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Abstract: The large integration of inverter-based resources will significantly alter grid dynamics,
leading to pronounced stability challenges due to fundamental disparities between inverter-based
and traditional energy systems. While grid-following inverters (GFLIs) dominate current inverter
configurations, their increased penetration into the grid can result in major stability issues. In contrast,
grid-forming inverters (GFMIs) excel over GFLIs by offering features like standalone operation,
frequency support, and adaptability in weak grid scenarios. GFMIs, unlike GFLIs, control the AC
voltage and frequency at the common coupling point, impacting the inverter dynamic response
to grid disturbances and overall stability. Despite the existing literature highlighting differences
between GFLIs and GFMIs and their control strategies, a comprehensive review of GFMIs’ stability
and the effects of their control schemes on grid stability is lacking. This paper provides an in-depth
evaluation of GFMIs’ stability, considering various control schemes and their dynamics. It also
explores different types of power system stability, introduces new stability concepts that correspond
to power grids with integrated inverters, i.e., resonance and converter-driven stability, and reviews
small-signal and transient stability analyses, which are the main two types of GFMI stability studied
in the literature. The paper further assesses existing studies on GFMI stability, pinpointing research
gaps for future investigations.

Keywords: grid-forming inverters; converter-driven stability; outer control loop schemes; small-
signal stability; transient stability

1. Introduction

The considerable integration of renewable energy sources (RESs), modern loads such as
electric vehicles, and transmission of power over high-voltage direct current (HVDC) lines has
resulted in the connection of a large number of converters to the power grid [1-6]. The power
grid is anticipated to transform into a fully inverter-based system. This transformation will result
in major changes in the structure and operational dynamics of electrical power systems [1-6]
leading to significant stability issues due to inherent differences between dynamics of inverters
and synchronous generators (SGs) [7,8].

There are two types of inverters used in the power grid: grid-following inverters
(GFLIs) and grid-forming inverters (GFMIs). The control system of GFLIs controls their
output current while following the voltage magnitude and frequency at the point of
connection to the alternating current (AC) grid using a phase-locked loop (PLL) [1,9]. Most
of the inverters used in the power grid are GFLIs [1,10]. An increased penetration of GFLIs
into the grid can result in major stability issues [10]. The oscillatory stability events in
GFLIs of HVDC systems are reviewed in [8]. Voltage and current oscillations at the testing
stage of Nanhui HVDC system in Shanghai, China, in 2011 are reported in [8,11]. Output
current oscillations in the Xiamen HVDC system in Fujian, China, in 2015 are reported
in [8,12]. High-frequency current oscillations in the Borwinl HVDC system in North Sea,
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Germany, in 2013 are reported in [8,13]. Current oscillations in the Luxi HVDC system in
Yunnan, China, in 2017 are another example of oscillatory stability issues of GFLIs [8,14].

Voltage and current oscillations can happen when a GFLI is connected to a weak
grid due to errors in the estimated frequency by the PLL [15,16]. Changes in the loading
condition of a GFLI may also result in instability as its output power does not change. This
constant output power leads to voltage oscillations in the system, which cause errors in the
PLL. These errors lead to output power oscillations in the GFLI. If another generation unit
damps these oscillations, the GFLI continues its operation at its output power set-point.
Otherwise, the oscillations will be sustained [10]. Reference [17] shows that switching the
control scheme of the inverter from GFLI to GFMI in critical stability conditions helps the
system remain stable. In contrast to GFLIs, the control of GFMIs is based on controlling
the AC voltage magnitude and frequency at the point of common coupling (PCC). This
characteristic of GFMIs allows them to operate in the stand-alone mode [1]. Moreover,
GFMIs are stable when connected to weak grids, as their control scheme does not require
a PLL for grid synchronization [9]. Operation in the stand-alone mode [18], frequency
support [18], and ability to operate under weak grid conditions [9] are among the main
advantages of GFMIs over GFLIs. The study of [19] shows that compared to GFLIs, grid-
connected GFMIs can supply larger loads while maintaining small-signal stability.

There are several examples of grid-forming pilot projects around the world [20]. The
Zurich battery energy storage system (BESS) project in Dietikon, Switzerland, started in
2012 and the BESS has been operative since 2014. The main features of this project are
primary frequency control, peak shaving, and islanded operation. This BESS has a rated
power of 1 MW and a capacity of 580 kWh and is designed for both low-voltage and
medium-voltage connections [20,21]. The AusNet Grid Energy Storage System (GESS)
project in Thomastown, Australia, started in 2012. The GESS consists of a 1 MW /1 MWh
lithium-ion battery system connected to the grid by a 1.37 MVA GFMI and a 1 MVA backup
diesel generator. The GESS project provides peak shaving, voltage support, power factor
correction, and islanded operation [20,22].

The Mackinac HVDC system project is another example of GFMI projects which
started in 2012 and was operated in 2014 to control the power flow between Michigan’s
upper and lower peninsula. The Mackinac HVDC system with GFMIs can operate when
connected to a weak grid and provides voltage oscillation mitigation [20,23]. This HVDC
system transfers a bidirectional power of 200 MW and 100 MVAR using two converters that
are connected directly to each other [24]. The south converter is controlled using vector
current control scheme and the north GFMI is controlled using the frequency-droop control
scheme and direct voltage magnitude control [24]. The Dersalloch wind farm in Dersalloch,
Scotland, was operated in the grid-forming mode from May to June 2019 to provide inertia
to the system. The 69 MW Dersalloch wind farm has twenty three 3 MW direct drive full
converter wind power generators [20]. The Hornsdale Power Reserve BESS project started
in Jamestown, south Australia, in 2017. The power capacity of the plant is 150 MW and it
has an energy capacity of 194 MWh. It is connected to the grid at 275 kV voltage level. This
BESS provides fast frequency response and inertia to the system [20,25,26].

The ES CRI-SA BESS located near the Dalrymple substation in south Australia, was
commissioned in 2017. The ES CRI-SA BESS has a power capacity of 30 MW and an energy
capacity of 8 MWh. The ES CRI-SA BESS is connected to the 33 kV grid and provides
ancillary frequency services and fast frequency response, and reduces failures in energy
supply in case of islanding [20,27]. The St. Eustatius II project in St. Eustatius, Caribbean,
started in 2017. A diesel generation of 4 MVA, solar power of 4.15 MW, and a BESS of
5.9 MWh capacity form the generation and storage mix of this project. Three GFMISs, two
with a capacity of 2.2 MW and one with a capacity of 1 MW, are used in St. Eustatius
II project to make 100% use of solar power [20,28]. A hybrid power plant started in La
Plana, Spain, in 2015. The plant consists of a wind power generation of 850 kW, solar
power generation of 245 kW, diesel generation of 222 kW, and a BESS of 545 kWh capacity.
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The GFMIs used in this plant provide ancillary services such as peak shaving, frequency
regulation, and frequency reserve [20].

Reference [1] provides a review of several GFMI control schemes, as well as challenges
related to the integration of GFMIs in the grid. Reference [1] provides a brief overview
of stability studies, real-world implementations, and grid applications of GFMIs. Refer-
ence [29] offers a detailed exploration of the differences between GFMIs and GFLIs, the
topologies of GFMIs, their hierarchical control strategy, the structures of inner and outer
control loops, control schemes for GFMIs, and the diverse applications of GFMIs within
power grids. Reference [30] compares GFLIs and GFMIs and reviews different grid-forming
control schemes, their modeling, and design considerations. The control scheme of GFMIs
affects their dynamic response to disturbances in the grid and, thus, their stability [31].
Although the existing reviews of [1,29,30] elaborate on the differences between GFLIs and
GFMIs, their control schemes, and new concepts related to GFMIs, none of them provide a
comprehensive review of GFMIs’ stability issues and how their control schemes affect their
stability. This paper presents an extensive review and evaluation of the stability aspects
of GFMIs, delving into the dynamics of various GFMI control schemes and their impact
on system stability. It also discusses various methods found in the existing literature for
analyzing the stability of GFMIs, along with presenting multiple strategies proposed to
enhance the stability performance of these systems.

In this paper, first, various control schemes for GFMIs such as frequency-droop con-
trol [32], angle-droop control [33], power synchronization control (PSC) [34], synchron-
verter [35], virtual synchronous machine (VSM) [36,37], matching control [38—40], virtual
oscillator control (VOC) [41], and dispatchable VOC (dVOC) [42] are reviewed and their
block diagrams, dynamics, and features are presented. Although other GFMI control
schemes such as configurable natural droop [1,43], generalized droop control [1,44], unified
voltage oscillator control [1,45], He \ Ha-based robust fixed-structure control [1,46,47], and
frequency shaping-based control [1,48] are proposed in the literature, only control schemes
that are considered in stability analyses of GFMIs are reviewed. Second, various types of
stability in power systems such as voltage, rotor angle, and frequency, as well as two new
stability types that correspond to power grids with integrated inverters, i.e., resonance
and converter-driven, are discussed. Third, small-signal stability and transient stability,
which are the main two types of GFMI stability studied in the literature, are reviewed,
and different methods of stability analysis, which are used in the literature, are presented.
Finally, the existing studies of GFMI stability in the literature are reviewed, and the gaps to
be addressed for future research are identified.

