for a station with a 150 MW / 193.5 MWh power
reserve and 315 MW wind farm [125]. Other realistic exam-
ples are established by General Electric (GE) where a fund-
ing of 4.2 million dollars funding is assigned to advance
grid-forming solar converter control [126]. Furthermore,

a wind farm-based grid-forming control with the black-start
capability is established in Dersalloch Windfarm - National
Grid UK, Scottish Power Renewables [127].

IV. PERFORMANCE EVALUATION METRICS
The development of the power systems toward converter-
dominated systems creates new technical challenges. In this
regard, the grid forming technology is supposed to mitigate
these challenges. Therefore, it is required to evaluate dif-
ferent technologies from these aspects. The energy source
of VSC can be classified into grid-connected RES (PV and
wind power) and energy storage systems [128], [129], [130],
[131], [132]. The inertial of PV and wind power are func-
tions of MPP control and the rotating mass, respectively.
In turn, the inertial of energy storage systems is related to its
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TABLE 2. Summary of MB, VOB, and PLLB control schemes.

charging/discharging features and the state of charges. The
main challenge in PV is to attain the MPPT while managing
the DC side while the wind generation requires a specified
control scheme for each type. Regarding the energy stor-
age systems with their V2G capabilities, they are relatively
expensive and require intensive integration studies consider-
ing the various types (e.g. supercapacitors, Li-ion batteries,
and flywheels) [133], [134]. Other general planning and con-
trol issues to be considered for all energy source types are
the cost assessment, sizing and locating these energy sources,
grid codes and market features, and the efficiency of the
control scheme with respect to the operational requirements
[135], [136].

The evaluation aspects will be explored here for assessing
the performance of the existing VSC control schemes con-
cerning the main grid, as follow:

A. FREQUENCY PERFORMANCE
It is demonstrated that reduced inertia with RES causes a
quicker RoCoF and additional unstable system dynamics,
which requires faster control measures to alleviate frequency
deviations. For instance, Fig. 12 shows the inertia of the
Nordic power system during December 2021 while the corre-
sponding frequency of this power system is given in Fig. 13.
It is clear that the system inertial varies during the month,

according to the number of synchronous-based generators
and the renewable generations, where the frequency also
varies during this period. This feature is not a specified
feature for the Nordic system, but for any other power sys-
tem. Accordingly, frequency stability is a critical issue with
sustainable power systems. To assess such index, frequency
nadir (‖1ω‖∞) and RoCoF (R) are utilized, which can be
expressed as follows:

‖1ω‖∞ = max
t≥ts
|ω − ω (t)| (1)

R =

∣∣ω (tf )− ω (ts)
∣∣

tf − ts
(2)

in which ts and tf represent the starting time and ending time
of the evaluation window of the frequency, respectively.

In these circumstances, forming the grid and providing
frequency by VSCs is important. Different control methods
of grid-forming may have different impacts, and so assess-
ment studies are required to compare their frequency perfor-
mances, which is lifted for a future study.

B. REACTIVE POWER SUPPORT FOR VOLTAGE CONTROL
Voltage control typically denotes generation control functions
that are accomplished by tuning the reactive power support
so as to keep the terminal voltages within an allowable
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FIGURE 13. Frequency of the Nordic power system during December 2021
(Fingrid, [144]).

threshold. The automated voltage controller of synchronous
generators controls the terminal voltage value by regulating
reactive power output through the main field. In turn, grid-
forming converters can provide voltage regulation functions
using their preset droop rules. Here, the converter’s reactive
power is typically controlled using q-axis current control
when the converter is aligned according to the grid voltage.
The limitations for the reactive power control come from
the operational current limitation. The current limit is based
on the chosen power semiconductors’ current rating. The
next formula represents the formula for calculating the local
voltage deviations (VD) at the point of common connection:

VDi (t) =
(Vi (t) − Vn)2

Vn
(3)

where VDi (t) is the voltage deviations at the terminal bus i
during time t, Vi (t) and Vn are the voltage magnitudes at the
terminal bus i during time t and nominal voltage, respectively.
It is important to note that the spare capacity of the inverter
after considering its rated capacity (S2Inv,i) the active power
generation (PtInv,i) can be employed for reactive power sup-
port where the upper and lower bounds of the reactive power
output can be formulated as in (4), respectively.

QmaxInv,i(t) =

√
S2Inv,i −

(
PtInv,i(t)

)2
Qmin,tInv,i,s(t) = −

√
S2Inv,i −

(
PtInv,i(t)

)2 (4)

C. FAULT RIDE-THROUGH (FRT) AND VOLTAGE RECOVERY
Risky interruptions, e.g. short-circuit and open-conductor
faults as well as the rapid disconnection of large generation
stations, can produce instability issues to the overall system
components. During such events, generators are required to
remain on duty to assist the grid to guarantee that the grid
finds a suitable operative equilibrium. Fault ride-through
(FRT) refers to an inverter-based generation’s capability to
continue connected while enduring irregular voltage [59].
VSCs are interconnected to the grid in accordance with a

profile throughout time even during faults. In such scenarios,
the VSC will reach its current boundary because of volt-
age sag throughout faults. Because the time constant at the
DC side is modest), the direct voltage can rapidly climb to
undesirable high levels. VSCs can also help to support grid
voltage by injecting an additional reactive current considering
its constraints (4) on top of the pre-fault level.

D. CONVERTER CONTROL LIMITATIONS
When developing a converter controller in the modern grid,
it is critical to consider its corresponding dynamic interface
with the entire grid. In a traditional grid, the rapid dynamics
of electrical transmission lines are conquered by the compara-
ble dynamics of sluggish electro-mechanical of synchronous
machines, and hence essentially inconsequential. In contrast
to synchronous machines, the physical VSC dynamics are on
comparable time scales to the dynamics of the transmission
line, and their controls are far quicker than the controls of
synchronous machines, up to milliseconds in duration [137].
Such a rapid reaction seems to be advantageous; however,
the quicker the converter controllers, the higher dynamic
interaction levels with the grid, which can lead to stability
issues in practical situations [138], [139], [140]. Further, the
added blocks for emulating the inertial can provide temporal
delays caused by sensing and processing AC values render-
ing the benefits of power converter management worthless
in such comparable systems [56], [141], [142], [143]. The
limitations can be summarized as follow:

• Converters cannot be overloaded, and therefore typically
higher nominal power converters need to be invested if
higher powers are needed.

• Response speed when no inertia. Measurement and con-
version delays due to the frequency measurement chain?

• Harmonics.
• Lifecycle expectancy and Reliability
• The tendency towards oscillations when parallel
controlled

E. PROTECTION FUNCTIONS
It is obvious that the protection of entire power system
components is vital to detect diverse abnormal conditions
(short circuit faults, voltage sags, etc.) and so apply mit-
igation responses, thereby reducing grid outage. The pro-
tection schemes are constantly changing due to the rising
trend of utilizing VSC-based generations. In the microgrid
levels, it has been established in [34], [116], [145], [147],
[148], [149], [150], and [151] that significant penetrations of
RES result in the possibility for traditional protective mea-
sures to operate incorrectly mainly due to the bidirectional
power flows. Particularly, the requirement for synchronous
machine protection is well understood in the literature and
implemented practically. These, on the other hand, are rather
sluggish and are frequently delayed since the machine can
withstand significant over-currents for a limited period of
time. In turn, emphasize the necessity of modeling saturation
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bounds [152], [153], [154], such as over-currents, in convert-
ers, particularly for studying post-contingency performance.

