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Abstract—The rapid proliferation of inverter-based 
resources (IBRs) in modern power systems has intensified the 
need for enhanced reactive power support and voltage 
regulation, making the static synchronous compensator 
(STATCOM) an essential grid-supporting asset. Particularly, 
energy-storage-assisted grid-forming (GFM) STATCOMs, 
termed E-STATCOMs, based on virtual synchronous generator 
(VSG) control have emerged as a preferred solution for weak 
and low-inertia grids. Nevertheless, VSG-based E-STATCOMs 
are inherently susceptible to low-frequency oscillations, which 
become particularly pronounced under weak-grid conditions 
where the reduced short-circuit ratio (SCR) limits the system 
stability margin. Although increasing the VSG damping 
coefficient can partially mitigate oscillations, it is intrinsically 
coupled with the primary frequency-regulation loop, resulting 
in a contradiction between transient stability and steady-state 
accuracy. To address this trade-off, this paper proposes an 
active damping regulator (ADR) embedded in parallel with the 
VSG swing equation. The ADR provides targeted, frequency-
selective damping of the dominant low-frequency mode using a 
single tunable gain, without compromising steady-state 
behavior or modifying the inner control structure. A detailed 
MATLAB/Simulink model of the 10 kVA E-STATCOM is 
developed, and simulation results under a 50% voltage sag 
confirm significant suppression of power and voltage 
oscillations compared with the conventional VSG. Sensitivity 
studies with respect to the ADR gain and robustness evaluation 
across varying grid-strength conditions further validate the 
practical applicability of the proposed method.  

Index Terms—Active damping, grid-forming control, low-
frequency oscillations, STATCOM, virtual synchronous 
generator (VSG). 

I. INTRODUCTION 
The growing penetration of high‑capacity distributed 

energy resources such as wind and photovoltaic (PV) 
generation has reduced system inertia and intensified 
voltage‑stability challenges in power systems [1]. Static 
synchronous compensators (STATCOMs) are therefore 
pivotal for dynamic reactive‑power support and voltage 
regulation at the point of common coupling (PCC), thereby 
enhancing grid stability across a wide range of operating 
conditions [2]. Fig. 1 illustrates typical applications of 
STATCOM in modern power systems, including renewable 
generation integration, railway electrification systems, 
industrial loads, transmission networks, and large data-center 

facilities [3], [4]. It is worth noting that conventional 
grid‑following (GFL) STATCOMs rely on phase-locked loop 
(PLL)‑based synchronization and exhibit degraded dynamic 
performance in weak‑grid conditions characterized by low 
short‑circuit ratio (SCR) [5]. Moreover, the limited energy 
stored in their dc‑link capacitors restricts their ability to 
provide active‑power‑related services such as frequency 
support and synthetic inertia. Alternatively, 
energy‑storage‑assisted grid‑forming (GFM) STATCOMs 
(termed E-STATCOMs) based on virtual synchronous 
generator (VSG) control have emerged as a promising 
solution, capable of emulating synchronous‑machine behavior 
while providing improved grid‑support capabilities [6]. 

However, VSG-controlled E-STATCOMs are inherently 
prone to low-frequency oscillations stemming from the 
coupled interaction among the virtual inertia loop, grid 
impedance, converter inner control loops, and filter dynamics 
[7]. Such oscillations can deteriorate voltage regulation, 
induce power swings, and even threaten system stability, 
particularly under severe grid disturbances [8]. Several 
damping techniques have been reported in the literature to 
address this challenge. Adjusting the virtual inertia J and 
damping coefficient Dp has been explored to suppress low 
frequency oscillations [9]; however, increasing Dp is 

 
Fig. 1. Typical example of STATCOM applications. 



intrinsically coupled with the primary frequency‑regulation 
mechanism, introducing an unavoidable trade-off between 
transient damping and steady-state accuracy. Virtual 
impedance methods reshape the converter output impedance 
to broaden the stability margin against oscillations [10]; 
however, their damping effectiveness diminishes at low 
frequencies where the dominant oscillatory modes reside, and 
large virtual-impedance values degrade voltage-regulation 
accuracy and curtail the available reactive-power capability.  