The rest of the paper is organized as follows: in Section 2, GFLIs, GFMIs, and their
corresponding control systems are reviewed. In Section 3, inner control loops and main
control schemes for outer control loops of GFMIs are presented. In Section 4, power system
stability definitions, various types of analysis tools, as well as existing literature on stability
of GFMIs are discussed. Discussions and conclusions are presented in Sections 6 and 7.

2. Grid-Following and Grid-Forming Inverters

In this section, the operating principle of GFLIs and GFMIs as well as their control
system are introduced.

2.1. Grid-Following Inverters

Most of inverters in the power grid are GFLIs [1]. With GFLIs, the power transferred
to the grid at PCC is controlled according to power references Py.r and Q,.r. Assuming
the voltage at the PCC is constant, this power transfer would be equivalent to injecting
a certain amount of current into the power grid; thus, GFLIs can be modeled as current
sources, as shown in Figure 1 [9].
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Figure 1. Model of a GFLI as a controlled current source.

In Figure 1, Ly, 6y f, Yeq, and Lg are the reference output current, the estimated phase
angle of the PCC voltage, the output admittance of the GFLI, and the inductance of the
transmission line connecting the GFLI to the grid, respectively. The control of GFLIs
depends on the measured voltage and the estimated frequency of the grid. In GFLIs, the
output voltage and frequency are not directly controlled. A simple schematic of a typical
GFLI and its control is shown in Figure 2.
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Inner Control Loop
Figure 2. Schematic of a typical GFLIL

In Figure 2, iy, ig, Vi, Ve, and V; are the output current of the inverter, grid-side current
of the inverter, output voltage of the inverter, PCC voltage, and grid voltage, respectively.
Liag, Lgaq, and Vi, are the direct-quadrature-zero (dq0) reference frame representations of
the inverter output current, grid-side current, and PCC voltage, respectively. Pr, Qyef,
Oref, Virer, and m are the output active power reference, output reactive power reference,
estimated phase angle of the PCC voltage, voltage reference at the inverter terminal,
and the switching signal, respectively. P, Q, L., C 'z and L, are the output active power,
output reactive power, output filter inductance, output filter capacitance, and transmission
line inductance, respectively. Ry, Cac, Licref, ige, and V. are the direct current (DC)-side
capacitance, resistance, DC-side reference current, input current of the inverter, and DC
link voltage, respectively.

The control of GFLIs typically takes place in the dq0 reference frame [49]. The PLL
and outer and inner control loops are the main control loops of a GFLI [1]. The reference
angular speed wy,r and 6,,s are estimated using a PLL [1]. In most systems, a synchronous
reference frame PLL (SRF-PLL) is used for controlling GFLIs because of its well-known
structure and robust performance [50]. As shown in Figure 3, an SRF-PLL typically consists
of a proportional-integral (PI) controller and an integrator [50]. It estimates w,s by setting
the quadrature component of its input voltage, V4, to zero using the PI controller [50].
Then, 6,.f is derived by integrating w,s. The output of the PLL, 0,.f, is used as the reference
angle in any dq-to-abc or abc-to-dq transformation in the system [51].
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Figure 3. The control system of a GFLL

Using PI controllers, Iy, s and Iy, r are generated in the outer control loop, as shown
in Figure 3 [49]. The dynamics of I;; and I;; are shown in (1) and (2).

dl

L = Letreglig + Vig = Ve, M
dly

LCW = _Lcwrefltd + Vig — Veq. 2)

Using the feed-forward signals in the inner control loop, shown in Figure 3, the
dynamics of I;; and I, are simplified as shown in Figure 4 and (3) and (4), where u;; and
u;; are the controller output signals. Then, as illustrated in Figure 3, Vij,.r and Vi, r are
generated using PI controllers in the inner control loop.

dlyy
Lcidt = Ujq, (3)
dl
q
Ujq /
ki: 1 1 td
/ = ki +—2 o [—
tdref P S SLC
u /
ki 1q 1 tq
/ * kg +— o [—
tqref P S SLC

Figure 4. The simplified block diagram of the inner control loop of a GFLIL

Since GFLIs do not form the voltage magnitude and frequency of the PCC, these
inverters cannot operate in the stand-alone mode [1,9]. Moreover, PLLs estimate the
frequency of the PCC voltage [1,7]. When GFLIs are connected to weak grids, possible
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fast electromagnetic transients in their output voltages may result in the PLL estimating
the frequency of these transients and causing loss of synchronization between GFLIs and
the grid [7]. PLLs also have a delay when estimating the frequency, which can affect the
performance of the control loops of GFLIs. GFMIs can operate in the stand-alone mode and
do not require a PLL for synchronization to the grid. Therefore, they can replace GFLIs to
avoid the aforementioned issues [1].

2.2. Grid-Forming Inverters

Unlike GFLIs, GFMIs control the grid voltage and frequency. Thus, GFMIs can be
modeled as controlled voltage sources [52] , as shown in Figure 5.

GFMI

— e— c— c—

I Zeq L!]

Vref < Oret

AC Grid

|
|
| =

Load
Figure 5. Model of a GFMI as a controlled voltage source.

In Figure 5, V,, fr Ore s Zeq, and Lg are the reference terminal voltage, reference phase
angle for the PCC voltage, output impedance of the GFMI, and the inductance of the
transmission line connecting the GFMI to the grid, respectively. GFMIs can be controlled to
inject the reference active and reactive power into the grid. To improve the output voltage
and current quality of the inverter, different types of harmonic filters, such as L-filters,
LC-filters, and LCLfilters, are used at the inverter terminal [29,53]. Although simple in
design, L-filters do not provide proper harmonic damping, and may result in significant
voltage drop across the inductor. In comparison to L-filters, LC- and LCL-filters can provide
better harmonic damping and a lower voltage drop across the filters [29,53]. The schematic
of a typical GFMI is shown in Figure 6.
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Figure 6. A simple schematic of a typical GFMI.

In Figure 6, i, ig, Vi, V¢, and Vy are the inverter output current, inverter grid-side
current, inverter terminal voltage, PCC voltage, and grid voltage, respectively. Itdq/ Igdq/ and
Veaq are the dq0 representations of the inverter output current, grid-side current, and the
PCC voltage, respectively. Prer, Qref, Oref, Virer, and m are the output active power reference,
output reactive power reference, reference phase angle of the PCC voltage, terminal voltage
reference, and switching signal, respectively. P, Q, L., C r and L, are the output active
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power, output reactive power, output filter inductance, output filter capacitance, and the
transmission line inductance, respectively. V};, 8,;, and w,, are the nominal PCC voltage
magnitude, nominal phase angle, and angular speed, respectively. Ryc, Cac, Licref, idc, and
V. are the DC-side capacitance, resistance, DC-side reference current, input current of the
inverter, and DC link voltage, respectively.

The control of GFMIs in the grid typically takes place in the dq0 reference frame [54].
The control system consists of an outer control loop and one or two cascaded inner control
loops [55]. The outer control loop receives P, fr Qref/ P, Q, V,, and wy, or 6,, as its inputs
and generates 6,,r and Vigg.ef. 0yf is used as the reference angle in any dq-to-abc or abe-to-
dq transformation. Inner control loops receive Veagrer, Oref, Vedgs ltag, and Iggq, and generate
Vidgres- Although a PLL is used to provide 6, or wy for the control scheme of the GFMI
in [37], it is not common to use a PLL in the outer control loop of GEMIs due to the various
issues that it may cause, as discussed in Section 2.1. A comparison between GFLIs and
GFMIs is shown in Table 1. In Section 3, inner and outer control loops of GFMIs as well as
various GFMI control schemes are discussed.

Table 1. Comparison between GFLIs and GFMIs.

Criterion GFLIs GFMIs

Simplified Equivalent Model Controllable current source Controllable voltage source

Connection to weak grids or

table Operation Requirement Connection to strong grid. . .
Stable Op ° quire ONNECon to strong grids in standalone operation mode

Synchronization Method PLL Outer control loop
Black Start Capability No Yes
S . Possible with specific control
Current Limiting Capability Yes methods
Impact on the Grid Strength Decreasing Increasing

3. Control of GFMIs

In this section, inner and outer control loops of GFMIs and various GFMI control
schemes, such as frequency-droop control, angle-droop control, PSC, synchronverter, VSM,
matching control, VOC, and dVOC schemes are presented. In addition to the control
dynamics and block diagrams, the advantages and disadvantages of these schemes are
outlined. It is noteworthy that among all the GFMI control schemes, only those that were
considered in stability analysis in the existing literature are reviewed in this paper. Virtual
impedance and virtual admittance control methods and their impact on the stability of
GFMIs are also reviewed.

3.1. Inner Control Loops of GFMIs

After the references for the angle and the voltage magnitude of the PCC are generated
by the outer control loop, they are fed into the inner control loops to generate the refer-
ence voltage at the inverter terminal. There are two main approaches for implementing
inner control loops, namely, voltage-mode and current-mode; both are explained in the
following sections.