V. CONCLUSION AND FUTURE RECOMMENDATIONS
RESs have proliferated in power systems across the world,
owing to environmental and economic considerations. In this
context, the intermittent generation of such RESs (for exam-
ple, solar and wind farms) can generate a number of oper-
ational and stability issues. To address these challenges,
there has been a lot of interest in the literature in develop-
ing practical grid-forming VSC control systems with volt-
age/frequency regulating functions. As a result, this study
provides a comprehensive assessment of these potential grid-
forming VSC management techniques, which will serve as
the foundation of sustainable converter-dominated power sys-
tems. Control structures, smart grid-support functions, stabil-
ity difficulties, and fault current mitigations are specifically
compared while taking into account the existing grid-forming
VSC control systems. Furthermore, the applications of grid-
forming VSC, as well as their advantages and disadvantages,
are examined for both isolated and bulk power systems. The
assessment criteria are also investigated for analyzing the
performance of the grid’s existing VSC control methods.
Finally, the present issues that VSC will encounter in future
applications, as well as existing gaps, are emphasized, while
corresponding plausible solutions and future visions for reli-
able, sustainable low-inertia power systems are investigated.
The future work will be directed to a comparative simula-
tion study of the different control schemes of grid-forming
converters while qualifying their benefits compared to grid-
following techniques.

The following are some of the recommendations for further
development and coming studies in grid-forming converters
for sustainable power grids based on the paper sections:

• Investigate if a mixture of dissimilar grid-forming con-
trol schemes (i.e., DB, VSMB, MB, VOB, and/or
PLLB control schemes) in the grid can effectively work
together.

• Identifying the shares of grid forming VSC which can
guarantee sufficient power system stability.

• Identifying standard grid codes by which the feasible
combinations of grid-forming converters, grid following
converters, and synchronous generators can be accom-
plished.

• Studying in detail the effect of interaction between
synchronous generator excitation system and several
grid-forming converters in voltage and frequency regu-
lation.

• Revising stability measures and protection functions to
cope with the updated converter-dominated grids with
different time scales and dynamics.

• Proposing planning studies that can determine the best
locations, sizes, and control schemes of grid-forming
converters to provide better support to the grid.

• Introducing new grid-forming control schemes that
ensure the best voltage and frequency grid response.

• Investigating the positive roles of some devices in coop-
eration with grid-forming converters, such as HVDC,
super-capacitors, FACTS, and superconducting energy
storage technology-based systems.

REFERENCES
[1] M. Busu, ‘‘The role of renewables in a low-carbon society: Evidence from

a multivariate panel data analysis at the EU level,’’ Sustainability, vol. 11,
no. 19, p. 5260, Sep. 2019.

[2] P. E. Allen and G. P. Hammond, ‘‘Bioenergy utilization for a low carbon
future in the UK: The evaluation of some alternative scenarios and
projections,’’ BMC Energy, vol. 1, no. 1, pp. 1–24, Dec. 2019.

[3] S. Prasad, V. Venkatramanan, and A. Singh, ‘‘Renewable energy for
a low-carbon future: Policy perspectives,’’ in Sustainable Bioeconomy.
Singapore: Springer, 2021, pp. 267–284.

[4] V. Grewe, A. G. Rao, T. Grönstedt, C. Xisto, F. Linke, J. Melkert, J. Mid-
del, B. Ohlenforst, S. Blakey, S. Christie, S. Matthes, and K. Dahlmann,
‘‘Evaluating the climate impact of aviation emission scenarios towards the
Paris agreement including COVID-19 effects,’’Nature Commun., vol. 12,
no. 1, pp. 1–10, Jun. 2021.

[5] R. Shahnazi and Z. D. Shabani, ‘‘Do renewable energy production
spillovers matter in the EU?’’ Renew. Energy, vol. 150, pp. 786–796,
May 2020.

[6] P. Bórawski, A. Beldycka-Bórawska, K. J. Jankowski, B. Dubis, and
J. W. Dunn, ‘‘Development of wind energy market in the European
union,’’ Renew. Energy, vol. 161, pp. 691–700, Dec. 2020.

[7] V. Gaigalis and V. Katinas, ‘‘Analysis of the renewable energy imple-
mentation and prediction prospects in compliance with the EU pol-
icy: A case of Lithuania,’’ Renew. Energy, vol. 151, pp. 1016–1027,
May 2020.

[8] P. Bórawski, A. Beldycka-Bórawska, E. J. Szymanska, K. J. Jankowski,
B. Dubis, and J. W. Dunn, ‘‘Development of renewable energy sources
market and biofuels in the European Union,’’ J. Cleaner Prod., vol. 228,
pp. 467–484, Aug. 2019.

[9] A. Jahid, M. S. Hossain, M. K. H. Monju, M. F. Rahman, and
M. F. Hossain, ‘‘Techno-economic and energy efficiency analysis of opti-
mal power supply solutions for green cellular base stations,’’ IEEE
Access, vol. 8, pp. 43776–43795, 2020.

[10] K. Mahmoud and M. Lehtonen, ‘‘Comprehensive analytical expressions
for assessing and maximizing technical benefits of photovoltaics to distri-
bution systems,’’ IEEE Trans. Smart Grid, vol. 12, no. 6, pp. 4938–4949,
Nov. 2021.

[11] O. M. Babatunde, J. L. Munda, and Y. Hamam, ‘‘A comprehensive state-
of-the-art survey on hybrid renewable energy system operations and
planning,’’ IEEE Access, vol. 8, pp. 75313–75346, 2020.

[12] K. Tian, W. Sun, D. Han, and C. Yang, ‘‘Coordinated planning with
predetermined renewable energy generation targets using extended two-
stage robust optimization,’’ IEEE Access, vol. 8, pp. 2395–2407, 2020.

[13] B. Faridpak, A. Alahyari, M. Farrokhifar, and H. Momeni, ‘‘Toward
small scale renewable energy hub-based hybrid fuel stations: Appraising
structure and scheduling,’’ IEEE Trans. Transport. Electrific., vol. 6,
no. 1, pp. 267–277, Mar. 2020.

[14] V. V. N. Murty and A. Kumar, ‘‘Optimal energy management and
techno-economic analysis in microgrid with hybrid renewable energy
sources,’’ J. Modern Power Syst. Clean Energy, vol. 8, no. 5, pp. 929–940,
2020.

[15] Z. Xu, G. Han, L. Liu, M. Martinez-Garcia, and Z. Wang, ‘‘Multi-
energy scheduling of an industrial integrated energy system by reinforce-
ment learning-based differential evolution,’’ IEEETrans. GreenCommun.
Netw., vol. 5, no. 3, pp. 1077–1090, Sep. 2021.

[16] W. U. Rehman, A. R. Bhatti, A. B. Awan, I. A. Sajjad, A. A. Khan, R. Bo,
S. S. Haroon, S. Amin, I. Tlili, and O. Oboreh-Snapps, ‘‘The penetration
of renewable and sustainable energy in Asia: A state-of-the-art review on
net-metering,’’ IEEE Access, vol. 8, pp. 170364–170388, 2020.

