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ABSTRACT In electrical power systems where the proportion of synchronous generators (SG) is gradually
decreasing, grid-forming (GFM) converters need to be installed and controlled to meet all the system
requirements that SGs have provided to date. Modeling, control, and implementation of GFM converters
have been the subject of numerous studies in recent years, particularly in the context of ensuring grid stability
during the transition to non-synchronous renewable energy sources. This paper provides a comprehensive
literature review on the modeling and control of grid-connected converters. In particular, the focus is placed
on GFM-type control structures, objectives, and applications. Both grid-following (GFL) and GFM control
structures are detailed. Then, the objectives of controlling GFM converters in power systems are discussed
in detail. Finally, some completed and ongoing GFM installation projects around the world are summarized
under the subheadings of battery energy storage system (BESS), GFM wind, hybrid, and high voltage direct

current (HVDC).

INDEX TERMS Grid following converter, grid forming converter control, grid forming converter modeling.

I. INTRODUCTION

The global demand for renewable energy sources (RESs)
is steadily increasing worldwide to mitigate the growing
impacts of climate change. To achieve the goal of transi-
tioning to 100% renewable energy, it is imperative to elevate
the proportion of clean energy sources, particularly wind and
solar, despite their intermittent nature. Additionally, various
energy storage systems (ESSs) will play a crucial role in
maintaining the supply-demand balance and system stability.
RESs and ESSs are connected to power systems through
inverters, and these resources are referred to as inverter-based
resources (IBR) [1].

Today, the electrical grid is undergoing a transition
from the traditional power system, which relies on large
synchronous generators (SGs), to a structure that incorporates
a significant number of IBRs. This shift results in a reduction
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in rotational inertia, which poses challenges for frequency
stability and control [2]. On the contrary, power electronic
components exhibit fast responsiveness. Therefore, it is
envisaged that the difficulties posed by IBRs can be overcome
by developing appropriate control methods. That is, the roles
currently performed by SGs are expected to be undertaken by
IBRs in the future [3]. Furthermore, some calculations and
methods developed for SGs will need to be reevaluated for
future power systems [4].

The majority of power converters currently used are of
the grid following (GFL) type. These converters use the
phase-locked loop (PLL) to continuously track the voltage
phasor at the point of common coupling (PCC), ensuring
that the grid maintains the same voltage magnitude and
phase angle. However, a strong network consisting of a high
percentage of SGs is needed to maintain the current situation.
Otherwise, as the inertia in the system, typically provided by
SGs, decreases, maintaining a stable voltage and frequency
under disturbances becomes challenging, leading to system
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instability [5]. Hence, advanced converter control methods
are required to maintain grid stability and facilitate the
utilization of more RESs in future power systems. Especially
after the IBR ratio exceeds the 70% range, grid forming
(GFM) structures become essential [3]. Converters controlled
in GFM mode, which exhibit SG characteristics, have been
a focus of interest for both researchers and the industry in
recent years.

In this paper, the studies presented as solutions to
the above-mentioned problems have been comprehensively
reviewed based on GFM control. There are review studies in
literature that take into account some aspects of the subject.
We categorized review papers on grid-connected GFM
converters into four groups. The first group offers a broad
perspective on modeling, analysis, or control. The second
group evaluates real-world implementations and proposes
solutions for utility services. The third group presents specific
critical topics pertinent to GFM converters, while the final
group delves into exploring various types of a particular
GFM control technique. Review articles in the literature are
compared with this paper in Table 1 according to control
structures, control objectives, and projects.

In the first category, Rosso et al. [6] presented an
analysis of control schemes for GFM converters, outlined
a generalized control structure, followed by a discussion
on some issues, including angle stability, fault ride-through
(FRT) capabilities, and the transition from islanded to grid-
connected mode. However, GFL methods, system protection,
black start, and real-world projects are not investigated.
Rathnayake et al. [7] provided an overview of modeling
methods, control techniques, protection schemes, applica-
tions, and real-world implementations of GFM inverters, yet
some topics, such as GFL converters, real-world projects,
and some control objectives given in this study are barely
addressed. Also, advanced control approaches and many new
improvements are not given. Zhang et al. [8] conducted a
comparative analysis of GFM control methods and evaluated
them based on control structure, grid support capacity,
fault current limitation, and stability without touching on
advanced control approaches. Xiong et al. [9] surveyed
modeling approaches and stability analysis methods for
voltage source converter (VSC)-dominated power systems.
However, GFL and GFM structures and many control objec-
tives are not included. Gao et al. [5] scrutinized the control
architectures of GFL and GFM converters without addressing
control objectives and many other issues. Zou et al. [10]
investigated the modeling and stability issues of a two-bus
electric network incorporating both GFM and GFL convert-
ers. Wang et al. [11] presented an overview of synchro-
nization stability for IBRs across diverse grid conditions.
Shah et al. [12] reviewed various converter model types
and their respective applications. Pishbahar et al. [13]
reviewed the stability concepts regarding GFM converters.
Liu et al. [14] investigated four Al-based classical grid
stability evaluation methods. As given in Table 1, none of
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these studies address the issue from a broad perspective as
given in this study. Since a considerable amount of time has
passed since the review studies in this category, and the topic
has been extensively studied, many new perspectives are not
included in the aforementioned studies, even though some
subheadings may be similar. In this study, unlike the above,
GFM and GFL control methods are examined in a holistic
manner, the explanations are enriched with equations and
figures, and the differences between them are pointed out.

In the second category, Shakerighadi et al. [ 15] provided an
overview of the stability challenges surrounding GFM-based
IBRs from the perspective of TSOs and vendors. GFM
pilot projects and demonstrators installed around the world
are reviewed in [16]. Pishbahar et al. [13] also provided
some demonstration and pilot projects. Muftau and Fazeli
Energy proposed potential solutions influenced by significant
academic research and real-world demonstration projects by
reviewing virtual synchronous generator (VSG) topologies
presented in the literature [17]. Song et al. [18] reviewed
GFM inverters, highlighting the potential of GFM technolo-
gies in improving power system stability and resilience.
However, none of them provide information about the
GFM-enabled devices in use and many current projects.
In addition, they provide very limited information about
advanced control approaches and control objectives.

In the third category, stability challenges are overviewed
for power-electronic-dominated power systems considering
GFM approaches in [15], Fan et al. [19] provided an overview
of current-limiting control methods. Arasteh et al. [20]
explored the FRT capability of wind turbines employing
various GFM control schemes. Alassi et al. [21] conducted
an analysis and comparison of some GFM methods to
evaluate their capabilities in generic and soft black-start
scenarios. Kkuni et al. [22] conducted a review focused on
assessing how the GFC’s inner control loops affected their
stability under steady-state and large disturbance conditions.
However, these studies only review a part of the subject
without providing a broad perspective, advanced control
approaches, and real-world projects.

In the fourth category, Tayab et al. [23] presented an
overview of droop control techniques used to coordinate
distributed generation units within microgrids. Chen et al.
[24] provided a comparative review of modeling techniques
for VSG. Mallemaci et al. [25] conducted a review and
comparative analysis of ten of VSG solutions found in the
literature, specifically focused on their active power control
and inertial capabilities. Cheema reviewed various topologies
for virtual inertia and the structure of VSGs, accompanied
by an exploration of stability analysis methods like small
signal stability and transient stability applied to VSGs [26].
Virtual oscillator control (VOC) based GFM methods were
compared according to their oscillator types in [27]. Aghdam
and Agamy presented a review of various applications of
VOC [28]. Teng et al. [29] offered an introductory overview
of GFM control principles and outlined five prevalent control
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strategies—droop control, PSC, VSG, direct power control
(DPC), and VOC. Vasudevan et al. [30] provided a compre-
hensive review of synchronverter technology. Nevertheless,
these studies do not include all GFM methods, control
objectives, and advanced control methods given in this study.

Although modeling and control structures of GFM convert-
ers were reviewed broadly in some papers [5], [6], [7], [8],
[9], [10], the control objectives have either been superficially
explored or not investigated at all. In addition, real-world
projects have only been found in [13] and [16], but the
list needs to be renewed as the number of applications has
increased exponentially recently. Almost none of them offer
information about advanced control approaches. This paper
contributes to the literature in four ways:

o It provides an up-to-date and comprehensive summary

of GFM control.

o It serves as a guide for researchers who want to have
a holistic perspective on the control, modeling and
analysis of GFM converters.

o The quantities that should be controlled in a converter
structure and the properties that are expected from the
control are given in detail.

o GFM company products, recently installed and ongoing
GFM pilot projects are presented.

« Advanced control techniques associated with the future
perspective are also presented.

The literature on grid-connected GFM converters is
classified in terms of control perspective. Recent literature
on the control, modeling and analysis of GFM converters
are examined and grouped under given main headings.
Commonly encountered GFM control structures in the
literature are examined in Section II. Control objectives are
presented in Section III. Real-world completed and ongoing
GFM applications in different structures are outlined in
Section IV. Suggestions for research directions related to
advanced control schemes are given in Section V. Finally, the
study is concluded with Section VI.

Il. CONTROL STRUCTURES OF SOURCES
Grid-connected converters include different controllers in
various structures to regulate injected power, frequency,
and voltage. This is realized by taking into account grid
codes, which may be different for each country. The primary
objective in controller design is to meet the criteria expected
by the grid codes on the one hand while ensuring the
continuous and stable operation of the converter in both
steady-state and transient conditions on the other hand.
Various modeling approaches have been proposed in the
literature for GFM converters to meet grid requirements. Each
of these approaches has its advantages and disadvantages.
In this section, converter-based generation units for both GFL
and GFM in the literature are classified according to their
control structures, as shown in Fig. 1.

In this section, the GFL and GFM control structures are
examined. They are utilized to control the grid-connected
converter model given in Fig. 2. In the schematic diagram,
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FIGURE 1. Grid connected converter classification according to GFL and
GFM control structures.

