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Abstract

The modern power system is progressing from a system based on synchronous generators toward systems with high penetration
of renewable energy sources (RESs) such as photovoltaic (PV) and wind power generating units which are connected to the grid
through inverters. RES units will represent a significant share of the power generation in near future; therefore, the conventional
approach of integrating them into the grid may lead to frequency instability. Many researchers have suggested the use of inverters
with virtual inertial control methods to act as synchronous generators in the grid and maintain and increase the frequency
stability. This paper presents a comprehensive overview of virtual inertial strategies and current control strategies and makes a
comprehensive comparison while describing their characteristics. Then, different types of stability analyses in the presented
methods are examined and examples of each are presented. In continuation and in addition to the review studies conducted in
this field, methods presented with the aim of improving the virtual inertial control are carefully examined and their characteristics
according to the number of resources used, the adaptivity of parameters, the use of optimization methods, the issue of
coordination between several resources and the type of communication network are studied. Moreover, a comprehensive review
of multiple- virtual synchronous generator (VSG) methods to develop and implement the concept of virtual inertia in weak grids
are presented. Finally, a discussion of challenges and research directions is presented, particularly pointing to the integration of
multiple virtual inertial units at the system level.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Because of rising concerns about the long-term sufficiency of nonrenewable energy sources such as oil, coal, and
natural gas, as well as their environmental footprints, the penetration of RESs in power systems have rapidly
expanded and is becoming a must. For example, in Japan, up to 64 GW of solar capacity is expected to be added to
the grid by 2030 [1].

In order to assist the appropriate transfer of electrical energy from RESs to the power system, a converter-
interface unit is often required to integrate the RESs-based generating units into the power system. Because of the
lack of rotating mass as a source of inertia, such power-electronics interfaces lack inertia. As a result, the increasing
use of inverter-based generating units may have a negative impact on system dynamic behavior, with the total inertia
in a power system dominated by inverter-based renewable generating units being significantly lower than in a
traditional power system dominated by classic synchronous generators.

http://dx.doi.org/10.1016/j.ijepes.2023.000000
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Nomenclature

RES Renewable Energy Source
VSG  Virtual Synchronous Generator
VISMA Virtual Synchronous Machine
SG Synchronous Generator

DG Distributed Generator

MGCC Microgrid Central Controller
PLL Phase Locked Loop

PI Proportional Integral

PID Proportional Integral Derivative
RoCoF Rate of Change of Frequency
LFO  Low-Frequency Oscillation
ESS Energy Storage System

SoC State of Charge

PWM  Pulse Width Modulation

EV Electric Vehicles

VSC  Voltage Source Converter

Col Center of Inertia

PV Photovoltaic

BES Battery Energy Storage

DFIG Doubly-Fed Induction Generator
MAS  Multi-Agent System

MPC  Model Predictive Control

PSO  Particle Swarm Optimization
LVRT Low Voltage Ride Through
HVRT High Voltage Ride Through
SVD  Singular Value Decomposition
VOC  Virtual Oscillator Control

IBG Inertial-Based Generator

Consequently, while the rapid rise in the application of inverter-based RESs generation units is great for the
environment and implies good utilization of available resources, it is detrimental to power system stability,
particularly frequency stability [1-6], because frequency stability is closely related to the amount of inertia in the
system.

Fig. 1 depicts an example of the connection between inertia and frequency. With decreased system inertia, the
frequency nadir exposed to a frequency event is clearly demonstrated to be lower. Furthermore, in addition to the
direct impact on overall system inertia, increasing the penetration of RES-based generation units may have negative
consequences such as excess electricity supply in the system, power fluctuations due to the variable nature of RESs,
and deterioration of frequency regulation [7].

To address some of the aforementioned issues, frequency control methods in power systems have been proposed
over the past years. These methods can be mainly categorized into three levels of primary, secondary and tertiary
control. Each of the mentioned levels can be implemented in one of the centralized, decentralized and distributed
forms. The above techniques are effective for achieving frequency stability in power systems, but their operation in
networks with low inertia faces problems, and for the same reason, a technique called virtual inertia has been
introduced in recent years to respond more quickly to frequency deviations. The comparison and connection of these
different levels in time scale and according to their communications system is shown in Fig. 2. The focus of this
article is on virtual inertia, which might possibly provide inertia support to the power system in order to allow it for a
high penetration of RESs. In general, virtual inertia control is the concept of replicating inertia in the power system
using an inverter and/or an ESS with suitable control. This concept is often referred to as a synchronverter [8],
VISMA [9], or virtual synchronous generator [10]. The aforementioned systems all have the same purpose of
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virtually adding extra inertia by employing an inverter and an ESS and being backed by a suitable virtual inertia
control mechanism. By employing the aforementioned approaches, the reservoir of kinetic energy in the rotating
mass of a classical synchronous generator might be replicated on the inverter-based unit, allowing the inverter-based
generation to imitate virtual inertia.

Because of their ability to offer extra inertia support in the low inertia power system, virtual inertia control units
would be a core part of the future power systems dominated by RESs. The creation of the idea of virtual inertia is
critical for ensuring the smooth functioning of the power system with a high penetration of RESs-based generating
units [11]. A glance at the development of the virtual inertia topic in the past years shows that its implementation
preliminary methods emerged during 2008-2011. In continuation and considering the need to develop these methods,
the use of time-varying values, in order to have effective parameters, was raised for the first time in 2015 [12].
Numerous papers using different techniques have addressed this topic and expanded it until 2019. Later and
especially from 2019 onwards, the studies on virtual inertia have focused on the application of optimization
techniques and various algorithms to improve the results. Furthermore, the adoption of several virtual inertial units is
a topic that has been raised since 2020. Some of the reasons for the tendency towards this topic in recent years are
the distribution of RESs with different structures and energy density and high-power quality and the issue of their
optimal location in networks. Therefore, new studies deal with the issue of coordination between RESs and use
optimization methods to increase their response speed. In addition to the above topics, other topics such as siting of
virtual inertial units, the type of energy source used to provide power, and the type of operating system were among
the trends that have been addressed over the years, along with the main topics above. By examining the research
conducted in recent years on the subject of virtual inertial control, as seen in Fig. 3, the most trends are on the
subjects, VSG, RES, and wind turbines. Despite these trends in the topic of virtual inertia in recent years, there is a
need to provide a comprehensive review that examines multi-VSG methods in detail, how they communicate to each
other, and the types of methods used to coordinate between them. For better perception see Fig. 4.

In addition, in recent years, interesting review researches have been conducted on the topic of virtual inertia
[13,14]. Ref [13] examines the challenges, proposes solutions and emphasizes the necessity of new models and
methods in power system sustainability by changing the type of energy sources towards RES. Also, Ref [14]
provides a comprehensive overview of the necessity of inertial estimation, covering fundamental aspects such as
oscillation equation, definition of inertial constant, correlation between RoCoF and inertial constant and etc. In
addition, various types of virtual inertial algorithms are reviewed with a detailed examination of their advantages and
limitations. Building upon prior research, this review study meticulously examines methods aimed at enhancing
virtual inertial control, exploring their characteristics concerning the number of resources used, adaptivity of
parameters, utilization of optimization methods, coordination among multiple resources, and the type of
communication network.

Considering the importance of this concept application, a comprehensive review on virtual inertia strategies is
presented in this paper. Section 1 deals with introductory part while concept of the virtual inertia is discussed in
Section 2. In Section 3, various strategies for emulating the virtual inertia are discussed and Section 4 presents
different stability analysis techniques and gives a comprehensive overview of the methods presented in recent years
in the subject of virtual inertia and compares them from different aspects. In section 5, the challenges and future
directions in the field of virtual inertia have been raised, and at the end, in section 6, research gaps are introduced
and guidelines for continuing studies in this area are provided.