A transient damping-based control has been proposed to 
eliminate the steady-state active-power error caused by 
constant VSG damping [11], [12], while active power direct 
feedback and energy synchronization links have been 
investigated to enhance oscillation damping in GFM E-
STATCOMs [13]. Furthermore, phase-compensated dc-link 
voltage synchronization has been introduced to resolve low-
frequency oscillations arising from inherent phase lag in the 
control loop [14]. Nevertheless, these approaches are either 
topology-specific, rely on complex small-signal compensator 
design, or lack a dedicated frequency-selective damping 
mechanism directly at the VSG swing equation level, without 
addressing the inherent coupling between the VSG damping 
coefficient and the primary frequency-regulation. 

To address this gap, this paper proposes an active-damping 
regulator (ADR) augmenting the VSG swing equation through 
a parallel damping path within a unified GFM control 
framework for the E-STATCOM. The proposed regulator 
provides targeted low‑frequency damping without additional 
filters and requires only a single tunable gain, offering 
straightforward implementation. The effectiveness of the 
proposed approach is confirmed through simulations results, 
demonstrating markedly improved damping of power and 
voltage oscillations compared with conventional VSG. The 
main contributions of this paper are: 

1. A unified control framework for a GFM E-
STATCOM is developed, integrating VSG-based 
outer loops, voltage and current inner loops, and an 
active damping regulator. 

2. A systematic modeling of the active damping 
controller and its integration into the swing equation 
is presented, highlighting its impact on system 
damping characteristics. 

3. Comprehensive electromagnetic transient simulations 
are conducted on various cases demonstrating the 
effectiveness of the proposed approach. 

The remainder of this paper is organized as follows: 
Section II presents the case study configuration and system 
parameters. Section III develops the complete hierarchical 
control framework, including the VSG-based active-power 
control, the proposed ADR, the PCC voltage control loop, and 
the inner voltage–current control with virtual impedance. 
Section IV presents the simulation results, covering transient 
damping performance, ADR gain sensitivity analysis, and 
robustness evaluation under varying grid-strength conditions. 
Section V draws the conclusions. 

II. DESCRIPTION OF THE CASE STUDY 
The case study considered in this paper is a 10 kVA, three-

phase, two-level voltage-source converter (VSC)-based E-
STATCOM connected to a 120 V (rms, line-to-line), 50 Hz 
distribution grid, as illustrated in Fig. 2. The DC side is 
supported by a battery energy storage system (BESS) 
interfaced through the DC-link capacitor 𝐶ௗ௖, which supplies 
or absorbs active power to enable inertia emulation and DC-
link voltage regulation. On the AC side, the converter is 

 

Fig. 2. Configuration of the case study and adopted control system. 

TABLE I.  PARAMETERS OF THE CASE STUDY 

Grid 
Grid voltage (rms), UG 120 V 

Grid frequency, fg 50 Hz 
Grid Impedance, (RG, LG) 0.4 Ω, 8 µH 

E-STATCOM 
Topology 3-phase, 2-level VSC 

Apparent power, SN 10 kVA 
Max active power, Pmax 7.07 kW 

Max reactive power, Qmax 7.07 kVAR 
Filter: Rf, Lf, Cf 22 mΩ, 2.5 mH, 10 µF 

Max AC current, Imax 27.27 A 
DC-link voltage, Vdc 400 V 

DC-link capacitance, Cdc 1.5 mF 
Control parameters 

Switching frequency, fsw 18 kHz 
VSG parameters, J, Dp 0.01 kg.m2, 0.85 

Virtual impedance, Rv, Lv 0.1 Ω, 5 mH 
Voltage outer PI, kpm, kim 0.1291, 351.1 
Inner voltage PI, kpv, kiv 79.43e-6, 158.68 

Current control PI, kpc, kic 11.1, 5471 
Proposed ADR parameters 

Controller gain, kd 50.0 p.u. 
Damping factor, ξ 0.707 

Central angular frequency, ωr 700 rad/s 



coupled to the grid through an LC filter (𝐿௙ , 𝑅௙ , 𝐶௙ ), with 
voltage and current measurements taken at the PCC. The grid 
is represented by its Thévenin equivalent, consisting of an 
ideal voltage source in series with the aggregated grid 
impedance (𝑅௚ , 𝐿௚ ), which directly governs the SCR and 
hence the degree of grid strength seen by the converter. The 
detailed electrical and control parameters are listed in Table I.  

