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Abstract: Grid-forming converters (GFMCs) have emerged as enablers in modern power
systems. However, they face the transient stability problem, which hinders them from
successful fault ride-through (FRT) and potentially results in the system’s collapse. These
problems have drawn increasing attention, leading to a rise in related research. To capture
the advancements in the field, this paper reviews studies on the transient stability analysis
and enhancement of GFMCs. In particular, the transient stabilities of GFMCs with first-
and second-order power control modes are reviewed, and a comprehensive comparison
of the two modes is provided. Additionally, this paper classifies the transient stability
enhancement methods of GFMCs into six types: active power, reactive power, voltage
amplitude, virtual impedance, inertia and damping regulations. Moreover, this paper
summarizes the effects and limitations of each method from the perspective of practical
application. Based on the analysis, this paper further discusses future research directions
for the transient stability of GFMCs.

Keywords: droop control; fault ride-through (FRT); grid-forming converter (GFMC); tran-
sient stability; virtual synchronous machine (VSM)

1. Introduction

To achieve clean energy targets and meet growing energy demands, renewable en-
ergy sources are gradually replacing traditional energy sources, leading to innovations in
modern power systems [1]. Notably, renewable energy sources primarily connect to the
grid through power converters. Therefore, as this energy transition continues, modern
power grids are gradually evolving into more-electronic power systems. Presently, the
mainstream grid-tied converters are grid-following converters (GFLCs), which operate
as current sources. These converters make it difficult to provide critical services such as
the inertia, damping and frequency/voltage regulation that are traditionally offered by
synchronous generators (SGs) [2]. Therefore, this high proportion of GFLCs has severely
challenged the safe and stable operation of power systems [3,4].

The concept of GFMCs was originally proposed to address stability challenges in
microgrids and islanded power systems [2]. Unlike GFLCs, which act as controlled current
sources, GFMCs emulate SGs and function as controlled voltage sources [5,6]; thus, they
can support both the voltage and frequency. Through power control, GFMCs achieve
synchronization with the grid without a phase-locked loop (PLL) [7]. Compared to GFLCs,
GFMCs offer numerous advantages including independent operation, flexible provision of
inertia, fast frequency/voltage regulation and great stability in weak grids [3].
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However, GFMCs suffer from stability problems. Based on the size of the disturbance
signal, the stability problems of GFMCs can be categorized into small-signal and large-
signal stability problems. The small-signal stability of grid-forming converters has been
extensively studied. For example, References [1,8,9]. However, the large-signal stability,
which involves nonlinear analysis, requires further investigation. Specifically, transient
stability, a type of large-signal stability related to active power transfer and its limitations,
remains a hot topic. The analysis and enhancement of the transient stability of GFMCs are
mentioned in References [1,7,8]. However, there is no review that deals specifically with
the transient stability of GFMCs. Different transient stability enhancement methods have
not been systematically summarized. This paper is dedicated to filling this gap.

The transient stability of GFMCs refers to the ability to maintain synchronization
with other power sources under large-signal disturbance, such as grid voltage sags [10],
transmission line faults [11] and load swings. The effects of different disturbances are
discussed in Reference [12], where many of them share the similarity that they cause a
lower power angle curve due to changes in line impedance or grid voltage, which leads to
transient instability.

The transient behavior of GFMCs varies with different power control schemes. There
are many emerging control methods of GFMCs including droop control, virtual syn-
chronous machine control (VSM) and virtual oscillator control (VOC). Based on the order of
the control (i.e., the order of the differential terms in the control equations), the active power
control strategies of GFMCs are generally classified into first-order (e.g., droop control) and
second-order controls (e.g., VSM). For droop-controlled GFMCs, an overshoot in power
angle does not occur [13,14]. The stable or unstable operation of droop-controlled GFMCs
during transients is directly related to the existence or absence of equilibrium points (EPs).
The second-order characteristics of VSMs make their transient stability behavior similar
to that of SGs, allowing the application of the equal-area criterion that is widely used in
VSM stability analysis [13,15]. The analysis of the transient stability of VOC is discussed in
References [16,17]. VOC is based on non-linear control, which shares few similarities with
the two methods mentioned above and cannot work together with these methods. There-
fore, we do not discuss VOC in this paper. To calculate the boundary of the stability area
and guide the design of the control system, several methods are used to analyze transient
stability. The most widely used are time-domain simulations such as phase portraits, and
energy-based methods such as equal-area criteria and Lyapunov’s direct method. There
are also some emerging methods that could be able to calculate the basin of attraction more
precisely [18].