2. Virtual Inertia Concept

Although the related content has already been discussed in the literature [9]-[10], due to the importance of this
section and in order for the reader not to jump to the related texts and equations in other references, virtual inertial
concept has been summarized in this section. Grid-forming control methods provide a solution, offering the ability
to raise virtual inertia, enhance frequency stability, and synchronize with the main grid without the need for a phase-
locked loop. Despite mimicking synchronous generators' behavior, grid-forming converters differ fundamentally,
posing challenges related to small-signal stability models, current limitations, and dynamic responses. The
advantage of network-forming converters can be seen in the possibility of setting parameters such as inertia and
damping constants. The technical challenges of power-electronic-dominated systems, limited penetration levels, and
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the need for grid-forming solutions are discussed. While estimates suggest a 100% IBG penetration level is
theoretically feasible, a comprehensive study on stability challenges, especially focusing on grid-forming solutions,
remains a gap in the literature [15,16].

The concept of the virtual inertia was developed to regulate an inverter, which lacks inertia, to mimic the inertia
characteristic of an SG. This was accomplished by implementing the swing equation of an SG into the inverter of
the inverter-based RESs generation units. The needed inertia power output from the virtual inertia control system is
determined by the inverter control for virtual inertia emulation using simulation of the usual SG swing equation, as
follows:

51
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Fig. 1. An illustration of the correlation between inertia and frequency in a power system with high or low inertia
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where, 13m stands for mechanical power input provided by the SG [p.u.], P_e for electrical power output demanded
by the load [p.u.], fa for acceleration power [p.u.], H for inertia constant [MW.s/MVA], ), for the rated angular
velocity of the rotor [rad/s], @, for the actual angular velocity of the rotor [rad/s], and & for rotor angle [rad].

The quantity d°&/ dt” in (1) denotes the change in system frequency or the angular rotor velocity of an SG. It
also correlates the active power and angular rotor velocity of an SG with the system frequency. The system
frequency can change based on the balance between the mechanical power input ﬁm and the electrical power output
P_e , according to the swing equation. The acceleration power fa is positive when (ﬁm —ﬁe ) is positive and system
frequency will rise in this condition, and vice versa. A speed controlling mechanism in the SG units is used to
control the generation-load balance at a steady-state operating point in order to maintain the system frequency.

Equation (1) changes when the damping element is included:

~ = 2H dlo, Vo)

P —-P +K, —— 2
T A e, 2)

where, K, stands for the damping factor. This equation may alternatively be expressed as the following in
frequency (Hz):
P, —é:ﬁﬂ.'.]{[}ﬁ 3)
fo dt So
where, [ is the frequency of power system and f, is its rated frequency in Hz. The RoCoF of the power system is
commonly referred to asdAf / dt .
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Fig. 4. The development of virtual inertia control

In this review, some virtual inertia modelling strategy are discussed such as strategy based on droop control
which takes advantage of the inherent droop capabilities in SGs for power-sharing in steady-state conditions;
strategy based on synchronous generator model in which synchronverters, which have a voltage-source-based
design, can be used as the components of the network. They are particularly well-suited for transferring inertia from
distributed generators that are not connected to the primary power grid; strategy based on virtual oscillator control
(VOC) which offers a reliable method for achieving network synchronization in a communication-limited setting.
This technology guarantees consistent network synchronization while controlling voltage and frequency by utilizing
proportional load sharing capabilities. Finally, a comparison of the strategies is discussed. [17]

When an approximate replication is sufficient, simpler methods such as Ise Lab's strategy are often used. On the
other hand, if the objective is to solely provide the dynamic frequency response without accurately modeling the
behavior of SGs, the VSG technique is more suitable. The research presented centered on the investigation of
advanced virtual inertial systems. Specifically, it examined the usage of numerous virtual inertial units and their
optimization approaches. These techniques provide enhancements in RES units that contribute to the inertial
response, while simultaneously limiting any deterioration in the lifespan of the ESS.

3. VIRTUAL INERTIA STRATEGIES

A review of the literature on recent advancements in the synthesis and control of virtual inertia will be given in
this part. In future power systems, the amount of inverter-based producing units and the resulting reduction in
overall system inertia may have a significant impact on how smoothly and steadily the power system operates. The
implications of a large fraction of inverter-based generating units and low inertia on stability and operation are
explored in a number of papers, including [18-21].

One potential strategy to lessen the consequences of low system inertia and improve the stability of low inertia
power systems, particularly the frequency stability, is to simulate greater inertia into the power system without using
actual rotating mass. The many strategies that can simulate virtual inertia are listed in [9]-[10]. These strategies
were all created using a common fundamental idea. The amount of detail in how they are implemented, however,
varies. A few important strategies will briefly be described and the differences between the strategies will be
emphasized, to provide an overview of the various strategies for virtual inertia simulation.

Three broad categories might be used to classify the virtual inertia modeling strategy [17]:
Strategy based on droop control

Strategy based on synchronous generator model

Strategy based on swing equation

Strategy based on frequency-power response
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e Strategy based on Virtual Oscillator Control (VOC)
e Strategy based on Matching Control

3.1. Strategy based on droop control

The implementation of droop control for the integration of parallel inverters in active power networks follows a
straightforward approach. This strategy exploits the steady-state power-sharing droop capabilities inherent in SGs
[22,23] In predominantly inductive networks, droop control relies intricately on steady-state relationships including
active power and angular frequency, as well as reactive power and voltage difference. However, challenges may
appear in highly robust networks, which require controllers specifically built to accommodate alternative behaviors.
A central aspect of droop control involves simulating the frequency regulation characteristics of the governor
control. This simulation establishes a negative feedback correlation between the real power and the frequency,
which potentially involves measuring inertia [24] Equation (4) illustrates the droop equation:

w=w0,-K,(P-P,)

do

—=0

dt (5)
where, o represents the instantaneous angular frequency, @, is the angular frequency reference, P denotes the
power output of the converter, P, is the reference power, K ,is the droop coefficient, and & represents the power
angle. The relationship between the angular frequency and the power angle, which is presented in equation (5),
allows the reduction of the active power according to the angular frequency @ or the power angle & slow. In certain
scenarios, angle drop is preferred due to limitations in frequency tuning in networks that experience frequent load
changes [25]. The relation of angle drop is expressed in equation (6):

929&3[ _Kp (P_I)SEI ) (6)
where, 8, represents the power angle set value. The introduction of voltage drop is necessary to ensure the sharing

of reactive power in the voltage magnitude loop. This mechanism establishes a negative feedback relationship
between reactive power and voltage value, as expressed in equation (7):

14 :Vset _Kq (Q _Qxel ) (7)

where V' represents the instantaneous voltage, V', is the voltage reference, O represents the instantaneous reactive
power and Q_, is the reference reactive power. Fig. 5 shows a simple implementation of the droop controller that
emphasizes the active power control loop and the reactive power control loop. The droop controller is compatible
with virtual synchronous machine control in steady-state systems [26] and uses low-pass filters in power loops to
simulate inertia [27]. An exploration of the relationship between angle drop, virtual impedance, and frequency drop
is described in [28], highlighting the effectiveness of angle drop as a virtual inductance method. The combination of

virtual inductance and frequency drop increases the oscillatory damping in a proportional derivative manner.

4)
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Fig. 5. a) Droop control. (b) Power synchronization control (PSC)
3.2. Strategy based on synchronous generator model (Synchronverter)

From the perspective of the grid, synchronverters run inverter-based DGs as SGs that represent the same
dynamics [8]. This is predicated on the idea that such an approach enables the power system's conventional
operation to be maintained without significant modifications to the operational structure. In [29], a thorough
development of the strategy has been provided. The power output from the inverter is controlled via a frequency
drooping mechanism, much as how the SG controls its power output [30]. To describe the dynamics of the SG, the
fundamental equations below are used:

T,=M,i, (i,sin0)

4 (®)
e=6M,i, sin6 )
0 =-0M,i, (i,cos 0) (10)

where, Q is the reactive power produced, e is the no-load voltage produced, T, is the synchronverter's
electromagnetic torque, M ¢ 1s the mutual inductance between the field coil and the stator coil size, if is the field
excitation current, and @ is the angle between the rotor axis and one of the phases of the stator winding. In (8) and
(10), < - > stands for the standard inner product of two vectors in three-dimensional space. A three-phase stator's

vectors i , sin @, and cos @ are defined, as follows:

sind cost

i=|i, |, sin@=|sin 0—2—7[ , cosO =| cos 0-2—”
¢ 3 3

sin 49—4—7T cos 9—4—7[
L 3 . L 3 .