III. CONTROL DEVELOPMENT 
The overall control adopts a three-layer hierarchical 

architecture, whose outer layer, shown in Fig. 4, comprises the 
VSG-based APC loop and the PCC voltage-magnitude control 
loop. The intermediate layer implements a cascaded dq-frame 
voltage–current controller for fast reference tracking and 
current limiting. In addition, a virtual‑impedance block is 
embedded upstream of the voltage controller to shape the 
converter output impedance. The ADR, integrated in parallel 
with the VSG swing path at the APC layer, provides 
frequency-selective suppression of the dominant low-
frequency oscillatory mode without disturbing the steady-state 
droop characteristic. The following subsections present the 
complete mathematical development of each control layer. 

A. VSG-Based Active Power Control 

The VSG swing equation (augmented by the proposed 
ADR branch) generates the internal frequency and angle 
(𝜔௥௘௙,𝜃௥௘௙) from the power error (𝑃௥௘௙ − 𝑃). Assuming fast 
inner-loop dynamics, the E-STATCOM is modelled as a 
controlled voltage source behind the equivalent series 
inductance 𝐿௘௤ = 𝐿௙ + 𝐿௚, with 𝐿௙ being the filter inductance 
and 𝐿௚ is the grid inductance. Under small-signal conditions, 
the three-phase active power exchanged at the PCC linearizes 
about the nominal operating point as:  𝑃 ≈ 𝐺௣ .𝛿,      𝐺௣ = ଷ௏೛೎೎మଶఠబ௅೐೜                              (1) 

where 𝑉௣௖௖ is the PCC voltage magnitude, 𝜔଴ is the nominal 
angular grid frequency, and 𝛿 = 𝜔௥௘௙)׬ − 𝜔଴)𝑑𝑡     is the 
power angle between the converter and grid voltage.  

The inertial behavior of a synchronous machine is 
emulated in the VSG by describing the evolution of the virtual 
angular frequency 𝜔௥௘௙  using swing equation: 𝐽 ௗఠೝ೐೑ௗ௧ = 𝑃௥௘௙ − 𝑃 − 𝐷௣൫𝜔௥௘௙ − 𝜔଴൯                (2)  

where 𝐽 [𝑘𝑔.𝑚ଶ] is the virtual inertia constant, 𝐷௣ is the VSG 
damping coefficient, and 𝑃௥௘௙ is the active power set-point. In 
steady state (ௗఠௗ௧ = 0), (2) reduces to the primary frequency-
droop relation 𝑃 = 𝑃௥௘௙ − 𝐷௣൫𝜔௥௘௙ − 𝜔଴൯, confirming that 
the VSG acts as a frequency-responsive power regulator. In 

the Laplace domain, the open-loop VSG swing transfer 
function from the power error to the frequency deviation is: 𝐻௏ௌீ(𝑠) = ఠೝ೐೑(௦)௉ೝ೐೑ି௉ = ଵ௃ೞା஽೛                            (3) 

Despite providing primary frequency support, the VSG 
damping coefficient 𝐷௣ is intrinsically coupled to the droop 
term in (2), meaning that increasing 𝐷௣  to suppress 
oscillations inevitably degrades the steady-state accuracy and 
sag response. To resolve this trade-off, the proposed ADR 
transfer function 𝐺ௗ(𝑠), structured as a second-order band-
pass filter, is integrated in parallel with the conventional VSG 
swing path: 𝐺ௗ(𝑠) = ௞೏ .  ௦௦మାଶ஖னೝ௦ାனೝమ  ,     ζ = 0.707                 (4) 

where 𝑘ௗ  is the damping gain, ζ  is the band-pass damping 
factor, and ω௥ is the center frequency. The ADR has zero DC 
gain, i.e., 𝐺ௗ(0) = 0, ensuring no steady-state active-power 
offset is introduced regardless of the value of 𝑘ௗ. Its peak gain 
occurs precisely at ω௥ injecting targeted damping torque into 
the swing path exactly at the dominant oscillatory mode 
frequency. The combined augmented frequency reference, 
incorporating both the VSG inertial path and the parallel ADR 
damping branch, is therefore: 𝜔௥௘௙(𝑠) = ଵ௃ೄା஽ᇣᇤᇥೇೄಸ (ೞೢ೔೙೒)  ൫𝑃௥௘௙ − 𝑃൯ + 𝐺ௗ(𝑠)ᇣᇤᇥ௔௖௧௜௩௘ ௗ௔௠௣௜௡௚ ൫𝑃௥௘௙ − 𝑃൯,      (5)  