We searched the keywords “grid-forming”, “transient stability”, “synchronization
stability”, “transient stability enhancement”, “droop control”, “Virtual synchronization
Machine (VSM)” and so forth on IEEE Xplore and Elsevier ScienceDirect. Moreover, the
enhancement method related to current limitation is not included, due to its PLL-based
synchronization scheme being similar to grid-following control. Finally, we identified more
than 50 papers from 2015 to 2025. After summarizing the enhancement methods for the
transient stability of GFMCs, as shown in Table 1, we found that several parameters related
to active power transmission could affect transient stability, i.e., the active power, reactive
power, voltage amplitude, transmission line impedance, inertia and damping. In order
to increase the stability margin and enhance the transient stability, a variety of methods
have been proposed. References [19-25] designed various controllers to add a negative
compensation for active power references or to modify the active power control loop, but
these might deteriorate the frequency stability. References [10,26-30] changed the voltage
amplitude or reactive power, References [11,31-37] proposed different virtual impedances,
with which the line loss could increase. In VSMs, the transient stability is further affected by



Electronics 2025, 14, 645

30f24

virtual inertia and virtual damping, as these parameters modify the power angle response

rather than the active power transmission limit. Therefore, References [38-46] changed the

inertia or damping when faults occurred, or used the transient damping method (TDM);

however, modifying the inertia could affect the frequency stability, and adjusting the

damping could change the power distribution results. The effectiveness of the methods

mentioned above has been verified by time-domain simulations and experimental tests

according to the reference values. At present, transient stability analysis and enhancement

methods have found some applications in transmission systems [47], wind power gen-

eration [48] and islanded grids [49,50]. Moreover, we also noticed some other emerging

methods, which will be introduced later in this paper.

Table 1. Comparison of Transient Stability Enhancement Methods.

Method Reference Year Description
[21] 2019 Additional active power control (AAPC), decreases
the active power reference
[23] 2020 Mode-adaptive power-angle control, changes the
feedback mode of the active power control loop
[20] 2021 Additional active power control (AAPC), decreases
) . the active power reference
Active power regulation
[25] 2021 Power angle estimation, makes the power angle
oscillate around 7t/2
[22] 2022 Additional active power control (AAPC), decreases
the active power reference
Power angle estimation, makes the power angle
[24] 2024 oscillate around 7t/2
Fast voltage booster, increase the voltage after
(28] 2022 detecting faults
Voltage regulation [10] 2023 Voltage amplitude regulation, calculates the voltage
increase needed
[29] 2024 Fast voltage booster, increases the voltage after
detecting faults
[26] 2021 Frequency feedforward on reactive power control
loop
‘ . Active power feedforward on reactive power control
Reactive power regulation [27] 2022 loop, changes the power angle curve, increases the
acceleration area and decreases the deceleration area
[10] 2023 Reactive power injection, calculates the reactive
power increase needed
[31] 2022 Increases the d-axis negative reactance and g-axis
positive reactance simultaneously
[32] 2023 Increases the grid resistance
Virtual Impedance [37] 2023 Changes the impedance ratio
Regulation [11] 2024 Changes the impedance ratio
anges the impedance ratio
[33] 2024 Changes the imped i
[35] 2024 Increases the grid inductance
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Table 1. Cont.

Method Reference Year Description
[44] 2015 Sets different inertias for different periods
Inertia regulation [42] 2016 Adaptive inertia
[40] 2023 Sets different inertias for different periods

Damping regulation

Transient damping method (TDM), uses angular

Bl 2021 frequency feedback as transient damping
[45] 2021 Transient damping method (TDM), uses angular
frequency feedback as transient damping
[41] 2022 Dynamic damping control (DDC), introduces the
detection of voltage sag
[39] 2023 Differential compensation links
[46] 2024 Transient damping method (TDM), uses angular

frequency feedback as transient damping

This paper provides a systematic overview of the transient stability analysis and en-
hancement methods for GFMCs. Section 2 introduces a general model for GFMCs and two
types of control methods. Section 3 explores the transient stability mechanisms of different
control methods. In Section 4, the existing methods for enhancing transient stability are
categorized into six types: active power regulation, reactive power or voltage regulation,
virtual impedance regulation and inertia or damping regulation. Finally, Section 5 discusses
the challenges faced in this area and outlines prospects for future research.

2. System Configuration and Control Structure of GFMCs
2.1. Schematics and Control Structure of GFMCs

Figure 1 presents the schematic diagram of a GFMC. In this diagram, the converter is
connected to the grid through an LCL filter, which includes the converter-side inductance
Lg;, the filtering capacitor Cyf and the grid-side inductance Lgg. The grid is modelled as
a series connection of the grid inductance Ls, grid resistance R and voltage source vg,p.
The converter regulates the voltages across Cg (i.€., Ugabc) and operates as a controllable
voltage source. Additionally, vg,p. represents the voltage at the PCC.

Figure 1 also illustrates the control block diagram of the grid-forming converter. The
subscripts d and g represent variables in the Park-transformed synchronous reference
frames, where “ref” indicates the reference value. The active power Pg and reactive power
Qg are calculated from vgfape and igiape. Additionally, 04 refers to the phase angle of the
grid-forming converter.

Neglecting the dynamics caused by voltage and current inner loops, and assuming
that the three-phase symmetrical and current-limiting protections are not triggered, the
grid-forming converter can be simplified as a controlled voltage source, as shown in
Figure 2. Rgs and X5 are the resistance and reactance between the converter and the grid,
respectively. Vorand Vs denote the voltage of the converter and the grid, respectively. ¢
signifies the phase angle difference between Vi and V;, conventionally defined as the
virtual power angle. Based on this simplified model, the active power P, and reactive
power Q, transmitted by the line can be derived as follows:

. 3| Vs (Vs — Vicosdy ) Ry + Ve Vasindg Xes o
-
2(X§s + Rgs)
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Figure 1. System configuration and control structure of the GFMC.

Rgs jXgs

Vgf £0° Vsz- 84

Figure 2. Simplified model of the GFMC and grid.

