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Abstract

The increasing penetration of converter-interfaced generation raises critical concerns for
power system stability, especially during rapid transients and system split events that are
not yet adequately addressed in current grid code compliance tests. This paper assesses the
resilience of a Virtual Synchronous Machine (VSM) in comparison with a grid-following
photovoltaic (PV) inverter through a combined framework of standardized benchmark
tests and realistic system split scenarios. In benchmark testing, the VSM provided synthetic
inertia by delivering a transient-power burst from a 0.30 p.u. setpoint to 0.545 p.u. (on a
20 MVA base, representing 54.5% of rated capacity) under a −0.4 Hz/s frequency ramp,
corresponding to an equivalent inertia constant of approximately 15 s. With the limited
frequency-sensitive mode–underfrequency (LFSM-U) function enabled, it sustained addi-
tional active power up to 0.61 p.u. once the frequency fell below 49.8 Hz. The PV inverter,
by contrast, demonstrated compliance with conventional grid requirements: it curtailed
power through LFSM-O during overfrequency conditions and injected 0.25 p.u. of reactive
current during a fault ride-through (FRT) event at 1.129 p.u. voltage. In system split tests,
the VSM absorbed surplus PV generation, stabilizing frequency after a transient rise to
52.8 Hz and containing voltage excursions beyond 1.2 p.u. During imbalance stress, it
absorbed 1.266 MW against its 1.0 MW rating for approximately 2–3 s, corresponding to a
26.6% overload that falls within typical IGBT transient thermal capability but would require
supervisory intervention (e.g., PV curtailment or load management) if sustained. These
results demonstrate that while the PV inverter contributes valuable voltage support, only
the grid-forming VSM maintains frequency stability and ensures secure islanded operation.
The novelty of this study lies in integrating standardized compliance tests with system
split scenarios, providing a comprehensive framework for evaluating grid-forming controls
under both regulatory and resilience-oriented perspectives and informing the evolution of
future grid codes.

Keywords: virtual synchronous machine (VSM); grid-forming inverter; grid-following
photovoltaic inverter; system split and islanding; electromagnetic transient (EMT) simulation;
converter-dominated grids; frequency; voltage stability
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1. Introduction
The transition toward converter-dominated power systems has fundamentally altered

the stability landscape of transmission and distribution networks [1]. Unlike synchronous
machines, conventional converter-interfaced generation contributes little or no rotational
inertia, which makes the system more sensitive to fast disturbances such as frequency
ramps, voltage collapses, and islanding events [2,3]. Recent blackouts and near-miss
incidents, including the Continental Europe system separation of 2006 [4], the South
Australia blackout of 2016 [5], and the Texas 2021 winter event [6], have demonstrated the
vulnerabilities of low-inertia systems.

Grid codes worldwide have evolved to mitigate these risks by mandating basic support
functions such as frequency ride-through, fault ride-through (FRT), and limited frequency-
sensitive modes [7,8]. In Europe, ENTSO-E defines compliance-oriented tests, while IEEE
1547-2018 and IEC 62786:2020 prescribe voltage and frequency support requirements for
distributed energy resources (DERs) [9–11]. These frameworks secure fundamental grid
stability but do not explicitly address system split resilience, leaving a critical gap in
qualification procedures.

A fundamental distinction exists between grid-following (GFL) and grid-forming
(GFM) control strategies. Grid-following inverters operate as controlled current sources
that synchronize to the grid through Phase-Locked Loops (PLLs) [12]. While this allows
accurate current injection under normal conditions, it renders them dependent on a strong
grid reference and limits their ability to provide frequency or voltage support [13,14]. Their
performance deteriorates under weak-grid conditions, and they typically disconnect during
islanding or major disturbances. In contrast, grid-forming inverters behave as voltage
sources that establish their own frequency and voltage references. This enables them to
contribute synthetic inertia, enhance transient stability, provide black-start capability, and
sustain autonomous operation during islanding [15,16]. As a result, GFMs are increasingly
recognized as key enablers for the reliable operation of future converter-dominated grids.

Among the different grid-forming approaches, the Virtual Synchronous Machine
(VSM) has received particular attention as it directly emulates the dynamics of synchronous
generators by embedding the swing equation into the converter control loop [17,18]. This
enables VSMs to provide synthetic inertia, damping, and frequency support in a way that
is functionally comparable to traditional rotating machines [3]. Recent studies have demon-
strated that VSM-based inverters can improve transient stability [19], enhance weak-grid
operation [20], and coordinate effectively with conventional synchronous machines [21].
Large-scale research programs, including the EU MIGRATE project [22] and the UNIFI
initiative [23], have benchmarked VSMs against other GFM controls under standardized
testing protocols. Similarly, the framework developed by Kersic et al. [24] specifies the ex-
pected characteristics of grid-forming converters and provides detailed procedures for their
validation. These initiatives have established a solid foundation for evaluating grid-forming
controls under compliance-oriented conditions.

Nevertheless, compliance-oriented tests alone are insufficient to guarantee resilience.
While they assess inertia response, LFSM, and FRT, they do not capture extreme system
events such as abrupt phase-angle shifts and frequency excursions during system splits,
where multiple stressors occur simultaneously [25]. Beyond the control algorithms them-
selves, accurate monitoring of grid parameters presents fundamental practical challenges.
Matouš et al. [26] demonstrated in their study that galvanic isolation circuits, which are
essential for voltage measurement, can introduce substantial signal distortion. Their find-
ings revealed that total harmonic distortion varies considerably across different isolation
methods, with changes ranging from −7.8% to 336.9%.
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The observation that even conventional voltage transformers can significantly alter
waveform fidelity underscores the importance of considering measurement chain imperfec-
tions when evaluating converter performance. While the present study focuses primarily
on control algorithm resilience rather than measurement hardware characteristics, it is
recognized that practical implementations require judicious selection of isolation meth-
ods to ensure accurate voltage feedback for both grid-following PLL synchronization and
grid-forming voltage regulation. Addressing this gap requires complementary testing
frameworks that extend beyond compliance and systematically evaluate inverter perfor-
mance under resilience-oriented conditions.