3.1.1. Voltage-Mode Control

The block diagram of a typical voltage-mode controller for a GFMI is shown in
Figure 7 [54]. In this method, V 44, which is the output of the outer control loop, V4,
and two PI controllers are used to generate the reference terminal voltage of the inverter,
Vidgrer- Then, this voltage and 6,,¢ are fed into a pulse-width modulation (PWM) generator
to generate the switching pulses of the inverter.
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+ kvi
Vigrer kyp t > Vigrer
Veg -
Vig
. kvi
chref kvp +T —> thre/

Figure 7. The block diagram of a typical voltage-mode controller of a GFMI.

Although simple in structure and design, the voltage-mode control method does not
offer any output current control for the inverter, leading to overcurrent problems in the
event of faults in the system [54].

3.1.2. Current-Mode Control

Current-mode control provides a solution to the overcurrent problem of voltage-
mode control [54]. As shown in Figure 8, V 4., which is the output of the outer control
loop, V44, and two PI controllers are used to generate the reference output current of
the inverter, lij,,r. Then, overcurrent protection schemes, such as saturation blocks,
are implemented [1]. Various methods for implementing the current saturation block
are reviewed in [56]. One of the typical methods is to set liz..r and Iy to predefined
values when the reference currents generated by the voltage control loop exceed a specific
threshold [56]. Ij44rer and Iy, are fed to two PI controllers to form the reference voltage for
the inverter terminal, V}4;,.¢, which is then sent to a PWM generator [57,58].

The AC-side dynamics of the converter in this control scheme are shown in (5)—(8) [54],
where, there are couplings between the d-axis and the g-axis dynamics of the voltage and
current. To decouple the d-axis dynamics from the g-axis dynamics, feed-forward signals
shown in Figure 8 are used [54].

dltd
LCW = Lewrefltg + Vig — Vea, ®)
dly,
Lcﬁ = _Lcwrefltd + Vig — Veg, (6)
A
AV
Cf it = —warerCd + Itq — Igd' 8)
Voltage Control Loop Current Control Loop
- - - T Tt T T T 00T r—-———-——-" - - - - - -7
| |
' o K
| Vidrer * keup 5 kip + f Vidrer
|
7
: wpCp wyL,
| Current
| Saturation
Block

| 2% wpL,
|
1 Veg
| ki i V.
|ch/ef kup + s kip +— taref
| |
b LT

Figure 8. The block diagram of a typical current-mode controller of a GFMIL.
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The simplified block diagram of the current-mode controller with the introduction of
feed-forward signals is shown in Figure 9, and the dynamics of the controller are shown

in (9)—(12).
dly
LC th = Ujq, (9)
LC d uiq/ (10)
dVeq
Cr—it = tua, (11)
dVCq
Cp—r? = ting. (12)
Voltage Control Loop Current Control Loop
r-r—-—-——-""-""""""""""""=-"-"=-"—"="—"="—"="—"="—"="—"=—-—-=- 1 r----=-=----"""""""""=""=""-"=-"-—"="—"="—"="—"="—"=—"=-= ]
l ! |
l ! |
ky | Uvd 1 7 N Ui 1 L
: Vcdref = kvn + T 3 Cf - : : /td/ef - ku, + k? I ! :
| : ) - |
l ! |
l ! |
' ! |
' ! |
[ P |
I ko | Yva 1 Veg I Ky | Yia 1 Iy
: Vegrer — keop + = > E : : Ligret * kip + - i :
- | N |
[ I |
! ! |

Figure 9. The simplified block diagram of the current-mode controller of a GFMIL.

3.1.3. Virtual Impedance Method

As discussed in Section 2.2, GFMIs can be modeled as voltage sources [52]. When
GFMIs are connected to strong grids, the small inductance connecting these two voltage
sources together, makes the system prone to instability [18,59]. To improve the stability
of the current-mode controlled GFMIs, the inner control loops are modified in some stud-
ies [18,58,60-65] using the virtual impedance method. The virtual impedance method
helps to improve the performance of inverters by limiting the inverter’s current [60], de-
creasing the coupling of the output active and reactive power of the inverter, improving
the power-sharing capability of the inverter [61,62], increasing system damping [63], and
improving the converter stability considering different grid and transmission line condi-
tions [18]. The virtual impedance method can result in different dynamics, as compared
to conventional inner control, based on its application and control objective [64]. Two
popular designs are referred to as “virtual impedance method” [18,58,60-64] and “virtual
admittance method” [18,65]. These methods improve inverter stability by increasing the
total inductance connecting the inverter to the grid [18].

In the virtual impedance method, as shown in Figure 10, the input to the voltage
control loop is obtained by multiplying Io4, by the virtual impedance and subtracting it
from the output of the outer control loop, E,, [64-66].

In the virtual admittance method the PI controllers of the voltage control loop are
replaced with the virtual admittance -+ 7-- The block diagram of the modified inner control
loops is shown in Figure 11 [18,67]. Compared to the virtual impedance method, virtual
admittance method provides a larger stability margin for the GFMI [18] .
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Figure 10. The block diagram of a GFMI with virtual impedance.
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Figure 11. The block diagram of a GFMI with virtual admittance.

3.2. Outer Control Loop of GEMIs

In a two-bus system with a connecting transmission line with a large % ratio, the active
and reactive power transferred from bus 1 to bus 2 are as shown in (13) and (14), where V;,
V2, R, X, and ¢ are the voltage magnitude at bus 1, voltage magnitude at bus 2, equivalent
resistance and reactance of the transmission line connecting buses 1 and 2, and phase angle
difference between buses 1 and 2 [68]. In (13) and (14), it is assumed that ¢ is small and % is
large. According to (13) and (14), the active power mainly depends on the angle difference
between the bus voltages, and the reactive power depends on the voltage magnitudes [68].
This is true as the angle difference between two adjacent buses in a power system is mostly
small, and transmission lines are also highly inductive.

p="1"2 4, 5, (13)
V2 — ViV, cosé
R (14)

Based on (13) and (14), the phase angle and the voltage magnitude at the grid-side of a
GEFMI can be regulated by controlling the output active and reactive power of the inverter,
respectively, [1]. This is the basis for the operation of the outer controller of a GFMI. If %
ratio of the transmission line is low, the active and reactive powers will depend on the
voltage magnitudes and the angle difference between the bus voltages, respectively, [1]. If
X and R are comparable to each other, the multivariable transfer function of the active and
reactive power should be used to relate them to the voltage magnitude and phase angle of
the inverter terminal [1]. The output active and reactive power of the inverter are obtained
as shown in Figure 12, where w is the cut-off frequency of the filter.
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Figure 12. Output active and reactive power of the inverter.

The main control schemes introduced in the literature for GFMIs are presented in
the following. In all of these schemes, the control depends on local measurements, and
no communication is required between the inverters. A number of these control schemes
provide inertia to support the grid dynamic response. Typically, inertia refers to the
tendency of a physical object to resist change in its state of motion [69]. In power systems,
rotors of SGs are in motion, and their mechanical speed is coupled with their electrical
angular speed [69]. Therefore, the dynamics of their electrical angular speed can also
represent the dynamics of their mechanical speed [69]. The swing equation of an SG,
represents the dynamics of the rotor’s electrical angle and rotor’s electrical angular speed
as shown in (15),

2Hd? | o do

= ~=p,—-P 1
wsdt2+ dt mese (15)

where H, ws, 6, D, P,,, P,, and % are the inertia constant, synchronous speed, angular
position of the rotor with respect to a stationary axis, damping coefficient, mechanical
power, electrical power, and electrical angular speed of the SG, respectively, [68]. H is
the combined inertia constant of the generator and the turbine [68]. Since GFMIs have no
moving parts, they cannot provide inertia unless their control schemes are designed to
do so [69]. The inertia provided using this technique is called virtual inertia [69]. In this
section, the ability of each control scheme in providing inertia will be discussed.

3.2.1. Frequency-Droop Control

In the frequency-droop control method, also known as droop control, the difference
between P, r and P is multiplied by kp, called the droop factor, and then added to wy to
generate w,,¢. By integrating wy,f, 6y, is derived [32]. The block diagram of this method is
shown in Figure 13. The angle dynamics in this control scheme are shown in (16).

]. deref Wy
bodr kTP (16)

It should be noted that an inertial term can be observed in (17) when considering
the impact of LPFs of Figure 12 on the dynamic response of this scheme. Comparing (15)
and (17), this scheme is unable to provide any tunable inertial response. The impacts of
neglecting the effect of the low-pass filters (LPFs) on the dynamics of droop-controlled
GFMIs are studied in [70,71].

1 dzeref ideref Wn
kpwe A2k, dt kp”

Vedref, also referred to as V¢ in the remainder of this paper, is generated by feeding
the difference between Q,,r and Q to a PI controller, with k;, and kqi as the proportional
and integral gains, and then adding its output to V,. Vig.r is set to zero. The voltage
dynamics are shown in (18).

= Lref - P+ (17)

Vref =Vy+ kqp(Qref — Q) + kqi (Qref — Q)dt (18)
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Figure 13. Outer control loop of the frequency-droop control scheme.

