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Abstract—As conventional synchronous generators are pro-
gressively replaced by inverter-based resources (IBRs), the
resulting reduction in system inertia leads to new stability
challenges. This paper aims to evaluate the dynamic performance
of a virtual synchronous generator (VSG)-based grid-forming
inverters (GFMIs) under low short circuit ratio (SCR) and
low-inertia conditions. Although several network characteristics,
such as the X/R ratio and SCR, have been widely studied, the
combined influence of low SCR and system inertia, with the
focus on current-limiting strategies during severe faults, remains
significantly underexplored. Therefore, virtual impedance (VI)
and direct current-limiting schemes are evaluated for VSG-
and power synchronization control (PSC)-based GFMIs for
comparison. The results show that system inertia and SCR
strongly influence fault ride-through capability and post-fault
stability, and the choice of current-limiting strategy plays a
critical role beyond over-current protection. Further analysis
of control-parameter variations indicates that stability can be
improved even under worst-case scenarios through appropriate
parameter adjustment, highlighting the need for robust GFMI
designs for operation in such low-strength networks.

Index Terms—Direct current limiter, grid forming inverter
(GFMI), short circuit ratio (SCR), system inertia, virtual
impedance (VI), virtual synchronous generator (VSG).

I. INTRODUCTION

The transition of power networks has been towards replac-
ing conventional synchronous generators (SGs) with inverter-
based resources (IBRs) such as solar PV, wind, and fuel
cells. At present, most IBRs are grid-interfaced through grid-
following inverters (GFLIs) [1]. With advances in control
concepts, GFLIs not only track the maximum power point but
also provide grid-supportive functions, including fault ride-
through (FRT) capabilities. However, since GFLIs rely on a
phase-locked loop (PLL) to follow the grid voltage phasor,
they can lose synchronism and become unstable under weak-
grid conditions [2]. To address this limitation, the grid-forming
inverter (GFMI) concept has emerged, enabling inverters to
establish and regulate their own voltage phasor [3]. Among
various GFMI types, the virtual synchronous generator (VSG)
configuration closely mimics the dynamic behavior of a con-
ventional synchronous generator [4].

The evaluation of VSG performance varies significantly
depending on the active and reactive power control strate-
gies. For example, in [5], the synchronverter approach is
introduced, while [6] proposed the ISE-Lab control topology
to emulate the swing dynamics of a synchronous machine
using virtual inertia and damping. Furthermore, [4] discusses
power synchronization control (PSC) methods that incorporate
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decoupling mechanisms to mitigate cross-coupling between
the dq components. As various types of GFMIs, particularly
VSG concepts, continue to emerge, evaluating their perfor-
mance has become increasingly important. Accordingly, the
performance of various VSG control strategies has been exten-
sively analyzed under diverse operating scenarios, including
different load conditions, varying X/R ratios, varying short-
circuit ratios (SCRs), and network faults [4], [7].

In power systems, inertia refers to the ability of the system
to resist changes in frequency, commonly expressed as the
rate of change of frequency (RoCoF). This concept can be
discussed in two aspects: system inertia and inverter virtual
inertia. Here, inverter virtual inertia is a tuning parameter,
while system inertia refers to the aggregate inertia of all
synchronous generators connected to the grid [8]. In real-
world applications of GFMI, the interaction between GFMI
control dynamics and system inertia may be critical. Another
important factor of performance analysis is the SCR measured
at the point of common coupling (PCC) of the inverter, which
relates to the strength of the grid. Moreover, current control
limiter methods also have an impact on stability against severe
disturbances. The most applicable current limiter methods
are virtual impedance (VI) [9], direct current limiter [10],
and voltage limiter [11]. The design of the VI-based current
limiter requires a tradeoff between stability requirements and
dynamic response. Among them, the direct current limiter
constrains the current-reference magnitude to a constant value
when activated. Moreover, the phase can be flexibly adjusted
with improved versions (’priority-based”), and the stability
can be further enhanced by changing the power reference
change during current-limiter activation. Therefore, the con-
sideration of the current limiter plays a major role under the
given system conditions.

This work evaluates the performance of the VSG-based
GFMI under high and low system inertia and weak grid
conditions and compares it with other PSC-based strategies
to assess its dynamic stability. In particular, the study inves-
tigates the impact of the current limiter strategy against the
aforementioned conditions. Furthermore, the effects of two
key control parameters of virtual inertia and virtual damping
are also examined to determine their impact on the worst-case
scenario.