[17] M. S. Alam, F. S. Al-Ismail, A. Salem, and M. A. Abido, ‘‘High-level
penetration of renewable energy sources into grid utility: Challenges and
solutions,’’ IEEE Access, vol. 8, pp. 190277–190299, 2020.

[18] Z. Wang and Z. Guo, ‘‘Uncertain models of renewable energy sources,’’
J. Eng., vol. 2017, no. 13, pp. 849–853, Jan. 2017.

VOLUME 10, 2022 130035



K. Mahmoud et al.: Promising Grid-Forming VSC Control Schemes Toward Sustainable Power Systems

[19] H. Su, E. Zio, J. Zhang, Z. Li, H. Wang, F. Zhang, L. Chi, L. Fan, and
W. Wang, ‘‘A systematic method for the analysis of energy supply 
relia-bility in complex integrated energy systems considering 
uncertainties of renewable energies, demands and operations,’’ J. 
Cleaner Prod., vol. 267, Sep. 2020, Art. no. 122117.

[20] K. Mahmoud and M. Lehtonen, ‘‘Three-level control strategy for min-
imizing voltage deviation and flicker in PV-rich distribution systems,’’ 
Int. J. Electr. Power Energy Syst., vol. 120, Sep. 2020, Art. no. 105997.

[21] P. Astero and L. Soder, ‘‘Improving PV dynamic hosting capacity 
using adaptive controller for STATCOMs,’’ IEEE Trans. Energy 
Convers., vol. 34, no. 1, pp. 415–425, Mar. 2019.

[22] N. Nguyen, D. Pandit, R. Quigley, and J. Mitra, ‘‘Frequency response 
in the presence of renewable generation: Challenges and opportunities,’’ 
IEEE Open Access J. Power Energy, vol. 8, pp. 543–556, 2021.

[23] M. U. Jan, A. Xin, H. U. Rehman, M. A. Abdelbaky, S. Iqbal, and
M. Aurangzeb, ‘‘Frequency regulation of an isolated microgrid with elec-
tric vehicles and energy storage system integration using adaptive and 
model predictive controllers,’’ IEEE Access, vol. 9, pp. 14958–14970, 
2021.

[24] J. I. Yoo, Y. C. Kang, E. Muljadi, K.-H. Kim, and J.-W. Park, ‘‘Frequency 
stability support of a DFIG to improve the settling frequency,’’ 
IEEE Access, vol. 8, pp. 22473–22482, 2020.

[25] H. Laaksonen, C. Parthasarathy, H. Khajeh, M. Shafie-Khah, and
N. Hatziargyriou, ‘‘Flexibility services provision by frequency-
dependent control of on-load tap-changer and distributed energy 
resources,’’ IEEE Access, vol. 9, pp. 45587–45599, 2021.

[26] H. Wu, Y. Yuan, J. Zhu, and Y. Xu, ‘‘Assessment model for distributed 
wind generation hosting capacity considering complex spatial correla-
tions,’’ J. Modern Power Syst. Clean Energy, vol. 8, no. 5, pp. 1194–
1206, 2022.

[27] X. Cao, T. Cao, F. Gao, and X. Guan, ‘‘Risk-averse storage 
plan-ning for improving RES hosting capacity under uncertain 
siting choices,’’ IEEE Trans. Sustain. Energy, vol. 12, no. 4, pp. 
1984–1995, Oct. 2021.

[28] H. Abubakr, J. C. Vasquez, K. Mahmoud, M. M. F. Darwish, and
J. M. Guerrero, ‘‘Comprehensive review on renewable energy sources 
in Egypt—Current status, grid codes and future vision,’’ IEEE Access, 
vol. 10, pp. 4081–4101, 2022.

[29] Y. Yao, F. Ding, K. Horowitz, and A. Jain, ‘‘Coordinated inverter control 
to increase dynamic PV hosting capacity: A real-time optimal power 
flow approach,’’ IEEE Syst. J., vol. 16, no. 2, pp. 1933–1944, Jun. 2022.

[30] P. Astero and L. Soder, ‘‘Improving hosting capacity of rooftop PVs by 
quadratic control of an LV-central BSS,’’ IEEE Trans. Smart Grid, 
vol. 10, no. 1, pp. 919–927, Jan. 2019.

[31] P. Cicilio, E. Cotilla-Sanchez, B. Vaagensmith, and J. Gentle, ‘‘Trans-
mission hosting capacity of distributed energy resources,’’ IEEE 
Trans. Sustain. Energy, vol. 12, no. 2, pp. 794–801, Apr. 2021.

[32] A. Najafi, M. Pourakbari-Kasmaei, J. Contreras, M. Lehtonen, and
Z. Leonowicz, ‘‘Optimal bilevel operation-planning framework of dis-
tributed generation hosting capacity considering rival DISCO and 
EV aggregator,’’ IEEE Syst. J., vol. 16, no. 3, pp. 5023–
5034, Sep. 2022.

[33] S. F. Santos, D. Z. Fitiwi, M. Shafie-Khah, A. W. Bizuayehu,
C. M. P. Cabrita, and J. P. S. Catalao, ‘‘New multistage and stochas-
tic mathematical model for maximizing RES hosting capacity—Part 
I: Problem formulation,’’ IEEE Trans. Sustain. Energy, vol. 8, no. 
1, pp. 304–319, Jan. 2017.

[34] S. M. Ismael, S. H. E. A. Aleem, A. Y. Abdelaziz, and A. F. Zobaa, ‘‘State-
of-the-art of hosting capacity in modern power systems with distributed 
generation,’’ Renew. Energy, vol. 130, pp. 1002–1020, Jan. 2019.

[35] P. Astero and B. Choi, ‘‘Electrical market management considering 
power system constraints in smart distribution grids,’’ Energies, vol. 
9, no. 6, p. 405, May 2016.

[36] Y. Liu, Y. Chen, and M. Li, ‘‘Dynamic event-based model predictive load 
frequency control for power systems under cyber attacks,’’ IEEE 
Trans. Smart Grid, vol. 12, no. 1, pp. 715–725, Jan. 2021.

[37] Z. Li, C. Zang, P. Zeng, H. Yu, S. Li, and J. Bian, ‘‘Control of a grid-
forming inverter based on sliding-mode and mixed H2/H∞ control,’’ 
IEEE Trans. Ind. Electron., vol. 64, no. 5, pp. 3862–3872, May 2017.

[38] D. Pullaguram, S. Mishra, N. Senroy, and M. Mukherjee, ‘‘Design and 
tuning of robust fractional order controller for autonomous microgrid 
VSC system,’’ IEEE Trans. Ind. Appl., vol. 54, no. 1, pp. 91–
101, Jan. 2018.

[39] J. A. Baroudi, V. Dinavahi, and A. M. Knight, ‘‘A review of 
power converter topologies for wind generators,’’ Renew. Energy, vol. 32, 
no. 14, pp. 2369–2385, Nov. 2007.

[40] J. C. De Bona, J. C. E. Ferreira, and J. F. O. Duran, ‘‘Analysis of 
scenarios for repowering wind farms in Brazil,’’ Renew. Sustain. 
Energy Rev., vol. 135, Jan. 2021, Art. no. 110197.