(11
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First, equations (8)-(10) are separated and then solved in each control cycle of a digital controller .In this way, the
gate signals are generated for the DG unit under consideration. The synchronverter's fundamental schematic is
shown in Fig. 6. The control part of the synchronverter is represented by the dashed box and details are shown in
Fig. 6. Grid voltage and inverter output current are the feedback signals utilized by the controller to solve the
differential equations. Additionally, the required damping factor D, and moment of inertia J can be adjusted.
According to [31], the choice of these factors is essential in terms of the stability of the system. As seen in Fig. 6,
the voltage and frequency looping create the mechanic torque, 7, and M fl +» as control inputs. The reference
active power P is utilized to construct 7, in the frequency loop based also on nominal angular frequency of the
grid, which is @, . Thus, this loop produces the virtual angular frequency of the synchronverter, which is employed
for PWM and integrated to determine the phase command & . Similarly, the difference observed between the
amplitude of the grid voltage v and reference voltage v in the voltage loop is increased by a voltage drop constant
D, . This increases the gap between the reference reactive power O and the calculated reactive power 0 using
(10). Then, the obtained signal is sent through an integrator with a gain of // k, in order to produce. The M y 1 ’
controller outputs, e and @, are used to produce PWM.

Basic equations of a synchronverter strategy generate an amplified PLL or sinusoid-locked loop, which is
innately able to maintain synchronization with the terminal voltage [32]. In [33], the synchronverter was also
constructed in single phase versions. Although their use in networks with low inertia is unstable, PLLs are required
to synchronize the primary form of the synchronizer to the network [34]. In [35], self-synchronized synchronverters
has been proposed as a solution to this problem. The synchronverter architecture [36], which assists in acquiring
inertial reaction from the load side of the power system, has also influenced the operation of rectifiers as
synchronous motors. Furthermore, due to their voltage-source-based architecture, synchronverters may be utilized as
the units forming the network and they are ideal for repeating inertia from DGs that are not connected to the main
grid. Given how frequently derivative terms contribute noise into systems, the fact that the frequency derivative is
not needed for execution is a great advantage. Even when the synchronverter can replicate an SG's exact dynamics,
the complexities of the differential equations involved might induce numerical instability. Furthermore, because a
voltage-source technique lacks inherent safety against powerful grid transients, it may necessitate the deployment of
additional protective devices in order to perform properly.

3.3. Strategy based on swing equation (Ise Lab’s Strategy )

The strategy developed by Ise Lab to implement virtual inertia is similar to the approach described earlier, but
instead of applying a fully model of the SG, the strategy solves the power-frequency swing equation in each cycle
to simulate the inertia. [37]. The strategy schematic design, shown in Fig. 7, displays the operational principle. The
controller determines the grid frequency @, and the inverter active power output F,, after measuring the inverter
output current i and the connection point voltage v . These two parameters, along with P, , the prime mover input
power, are inputs to the principal control algorithm block. [12]. Every control cycle of the control algorithm
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involves solving the swing equation denoted by (8), which produces the phase command & for the PWM generator.
A SG's usual swing equation is:

do,
dt

P

in

-P . =Jo, +Dp (a)m —a)g)

(12)

do=0, -,

(13)
where, @, , ®,,J,D,, P, and P, are the virtual angular frequency, grid/reference angular frequency,
moment of inertia, damping factor, input power (equivalent to prime mover input power in an SG), and output
power of the inverter, respectively. The input power P, is estimated using a governor model based on frequency
fluctuations from the reference frequency @ , as shown in Fig. 7. To simulate the governor, a first-order lag
element with gain K and a time constant I, is employed in this technique. For the DG unit, P, stands for
continuous power reference. The governor model's delay causes larger RoCoF and hence higher frequency nadirs.

The Q-V droop technique is a method that may be used to create the voltage reference e , as stated in [38].

PCC
Energy
Source * Inverter
A
1

Py, e !
o _K --p  comtraa | > PWM !
1+sT, Algorithm -=p Generator !
0 |
1
w + A Voltage / Current 1
’ Py ! Measurement !
() | 1
1
1
1

calculation

Fig. 7. Ise Lab’s topology

The control technique may be implemented without the need of a frequency derivative, much like a
synchronverter. This is very advantageous, since frequency derivatives are known as noise adding source into the
system, making it challenging to manage. Additionally, DG units may be employed with this strategy to function as
grid-forming units. However, there are still issues with numerical instability, which when combined with incorrect
parameter tuning for J and D), can cause oscillatory system behavior [12].

3.4. Strategy based on frequency-power response (Virtual Synchronous Generator)

VSGs are designed with the primary goal of simulating an SG's inertial response properties in a system with high
penetration of DGs, to react to frequency variations [24]. In other words, the VSG is a dispatchable current source
that adjusts its output depending on variations in frequency of system. Given that it does not include all the complex
equations necessary for an SG, this is one of the easiest methods for implementing virtual inertia in DG systems. But
it is known that instability may occur when using many DG units as current sources [39].
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Equation (14) is used to manage the VSG converter output power:
ddw

])VSG =KDAC()+K17 (14)
where, the angular frequency change and its related rate-of-change are represented by Aw and ddw/ dt ,
respectively. The damping and the inertial constant are denoted by the letters K, and K, , respectively. Similar to
frequency droop, the damping constant aids in bringing the frequency back to its steady-state value and lessens the
frequency nadir. By offering quick dynamic frequency response based on the frequency derivative, the inertial
constant stops the RoCoF. This functionality is particularly crucial in an isolated grid where a high initial RoCoF
might trigger unneeded protective relays. Fig. 8 presents an illustration of the VSG strategy . The change in system
frequency and RoCoF are measured using a PLL [40,41]. The active power reference for the inverter is then
calculated using (14). On the basis of this reference power, the current references are then produced for the current
controller. However, the strategy depicted here assumes a direct-quadrature (d-q) based current control strategy. D-
axis current reference for d-q control may be computed as [42]:

I _3 ViFse _VqQ

3l v)r] (15)

where, V', and V' , are the measured grid voltage d-axis and g-axis components, respectively. Assuming that just the
active power is being regulated, the reactive power O and the g-axis current reference / , are both set to zero. The
gate signals needed to operate the inverter are produced by the current controller using the grid current feedback. As
a result, the inverter operates as a voltage source inverter with current control [43].

According to [44], the VSG architecture has extensively been used to simulate virtual inertia from wind power
systems. This strategy fundamental flaw is its inability to be used in island modes, where the unit of virtual inertia
must function as a unit that forms a grid. Additionally, the system simulates inertia during frequency fluctuations but
not during changes in input power [45]. For this type of technology, precise frequency derivative measurement by
PLLs might be difficult [46,47]. Particularly for weak grids, the performance of PLLs might deteriorate and compete
with one another [48]. With frequency changes, harmonic distortions and voltage sags/swells, PLL systems are
known to exhibit instability and steady-state errors, particularly in weak grids [34]. It has been demonstrated in [49]
that the instability issues are exacerbated when the inner-current control loop of the inverter is implemented using a
PI controller. As a result, for a VSG to be implemented successfully, a strong and complex PLL is needed [50]. The
derivative sentence required to calculate the RoCoF constructs the VSG vulnerable to noise, which might result in
unstable operation, which is another drawback of the VSG technique.

3.5. Strategy based on Virtual Oscillator Control (VOC)

Using the synchronization capabilities of a network including weakly coupled nonlinear oscillators, the VOC
model provides a robust approach to network synchronization in a communication-constrained environment. This
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technique ensures stable network synchronization while regulating voltage and frequency through proportional load
sharing capabilities [51].

VOC, distinct in its non-simulator nature, does not rely on phase measurement or computation of quantities in a
predefined synchronous mode [52]. Instead, it achieves real-time system synchronization stability and avoids the
need for direct network communication. Despite different loads in a network, VOC minimizes frequency deviations,
ensures system stability and voltage maintenance with steady-state droop capability, as demonstrated in [53].