When the default grid inductance is much larger than the resistance, i.e., considering
Rgs = 0, more concise expressions can be obtained as follows:

3V, ¢Vssind
_ DVgfVsotitCy
Py = 2Xs (3)
3Vey (Vg — Vacosdy)
Qg = (4)

ZXgS

2.2. First-Order Control Scheme: Droop Control

Figure 3 shows the block diagram of droop control. The symbol A denotes the pa-
rameter change. Sy, V and wy are the nominal power, voltage frequency and angular
frequency, respectively. w is the angular frequency. s represents the Laplacian complex
frequency variable. K¢ and Kqy represent the droop gains of the active power control
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and reactive power control. Droop control emulates the droop characteristics in SGs. The
control equation of droop control is as follows:

w = wo + Kpf (ngref - Pg) ()
ng_ref = Vg_ref + KqV (Qg_ref - Qg) (6)
L
1/So
Pg_pu
Pg_ref Pg_pu_ref g
——» 1S wols —>
Qg_ref Qg_pu_ref Avgf pu Avgf Vgf_ref_d
—» 1/So Ko fF—» Vo 4
Qg_pu Vgf_ref
1/So

T

Figure 3. Block diagram of droop control.

Moreover, the power-synchronization control (PSC) mentioned in some references
shares the same control laws as droop control. The structural diagrams of the two can be
transformed into each other [13]. When analyzing transient stability, both are considered as
first-order systems and there is no difference.

2.3. Second-Order Control Scheme: VSM Control

Figure 4 presents a block diagram depicting the structure of VSMs. VSM control,
which is a second-order control method, emulates the rotational dynamics of a synchronous
generator rotor described by the swing equation. The control equation of VSM control is
as follows:

1
W=t st D, (Peres = ) @)

1
ng = ng_ref + Ts + Dq (Qg_ref - Qg) 8)

where H and T denote the inertia constant of active and reactive power control, respectively.
Dy and D, are the damping coefficients of active power control and reactive power control,
respectively. Ignoring the low-pass filtering of constant terms wy and V, ., we obtain
Equations (9) and (10) [13].

It is worth mentioning that some GFMCs with drop control incorporate a first-order
low-pass filter in the forward channel, at which point, the system becomes second-order,
and its control equation shares the same formation as Equations (9) and (10), which is
equivalent to VSM control [51].
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)
1/So
Pg_pu 1
Pg_ref Pg_pu_ref Awg_pu @Wyg_pu 0
P 1/So | 1/2Hs+Dp » wos F—»
Qg_ref Qg_pu_ref Avgf_pu Avgf vgf_ref d
» 1/So » 1/s+D, » Vo
Qg_pu Vgf_ref
1/So

T

Figure 4. Block diagram of VSM control.

3. Transient Instability Mechanism of GFMC
3.1. Transient Instability Mechanism of Droop Control

By replacing the angular frequency in Equation (5) with the differential of the phase
angle, substituting the left-hand side with dd¢ /dt according to the definition of the power
angle mentioned in Section 2, and finally substituting Equation (3), the first-order nonlinear
differential equation of the power angle for grid-connected converters under droop control
can be derived, as shown in Equation (9):

dé 3V Vs .
dtg:Dp(P 2 Ssznég) )

Solving the nonlinear equation is challenging and is often analyzed using the phase
portrait. The dd¢-64 curve of droop control forms a curve resembling y = Asinx + C (where
A and C are constants). There exists a moment when dég /dt =0, i.e., the input mechanical
power equals the output electrical power, or Py = Py, which serves as a criterion for
assessing the transient stability of SGs or GFMCs [12]. Due to differing parameter values,
the dég-04 curve of droop control may or may not intersect the dd, /dt = 0 axis, indicating
the presence or absence of EPs (equilibrium points).

As shown in Figure 5, for such first-order nonlinear systems, if EPs exist, (5g mono-
tonically approaches the stable equilibrium point (SEP) without overshooting or transient
instability issues. If EPs do not exist, ¢ will monotonically approach infinity, and dé, /dt
will oscillate sinusoidally. It is noteworthy that even if §; exceeds the critical clearing angle
(CCA) during fault clearance, i.e., d,, as long as the EPs exist after clearing, the system can
recover stability after oscillating for one cycle [14].

In summary, for GFMCs with droop control, transient instability does not occur when
an SEP exists after a disturbance. When no EP is initially present, as long as the EPs are
restored after fault clearance, neither the clearing time nor the clearing angle affects stability.
This advantage is not available in VSMs.
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T
EPs exist
EPs do not exist

0.5

-0.5

o

Figure 5. Phase portrait of droop control.

3.2. Transient Instability Mechanism of VSM Control

Applying certain transformations to Equation (7) yields the power angle differential
equation for VSMs, as shown in Equation (10). This represents the swing equation for VSMs.

ﬂ%_P 3VerVs ds,
]woﬁ = Py yef — Tgssznég — Dwog (10)
The phase portrait of VSM is shown in Figure 6. It is evident that the VSM’s power
angle response exhibits overshoot, unlike droop control, and oscillates multiple times
before converging to an SEP if the system is stable. When transient instability occurs, &,
continuously increases, and the phase portrait shows a diverging pattern.

=== do not cross UEP
= cross UEP

overshoot

o o5 1 15 2 25 3
Figure 6. Phase Portrait of VSM control.