R, denotes losses on the DC side of the converter, Cy. is
the DC link capacitance, and Ry, Ly, and Cy represent filter
resistance, inductance, and capacitance, respectively. R, and
L, are grid-side resistance and inductance. iz is the DC
current supplied by a controllable DC source and v, is the
voltage on the DC link capacitor. v, g is the instantaneous
voltage in abc frame after the switching stage while V,, is the
RMS value. vpec,ape 1s the filtered voltage at PCC. V), is the
RMS voltage at PCC. V, is the RMS value and vg gp¢ is
the instantaneous value of the grid voltage.

A. GRID FOLLOWING (GFL) CONTROL

A GFL converter acts like a current source converter (CSC),
consisting of a current source and a parallel high impedance.
The simplified model of a GFL converter is given in Fig 3.a.

In GFL control, the measured grid voltage signal is closely
tracked by the converter, typically achieved through the
PLL device. Presently, this method is employed in most
grid-connected converter applications [31].

Active-reactive power (PQ) control is the basic type
of GFL control. However, the PQ-controlled converter lacks
grid regulation capability and shows limited small-signal
stability performance in weak grids [8]. The block diagram of
the PQ controller is given in Fig. 4.a. This method attempts
to ensure that the active power measurement (P) follows the
active power set point (P ) by regulating the d — axis of the
grid current reference (i;‘:{l). The same method is applied to
reactive power set point tracking by arranging the g — axis of
grid current reference (igf";).

GFL converter strategies such as current-controlled
droop [8], [32] and current-controlled VSG [8] could com-
prise grid-supporting features including (i) steady-state volt-
age support through reactive power injection, (ii) dynamic
voltage support, (iii) FRT, and (iv) primary frequency support
in terms of droop and inertia response. Nevertheless, GFL
converters may not sustain supporting the grid effectively
due to disturbances such as (i) measurement and actuation
delay, (ii) weak grid structure caused by the decrease in SG
rate and remote connection of an IBR, and (iii) measurement
difficulties in PLL and rate of change of frequency (RoCoF)
[33]. In the current controlled droop control given in Fig.4.b,
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TABLE 1. Comparison of review papers in the recent literature.

Study Publication | Category | Control Structures Control Objectives Real-World
Year GFM [ GFL [CO1 [ CO2[JCO3[CO4[CO5]CO6]CO7]CO8]CO9 Projects
[6] 2021 1 v v v v v v v
[7] 2021 1,2 v v v v v v v v v v
[8] 2021 1 v v v v v v v
[9] 2022 1 v v
[10] 2022 1 v v v v v v
[11] 2020 1 v v v v v
[12] 2021 1 v v v v
[13] 2023 1,2 v v v v v
[14] 2023 1 v v v
[15] 2022 23 7 7 7 7 v
[16] 2022 2 v v v
[17] 2022 2 v v v v v v v v
[18] 2022 2 v v v v v v v v
[19] 2022 3 v v v v v v
[20] 2022 3 v v v
[21] 2020 3 v v v
[22] 2023 3 v v v v
[23] 2017 4 v v v
[24] 2020 4 v v
[25] 2021 4 v v v
[26] 2020 4 v v v
[27] 2022 4 v v v v
[28] 2022 4 v v v v v
[29] 2022 4 v v v
[30] 2020 4 v v v v v
This study v v v v v v v v v v v v
C.O.: Control Objective
C.0.1: Device level control
C.0.2: System level control
C.0.3: Grid synchronization
C.0.4: System stability
C.0.5: FRT
C.0.6: System protection
C.0.7: Black start
C.0.8: Seamless transition between GFM and GFL modes
C.0.9: Seamless transition between isolated and grid-connected modes
) ) P,Q
1z /ﬁ to,abc "7 oTC > tg,abe
> AMN—>—TT AT —>AMN
+ * R, Ly oL, R,
Tde \
Rdc§ Cie—— Vdc Vo,abe Cf::Upcc,abc Vg,abc
—
FIGURE 2. Single-line schematic diagram for 3 phase grid-connected converter.
frequency deviation (w* — w) causes the reference power power of the machine.
to change from the operating active power (Pp). @ denotes
the measured J%Eg frequen.cy, while o™ is tl.le refe.rence grid Jdﬁ — Py = Pe — Dyl — ") )
frequency. K, p  is the inverse droop gain which relates dr

frequency deviation with active power change. The Laplace
domain control diagram of the current controlled VSG that
is based on the swing equation of SG expressed in (1) is
given in Fig. 4.c. J is the inertia constant, D), is the damping
coefficient, P,, is the mechanical power, P, is the electrical
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In addition to the methods given above, enhanced GFL
control structures based on predictive control [34], table-
based direct power control [35], fuzzy logic control [36],
repetitive control [37], and neural network-based control [38]
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FIGURE 3. Simplified model of (a) GFL and (b) GFM converters.

are also applied to generate current reference signals in the
literature.

B. GRID FORMING (GFM) CONTROL

According to North American Electric Reliability Corpora-
tion (NERC), GFM Control for IBRs connected to bulk power
systems is defined as controls designed to keep an internal
voltage phasor stable, remaining constant or nearly constant
from the sub-transient to transient time frame, [39]. Namely,
GFM converters are a type of voltage source converter (VSC).
Similar to SGs, they are modeled with a voltage source,
represented by the magnitude and phase angle, with a low
series impedance. The simplified model of a GFM converter
is given in Fig.3.b. The basic principles of commonly used
GFM control methods are presented below.

1) DROOP CONTROL

The droop control method, which resembles the speed droop
mechanism in SG, is a simple and widely used GFM
technique. It ensures synchronization by measuring power
imbalance, without PLL, and draws inspiration from the
primary frequency control of SG [40]. It has a power-sharing
feature proportional to the nominal power of the converter.
Droop coefficients are chosen by considering how the
converters will share the load according to their rated power
in isolated mode [41]. A low pass filter (LPF) is often used in
combination with droop control to eliminate high-frequency
harmonics from measurements. Notably, droop control relies
solely on local measurements and does not necessitate
communication between converters. There is an inverse
relationship between frequency deviation and power change.
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FIGURE 4. Block diagrams for GFL (a) PQ control, (b) current controlled
droop, and (c) current controlled VSG methods.

The frequency dynamics of droop control are given in
equations (2) and (3). In these equations, 8¢ and w denote
the reference angle and angular frequency for the grid voltage,
respectively. P signifies measured active power, P is the
reference active power set point. K gf{)p represents the droop
coefficient, which is calculated as @—A‘]" where Aw i1s the
maximum available frequency deviation and Sy is the rated
power for the converter [42]. It is also an active power
controller (APC), and the terms denoted by “x”’ indicate the

nominal values.
6 = w )
® =+ KpP(PY — P) 3)

The d — axis voltage reference (v;i, 4) 18 generated
using reactive power — voltage droop property in (4). Here,

Kg:fmp represents the reactive power controller (RPC) gain

and is calculated as %—]‘V/ where AV is the maximum allowable
voltage deviation [42]. Frequency control is performed
according to (2) and (3), while voltage control is executed
based on (4). The block diagrams for these processes are
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"
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FIGURE 5. Block diagrams for frequency (a) and voltage (b) droop control
methods.

provided in Fig.5.a and Fig.5.b, respectively.

v = VKGO~ 0) @)

2) VIRTUAL SYNCHRONOUS GENERATOR (VSG)

The concept of emulating the behavior of SG with power
electronics was first proposed in [43] under the name
virtual synchronous machine (VISMA). The VSG concept
was proposed in [44], inspired by the swing equation
representing the rotor-side dynamics of SG, to stabilize
frequency fluctuations in a grid with a predominant presence
of IBRs. The frequency dynamics are presented in (5) and (6),
and the three-phase voltage induced by the VSG is given in
equation (7). The excitation current (i, ) provided in (8) is used
to achieve accurate voltage regulation with a PI controller.
Therefore, VSG resembles the Automatic Voltage Regulator
(AVR) of SG.

6 = w (5)
1 D
p=— (P —P)+ =2 (0" - 6
W 7 ( + 7 (a) a)) (6)
sin (6)
. i _ 2
v e = 20Myiy | S0 =3 ©)
sin (0 — %”
k
lo = - (V* - ||Vpcc,dq||)

M

f
k' t

+—'/ V= Vpee,ag (T) ) dT (8)
Mf 0 ( P q )

As the ratio of 5—; approaches 0 in VSG, it resembles
droop control. Here, D), is the damping factor, and J, rep-
resents the virtual rotor’s inertia constant. My expresses
the magnitude of virtual inertia. The block diagrams for
VSG control are provided in Fig. 6. VSG-based APC is
given in Fig.6.a, the frequency droop characteristic is added
in Fig.6.b [45], [46], [81]. The voltage control block diagram
is shown in Fig.6.c [4].

There are various enhanced structures of VSG, as seen
in [47]. In this example, an adaptive VSG (AVSG) control
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strategy based on online grid impedance estimation is
proposed to ensure robust operation of VSG in both strong
and weak grid conditions. VSG control parameters are
adjusted based on grid conditions.

&
\

pref

(a)

1
o il
1 - 1 w 1
— + — -
pref w* - Js s gref

P
K:}xsg ( + _) w*
(b)
w, 6
. ref
1 kz 2o v cc,abe
v* E(kp +) (a) =
ref _ . in(0 in(0 2 in(0 4T T
(a) Vpeeabe = 2wMi,|sin(f) sin(6 — ?) sin(6 — ?)]
l[0pee.dqll
(©)

FIGURE 6. VSG control block diagram. (a) VSG-based APC, (b) VSG-based
APC with frequency droop characteristic, (c) voltage control.