The main contributions of this paper are summarized as follows:

• Benchmark testing of the VSM: A Virtual Synchronous Machine (VSM) was imple-
mented and rigorously benchmarked against standardized protocols (Fraunhofer ISE,
Kersic), including inertia response, LFSM-U, fault ride-through (FRT), and critical
RoCoF [24,27]. The VSM delivered an equivalent inertia constant of ∼15 s, provided
sustained LFSM-U support, injected reactive current during FRT, and maintained
synchronization under ±2 Hz/s RoCoF.

• Testing of the PV inverter: A grid-following photovoltaic (PV) inverter was evaluated
against compliance-oriented functions. It curtailed active power via LFSM-O during
overfrequency, injected reactive current during FRT, and supported voltage recovery.
However, as expected for a GFL unit, it was unable to regulate frequency or sustain
islanded operation.

• System split and comparative analysis: A novel islanding test case was developed
to evaluate resilience beyond compliance. Results showed that while the PV inverter
provided reactive voltage support, only the VSM maintained frequency stability and
ensured secure islanded operation, even under overload stress.

• Novelty: While compliance test procedures exist in MIGRATE [28], UNIFI [23],
Kersic et al. [24,27] and related frameworks, these verify performance under grid-
connected conditions with a stiff external reference. A critical gap exists: converters
passing all compliance tests may fail during system splits when the reference dis-
appears entirely. This work provides three contributions: (i) a unified framework
combining compliance and resilience testing within a single evaluation methodology;
(ii) direct comparison of grid-forming and grid-following converters under identical
disturbance sequences; and (iii) demonstration that compliance alone is insufficient—
converters must be tested under islanding conditions to ensure resilience, thereby
identifying qualification gaps that inform future grid code development.

2. Methodology
This study evaluates Virtual Synchronous Machines (VSMs) through two comple-

mentary steps. First, a benchmark feeder with a single VSM is tested under standardized
scenarios to quantify core grid-forming properties. Second, a mixed feeder with a VSM
and a grid-following (GFL) PV inverter is used to assess resilience during system splits.

Both cases are implemented in the electromagnetic transient (EMT) domain using
DIgSILENT PowerFactory 2025, which provides a detailed representation of converter
dynamics and grid interactions, developed by DIgSILENT GmbH, Gomaringen, Germany.

Rating Basis Summary

Two test configurations are employed: (i) benchmark compliance tests (Section 3)
using a 20 MVA VSM where per-unit values such as 0.545 p.u. and 0.61 p.u. represent 54.5%
and 61% of the rated capacity respectively—well within continuous operating limits—and
(ii) system split resilience tests (Section 5) using a 1.15 MVA VSM and PV inverter at the
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distribution scale, where the observed 1.266 MW absorption represents a 26.6% transient
overload above the 1.0 MW dispatch.

The VSM’s DC side was modeled as an ideal voltage source; in practice, the modest
energy requirements for synthetic inertia (∼4 kWh for benchmark tests) and transient
overload (∼0.2 kWh for system split) would be supplied by co-located battery storage
or supercapacitors.

Table 1 lists the abbreviations used throughout this paper, and Table 2 defines the
nomenclature. Table 3 summarizes the rating basis for key results.

Table 1. List of abbreviations.

Abbreviation Definition

DER Distributed Energy Resource
DSL DIgSILENT Simulation Language
EMT Electromagnetic Transient
ENTSO-E European Network of Transmission System Operators for Electricity
FRT Fault Ride-Through
GFL Grid-Following
GFM Grid-Forming
IGBT Insulated-Gate Bipolar Transistor
LFSM-O Limited Frequency-Sensitive Mode–Overfrequency
LFSM-U Limited Frequency-Sensitive Mode–Underfrequency
LV Low Voltage
MV Medium Voltage
PCC Point of Common Coupling
PHIL Power Hardware-in-the-Loop
PLL Phase-Locked Loop
PV Photovoltaic
RoCoF Rate of Change of Frequency
SCR Short-Circuit Ratio
TSO Transmission System Operator
VSM Virtual Synchronous Machine

Table 2. Nomenclature.

Symbol Description Unit

H Inertia constant s
J Virtual moment of inertia kg·m2

Dp Damping coefficient p.u.
Dq Reactive-power droop coefficient p.u./p.u.
Kp Active-power–frequency droop %
ω Angular frequency rad/s
ω0 Nominal angular frequency rad/s
θ Rotor/voltage angle rad
P Active power W or p.u.
Q Reactive power var or p.u.
Pref Active-power reference p.u.
V Voltage magnitude V or p.u.
E Internal EMF magnitude p.u.
I Current magnitude A or p.u.
Rv Virtual resistance p.u.
Xv Virtual reactance p.u.
f Frequency Hz
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Table 2. Cont.

Symbol Description Unit

f0 Nominal frequency (50 Hz) Hz
Sbase Base apparent power MVA

Table 3. Rating basis for reported results.

Test Section VSM Rating Peak Value Status

Inertia response Section 3.5.1 20 MVA 0.545 p.u. (10.9 MW) Normal operation (54.5%)
LFSM-U Section 3.5.2 20 MVA 0.61 p.u. (12.2 MW) Normal operation (61%)
Critical RoCoF Section 3.5.4 20 MVA 0.55–0.60 p.u. Normal operation
System split Section 5.1.4 1.0 MW 1.266 MW Transient overload (126.6%)

3. VSM Benchmark Distribution Grid
3.1. System Description

A benchmark feeder was developed in DIgSILENT PowerFactory to evaluate the
grid-forming capabilities of a standalone Virtual Synchronous Machine (VSM). The test
setup, shown in Table 4, consists of a 20 MVA VSM inverter dispatched at 5 MW with
unity power factor, connected at the Point of Common Coupling (PCC). The feeder is
energized by a 20 kV three-phase grid simulator, interfaced through a 3 MVA series reactor
(R = 0.15 Ω, X = 1.5 Ω) and a controllable breaker that emulates the upstream transmission
system. A general load is connected downstream of the PCC to provide realistic power
exchange conditions.