The basic VOC model, shown in Fig. 9, is built on a dead zone oscillator, which has a parallel tank that
determines the resonant frequency and tunes the system frequency. (vc) represents a voltage-dependent source with
its maximum slope, o, associated with the damping resistance. The constant v is a voltage scaling factor
corresponding to the RMS value of the network, and ¢ and k: ensure safe voltage supply to the load. x is related to
the power rating of grid-forming converter compared to other inverters in the network. Global synchronization relies

on the filter impedance, zf, the effective impedance of the parallel branch RLC in the oscillator, and the scale factors
kv and ki.

+

el Uge ;Gdc —

‘i'oad

Fig. 10. Equivalent inverter model in af—frame, used in the analysis.
3.6. Strategy based on Matching Control

Contrary to traditional power synchronizing controllers, control matching introduces a unique perspective,
challenging the conventional assumption of a clear separation between the DC and AC sides of a DC-to-AC power
converter [54]. This innovative method centers around measuring the DC voltage at the inverter's DC bus, acting as
an indicator for frequency equilibrium on the AC side. The dynamic link established between the control of AC
frequency and the fluctuations in the DC voltage marks a departure from conventional approaches [55]. The DC bus
voltage, serving as a reservoir of energy in the inverter, provides real-time insights into power transfer dynamics,
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offering an effective avenue for controlling active power transfer. The concept of matching control strategically
leverages the inherent similarities shared by power converters and synchronous machines [56].

To explore the interconnected dynamics within the 3-phase model of a converter, depicted as a linear AC and DC
circuit coupled with a nonlinear modulation block representing a 6-switch 2-level inverter (refer to Fig. 10), and a
single pole pair , non-salient rotor synchronous generator externally excited, both systems are aligned in the afj—
frame [57]. The resulting converter model is articulated through the modulation signal mepg € [—1,1], linking it to the
3-phase currents i, =0.5 ma i, and voltages v =0.5m ..

Within the closed-loop system presented in Flg. 10, the inverter model takes on a new expression:

CoVie = 0uVae Tia _31115 maﬁcvaﬂ = —ligua Tloplip =—Ri 5=V 5 +3vdcmaﬂ

(16)
The generator model, as detailed in [101], assumes a distinct form:
Mo=-—Dorr +i i | v~ i (i )egi vor |70 42
o= o+T, laﬂ mlf cos O vaﬂ_ L ioad la,b’ s a,b’ laﬂ Va/)’ . mlf cos O = (17)

where M is the rotor inertia, D is the damping coefficient, 7, is the mechanical torque, L, is the mutual
inductance of the machine, 7, is rotor current, ¢ is the electrical angle, C is the capacitance at the output, i,
and v, are the output inductance current and output voltage expressed in the ofi—frame, 7, is the load
current, L is the stator inductance, R is the stator resistance, and w is the angular frequency.

The alignment of the two sets of models in Equations (16) and (17) involves identifying commonalities in these
equations. Introducing the modulationm,,, = ,u[—sm 0 cos H]T where p € [0, 1] 1s the amplitude gain constant, and
defining angular frequency 6 = v . » resembling the rotor angle, with 0= @, /v, transforms the converter model
into:

2 c 772 c ’7 de 77 x (18)
Cv;ﬁ' :_iload+iaﬁ (19)
1
Li,=-Ri,—Vv ,+—am
af ap aff 277 cFap (20)

Delving into Equation (19) i, in the converter now corresponds to the mechanical torque of the machine,
dictating the active power set point, while the voltage de controls the primary energy source.

Fig. 11 serves as a visual representation of the controller implementing matching control, where ¥ is the
amplitude of the AC side voltage, v}/ is the voltage reference, G, is the DC-side conductance, and k , is the
compensator gain. The incorporation of power loss in the calculation of i, compensates for the losses in the
converter, ensuring accurate tracking of power set points. This controller model forms an inner loop, with additional
outer loops catering to desired performance, such as inertia, voltage, and frequency regulation through modulation
of 7, i, and u . The integration of a droop controller can further regulate the relationship between the DC voltage
v, and the frequency a, .
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Fig. 11. The basic controller implementing matching control
The allure of matching control lies in its adept utilization of the interaction between the AC and DC sides of the
converter, obviating the necessity for measurement delays present in feedback loops of alternative control
approaches. A study in [58] delves into the concept of the electronic synchronous machine, emphasizing the intrinsic
relationship between the DC bus voltage and the angular frequency of the AC side, resulting in a synchronization of
machine dynamics and power flow within the converter.

3.7. Comparison of strategies

The characteristics of the discussed strategies can be seen in Table 1. Considering the features and weaknesses
mentioned for each of the strategies , many new studies, due to the simplicity of the VSG strategy , follow the issue
of the virtual inertia with this title and fix the weaknesses of this method with techniques like the presence of a
strong PLL. However, in some cases, it can be seen that despite the term VSG being mentioned in the title, the
equations presented in the article are related to the strategy of Ise Lab.

Table 1. Characteristics of strategies presented to implement the concept of virtual inertia

Strategies Main Features Weak Points
v Accurate simulation of SG dynamics +* The possibility of numerical instability
Strategy based on synchronous v L . ) )
generator model (Synchronverter) No need for frequency derivative ¢ Typically, implementation as a voltage source,
v/ PLL is only used for synchronization without overcurrent protection

v Simpler model compared to Synchronverter ** The possibility of power and frequency

Strat based i ti L Oscillations

- egy’ ased on swing equation v' No need for frequency derivative ) ] )

(Ise Lab’s Strategy ) y ) o «* Typically, implementation as a voltage source,
PLL is only used for synchronization without overcurrent protection

v Very simple implementation +* The possibility of instability due to PLL
Strategy based on frequency-power v ] ) ) % Need for frequency derivative
response (VSG) Typically, implementation as a voltage source, * quency derivatv
with inherent overcurrent protection % System susceptible to noise

4. Stability Analysis and Coordinated Control Methods of Virtual Inertia Units

The primary objective of a virtual inertia control system is to increase power system stability through power
electronics technology used in RES. Depending on the type of the disturbance and for effective analysis, many types
of power system stability have been classified and discussed. For a power system equipped with virtual inertial
controllers, small signal stability and transient stability are typically two types of stabilities that are taken into
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account and discussed in this section. Also, the general classification of methods can be seen in Fig. 12. The
capacity of a power system to maintain steady state voltage in the presence of little disturbances, such as minor
adjustments in system load, is referred to as small signal stability [59]. The features of the load, continuous control
and discrete control at a particular moment all generally have an impact on small signal stability [60,61]. The small
signal stability of VSG-based power systems in grid-connected and islanded modes is another area of active study.
In [62], models of small-signal sequence impedance of voltage-controlled and current-controlled VSGs -have been
developed and the sequence impedance properties of these two types of VSGs have been compared and studied. A
linearized small-signal model has been created for the stability study of the parallel VSGs system with the suggested
self-adaptable reactive power voltage controller and the parametric sweep results of line impedance have been
evaluated in [63,64]. The full small-signal modeling of the VSG control system and an improved VSG controller
without a PLL have been proposed in [65]. A detailed linearized small-signal model of the VSG in isolated
operation has been created, with electrical and control components that examine the dynamic properties of the
improved VSG control system. To ascertain if a system will be stable following a disturbance, transient stability
analysis is the study of the system in reaction to these changes. Transient stability analysis is typically more difficult
to linearize than small-signal stability analysis [38,66]. Therefore, it is crucial to guarantee that the system returns to
a new, stable condition after a disturbance [67].

Lyapunov function approach, center of inertia technique and equal area criteria are three primary techniques for
transient stability analysis of VSG-based power systems [68—71]. In [68], the direct Lyapunov approach has been
used to examine transient angle stability of a VSG. The inverter internal voltage has been handled as a parameter
rather than a state variable in the suggested technique. Additionally, an improved control technique has been used to
increase the transient angle stability by changing the reference power, coupled with research on the impact of
various factors on transient angle stability. Similar to this, in [52], [55] and [56], a number of writers investigate the
transient stability of the VSG using the Lyapunov approach along with certain modified and enhanced control
techniques to improve power system performance. In [53] and [54], the governor block has been modified to
improve transient stability after the center of inertia approach has been utilized to examine the transient stability of
the VSG. The reason that we have briefly explained the stability analysis methods is to investigate the techniques
mentioned in this section from the viewpoint of stability analysis as well.