3) POWER SYNCHRONIZATION CONTROL (PSC)
PSC, the first control method that does not require a
synchronization unit, was proposed in [48]. The block
diagram of the PSC controlling angle is given in Fig. 7.a and
the voltage control is shown in Fig.7.b. The equation for PSC,
which mimics the relationship between active power (P) and
rotor angle (0) in SG, is given in equation (9) [49]. In this
equation, APC is an integral (I) controller. However, various
improved versions of PSC are proposed in the literature.
Among these, virtual inertia was achieved in PSC by using
a PI controller instead of an I controller [50]. A PSC with
both droop and inertia features was designed in [51]. Robust
controller design for active power and DC link control
gains of PSC was proposed in [52]. The stability boundary
and dynamic performance of PSC were assessed based on
eigenvalue analysis in weak grids with low SRC in [53].
KPSC
g =0 0 (P”f - P) ©)
s

107823
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PSC ref
pref Kpy” | A0/~ 9
s ﬁ_/
P "
(@)
Avpee
Qref@; KESC ﬁ@—vgid
Q v*
(b)

FIGURE 7. PSC block diagram for angle (a) and voltage (b) control.

4) SYNCHRONVERTER

The synchronverter, emulating the behavior of SG, was first
proposed in [54]. The block diagram for the synchronverter
is provided in Fig. 8 and equations are given in (10), (11),
(12), (13), (14), and (15). Here, My stands for the mutual
inductance between rotor coils and stator coils, and i is the
excitation current in the rotor.

In [55], the sensitivity of the converter to grid voltage
measurement error and processing delay, which cause
harmonic distortion, was mitigated by adding fast current
loops to the synchronverter. The sensitivity to measurement
errors for the 5™ order synchronverter model is reduced
via virtual output impedance by controlling virtual current
in [56]. Synchronverter with FRT capability was proposed
to mitigate active and reactive power oscillations, limit
excessive currents during faults in [57].

6 = w (10)
. 1 (PY—pP
wzj(T—Dp(a)—w*)) (11)

sin (9)
Voo abe = 20Miy | (6-%) (12)
sin (9 + 2”)
ip.aSin (Gref)
T, = Myis | iopsin (6™ — T”) (13)
ip,cSin oref 4 ZT”)
P=T,0" (14)
ip,aCOS (Qref)
0= _QrEfol'f ip,hCOS (Gref — ZT”) (15)

ip,cCOS (H’ef + ZT”)

5) MATCHING CONTROL

Matching control is achieved by matching the deviation in the
DC bus voltage of the converter and the power deviation in
the electromechanical energy transfer of the SG [58], [59].
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FIGURE 8. Synchronverter block diagram (adapted from [8]).

The comprehensive electronic implementation of SG and
a control design based on energy-shaping techniques were
proposed in [60]. Unlike numerical SG emulation methods,
it suggests the complete physical implementation of an SG
using the integral of the DC bus voltage measurement as
the inner angular frequency of the VSC. Matching control
establishes an analogy between the physical quantities of SG,
such as the moment of inertia and rotor damping coefficient,
and those of the VSC. As the input torque of SG is controlled
with the output current, it is considered that the DC input
current of the converter can be used to control the AC output
power. Equation (16) in [4] and (17) in [61] are used to obtain
the angle dynamics of the matching control. The k4 in (16)
and (17) represents the ratio of the reference frequency value
(w*) to the reference DC bus voltage (v};,) as given in (18).
The magnitude of the AC output voltage is controlled by the
modulation signal (u) obtained by (19). The reference voltage
is obtained in the stationary o8 frame according to (20). The
block diagram of the matching control obtained from (16),
(18), (19) and (20) is provided in Fig. 9. The disadvantage
of matching control is that it manages all control actions,
such as DC bus voltage control, grid frequency control,
power sharing, and active power control, through a single
control gain. This prevents the simultaneous optimization of
all functions [62].

6™ = kgvge (16)

0" = ky(ae — Vi) + o (17)
CO*

ko = — (18)
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FIGURE 9. Matching control block diagram (adapted from [4]).
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FIGURE 10. Virtual oscillator circuit and VOC based control diagram
(adapted from [28]).

6) VIRTUAL OSCILLATOR BASED CONTROL METHODS
Virtual oscillator control (VOC), initially proposed in [63],
is a time domain nonlinear control technique that exploits the
dynamics of weakly nonlinear oscillator circuits to synchro-
nize converters. Van der Pol, dead-zone, and Andronov-Hopf
oscillators were compared in [27] and it was concluded that
Andronov-Hopf oscillators are more suitable for grid forming
applications because they provide a harmonic free waveform
with good dynamic performance. The type of an oscillator
is specified with the function f (v, iz ) in Fig. 10. VOC
does not involve multiple hierarchical control loops and does
not rely on frequency measurement. Therefore, it offers high
synchronization and power-sharing speeds [64], [65]. VOC
control is designed based on iterative open-loop and full-load
tests. During this process, the selected control parameters
must meet sufficient conditions for synchronization. The
control implementation scheme based on the oscillator is
provided in Fig. 10 [27]. The measured output current i, is
used as a feedback signal by multiplying with the current
scaling factor k;.

VOC is a current-controlled voltage source and can not
regulate internal voltage directly. So, VOC is augmented
in [66] by controlling both current and voltage control
with a dual loop-based Andronov Hopf-type oscillator to
compensate for voltage deviation.

Dispatchable virtual oscillator control (dVOC), derived
from VOC without power dispatchability, was developed
in [67] and [68]. The dVOC is a decentralized control strategy
that connects an arbitrary number of converters, ensuring
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FIGURE 11. Block diagram of dVOC (adapted from [4], [70]).

almost global asymptotic stability based on nominal voltage
and power setpoints. The frequency and voltage dynamics of
dVOC are presented in (21) and (22) [4]. As it approaches
the nominal steady state ([|Vpee,dqll ~ vzcc), the relationship
between frequency and active power resembles droop control.
The block diagram for dVOC generated based on (21)
and (22) is provided in Fig. 11. The terms @ and « given

in (21) and (22) represent positive control gains.

. P P
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V*2 ” ref ”2
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(hee) IV

ne 2 f f
+ ((v,,) I g ) 1 4

2
*
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Although dVOC offers good synchronization features and
power dispatch capability, it does not have effective FRT
capacity. Therefore, unified VOC (uVOC) was proposed to
effectively overcome the faults. The uVOC strategy can be
used as both GFL and GFM and can seamlessly switch
between grid-connected and isolated modes in the GFM
structure [69].

(22)

C. COMPARISON OF GFM CONTROL METHODS
Many GFM control methods are presented in the literature,
as explained in the previous section. They have different
advantages and disadvantages compared to each other in
various situations. Properties, advantages, and limitations
of 6 GFM methods and their variations are compared in
Table 2.

In the literature and practical applications, the most
commonly encountered GFM control methods are droop and
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TABLE 2. Performance comparison of GFM control structures.

Method Topology Characteristics Advantages Limitations
(a) Droop | Common features - Depend on local measurements. - Enhanced small signal frequency | - No inertia and damping provi-
Control - Easy implementation. stability compared to (e) [74]. sion.
(al) Single-loop | - Larger coupling reactance. - Improved dynamic response and sta- | - Cannot achieve accurate propor-
droop control [72] - Angular frequency and inner bility. tional reactive power sharing com-
voltage control. - Larger small signal stability bound- | pared to (a3).
ary compared to (a2).
(a2)  Multi-loop | - Inner current and voltage loops. - Voltage and current limits are con- | - Prone to be less damped.
droop control [72] - Angular frequency and capacitor | trolled more tightly compared to (al). | - Loses stability more easily com-
voltage control. pared to (al).
(a3) UDE-based | - Deals with the model nonlinearity, | - Accurate proportional load sharing | - Applied only for reactive power
robust droop | uncertainty and system disturbances. among parallel operated inverters. regulation.
control [73]
(ad) Adaptive | - Adaptively specified droop coeffi- | - Stably operating and accurately | - Computational complexity
droop control [42] cients according to available power. power-sharing with low available
- Adaptive virtual impedance is used. | power compared to (al).
(b) VSG | Common features - Inertia and damping support. - Enhanced small signal frequency | - Output active power oscillates
Control - SG swing equation emulation based. | stability compared to (e) [74]. more than in (a) [77].
- Reduction of provided inertia
due to measurement delay [77].
(b1) VSG - No need to PLL. - Lower overshoot and better damp- | - Slower frequency transients
ing compared to (a2) [45]. compared to (a2) [45].
(b2) VSG with | - PLL measurement is used to imple- | - Improve the dynamic response com- | - Unable to provide adequate volt-
frequency droop | ment frequency droop. pared to (bl) and (al) [46] age support during faults due to
[45], [46], [81] the cascaded control [20]
(c) PSC Common features - Directly builds a relationship be- | - More resilient in weak grid connec- | - Lack of inertia and damping.
tween active power and angle [49]. tions compared to GFL control [48]
- Active power balance based syn- | - GFL operation with weak grid [69]
chronization [20].
(c1) PSC with | - Switches to the backup PLL during | - Better voltage support during fault | - Higher frequency transient dur-
PLL [20] fault [20]. than (b2) [20]. ing fault than (b2).
- More sensitive to power errors
than (b2).
(c2) Robust PSC | - Robust controller design for active | - Suitable for cascaded DC link con-
[52] power and DC link control gains of | trol to increase stability margin but
PSC (bl) is not suitable.
(d) Common features | - Mimics the behavior of SG. - Enhanced small signal frequency | - Oscillatory power and excessive
Synchron- [54] - Provides damping and inertia. stability compared to (e) [74]. current injection during fault [57].
verter
(d1)  Synchron- | - The current loops, compensation | - Reduced sensitivity to measurement
verter with fast | of the delays, lead filtered frequency | errors, processing delay, and grid
current loop [55] droop, and virtual capacitors voltage imbalance.
(d2) Virtual | - 5™ order synchronverter model. - Reduces sensitivity to measurement
impedance based | - Controls virtual current flowing | errors. [56].
synchronverter through virtual output inductors. - Limits fault currents and enhances
[56] transient stability [127].
(d3)  Synchron- | - Two FRT strategies: average and | - Mitigation of oscillations on pow-
verter with FRT | enhanced power control. ers, excessive current limitation dur-
capability [57] ing faults.
(e) Common features - Establishes an analogy between the | - Enhanced robustness with respectto | - Manages all control actions
Matching physical quantities of SG. DC current constraint compared to (a- | through a single control gain [62].
Control - Inner voltage and current control | d) [74].
loops are not needed.
(f) vOC Common features - Time domain method. - Easy controller implementation | - Requires further analysis.
- Nonlinear control technique that | compared to (a-d).
mimics the dynamics of a weakly | - Offers high synchronization and
nonlinear oscillator to synchronize. power-sharing speed.
(f1) Classical | - Load sharing in proportion to con- | - P and Q measurements are not re- | - No power dispatchability
VOC [63] verters’ ratings. quired. - The terminal voltage can not be
- Current-controlled VSC [66]. regulated directly [66].
(f2) dVOC [67], | - Connects an arbitrarily large number | - Active and reactive power dispatch- | - Not effective FRT capability
[68] of converters, ensuring almost global | ability compared to (f1). compared to (f3).
asymptotic stability.
(f3) uVOC [69] - Operate in both GFL and GFM | - Effective FRT capability compared | - Vulnerable to asymmetric faults
modes. to (f1,£2). compared to (f4).
- Seamless transition between grid-
connected and islanded modes.
(f4) dsUVOC [76] - Uses a positive sequence and a neg- | - Synchronization to fundamental fre-
ative sequence virtual oscillator. quency both sequence components
- Symmetrical and asymmetrical FRT.
(f5) Dual loop | - Both current and voltage control | - Canregulate internal voltage in case
based VOC [66] loops. of disturbances compared to (f1).
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VSG control [71]. Various approaches are being developed
to improve the dynamic performance of these methods.
Conventional droop control is simple and highly flexible
but has a slow dynamic response, poor voltage regulation,
and poor load-sharing capability [13]. Also, additional inner
loops cause the system to lose stability more easily [72].
Therefore, proportional load-sharing and voltage regulation
capabilities are improved by robust and adaptive droop
control techniques [42], [73].