3.2.2. Angle-Droop Control

Similar to the frequency-droop control, in angle-droop control, 6,. is generated by
multiplying the difference between P,y and P by the droop factor, kp, and adding the
result to 6, [33], as shown in Figure 14. The angle dynamics are shown in (19). This
scheme does not provide virtual inertia. V,,r is generated similar to that of the frequency-
droop control scheme.

Gref = kp(Pref — P) + 6. (19)
On
+
+
Pl'é’f * kp Ae erf

P

Figure 14. Active power control loop of the angle-droop control scheme.

3.2.3. Power Synchronization Control (PSC)

As shown in Figure 15, this method is quite similar to the frequency-droop control.
The difference between P,,r and P is multiplied by k, and then integrated to form Af. A6
is added to 6y to generate 6,.¢ [34]. The angle dynamics of this method are shown in (20).
Considering the impact of LPFs on the dynamics of this scheme, this scheme provides
virtual inertia. V. is generated similar to the previous schemes.

1 dgref _

ky dt

ref — P. (20)

2

+

A0 *
Pfef % ? gfgf

=

P

Figure 15. Active power control loop of the PSC scheme.

3.2.4. Synchronverter

The basis for controlling a GFMI as a synchronverter is to emulate the dynamics of an
5G [1,30,35]. The dynamics of this control scheme are shown in (21)—(24)

dzeref &deref o 1
dt? Jodt ]

(Tm - TE)/ (21)
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sin (emf)
T, = Myig(iy, |sin (6,5 — %) |), (22)
sin (eref + ZTN)
sin (6ref)
— ] i _2r
Vtref = aJMflf sm (Gref 3 ) ’ (23)
sin (Qref + ZTH)
€os (Gref)
Q = —wMyif(ir, | cos (Brer — ) | ) (24)

cos (0rer + )

where Ty, T,, M fi Iz J, Dy, and D, are the virtual mechanical torque, virtual electrical torque,
virtual mutual flux, moment of inertia, damping coefficient, and voltage droop coefficient,
respectively, [30,35]. (.,.) denotes the inner product. The block diagram of this scheme is
shown in Figure 16, where K is the reactive power integrator gain.

D, « Wy

=Y

Prer—» — Orer

(22)-(24)

Veaql
Figure 16. Outer power control loop of the synchronverter control scheme.

Equation (21) shows that this scheme provides virtual inertia. In this scheme, Q. is
compared with Q and integrated; then, it is added to the voltage droop signal to generate
the virtual mutual flux. Using this scheme, the reference for inverter terminal voltage is
directly generated in the same way the back electromotive force is generated in an SG; thus,
there is no need for inner control loops [1,30,35].

3.2.5. Virtual Synchronous Machine (VSM)

In order to emulate the dynamic response of an SG and to provide inertia in case of
a grid disturbance, the VSM aims to mimic the swing equation of an SG, which is shown
in (15). The block diagram of this scheme is shown in Figure 17 [36,37].

Ky

2Hs > (gref

P

Figure 17. Active power control loop of the VSM control scheme.
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The angle dynamics are shown in (25),
20 a6
2H—L + ki— - = kawn + Preg = P, (25)

where H and k; are the inertia constant and the damping coefficient, respectively. (25)
shows that this scheme provides virtual inertia. V. is generated using a PI controller, as
shown in Figure 13.

3.2.6. Matching Control
The DC-side dynamics of a GFMI are shown in (26),

avy 1 .

dtc + Ridcvdc = Idcref — Ldcs (26)
where Cye, Vi, lacres, Rac, and iy, are the capacitance of the DC link, DC link voltage,
DC-side reference current, DC-side resistance modeling the losses, and the input current of

the inverter, respectively. Another form of the swing equation of an SG is shown in (27),

Cdc

2

]%+Dd%:Tm*Tez (27)
where |, Dy, Ty, and T, are the moment of inertia, damping torque coefficient, mechanical
torque, and electrical torque. By comparing (26) and (27), one can realize the duality
between Ty, and Te, as well as Ij.er and iz.. References [38-40] used this duality as the
basis of the matching control scheme. The main idea behind this control method is that by
using the DC-side dynamics, the dynamics of the GFMI can be exactly matched to those of
an SG. Therefore, this scheme is called matching control. Matching control uses the DC link
voltage to control the phase angle of the GFMI, as shown in Figure 18 [50,51,54].

Vdc_’ K) wmf* % —> gref
k:
\44*?—» iy +=- > Vs
”Vcdq”

Figure 18. Outer power control loop of the matching control scheme.

The dynamics of matching control are shown in (28) and (29),

A6,
ar KoV (28)
Vier = kp(Vi = [|Veggl) + ki /(Vn — || Veaq ) at, (29)

Whp

where ky = is the frequency gain. V., is the nominal DC-link voltage, and k;, and k;
are proportional and integral gains of the voltage controller used in the outer control loop.
Considering (26) and (28), this scheme provides virtual inertia.

3.2.7. Virtual Oscillator Control (VOC)

Unlike parallel SGs, load sharing and synchronization in a system with parallel
inverters is not easily achieved [72]. This is due to the fact that control schemes of converters,
and not their physical characteristics, determine their dynamics [72]. To achieve load
sharing and synchronization in systems with parallel GFMIs, a dead-zone oscillator (DZO)
control scheme can be used [73]. Furthermore, controlling a GFMI as a virtual oscillator
ensures a sinusoidal output voltage [72]. A DZO circuit is shown in Figure 19 [73], where
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R, C, and L are the DZO resistor, capacitor, and inductor, respectively. Vi, ipsc, and i are
the voltage and current of the DZO, and its inductor current, respectively.

Figure 19. Dead-zone oscillator circuit.

The dynamics of the voltage-dependent current source in this circuit, i, (Vosc ), is shown
in (30),
ip (Vosc) = f(Vosc) — 0 Vose, (30)

where f(Vosc) is a dead-zone function, shown in Figure 20, and (31), where ¢, and ¢ are

parameters of f(V,sc) [73].

ZU(VOSC - q)) @ < Vosc
f(Vosc) =40 —Q < Viose < Q. (31)
2(0'Vosc + (P) Vose < —¢

f(Vose)

20

Figure 20. The dead-zone function.

The dynamics of the DZO are shown in (32) and (33) [73].

dv 1 1 V — ‘l —1
osc [Vs ((7 _ f) _f( " ) 1 losc] , (32)
d'[ 1 33
L = —Vosc. ( )

Reference [73] shows that in order to have approximately a sinusoidal waveform for

Viose, \/% (0 — %) < 1. The control loop of the VOC scheme is shown in Figure 21 [41].
Scaling gains v and i provide output voltage and currents in the same scale as those of a
GFML. In this control scheme, the reference voltage at the inverter terminal is generated
without using inner control loops [41,74].
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Losc

+

Dzo Vmﬂb" Virer

Figure 21. The schematic of the VOC scheme.

A sufficient condition for the synchronization of any number of parallel VOC GFMIs
is shown in (34), where Z¢, is the reference output filter impedance [75].

sup || (01) ' Z, (jew) Zose (jw)
o 01 1Z 5, (j0) + Zose (o)

For the j GFMI, the output filter impedance is k;lz fr» where k; is an output scaling

parameter to ensure power sharing capability [72]. The relative power of parallel VOC
GFMIs are shown in (35) [72].

o < 1. (34)

Pe _ K
- == (35)
P]' ki
The power set-points of the inverter, P, and Q,.f, are not directly used in this control
scheme to set its output voltage reference. To overcome this issue, the dispatchable virtual
oscillator control (dVOC) method is introduced in [76]. The dynamics of this scheme in a3
coordinates are shown in (36)—(39) [42].

dvreftxﬁ
dt

. 14
= wnMVreftx/S + W(KVrefac,B - RZ(k)Zgzxﬁ) + UW(Vr% - HVrzefzx,B”))r (36)
n

_[cos(k) —sin(k)
Ra(k) = {sin(k) cos(k) }’ (37)
_ 1 Pref Qref
K= gataio| 157 ], @)
M= E’ _01] (39)

X .. . .
where k = arctan(R—j), and X, and R, are transmission line reactance and resistance,

respectively. ;7 and « are synchronization and amplitude regulation gains, respectively, [77].
Matrix M is the 90° rotation matrix [77]. Parameter k corresponds to the dynamics of
transmission lines, where k = 0 for fully resistive lines and k = 7 for fully inductive
lines [76]. igyp and Vi f,p are the inverter grid-side current and the reference voltage for the
PCC in ap coordinates, respectively.

As shown in (36), the dynamics of a dVOC do not explicitly match with the dynamics
of a VOC [77]. The dynamics of (36) consists of three terms. The first term, w,MVirqp,
generates a sinusoidal voltage, Vi,f.5, with the nominal angular frequency of w;,. The
second term, 17(KV,,ap — Ra2(k)igap), corresponds to tracking the power set-points, P,,r and
Qyer by minimizing the phase difference between iz, and the reference current shown by
KViefap- The last term, iyvinz (Vi—|V2 fup l)), minimizes the voltage magnitude error [77].