This setup is used for standardized testing of grid-forming converters, including
evaluation of voltage source behavior, inertial response under active-power disturbances,
and fault ride-through capability. The corresponding schematic is shown in Figure 1.

Table 4. Parameters of the VSM benchmark system.

Parameter Value

VSM Converter
Rated apparent power 20 MVA
Dispatch setpoint 5 MW (0.25 p.u.)
Power factor Unity
Virtual inertia constant H 15 s
Damping coefficient Dp 40 p.u.
P–f droop 5%

Grid Simulator
Voltage 20 kV, 3-phase
Frequency 50 Hz (programmable)
Short-circuit capacity ≈120 MVA

Series Reactor
Rating 3 MVA
Resistance R 0.15 Ω
Reactance X 1.5 Ω
X/R ratio 10

Network Conditions
SCR at PCC ≈6
Breaker Controllable PCC disconnection
Load Generic PCC load (variable)
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Figure 1. Schematics of the VSM benchmark distribution grid.

3.2. Virtual Synchronous Machine (VSM) Control

The Virtual Synchronous Machine (VSM) is a grid-forming control strategy that emu-
lates the electromechanical dynamics of a synchronous generator [29]. Its main objective
is to provide synthetic inertia, damping, and autonomous voltage–frequency support,
ensuring stable operation in converter-dominated grids [30].

3.2.1. Swing Equation Representation

At the core of the VSM lies the swing equation, which governs the rotor dynamics of
synchronous machines and is reproduced by the converter. In torque form, the dynamics
are written as

J
dω

dt
= Tm − Te − Dd(ω − ω0), T =

P
ω

(1)
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where J is the virtual inertia constant, ω the instantaneous angular frequency, ω0 the
nominal angular frequency, Pre f the reference active power, P the measured active power,
and Dd the damping coefficient in torque units. Expressing the swing equation in terms
of power gives

J
dω

dt
=

Pref − P
ω0

− Dd(ω − ω0). (2)

This ensures consistent physical units [N m].
Alternatively, in per-unit form (commonly used in power system analysis), the swing

equation is

2H
d∆ω

dt
= Pref − P − Dp ∆ω, ∆ω =

ω − ω0

ω0
. (3)

where H is the inertia constant in seconds and Dp is the per-unit damping coefficient.
The rotor angle is obtained by integrating the frequency:

dθ

dt
= ω. (4)

This formulation enables the VSM to reproduce inertial response and oscillation
damping similar to a synchronous machine.

It is important to distinguish between the control emulation and physical energy
delivery: The swing equation in ((2)–(4)) constitutes a control algorithm that computes the
required active-power reference based on measured frequency deviation. This computed
reference is then realized physically through the inverter’s inner current control loops,
which modulate the PWM switching to inject or absorb the commanded power. The
energy for this power exchange is supplied by the DC-side storage element (battery or
supercapacitor connected to the DC-link). Thus, the ‘virtual inertia’ is virtual only in the
sense that no rotating mass exists, which means that the energy exchange is real and must
be supported by adequate DC-side energy capacity.

3.2.2. Governor and Active-Power–Frequency Droop

Primary frequency regulation is introduced through a governor mechanism that
adjusts the power reference denoted as Pre f according to frequency deviation:

Pre f = Pset − Kp(ω − ωset), (5)

where Pset is the scheduled active power, ωset the frequency setpoint, and Kp the droop
coefficient. This allows the VSM to share frequency control in proportion to load deviations,
mimicking the behavior of conventional governors.

3.2.3. Reactive-Power–Voltage Droop Control

Voltage regulation is achieved through a Q–V droop law that adapts the internal
voltage magnitude to reactive-power exchange:

E = Vre f − Dq(Q − Qset), (6)

where E is the generated internal voltage, Vre f the reference voltage, Q the measured
reactive power, Qset the scheduled reactive setpoint, and Dq the reactive droop constant.

All the above equations about frequency and voltage droop can be seen in Figure 2 below.
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Figure 2. Virtual synchronous machine control with active-power–frequency and reactive-
power–voltage droop dynamics.

3.2.4. Control Architecture and Features

The overall VSM architecture consists of three main elements: (i) a governor loop
enforcing P– f droop (5), (ii) the swing equation block capturing inertia and damping
(2)–(4), and (iii) the Q–V droop controller (6).

Together, these blocks enable the VSM to reproduce the key attributes of synchronous
machines, namely: synthetic inertia and damping, autonomous frequency and voltage
support, fault ride-through capability, and stable islanded operation.

During power injection (underfrequency response), energy is drawn from the DC-side
storage through the inverter to the AC grid. During power absorption (overfrequency or
islanded surplus conditions), the power flow reverses, with energy stored in the DC-side
element; this energy injection and absorption are depicted in Figure 3. The DC-link was
modelled as an ideal voltage source in this study; practical implementations would size the
energy storage based on the quantified requirements: approximately 4 kWh for benchmark
inertia tests and 0.2 kWh for system split transient overload.

Physical power flow for synthetic inertia provision

DC Energy Source
(battery / supercapacitor)

DC-Link
Capacitor

PWM Inverter
Bridge

LC Output
Filter

Point of Common
Coupling
(PCC)

Power flow

Figure 3. Energy flow path: The physical power flow for synthetic inertia provision.

3.3. Implementation in PowerFactory

In DIGSILENT POWERFACTORY, the VSM was implemented as a composite model
linking the canonical Equations (2)–(6) with measurement and interface blocks suitable for
EMT simulations. This structure ensures that the theoretical control dynamics are directly
reproduced in a form applicable to standardized testing and system split studies.