Droop, VSG, PSC, synchronverter and VOC-based con-
trollers do not consider the DC dynamics of the con-
verter, as the modulation signal is obtained based on
only AC-side measurements such as current, voltage, and
power flows. Hence, these are called AC-based methods.
However, matching control provides information about the
dynamics of the DC source. This is called the DC-based
method that exhibits robustness against DC source saturation
because it takes DC-side measurements into account in angle
dynamics. Namely, the matching control is more robust
against instability when operating close to current limits of
the converter [74].

Droop control, VSG control, PSC, synchronverter and
matching control are phasor domain, while VOC-based meth-
ods are time domain methods. Although machine-emulation-
based phasor domain methods and oscillator-based time
domain methods have similar steady-state characteristics,
the dynamic characteristics are very different [69]. There
is a growing consensus that dVOC is one of the best
GFM control methods in terms of performance [27], [75].
VOC-type controllers are easy to implement compared
to phasor domain methods including multiple hierarchical
control loops. Besides they offer higher synchronization
and power-sharing speed. VOC-based methods initially had
no dispatchability feature [63]. First, they have gained
dispatchability with the dVOC structure [67], [68]. Then, they
gain the FRT feature in symmetrical faults with uVOC [69]
and in asymmetric faults with dsUVOC [76].

Despite all the valuable improvements, the optimal GFM
control method remains an open research topic for the future
highly IBR-dominant system [71].

D. COMPARISON OF PHASOR DIAGRAMS OF GFM AND
GFL CONVERTERS

A GFL device regulates the transferred power and voltage
by controlling the output current of the converter. GFM
converters, on the other hand, regulate the output power by
directly controlling the terminal voltage. The fundamental
difference between GFM and GFL converters lies in their
response after a grid event and their small-signal behavior
under weak and strong grid conditions [6].

Simplified models of GFL and GFM converters are
presented in Fig. 3. The phasor diagram in Fig. 12.a shows the
behavior of the GFL converter in response to the disturbance
in grid voltage. While maintaining the current phasor (/,), the
voltage phasor of the converter (Vj.) changes. The measured
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FIGURE 12. Phasor diagrams of (a) GFL and (b) GFM converters under the
disturbance on the grid voltage.

grid voltage phase angle (§"") is required to determine the
new current setpoint. The response of the GFM converter
after the same event is shown in Fig. 12.b. The internal
voltage phasor (V) of the converter is initially unaffected by
this disturbance. This results in an instantaneous change in the
current phasor (/;) in both magnitude and angle. The rapid
increase in converter current could jeopardize the hardware
components due to overheating [6].

Ill. CONTROL OBJECTIVES

NERC recommends that GFM control should provide
dynamic supports to the grid such as: (i) operation in weak
grids, (ii) stabilizing grid frequency and voltage, (iii) small
signal stability damping, (iv) resynchronization capability,
(v) FRT and (vi) system restoration and black start [39].
In line with these, this section explores the research on control
structures, focusing on which components are targeted for
control on the converter and what control actions are applied
from a system operator’s perspective.
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FIGURE 13. Control objectives of GFM converters.

Two standards that suggest GFM behavior are very
important in regulating the connection of IBRs to the grid:
IEEE 1547-2018 and IEEE 2800-2022 standards. Minimum
technical requirements for the interconnection and interoper-
ability between utility grids and distributed energy resources
are regulated by IEEE 1547-2018 standard [78]. Also,
minimum technical requirements for the interconnection
of IBRs connected to transmission and sub-transmission
systems are established in IEEE 2800-2022 standard [79].

Control objectives can be achieved through device- and
system-level control, as well as synchronization with the grid.
The control scheme of VSCs consists of two control layers,
which are device-level control and system-level control.
The internal control loops (device-level) use reference
signals (voltage, frequency, phase angle, etc.) from the
external control loops (system-level) [70]. One of the control
objectives is to ensure synchronization of the source with
the grid, while another crucial aspect is to ensure stability.
Additionally, some system support functions, such as FRT,
system protection, and black start are important goals.
Subsections that cover the literature regarding the control
objectives of the GFM converters are provided in Fig. 13.

The general control structures for GFM converters with
multiple loops are provided in Fig. 14. System and
device-level control blocks, measurement blocks, and refer-
ence signals are explicitly shown in the figure. The converter
model is given in Fig. 2. The converter current #,, grid current
g, and voltage Vpee are measured. In the outer control loop,
phase angle 07 , frequency »’®, and voltage magnitude v;?;
are calculated.

A. DEVICE LEVEL CONTROL

The device-level control, which is given on the right side of
Fig. 14, is achieved through inner current and voltage control
loops to operate in the synchronous reference frame (SRF)
and DC voltage control [80]. Additionally, various current
limitation strategies are implemented at this level to prevent
instability when operating at current limit values on both the
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FIGURE 14. Generalized control blocks of GFM converter. (red: input,
blue: output).

AC and DC sides of the converter. Having open and detailed
internal control loops is crucial for addressing and resolving
issues related to system-level control design accurately and
realistically. The inputs to the device-level inner control loops
are voltage, frequency, and phase angle references from the
outer loop system-level control, and voltage, current, and
power measurements. The virtual impedance block applied at
this level will reduce the excessive current and the sensitivity
of the converter to small disturbances by readjusting voltage
reference coming from system level control. [80], [81].

Device-level control models given below are adapted
from [4], [81]. SRF voltage control is implemented using
equations (23) and (24). Reference and measured voltages are
compared and a current reference is obtained. K 1‘3/ and K IV are
control gains of the PI controller. Kj; is the feed-forward gain
used to enable or disable i,,.

B v (e
Kp (vpcc,d - med) +

_iref %] KIva,d — Cf.a)ref.vpcc,q + Ki-lo,a
R S @
- - K}‘)/ (Vpcc,q - Vpcc,q) +

K[va,q + Cf.a)mf.vpc,;’d + Kfiloq

[ dxy.q ] [ ref

— v . — Vpce.d
dt _ ce,d pee,
dv,, | = Bef 24)
| @ | Vpce.qg = Vpee,q

The AC current i, needs to be limited to protect the
converter. Equation (25) limits i, current to /" in case of
excessive current.

ref H ymax
e <
o Viodg io,dqll = i 25)
Aq | jmax - |[lig,aqlll > iy
7 or i is compared by i, and the new voltage

reference (V) is calculated by (26) and (27). K} and K/
are control gains of the PI-based current controller. K, is the
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feed-forward gain factor used to enable or disable v)..
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The modulation index (mgp.), Which is used to get the
PWM signal, is obtained by (28).

ref
Mape = st (28)
Vde
DC current reference is obtained by (29). Ky value is
calculated as in (30). Switching and DC losses are also
considered.

) . f o
ref ref P’ Vdc Vdcix — P
e = Kac (Vdc - Vdc) + V”‘?f + R_dc + vr—ef

dc

dc
(29)

100S)

2
ref
(i)

dc = (30)

B. SYSTEM LEVEL CONTROL

The GFM and GFL control methods discussed in previous
sections are applied at the system-level. The system-level
control blocks and inputs and outputs of the system are
given in the middle of Fig. 14. The voltage reference (vlr,?;)
is provided by the system-level control in GFM converters,
while the current reference is provided in GFL converters for
inner controllers.

The system-level control consists of APC and RPC blocks.
APC and RPC do not affect each other if a converter is
connected to the grid with inductive lines. Namely, while
active power is controlled based on frequency, reactive power
is controlled based on voltage. When the inductive character
of the line decreases, APC and RPC control loops interact
with each other.

The literature introduced two methods to address the inter-
action between APC and RPC. The first method is to increase
the equivalent impedance by adding a virtual impedance.
This reduces the interaction between the P-f and Q-v loops.
The second method is to use a Multi Input Multi Output
(MIMO) control structure. In this case, the P-f and Q-v loops
do not need to be decoupled. This method is effective for
inductive and non-inductive line characteristics [82]. Some
studies were conducted on estimating the grid impedance
and determining the adaptive impedance accordingly [47],
[83]. The prediction algorithms that were used to estimate
the grid impedance of grid-connected converters are as
follows [47]: extended Kalman filter [84], recursive least
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square [85], system identification [86], power variations [87],
single frequency injection techniques [88], orthogonal binary
sequence [89], pulse injection [90], [91].