For a dVOC GFMI connected to a fully inductive transmission line, Equation (36) can
be rewritten in the form of (40) and (41), in the dq coordinates [78]. The block diagram
of dVOC scheme for a GFMI connected to a fully inductive transmission line is shown in
Figure 22 [78]. As shown in Figure 22 and (40) and (41), in the dVOC scheme, active and re-
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active power references of the converter are used directly to control P and Q. Equation (40)
shows that this scheme does not provide virtual inertia.

do, P, P
dtef = wn +1( sz - VT)' (40)
n ref
dVref Qref Q nu > >

Figure 22. dVOC scheme for a GFMI connected to a fully inductive transmission line.

3.2.8. Summary

In this section, inner and outer control loops of GFMIs were discussed. Voltage-mode
and current-mode control are two conventional methods for implementing inner control
loops of a GFMI, while voltage-mode control contains a single control loop and has a
simple design, it does not provide overcurrent protection for the inverter. The current-
mode control consists of voltage and current control loops, which makes overcurrent
protection possible. Virtual impedance and virtual admittance methods and their impact
on the stability of GFMIs were also discussed in this section. Different outer control
loop schemes, such as frequency-droop control, angle-droop control, PSC, synchronverter
control, VSM control, matching control, VOC, and dVOC schemes were also reviewed.
No communication between parallel GFMIs in any of the control schemes discussed in
this paper is required. Frequency-droop control, PSC, synchronverter, VSM, and matching
control schemes provide virtual inertia; however, the inertia provided by frequency-droop
control and PSC schemes is not tunable as they provide an inertial response considering
the dynamics of LPFs. Synchronverter and VOC schemes offer no overcurrent protection.
VOC scheme provides a fast response as there is no need for any transformation between
different coordinates in this scheme. However, the output power of VOC GFMIs cannot be
dispatched [1,29]. Although dVOC scheme offers a solution to the dispatchability problem
of VOC scheme, it is a new scheme with a complex design [29]. The comparison between
the aforementioned control schemes is presented in Table 2. It is important to note that other
control schemes for GFMIs are introduced in the literature, such as configurable natural
droop [1,43], generalized droop [1,44], unified voltage oscillator [1,45], Heo \ Hp-based robust
fixed-structure [1,46,47], and frequency shaping-based [1,48]. However, this paper only
focuses on the control schemes that have been considered in the existing literature for
stability analysis of GFMIs.



Energies 2024, 17, 3186 18 of 35
Table 2. Comparison between different GFMI control schemes.

Control Scheme TunaIl:II:r:i/;rtual Cug:;;;iil?;ing Dispatchability
Frequency-droop No Yes Yes
Angle-droop No Yes Yes
PSC No Yes Yes
Synchronverter Yes No Yes
VSM Yes Yes Yes
Matching Control Yes Yes Yes
vOC No No No
dvocC No Yes Yes

4. Stability of GFMIs

Power system stability is a well-established concept defined as the ability of a power
system to operate at a state of equilibrium under normal conditions and to recover to an
acceptable state of equilibrium after a disturbance [79]. Power system stability is classified
into three main categories: frequency stability, voltage stability, and rotor angle stability, as
shown in Figure 23 [80]. Frequency stability is the ability of a power system to maintain a
steady frequency after an imbalance between generation and load [80]. Voltage stability
is the ability of a power system to sustain steady, acceptable voltages at all system buses,
both during regular operation and following a disturbance [79]. Rotor angle stability is
the ability of SGs in a power system to maintain synchronism [79]. Large signal and small
signal categories shown in Figure 23 correspond to the ability of the system to remain stable
after large and small disturbances, respectively, [80].

Power System Stability

I
1 1 1

Rotor Angle Stability Frequency Stability Voltage Stability

/—I—I [ I ]

Small Signal Transient Small Signal Large Signal

Short Term Short Term Short Term Long Term Short Term Long Term Short Term Long Term

Figure 23. Classification of power system stability [80].

The conventional classification of power system stability presented in Figure 23, is
based on the dominance of SGs, and is inadequate for power grids with large integration of
power electronic converters. These converters, found in wind and photovoltaic generation
units, energy storage systems, HVDC systems, flexible AC transmission systems, and
power electronic-interfaced loads, introduce fast dynamics to the power grid [7,8]. A
revised classification of power system stability, considering the impact of power electronic
converters, is proposed in [81], and presented in Figure 24. In [81], two new categories, i.e.,
resonance stability and converter-driven stability are introduced [81].
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Resonance Stability Con\éel:sirl-ig;ven Rotor Angle Stability Frequency Stability Voltage Stability
. . Slow Fast Small . Small Large
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Short Long Short | | Long || Short || Long
Term Term Term || Term || Term || Term

Figure 24. Classification of power system stability considering the impact of power electronic
converters [81].

When oscillatory energy exchange between specific system components leads to
a significant increase in voltages, currents, or torques above a predefined threshold, it
triggers a resonance stability event [59]. Resonance stability is classified into torsional
and electrical categories [81]. In order to define torsional and electrical resonance stability,
the definitions of subsynchronous oscillation and subsynchronous resonance (SSR) are
required [81]. Subsynchronous oscillation corresponds to an electric power system where
there is notable energy exchange between the electrical network and a turbine-generator at
the natural frequency of the turbine-generator following a disturbance [82]. The frequency
of such oscillations is less than the synchronous frequency of the system [82]. SSR is a
resonance related to the oscillatory characteristics of electrical and mechanical variables of
a turbine-generator when connected to a series compensated transmission line [82]. In SSR,
the subsynchronous oscillations can be lightly damped, undamped, or even negatively
damped [82].

A torsional resonance is a type of SSR wherein the turbine-generator shaft experiences
torsional oscillations due to a significant energy exchange between the shaft and the
electrical network [83]. The interactions between fast-acting power electronic converters
and nearby turbine-generators can trigger torsional SSR events [81,82,84-88].

Electrical resonance stability corresponds to a type of SSR when an oscillatory energy
exchange takes place between the series compensated transmission lines and a generator
due to the generator electrical characteristics [81]. Electrical resonance stability for variable
speed induction generators of doubly-fed induction generators (DFIGs) was studied for
the first time in 2003 [81,89]. An electrical resonance might happen between the DFIG
and the series compensated transmission line when a DFIG is directly connected to the
grid. At subsynchronous frequencies, the net apparent resistance of this circuit is negative
which leads to a large oscillatory energy exchange between the series capacitor of the
compensated transmission line and the effective inductance of the induction generator [81].
Electrical resonance stability issues in a real-world power grid were reported for the first
time in 2009 in the Electric Reliability Council of Texas (ERCOT) [81,86,90-92]. Similar
electrical resonance stability issues have happened in the Xcel Energy network in Minnesota,
US [81,93].

Dynamics of different phenomena in a power system cover a wide range, from 1 ps
timescale of lightning propagation to 10* s timescale of boiler dynamics [81]. Dynamics
of power electronic converters cover a wide range of frequencies. For example, converter
outer control loops have an operating frequency range of 1-10 Hz and converter switch-
ing frequency is in the kHz range [54]. This wide frequency range leads to interactions
between converter control dynamics and various dynamics of power systems, such as elec-
tromechanical dynamics of machines, dynamics of nearby converters, and electromagnetic
transients of the network, leading to various oscillations in the power network [81,94]. The
oscillatory events due to these interactions are categorized under converter-driven stability.

Fast-interaction converter-driven stability events can be the result of interactions
between fast inner control loops of converters and passive components of the system
causing high-frequency oscillations [81,95,96]. High-frequency switching of converters can
also cause high-frequency resonances with LCL power filters, causing a fast-interaction
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converter-driven stability issue [81,95,97]. The interactions between controllers of nearby
converters can also cause high-frequency oscillations classified under fast-interaction
converter-driven stability category [81,98,99]. Interactions between outer control loops of
power electronic converters and slow-response components of the power network, such
as electromechanical dynamics of SGs, are categorized under slow-interaction converter-
driven stability. Studies of [81,100-103] show that the system strength at the connection
point of converters affects these low-frequency oscillations. Interactions between direct-
drive permanent magnet generators of wind turbines and weak AC grids has resulted
in low-frequency oscillations and slow-interaction converter-driven instability issues in
Xinjiang, China, since 2014 [81,103,104]. The rating of converters and their control strategies
are among the factors that affect slow-interaction converter-driven stability [81,100].

It is important to note that stability categories of Figure 24 and their definitions are
based on GFLI control schemes, and GFMI control schemes and their impact on these cate-
gories have not been addressed in [81]. In the existing literature, small-signal stability and
transient stability are the main categories of stability associated with GFMIs, as shown in
Figure 25 [1]. Definitions of small-signal and transient stability for GFMIs, stability analysis
tools, and existing studies on the stability of GFMIs are presented in the following sections.

Stability of GFMIs

Small Signal Transient

Figure 25. Classification of GFMIs stability [1].

4.1. Small-Signal Stability

The power system’s ability to keep its synchronism under small disturbances is called
small-signal stability [79]. Assume that the dynamic equations of the system under study
form a set of first-order nonlinear differential equations in the state-space form as shown
in (42) [79].

x = f(x,u),

42
y=gxu). )

After linearizing the system of (42) using Taylor series expansion, the small-signal
state-space model of the system is derived, as shown in (43). Based on the small-signal
model of the system, three main methods are used to analyze system small-signal stability:
eigenvalue analysis, impedance-based analysis, and robust stability analysis.