DIgSILENT Simulation Language (DSL) Implementation

The internal dynamics were programmed in PowerFactory’s DSL using interdepen-
dent control layers:

• Swing equation core: inertia J, damping Dp, and frequency/angle tracking.
• Governor action: active-power–frequency droop for primary regulation.
• Voltage-dependent power limiting: reduces Pref under low-voltage conditions.
• Stabilizing filters: lead–lag and low-pass filtering on P, Q, and ω for EMT stability.
• Overload protection: corrective frequency shift ∆ωol for ride-through.
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• Reference : generates (θ) generated to set frequency and phase.

This layered implementation allows the VSM to replicate synchronous machine behav-
ior while ensuring numerical stability in EMT simulations. It provides a robust framework
for benchmarking and resilience analysis in converter-dominated grids.

3.4. Standardized Testing Protocol

To validate the VSM implementation against emerging international standards, a
series of standardized test cases was defined. The methodology follows the Fraunhofer ISE
Grid-Forming Benchmark Procedures [27] and the Kersic guidelines [24] on grid-forming
converter characteristics, providing reproducible and hardware-relevant frameworks.

The selected tests capture essential grid-forming properties:

• Fault ride-through (FRT): evaluates stability during voltage dips and post-fault recov-
ery in both grid-connected and islanded modes.

• Voltage source properties: assesses whether the VSM establishes a stiff terminal
voltage, including impedance shaping and setpoint tracking.

• Inertial response: quantifies the synthetic inertia contribution through the swing
equation under applied frequency deviations.

• Overload conditions: examines current limiting and overload protection functions.
• Combined event: superimposes multiple disturbances (e.g., fault and load step) to

test coordinated response and recovery.

Together, these tests reflect the core grid-forming attributes and also establish a rig-
orous benchmark for the implemented VSM, and enable fair comparison with the grid-
following PV inverter.

3.5. Standardized Testing Results and Discussions
3.5.1. Inertia Response Test

The inertia contribution of the Virtual Synchronous Machine (VSM) was evaluated by
subjecting it to a controlled frequency ramp applied through the grid simulator as seen in
Figure 4. Prior to the disturbance, the converter was operating steadily at approximately
0.25 p.u. active power. At t = 2 s, the active-power setpoint was increased to Pset = 0.30 p.u.
This preloading step is intentional: it ensures the VSM operates at a stable non-zero baseline,
enabling the inertial burst governed by the swing term J dω/dt to manifest as a clear
deviation around the scheduled operating point.

At t = 4 s, the system frequency was reduced linearly from 50 Hz to 48.5 Hz, cor-
responding to a rate of change of frequency (RoCoF) of approximately | ḟ | = 0.4 Hz/s.
In response, the VSM delivered a transient-power surge. The active power rose from its
preloaded value of 0.30 p.u. to a peak of

Ppk ≈ 0.545 p.u.,

A corresponding increase in converter current was also recorded, consistent with the
transient-power injection.

There is an inertial headroom, relative to the scheduled preloaded output, of

∆P = Ppk − Pset = 0.245 p.u..

The corresponding per-unit frequency slope is

|ω̇pu| =
| ḟ |
f0

=
0.4
50

= 8 × 10−3 s−1,
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and applying the swing relation

∆P ≈ 2H |ω̇pu|

yields an equivalent inertia constant of

H =
∆P

2 |ω̇pu|
=

0.245
0.016

≈ 15.31 s.

On a 20 MVA base, this corresponds to a stored kinetic energy of

Ek = H · Sbase ≈ 15.31 × 20 = 306.3 MJ,

and an equivalent virtual inertia of

Jvirt =
2HSbase

(2π f0)2 ≈ 6.21 × 103 kg·m2.

These results confirm that the VSM effectively provides synthetic inertia. The controller
injects active power proportional to the imposed RoCoF magnitude, thereby supporting the
system frequency during the decline, and subsequently returns smoothly to the scheduled
operating point without instability or current-limit violations.

(a) Frequency trajectory (50 Hz → 48.5 Hz). (b) VSM active power response.

(c) Grid-phase currents at PCC. (d) VSM converter-phase currents.

Figure 4. Inertia response of the VSM to a programmed frequency ramp. The VSM injects additional
active power during the negative RoCoF (inertial support), with a proportional rise in converter
current, and settles back toward the scheduled operating point after the ramp.
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The equivalent inertia constant H ≈ 15 s represents a control parameter in the swing
equation that is mathematically independent of operating point or DC-side conditions.
The swing equation consistently computes the required power response as ∆P = 2H

∣∣∣ dω
dt

∣∣∣
regardless of PV loading level. However, the effective delivery of this computed response
may be constrained by:

1. Converter current limits, which may clip the response during severe RoCoF events;
2. DC-side energy availability, where finite storage capacity limits sustained

power exchange;
3. Available power headroom, which decreases as the VSM approaches rated capacity.

For the test conditions employed (VSM at 30% loading, ideal DC source), these constraints
did not limit the observed inertial response. Future work should systematically vary these
parameters to map the operational envelope.

3.5.2. Inertia Response with LFSM-U Test

The setup mirrors the inertia-only case: a linear ramp from 50 Hz to 48.5 Hz starts
at t = 4 s, and the VSM is preloaded to Pset = 0.30 p.u. at t = 2 s. In line with ENTSO-E,
LFSM-U triggers below 49.8 Hz and increases active power in proportion to the frequency
shortfall, sustained for the event duration.

Control Law Implemented

The LFSM-U function activates when frequency falls below the threshold f2 = 49.8 Hz,
increasing active power proportionally to the frequency shortfall:

∆PU = Sdroop · ( fn − f )+, f < f2 (7)

where Sdroop = 0.05 p.u./Hz and (x)+ = max(x, 0). The output is subject to amplitude
limiting (∆Pmax = 0.10 p.u.) and slew-rate limiting to prevent abrupt power changes. This
signal is added to the swing equation reference, enabling the VSM to provide both inertial
response (proportional to dω/dt) and sustained droop support (proportional to ∆ f ). The
complete DSL implementation details are provided in Appendix A.