The equal-area criterion provides an intuitive assessment of the transient stability of
SGs or VSMs in an infinite-bus system without directly solving differential equations. This
criterion aids in understanding the transient instability mechanisms of SGs and GFMCs
with VSM control. The criterion is expressed by Equations (11) to (13), where y denotes
the initial power angle, J,, is the maximum power angle reached during oscillations and J;
is the power angle after stability is restored.

)
a:/(%w—%thmm (11)
)
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om
E, = / (Py = Py rey )0 = areas (12)
|

Om
E1 = Ey, = areaAy = areaA; = /50 (Pg_,gf — Pg) ds =0 (13)

As shown in the differential equation given by Equation (10), the rotor accelerates when
the input mechanical power is greater than the output electrical power, and decelerates
otherwise. The essence of the equal-area criterion is that if an SG can return to a stable
state after a disturbance, the kinetic energy of the rotor or virtual rotor E; gained during
acceleration must equal the kinetic energy Ej lost during deceleration. In other words, the
area under the power angle curve during acceleration (A1) must equal the area during
deceleration (Ay), as illustrated in Figure 7 [52]. When &, reaches the unstable equilibrium
point (UEP), the deceleration area reaches its maximum, placing the system in a critical
state. From this, the CCA can be calculated. If the acceleration area is too large and the
deceleration area is too small to offset it, the power angle will surpass the UEP, leading to
transient instability, as shown in Reference [15].

after fault
before fault
duming fault

Deceleration
Area
- Acceleration

Area '
P \‘SEP h AZ ) UEP Pg ref
J I P (R S S =

/
.«Al

ne

overshoot

oscillation of p
-

v
.
'
H
'
1]
0
fault clearance H
1]
'
0
'
'
.
'

S ORTPRE

AL A N S A R S U R B BN R B BN B
0002 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 22 24 26 2.8 3.0

dJ

L)

Figure 7. Equal-area criterion.

The classical equal-area criterion for analyzing SGs ignores damping, assuming D), = 0.
However, for VSMs, the damping value can be arbitrarily set and sometimes cannot be
ignored. To address this issue, Reference [21] developed a Lyapunov energy function that
incorporates damping to analyze the transient stability of VSMs. In practice, damping aids
system stability [52], and ignoring damping can lead to a more conservative assessment of
system stability. Therefore, the area criterion remains valuable in engineering applications
of GFMCs.

In summary, even if EPs exist after a disturbance or fault isolation, VSMs might still
experience transient instability. This instability occurs when the power angle crosses the
UEP during its motion.

4. Transient Stability Enhancement Methods of GFMCs
4.1. Active Power Regulation

As previously mentioned, for VSMs, if the post-fault Pg-dg curve cannot provide a
deceleration area equal to the acceleration area, instability will result. A straightforward
method to improve transient stability, therefore, is to modify Py _r.f to reduce the acceleration
area and increase its deceleration area after a fault occurs. In fact, many enhancement
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methods do not change P, . directly, but design additional active power controllers

_Tre
(AAPCs), which add a conglpensation value AP to the input of the active power control,
and detect physical quantities such as the voltage, reactive power, etc., to determine the
magnitude of AP.

As shown in Figure 8, the method proposed in Reference [21] achieves this by detecting
voltage sags to determine whether to add additional torque to reduce Py _f. AP is applied
through an additional torque, AT, which changes the actual input active power reference.
Similarly, Reference [19] detects the depth of the voltage sag, which in turn calculates
the extent to which the Pg-d¢ curve has dropped, and adaptively adjusts AP such that EP
exists. The AP is expressed by Equation (14), where Pgl-o, and Pg |- represent the
transmission power of the power grid system after and before the fault occurs, and Vg’
and V' represent the voltage after the voltage sag [19]:

AP = pg ’}‘:O* — P —0-
o 3ng Vs smég 3ngVsszm)g

T X, T X (14)
3siné
= (ng/VS/ - ngVS)

Pg_ref

Pg_pu_ref

1/2Hs+Dp

AT ‘o Vapu
w0 M S

wols —»

Figure 8. Proposed method in [21].

In addition to detecting voltage, Reference [22] proposes a method for detecting the
reactive power to determine whether a fault has occurred based on the coupling of reactive
power and voltage, i.e., if converters output more reactive power to provide voltage support
after voltage sags [22], as shown in Figure 9. In order to enhance the stability, a first-order
inertial link is added to the AAPC to act as a time lag. Reference [22] also experimentally
verified that the larger the Kg is, the better the enhancement effect of transient stability is.

bPo

1/So

Pg pu 1
Pg_ref Pg_pu_ref Awg_pu @Wyg_pu fqg
1/So0 » 1/2Hs+Dp » wos F—»

Qg
Kq/TqS+1

Qg_ref

Figure 9. Proposed method in [22].

Reference [20] enhances transient stability by installing a resistive superconducting
fault current limiter (R-SFCL) on the transmission line. SFCL is a current-limiting protection
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device that operates in a superconducting state under normal conditions. During a fault, it
heats up beyond its critical temperature, causing its resistance to increase sharply. Once the
SFCL is activated, the grid resistance increases, raising the Pg-6¢ curve and reducing the
acceleration area. The power dissipated by the SFCL Pgpcy, can be accurately calculated
based on its resistance characteristics. During a fault, it can be assumed that the SFCL
consumes much more power than other parts and becomes the main component of the
output power of the converter. Therefore, the acceleration area can be greatly reduced by
simply setting Pg_ref to PspcL, [20].