The converter synchronization angle is obtained by 
integrating the augmented frequency reference: 𝜃௥௘௙(𝑠) = ఠೝ೐೑(௦)௦                                (6) 

The transfer function of (5) in sense of small signal is: 

𝑇(𝑠) = ൤ భ಻ೞశವ೛ା𝐺𝑑(𝑠)൨భೞீ೛ଵା൤ భ಻ೞశವ೛ା𝐺𝑑(𝑠)൨భೞீ೛                               (7) 

The frequency response of 𝑇(𝑠) in (7) serves as the basis for 
tuning the active‑damping parameters. The damping ratio is 
fixed at ζ=0.707, and the characteristic frequency ω௥ is 

 
Fig. 4. Block diagram of adopted VSG and PCC voltage controller. 

 
Fig. 3. Cascaded voltage and current inner control loops. 



selected close to the dominant low‑frequency resonance of the 
uncompensated APC loop. Subsequently, the active damping 
gain 𝑘ௗ  is gradually increased while monitoring the Bode 
plots of 𝑇(𝑠), such that the resonance is effectively attenuated 
without introducing a secondary peak or excessive 
deterioration of the dynamic response. The resulting effect of 𝑘ௗ on the closed‑loop frequency characteristics is illustrated 
in Fig. 5. 

B. PCC Voltage Control Loop 

The PCC voltage control loop, shown in Fig. 4, regulates 
the converter terminal voltage magnitude. The measured PCC 
voltage 𝑉௣௖௖ is compared with the reference 𝑉௣௖௖∗ , and the error 
is processed by a PI controller to generate the d-axis voltage 
reference 𝑣ௗ∗ . Since the synchronous reference frame is 
aligned with the converter voltage vector, the q-axis reference 
is set to zero. The voltage PI control law is:  𝑣ௗ∗(𝑠) = ቀ𝑘௣௠ + ௞೔೘௦ ቁ ൫𝑉௣௖௖∗ − 𝑉௣௖௖൯,       𝑣௤∗ = 0    (8) 

where 𝑘௣௠  and 𝑘௜௠  are the proportional and integral gains 
listed in Table I. The reference pair (𝑣ௗ∗ , 𝑣௤∗ = 0), together with 
the synchronisation angle 𝜃௥௘௙  from (6), fully defines the 
converter voltage reference vector in the dq synchronous 
frame, which is subsequently enforced by the inner cascaded 
controller. 

C. Inner voltage and current control loops 

 The inner control layer, shown in Fig. 3, implements a 
cascaded dq-frame structure comprising an outer voltage loop 
and an inner current loop. The outer dq voltage controller 

regulates the converter capacitor voltage to track the reference 
vector (𝑣ௗ∗ , 𝑣௤∗ = 0) and generates current references 𝑖௙,ௗ∗ and 𝑖௙,௤∗  for the inner loop. Including feed-forward capacitor cross-
coupling decoupling terms to achieve independent d- and q-
axis voltage control, the voltage PI equations are: 𝑖௙,ௗ∗ = ቀ𝑘௣௩ + ௞೔ೡ௦ ቁ ൫𝑣ௗ∗ − 𝑣௣௖௖,ௗ൯ − 𝜔଴𝐶௙𝑣௣௖௖,௤         (9) 𝑖௙,௤∗ = ቀ𝑘௣௩ + ௞೔ೡ௦ ቁ ൫𝑣௤∗ − 𝑣௣௖௖,௤൯ − 𝜔଴𝐶௙𝑣௣௖௖,ௗ       (10) 

where 𝑘௣௩  and 𝑘௜௩  are the voltage-loop PI gains, 𝐶௙  is the 
shunt filter capacitor, and the േ𝜔଴𝐶௙  terms compensate the 
cross-coupling current through the filter capacitor admittance, 
enabling fully decoupled d-q voltage regulation. The inner 
current controller then enforces 𝑖௙,ௗ௤∗  against the measured 
filter current 𝑖௙,ௗ௤  in the synchronous dq frame, with filter 
inductor cross-coupling compensation: 𝑣௖௢௡௩,ௗ∗ = ቀ𝑘௣௖ + ௞೔೎௦ ቁ ൫𝑖௙,ௗ∗ − 𝑖௙,ௗ൯ − 𝜔଴𝐿௙𝑖௙,௤     (11) 𝑣௖௢௡௩,௤∗ = ቀ𝑘௣௖ + ௞೔೎௦ ቁ ൫𝑖௙,௤∗ − 𝑖௙,௤൯ − 𝜔଴𝐿௙𝑖௙,ௗ     (12) 

where 𝑘௣௖ and 𝑘௜௖ are the current-loop PI gains, 𝐿௙ is the filter 
inductance, and the േ𝜔଴𝐿௙  terms compensate the inductor 
back-EMF to achieve fast, decoupled current regulation in 
each axis. 