Nowadays, the integration of RESs is decentralized and distributed, generating more energy with higher power
quality for local communities [72]. Along with the development of ESSs, this technology has gotten better toward
high energy density [73]. It is believed that not only the value of VSG power but also its locating can impact the
system efficiency [74,75]. Consequently, the VSG systems may be underpowered compared to the overall system.
Therefore, it is expected that the use of VSG will be distributed throughout the system. Imitation of inertial power
using multiple VSG units is required to ensure stable and secure operation. Compared with a single large-capacity
VSG, the concept of several VSGs with less sizes means that each VSG can independently operate based on its
individual/auxiliary control droops and mimics inertia and damping in response to disturbances to support other
VSGs.

With the increasing number of VSGs along with different types of control strategies, coordination of several

Stability Analysis Techniques

[ ] Type of analysis

Transient stability analysis Small signal stability analysis
(Faults, load changes and the connection or (Continuous and discrete control at a specific moment
disconnection of power generation units) according to the characteristics of the load)

Stability analysis techniques

Center of inertia

. Equal area criteria Linear Small-signal
techniaue

Lyapunov function

Fig. 12. General classification of stability analysis methods
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VSGs in the network is a big problem. VSG coordination requires to communicate with controllers and share the
inertia load in the network. It is also observed that different load areas have different frequency deviations. A load
imbalance in one area affects the inertial frequency in another area. A study has demonstrated that the placement of
virtual inertial services in the system plays a key role in the inertial response [76]. Thus, the strategic coordination of
multiple VSGs in a power system helps to improve the lack of inertia for the whole system. In this section, several
methods of improving virtual inertia that have used a single unit to implement this concept, are first studied. Then,
the studies that use several virtual inertial units in centralized, decentralized and distributed control structures, are
discussed.

4.1. Single VSG-based Methods

In this section, the methods that are trying to increase the stability by using techniques such as optimization
methods or using adaptive values for control parameters are reviewed. These methods use only one VSG, and this
application has greatly been addressed in the literature [77-83]. In [84], a power control method has been suggested
to regulate frequency in photovoltaic farms in a hybrid power system considering a type of coordination among PV
units. In this study, frequency stability analysis has been presented as an economic model and fuzzy rules have been
used to adjust the parameters. A control strategy based on the VSG control has been presented in [85] in a network
with coordinated hybrid ESSs, which flexibly adjusts the control parameters according to the state of charge of the
ESSs. The approach provided in [86] in the field of DC microgrid coordinates fuel cells and virtual inertia units. In
this research, a primary control layer with the support of virtual inertia and secondary and tertiary controllers has
been implemented as a MAS. Also, parameters have been adjusted using adaptive droop control based on time-
varying droop coefficients.

The authors in [87] has proposed a method to improve system frequency by using virtual inertia units by taking
into account the limitations of frequency protective relays. Similarly, a method to improve rotor angle stability in
interconnected power systems has been presented in [88], which in addition to improving the previous method,
attempts to optimize the parameters. The authors in [89] propose a fuzzy adaptive virtual inertia control strategy for
ESSs considering SoC constraints. The strategy aims to extend the lifespan of energy storage units by avoiding deep
over-charging and over-discharging. By dynamically adjusting the virtual inertia and damping while satisfying SoC
constraints, the proposed strategy effectively stabilizes grid frequency and mitigates power fluctuations. The
integration of SoC constraints with virtual inertia and damping adjustments improves system stability and reduces
fluctuations. The solution suggested in [90], which incorporates the concept of virtual inertia, has improved the
voltage profile in a DC microgrid and evaluated the stability in islanded and grid-connected operating modes. The
authors in [91] has presented a multi-objective optimization problem to determine the optimal values of the virtual
inertia control system in order to enhance frequency stability in an islanded microgrid. Nonetheless, the details of
the optimization method have not clearly been stated. Moreover, the method in [92] has analyzed wind turbines that
operate together with capacitive energy storage devices and has attempted to adjust their frequency using the virtual
inertia concept. In this study, a PID droop controller, whose parameters are optimized using Imperialist Competition
Algorithm, have been used to adjust the control parameters. In [93], a derivative controller has been introduced to
increase the dynamic stability of a microgrid. The controller operates based on virtual inertia and utilizes PV units
and ESSs. A modified VSG control has been introduced in [94] to stabilize a VSG-based microgrid that operates in
the islanding mode. This paper also has focused on integrating the VSG with a traditional synchronous generator
and has claimed that this may lead to catastrophic events, including significant frequency variations in the
microgrid. EVs have also been used as another solution to frequency control [95]. The method proposed in [95] has
been based on VSG, whose control parameters are adjusted according to the droop characteristic of an EV and helps
advance frequency stability in microgrids.

In [96], a VSG controller has been discussed, in which controller parameters are adaptively set and tuned so that
LFO modes are substantially improved and adverse effects of the presence of the VSG on DC voltage stability are
significantly reduced concerning VSC-based multi-terminal DC systems operation. This reference has also carried
out various studies, including state-space, modal, eigenvalue, and singular value decomposition analyses.
Nevertheless, the relationships between VSGs of different types and excitation strategies of power variation have
not been discussed. The authors in [97] have investigated the same subject under varying irradiance and temperature
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in grid-connected PV-based power systems. This study has used the synchronverter as a virtual inertial model and
has presented overloading fault, sudden load change, LVRT and HVRT analysis. In [98], an adaptive virtual inertia
control strategy has been introduced to control distributed battery energy storage in a DC microgrid. The presented
method has EV batteries as spinning reserve energy storage sources in the grid and a source for virtual inertial units.
Also, fuzzy logic algorithm based on battery SoC and bus voltage fluctuations has been used to adaptively tune
virtual inertia and droop parameters.

In [99], an adaptive method has been presented for frequency control in wind power systems, in which concepts
of virtual inertia have been used. In this study, a dynamic equation based on fuzzy logic has been used to adjust the
parameters, and a wide range of wind speed has been considered from the perspective of wind turbine stability and
frequency security. In [100], the authors have introduced a method with the support of EVs to implement virtual
inertia in multi-area microgrids. The method updates the parameters in the control method by regulating the integral
controllers gains for plug-in EVs charging/discharging using Harris hawk’s optimization-based Balloon Effect. The
authors in [101] have provided a mathematical relationship to determine the values of virtual inertia parameters.
This relationship shows the values of the parameters in two cases: frequency deviation from the nominal value and
reference power deviation from a default value. The fuzzy method has been used in other references to improve
virtual inertia control [102], which has been implemented by increasing the output power of the governor during the
transient by adding a correction term. Among the optimization algorithms that have been introduced to improve
virtual inertial control in microgrids, one can mention the reinforcement learning approach [103]. More precisely,
optimal control with online training of the Heuristic Dynamic Programming has been the method implemented in
this study. Also, in [104], a virtual primary and secondary control method has been presented, which adjusts the
virtual inertia control parameter values coordinated with digital over/under frequency protection. In this study, the
parameters have been adjusted in real time by the PI controller which has optimally been designed using the PSO
algorithm. The Newton-based eigenvalue optimization algorithm is also a method that has been proposed in another
study [105] for the purpose of optimizing control parameters. In this method, coordinated control parameter of a
DFIG has been set in wind farms with virtual inertial control. The authors of [106] have also used the robust control
method in order to improve the frequency stability in the microgrid and has considered the frequency measurement
noise in the study. Also, in [107] authors introduce an extended VSG control method for suppressing FOs in low-
inertia MGs. The severity of FOs in MGs, particularly those caused by converter interfaced generators, can lead to
instability and frequency oscillations. The proposed control method utilizes virtual forced components to attenuate
the dynamic effects of FOs and improve MG stability. The main contributions of the paper include the analysis of
FO impacts, the development of the extended VSG method for FO suppression, the elimination of power
measurements, and the improved performance compared to other control techniques. The proposed control approach
can be applied in both stand-alone and interconnected MGs and provides a reliable solution for FO suppression
without the need for additional measurement techniques. A summary of the properties the studied references is listed
in Table 2Table .