In addition to designing AAPC, Reference [23] proposes a mode-adaptive method
that alters the feedback mode of the active power control loop of VSMs, as depicted in
Figure 10. By analyzing the transient instability process of the VSM from the perspective
of feedback modes, it becomes apparent that if, after a fault, the power angle exceeds a
UEP (or g surpasses 7t/2 when no EP exists), the active power control loop shifts from
negative feedback to positive feedback, causing Jg to continue increasing. To address this,
the proposed method detects APg, d(APg)/dt and Aw to determine the feedback mode. A
coefficient k is added to the forward channel, and if the system enters positive feedback,
the sign of k is reversed, converting the system back to negative feedback. This ensures
that the power angle decelerates, avoiding instability. Consequently, if EPs exist, 6, will
gradually converge to the new SEP; if not, the power angle will oscillate around 7t/2 until
the EPs are restored. For droop control, as long as the EPs exist, transient stability issues do
not arise, and no adjustments to the active power control loop are necessary.

Awg_pu @yg_pu
k I——>| 1/2Hs+Dp

Feedback Mod APe

eedback Mode

Detection d(aP g)/dt
4—— Awg

k=1 in the negative- feedback mode
k=-1 in the positive- feedback mode

Figure 10. Proposed method in [23].

In droop control, transient stability issues arise only when EPs do not exist. There-
fore, methods for improving transient stability in droop-controlled systems need to focus
specifically on scenarios where EPs are absent. References [24,25] introduced a method
based on power angle estimation, which ensures that, in the absence of EPs, the power
angle oscillates within a small range around 7t/2. As an accurate calculation method for
the power angle does not exist, they introduce the concept of virtual orthogonal power Py,
in the aB-frame, as shown in Equation (15), where igva and igv/ﬂ are virtual grid currents.
The power angle can then be predicted using Py and the converter’s actual output power
Pg, as indicated in Equation (16).

Py = Re(ttyapiguap”) = thaigop — tpigon = %cos& (15)

ans — 18 (16
an =B, )
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The block diagram of this method is illustrated in Figure 11, where the hysteresis
comparator is primarily used to trigger the transient stability enhancement method when
the power angle approaches 7t/2, while remaining inactive when it is farther from 7t/2. As
seen in Equation (15), near 7t/2, the ratio Pg/ Py oscillates between positive and negative
values, allowing the system to switch between two modes and causing the power angle to
fluctuate around 7t/2.

L P

1/So
Pg_pu 1
Pg_ref Pg_pu_ref Awg_pu wyg_pu 0
—p 1/S0 P Kpr »| wols »
Porer f—] \__[&— Po/Py
T — 0
Sg— TL

Figure 11. Proposed method in [24,25].

4.2. Voltage Requlation

As seen from Equation (3), the active power transmission limit, Pg_ sy, is related to
Vgr. Many references have derived the relationship between V¢rand J; for GFMCs using
reactive drop control. The general shape of the V¢r-d, curve and phase portraits with
reactive power droop control are shown in Reference [13].

Reference [30] provides a detailed analysis of the dynamic process within the reactive
control loop post-fault, highlighting that the introduction of positive feedback in the reactive
control loop leads to further voltage sags. After a fault occurs, V¢ decreases monotonically
with increases in J¢, worsening the transient stability. Consequently, without triggering the
current-limiting algorithm, transient stability margins can be improved by appropriately
increasing Vyy after a fault.

Reference [10] introduces methods for voltage magnitude management, quantitatively
establishing the relationships between Py ;5 and Ve ref The Py max-Vgf ref curve is depicted
in Figure 12. This allows for the calculation of the critical voltage magnitudes required to
prevent system instability, guiding the design of control parameters.

R1>R2>R3=0
R1
R2

Pg_max R3

Vg
Figure 12. Pg yax-Vy s curve [10].
References [28,29] proposed a fast voltage booster (FVB) for power systems composed

entirely of GFMCs. FVBs are inspired by the excitation boosters (EBs) used in SGs to
improve transient stability in multi-machine systems [28]. Two types of FVB have been
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proposed, one based on local measurements, i.e., a local fast voltage booster (FVB-L), and
another designed for multi-machine systems, i.e., a fast voltage booster using a wide-area
control system (FVB-WACS). Once the FVB is activated, the supplementary voltage set
point Avgf rof + Vgt ref is maintained if at least one of the two following conditions are
satisfied: an undervoltage or frequency greater than or equal to the threshold [28,29].

4.3. Reactive Power Regulation

Given the strong coupling between voltage and reactive power, as shown in Equation (6),
increasing Qg f can indirectly raise Ve, thus enhancing the transient stability. Reference [30]
also shows the effect of increasing reactive power, showing that it can restore EPs. Many
references have designed novel controllers that modify the reactive power when faults occur.

Except for voltage amplitude management, Reference [10] also proposes the method
of reactive power injection; the Pg_mux-Qngf curve for this is shown in Figure 13.

R1>R2>R3=0

R2
Rs

Pg_max

Qg_ref

Figure 13. Pg_m,;x—Qgﬂf curve [10].