C. GRID SYNCHRONIZATION

The synchronization unit plays a crucial role in ensuring
the stable operation of grid-connected converters. There
are two fundamental synchronization techniques: PLL and
PSC. While GFL converters use PLL, GFM converters
generally use PSC for synchronization. Among these, PLL is
disadvantaged in weak grids, whereas PSC is disadvantaged
in strong grids.

IEEE standard 1204-1197 defines the strength of an
AC/DC system according to SCR. When short-circuit ratio
(SCR) is greater than 3, the system is called “‘strong”. If the
SCR value is between 2 and 3, the system is referred to as
“weak”. An AC/DC system with an SCR value less than 2 is
called “very weak” [92].

In GFL converters, as the SCR decreases (in weak grids),
it leads to a small-signal stability problem caused by the PLL
since they interact with each other [93]. The most commonly
used PLL type is the “type 2 SRF PLL” described in [94].
This method achieves synchronization by reducing the q
component of voltage using a PI controller, thus aligning the
d — axis of the SRF with the output voltage vector [40], [95],
[96], [97]. In equation (31), Kp and Kj are the proportional
and integral control gains of the synchronization unit, where
wo represents the 1 per unit (p.u.) nominal angular frequency,
and ¢ represents the integral term of the g-axis voltage.

£=vi, (31a)
ws = wo + Kpvl.. + Kje (31b)
by = wpws 3lo)

GFM converters perform better in weak grids due to their
voltage source nature and the ability to self-synchronize
with the help of PSC [6], [98], [99]. PSC-based power
synchronization is achieved with three methods in GFM
converters [70]. The first method is based on synchronization
through power imbalance applied in droop and VSG control.
The second method relies on the current flow, which is
applied in VOC-based control. The third method is based
on DC voltage and DC energy imbalance and is used for
synchronization in matching control.

Recently, to address the shortcomings of PLL and PSC,
a hybrid synchronization control (HSC) was proposed and the
impedance characteristics of HSC and PSC were compared
in [100]. Two types of HSC were suggested: Type 1-based
HSC and Type 2-based HSC. The impedance of Type 2-based
HSC has a smaller magnitude compared to PSC and achieves
a better phase margin at the fundamental frequency. On the
other hand, the impedance magnitude of Type 1-based HSC
is higher compared to PSC, resulting in a worse phase margin.

The concept of ‘“complex frequency synchronization™
was proposed in [75] to study the phase angle-voltage
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magnitude stability of a power converter controlled by
VOC. For this purpose, the system was formulated as
linear fast and slow systems. The linearity property of the
system makes it easier to analyze fast complex frequency
synchronization and slower voltage stabilization. Complex
frequency synchronization also includes synchronization of
the rate of change of voltage (RoCoV) in addition to angle
and frequency.

D. SYSTEM STABILITY

Stability in power systems is traditionally ensured by SGs,
and it is addressed in terms of rotor angle, voltage, and
frequency. However, with the increasing prevalence of IBRs,
new topics such as converter-driven stability and electrical
resonance stability are added to the subject. The stability of
the power system, taking into account these new conditions,
is classified in Fig. 15.

Converter-driven stability occurs in the form of oscillations
and is entirely related to the control of IBRs. Fast and slow
interaction scenarios are being examined separately in [102].
Fast interaction refers to the situation where the control
systems of IBRs exhibit fast dynamic interaction with other
fast-responding elements of the power system and other fast
power electronic equipments. Slow interaction, on the other
hand, occurs when the control systems of IBRs exhibit slow
dynamic interaction with other slow-responding elements of
the power system.

Resonance stability comes in two forms: torsional and elec-
trical resonance stability [102]. Torsional resonance stability
occurs in traditional grids, in SGs. However, high voltage
direct current (HVDC) and flexible alternating current
transmission systems (FACTS) as power electronics-based
systems affect this type of stability. Electrical resonance
stability occurs in a grid involving renewable energy sources,
especially in variable-speed asynchronous generators such
as double-fed induction generators (DFIG). It exhibits the
following effects [103]: causes oscillations in current and
voltage, leads to significant disturbances in electrical torque,

107830

and adversely affects electrical and mechanical components.
Other forms of stability in traditional power systems are
discussed in detail in [104].

Many studies have been conducted in the literature to
evaluate the stability of power systems with GFM converters.
In [105], stability analysis of GFL and GFM converters
was obtained based on state space modeling leveraging
eigenvalue trajectories. The synchronization and frequency
stability of VSG during faults were improved by adding a
transient damping method in the active power control loop
in [106]. Small signal stability analyses of single loop and
double loop droop control were done in [72]. The effects
of transmission line dynamics on dVOC-based converters
were analyzed in [107]. In [99], the robust stability of
parallel connected synchronverters was investigated based
on p-analysis using structured singular values and it was
demonstrated that parallel operation reduced robust stability.
Also, virtual impedance was proposed as a solution.

E. FAULT RIDE THROUGH

Ride through or FRT is the capability to endure voltage or
frequency disturbances within specified limits and maintain
proper operation [78]. Voltage disturbance ride-through,
and frequency disturbance ride-through requirements for
IBR plants are given in IEEE 1547-2018 [78] and IEEE
2800-2022 [79] standards. Applicable voltage and frequency
levels, operating modes, and minimum ride-through times are
detailed in the standard.

Faults can lead to synchronization problems in GFM con-
verters, which can cause severe instabilities, low-frequency
oscillations, and distortions in the current signal [108]. Effec-
tive FRT requires (i) synchronization with arbitrarily low grid
voltage and (ii) fast overcurrent limiting capabilities [69].
Numerous studies recommend switching to GFL mode in
the event of a fault in the GFM converter. However, as the
proportion of SGs decreases significantly in a power system,
converters need to maintain their voltage mode characteristics
and be resilient to weak grid conditions [109].

VOLUME 12, 2024



M. Tozak et al.: Modeling and Control of Grid Forming Converters: A Systematic Review

IEEE Access

In [108], a new VSG-based GFM control strategy was
proposed to maintain the GFM feature while simultaneously
improving performance in case of faults. The suggested
controller synchronized the GFM converter by altering
the virtual inertia and performing positive-sequence virtual
impedance calculations, even in unbalanced and severe fault
conditions. A fault mode controller was proposed in [109].
The controller limited the fault current to an acceptable level
while ensuring that the converter remained in voltage mode.
The uVOC strategy proposed in [69], provides effective
FRT capability for symmetrical faults. The dsUVOC strategy
proposed in [76] offers asymmetric FRT without the need
for a redundant controller and PLL. It can synchronize both
positive and negative sequences simultaneously. The classical
current-limiting strategies can cause transient instability and
loss of synchronization. To this end, a new method called
“cross-forming control” is proposed to limit fault currents
for GFM converters, in [110].

F. SYSTEM PROTECTION

An SG is capable of withstanding overcurrents up to five
times its nominal current [111]. However, power electronic
components within converter-interfaced generation units
have lower overcurrent tolerance [112]. A VSC can withstand
fault currents up to 50-60% above its nominal current
value [113].

Current limiting is more challenging in a VSC compared
to current source converter (CSC). Since a GFL converter is
controlled as a current source and provides a current reference
to the device-level controller, it can easily limit overcurrent in
both balanced and unbalanced grid conditions [114]. In the
GFM structure, the current is calculated at the device level
based on the controlled voltage at the PCC. This can lead to
instantaneous spikes in current during any disturbance while
the converter attempts to regulate voltage and frequency [70].
So current limiting is highly crucial in GFM converters. The
structure of GFM converters, the voltage sources behind the
impedance, make them robust against changes in SCR but
more vulnerable to significant disturbances. Therefore, GFM
converters need to have control algorithms to (i) ensure stable
operation under various grid conditions, (ii) handle overloads
caused by faults, and (iii) re-synchronize reliably after the
fault is cleared [115].

Two different current limiting strategies were proposed
in the literature [109], [116], [117], [118], [119], [120],
[121], [122], [123]: (i) current limiting through the vir-
tual impedance method [124] and (ii) current limiting
via the reference current saturation method [122], [125].
An extended power synchronization method was proposed
in [115], which allows the system to operate under both
balanced and unbalanced grid conditions while meeting the
FRT requirements. The study in [126] included a current
reference limiting strategy related to the transient stability of
GFM converters. The impact of the current reference angle
on transient stability was investigated. Analytical formulas
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were derived to predict the critical clearing angle (CCA)
and the critical clearing time (CCT) by considering different
current reference angle values, for a balanced voltage sag
scenario. In [57], an optimal protection coordination (OPC)
program with FRT capability in accordance with grid codes
was developed for synchronverters in a microgrid. Therefore
operating times of time-current-voltage overcurrent relays
(TTV-OCRs) were minimized. In [127], a virtual impedance
fault current limiter with a synchronverter was used in
the OPC scheme, maintaining voltage source characteristics
during faults and enhancing transient stability.

G. BLACK START

Power system restoration, vital to operation and planning,
involves returning generators and restoring power after major
outages, such as a blackout [128]. The converter-based
sources need to have black start capability for effective
participation in system restoration after a blackout [129].
Not all GFM IBRs can provide black-start services, as this
may need extra hardware, design, and functions, leading to
higher costs and requiring special coordination with system
operators [130]. When determining whether a resource has
black start capability, the following criteria are taken into
consideration: station power requirement, startup time, ramp
rate, active and reactive power capacity, on-site fuel/energy
supply, operation during frequency excursions, stabilizing
system frequency and location [131].

Using PV and wind generation units in black start is very
difficult because of their uncertain nature, but BESS units are
possible for this purpose [131]. However, updated grid codes
are imperative to integrate renewable power plants such as
wind and photovoltaic (PV) in the system restoration process.
These plants need to be able to control frequency and voltage
in an isolated grid to restart the system [132].

While GFL converters lack a black start capability due
to their dependency on the grid voltage signal, GFM ones
may inherently have this capability. Moreover, research
can be conducted to provide a black start capability for
GFL converters by providing an external voltage reference.
Equipping converter-based systems with a reliable black
start capability is one of the current research areas in the
literature [21], [132], [133], [134], [135].