Observed Behavior and Compliance

From Figure 5, it can be observed that as the frequency f declined, the VSM
first delivered the inertial burst Mvsmω̇, lifting power to ≈0.545 p.u. When f crossed
49.8 Hz, LFSM-U engaged and the sustained droop raised output to 0.60–0.62 p.u. at
48.5 Hz. With droop = 5 %/Hz (i.e., Sdroop = 0.05 p.u./Hz), a 1.5 Hz shortfall gives
∆P⋆

U = 0.05 × 1.5 = 0.075 p.u.; after the amplitude/slew limits and the Tsmooth = 0.02 s
filter, this settles to the measured 0.06–0.07 p.u.

The two ENTSO-E points which are accurate trigger at 49.8 Hz and sustained support,
of which both are satisfied.

3.5.3. Fault Ride-Through (FRT) and Islanding Test

This test evaluated the behavior of the VSM under a combined short-circuit and
islanding event. At t = 0.5 s, a three-phase fault was applied at the PCC, reducing
the grid-side voltage from about 1.0 p.u. to 0.7 p.u. The fault was cleared at t = 1.0 s,
allowing the external grid voltage to recover to nominal. During the fault, the upstream
breaker was opened at t = 0.7 s, isolating the feeder and leaving the VSM as the sole grid-
forming source.

The results show that the VSM maintained sinusoidal and stable terminal voltage
despite the external short-circuit, while the grid voltage exhibited a clear sag. Once the
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breaker opened, the VSM seamlessly transitioned into islanded operation, autonomously
establishing the local voltage reference. Grid currents rose sharply during the fault, peaking
at about ±0.5 p.u., but collapsed to zero immediately after disconnection. In contrast,
the VSM current continued supplying the load, confirming a smooth and uninterrupted
transition from grid-connected to islanded mode.

(a) Frequency trajectory (50 Hz → 48.5 Hz,
LFSM-U threshold at 49.8 Hz).

(b) VSM active power response with LFSM-U.

(c) Grid-phase currents at PCC. (d) VSM converter-phase currents.

Figure 5. The VSM injects extra power during negative RoCoF using synthetic inertia and continues
power injection after crossing the LFSM-U threshold (49.8 Hz), with an increase in current.

Figure 6 shows that the reactive-power dynamics highlight the supportive behavior
of the controller. During the fault, the VSM injected reactive current, with reactive power
rising rapidly to approximately 1.2–1.3 p.u., consistent with fault ride-through requirements.
After islanding, the reactive power decayed and stabilized around 0.8 p.u., reflecting the
balance dictated by the islanded load and voltage regulation objectives.

These results confirm that the VSM remained stable and compliant during a severe
grid disturbance and sustained independent operation after separation. This demonstrates
the robustness of grid-forming control, providing both fault ride-through support and
reliable islanding performance.
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3.5.4. Critical RoCoF Test

This test investigated the performance of the VSM under severe frequency transients
using a predefined sequence of ramps and hold phases. The schedule began with an initial
20 s steady operation at 50 Hz, followed by a ramp at −2 Hz/s down to 48 Hz, a short hold,
and a subsequent return to 50 Hz at +2 Hz/s. The profile then included a further ramp
to 52 Hz, a sustained hold, and finally a −2 Hz/s ramp back to nominal frequency. This
sequence imposed alternating RoCoFs of up to ±2 Hz/s with stabilization intervals at 48,
50, and 52 Hz, representing a critical stress case for converter-dominated systems.

The results in Figure 7 confirm that the VSM maintained synchronism throughout
the entire profile. During negative RoCoFs, the converter injected additional active power,
reaching peaks of about 0.55–0.60 p.u., while during positive RoCoFs it absorbed power,
dipping to approximately 0.05–0.10 p.u. Active power then returned smoothly to its 0.30 p.u.
setpoint without sustained oscillations, demonstrating good damping of inertial bursts.

(a) Grid and VSM voltages. (b) Grid and VSM currents.

(c) Reactive power during fault ride-through and islanding.

Figure 6. VSM performance during fault ride-through (FRT) and islanding. (a) The VSM maintains
sinusoidal voltage despite a short circuit and after grid disconnection. (b) Grid current collapses
after islanding, while VSM current sustains the load. (c) Reactive-power injection supports FRT and
stabilizes in islanded mode.

Current measurements further support this behavior. As shown in Figure 7c, both
grid and VSM phase currents remained sinusoidal, with amplitude increasing during steep
ramps but remaining within ±0.4 p.u., indicating that current limits were not violated.
The VSM therefore delivered synthetic inertia and RoCoF support without compromising
stability or incurring excessive current stress.

This test demonstrates that the VSM can withstand critical RoCoFs of ±2 Hz/s while
preserving synchronization, providing proportional inertial support, and respecting current
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constraints. This confirms the suitability of grid-forming control for challenging dynamic
conditions in low-inertia systems.

Current measurements show that both grid and converter currents remained sinu-
soidal and within rated limits, even during the steepest ramps. The rise in current amplitude
was effectively constrained by the implemented virtual impedance and overload-limiter
functions, ensuring stability and avoiding protective triggers.

Overall, the VSM demonstrated robust synthetic inertia performance under RoCoFs
of up to ±2 Hz/s, maintaining stable operation and current compliance across all phases.
These results underline the capability of VSM-based control to handle severe frequency
disturbances, thereby meeting one of the key resilience requirements for grid-forming
inverter qualification.

(a) Frequency trajectory for the critical RoCoF
schedule (Procedure 2): ramps of ± 2 Hz/s with

holds at 48, 50, and 52 Hz.