[41] B. Wadawa, Y. Errami, A. Obbadi, and S. Sahnoun, ‘‘Robustification of 
the H∞ controller combined with fuzzy logic and PI&PID-Fd for hybrid 
control of wind energy conversion system connected to the power grid 
based on DFIG,’’ Energy Rep., vol. 7, pp. 7539–7571, Nov. 2021.

[42] J. Hu, S. Wang, W. Tang, and X. Xiong, ‘‘Full-capacity wind turbine 
with inertial support by adjusting phase-locked loop response,’’ IET 
Renew. Power Gener., vol. 11, no. 1, pp. 44–53, Jan. 2017.

[43] F. Bizzarri, A. Brambilla, and F. Milano, ‘‘Analytic and numerical 
study of TCSC devices: Unveiling the crucial role of phase-locked 
loops,’’ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 65, no. 6, pp. 
1840–1849, Jun. 2018.

[44] F. Milan and A. Ortega, ‘‘A method for evaluating frequency 
regulation in an electrical grid—Part I: Theory,’’ IEEE Trans. Power 
Syst., vol. 36, no. 1, pp. 183–193, Jan. 2021.

[45] R. Yin, Y. Sun, S. Wang, and L. Zhang, ‘‘Stability analysis of the grid-
tied VSC considering the influence of short circuit ratio and X/R,’’ IEEE 
Trans. Circuits Syst. II, Exp. Briefs, vol. 69, no. 1, pp. 129–133, Jan. 
2022.

[46] K. Schonleber, A. Oudalov, A. Krontiris, and P. Lundberg, 
‘‘Opportunities for embedded high-voltage direct current: Evaluating the 
benefits for the legacy AC grid,’’ IEEE Power Energy Mag., vol. 18, no. 
5, pp. 58–63, Sep. 2020.

[47] Z. Liu and X. Guo, ‘‘Control strategy optimization of voltage source 
converter connected to various types of AC systems,’’ J. Modern 
Power Syst. Clean Energy, vol. 9, no. 1, pp. 77–84, 2021.

[48] G. Wu, H. Sun, X. Zhang, A. Egea-Alvarez, B. Zhao, S. Xu, S. Wang, 
and X. Zhou, ‘‘Parameter design oriented analysis of the current control 
stability of the weak-grid-tied VSC,’’ IEEE Trans. Power Del., vol. 
36, no. 3, pp. 1458–1470, Jun. 2021.

[49] K. Georgakas and A. Safacas, ‘‘Modified sinusoidal pulse-width 
modula-tion operation technique of an AC–AC single-phase converter to 
optimise the power factor,’’ IET Power Electron., vol. 3, no. 3, pp. 454–
464, May 2010.

[50] C. Guo, S. Yang, W. Liu, C. Zhao, and J. Hu, ‘‘Small-signal stability 
enhancement approach for VSC-HVDC system under weak AC grid 
conditions based on single-input single-output transfer function model,’’ 
IEEE Trans. Power Del., vol. 36, no. 3, pp. 1313–1323, Jun. 2021.

[51] A. Khodadadi, P. Astero, M. H. Nazari, and S. H. Hosseinian, 
‘‘Small-signal stability improvement of an islanded microgrid with 
electronically-interfaced distributed energy resources in the presence 
of parametric uncertainties,’’ Electric Power Syst. Res., vol. 
160, pp. 151–162, Jul. 2018.

[52] S. Nourollah, A. Pirayesh, and P. Astero, ‘‘Stability preservation and 
power management in autonomous microgrids using adaptive nonlinear 
droop scheme,’’ TURKISH J. Electr. Eng. Comput. Sci., vol. 23, no. 6, 
pp. 1958–1980, 2015.

[53] S. Tolani and P. Sensarma, ‘‘An instantaneous average current 
sharing scheme for parallel UPS modules,’’ IEEE Trans. Ind. Electron., 
vol. 64, no. 12, pp. 9210–9220, Dec. 2017.

[54] J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Loh, 
‘‘Advanced control architectures for intelligent microgrids—Part I: 
Decentralized and hierarchical control,’’ IEEE Trans. Ind. Electron., 
vol. 60, no. 4, pp. 1254–1262, Apr. 2013.

[55] R. Hejeejo, J. Qiu, T. S. Brinsmead, and L. J. Reedman, ‘‘Sustainable 
energy system planning for the management of MGs: A case study in 
new South Wales, Australia,’’ IET Renew. Power Gener., vol. 11, no. 
2, pp. 228–238, Feb. 2017.

[56] H. Bevrani, T. Ise, and Y. Miura, ‘‘Virtual synchronous generators: A 
sur-vey and new perspectives,’’ Int. J. Electr. Power Energy Syst., 
vol. 54, pp. 244–254, Jan. 2014.

[57] U. Tamrakar, D. Shrestha, M. Maharjan, B. Bhattarai, T. Hansen, and
R. Tonkoski, ‘‘Virtual inertia: Current trends and future directions,’’ 
Appl. Sci., vol. 7, no. 7, p. 654, Jun. 2017.

[58] L. Lu and N. A. Cutululis, ‘‘Virtual synchronous machine control for 
wind turbines: A review,’’ J. Phys., Conf., vol. 1356, no. 1, Oct. 
2019, Art. no. 012028.

130036 VOLUME 10, 2022



K. Mahmoud et al.: Promising Grid-Forming VSC Control Schemes Toward Sustainable Power Systems

[59] R. Rosso, X. Wang, M. Liserre, X. Lu, and S. Engelken, ‘‘Grid-
forming converters: Control approaches, grid-synchronization, and future
trends—A review,’’ IEEE Open J. Ind. Appl., vol. 2, pp. 93–109, 2021.

[60] D. B. Rathnayake, M. Akrami, C. Phurailatpam, S. P. Me, S. Hadavi,
G. Jayasinghe, S. Zabihi, and B. Bahrani, ‘‘Grid forming inverter model-
ing, control, and applications,’’ IEEE Access, vol. 9, pp. 114781–114807,
2021.

[61] J. Lin, J. Dong, D. Liu, Y. Zhang, and T.Ma, ‘‘From peak shedding to low-
carbon transitions: Customer psychological factors in demand response,’’
Energy, vol. 238, Jan. 2022, Art. no. 121667.

[62] T. Balezentis, D. Streimikiene, I. Mikalauskas, and Z. Shen, ‘‘Towards
carbon free economy and electricity: The puzzle of energy costs, sus-
tainability and security based on willingness to pay,’’ Energy, vol. 214,
Jan. 2021, Art. no. 119081.

[63] H. Malekpoor, K. Chalvatzis, N. Mishra, M. K. Mehlawat, D. Zafirakis,
andM. Song, ‘‘Integrated grey relational analysis andmulti objective grey
linear programming for sustainable electricity generation planning,’’ Ann.
Oper. Res., vol. 269, nos. 1–2, pp. 475–503, Oct. 2018.

[64] H. Ahlborg, ‘‘Towards a conceptualization of power in energy tran-
sitions,’’ Environ. Innov. Societal Transitions, vol. 25, pp. 122–141,
Dec. 2017.

[65] Z. Lapniewska, ‘‘Energy, equality and sustainability? European electric-
ity cooperatives from a gender perspective,’’ Energy Res. Social Sci.,
vol. 57, Nov. 2019, Art. no. 101247.