Table 2. Summary of Single VSG Methods

Ref Features Adaptivity / Intelligence Stability analysis

Inertial response from PV system

e Hybrid power system
[84] o Study on various non-linearities such as Gen‘eration Rate Using fuzzy rules to adjust Sensitivity analysis
Constraint, Governor Dead Band, and delay in Area Control parameters

Error signal

Economic analysis

Considering the charge state of the energy storage unit
Calculation of virtual inertia
parameter according to SoC -
Considering hybrid energy storages (supercapacitor and and frequency changes
lithium battery)

[85] Providing a flexible virtual inertia control strategy

Adaptive droop control based

[86] o A primary control layer with virtual inertia support
on time-varying droop
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Ref

Features

Adaptivity / Intelligence

Stability analysis

MAS control in the secondary and tertiary control layers
Coordinated management in Fuel cell-based DC microgrids
Local energy management strategy

Suppress the bus voltage disturbance

Tertiary control regular is applied for the battery SoC
converge uniformly in finite time

Secondary voltage control loop is used for the bus voltage
smooth control at the moment of MGs interconnection

coefficient

(87]

Taking the frequency protection scheme of the system into
account

Dynamic change of the virtual inertia constant

Small and large disturbances

(88]

Rotor angle stability
Transient virtual energy

Improve the first swing stability of the rotor angle in the
interconnected power grid

regulating the variable inertias of wind turbines

Using fuzzy logic algorithm

Transient stability analysis

(89]

fuzzy adaptive virtual inertia control strategy
considering SoC constraints

dynamically adjusting the virtual inertia and damping

Using fuzzy logic algorithm

[90]

DC bus voltage control unit of a DC microgrid
Reduce the steady state error

Small-signal model

Equal area criterion

[91]

Multi-objective optimization problem

Using ultracapacitor used for emulating inertia are
determined

Inertia constant is tuned together with frequency droop
coefficient of DERs and load frequency controllers’
parameters

Pareto optimal solutions

Small-signal analysis

[92]

Capacitive energy storage system
Study on isolated microgrids
Study on tidal power plants

Considering model nonlinearity factors like generation rate
constraint and governor dead band

Fixed and PID droop
controllers

Imperialist Competitive
Algorithm

[93]

Derivative control method

Virtual inertia support from both ESS and solar PV

[94]

Study on stability of isolated microgrids

Integrating the VSG with a traditional synchronous generator

Equal area criterion

Lyapunov’s direct method

[95]

Power adjustment to change charging power
Primary and secondary frequency regulation
Study on plug-in EVs

Using charging/discharging device

According to the droop
characteristic of an EV

[96]

State-space analysis

Modal analysis assessment

Parameter alternating VSG

The influence of VSG
parameters on the system
dynamics is investigated by
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Ref Features Adaptivity / Intelligence Stability analysis
o Eigenvalue analysis assessment SVD
e Lack of analysis on interactions between different VSGs and
power oscillation excitation mechanisms
e LFO modes and the impact on dc voltage stability
o Study on varying irradiance and temperature
o Grid-connected PV-based power systems
[97] e Using synchronverter - Pole-zero map stability
analysis
e Overloading fault and sudden load change analysis
e LVRT and HVRT analysis
o Using battery as sources Using fuzzy logic algorithm
o Distributed inertia control method for DC microgrid based on battery state ) )
[98] . ) and bus voltage fluctuations Small-signal analysis
* Virtual battery algorithm for Adaptive virtual inertia
o Using dual extended Kalman filter algorithm and droop parameters
o Study on wind power systems
o Study on kinetic energy and DC-link capacitor Tuning the inertia gains with
[99] udy o ctic energy a capactio fuzzy logic-based dynamic Small-signal analysis
o Wide range of wind speeds on the perspectives of wind equation
turbine stability and frequency security
On-line setting the integral
controllers’ gains for plug-in
[100] e Study on EVs EVs charging/discharging )
e Study on multi-area microgrids using Harris hawk’s
optimization-based Balloon
Effect
[101] ¢ Study on frequency deviation from the nominal Tuning the inertia gains with
e Study on reference power deviation from a default value mathematical relationship
o Using fuzzy logic Theory for improving
o Study on multi-area wind power systems ) .
Using Fuzzy logic-based
[18] o Takes into consideration the energy level of energy storage PSO to adjust VSG _
(SoC) parameters
e PSO is employed so that flywheel ESS tracks any random
reference signal
Adding a correction term to
o Using fuzzy logic theory the output power of the
[102] . governor that changes the Transient stability analysis
* Online measurement inertia of the system during
the transients
e Using reinforcement learning method Optimal control with inine
[103] ) . training of the Heuristic -
o Adjust the controller setting based on the system parameters Dynamic Programming
e Virtual primary and secondary control
o Determining virtual inertial control parameter values
coordinated with digital over/under frequency protection Adjustment the parameters
[104] e Preservation the dynamic security of renewable Wl.th the: PI contro.ller, which -
ower Systems is optimally designed by
P Y using PSO algorithm
e Power system stability and resiliency
o Considering uncertainties of RESs and load
[105] | e Optimization of control parameters Newton-based eigenvalue Small-signal stability
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Ref Features Adaptivity / Intelligence Stability analysis

o Study on DFIG optimization algorithm analysis

e Coordinated control parameter setting of wind farms with

virtual inertia control e .
Sensitivity analysis

e Providing guidance for adjusting wind farm control
parameters

Coefficient diagram method
[106] o ) Using robust control method -
Considering frequency measurement noise

extended VSG control method for suppressing FOs in low-

inertia MGs . .
[107] ) Small-signal stability

elimination of power measurements analysis

can be applied in both stand-alone and interconnected MGs

4.2. Multiple VSG-based Methods

As was observed so far, the aforementioned methods in the previous section all employ a single virtual inertia
unit. In this section, the methods are studied that use multiple VSGs from points of view such as the coordination
between the units, the adaptability of the parameters and the type of communication system. The authors of [108]
have used the PSO algorithm to adjust the parameters and maintain the voltage angle deviation in several VSG
units aiming at improving the transient stability of the power system. Authors in [109] have attempted to focus on
coordination control of multiple VSGs in an uncontrolled microgrid. The method presented in this paper deals with
power sharing, but it has examined this issue only with the damping parameter, and no discussion has been made
regarding inertia. The method presented in [110] could coordinate the damping values in multiple VSGs using the
Prony method. In this study, a two-area system with a linearized state-space model has been used to analyze the
presented method. In another study [111], a fluctuation attenuation method has been proposed that can be
implemented in systems with multiple VSGs. In this study, using the small-signal state-space model, coordination
between the droop characteristics of virtual inertial units has been realized using a central controller. Also, one of
the other features of the proposed method is to get rid of the ill effect caused by PLL. Similarly, the authors in [92]
and [93] have presented a method for power oscillation suppression that uses coordination between virtual inertial
units with the help of a distributed controller. The study conducted in [112] has used a mathematical relation based
on adjacent VSGs information to adjust the parameters. Authors in [114] present an adjustable, communication-free
virtual inertia control method that enables the suppression of power oscillations in continuous-time VSGs. In this
approach, the frequency of the transmission line current serves as common information in the continuous structure.
When the frequency of DGs deviates from the transmission line current frequency, a larger inertia is added to
impede the deviations. Conversely, when the DGs' frequencies approach the transmission line current frequency, a
smaller inertia is employed to accelerate system convergence. The proposed control strategy facilitates the rapid
frequency alignment of all DGs with the transmission line current frequency, effectively suppressing power
oscillations. Furthermore, the proposed method is designed solely based on local DGs' information, eliminating the
need for communication and ensuring a reliable system. Also in [115], a derivative-free distributed method for
frequency regulation in islanded uninterruptible power AC micro-grid has been discussed, which uses EVs for
virtual inertial sources. In this study, each VSG can select the optimal communication direction based on the real-
time system state, and the parameters are updated using a consensus-based cooperative adaptive virtual inertia
method. Ref [116] introduces an improved power control strategy for VSGs by considering the dynamic
characteristics of ESS. The analysis reveals the importance of ESS in VSG control and highlights the time-varying
characteristics of SoC as key factors. A Radial Basis Function neural network is employed to learn and process the
nonlinear relationship between SoC and battery current. The proposed strategy optimizes the dynamic response of
VSGs during transients, resulting in improved system performance.