Ax = AAx 4 BAu,

(43)
Ay = CAx + DAu.

4.1.1. Eigenvalue Analysis

Using the eigenvalues of A, small-signal stability of the system can be analyzed by
Lyapunov’s first method; if all eigenvalues have negative real parts, the system is stable.
Otherwise, either the system is unstable (there is at least one eigenvalue with a positive real
part) or its stability cannot be studied using this method [79]. Sensitivity analysis is used
for studying the sensitivity of the eigenvalues of A to each of its elements [79]. Participation
factors are used to determine the relative participation of different states of the system in
system'’s different modes [79]. One of the main disadvantages associated with this method
is that the complete model of the system must be known [105].
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4.1.2. Impedance-Based Analysis

Small-signal stability analysis of a system can be performed using the impedance-
based method. As an example, in this method for a GFMI connected to a grid, the Thevenin
equivalent circuit of each of these systems is derived [106]. In Figure 26, Vi1, Vino, Zia,
Zypp, and I are the equivalent Thevenin voltage of the GFMI, equivalent Thevenin voltage
of the grid, equivalent Thevenin impedance of the GFMI, equivalent Thevenin impedance
of the grid, and current flowing to the grid from the GFML Current I can be formulated as
shown in (44) and (45) [106].

I(s) = H(s) (Vi (s) — Vina(s)), (44)
_ Zyp(s) !
H(s) = 21220 (45)
Zch(s)
y Zin Zinz
y —
|/f/71 ‘/I/IZ

Figure 26. Thevenin equivalent circuit of a GFMI connected to a grid.

Transfer function H(s) resembles the transfer function of a closed loop system with

the open loop gain of Zy,,(s)~! and the negative feedback gain of Z,(s). If %, the
return-ratio matrix of the system, satisfies the Nyquist criterion and both V};,1 (s) and Vy»(s)
are stable, this system will be stable [106]. Passivity theory provides another sufficient
condition for stability of the system of Figure 26, shown in (46) [106]. Zy,; is the equivalent

Thevenin impedance of the ith source.
Re(Zyi(jw)) >0, VYw € (0,+00), i=1,2. (46)

This method allows for modeling different parts of the system with a black-box
approach, as it only needs the equivalent Thevenin model of the two subsystems and does
not require the detailed model of system components [105].

4.1.3. Robust Stability Analysis

In order to ensure system stability when there are uncertainties in the system, robust
stability analysis is used. The lower fractional transformation (LFT) is used to study the
robust stability of the system shown in Figure 27a [107,108], where w, u, y, and z are,
respectively, the exogenous input, control input, measured output, and regulated output
and P, C, and A represent the transfer functions of the system , controller and perturbation,
respectively. Rearranging the system of Figure 27a will result in the N — A structure of
Figure 27b, where N is obtained via (47) [107].

N £ Py + PpC(I — Py C) 1Py (47)
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Figure 27. System configuration for robust stability analysis.

To analyze robust stability of the system, the system can be rearranged into the M — A
structure of Figure 27c, where M = Nj; is the transfer function from z to w [107,109]. The
u factor is defined in (48). The yu factor is the structured singular value of M. (M) can be
calculated for any given M, by searching through stable perturbations A and finding the
reciprocal of the smallest ¢, maximum singular value, making det(I — MA) = 0 [109]. The
inverse of y factor is used as a measure of stability margin for analyzing robust stability of
systems [107].

1
p(M) = min{7|det(I — MA) = 0}

>

(48)

4.1.4. Small-Signal Stability of GFMIs

The small-signal stability studies of GFMIs in the literature use eigenvalue analysis,
impedance-based analysis, or robust stability analysis. These studies for various control
schemes are reviewed in the following sections.

Droop Control Scheme

Reference [70] studies the impact of LPFs in the outer control loops of two droop-
controlled GFMIs, connected in parallel and supplying a constant current load, on the
small-signal stability of the system by using eigenvalue plots. It is concluded that LPFs
increase the damping of the overall system response. Reference [110] examines the small-
signal stability of a grid-connected droop-controlled GFMI. The impacts of the proportional
gains of the voltage and current control loops on the stability margin of the system are
studied using eigenvalue plots and participation factor calculation. It is revealed that the
proportional gain of the PI controllers of the voltage control loop has a greater impact on
small-signal stability of GFMIs compared to that of the current control loop. Reference [59]
studies small-signal stability of voltage-mode and current-mode droop-controlled GFMIs.
The system under study consists of two parallel droop-controlled GFMIs supplying a load
in the islanded mode. The stability margins of these two control methods are compared to
each other using eigenvalue plots. It is concluded that the voltage-mode control scheme
leads to a larger stability margin compared to the current-mode scheme.

Reference [18] studies the effect of the virtual impedance on small-signal stability
of a droop-controlled grid-connected GFMI. The stability margins of conventional droop
control, virtual impedance, and virtual admittance methods are compared with each other
using eigenvalue plots. The impact of the magnitude and phase of the virtual admittance
on the stability margin is also investigated. It is concluded that while the use of both
virtual impedance and admittance methods increases the system stability margin, the
virtual admittance method provides a larger stability margin compared to the virtual
impedance method.

Reference [19] investigates small-signal stability of droop-controlled GFMIs and GFLIs
when each of them is connected to an SG. Eigenvalue analyses show that GFMIs can stably
supply more power to the load than GFLIs. In [17], a grid-connected distribution feeder
with five inverter buses each connected to droop-controlled GFMIs or droop-controlled
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GFLIs is considered for small-signal stability analysis. It is concluded that GFMIs in-
crease the system stability margin. Thus, it is suggested to have dynamically configurable
GFMIs/GFLIs to ensure stability of the system during critical conditions. Reference [111]
analyzes small-signal stability of a distribution system with two generating buses that
can be connected to either droop-controlled GFMIs or GFLIs. Four different scenarios
consisting of connection to a weak grid, connection to a strong grid, a short distance be-
tween generating units, and a long distance between generating units are investigated. By
changing various parameters of the outer control loops of inverters, and by using sensitivity
and modal analyses for each of these four scenarios, the allowable boundaries for these
parameters to ensure system stability are determined. Reference [106] studies small-signal
stability of parallel droop-controlled GFMIs in islanded microgrids using impedance-based
analysis. Since the focus of [106] is on the synchronization of GFMIs, only the small-signal
models of the outer control loops are obtained, and the passivity of the transfer functions
of the outer power control loop is selected as the stability criterion.

PSC Scheme

Reference [105] proposes a simplification to the small-signal modeling of PSC GFMIs.
The simplification is achieved by combining the small-signal model of the GFMI and
Thevenin equivalent model of the grid. This simplification is justified as the exact model
of all grid components are not always available, and even if they are, it may be difficult
to combine them to form the small-signal model of the entire system. The proposed
simplification makes it possible to use the black-box model of the components in the grid
for small-signal stability analysis. Finally, the small-signal model of the grid is derived
using its Thevenin equivalent circuit.

Synchronverter

Reference [107] studies small-signal stability of a synchronverter connected to an
infinite bus using eigenvalue analysis. Using system eigenvalue plots, the impact of the
moment of inertia and grid strength on system stability margin is studied. It is concluded
that a large moment of inertia and a strong grid increase the system stability margin. u
factor analysis shows increasing the moment of inertia to a certain level increases robust
stability of the system. It is also shown that the system is more robust if the GFMI is
connected to a weaker grid.

VSM Control Scheme

Reference [112] studies small-signal stability of a VSM GFMI during a grid voltage
sag. The system under study is a VSM GFMI connected in parallel with a droop-controlled
GFLI supplying a local load in grid-connected mode. Using eigenvalue plots, it is shown
that during a voltage sag, the system is more prone to instability. Reference [112] proposes
to add a proportional-resonant (PR) controller to active and reactive power control loops
of GFMIs and GFLIs to increase stability margin in the event of a voltage sag in the grid.
Reference [113] investigates the effect of approximations in line dynamics on small-signal
stability of a VSM connected to an infinite bus via an LCL filter and a double-circuit trans-
mission line. Three models based on full ordinary differential Equation (ODE), algebraic
approximations considering line parameters, and algebraic approximations considering
line and filter parameters are compared with each other. Using eigenvalue plots of each
of these models, the impact of droop gains of active and reactive power control loops,
transmission line length, number of inverters connected in parallel, and current controller
proportional gain on system stability margin are studied. Reference [31] studies small-
signal stability of a VSM connected to an SM using modal and sensitivity analyses. Impacts
of grid Thevenin equivalent impedance, grid inertia, load rating, inverter penetration level,
and control parameters are considered in this study.