[66] J. M. Wittmayer, F. Avelino, B. Pel, and I. Campos, ‘‘Contributing to
sustainable and just energy systems? The mainstreaming of renewable
energy prosumerism within and across institutional logics,’’ Energy Pol-
icy, vol. 149, Feb. 2021, Art. no. 112053.

[67] M. Giacomarra and F. Bono, ‘‘European union commitment towards RES
market penetration: From the first legislative acts to the publication of the
recent guidelines on state aid 2014/2020,’’ Renew. Sustain. Energy Rev.,
vol. 47, pp. 218–232, Jul. 2015.

[68] J. R. F. Diógenes, J. Claro, J. C. Rodrigues, and M. V. Loureiro, ‘‘Barriers
to onshore wind energy implementation: A systematic review,’’ Energy
Res. Social Sci., vol. 60, Feb. 2020, Art. no. 101337.

[69] S. Cross, A. Hast, R. Kuhi-Thalfeldt, S. Syri, D. Streimikiene, and
A. Denina, ‘‘Progress in renewable electricity in northern Europe towards
EU 2020 targets,’’ Renew. Sustain. Energy Rev., vol. 52, pp. 1768–1780,
Dec. 2015.

[70] A. Z. Amin. (2018). IRENA (2018), Global Energy Trans-
formation: A Roadmap to 2050, International Renewable
Energy Agency. Accessed: Dec. 21, 2021. [Online]. Available:
https://www.irena.org/publications/2018/Apr/Global-Energy-Transition-
A-Roadmap-to-2050

[71] A. Zervos. (2018). Renewables 2018 Global Status Report. Accessed:
Dec. 21, 2021. [Online]. Available: http://www.ren21.net/status-of-
renewables/global-status-report/

[72] Net Zero by 2050 A Roadmap for the Global Energy Sector, IEA, Paris,
France, 2021.

[73] J. Yang, Z. Y. Dong, F. Wen, Q. Chen, F. Luo, W. Liu, and J. Zhan,
‘‘A penalty scheme for mitigating uninstructed deviation of generation
outputs from variable renewables in a distribution market,’’ IEEE Trans.
Smart Grid, vol. 11, no. 5, pp. 4056–4069, Sep. 2020.

[74] J. Hu, X. Liu, M. Shahidehpour, and S. Xia, ‘‘Optimal operation of
energy hubs with large-scale distributed energy resources for distribution
network congestion management,’’ IEEE Trans. Sustain. Energy, vol. 12,
no. 3, pp. 1755–1765, Jul. 2021.

[75] A. Ali, K. Mahmoud, D. Raisz, and M. Lehtonen, ‘‘Optimal allocation of
inverter-based WTGS complying with their DSTATCOM functionality
and PEV requirements,’’ IEEE Trans. Veh. Technol., vol. 69, no. 5,
pp. 4763–4772, May 2020.

[76] A. Datta, R. Sarker, and I. Hazarika, ‘‘An efficient technique using
modified p–q theory for controlling power flow in a single-stage single-
phase grid-connected PV system,’’ IEEE Trans. Ind. Informat., vol. 15,
no. 8, pp. 4635–4645, Aug. 2019.

[77] H. Rezk, M. Aly, M. Al-Dhaifallah, and M. Shoyama, ‘‘Design and
hardware implementation of new adaptive fuzzy logic-based MPPT
control method for photovoltaic applications,’’ IEEE Access, vol. 7,
pp. 106427–106438, 2019.

[78] Y. Yang, W. Wu, B. Wang, and M. Li, ‘‘Chance-constrained economic
dispatch considering curtailment strategy of renewable energy,’’ IEEE
Trans. Power Syst., vol. 36, no. 6, pp. 5792–5802, Nov. 2021.

[79] T. Jin, X. Chen, J. Wen, Q. Wu, L. Bai, Y. Liu, and Y. Cao, ‘‘Improved
ramping and reserve modeling of combined heat and power in integrated
energy systems for better renewable integration,’’ IEEE Trans. Sustain.
Energy, vol. 13, no. 2, pp. 683–692, Apr. 2022.

[80] B. Mohandes, M. Wahbah, M. S. E. Moursi, and T. H. M. El-
Fouly, ‘‘Renewable energy management system: Optimum design and 
hourly dispatch,’’ IEEE Trans. Sustain. Energy, vol. 12, no. 3, pp. 
1615–1628, Jul. 2021.

[81] S. Harasis, H. Abdelgabir, Y. Sozer, M. Kisacikoglu, and A. Elrayyah, 
‘‘A center of mass determination for optimum placement of renewable 
energy sources in microgrids,’’ IEEE Trans. Ind. Appl., vol. 57, no. 
5, pp. 5274–5284, Sep. 2021.

[82] Y. Liu, S. Xie, Q. Yang, and Y. Zhang, ‘‘Joint computation offload-ing 
and demand response management in mobile edge network with 
renewable energy sources,’’ IEEE Trans. Veh. Technol., vol. 69, no. 12, 
pp. 15720–15730, Dec. 2020.

[83] A. Ali, K. Mahmoud, and M. Lehtonen, ‘‘Optimal planning of inverter-
based renewable energy sources towards autonomous microgrids accom-
modating electric vehicle charging stations,’’ IET Gener., 
Transmiss. Distribution, vol. 16, no. 2, pp. 219–232, Jan. 2022.

[84] P. Astero and L. Soder, ‘‘Improvement of RES hosting capacity using a 
central energy storage system,’’ in Proc. IEEE PES Innov. Smart Grid 
Technol. Conf. Eur. (ISGT-Europe), Sep. 2017, pp. 1–6.

[85] Y. Li, Z. Ni, and Y. Liu, ‘‘Multi-network coupling energy flow 
constrained hybrid hydrogen-electric vehicle energy supplying facility 
planning con-sidering photovoltaic utilization,’’ IEEE Trans. Ind. Appl., 
vol. 58, no. 2, pp. 2848–2862, Mar./Apr. 2022.

[86] F. Zhang, X. Hu, T. Liu, K. Xu, Z. Duan, and H. Pang, 
‘‘Computationally efficient energy management for hybrid electric 
vehicles using model predictive control and vehicle-to-vehicle 
communication,’’ IEEE Trans. Veh. Technol., vol. 70, no. 1, pp. 237–
250, Jan. 2021.

[87] A. Ali, K. Mahmoud, and M. Lehtonen, ‘‘Optimization of photovoltaic 
and wind generation systems for autonomous microgrids with PEV-
parking lots,’’ IEEE Syst. J., vol. 16, no. 2, pp. 3260–3271, Jun. 2022.

[88] N. Yang, L. Han, C. Xiang, H. Liu, and X. Hou, ‘‘Energy management 
for a hybrid electric vehicle based on blended reinforcement learning with 
backward focusing and prioritized sweeping,’’ IEEE Trans. Veh. 
Technol., vol. 70, no. 4, pp. 3136–3148, Apr. 2021.

[89] K. S. Ratnam, K. Palanisamy, and G. Yang, ‘‘Future low-inertia power 
systems: Requirements, issues, and solutions—A review,’’ Renew. 
Sus-tain. Energy Rev., vol. 124, May 2020, Art. no. 109773.