In the system energization process, first the transformers
and cables in a network are energized. Energizing the
transformer, without any control, can cause inrush currents
reaching up to 6-10 times the rated capacity [135], [136].
In reference [135], the voltage and power loops of the
VSG control were modified to be softly energized to reduce
transformer inrush current in black start applications.

In June 2021, on-site black start tests and EMT sim-
ulation studies were conducted within the scope of the
RINGO project for 12 MW/ 24 MWh GFM-controlled
BESS connected with a 10 MW GFL-controlled Wind
Farm and some loads, which are located in a small part
of a bulk power system, in Vingeanne, France [137]. It is
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underlined that this is the first worldwide successful black
start test of a system including GFM BESS and GFL Wind
Farm. The circuit diagram of tested system is given in
Fig. 16. System restoration was performed in three steps
in both on-site and EMT simulations. In the Test 1A
phase, a 17 MVA transformer, 200 m underground cable,
and 36 MVA transformer were softly energized sequentially
by GFM BESS. Then, 14.6 km cable was energized in the
Test 1B stage. In the Test 2 phase, first the auxiliary load of
the wind farm was supplied, and then the 10 MW Wind Power
Plant was connected to the system. This isolated network was
connected to the transmission network at 63 kV level in the
Test 3 phase. After an hour, BESS seamlessly transitioned
from GFM mode to GFL mode. Also, the effect of the initial
flux of transformers on inrush current was studied.

H. SEAMLESS TRANSITION BETWEEN GFL AND GFM
MODES

In an electrical grid that includes asynchronous renewable
energy sources, the instantaneous SG rate and system inertia
constantly change as these sources are intermittent in nature.
In terms of stability, it is more appropriate for the converter to
operate in GFL mode when the SG ratio is high and in GFM
mode when it is low. Therefore, the ability to operate in both
GFL and GFM modes and to transition smoothly between
them is an advantage for a grid connected converter.

The idea of a converter operating in both GFL and
GFM modes has attracted the interest of many researchers
in the literature. An optimized controller based on a
multi-dimensional Pareto Front algorithm was proposed
in [138]. Depending on the sensitivity function and weighting
function, the converter can operate in both GFL and GFM
modes. Reference [139] proposed an Hyo-based control
method to design a droop controller that can operate in both
GFM and GFL modes. The values of the sensitivity and
weighting functions were tailored to the control objectives.
In [140], a control method was presented for IBRs to
operate in GFL and GFM modes. The proposed controller
utilized two different parallel control paths. Both control
paths provided the phase angle and magnitude of the PWM
reference signal. Depending on the operating mode of
the inverter, the pulse-width modulation (PWM) generator
received the reference signal from only the relevant path at
a time. The proposed controller could keep the two control
paths in sync, allowing inverters operating in GFL mode to
smoothly transition to GFM mode and created a microgrid
simultaneously when they suddenly disconnect from the grid.

I. SEAMLESS TRANSITION BETWEEN ISOLATED AND
GRID-CONNECTED MODES

One of the key features of a GFM converter is its ability to
switch between isolated and grid-connected modes. However,
the transition can introduce significant voltage, current,
and frequency fluctuations [141]. Several studies have been
conducted to mitigate the adverse effects of this issue.
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In [142], a hierarchical control structure for VOC-controlled
converters is proposed for seamless transitions between
isolated and grid-connected modes in a microgrid. In [141],
an adaptive model predictive control (AMPC) method was
developed for GFM converters to achieve a smooth transition
from islanded mode to grid-connected mode and balance the
trade-off between frequency stability and response speed.
In [69], the uVOC method was enabled to operate in both
grid-connected and isolated modes, with seamless transition
between these two modes.

IV. GFM PRODUCTS, COMPLETED AND ONGOING PILOT
PROJECTS

Although GFM applications are not prevalent worldwide,
there are some completed and ongoing GFM projects imple-
mented by energy companies, research centers, transmission
system operators (TSOs), and component manufacturing
companies. The voltage levels of applications are LV,
MV, and HV, with a diverse range of rated power and
energy capacities. The projects include some GFM and grid
support functionalities such as ancillary services, energy
management, black start, islanded operations, and renewable
integration.

GFM pilot projects completed by 2021 are summarized
in [16]. This study expands on these by adding recently
completed and ongoing projects. Completed projects are
categorized by system type, including BESS installations,
GFM wind turbine projects, hybrid sources, and HVDC
applications. All projects completed between 2012 and
2023 are given in Table 3. The second section includes
ongoing and planned projects.

A. GFM COMPANY PRODUCTS ON THE MARKET

Some GFM products for BESS, hybrid power plant, HVDC,
and Static Synchronous Compensator (STATCOM) appli-
cations have started to appear on the market. PCS100
ESS inverter of ABB, e-mesh PowerStore of Hitachi
Energy, Proteus PCS-E inverter of Siemens, and LUNA2000-
200KTL-H1 Smart PCS of Huawei are used for GFM BESS
applications. The Sunny Central Storage inverter of SMA is
used for hybrid applications. Modular Advanced Control for
HVDC (MACH) equipment of Hitachi Energy is used for
HDVC and STATCOM applications.

PCS100 ESS with ratings from 100 kVA to 4000 kVA
is a GFM inverter of ABB that uses virtual machine
emulation-based control technology that provides voltage
stability, frequency regulation and dynamic system response.
It allows both active and reactive power control and provides
a seamless transition between grid-connected and islanded
modes. It has features such as low-voltage ride-through
capability and black start functionality. It has been installed in
system-level projects with a rated power exceeding 30 MVA
through parallel connection [143]. Hitachi acquired 80.1% of
ABB’s Power Grids business in 2020, subsequently renaming
it Hitachi Energy [144]. Hitachi Energy’s product with
GFM feature is the “‘e-mesh PowerStore”, which has power
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FIGURE 16. Circuit diagram and system restoration steps of the RINGO black start project [137].

ratings from 250 kW to MW scale. The system operates in
both grid-connected and isolated modes, employing virtual
generator mode algorithms to deliver inertia and fast voltage
and frequency support. It includes current limiting during
faults and inrush, supports centralized and decentralized
methods, and features black start capability [145]. Siemens
Gamesa released a 1500 V “Proteus PCS-E” battery inverter
that could be operated in both GFL and GFM modes in 2023.
It could provide fast frequency response and synthetic inertia.
It has four quadrant operation for full active and reactive
power support. It has black start capability and 5 different
nominal AC Power options ranging from 4446 kVA to
5477 kVA [146].The Huawei LUNA2000-200KTL-H1 Smart
PCS is a 200 kW device capable of grid forming and black
start operations [147].

“Sunny Central Storage 1900 / 2200 / 2475 / 2900
products are SMA’s GFM inverters delivering maximum AC
power of up to 2900 kVA, provide ancillary grid services,
allow setpoints for active and reactive power, and offer both
static grid support (Q(U), P(f)) and dynamic grid support
(FRT). They offer ramp-rate control of PV power and black
start functionality. They can be for hybrid systems including
sources such as BESS, PV, and diesel generators [148].

Hitachi Energy provides a GFM-enabled control system
called “Modular Advanced Control for HVDC (MACH)” to
control VSC-HVDC systems. MACH equipment can also be
used for Flexible Alternating Current Transmission System
(FACTS) devices such as STATCOM by differentiating its
software [149]. “SVC Light Enhanced” is a GFM-enabled
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STATCOM device with supercapacitors as storage units,
providing both active and reactive power, dynamic voltage
regulation capability, inertia response, and fault current
contribution [150]. “SVC PLUS FS” is Siemens Energy’s
STATCOM, which provides dynamic voltage and frequency
support and high active power to the grid by simulating
system inertia when necessary [151].

B. COMPLETED GFM PROJECTS

1) BESS INSTALLATIONS

One of the first GFM applications is the Zurich Battery
Energy Storage (BESS) Project with 1 MW rated power.
The project was initialized in 2012 for primary frequency
control, peak shaving, and islanded operations. The system
was operated in both VSC and CSC modes [16], [152].
ABB’s PCS 100 converter was used for the project [153].
The Hornsdale Power Reserve project, which was installed
in South Australia in 2017 and expanded in 2020, is a
VSG-based GFM-BESS project, with a 150 MW/194 MWh
capacity. The BESS has provided fast frequency response
and synthetic inertia services [16]. The General Electric (GE)
company has been studying GFM projects and developing
GFM technologies. The company first installed a lithium-ion
BESS connected via 30 GFM-controlled inverters in 2017 in
order to support the grid [16]. The Dalrymple BESS (ESCRI-
SA) project, VSG-based 30 MVA/8 MWh GFM BESS, was
completed on the Lower Yorke Peninsula of Australia in
2018. The DEMOCRAT (DEMOnstrator of a miCrogrid
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TABLE 3. Completed GFM projects (adapted from [16]).