II. CONTROL PRINCIPLES OF THE VSG-BASED GFMI

This study employs the VSG-based GFMI model (ISE-
Lab model) proposed in [6] as a benchmark, and this section
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Fig. 1: Overview of cascaded control architecture of GFMI.

presents the detailed modeling of GFMI secondary control
layers and current limiting strategies.

A. System Representation

In order to observe the transient behavior of the system, an
electromagnetic transient (EMT)-based MATLAB/Simulink
model is developed as shown in Fig. 1. In most of the
studies, grid-connected GFMI is represented by connecting it
to an infinite bus. However, an infinite bus does not replicate
the system inertia that exists in a practical power network.
Therefore, the proposed study connects the VSG-based GFMI
to a synchronous generator, enabling the system inertia to
be varied easily. Accordingly, the simplified synchronous
machine block implements the mechanical system that can
be described as,

1 Wn
m[Tm_Te]‘F? (D
Here, H denotes the inertia constant, and K is the damping
coefficient, which is maintained at a fixed value in this study.
Since the purpose of the synchronous generator model is to
replicate high- and low-inertia conditions corresponding to
different levels of IBR penetration, keeping K4 at a constant
value ensures that changes in system response are solely
attributed to variations in system inertia. Moreover, 7}, and
T represent the mechanical and electrical torque, respectively,
while w,, denotes the nominal angular frequency. Typically, in
high-inertia systems, the value of H is maintained around 8-
10s, whereas with increased penetration of IBRs, it may drop
below 2 s. Therefore, the range of H is selected as 1-10 s
in this study to replicate both low- and high-inertia system
conditions.

(JJg:

B. Modeling of VSG- based GFMI

The inverter is connected to the grid via a LCL filter as
shown in Fig. 1(a). The selection of the filter parameters
follows the procedure discussed in [12]. In the VSG-based
GFMI controller, the active power—frequency loop regulates
system frequency through virtual inertia and damping, and
the reactive power—voltage loop maintains terminal voltage
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Fig. 2: Active and reactive power control (APC and RPC)
architecture of (a) VSG-based GFMI and (b) PSC-based
GFMLI.

stability. Accordingly, the active power control of the VSG-
based GFMI can be expressed in the Laplace domain as
follows.

1 1
w= ([Pm Pf]wn DAw]) T4 + wn, 2)
Here, w denotes the inverter angular frequency, and w,, rep-
resents the nominal frequency, which is considered constant.
Moreover, P;, = Pser + (W, — wy)D,, where Py and Py
are the active power setpoint and the measured active power,
respectively. To enable droop-based control, the grid angular
frequency, w, must be measured at the PCC, which can be
obtained using a PLL.
Moreover, the reactive power control of the VSG-based
GFMI model can be defined as,

Vd,ref = (kpq + > [an Qf] nmax 3)

Here, Vg, . denotes the d-axis voltage reference that feeds
into the voltage controller. Furthermore, Q;, Qser +
(V. — E)Dy, where Qg and @y represent the reactive
power setpoint and the measured reactive power, respectively.
Moreover, V;, = Viatea/ v/3 is the nominal voltage and
Vi,maz = V2V, denotes the maximum nominal voltage limit.
The block diagram of active and reactive power control (APC
and RPC) of VSG-based GFMI is illustrated in Fig. 2(a). To
enable a fair performance comparison with the VSG-based
GFMI, a PSC-based GFMI architecture is also considered in
this study. The main distinction between the two architectures
lies in the control action of the APC, as illustrated in Fig. 2(b).

C. Considered current limiting strategies

In order to enable the fault ride-through capability, a current
limiter is essential to protect the inverter from over-current
stress during faults or transient disturbances. The commonly
used current limiting methods are as follows.

(a) Virtual impedance (VI): Virtual impedance is commonly
used for current limiting in GFMI due to its fast response.
However, its effectiveness depends on precise tuning, as higher
virtual inductance may cause instability at fault clearance [13].
Therefore, a VI-based current limiter is developed as follows

[9].
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Fig. 3: The block diagrams of (a) virtual impedance and (b)
direct current limiter.

Here, V', ., and V. are new voltage references derived
from the VI-based current limiter as shown in Fig. 3(a). The
virtual resistance (R,;-) and reactance (X,;,) can be defined
as [14],

X . = Rvir = 07 IR < Ith
o AXRR'UiTa s.t. Rvir = /8 (IR - Ith) 5 IR > Ith
(5)

In (5), Axr, Ir and I, are X/R ratio of the grid impedance,
the RMS current at PCC, and the threshold value (1.5 p.u.)
of the current. Moreover, 3 is a constant parameter selected
to ensure the desired current limitation under the worst-case
fault condition, such as a three-phase bolted fault.