Energies 2024, 17, 3186

24 of 35

Matching Control Scheme

Reference [31] studies small-signal stability of a GFMI with matching control scheme
connected to an SG using modal and sensitivity analysis. The effects of grid Thevenin
equivalent impedance, grid inertia, load rating, inverter penetration level, and control
parameters on system stability are studied in [31].

dVOC Scheme

Reference [31] studies small-signal stability of a GFMI with dVOC scheme connected
to an SM using modal and sensitivity analysis. This study focuses on impacts of grid
equivalent Thevenin impedance, grid inertia, load rating, inverter penetration level, and
control parameters.

4.1.5. Summary

The existing literature addresses small-signal stability analysis of GFMIs in grids
with different configurations and conditions, e.g., parallel connection of GFMlIs, parallel
connection of GFMIs and GFLIs, various levels of grid strength, and stand-alone and grid-
connected operation modes. Small-signal stability of GFMIs and their stability margins for
various control schemes, such as frequency droop control, PSC, VSM, matching control, and
dVOC are also compared against each other. Furthermore, the impact of various control
parameters, such as k, in frequency-droop control, | in sychronverter control, | and kg4
in VSM scheme, kg in matching control, and # and « in dVOC scheme on small-signal
stability of GFMIs is studied. Small-signal stability analysis is performed using various
methods such as eigenvalue analysis, impedance-based analysis, and robust stability
analysis. Although there is a large number of studies on small-signal stability of GFMIs,
small-signal stability of the parallel connection of GFMIs with different control schemes,
interactions between control loops of a single GFM], interactions between control loops of
different GFMIs, and interactions between the control loops of GFMIs and those of GFLIs
are not studied.

4.2. Transient Stability

The ability of a power system to keep its synchronism in case of large transient
disturbances, such as faults, loss of generation or loss of a large load is known as transient
stability. Large excursions of bus voltage magnitudes and phase angles, power flows, and
other system variables happen when such disturbances interrupt the normal operation of
the system. Since large disturbances are the main cause of system transient instability, the
nonlinear characteristics of the system are studied for transient stability analysis [79]. Large
disturbances result in changes in the rotor angle of the generating units. If these changes are
bounded within a certain limit, the generating unit can synchronize with the system and
remain stable. Otherwise, the system becomes unstable. To study these changes, the angle
dynamics of generating units must be considered, which for an SG, is the swing equation,
shown in (15). The swing equation is nonlinear, and numerical methods can be used to
determine its solution and to analyze the response of the system to large disturbances in
the grid [79].

For GFMIs, the dynamics of the outer control loop set the angle dynamics of the
inverter [71]. Therefore, the dynamics of the outer control loop should be studied for
the transient stability analysis of GFMIs. Depending on the control scheme, different
dynamics and different considerations are taken into account in the transient stability
analysis of GFMIs [71]. In the remaining of this section, various methods used for transient
stability analysis of GFMIs and a review of existing studies on transient stability of GFMIs
are presented.
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4.2.1. Methods for Transient Stability Analysis

There are different methods to study transient stability such as numerical methods,
Lyapunov’s direct method, and the equal area criterion method (EAC). Each of these
methods are discussed in the following sections.

Equal Area Criterion

Neglecting the damping term of (15), the swing equation of an SG is rewritten in (49).
Multiplying both sides of (49) by % and integrating it results in (50). As discussed in
Section 4.2, following a disturbance, deviations in phase angle § must be bounded to
ensure transient stability. Therefore, the integral in (50) must be zero [79]. Thus, the area
corresponding to the right-hand side of (42) when ¢ is accelerating, known as acceleration
area, must be less than or equal to the area corresponding to the right-hand side of (50)
when ¢ is decelerating, known as deceleration area [79]. Those pairs of (J, P) for which
Py, = P, are called equilibrium points (EPs). If % > 0, the EP is a stable equilibrium

point (SEP), and if %

|5EP

|5:p < 0, the EP is an unstable equilibrium point (UEP).
dzs Wy
a7~ amPn P @
d5 2 (US(Pm—Pe)
(50 = / el ds. (50)

Any positive damping in the system improves transient stability of the system. Thus,
if the acceleration area of a system with non-negative damping coefficient is less than or
equal to its deceleration area, the system is stable. Otherwise, the stability of the system
cannot be studied using this method [79]. For GFMIs, Py, and P, are replaced with P,; and
P, respectively, [114].

Lyapunov’s Direct Method

Consider the system of (51), where x is an n x 1 vector, f : D — R", and D C R",
where f is a real n X n function, and D is a domain in the space of n-dimensional vectors,
R". Lyapunov’s stability theorem states that given that x = 0 is an EP for (51) and
D C R"is a domain containing x = 0, if there exists a continuously differentiable function
V:D — Rsuchthat V(0) =0 and V(x) >0 for D —{0},x=0isaSEP[115]. If
V(x) <0 in D, x = 0is asymptotically stable, meaning that starting from any initial
operating point in D, the system would reach x = 0 when ¢ — oo [115].

x = f(x), (51)

where function V with the characteristics mentioned above is called a Lyapunov function or
an energy function. Using the outer control loop dynamics of GFMIs as f(x), this method
can be used for transient stability analysis of GFMIs [116].

Numerical or Graphical Methods

Another method to study system transient stability is to numerically solve the angle
dynamics equations, or use graphical representations of the system dynamics. This method
can be used for systems with complicated angle dynamics and requires no conditions to
be met. However, simply deriving the analytical angle dynamics of the system does not
provide insight to the system transient stability [117]. Different tools have been used in
the literature for graphical study of transient stability. P — ¢ and é — & curves are two
tools that are mostly used for graphical representations of system dynamics and study of
transient stability.

1. P —Jcurves: P —J curves are used to depict how J changes in response to a change
in the output active power of generating units [79].
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2. é6—3dand V — 6 curves: § — 6 curves are used to provide a better understanding of
how J changes when é changes [117]. V — 6 curves are used to depict how & changes
with respect to the voltage changes. These curves are usually used when an analytical
solution of ¢ is difficult to obtain, or the solution does not provide enough insight to
the behavior of the system [117]. Based on the dynamics of the system, these curves
can be derived either analytically or numerically. Using these curves, the role of
different variables and parameters in changes in ¢ can be easily shown [117].

4.2.2. Transient Stability of GFMIs

A fault in the grid causes GFMIs to generate large currents. During the fault, to protect
the converter switches, current saturation block, shown in Figure 8, sets the reference
current of the converter to a predefined value. This results in the GFMI no longer following
the reference current set by the voltage control loop and instead injecting a pre-defined ref-
erence current into the grid [111]. When studying transient stability of GFMIs, it is assumed
that the fault does not trigger the current saturation block, so that the outer control loop re-
mains in charge of setting the inverter current reference [71,118]. Switching of transmission
lines, remote faults, or high-impedance faults will not trigger the saturation blocks [118].
Moreover, as transient stability depends on voltage angle dynamics of converters, which
are formed by the outer control loop of GFMIs, the inner control loop dynamics are not
considered in transient stability studies. This is due to the fast dynamics of inner control
loops in comparison with those of the outer control loops [71]. In this section, a review of
transient stability analyses of GFMIs for various control schemes is provided.

Droop Control Scheme

Reference [114] proposes adding a saturation block to the active power error in the ac-
tive power control loop of a droop-controlled grid-connected GFMI to enhance its transient
stability. This method results in either increasing the deceleration area or decreasing the
acceleration area in P — 6 curve which helps stabilizing the system as the large difference
between P,,r and P is the cause of transient instability. Reference [119] compares transient
stability of a GFLI and a droop-controlled GFMI using their corresponding energy functions.
Using energy functions and 4-0 phase portraits, the impact of different factors such as grid
impedance, PCC voltage, and control parameters on transient stability of inverters is also
studied, and constraints for their stable operation are derived. Reference [120] suggests an
asymmetric virtual impedance design in the dq0 frame to improve transient stability of a
droop-controlled grid-connected GFMI. The main purpose of this scheme is to provide an
SEP for the system in cases it does not exist. The impact of the proposed design on transient
stability of GFMIs is investigated using P-0 curves. Reference [121] compares transient
stability of a droop-controlled GFMI and a GFLI by studying a single-converter infinite bus
configuration. P-é plots and -6 curves are used for the transient stability analysis. Using
the same tools, the impact of grid strength on transient stability is also studied.

PSC Scheme

In [117], transient stability of a GFMI with the PSC scheme connected to an infinite
bus is studied by deriving a complete analytical expression of 4, and using 6-5 curve. It is
concluded that as long as there are EPs for the system during disturbances, the system can
maintain stability. Furthermore, when there is no EP during disturbances, the maximum
phase angle for which clearing the fault results in system stability is analytically calculated.

VSM Control Scheme

In [116], transient stability of a VSM connected to the grid is studied. Using the EAC
method and P — J curves, it is concluded that by considering the impact of the reactive
power control loop of a VSM on its dynamics, the acceleration and deceleration areas
become larger and smaller, respectively. This is based on the fact that voltage dynamics
affect P, and P affects angle dynamics [116]. This shows the deteriorative impact of the
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reactive power control loop on transient stability of VSMs. It is suggested to decrease the
reference output active power of VSMs during faults to reduce the difference between
Pyer and P, which is the cause of transient instability. In [116], a Lyapunov function for
investigating the transient stability of VSM is introduced, and an algorithm for deriving
the critical clearing time (maximum time the protective relay has for its operation until the
system becomes unstable), using this Lyapunov function is presented.