[90] C. Seneviratne and C. Ozansoy, ‘‘Frequency response due to a large 
generator loss with the increasing penetration of wind/PV generation—
A literature review,’’ Renew. Sustain. Energy Rev., vol. 57, pp. 659–
668, May 2016.

[91] Y. Lin, ‘‘Research roadmap on grid-forming inverters,’’ Nat. 
Renew. Energy Lab., Golden, CO, USA, Tech. Rep., NREL/
TP-5D00-73476, 2020.

[92] P. Unruh, M. Nuschke, P. Strauß, and F. Welck, ‘‘Overview on 
grid-forming inverter control methods,’’ Energies, vol. 13, no. 10, p. 
2589, May 2020.

[93] R. H. Lasseter, Z. Chen, and D. Pattabiraman, ‘‘Grid-forming inverters: 
A critical asset for the power grid,’’ IEEE J. Emerg. Sel. Topics 
Power Electron., vol. 8, no. 2, pp. 925–935, Jun. 2020.

[94] T. Sutikno, A. C. Subrata, and A. Elkhateb, ‘‘Evaluation of fuzzy mem-
bership function effects for maximum power point tracking technique of 
photovoltaic system,’’ IEEE Access, vol. 9, pp. 109157–109165, 2021.

[95] M. N. Ali, K. Mahmoud, M. Lehtonen, and M. M. F. Darwish, ‘‘An 
efficient fuzzy-logic based variable-step incremental conductance MPPT 
method for grid-connected PV systems,’’ IEEE Access, vol. 9, pp. 
26420–26430, 2021.

[96] H. Rezk, A. Fathy, and M. Aly, ‘‘A robust photovoltaic array reconfigu-
ration strategy based on coyote optimization algorithm for enhancing the 
extracted power under partial shadow condition,’’ Energy Rep., vol. 7, 
pp. 109–124, Nov. 2021.

[97] M. N. Ali, K. Mahmoud, M. Lehtonen, and M. M. F. Darwish, ‘‘Promising 
MPPT methods combining metaheuristic, fuzzy-logic and ANN tech-
niques for grid-connected photovoltaic,’’ Sensors, vol. 21, no. 4, p. 1244, 
Feb. 2021.

[98] M. C. Chandorkar, D. M. Divan, and R. Adapa, ‘‘Control of parallel 
connected inverters in standalone AC supply systems,’’ IEEE Trans. 
Ind. Appl., vol. 29, no. 1, pp. 136–143, Jan./Feb. 1993.

[99] P. Astero, A. Alimardani, S. H. Hosseinian, and M. Abedi, 
‘‘Decentralized cooperative control strategy of microsources for stabi-
lizing autonomous VSC-based microgrids,’’ IEEE Trans. Power 
Syst., vol. 27, no. 4, pp. 1949–1959, Nov. 2012.

[100] P. Astero, S. H. Hosseinian, and M. Abedi, ‘‘A novel multi-stage fuel 
cost minimization in a VSC-based microgrid considering stability, 
frequency, and voltage constraints,’’ IEEE Trans. Power Syst., vol. 
28, no. 2, pp. 931–939, May 2013.VOLUME 10, 2022 130037



K. Mahmoud et al.: Promising Grid-Forming VSC Control Schemes Toward Sustainable Power Systems

[101] A. Yogarathinam and N. R. Chaudhuri, ‘‘Stability-constrained adaptive 
droop for power sharing in AC-MTDC grids,’’ IEEE Trans. Power 
Syst., vol. 34, no. 3, pp. 1955–1965, May 2019.

[102] G. Li, Z. Du, C. Shen, Z. Yuan, and G. Wu, ‘‘Coordinated design of droop 
control in MTDC grid based on model predictive control,’’ IEEE 
Trans. Power Syst., vol. 33, no. 3, pp. 2816–2828, May 2018.

[103] S. Prakash, V. Nougain, and S. Mishra, ‘‘Adaptive droop-based control 
for active power sharing in autonomous microgrid for improved transient 
performance,’’ IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 
3, pp. 3010–3018, Jun. 2021.

[104] P. Astero, S. H. Hosseinian, M. Abedi, and A. Alimardani, ‘‘Small-
signal stability and load-sharing improvement of autonomous microgrids 
using auxiliary loop,’’ Electric Power Compon. Syst., vol. 40, no. 
6, pp. 648–671, Mar. 2012.

[105] P. Astero, S. H. Hosseinian, and M. Abedi, ‘‘Enhancing small signal 
stability and reactive power-sharing accuracy in autonomous microgrids 
by a new decentralized reactive power controller,’’ Electric Power 
Com-pon. Syst., vol. 40, no. 16, pp. 1820–1841, Oct. 2012.

[106] H.-P. Beck and R. Hesse, ‘‘Virtual synchronous machine,’’ in Proc. 
9th Int. Conf. Electr. Power Quality Utilisation, Oct. 2007, pp. 1–6.

[107] Q.-C. Zhong and G. Weiss, ‘‘Synchronverters: Inverters that 
mimic synchronous generators,’’ IEEE Trans. Ind. Electron., vol. 58, 
no. 4, pp. 1259–1267, Apr. 2011.

[108] H. Alatrash, A. Mensah, E. Mark, G. Haddad, and J. Enslin, ‘‘Generator 
emulation controls for photovoltaic inverters,’’ IEEE Trans. Smart 
Grid, vol. 3, no. 2, pp. 996–1011, Jun. 2012.

[109] Q.-C. Zhong, ‘‘Robust droop controller for accurate proportional load 
sharing among inverters operated in parallel,’’ IEEE Trans. Ind. 
Electron., vol. 60, no. 4, pp. 1281–1290, Apr. 2013.

[110] L. Huang, ‘‘A virtual synchronous control for voltage-source 
converters utilizing dynamics of DC-link capacitor to realize self-
synchronization,’’ IEEE J. Emerg. Sel. Top. Power Electron., vol. 5, no. 
4, pp. 1565–1577, Dec. 2017.

[111] W. Hu, Z. Wu, X. Lv, and V. Dinavahi, ‘‘Robust secondary frequency 
con-trol for virtual synchronous machine-based microgrid cluster using 
equiv-alent modeling,’’ IEEE Trans. Smart Grid, vol. 12, no. 4, pp. 
2879–2889, Jul. 2021.

[112] J. Alipoor, Y. Miura, and T. Ise, ‘‘Power system stabilization using 
virtual synchronous generator with alternating moment of inertia,’’ IEEE
J. Emerg. Sel. Topics Power Electron., vol. 3, no. 2, pp. 451–458, 
Jun. 2015.

[113] W. Wang, L. Jiang, Y. Cao, and Y. Li, ‘‘A parameter alternating VSG 
con-troller of VSC-MTDC systems for low frequency oscillation 
damping,’’ IEEE Trans. Power Syst., vol. 35, no. 6, pp. 4609–4621, 
May 2020.

[114] D. Li, Q. Zhu, S. Lin, and X. Y. Bian, ‘‘A self-adaptive inertia and damping 
combination control of VSG to support frequency stability,’’ IEEE 
Trans. Energy Convers., vol. 32, no. 1, pp. 397–398, Mar. 2017.