In Figure 14, where w; denotes the angular frequency of the grid, the improved method
proposed in Reference [26] adds an additional path to feedforward the frequency difference
between the VSM and grid and introduce it into the reactive power control loop. After
a fault occurs, the GFMC is temporarily out of synchronization with the grid and the
frequency of the GFMC is deviated. Therefore, the magnitude of the frequency deviation
can be used to adaptively regulate the reactive power. Reference [26] also verified that the
larger the coefficient K, the faster the system converges and the better the transient stability
enhancement. Moreover, this method could improve the frequency stability.

L P

1/So
Pg_pu 1
Pg_ref Pg_pu_ref Awg_pu @Wg_pu bq
—p 1/S0 1/2Hs+Dp » wos —»
wWs_pu
K e
Qg_ref Qg_pu_ref vgf_ref_d
—» 1/S0 Kaqv » Vo
Qg_pu
1/So

TQg

Figure 14. Proposed method in [26].
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Reference [27] modifies the control structure and proposes an enhanced transient
stability control based on VSM, in which AP is introduced into the reactive power control
loop, as shown in Figure 15. An iterative algorithm is also proposed to calculate the control
gain K. Reference [27] proves that the proposed method does not change EPs, but makes Py
(K> 0) larger than Pg (K = 0) as dPg/dK > 0; as such, the proposed method alters the Pg-d,
curve during a fault, reducing the acceleration area and increasing the deceleration area.

L e

1/So
Pg_pu 1
Pg_ref Pg_pu_ref Awg_pu Wy_pu 04
» 1/So p—p 1/2Hs+Dp »| wols >
K| A
Qg_ref Qg_pu_ref Vgf_ref d
—» 1/S0 P Kqv > Vo
Qg_pu Vgf_ref
1/So

T

Figure 15. Proposed method in [27].

4.4. Virtual Impedance Regulation

A GFMC with virtual impedance (VI) is illustrated in Figure 16. As shown in Figure 17,
after the system collects the current, it multiplies it by the virtual impedance to obtain the
voltage attributed to the virtual impedance. This voltage offset of the d-axis and g-axis, i.e.,
Avgs g and Avgs g, is then added to the original reference voltage of the voltage control loop.

The current research on VI has devoted substantial efforts to its application for improv-
ing small-signal stability and limiting the current during short-circuit faults [32]. Regarding
transient stability, Reference [34] reveals that the integration of VI reduces Py, decreases
the stability margin, and thereby worsens transient stability. Consequently, there exists a
conflicting relationship between the enhancement of small-signal and large-signal stability
using virtual impedance [34], as there does between current limitation and large-signal
stability [33]. In practice, these studies primarily consider cases of increasing the converter’s
output resistance. Some new studies have proposed other forms of virtual impedance to
improve transient stability.

References [11,37] propose a method for adjusting the impedance ratio ¢ of the con-
verter’s output impedance. i.e., X/R. As illustrated in Figure 18, increasing ¢ from 0.1 to
10 significantly enhances the transient stability margin of the converter. Moreover, Refer-
ence [33] proposes an adaptive control method; it alters ¢ to keep dP¢/dt = 0 constantly.
Additionally, Reference [11] derives the stability boundaries for the impedance magnitude
and phase angle, providing valuable guidance for parameter design.
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Reference [32] concludes that increasing the grid resistance can enhance transient
stability, which differs from the effects of increasing the converter’s output resistance. As
shown in Figure 19, Reference [32] suggests a method that increases grid resistance using
VL In this method, the VI component no longer modifies the reference value of the voltage
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loop, but instead influences the active power control loop. The PI controller is designed to
make Pg track the Py yf in normal conditions (k = 1). The VI component is used to calculate
the virtual power at the virtual PCC with the added virtual grid resistance, i.e., Pyj;, as
depicted in Figure 20. Py, is expressed as [32]:

ngZf (Ry1+ Rg) + Vgf Vs [ Xgsind — (Ryp + Rg)cosd)

Pm’r = (17)

2 (Ry; + Rg)z + Xé%

Switch k
k=1 (normal)
k=0 (fault)
Figure 19. Proposed method in [32].
Virtualpcc RV pcc Res 1Xgs
Pvir Pg
Vgf£0° Vs£-68g

Figure 20. Simplified model of VSM using the proposed method in [32].

Moreover, grid inductance could also improve transient stability. Reference [35] reveals
that not only physical inductance, but also virtual inductance, has the effect of suppressing
the overshoot of Pg, Qg, wg and Ver.

Beyond increasing grid impedance, Reference [31] demonstrates the effect of varying
the virtual synchronous reactance, virtual asynchronous reactance and virtual resistance
of the VSM on a number of parameters including the transmission margin. Simulation
and experimental results indicate that the most effective method for improving transient
stability is to increase d-axis negative reactance while simultaneously increasing g-axis
positive reactance. In contrast, the least effective method is increasing only the positive
reactance along the g-axis.

4.5. Inertia Regulation

The virtual inertia and damping of a VSM have distinct effects on transient stability.
As the virtual inertia increases, the impact of damping is reduced because Dy, x dd/dt +
J x d?6/dt* = Py ref — Pg remains constant, leading to a decrease in the CCA. However,
the rate at which the power angle increases also slows down, resulting in a longer critical
cutting time (CCT).