Project Location Year
Name

Zurich BESS | Switzerland | 2012

Rated Power and | System Type
Enegy Capacity
I MW / 0.58| BESS

MWh
Hornsdale Australia 2017 | 150 MW / 194 | BESS
Power - MWh
Reserve 2020
Dalrymple Australia 2018 | 30 MW /8 MWh | BESS
BESS -
(ESCRI-SA) 2019
DEMOCRAT | Europe 2018 | 0.2 MW / 0.109 | BESS
Project MWh
Bordesholm | Germany 2019 | 15 MW BESS
BESS
Torrens Australia 2023 | 250 MW/250 | BESS
Island BESS MWh
Dersalloch Scotland 2019 | 69 MW GFM Wind
Wind Farm
Mackinac USA 2012 | 200 MW HVDC
HVDC
Ausnet Australia 2012 |1 MW / IMWh | Hybrid (BESS +
GESS BESS + 1 MW | Diesel generator)
diesel generator
OSMOSE Europe 2018 [ 0.1 — 0.72 MW | Hybrid (BESS +
Project - / 0.025 - 0.56 | Supercapacitor)
2022 | MWh
St. Eustatius | Netherlands | 2017 | 4.15 MW PV + | Hybrid (PV +

II Project 5.9 MWh BESS | BESS + Diesel
+ 4 MVA diesel | generator)
generator

Tetiaroa French Poly- | 2018 | 1.2 MVA diesel | Hybrid (PV +

Island nesia generator + 1.3 | BESS + Diesel
MWp PV plant + | generator)

2.6 MWh BESS

Saba Island | Netherlands |2019 {4 MVA diesel | Hybrid (PV +
generator + 2 |BESS + Diesel
MWp PV plant + | generator)

2.3 MWh BESS

Graciosa Is- | Spain 2018 | 1 MW PV + 45| Hybrid (PV +

land, Canary MW of wind + 6 | Wind + BESS)

Islands MW / 3.2 MWh
BESS

La Plana Hy- | Spain 2018 | 850 kW wind + | Hybrid  (Wind

brid Project 245 kW PV + |+ PV + diesel
3x222 kW diesel | generators +
generators + | lithium-ion
3x 435 kW/145 | BESS + redox-
kWh + 120 | flow BESS)
kW/400  kWh
BESS

NREL’s USA 2019 | 8 MW wind + 1.5 | Hybrid (Wind +

Wind MW PV + 1.25| PV +BESS)

Turbine MW/1.25 MWh

at  Flatiron + 1 MW/1 MWh

Campus BESS

integRAting sTorage) project, owned by Efacec was installed
in 2018 in Portugal. The project involved GFM-controlled
storage devices that could operate in an LV distribution grid
or standalone mode to keep voltage and frequency within
limits and black start. The system included two lithium-ion
batteries with a capacity of 200 KW/109 KWh and a 250 KVA
GFM-controlled inverter [16], [154]. The VSG-based GFM
technology that provides synthetic inertia, high fault current,
and flexibility services such as fast power injection, seamless
islanding, and black start was implemented in the project [16],
[155]. RES Deutschland GmbH installed the BESS, which
has a capacity of 15 MWh, to provide frequency control
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services in Bordesholm, Germany, in 2019. The plant can
serve a 10 MW primary reserve for frequency control [156],
[157]. In South Australia, the grid-scale Torrens Island BESS
Project with 250 MW/250 MWh capacity was completed by
Wirtsild on behalf of AGL Energy in 2023 and used SMA’s
inverters. The system can operate in GFL and GFM modes
via VSG control [158].

2) GFM WIND TURBINE PROJECTS

69 MW wind farm including 23 turbines of Siemens-
Gamesa, in Dersalloch (Scotland) owned by Scottish Power
Renewables was operated in GFM mode with VSG control
for approximately 6 weeks, from May to June of 2019
[16], [159]. 2.5 MW Type III wind turbine was operated in
GFM mode at NREL’s Flatiron Campus. The subsynchronous
resonance between wind power plants was investigated [160].

3) HYBRID PROJECTS

AusNet Grid Energy Storage System (GESS) was started
in 2012 in Melbourne, Australia. It was constructed by
the consortium led by ABB on behalf of AusNet Services,
an energy delivery company. The AusNet GESS project
includes a 1 MW backup diesel generator, a 1| MW/1 MWh
battery, and a GFM inverter that is used to support the
grid with the capabilities of peak shaving, power factor
correction, voltage support, phase load balance, and islanded
operations [16], [161]. SMA has led numerous large-scale
hybrid GFM projects around the world. St. Eustatius II
Project was launched on St. Eustatius Island in 2017 to reduce
the rate of diesel generators by installing hybrid PV and BESS
sources with GFM features. The system has a capacity of
4.15 MW PV, 5.9 MWh BESS, and 4 MVA diesel generator.
SMA commissioned another project on Tetiaroa Island,
French Polynesia, in 2018. The system consists of a 1.2 MVA
diesel generator, 1.3 MWp PV plant, 2.6 MWh BESS with
black start capability. The diesel generator with the capacity
of 4 MVA was supported by a2 MWp PV plant and 2.3 MWh
batteries on Saba Island with GFM features in 2019 [16].
Wirtsila implemented a hybrid power system on Graciosa
Island to integrate 1 MW of PV, 4.5 MW of wind power,
and a 6 MW/3.2 MWh energy storage system through SMA’s
converters with GFM and black start capability in 2018 [162].
In addition to its flexible operation feature that allows parallel
use with various power sources, it demonstrated an effective
control interface that facilitates synchronization and black
start capability [156]. La Plana Hybrid Power Plant Project
of Siemens Gamesa was installed in 2015. The plant includes
an 850 kW wind turbine, a 245 kW PV system, 3 x 222 kW
diesel generators, 3 x 435 kW/145 kWh lithium-ion BESS
and 120 kW/400 kWh redox-flow BESS units. Storage units
provide ancillary services, such as frequency reserve and
regulation, peak shaving, synthetic inertia, and black start,
thanks to their GFM capability [16]. A hybrid power plant
consisting of an 8§ MW wind farm, 1.5 MW PV plant,
and droop-controlled two BESS with 1.25 MW/1.25 MWh
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and 1 MW/1 MWh capacities was installed on the National
Renewable Energy Laboratory (NREL) Flatirons campus,
in Colorado, USA, in 2019. The GFM-controlled storage
devices were used for ancillary services and renewable
integration [16], [163]. 7.4 MW BESS was used to achieve
the black start of a 150 MW gas turbine at Perryville
Power Station in 2019 [16], [164]. The OSMOSE Project,
supported by the European Union’s Horizon 2020 program,
was carried out by 33 partners between 2018-2022. Three
grid-forming demonstrators were investigated in the project.
The first one included a utility-scale 720 kW/560 kWh
lithium-titanate-oxide-based battery and 720 kVA converter
that could be operated in both GFL and GFM modes at Ecole
Polytechnique Fédérale de Lausanne (EPFL), Switzerland.
The second demonstrator at the EPFL campus was composed
of a small-scale 25 kWh LTO battery and a 25 kW 4-quadrant
converter that operated in both GFL and GFM modes. The
third one is a hybrid energy storage system that includes a
0.5 MVA lithium-ion battery and 1 MVA supercapacitor rack
with 1 MVA GFM inverter [16], [165].

4) HVDC PROJECT

Mackinac back-to-back, VSC-HVDC project, which has
200 MW and 100 MVAR bidirectional power transfer
capacity, was started in 2012 by the American Transmission
Company to manage power flow between the Upper and
Lower Peninsulas of Michigan, necessitating operation under
weak grid conditions while addressing prevalent issues like
voltage oscillations and faults. The VSC-HVDC exhibited
features including autonomous control over both active and
reactive power, black start capability, and functioning in
STATCOM mode [16], [166].

C. ONGOING AND PLANNED PROJECTS

There are ongoing and about to start GFM projects around
the world. The construction of the Broken Hill BESS project,
owned by AGL in Australia, started in 2022 and will be
commissioned in 2025. The project consists of lithium-ion
batteries with 50 MW/50MWh capacity and was aimed
to improve grid strength and enhance stability with GFM
futures [167], [168]. The Liddell Battery Project, with a
capacity of 500 MW/1000 MWh, is going to be installed
by AGL between 2024 and 2026 in New South Wales,
Australia [169]. The lithium-ion-based GFM-controlled 100
MW/200 MWh Palmerston BESS project was proposed by
Akaysha Energy in Tasmania, Australia. VSG technology
will be used to provide system strength and inertia services
in the project [170]. Another large-scale GFM BESS project
is Statkraft’s Neilston Greener Grid Park Project with an
installed capacity of 50 MW in Scotland, the construction
of which started in 2023 and is planned to be completed in
2024 [171]. Statkraft’s other GFM BESS project in Scotland
is the Coylton Greener Grid Park Project, with a capacity
of 50 MW. The main planning application was made in
2023 and installation will be completed within 12—18 months
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TABLE 4. Ongoing and planned projects.

Project Name Location |Ending |Rated Power and |System
Year Enegy Capacity Type

Neilston  Greener | Scotland | 2024 50 MW BESS

Grid Park Project

Coylton  Greener | Scotland | 2024 50 MW BESS

Grid Park Project

Blackhillock BESS | Scotland | 2024 200 MW/400 MW | BESS

- Phase 1

Kilmarnock BESS - | Scotland | 2024 200 MW / 400 | BESS

Phase 1 MWh

Broken Hill BESS | Australia | 2025 50 MW /50MWh | BESS

Liddell Battery | Australia | 2026 500 MW/1000 | BESS

Project MWh

Blackhillock BESS | Scotland | 2026 100 MW/200 MWh | BESS

- Phase 2

Kilmarnock BESS - | Scotland | 2026 100 MW / 200 | BESS

Phase 2 MWh

Eccles BESS Scotland | 2026 400 MW/800 MWh | BESS

Palmerston BESS Australia | - 100 MW/200 MWh | BESS

after commencement [172]. Zenobe will implement three
GFM-controlled BESS projects at Blackhillock, Kilmarnock,
and Eccles in Scotland by 2026 [174]. The Blackhillock
BESS Project was launched in Scotland in 2023. The project
has two stages. Phase 1 with 200 MW/400 MW capacity will
come into operation in the summer of 2024, and Phase 2 with
a 100 MW/200 MWh capacity will come into operation
in 2026. To improve the reliability of the renewable-rich
power system in the UK, the site will provide stability
services to the National Grid ESO [173]. The second one
is the 300 MW/600 MWh Kilmarnock South BESS Project,
which will provide short-circuit level and inertia. Its location
was selected to reduce the curtailment of wind farms. Phase 1
(200 MW / 400 MWh) will be commissioned in 2024.
Zenobe’s third project is the 400 MW/800 MWh Eccles BESS
Project, which will be put into operation in 2026 [174].

The ongoing and planned BESS projects detailed above are
given in Table 4.