(b) Direct current limiter: This method is implemented
before the inner current controller, effectively limiting the
fault current magnitude. Moreover, unlike virtual-impedance-
based current limiting, this approach requires anti-windup
mechanisms in the voltage control loop to prevent integrator
windup, as illustrated in Fig. 3(b). The direct current limiter
is developed as follows [10].

I?qa [ Laq| < Iin,

I = 6

dq i-’dq, [Taq| > Iin ©
|qu|

III. PERFORMANCE ANALYSIS UNDER LOW SCR AND
VARYING SYSTEM INERTIA ENVIRONMENT

This section analyzes the impact of system strength under
low SCR conditions for different current-control strategies.
For comparison, a PSC-based GFMI is also considered,
employing the same current-control methods described in
Section II-C.

A. Parameter Tuning Validation

Fig. 4 validates the parameter tuning of the VSG-based
GFMI (with VI-based current limiter) under a wide range
of grid strengths and system inertia levels. For both weak-
grid (SCR = 1.5) and stronger-grid (SC R = 5) conditions,
the GFMI maintains stable and well-damped active power,
reactive power, and frequency responses for different inertia
constants, demonstrating robust performance against varia-
tions in system strength. More specifically,, the frequency
remains within the permissible operating band of 0.98-1.02
p-u. during and immediately after the high-impedance three-
phase fault (not severe), and the corresponding RoCoF is
maintained within 1 Hz/s, in compliance with Australian
frequency operation standards. Note that qualitatively similar
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TABLE I: Key System Parameters

Symbol [ Description [ Values
Grid parameters
Vy L-L RMS voltage 400 V
fq Grid frequency 50 Hz
H System inertia constant 1-10 s
SCR Short circuit ratio 1.5-5
X/R X/R ratio 8.5
Inverter parameters
Prated Rated power 20 kW
Vie DC link voltage 600 V
Ly, Inverter side filter inductance 2.5 mF
Ly, Grid side filter inductance 1.5 mF
Cy Filter capacitance 60 uF
Ry Filter damping resistor 13 Q
GFMI control layer parameters
kp,ccy ki ce Current controller PI gains 88, 1253
kpve, ki ve Voltage controller PI gains 0.8, 10
Dy P — w droop coefficient 1 x 10* rad/W.s
D, Q — V droop coefficient 1 x 103 V/VAr
D Damping coefficient (VSG) 23 Ws/rad
J Inertia coefficient (VSG) 0.8 Ws2/rad
kp,rp, Kirp RPC PI gains (VSG, PSC) 0.01, 0.2
ki ap APC integral gains (PSC) 0.001
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Fig. 4: Parameter-tuning validation of the VSG-based GFMI
under (a) SCR = 1.5 and (b) SCR = 5 conditions, for varying
inertia constants, subjected to a high-impedance three-phase
fault at t = 4 s and cleared after 80 ms.

variations are observed with the direct current-limiting strat-
egy. Based on these observations, the controller parameters
are tuned to satisfy both stability and grid-code requirements
and are subsequently used in the following case study. The
selected GFMI parameters are summarized in Table 1.

B. Case Study: Performance Comparison Against Sever Low
Impedance Fault

In this case study, a severe fault is introduced to evaluate the
dynamic performance of different grid-forming (GFM) strate-
gies with current-limiting schemes under weak-grid conditions
and varying inertia levels, as illustrated in Fig. 5. To compare
post-disturbance performance, an oscillation-recovery-based
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Fig. 5: Comparison of adaptive virtual impedance and direct current-limiting strategies for grid-forming converters with VSG-
and PSC-based control, under weak-grid condition (SCR = 1.5) and varying system inertia constants H = 1 and H = 8,

subjected to a severe three-phase fault at ¢ = 2 s, with fault clearance after 80 ms.

TABLE II: Comparison of GFMI strategies with current
limiting under low-SCR conditions for high- and low-inertia

systems.

System Robustness Metric (¢)
Inertia (s) | Active Power | Reactive Power

VSG + VI H=1 0.138 unstable
current limiter H=28 0.257 0.104
PSC + VI H=1 0.033 0.038
current limiter H =38 0.036 0.078
VSG + Direct H=1 0.286 0.557
current limiter H=238 0.367 0.700
PSC + Direct H=1 0.261 0.699
current limiter H=238 0.270 0.699

robustness metric () is introduced. The lower values of (
are considered as lower the robustness and vice versa.