(b) VSM active power: inertial bursts
proportional to RoCoF and well-damped
recovery to the setpoint after each ramp.

(c) Currents: grid and VSM phase currents remain
sinusoidal; amplitude rises during steep ramps but stays

within limits.

Figure 7. Critical RoCoF performance of the VSM under ± 2 Hz/s frequency ramps. The converter
sustains synchronization, provides virtual inertia, and respects current limits across all phases.

3.5.5. Combined Event: Phase-Angle Change and RoCoF

This test examined the robustness of the VSM under a combined disturbance consisting
of a sudden phase-angle shift followed by staged RoCoF events. At t = 10 s, the grid’s
phase angle was abruptly shifted from 0◦ to −20◦, representing the type of phase jump
that can occur during system split events. Immediately after this disturbance, the grid
frequency was varied according to which introduced successive RoCoF stages with both
positive and negative ramps as well as short hold periods.
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The results in Figure 8 demonstrate the layered response of the VSM. Figure 8a
shows that despite the −20◦ phase-angle step, the VSM rapidly re-synchronized with
the shifted reference and stabilized the frequency during the following RoCoF ramps,
preventing sustained deviation from nominal. Figure 8b highlights the active-power
dynamics: the VSM injected additional power during the frequency decline, with power
rising by approximately 0.25 to 0.30 p.u. above the baseline before smoothly settling as the
frequency stabilized.

Current behavior provides further evidence of resilience. The grid current, shown
in Figure 8c, rose sharply during the disturbance, with peaks approaching 0.8 p.u., but
returned to steady levels once the VSM counteracted the imbalance. Importantly, the
converter current in Figure 8d remained well within its rated envelope throughout the event,
indicating that the VSM supplied the required support without experiencing overloading.

This combined test confirms that the VSM can withstand simultaneous angular and
frequency disturbances without loss of synchronism or violation of current limits. Such
resilience is critical for system split scenarios, where multiple stressors often occur together
rather than in isolation, and highlights the capability of the grid-forming control to sustain
stability under compounded disturbances.

(a) Frequency response during the phase-angle
and RoCoF disturbance.

(b) VSM active power response during
disturbance.

(c) Grid current during the phase-angle and
RoCoF disturbance, and (d) VSM current during

the disturbance.

Figure 8. Combined event results: (a) frequency response, (b) VSM active power, (c) grid current,
and (d) VSM current during the phase-angle and RoCoF disturbance. The VSM converter maintains
grid support by injecting active power and ensuring stable current delivery.
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4. System Split Case with VSM and PV Inverter
4.1. System Description

The second configuration introduces a grid-following (GFL) PV inverter alongside
the VSM, creating a mixed-resource feeder representative of converter-dominated grids.
The PV unit is rated at 1.15 MVA (1.0 MW dispatch, unity power factor) and connected
at the 0.4 kV side of a 2.5 MVA, 0.4/20 kV Dyn step-up transformer. It is modeled as a
current-controlled inverter synchronized through a Phase-Locked Loop (PLL).

In parallel, a 1.15 MVA VSM inverter operates as the grid-forming source. During
normal operation, the external grid defines the system voltage and frequency. A system
split is emulated by opening the upstream breaker, which isolates the feeder into an island
powered solely by the VSM and PV inverter.

The network provides a short-circuit ratio (SCR) of approximately 6–7 at the PCC with
an X/R ratio of 10, representative of medium-voltage distribution feeders. The series reactor
(R = 0.15 Ω, X = 1.5 Ω) emulates upstream impedance with unity zero-sequence ratios.
The Dyn11 transformer with solidly grounded LV neutral provides a ground reference for
the island. Prior to the split at t = 3 s, both converters operate at the unity power factor
with combined generation exceeding local load by 20–50%, creating a surplus that the VSM
must absorb post-split.

This setup enables direct comparison between the two control paradigms during
islanding. The analysis focuses on frequency stability, voltage regulation, and continuity of
supply when the system relies entirely on converter-based resources. The schematic of this
configuration is shown in Figure 9.

Figure 9. System split with VSM and grid-following PV.
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4.2. Grid-Following PV Inverter Control

The grid-following photovoltaic (PV) inverter was implemented using the standard
DIGSILENT POWERFACTORY library model, ensuring consistency with established bench-
mark practices and reproducibility. To allow a fair comparison with the VSM, the default
control parameters were adapted in line with ENTSO-E grid code requirements and the
objectives of this study.

The implemented inverter follows a conventional grid-following (GFL) control struc-
ture, where synchronization is achieved through a Phase-Locked Loop (PLL) that aligns
the converter with the external voltage phase. The main functionalities are:

• PLL-based synchronization: tracks grid phase and frequency for current injection in
synchronism with the grid voltage.

• Low-voltage fault ride-through (FRT): injects reactive current during voltage dips,
supporting post-fault voltage recovery in accordance with ENTSO-E requirements.

• Limited frequency-sensitive mode (LFSM-O): reduces active-power output propor-
tionally during overfrequency events, contributing to primary frequency control.

• Current limitation and power curtailment: enforces operational limits and prevents
overcurrent conditions.

Figure 10 illustrates the control architecture, showing the interaction of PLL synchro-
nization, power control, FRT, LFSM-O, and current limiting.

 

Figure 10. Simplified control structure of the grid-following PV inverter, including PLL synchroniza-
tion, power control, LFSM-O, FRT, and current limitation.

5. Results and Discussion
This section presents and discusses the simulation results obtained from the PV

system grid-following and system split tests, which are implemented in DIGSILENT
POWERFACTORY (Gomaringen, Germany).

5.1. PV Inverter Implementation Parameters

The PV inverter was implemented using the DIgSILENT PowerFactory standard “Photo-
voltaic System” template from the Global Library. Table 5 documents all modified parameters.