Based on this principle, the approach to adjusting inertia remains consistent across
different methods. Specifically, during faults or when the VSM is accelerating, greater inertia
is required to counteract frequency deviations and reduce the acceleration area. Conversely,
after a fault is cleared or when the VSM is decelerating, reduced inertia is necessary to enable
the system to quickly converge to a new EP and increase the deceleration area.
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References [40,44] both describe methods that adjust inertia after a fault is detected.
During transient processes, both studies generally follow the same principle in adjusting
inertia. The key difference lies in the detection mechanism: Reference [40] monitors the
voltage sag to determine whether a fault has been cleared, while Reference [44] detects
the frequency deviation Aw between the converter and the grid, as well as the angular
acceleration dw/dt of the converter’s phase angle, to assess the VSM's acceleration and
deceleration states.

Moreover, Reference [42] introduces an adaptive inertia adjustment based on the
previously discussed principles. The expression for adaptive virtual inertia is provided as
follows [42]:

J= Io+(w—wo)%] (18)

4.6. Damping Regulation

Damping generally contributes positively to transient stability [40]. As shown in
Figure 21, when damping is considered in the equal-area criterion, the accelerating area (A1)
decreases, while the decelerating area (A;) increases. Reference [53] proposes a damping
energy approximation method to depict the transient stability boundary more accurately;
thus, the effect of damping is visualized and quantitative. Therefore, as revealed in Refer-
ence [40], increasing the damping term could improve transient stability.

—— after fault
before fault
. — durning fault

Deceleration
Area

-

o H

! Acceleration
1 Area
)

T T T T T T T T T T T T T T T
00 02 04 06 08 1.0 1.2 14 16 1.8 20 22 24 26 28 3.0

9y

Figure 21. Effect of damping on the P¢-6¢ curve [40].

References [38,45] employ TDM, which represents the mainstream approach for achiev-
ing adaptive damping adjustment. This method feeds Aw back into the active power
control loop, and the block diagrams of the two transient damping structures are shown
in Figures 22 and 23. After introducing transient damping, the VSM’s control equation is
given as follows [38]:

1
w =@ty (Pg_,ef — Py KAw) (19)
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Figure 22. Proposed method in [45].
Pg_ref Pg_pu_ref Oq
1/So 1/2Hs+Dp wols —»
| K PLL GE
1
[ l/wo

Figure 23. Proposed method in [38].

In this context, K represents the transient damping gain, where the term KAw functions
similarly to damping. Since the VSM frequency matches the grid frequency in a steady
state, resulting in Aw = 0, transient damping can enhance the transient response without
altering steady-state performance or affecting the frequency stability [45].

The distinction between References [38,45] lies in their approach: Reference [45]
calculates the frequency deviation Aw by measuring the grid frequency via a phase-locked
loop and then comparing it with the VSM frequency, while Reference [38] naturally derives
Aw from the active power control loop. Additionally, in Reference [38], a high-pass filter is
employed to eliminate the Aw offset caused by minor power angle oscillations in a steady
state, ensuring that the P—f droop characteristic remains unaffected. Although there are
other methods for implementing transient damping, they often involve complex dynamic
responses and high-order filters, and they lack the analysis of large-signal stability [38].

Reference [46] integrates both the adaptive adjustment methods discussed above and
introduces an additional frequency control mechanism. The structure of the modified
control system is illustrated in Figure 24. The revised control equation is presented as
follows [46]:

dAw
dt

KdAw‘ "ldA:"’ = Py oy — S7K; / Awdt — Py — (Dy + ky) Aw 20)

This method places a PID controller in the frequency deviation feedback loop, where
the derivative term adjusts the equivalent virtual inertia, and the proportional term provides
transient damping. Upon detecting a fault, this method not only allows the simultaneous
adjustment of inertia and damping, but also utilizes the integral term to reduce the active
power reference Py ., thereby further enhancing the transient stability.

Reference [39] introduced differential compensation links to improve damping, as
depicted in Figure 25. The differential compensation link and the original inertial link form

a led/lag compensator [39]. The experimental results demonstrate that the method has
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the effect of suppressing the power angle overshoot, and the larger the my, the better the
transient stability enhancement.

1/So
1
Pg_ref Awg_pu Wg_pu g
—» 1/S0 1/2Hs+Dp wols —»
@ instability | o0
instability
detection d(aP g)/dt
<4— Awg
Ki 1/s
Figure 24. Proposed method in [46].
.
1/So
Pg_pu 1
Pg_ref Pg_pu_ref Toms Awg pu wg_pu bq
—» 1/So » ZHH”D — > wos —>
p

Figure 25. Proposed method in [39].

Many of the above methods elicit angular frequency-dependent quantities as feedback
quantities. However, Reference [41] proposes a dynamic damping control (DDC) method
for detecting the voltage, which works during voltage sags, as shown in Figure 26.

L e

1/So

Pg_pu 1
Pg_ref Pg_pu_ref Awg_pu wy_pu g
—» 1/S0 P 1/2Hs+Dp » wols

Kh ]

Vg

Figure 26. Proposed method in [41].

4.7. Comparison of Transient Stability Enhancement Methods

Different transient stability enhancement methods have different characteristics, as
shown in Table 2.
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Table 2. Comparison of Transient Stability Enhancement Methods.