)

Here, Y and Y; correspond to two adjacent positive peak
amplitudes of post-disturbance oscillation. Accordingly, ¢ for
the active and reactive power responses is reported in Table II.

Under the VI current-limiting strategy, the VSG-based
GFMI with low inertia (H = 1) experiences a collapse of
the voltage control loop following the severe fault, indicating
insufficient damping and limited robustness under weak-grid
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conditions (refer Fig. 5(a)). In contrast, the PSC-based GFMI
with VI current limiter depicted in Fig. 5(b) exhibits pro-
nounced active-power oscillations, which translate into higher
RoCoF and consequently result in a reduced ( as in the Table.
II. Despite this degradation at low inertia, both the VSG-
and PSC-based GFMI with VI current limiter demonstrates
improved dynamic performance when operating with higher
inertia, highlighting the higher inertial energy smooths the in-
teraction between the VI and the grid-forming voltage control
loop. When the direct current-limiting strategy is employed,
both VSG- and PSC-based GFMIs maintain stable operation
across the considered inertia levels. As observed in Fig. 5(c)
and Fig. 5(d), and robustness metrics summarized in Table II.
However, higher system inertia leads to reduced overshoot
and enhanced stability compared to lower inertia cases under
direct current limiting, leading to fast frequency recovery.
This behavior indicates that, unlike the VI-based approach, the
direct limiter mitigates adverse inertia-dependent interactions
during post-fault recovery.

According to the RMS current responses shown in Fig. 5,
both current-limiting strategies effectively constrain the in-
verter current within the specified over-current limit of 1.5 p.u.
Beyond providing over-current protection, the current-limiting
strategy strongly influences the post-fault dynamic response
of the inverter. However, it is evident that system stability
degrades under low-inertia conditions, and this behavior can
be further exacerbated by more severe faults or longer fault
durations.
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Fig. 6: Dynamic response of the VSG-based GFMI under with
H =1 and SCR = 1.5 conditions, considering a VI-based
current limiter under (a) varying virtual damping (D) and (b)
varying inertia constant (J), subjected to a severe fault.

C. Impact of Damping Constant and Virtual Inertia on Low-
SCR and Low-Inertia Systems

This section analyzes the impact of virtual damping (D)
and virtual inertia (J) constant under SCR =1.5and H =1
s condition, which shows instability in the case study (Section
III.B).

According to Fig. 6(a), increasing the virtual damping
coefficient to D = 30 significantly improves the dynamic
performance by effectively suppressing oscillations and en-
suring convergence to the steady state. This indicates that the
damping coefficient primarily governs how rapidly oscillations
are attenuated. However, excessive damping introduces addi-
tional phase lag in the frequency control loop, which leads
to low-frequency oscillations, as observed for D = 35 in
Fig. 6(a). Next, the impact of J is examined while keeping the
D = 23. As shown in Fig. 6(b), increasing .JJ to 1.0 improves
the overall dynamic response. From (2), a small J results in
a high integral gain in the APC, causing rapid frequency and
phase-angle variations that strongly couple with the voltage
and RPC, potentially leading to instability. Increasing J
reduces this integral gain and slows the frequency dynamics,
thereby mitigating the instability of the system. Therefore, J
determines how strongly and how fast the inverter frequency
responds to disturbances. However, excessive J makes the
power—frequency loop overly sluggish, and the GFMI cannot
adjust frequency fast enough to track power balance, leading
to higher oscillations. Therefore, under low inertia and low
SCR, the system is more sensitive to controller parameters.
This emphasizes the requirement for a robust control concept
to retain performance under such conditions.

IV. CONCLUSION AND FUTURE WORK

This study investigated the dynamic behavior of VSG-
based GFMIs operating under low-inertia and low short-
circuit-ratio conditions. The roles of VI and direct current-
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limiting strategies were also examined and compared with a
PSC-based GFMI. The results demonstrate that both system
inertia and SCR have a significant impact on the transient
fault ride-through performance and post-fault stability of grid-
forming inverters. Under low SCR and low inertia, the VSG-
based GFMI with a VI current limiter showed instability
during severe voltage disturbances, demonstrating the strong
influence of the current-limiting strategy on system perfor-
mance. The analysis further indicates that stability can still
be achieved under such conditions through retuning of the
internal control parameters. However, maintaining stability
across a wide range of SCR and inertia values remains
practically challenging. Therefore, future work will focus on
developing robust control strategies to ensure stable operation
of grid-forming controllers under variations in external system
parameters, such as system inertia, SCR, X/R ratio, and
uncertainties, such as the effects of multi-inverter interactions.
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