The PV inverter was configured with standard SRF-PLL synchronization. While
enhanced weak-grid modes (reduced-bandwidth PLL, power synchronization) can improve
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GFL stability under degraded conditions, they cannot address the fundamental limitation
demonstrated here: a current-source converter cannot establish voltage and frequency
references when the external grid disappears entirely. This architectural constraint, rather
than controlling tuning, represents the core GFL/GFM distinction that motivates our
comparative analysis.

Table 5. Parameters of the VSM–PV system split configuration.

Parameter Value

VSM Inverter
Rated power 1.15 MVA (1.0 MW dispatch)
Inertia constant H 15 s
Damping coefficient Dp 40 p.u.
Virtual impedance Rv + jXv 0.09 + j0.09 p.u.
Over-current threshold 1.01 p.u.
LFSM-U threshold/droop 49.8 Hz/0.05 p.u./Hz

PV Inverter
Rated power 1.15 MVA (1.0 MW dispatch)
PLL bandwidth/damping 20 Hz/0.707
FRT gain KFRT 2
LVRT/HVRT threshold 0.9/1.91 p.u.
Max. current 1.1 p.u.
LFSM-O threshold 50.2 Hz

Network
Transformer 2.5 MVA, Dyn11, grounded LV
Series impedance 0.15 + j1.5 Ω (X/R = 10)
SCR at PCC ≈6–7

We acknowledge that modern grid-following inverters with fast frequency response
(FFR) capability can provide valuable frequency support during grid-connected operation.
Our findings should not be interpreted as dismissing this contribution. Rather, we empha-
size that such support is contingent on the presence of an external grid reference. In mixed
systems containing both GFL and GFM converters, the complementary roles are clear: GFL
units with FFR can reduce the burden on GFM units during frequency excursions, while
GFM units provide the essential voltage–frequency reference that enables GFL units to
function. Neither capability substitutes for the other.

5.1.1. LFSM-O Test of the PV Inverter

Before assessing the full system split scenario, the standalone grid-following (GFL) PV
inverter was validated under the limited frequency-sensitive mode–overfrequency (LFSM-
O) function. According to ENTSO-E requirements, LFSM-O is triggered once the system
frequency exceeds 50.2 Hz, leading to a proportional reduction in active power output.

Figure 11 illustrates the inverter’s response. As the grid frequency rose above the
50.2 Hz threshold, the PV inverter curtailed its active-power output in proportion to the
deviation. The reduction was stepwise and proportional, with power falling from the initial
operating level of approximately 2.5–3.0 MW toward zero as the frequency reached its
maximum excursion above 52 Hz. The frequency rise was thereby moderated, and the
inverter maintained synchronism and stable operation throughout the event.

This confirms that the implemented PV inverter complies with ENTSO-E specifications
for frequency support under overfrequency conditions. The LFSM-O function was correctly
triggered at the prescribed threshold, applied proportional active-power curtailment, and
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remained stable without oscillations or instability. The inverter configuration is therefore
validated and suitable for subsequent comparative analysis with the VSM in the system
split scenarios.

Figure 11. LFSM-O test of the grid-following PV inverter. The inverter curtails active power once the
frequency rises above the 50.2 Hz threshold, ensuring compliance with ENTSO-E requirements.

5.1.2. Fault Ride-Through (FRT) Test of the PV Inverter

In addition to frequency support, the PV inverter was validated for fault ride-through
(FRT) under overvoltage conditions. When the terminal voltage exceeds a threshold Vth

(here Vth = 1.10 p.u.), the reactive current reference follows a proportional droop law,

iq,ref =

k
(
V − Vth

)
, V > Vth,

0, V ≤ Vth,
(8)

where k is the overvoltage reactive current gain (droop coefficient, in p.u./p.u.).
In the observed event, the measured peak voltage was

V = 1.129 p.u. ⇒ ∆V ≡ V − Vth = 1.129 − 1.10 = 0.029 p.u.. (9)

Equivalently, when referenced to nominal (Vnom = 1.0 p.u.),

∆Vnom ≡ V − Vnom = 1.129 − 1.0 = 0.129 p.u.. (10)

With a configured droop coefficient of k = 2, the theoretical reactive current
command is

iq,ref = k ∆Vnom = 2 × 0.129 = 0.258 p.u. (referenced to nominal), (11)

or iq,ref = k ∆V = 2 × 0.029 = 0.058 p.u. (referenced to the 1.10 p.u. threshold). (12)

Figure 12 shows that the inverter injected approximately 0.25 p.u. of reactive current,
in close agreement with (11). At the same time, the inverter curtailed active power to
remain within current limits. The response was prompt when V exceeded 1.10 p.u. and was
sustained until the voltage returned toward nominal, demonstrating effective overvoltage
support and compliance with FRT requirements.
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Figure 12. FRT test of the grid-following PV inverter. The inverter injects reactive current according
to the droop law when the grid voltage exceeds 1.1 p.u., reaching iq,re f = 0.258 p.u. and supporting
voltage recovery.

5.1.3. System Split Test: Island Test

The resilience of the mixed system under islanding was assessed through a system
split test. At t = 3 s, the upstream breaker was opened, disconnecting the feeder from the
main grid. Before the disconnection, both the VSM and the PV inverter were synchronized
to the external grid and delivering active power.

Once the grid was disconnected, the operating conditions changed abruptly. The VSM
was forced to establish the local voltage and frequency reference, while also absorbing
the surplus active power generated by the PV inverter. As shown in Figure 13, this
imbalance triggered a rapid frequency rise that peaked at approximately 52.8 Hz before
being stabilized by the VSM. In parallel, Figure 13 shows a voltage excursion above 1.2 p.u.,
which activated the PV inverter’s reactive current injection. The PV delivered about 0.25 p.u.
of reactive current in proportion to the deviation, providing valuable voltage support.

The active-power dynamics are shown in Figure 13: while the PV continued to inject
active power, the VSM rapidly shifted its output negative, absorbing the surplus generation
to counterbalance the mismatch. This action damped the frequency excursion and restored
stability around the islanded load demand.