To enhance robustness against grid-impedance variation 
and attenuate high-frequency harmonic interactions, a virtual 
impedance 𝑍௩(s) = 𝑅௩ + s𝐿௩  is injected upstream of the 
voltage PI controller. It synthesizes a virtual voltage drop ∆𝐯௩௜ௗ௤ proportional to the measured converter current 𝑖௙,ௗ௤ in 
the synchronous dq frame: ∆𝐯௏௜ௗ௤ = −ቀ𝑅௩𝐈 + 𝜔଴𝐿௩ ቂ 0 1−1 0ቃቁ 𝑖௙ௗ௤             (13) 

where 𝑅௩ and 𝐿௩ are the virtual resistance and inductance, I is 
the 2×2 identity matrix, and the off-diagonal terms േ𝜔଴𝐿௩ 
represent the cross-coupling introduced by the virtual 
inductance. The virtual-impedance-compensated PCC voltage 
reference, fed to the voltage PI in (9-10), is then formed as:  𝐯௣௖௖ௗ௤∗ = ൤𝑣ௗ∗𝑣௤∗൨ + ∆𝑣௏௜ௗ௤ ,  with   𝑣௤∗ = 0,              (14) 

The virtual impedance modifies the closed-loop output 
impedance of the converter at the inner-loop level, improving 
stability against grid-impedance variation and suppressing 

 
Fig. 6. Dynamic response of the VSG‑based grid‑forming STATCOM during a 50% grid‑voltage sag; Subscripts 1 and 2 correspond to operation with 

virtual impedance plus the proposed active‑damping regulator and with virtual impedance only, respectively. 

 

Fig. 5. Frequency response of transfer function 𝑇(𝑠) with 𝑘ௗ ∈ [0,50]. 



high-frequency resonances, while the ADR in the outer APC 
layer independently handles low-frequency oscillation 
damping without any interaction between the two 
mechanisms. The modulated voltage commands 𝑣௖௢௡௩,ௗ௤∗  
from (11–12) are finally transformed to abc coordinates at 
angle 𝜃௥௘௙  in (6) and applied to the space-vector PWM 
modulator to generate the converter gate signals, completing 
the full hierarchical control loop. 

IV. SIMULATION RESULTS AND DISCUSSION 
To validate the effectiveness of the proposed ADR, 

electromagnetic transient simulations are conducted in 
MATLAB/Simulink using a detailed switching-level model of 
the E-STATCOM. A 50% symmetrical three-phase voltage 
sag is applied as the disturbance scenario, that excites the 
dominant low-frequency oscillatory modes of the VSG swing 
equation. Three case studies are presented: the first 
benchmarks the closed-loop transient damping performance 
of the proposed ADR against the conventional VSG with 
virtual impedance; the second performs a parametric 
sensitivity analysis of the ADR gain 𝑘ௗ , examining its 
influence on the damping rate and transient settling of the 
active power and PCC voltage oscillations; and the third 
evaluates the robustness of the proposed control strategy 
under varying grid-strength conditions, characterized by SCR. 

A.  Transient Damping Performance 

To evaluate the effectiveness of the proposed ADR, a 50% 
voltage sag is applied to the grid voltage, and response of the 
E-STATCOM is compared with and without the proposed 
controller, as depicted in Fig. 6. In the conventional VSG case 
with virtual impedance only, the E-STATCOM exhibits 
pronounced low‑frequency oscillations following the sag 
initiation. These oscillations appear in the PCC voltage as an 
underdamped recovery, and propagate to the STATCOM 
current, producing oscillatory active and reactive power 
exchange. The oscillations persist for several cycles, 
indicating insufficient damping from the 
swing‑equation‑based control and virtual impedance. 

With the proposed regulator, the transient response is 
significantly improved. The PCC voltage and current reach 
their new operating points rapidly with reduced overshoot, 
and the oscillations in active and reactive power are 
effectively suppressed. The corresponding quantitative 
performance metrics, including settling time, overshoot, and 
resonant peak attenuation, are summarized in Table II, 

confirming the enhanced damping capability of the proposed 
approach. 