On the other hand, the authors in [117] have presented an approach that considers the EV charging system and
leads to low-frequency oscillations. The main problem of the presented method is that it only has considered the
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damping factor. The authors in [118] have determined the power correction term for each VSG by comparing the
local frequency with the Col frequency. This method requires communication networks with high bandwidth
communication channels, which results in poor reliability. In [119] the small-signal analysis has been conducted on
a network with multiple VSGs, and the superiority of using several virtual inertial units instead of a single unit with
their total capacity has been demonstrated. Designers have investigated this subject in interconnected power systems
by modeling tie-line control and by time-domain and eigenvalue analysis under a wide range of control parameter
variations [120]. Also, the method presented in [121] has tested plug-and-play EV integration in an interconnected
power system using a hierarchical structure for virtual inertial units. In this study, objective of primary control is to
rapidly and accurately track the control references, and the secondary control strategy is based on model predictive
control and finds optimal reference signals for all primary controllers for tracking. In [122] a study have presented
on active power sharing in islanded microgrids using a PI controller whose parameters are optimized using a
centralized MPC. The authors of [101] have also studied the load frequency control with the day-ahead prediction
method. In this study, wind turbine clusters, photovoltaic array EVs considered as a source. It has also been used PI
controller at the secondary level with the feature of self-adaptive frequency regulation.

In [123], a decentralized VSG control scheme for hybrid AC-DC microgrids has been used to operate the entire
microgrid as a synchronous generator with a battery acting as the governing role, a supercapacitor acting as the rotor
mass of the synchronous generator, and connecting the interlinking power electronic converters of DC-bus sources
and loads to the AC bus. In [124], a new decentralized control strategy has been proposed for fault-free and
communication-free frequency regulation in an islanded microgrid containing several VSGs. The entire process can
be completed with only locally measured signals by each VSG and through local frequency feedback instead of
relying on the MGCC and information interaction between adjacent VSGs. The proposed control strategy enables
multiple VSGs to collectively achieve frequency restoration, thus avoiding the overload problem of frequency
regulation of single VSG. The effect of VSG control parameters on the control system has also been analyzed by
root locus. In [19], the voltage of the DC bus has been used to adaptively regulate droop characteristics of VSGs in
an islanded DC microgrid. In this study, PV/BES-VSGs have been used in order to implement the method, and the
battery charging/discharging power limits has been assessed. In this way, power sharing among PV/BES-VSG units
has been allocated according to the maximum output power of PVs and the limit of charging/discharging power of
BESs. To reduce active/reactive power damping of parallel VISMAs in microgrids, the virtual stator reactance
regulator has been used based on inversed voltage droop control feature (V-Q droop control) [125].

In [126], a distributed method for using virtual inertial units has been presented. The aim of this paper is to
improve the transient control performance of independent microgrids and has reduced the problems of implementing
of distributed load algorithms. The goals are achieved by increasing the inertia of PV systems to mimic traditional
SGs. To simulate inertia, the overall output must be flexibly regulated based on the frequency of network. To
minimize the impact on energy efficiency, the first option is to suitably select ESS components, called the DC-link
capacitor in PV systems. Also, the authors of [127] have enhanced stability in weak grids by using modified
distributed virtual inertia method and discharging the preserved energy of dc-side capacitors. The presented methods
have exploited distributed virtual inertial resources while neglecting the coordination between them. In this study,
the compensator has been designed so as it can eliminate the negative effect of DVI regulator on system stability.
On the other hand, the authors in [128] have introduced a method similar to the previous methods, in which the
coordination between virtual inertial units has also been discussed.

The inertia interaction between VSGs has been analyzed in [129] by studying the frequency of parallel VSGs;
yet, the authors did not address the equivalent inertia. Moreover, in [130], the necessary conditions have been
discussed when trying to reach more desirable transient active power sharing using state space model. The study has
highlighted that this can be realized by using the same values of parameters of the VSGs. In [131], a method using
decentralized VSGs has been proposed for accurate sharing of reactive power using AC bus voltage estimation. This
study has used fuzzy logic theory based on increasing the virtual stator reactance to improve the results. The authors
of [132] have presented a method to mitigate load variations but did not study unstable conditions of the power
system. In this study, active power oscillations caused by weak damping and large inertia and the virtual reactance
assessment by adding a virtual damping element for enhancing the stability of power system have been investigated.
In [133], stabilizing reactive power at the nominal value has been investigated by compensating voltage variations.
A small-signal analysis has also been carried out to enhance the reliability of the method. To address the faulty
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operation of parallel VSGs, the pre-synchronization control module has been used by analyzing the stable operation
of the VSGs. Active and reactive power expressions have been added to the active-frequency droop in [134], to
enhance the accuracy of active power sharing between the loads. This helps guarantee steady-state operation and
enhance dynamic features so that the impact of the line impedance between VSGs on active frequency droop has
been decreased. Besides this, the operation of VSGs in a parallel arrangement has acceptably been improved. In
[135], the neglecting of transient power sharing as a shortcoming of the previous literature has been mentioned and
a method has been proposed for adjusting the inertia and damping parameters in different VSGs. The method
improves the frequency behavior of the network in both stable and transient states. The authors have also mentioned
the relationship between the inertia value and the nominal generation capacity as the reason for the imbalance in
power sharing, and it has been pointed out that determining the inertia values in VSGs can be used as a solution to
solve this problem.

As discussed above, recent methods have been oriented towards the issue of coordination in these resources,
taking into account some limitations. A summary of the characteristics of the references studied above are listed in

Table 3, and in the next section, a conclusion and guidance for further studies in this field will be provided.

Table 3. Summary of Multiple VSG Methods

Ref Feature(s) Communication Coordination AdapFlvny / Stability Analysis
Intelligence
o Transient stability assessment Tuning the
[108] e Voltage angle deviation assessment Withf)ut ‘ ) paramet@rs of the Col assessment
S communication VSG using PSO
e maintaining the VADs of generators loorith
within a specific limit algorithm
e Unequal droop or damping
coefficient of multiple VSGs
[109] | * Different power ratings assessment Without Between droop } Eigenvalue
o ) communication characteristics analysis
e Considering damping factor only
e P—@ control during the dynamic state
o Considering damping factor only ) )
[110] . . ) Without Between droop Using Prony Modal analvsis
* two-area system with a linearized communication characteristics method o4

state-space model

Providing a fluctuation attenuation
method

Study on small-signal state-space
model of VSG

[111] Centralized Between droop - Eigenvalue
e getting rid of the ill effect introduced characteristics analysis
through PLL
e Study on power-sharing among the
multi-VSG system
e Study on power oscillation c o Asaf 12 based
; ommunication s a formula base
suppression
[112] with adjacent Avefage f.requency on adjacent VSGs | Lyapunov function
o distributed adaptive virtual VSGs of its neighbors information
inertia control method
Distributed
o Study on power oscillation consensus
[113] suppression algorithm to Col frequency - -
o distributed cooperation control estimate Col-
frequency
o adjustable virtual inertia control Without As a formula based Small-signal
[114] method .. - on local -
communication . . analysis
information

communication-free virtual inertia
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Ref Feature(s) Communication Coordination AdapFlvlty / Stability Analysis
Intelligence
control method
il . . Each VSG can
o Study on islanded microgrids select the optimal Consensus-based
S Local VSG can S .
e Considering EVs communication cooperative .
[115] sense the state of direction based dative virtual Lyapunov function
e Providing a derivative-free method neighboring VSGs trection based on |- adaptive virtua
: ) L . the real-time inertia as a formula
which avoid derivation noise
system state
e Considering the dynamic
characteristics of ESS Without Small-signal
[116] . . - .. - Neural network -
o Time-varying characteristics of SoC communication analysis
o Radial Basis Function neural network
o State-space analysis Using PID
[70] Centralized - controller for -
e Col assessment improving
o considers the EV charging system )
[117] . . Centralized - - -
e only considers the damping factor
Comparing the
o set the power correction term for . local frequency
(1811 cach vsG Centralized ; with the Col :
frequency
o conducts the small-signal analysis on
a network with multiple virtual
synchronous machines
[119] | e the superiority of using several Centralized - A study -
virtual inertial units instead of a
single unit with their total capacity is
demonstrated
Clearly analyzed
by the time-
o Study on interconnected power domain and
[120] systems Centralized - A study eigenvalue analysis
e Modeling of Tie Line Control under a wide range
of control
parameter
variations
e Study on interconnected power
systems
e Hierarchical control scheme Regulating the
o objective of primary control is to equivalel?t output
[121] track the control references rapidly Centralized powers Wlth model MPC Sensitivity analysis
and accurately predictive
d 1 i< based control to
e secondary cont'ro' strategy is base: cooperate DGs
on model predictive control and find
the optimal reference signals for all
the primary controllers to track
e Study on active power sharing
[122] Centralized MPC PI controller -
e Islanded microgrids
e Study on load frequency control ' Self-adaptive
[136] e wind turbine, photovoltaic array, and Centralized secondary PI controller -