Using the EAC method, reference [118] studies transient stability of a VSM connected
to the grid. P — J curves show that the control error AP increases when ¢ is greater than
the power angle of the UEP, which forms a positive feedback mode. This positive feedback
mode leads to transient stability issues. Based on this analysis, a mode-adaptive control
scheme is presented to make the control error negative during disturbances. In [122],
transient stability of a VSM connected to the grid is studied. Using a Lyapunov function,
it is shown that a large moment of inertia during disturbances and a small moment of
inertia during the recovery time of the system helps improve system transient stability.
Thus, [122] proposes an adaptive moment of inertia to improve system transient stability.
In [123], to improve transient stability of a VSM GFMI, two voltage boosters are used to
change the voltage reference of a GFMI to compensate for the deteriorative impact of the
reactive power control loop on transient stability. The main idea behind this scheme is
to increase the voltage reference of the VSM during faults to slow down the dynamics of
the inverter, which are excited by abrupt changes in the voltage and hence, slow down
inverter’s angle dynamics.

By using 3-8 phase portraits and V-6 curves, [71] shows that droop control without
LPFs and PSC control schemes have similar transient response and do not provide virtual
inertia although they can continue their stable operation if the system has an EP during
a disturbance. Furthermore, [71] shows that droop control with LPFs and VSM control
schemes provide inertial response, but can become unstable even if the system has an EP
during the disturbance. Transient stability of GFMIs controlled by the droop control and
the dVOC methods is studied in [124] using -6 curves. The couplings between active and
reactive power control loops in the dVOC scheme and their impact on transient stability
are also investigated using 6-5 phase portraits and V-5 curves.

4.2.3. Summary

The existing literature addresses transient stability of GFMIs with different control
schemes such as frequency-droop control, PSC, VSM, and dVOC schemes. Using different
methods such as EAC, Lyapunov’s direct, and numerical, transient stability of GFMIs is
studied and various improvements such as design of an asymmetric virtual impedance for
droop-controlled GFMIs [120], introduction of a variable moment of inertia for VSMs [122],
and addition of voltage boosters to VSMs [123] are presented. The main focus of most of
the studies on transient stability of GFMIs is on providing an SEP for the grid during faults,
which is mostly achieved by either decreasing Ps.; or increasing the equivalent impedance
between the GFMI and grid. However, there is no study on transient stability of GFMIs
in the stand-alone mode. Moreover, transient stability of different configurations, such as
parallel connection of GFMIs, and parallel connection of GFMIs with GFLIs are missing in
the literature. Also, other control schemes such as matching control and the impact of their
control parameters on transient stability of GFMIs are to be addressed in future research.

5. Future Research

In the previous sections, a comprehensive review of GFMI stability studies was pre-
sented. This section highlights gaps in the existing literature on the stability of GFMIs
for future research. Several studies investigated the small-signal stability of GFMIs with
different control schemes and configurations, such as their grid-connected or standalone
operation and connection to GFLIs. However, the small-signal stability of GFMIs with
different control schemes in an interconnected configuration needs to be studied. Moreover,
a study of interactions between the control loops of GFMIs and the control loops of other
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generating units in the system is imperative. Based on the interaction analysis, new control
methods or modifications in the existing control schemes are required to improve overall
system stability. As discussed in Section 4.2.2, although the transient stability of GFMIs
with droop control, PSC, and VSM control schemes is studied in the literature, studies of
transient stability of synchronverter, matching control, and dVOC schemes are missing.
Moreover, the impact of interactions of GFMIs with different control schemes in an inter-
connected system is to be studied in the future. Based on these studies, new methods to
improve transient stability of GFMIs are required.

6. Discussion

In contrast to grid-following inverters (GFLIs), grid-forming inverters (GFMIs) can
form the voltage magnitude (V,,r) and angle (6,.f) at their point of connection to the grid,
while supplying active and reactive power to the grid. Hence, GFMIs can operate reliably
in the stand-alone mode. Furthermore, since GFMIs do not require a phase-locked loop
for synchronization with the grid, they can maintain stability when connected to weak
grids. Various schemes are proposed in the existing literature to generate V,.r and 6,.f, such
as frequency-droop control, angle-droop control, power synchronization control (PSC),
synchronverter control, virtual synchronous machine (VSM) control, virtual oscillator
control (VOC), and dispatchable virtual oscillator control (dVOC) schemes of GFMIs.
Frequency-droop control, angle-droop control, and PSC schemes generate 6, using droop
curves. The synchronverter scheme emulates the dynamics of synchronous generators (SGs)
to generate 6,,r. The VSM scheme mimics the swing equation of SGs. The matching control
scheme uses converter DC-side dynamics to emulate the swing equation of SGs. VOC and
dVOC methods use virtual oscillators to provide a constant frequency in the output, with
the latter being dispatchable. Except for angle-droop control, VOC, and dVOC schemes,
all of these control schemes provide virtual inertia to the system. However, frequency-
droop control and PSC schemes do not provide tunable virtual inertia. Synchronverter and
VOC schemes do not control the output current of the GFMI and, hence, do not provide
overcurrent protection for the converter.

The existing literature delves into the evaluation of small-signal and transient stability
aspects in GFMIs under different grid configurations and conditions. These investigations
encompass the parallel interconnection of GFMIs, the interfacing of GFMIs with GFLIs,
and variations in grid strength. Furthermore, in the existing literature, comparative assess-
ments of small-signal stability and stability margins are conducted across various control
methodologies, including frequency droop, PSC, VSM, matching control, and dVOC. An
analysis of the impact of control parameters on small-signal stability is carried out through
eigenvalue analysis and impedance-based analysis. The provided review of the existing
literature concludes that while eigenvalue analysis necessitates a comprehensive model
of the system, it surpasses impedance-based analysis due to its capacity to elucidate the
system’s small-signal stability through the extraction of participation factors and sensitiv-
ity analysis. Within current research, investigations into the transient stability of GFMIs
concentrate on achieving system equilibrium during faults. Strategies like asymmetric
virtual impedance for droop-controlled GFMIs, varying moment of inertia for VSMs, and
rapid voltage enhancement mechanisms are proposed to boost stability. Based on the
provided review of this paper, considering the similarities in dynamics between VSMs,
synchronverters, and SGs, employing equal area criterion (EAC) method is recommended
for analyzing the transient stability of VSMs and synchronverters. In cases involving other
control schemes, Lyapunov’s direct method could offer advantages, although the task of
identifying a suitable Lyapunov function might pose challenges. The provided review indi-
cates that both numerical and graphical methods can be used for all control schemes, given
their independence from specific system conditions. Moreover, graphical methods can
provide a better understanding of the transient stability of the system in certain situations.
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7. Conclusions

In this paper, two types of inverters used in the power grid, grid-following inverters
(GFLIs) and grid-forming inverters (GFMIs), are introduced and compared against each
other. The main focus of this paper is the stability of GFMIs. Since the control scheme
of GFMIs affects their stability, different GFMI control schemes used in the literature for
stability analysis are described. Different categories of power system stability such as
rotor angle, frequency, voltage, converter-driven, and resonance are presented, and the
small-signal and transient stability studies of GFMIs with different control schemes, as
the main two types of GFMI stability studies in the literature, are reviewed. Furthermore,
different methods, such as eigenvalue analysis, impedance-based analysis, and robust
stability analysis, are used to study the small-signal stability of GFMIs under various
operating modes, i.e., stand-alone and grid-connected as well as various configurations
such as the parallel connection of GFMIs, and parallel connection of GFMIs and GFLIs
are critically reviewed. Moreover, the impacts of different levels of grid strength and load,
grid inertia, control loop parameters, transmission line parameters, and grid voltage sags
on small-signal stability of GFMIs are discussed. In addition, the studies investigating
the impact of different control loops and their control parameters on transient stability of
GFMIs in the grid-connected mode using different analysis methods such as equal area
criterion (EAC), Lyapunov’s direct method, and numerical and graphical methods are
reviewed in this paper. Finally, the existing gaps in the literature regarding the stability of
GFMIs are outlined.
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Abbreviations

The following abbreviations are used in this manuscript:

RES Renewable energy source
HVDC High-voltage direct current
SG Synchronous generator

GFLI Grid-following inverter

GFMI Grid-forming inverter

AC Alternating current

PLL Phase-locked loop

BESS Battery energy storage system
GESS Grid energy storage system
PSC Power synchronization control
VSM Virtual synchronous machine
vOC Virtual oscillator control
dvocC Dispatchable virtual oscillator control
PCC Point of common coupling
dq0 Direct-quadrature-zero

SRF-PLL  Synchronous reference frame phase-locked loop
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PI Proportional-integral

PWM Pulse-width modulation

LPF Low-pass filter

DC Direct current

DZO Dead-zone oscillator

SSR Subsynchronous resonance
DFIG Doubly-fed induction generators
ODE Ordinary differential equation
EAC Equal area criterion

EP Equilibrium point

SEP Stable equilibrium point

UEP Unstable equilibrium point
PR Proportional-resonant
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