B. Sensitivity Analysis of the ADR Gain 𝑘ௗ 

The influence of the ADR gain 𝑘ௗ  on transient 
performance is evaluated for three values: 30, 50, and 70, 
representing gains below, at, and above the nominal setting, 
respectively. For each case, the control structure shown in 
Figs. 3 and 4 is kept unchanged, and the E‑STATCOM is 
subjected to the same 50% grid‑voltage sag. As reported in 
Fig.7, the transient response exhibits a clear dependence on 𝑘ௗ . With a low gain ( 𝑘ௗ = 30 ), the system exhibits 
under‑damped oscillations with slow decay. At the nominal 
value (𝑘ௗ = 50), oscillations are effectively suppressed and 
the fastest settling is achieved, indicating near‑optimal 
damping. Increasing 𝑘ௗ further (𝑘ௗ = 70) results in a slightly 
slower response with a minor secondary deviation, suggesting 
excessive damping action and increased phase compensation 
around the resonance. 

C. Robustness Under Grid Strength (SCR) Variation  

The robustness of the proposed control strategy is 
evaluated under varying grid strengths characterized by SCR, 
including a strong grid (SCR = 6), a weak grid (SCR = 3), and 
a very weak grid (SCR = 1.5). For all cases, the control 
parameters, including the virtual‑impedance settings and the 
tuned ADR gain 𝑘ௗ, remain unchanged. The results reported 
in Fig.8 indicate that, under strong‑grid conditions, the system 
remains well damped, and the ADR has limited visible 
influence, as the higher grid stiffness naturally suppresses 
oscillations. Under weak‑grid conditions, the uncompensated 
VSG shows pronounced low‑frequency oscillations, and the 
stabilizing effect of the ADR becomes clearly observable: the 
PCC‑voltage and active‑power trajectories exhibit 
significantly improved damping and reduced settling time. In 
the very‑weak grid, where grid impedance dominates the 
converter dynamics and the system becomes especially prone 
to active‑power oscillations, the ADR continues to maintain 
stability and provides effective suppression of the dominant 
oscillatory mode. Overall, the proposed damping mechanism 
consistently enhances transient behavior without requiring 

 
Fig. 7. Sensitivity of the dynamic response to the ADR gain 𝑘ௗ during a 50% grid-voltage sag. Subscripts 1, 2, and 3 denote the cases with above-

nominal, nominal, and below-nominal values, respectively. 

TABLE II.  COMPARISON OF DYNAMIC PERFORMANCE METRICS 

Metric Virtual Impedance only Proposed ADR 
Settling time (s) ≈ 0.14 ≈ 0.06 
Overshoot (%) ≈ 42 ≈ 18 

Resonant peak (dB) ≈ 25 Attenuated by ≈ 6 



re‑tuning of either the virtual‑impedance terms or the VSG 
swing‑equation parameters. 

V. CONCLUSION 
VSG‑based grid‑forming E‑STATCOMs are inherently 

susceptible to low‑frequency oscillations during severe grid 
disturbances due to the limited damping flexibility of the 
conventional swing equation. This paper proposed an 
active‑damping regulator (ADR) connected in parallel with 
the VSG swing path of a 10‑kVA energy‑storage‑supported 
E‑STATCOM. The ADR employs a single‑parameter‑tuned 
second‑order band‑pass structure centered on the dominant 
oscillatory mode, thereby providing frequency‑selective 
damping without modifying the steady‑state droop 
characteristic or the inner‑loop design. Simulation results 
under a 50% grid‑voltage sag demonstrate substantial 
suppression of power and voltage oscillations compared to the 
conventional VSG approach. Sensitivity analysis further 
shows that the ADR gain offers a well‑defined and intuitive 
tuning window, while robustness evaluations under varying 
grid strengths confirm consistent damping performance 
without retuning. Overall, the proposed ADR constitutes a 
practical and minimally invasive enhancement to VSG‑based 
grid‑forming E‑STATCOM control. 
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Fig. 8. Robustness evaluation of the proposed ADR under varying grid-strength conditions during a 50% grid-voltage sag. Subscripts 1, 2, and 3 denote 

the cases with SCR = 1.5 (very weak grid), SCR = 3 (weak grid), and SCR = 6 (strong grid), respectively. 