Methods

Effects

Disadvantages

Active power regulation

Reducing the active power
reference to restore EPs

Deteriorating frequency
stability

Voltage regulation

Raising the power angle
curve to restore EPs

Increasing current and
leading to overload

Reactive power regulation

Raising the power angle
curve to restore EPs

Increasing current and
leading to overload

Virtual impedance
regulation

Raising the power angle
curve to restore EPs

Deteriorating voltage
adjustment

Slowing down the dynamic
process

Diminishing the effect of

Inertia regulation .
damping

Slowing down the dynamic
process and reducing
overshoot

Affecting the power

Damping regulation distribution results

Active power regulation, reactive power regulation and virtual impedance regulation
can change the active power transfer limits and have the ability to restore EPs after a fault
occurs. The difference is that active power regulation lowers the active power reference,
while the other three methods lift the Pg-d¢ curve.

However, inertia regulation and damping regulation cannot restore EPs. Both meth-
ods slow down the dynamic process; the inertia regulation increases the CCA while the
damping regulation increases the CCT [40]. The increase in damping reduces the amount
of overshooting and prevents the power angle from crossing the UEP, while the increase in
inertia diminishes the effects of damping; both help avoid the instability of VSM.

While improving transient stability, these methods might have some impact on other
aspects of GFMCs’ performance. Reducing the reference value of the active power affects
the frequency stability, and it conflicts with IEEE Standard 1547-2018, which requires that
the Py 1o does not drop excessively during fault ride-through [26]. The increase in reactive
power and voltage will increase the line loss, and the current saturation will be triggered
when the current is too large, which will greatly reduce the stability margin [54]. Changing
the virtual impedance can negatively affect voltage adjustment. In addition to Pg e, a
reduction in inertia can also worsen the frequency stability. Changing the damping affects
the power distribution results, as damping is equivalent to the droop gains.

5. Future Trends

To meet the demands of large-scale engineering applications for GFMCs, further
research is needed in the following areas:

5.1. Comprehensive Stability Enhancement

A combination of different stability enhancement approaches may be required to
balance various performance aspects including transient stability. Some references have
proposed methods to balance transient stability with frequency stability. Reference [19]
uses a voltage feed-forward path to guarantee frequency stability while introducing AAPC.
To balance small-signal and large-signal stability, the method proposed in [37] reduces
o during transients to suppress the current, while increasing it during quasi-steady and
steady states to maintain power angle stability. Reference [39] proposes a parameter design
guideline that balances damping and inertia, hence the transient stability and frequency
stability. In the future, comprehensive regulation for the parameters of GFMCs might be a
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promising method for transient stability enhancement, where there are several parameters
instead of a single one. For example, Reference [55] proposes active power and voltage
cooperative control to improve the fault ride-through capability of GFMCs.

5.2. Transient Stability Enhancement Method for Multi-Machine Systems

The future power system will consist of a large number of GFMCs, in addition to a
certain number of GFLCs. There are various interactions between the grid and GFMCs
in single-machine systems, and various interactions between GFMCs in multi-machine
systems, which may lead to transient instability and the shutdown of multiple converters.
For example, Reference [56] discusses the instability mechanism of nonuniform damping
in GFMC-penetrated multi-machine systems, and Reference [57] analyzes the transient
stability of parallel grid-tied GFMC systems when considering reactive power control.
However, transient stability studies of multi-machine systems are still in their infancy
and have mainly focused on islanded microgrids [58,59], the traditional application area
of GFMCs [60]. There is not much literature on transient stability enhancement meth-
ods for multimachine systems, and the main methods currently are FVB-WACS [28,29],
power angle freezing [61,62], active power interference [60] and inertial center frequency
oscillation control [60]. In addition to the interaction between GFMCs, the interactions
between GFMCs and GFLCs also need attention [58,63]. In addition, the effects of various
previously proposed transient stability enhancement methods for single-machine systems
on multi-machine systems should not be ignored and need to be investigated.

5.3. Utilizing Advanced Control Theory

Currently, the idea of adaptive control is more widely used in the enhancement of the
transient stability of GFMCs. In addition, model predictive control is a more promising
direction for the future [64]. Moreover, some methods based on machine learning such
as deep reinforcement learning [65] and data-driven predictive control [66] could also be
introduced to enhance transient stability. There is little research on the implementation
of machine learning in the transient stability enhancement of GFMCs, so this might be a
brand-new research field.

6. Conclusions

This paper presents a review of methods for analyzing and enhancing the transient
stability of GFMCs. Firstly, the general structure of GFMCs was given, and two commonly
used control methods—droop control and VSM control—were introduced. The GFMC
with droop control is a first-order system, while VSM control is a second-order system.
Then, this paper analyzed the instability mechanism of GFMCs using these two types of
control methods. Droop control has no stability problems as long as EPs exist, whereas
VSM control has overshooting due to the fact that it is a second-order system, and because
there is a possibility of instability when EPs exist. Then, this paper listed six transient
stability enhancement methods, i.e., active power, reactive power, voltage amplitude,
virtual impedance, inertia and damping regulations, and describes their principles, lists
some specific implementations and compares their improvement effects and drawbacks.
Finally, this paper concludes the future development trend of some transient stability
improvement methods.
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