[115] I. Cvetkovic, D. Boroyevich, R. Burgos, C. Li, and P. Mattavelli, ‘‘Mod-
eling and control of grid-connected voltage-source converters emulat-
ing isotropic and anisotropic synchronous machines,’’ in Proc. IEEE 
16th Workshop Control Model. Power Electron. (COMPEL), Jul. 2015, 
pp. 1–5.

[116] C. Arghir, T. Jouini, and F. Dörfler, ‘‘Grid-forming control for power 
converters based on matching of synchronous machines,’’ Automatica, 
vol. 95, pp. 273–282, Sep. 2018.

[117] C. Arghir and F. Dorfler, ‘‘The electronic realization of synchronous 
machines: Model matching, angle tracking, and energy shaping tech-
niques,’’ IEEE Trans. Power Electron., vol. 35, no. 4, pp. 4398–4410, 
Apr. 2020.

[118] B. B. Johnson, M. Sinha, N. G. Ainsworth, F. Dörfler, and S. V. Dhople, 
‘‘Synthesizing virtual oscillators to control islanded inverters,’’ IEEE 
Trans. Power Electron., vol. 31, no. 8, pp. 6002–6015, Aug. 2016.

[119] M. Colombino, D. Groz, J.-S. Brouillon, and F. Dorfler, ‘‘Global phase 
and magnitude synchronization of coupled oscillators with application to 
the control of grid-forming power inverters,’’ IEEE Trans. Autom. 
Control, vol. 64, no. 11, pp. 4496–4511, Nov. 2019.

[120] G.-S. Seo, M. Colombino, I. Subotic, B. Johnson, D. Gros, and F. 
Dorfler, ‘‘Dispatchable virtual oscillator control for decentralized 
inverter-dominated power systems: Analysis and experiments,’’ in Proc. 
IEEE Appl. Power Electron. Conf. Exposit. (APEC), Mar. 2019, pp. 561–
566.

[121] M. Zhang, X. Yuan, and J. Hu, ‘‘Inertia and primary frequency provisions 
of PLL-synchronized VSC HVDC when attached to islanded ac system,’’ 
IEEE Trans. Power Syst., vol. 33, no. 4, pp. 4179–4188, Jul. 2018.

[122] L. Harnefors, M. Schweizer, J. Kukkola, M. Routimo, M. Hinkkanen, and
X.Wang, ‘‘Generic PLL-based grid-forming control,’’ IEEE Trans. 
Power Electron., vol. 37, no. 2, pp. 1201–1204, Feb. 2022.

[123] A. Tayyebi, D. Groß, A. Anta, F. Kupzog, and F. Dörfler, ‘‘Frequency
stability of synchronous machines and grid-forming power converters,’’
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 2, pp. 1004–1018,
Jun. 2020.

[124] G. Song, B. Cao, and L. Chang, ‘‘Review of grid-forming inverters in
support of power system operation,’’ Chin. J. Electr. Eng., vol. 8, no. 1,
pp. 1–15, Mar. 2022.

[125] G. Parkinson. (2020). Tesla Big Battery at Hornsdale Delivers World
Record Output of 150MW. Renew Economy. Australia. Renew
Economy. Australia. Accessed: May 20, 2022. [Online]. Available:
https://reneweconomy.com.au/tesla-big-battery-at-hornsdale-delivers-
world-record-output-of-150mw-26392/

[126] E. Bellini. (2020). General Electric Works on Grid-Forming Inverter
Controls. PV Magazine International. PV Magazine International.
Accessed: May 20, 2022. [Online]. Available: https://www.pv-
magazine.com/2020/04/06/general-electric-works-on-grid-forming-
inverter-controls/

[127] S. Djunisic. (2020). ScottishPower Completes Black Start Project
Using 69-MW Wind Farm. Renewables Now. Accessed: May 20, 2022.
[Online]. Available: https://renewablesnow.com/news/scottishpower-
completes-black-start-project-using-69-mw-wind-farm-719904/

[128] Y. Singh, B. Singh, and S. Mishra, ‘‘Multifunctional control for PV-
integrated battery energy storage system with improved power quality,’’
IEEE Trans. Ind. Appl., vol. 56, no. 6, pp. 6835–6845, Nov. 2020.

[129] V. Narayanan, S. Kewat, and B. Singh, ‘‘Solar PV-BES based microgrid
systemwith multifunctional VSC,’’ IEEE Trans. Ind. Appl., vol. 56, no. 3,
pp. 2957–2967, May 2020.

[130] S. P. Biswas, M. S. Anower, M. R. I. Sheikh, M. R. Islam, M. A. Rahman,
M. A. P. Mahmud, and A. Z. Kouzani, ‘‘A modified reference saturated
third harmonic injected equal loading PWM for VSC-based renewable
energy systems,’’ IEEE Trans. Appl. Supercond., vol. 31, no. 8, pp. 1–5,
Nov. 2021.

[131] Y. Ye, Z. Lu, L. Xie, and Y. Qiao, ‘‘A coordinated frequency regulation
strategy for VSC-HVDC integrated offshore wind farms,’’ in Proc. IEEE
Power Energy Soc. Gen. Meeting (PESGM), Aug. 2018, pp. 1–5.

[132] F. Calero, ‘‘A review of modeling and applications of energy storage
systems in power grids,’’ Proc. IEEE, early access, Mar. 25, 2022, doi:
10.1109/JPROC.2022.3158607.

[133] J. P. Rouse, S. D. Garvey, B. Cárdenas, and T. R. Davenne, ‘‘A series
hybrid ‘real inerti’ energy storage system,’’ J. Energy Storage, vol. 20,
pp. 1–15, Dec. 2018.

[134] J. P. Rouse, S. D. Garvey, B. Cárdenas, A. Hoskin, L. Swinfen-Styles, and
W. Xu, ‘‘A case study investigation into the risk of fatigue in synchronous
flywheel energy stores and ramifications for the design of inertia replace-
ment systems,’’ J. Energy Storage, vol. 39, Jul. 2021, Art. no. 102651.

[135] C. H. Lin and Y. K. Wu, ‘‘Overview of frequency-control technolo-
gies for a VSC-HVDC-integrated wind farm,’’ IEEE Access, vol. 9,
pp. 112893–112921, 2021.

[136] Y. Zhou, C. Rehtanz, P. Luo, J. Liu, H. Chen, G. Lin, Y. Li, and
M. W. Asmah, ‘‘Joint corrective optimization based on VSC-HVDC and
distributed energy storage for power system security enhancement,’’ Int.
J. Electr. Power Energy Syst., vol. 135, Feb. 2022, Art. no. 107573.

[137] F. Milano, F. Dorfler, G. Hug, D. J. Hill, and G. Verbic, ‘‘Foundations and
challenges of low-inertia systems (invited paper),’’ in Proc. Power Syst.
Comput. Conf. (PSCC), Jun. 2018, pp. 1–25.

[138] R. Lasseter, A. Akhil, C. Marnay, J. Stephens, J. Dagle, R. Guttromsom,
A. S. Meliopoulous, R. Yinger, and J. Eto, ‘‘Integration of distributed
energy resources. The CERTS microgrid concept,’’ Lawrence Berkeley
Nat. Lab., Berkeley, CA, USA, Tech. Rep. LBNL-50829, Apr. 2002.