EV clusters

frequency
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Ref

Feature(s)

Communication

Coordination

Adaptivity /
Intelligence

Stability Analysis

Day-ahead prediction method

regulation

[123]

hybrid AC-DC microgrids
battery acting as the governing role

supercapacitor acting as the rotor
mass

Decentralized

PI controller

[124]

islanded microgrid

Study on non-error frequency control

Decentralized

proportional link
achieves accurate
proportional power
sharing among
VSGs

PI controller

Root locus analysis

[125]

State-space analysis

Study on active and reactive power
sharing

Microgrids

Decentralized

Adjusting the
virtual stator
reactance based on
inversed voltage
droop control
feature (V-Q droop
control)

Eigenvalue
analysis

[126]

Islanded microgrids

Study on multiple photovoltaic
systems

Increase the inertia of PV system
through inertia emulation
Charging/discharging of the DC-link
capacitor

Distributed

[127]

State-space model

Discharging the preserved energy of
dc-side capacitors

The compensator is designed so as
eliminates the negative effect of DVI
regulator on system stability.

Distributed

Eigenvalue
analysis

[128]

Power and frequency oscillation in
microgrid

Small-signal modeling of multiple
VSGs in parallel

Distributed

multiple VSGs
cooperative control
strategy

optimizes the
output control of
each VSG

Lyapunov stability
theory

[129]

Not considering the equivalent inertia

Both grid-connected and islanded
modes

Transfer function model of paralleled
inverters

Inertia interaction among different
inverters is analyzed in detail

Distributed

[130]

Islanded microgrids
State-space analysis assessment

state-space models

Distributed

sensitivity of the
closed-loop poles
and study the step
responses
analytically and
experimentally

[131]

Not considering multiple virtual
inertia units

Decentralized

Use fuzzy logic
theory for
improving
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Ref Feature(s) Communication Coordination Adap?lvlty / Stability Analysis
Intelligence
e Microgrids based on
e oscillation damping increasing the
virtual stator
e AC bus voltage estimation for reactance
accurate reactive power sharing
o Study on power oscillation
suppression
o Not considering multiple virtual
inertia units Virtual reactance
. . assessment
[132] . Voltages is not constant during the Decentralized ) by adding a virtual Fundame-ntal
operation damping el analysis
amping element
o Study on active power oscillation for enhancing
caused by weak damping and large
inertia
e instantaneous active power sharing
o Not considering multiple virtual
inertia units
e power decoupling method
e reactive power . Based on adaptive Small-signal
[133] Lo o Decentralized - voltage -
o designing the pre-synchronization . analysis
control module to solve the problem compensation
of circulation in parallel operation of
VSGs
e Wind-PV-Super Capacitor microgrid
e Study on reactive power sharing
S . . By adding virtual
Itipl 1 - .
[134] ° NOt §0ns1'dermg multiple virtua Distributed - negative -
inertia units .
impedance
o Suppressing current circulation
o Not considering multiple virtual
inertia units
e Microgrids
[135] Distributed - - -

damping coefficient
parallel operation

steady state and the system transients

5. Challenges and Future Directions

This comprehensive review investigates the evolving landscape of virtual inertia systems in the context of
increasing RES penetration in current power systems. The study explores various strategies for implementing virtual
inertia, emphasizing their suitability based on factors such as complexity and the precise simulation of SGs
dynamics. Notably, the synchronverter and Ise lab's strategy are discussed, each offering distinct advantages
depending on simulation requirements.

5.1. Strategies for Virtual Inertia Implementation

This paper discusses the different strategies used for virtual inertia, highlighting their intended use for delivering
dynamic frequency responses through powerful electronic converters. Specific strategies, like the synchronverter,
are discussed for replicating the exact dynamics of SGs, while more basic strategies, such as Ise lab's strategy, are
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employed when an approximate replication is sufficient. The VSG technique is also mentioned for cases where the
goal is to offer dynamic frequency response without simulating the precise behavior of SGs.

5.2. Advanced Virtual Inertia Systems

The research explores advanced virtual inertia systems, particularly focusing on the utilization of multiple virtual
inertial units and their optimization methods. These methods aim to enhance the contribution of RES units to inertial
response while safeguarding the lifespan of energy storage systems. Significant progress is noted in terms of overall
dynamics and stability. The challenges identified include the need for coordination methods between inertia values
and virtual damping, optimized coordination control procedures to handle uncertainties, and improving
communication links between units.

5.3. Challenges in VSG Integration

The integration of numerous VSGs in power systems poses technical challenges. The article emphasizes the
necessity of developing a centralized control method [137,138] to enhance various VSG control aspects, including
grid connection, voltage and frequency control, and power circulation control.

5.4. VSG Control Algorithms

To balance supply and demand effectively on modern power grids, the exploration of more flexible VSG control
algorithms is recommended. The VSG frequency regulation is discussed, highlighting the need for active practical
algorithms and control methods, along with further investigations to coordinate kinetic energy discharge time and
dimensions with traditional SG properties.

5.5. Efficient VSG Modeling

Efficient modeling of VSGs is crucial, and the article suggests a deeper study of the mathematical derivation of
equivalence between the VSG concept and the SG. The aim is to achieve an effective and robust control system by
improving existing models, focusing on the preferable parts.

5.6. VSG Energy Storage Systems

The integration of energy storage systems with VSG-based photovoltaic systems is discussed. The combination
of batteries and ultra-capacitors [139] is suggested to address high-frequency effects and provide a more economical
solution. However, the article proposes the development of a new and economical ESS with characteristics
combining conventional batteries, ultra-capacitors, and compact sizes, aiming to overcome economic challenges
associated with current technology.

6. Conclusion

This study reviewed the research on virtual inertia systems in the context of a high-RES penetration in the current
power system. For the implementation of virtual inertia, many strategies were identified. It has been shown that all
strategies are basically intended to deliver dynamic frequency response using power electronic converters. Based on
the required strategy (current source or voltage source implementation) and desired complexity level in simulating
the precise behavior of SGs, the best strategy may be chosen. For instance, strategies like the synchronverter are
frequently employed to replicate the exact dynamics of SGs. If an approximate replication is adequate, more basic
strategies like Ise lab's strategy are frequently utilized. In contrast, when the goal only offers the dynamic frequency
response without simulating the precise behavior of SGs, the VSG technique is more appropriate. In the presented
research, the investigation of advanced virtual inertial systems was followed, which focused on the use of multiple
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virtual inertial units and their optimization methods. These methods enable improvements in RES units contributing
to the inertial response while preventing the worsening of the ESS lifespan. Additionally, tremendous progress was
made in terms of overall dynamics and stability. Also, in complementing the research review presented earlier,
certain difficulties and potential research gaps were highlighted. These include but are not limited to providing
coordination methods between inertia values and virtual damping in virtual inertial units in order to share transient
power and frequency stability during disturbances, optimized coordination control and adjustment procedure to
handle uncertainties, and resource limitations, as well as improving the communication links among units and
increase the reliability of the method.
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