V. RESEARCH DIRECTIONS FOR ADVANCED GFM
CONTROL APPROACHES

Due to the decreasing SG ratio,it is expected that IBRs not
only provide power to the grid but also possess features such
as enhancing and supporting the dynamic performance of the
grid, operating in grid-connected and isolated modes, and
black start capability. As the need for system requirements
to be met by IBRs increases, research has led to the
development of advanced control approaches that enhance
the performance of GFM converters. For this purpose,
hybrid control approaches including multiple GFM features,
advanced controllers enabled by MIMO system models,
coordinated control of converters, and control design based
on new modeling approaches such as complex frequency have
become substantial and essential. Studies related to advanced
control approaches in the literature were examined under
the four main headings shown in Fig. 17. These research
topics are quite new and there are many opportunities for
improvement and development in these areas.
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FIGURE 17. Advanced GFM control approaches.

A. HYBRID CONTROL

1) HYBRID ANGLE CONTROL

In the literature, there are studies that achieve superior
performance by combining multiple control methods. Control
methods such as droop control, VSG, and dVOC, where
the converter is controlled based on AC-side measurements,
enhance small-signal frequency stability. DC measurement-
based methods, such as matching control, are more robust
to operating conditions as the device current approaches
its limits. A new hybrid angle control (HAC) method
was proposed in [75], where AC-based droop control and
DC-based matching control were combined to determine
the converter’s frequency. The hybrid use of other control
methods in this field will provide new valuable results.

2) GENERALIZED MULTIVARIABLE FEEDBACK CONTROL
Different control methods exhibit distinct advantages over
each other, as explained in Section II-C. Combining these
methods and bringing their superior features together is
the focus of interest of researchers. In the literature, this
has been achieved by performing feedback control in a
multivariate system consisting of mathematical equations of
different controllers. Reference [49] combined some control
strategies such as droop, PSC, VSG, dVOC, matching,
and their derived versions in the “multivariable feedback
control transfer matrix”. A generalized GFM converter
architecture was proposed using multivariable feedback
control theory. In [175], the MIMO-GFM converter control
approach was proposed, which used multivariable feedback
control, focused on the direct control of frequency and
internal voltage as state variables, and effectively reduced
the effect of high-frequency components. Chen et al.
[176] introduced a MIMO-GFM control system for power
converters, employing a multivariable feedback structure that
couples AC and DC loops through a general multivariable
control transfer matrix. This approach promises a wide field
of study for researchers, as it allows the application of
various modern control methods as power systems become
increasingly complex.
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3) UNIFIED APPROACHES FOR CONTROL OF CONVERTERS
Unified control of power converters allows them to operate in
different modes using a single model and synthesize different
methods. VSG-based IBRs operate differently in grid-
connected, islanded-single-generator, and islanded-multi-
generator modes. A unified modeling method was proposed
to analyze their dynamic performances in each mode in [177].
Unlike VSG, Droop control has better power reference
tracking capability and a high RoCoF in islanded mode due to
the lack of inertia. However, VSG tends to cause significant
deviations and longer settling times in grid-connected mode.
A second-order generalized droop controller (GDC) based on
both droop and VSG control was proposed in [178] to better
operate in both operation modes. In [179], a unified voltage
control scheme, which is composed of three loops, i.e.,
(1) the voltage magnitude control, (ii) the virtual impedance
control, and (iii) the voltage-reference-feedforward control,
was proposed for grid-forming inverters that enable to
synthesize six commonly used voltage control methods, i.e.
(i) PI-based dual-loop vector-voltage control (VVC),
(i1) virtual admittance control (VAC), (iii) VAC with the
PCC voltage magnitude regulation, (iv) single-loop voltage-
magnitude (SLVM) control, (v) SLVM control with the
virtual resistance and (vi) active resistance control.

B. MULTI INPUT MULTI OUTPUT (MIMO) CONTROL
SYSTEM DESIGN

A typical GFM converter includes multiple cascaded control
loops, such as inner voltage and current loops, as well as
outer active and reactive power loops. The bandwidth of the
inner-cascade control loops is chosen wider than the outer
power control loops to facilitate analysis and design and
prevent interaction of control blocks. This allows separate
examination of the fast dynamics of inner loops and the slow
dynamics of outer loops [6]. However, multiple loops have
complex dynamics over a wide frequency range. Therefore,
some challenges arise in operation, analysis, and control in
low-inertia systems [85].

Single input single output (SISO) control structures
and classical design methods frequently used in control
of GFM converters have limitations in (i) low-inductive
line applications and (ii) achieving the desired/appropriate
performance [82]. Controlling P and Q separately becomes
harder as the R/X ratio of the transmission line and the power
angle between the GFM converter and grid voltages increase,
due to interaction between the P and Q control loops [83].
When cascade SISO controllers interact, MIMO controller
designs become significant. MIMO control structures have
distinct advantages, especially in the following situations:
(i) when the R/X ratio of the line and the power angle
are large [83], [87], (ii) when the features of multiple
GEFM control methods are desired to be used together [87],
and (iii) when strict tracking of performance criteria from
the converter is required [49], [86]. The disadvantage of
MIMO control is its need for a high-degree controller and
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FIGURE 18. Secondary control of a microgrid: (a) centralized,
(b) distributed, (c) decentralized [94].

high-capacity processor, making implementation costly. This
can be mitigated with model reduction techniques [88].

C. COORDINATED CONTROL OF SOURCES

The coordinated control of resources to meet system
requirements is highly important in microgrids and virtual
power plants (VPPs). Three different control frames are
used for coordinated control: centralized, decentralized,
and distributed control. In the first method, setpoints are
determined by the central control unit, and there is a
communication network between the central control unit
and the controlled components [90], [91]. The second is
decentralized control [93], [94], which involves peer-to-peer
communication and control processes.

There are many studies in the literature about coordinated
control in microgrids. The demand was distributed among
various PV inverters using a decentralized method in [95].
The third is distributed control [96], [97] during blackstart.
This method does not require a communication network since
each device is controlled according to grid measurements
at the node it is connected to. In a microgrid, three control
schemes were applied as secondary control as shown in
Fig. 18 to add correction terms, and to mitigate steady-state
errors in voltage and frequency [94].

In a VPP, distributed generators are aggregated to act as a
single power plant. They can provide voltage and frequency
support to the system [180]. The parameter values required
for control loops are adjusted based on the stable operation
of a single converter; however, system behavior is also taken
into account in VPPs. The utilization of power sources within
VPPs for ancillary services was initially proposed in [181].
Dynamic VPP goes beyond tracking reference setpoints in
a system accommodating different types of sources and
dynamically provides the desired ancillary services [182].
The dynamic VPP proposed in [182] offers dynamic ancillary
services on faster time scales, such as fast frequency and
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voltage control. The study used a heterogeneous set of
sources with complementary features such as energy/power
availability, response times, and weather-dependent features.

Coordinated control in VPP has been much less studied
than in microgrids. However, research directions can be found
in both fields for researchers.

D. CONTROL BASED ON COMPLEX FREQUENCY CONCEPT
The concept of Complex Frequency (CF) was first proposed
in [183]. It associates active and reactive power with voltage
magnitude and phase angle. In this regard, it encapsulates
the multivariable nature of power systems [75]. The real part
of the complex frequency represents the change in voltage
magnitude, while the imaginary part represents the change
in phase angle. The magnitude of the complex frequency
allows obtaining the local frequency deviation arising from
both the change in phase angle and the variation in bus voltage
magnitude and current injection [71].

The steady-state and transient behaviors of various types
of converters have been extensively studied in the literature.
However, the contribution of the controller associated with
each converter at the PCC was not scrutinized. In [71], the
concept of complex frequency was used to address this gap
by examining the effect of each controller on the frequency
at the converters’ connection point.

Modeling and control with complex frequency will be very
useful in future studies to examine the effect of each source on
frequency, especially in systems containing multiple power
sources.

E. CROSS-FORMING CONTROL

GFM methods form voltage magnitude-and-angle, while
GFL methods form current magnitude-and-angle. The novel
concept called “cross-forming™, which forms voltage angle
and current magnitude, was proposed by [110]. The
cross-forming concept combines device security needs for
fault current limitation with grid code requirements for
preserving voltage angle formation, unlike pure GFM or
GFL paradigms. Reference [110] introduced two viable
cross-forming control implementations, allowing inverters
to promptly restrict fault currents to a specified level
while maintaining voltage angle forming property for GFM
synchronization and dynamic ancillary services provision,
during both symmetrical and asymmetrical FRT scenarios.

VI. CONCLUSION

In summary, this study provides a comprehensive review
of the current literature pertaining to the control of
grid-connected converters, with a particular emphasis on
GFM-type control structures. The investigation spanned
various aspects, including control strategies, objectives, and
the evolving perspective of control techniques. Existing
grid-connected control methods were reviewed in detail, their
differences in terms of modeling and control were revealed,
and their superior features were emphasized. The objectives
of control processes were thoroughly examined, shedding
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light on their critical roles in grid stability, protection,
black start, and renewable energy integration. A range of
practical GFM applications are showcased, encompassing
real-world implementations, spanning across transmission,
distribution, microgrids, and HVDC systems. It has been
concluded that applications of GFM control are generally
installed at the transmission level and in microgrids. It has
been observed that BESS technology is mostly installed
in transmission-level applications and hybrid systems are
generally applied in microgrids. In conclusion, this study
highlights the contemporary challenges regarding control
of grid-connected systems as follows. Although classical
control techniques such as droop control and VSG control
provide sufficient results in small networks and under
small disturbances, as the system structure becomes more
complex, advanced control approaches are needed to increase
system stability due to some emerging problems such as
the interaction of units with each other, limited information
about other units in the system and the decrease in inertia.
The proposed advanced control approaches for future studies
include, but are not limited to:

1) use of hybridization approaches combining positive
features of control methods;

2) the realization of MIMO system models and control,
which increases the control bandwidth and enables
holistic control of the system, apart from the classical
SISO control design;

3) coordinated control of resources, especially in a decen-
tralized structure, in applications such as microgrids
and especially virtual power plants;

4) investigating control possibilities using new modeling
approaches such as complex frequency;

5) cross-forming control that establishes the voltage angle
and current magnitude and allows effective current
limiting.

In addition, model reduction and black and gray box

modeling approaches are topics worth researching.
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