[139] N. Pogaku, M. Prodanovic, and T. C. Green, ‘‘Modeling, analysis and
testing of autonomous operation of an inverter-based microgrid,’’ IEEE
Trans. Power Electron., vol. 22, no. 2, pp. 613–625, Mar. 2007.

[140] A. Arulampalam, M. Barnes, A. Engler, A. Goodwin, and N. Jenkins,
‘‘Control of power electronic interfaces in distributed generation micro-
grids,’’ Int. J. Electron., vol. 91, no. 9, pp. 503–523, Aug. 2004.

[141] B. Muftau and M. Fazeli, ‘‘The role of virtual synchronous machines in
future power systems: A review and future trends,’’ Electric Power Syst.
Res., vol. 206, May 2022, Art. no. 107775.

[142] A. Ulbig, T. S. Borsche, and G. Andersson, ‘‘Impact of low rotational
inertia on power system stability and operation,’’ in Proc. IFAC World
Congr., 2014, vol. 19, no. 1, pp. 7290–7297.

[143] K. M. Cheema, N. I. Chaudhary, M. F. Tahir, K. Mehmood, M. Mudassir,
M. Kamran, A. H. Milyani, and Z. M. S. Elbarbary, ‘‘Virtual synchronous
generator: Modifications, stability assessment and future applications,’’
Energy Rep., vol. 8, pp. 1704–1717, Nov. 2022.

130038 VOLUME 10, 2022

http://dx.doi.org/10.1109/JPROC.2022.3158607


K. Mahmoud et al.: Promising Grid-Forming VSC Control Schemes Toward Sustainable Power Systems

[144] Fingrid. Accessed: Mar. 23, 2022. [Online]. Available:
https://www.fingrid.fi/en/grid/

[145] R. Mahmud and M. Ingram, ‘‘Background information on the protec-
tion requirements in IEEE Std 1547–2018,’’ Nat. Renew. Energy Lab.,
Golden, CO, USA, Tech. Rep. NREL/TP-5D00-78704, Jan. 2022, doi:
10.2172/1839049.

[146] E. M. Ahmed, A. Elmelegi, A. Shawky, M. Aly, W. Alhosaini, and
E. A. Mohamed, ‘‘Frequency regulation of electric vehicle-penetrated
power system using MPA-tuned new combined fractional order con-
trollers,’’ IEEE Access, vol. 9, pp. 107548–107565, 2021.

[147] S. M. Said, M. Aly, B. Hartmann, and E. A. Mohamed, ‘‘Coordinated
fuzzy logic-based virtual inertia controller and frequency relay scheme
for reliable operation of low-inertia power system,’’ IET Renew. Power
Gener., vol. 15, no. 6, pp. 1286–1300, Apr. 2021.

[148] R. Seguin, J. Woyak, D. Costyk, J. Hambrick, and B. Mather, ‘‘High-
penetration PV integration handbook for distribution engineers,’’ NREL-
Natl. Renew. Energy Lab., Golden, CO, USA, Tech. Rep., 1–109, 2016.

[149] F. Blaabjerg, Y. Yang, D. Yang, and X. Wang, ‘‘Distributed power-
generation systems and protection,’’ Proc. IEEE, vol. 105, no. 7,
pp. 1311–1331, Jul. 2017.

[150] S. Harasis, K. Mahmoud, S. Albatran, K. Alzaareer, and Q. Salem,
‘‘Dynamic performance evaluation of inverter feeding a weak
grid considering variable system parameters,’’ IEEE Access, vol. 9,
pp. 126104–126116, 2021.

[151] E. S. Ali, R. A. El-Sehiemy, A. A. Abou El-Ela, K. Mahmoud,
M. Lehtonen, and M. M. F. Darwish, ‘‘An effective bi-stage method for
renewable energy sources integration into unbalanced distribution sys-
tems considering uncertainty,’’ Processes, vol. 9, no. 3, p. 471, Mar. 2021.

[152] K. Shi, H. Ye, W. Song, and G. Zhou, ‘‘Virtual inertia control strategy
in microgrid based on virtual synchronous generator technology,’’ IEEE
Access, vol. 6, pp. 27949–27957, 2018.

[153] H. Weber and N. Ahmed, ‘‘Improving controllability of conventional
power plants using voltage angle control,’’ IFAC-PapersOnLine, vol. 52,
no. 4, pp. 234–239, 2019.

[154] Á. Ortega and F. Milano, ‘‘Combined frequency and RoCoF control
of converter-interfaced energy storage systems,’’ IFAC-PapersOnLine,
vol. 52, no. 4, pp. 240–245, 2019.

KARAR MAHMOUD (Senior Member, IEEE) 
received the B.Sc. and M.Sc. degrees in electri-
cal engineering from Aswan University, Aswan, 
Egypt, in 2008 and 2012, respectively, and the 
Ph.D. degree from the Electric Power and Energy 
System Laboratory (EPESL), Graduate School 
of Engineering, Hiroshima University, Hiroshima, 
Japan, in 2016. Since 2010, he has been with 
Aswan University, where he is currently an Asso-
ciate Professor with the Department of Electrical

Engineering, Faculty of Engineering. Since 2019, he has been a Research 
Fellow with Prof. M. Lehtonen’s Power Systems and High Voltage Engi-
neering Group, School of Electrical Engineering, Aalto University, Espoo, 
Finland. His research interests include power systems, renewable energies, 
smart grids, distributed generation, optimization, applied machine learning, 
and electric vehicle.

PORIA ASTERO received the Ph.D. degree 
in electrical engineering focused on the control 
and stability of fully converter-based power 
system, in 2012. Since 2012, he has been 
working in different industrial and academic sec-
tors. He is currently working as a Research Fellow 
with Prof. M. Lehtonen’s Power Systems and High 
Voltage Engineering Group, School of Electri-
cal Engineering, Aalto University, Espoo, Finland. 
His main research interests include integration of

renewable energy sources, new energy and flexibility services, distribution 
system planning, and power system stability and control.

PASI PELTONIEMI (Member, IEEE) received the 
M.Sc. and D.Sc. degrees in electrical engineering 
from the Lappeenranta University of Technology 
(LUT), Lappeenranta, Finland, in 2005 and 2010, 
respectively. From 2010 to 2014, he was a Post-
doctoral Researcher at the Laboratory of Con-
trol Engineering and Digital Systems, LUT, where 
he has been an Associate Professor, since 2015. 
His research interests include DC microgrids, dis-
tributed generation, power-to-gas, and control of

grid-connected converters and electric drives.

MATTI LEHTONEN received the master’s and 
Licentiate degrees in electrical engineering from 
the Helsinki University of Technology, Finland, 
in 1984 and 1989, respectively, and the Doctor of 
Technology degree from the Tampere University 
of Technology, Finland, in 1992. He was at VTT 
Energy, Espoo, Finland, from 1987 to 2003. Since 
1999, has been a Full Professor and the Head of 
the Power Systems and High Voltage Engineering 
Group’s, Aalto University, Espoo. His research

interests include power system planning and assets management, power 
system protection including earth fault problems, harmonic related issues, 
high voltage systems, power cable insulation, and polymer nanocomposites. 
He is an Associate Editor for Electric Power Systems Research and IET 
Generation, Transmission and Distribution.

VOLUME 10, 2022 130039

http://dx.doi.org/10.2172/1839049