The system split test reveals the distinct and complementary roles of the two converter
types. The PV inverter (grid-following) contributed to voltage stability through a reactive
current injection of approximately 0.25 p.u., proportional to voltage deviation, as governed
by its FRT droop characteristic (Equation (8)). However, being a current-source device
synchronized via PLL, it inherently cannot regulate frequency or establish a voltage refer-
ence, these functions require an external grid or grid-forming source. In contrast, the VSM
(grid-forming) autonomously established the island’s voltage and frequency reference, ab-
sorbed the surplus PV generation through its swing equation dynamics, and stabilized the
system after a transient frequency rise to 52.8 Hz. This test confirms that while PV-driven
reactive support aids voltage recovery, only VSM-driven active-power–frequency control
can ensure stable islanded operation.
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(a) Voltage and reactive current response during
system split.

(b) Active-power response during system split.

(c) Frequency response following grid
disconnection.

Figure 13. System behavior during the split test, showing voltage, power, and frequency dynamics.

The term ’secure islanded operation’ refers specifically to the VSM’s ability to maintain
system stability during the critical transient period (first 2–5 s) following grid disconnec-
tion. During this phase, the VSM absorbs surplus generation through its swing equation
dynamics, containing frequency excursions within acceptable limits. For sustained island
operation beyond this transient period, the elevated frequency (52.8 Hz) automatically
engages the PV inverter’s LFSM-O function, which curtails active power once frequency
exceeds 50.2 Hz. This frequency-driven curtailment mechanism provides the energy bal-
ance required for continuous operation. Additional supervisory measures which include
coordinated load shedding and energy storage dispatch would further enhance long-term
island stability as detailed in Section 6.2.

5.1.4. Power Imbalance During Island Mode and Converter Stress

The impact of active-power imbalance during islanded operation was assessed in a
scenario where the PV system was rated at 1.5 MW, while the grid-forming VSM converter
had a nominal capacity of 1.0 MW. Following the system split, the VSM was required
to absorb the excess generation from the PV. As shown in Figure 14, this resulted in an
absorbed power of approximately 1.266 MW.

The overload can be quantified relative to the nominal converter rating as follows:

Pabs
Prated

=
1.266
1.0

= 1.266 ⇒ 26.6% overload. (13)

Such overloading places considerable stress on the converter’s semiconductor devices
and thermal management system, leading to increased junction temperatures, accelerated
device aging, and reduced long-term reliability. Although the VSM successfully stabilized
frequency and voltage in the short term, sustained operation under this condition would
be unsafe.

These results explain the importance of supervisory strategies to prevent prolonged
overloads. Possible approaches include curtailing PV generation, implementing fast-acting
demand-side management, or diverting surplus power into local energy storage. Keeping
the VSM within its rated limits is essential not only for immediate stability but also for
protecting the converter’s lifetime and ensuring reliable long-term operation.
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(a) Voltage and reactive current response during
system split.

(b) Active-power response during system split.

Figure 14. Active power absorption of the GFM during islanded operation, showing exceedance of
rated limits.

From a compliance perspective, it should be noted that while ENTSO-E grid codes
explicitly require frequency support functions such as LFSM-U and fault ride-through
capability, they do not mandate overload absorption beyond converter ratings. Therefore,
system-level supervisory control is indispensable to ensure that generation and demand
remain balanced in islanded operation without exposing the VSM to sustained overstress.

The interaction between PV power injection and VSM absorption is bounded by the
following mechanism: As the VSM absorbs surplus PV generation, its swing equation
dynamics cause frequency to rise. When frequency exceeds 50.2 Hz, the PV inverter’s
LFSM-O function activates, reducing PV output proportionally (droop of 5%/Hz per
ENTSO-E requirements). This creates a negative feedback loop: higher frequency →
reduced PV injection → reduced VSM absorption requirement → frequency stabilization.
For the tested configuration (PV: 1.5 MW, VSM: 1.0 MW), the transient overload of 26.6%
lasted 2–3 s before LFSM-O curtailment reduced the imbalance. The thermal limit for
this overload duration, based on typical IGBT junction temperature-rise characteristics, is
approximately 2–5 s for a 25–30% overload, confirming that the observed response falls
within safe transient operating limits.

5.2. Practical Acceptability of Observed Excursions

The observed excursions fall within acceptable transient limits. The 52.8 Hz frequency
peak (+5.6% deviation) lasted less than 1 second before VSM regulation restored it within
bounds; overfrequency protection with typical 100–500 ms delay would not trip. The
voltage excursion beyond 1.2 p.u. lasted approximately 0.5–1 s, within short-duration
withstand capability. The 26.6% power overload implies ∼60% increased losses (Ploss ∝ I2),
sustainable for 2–5 s based on typical IGBT thermal characteristics; the 2–3 s observed
duration falls within this window. In deployment, supervisory control would intervene via
LFSM-O curtailment (activating above 50.2 Hz), load shedding, or storage dispatch.

6. Conclusions
This study provided an in-depth evaluation of Virtual Synchronous Machines (VSMs)

operating as grid-forming inverters in converter-dominated power systems. Two comple-
mentary case studies were performed in DIgSILENT PowerFactory: a standalone bench-
mark feeder and a mixed feeder subjected to a system-splitting disturbance.

The benchmark simulations confirmed that the VSM reliably emulated the dynamic be-
havior of a synchronous machine. It delivered synthetic inertia (with an effective H ≈ 15 s)
during rapid frequency changes, supplied sustained active power via LFSM-U in line
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with ENTSO-E specifications, and remained stable even under severe RoCoF conditions
(±2 Hz/s). Furthermore, the VSM exhibited robust fault ride-through performance and
preserved independent voltage and frequency control during islanded operation.

The system split scenario underlined the distinct yet complementary functions of
grid-forming and grid-following converters. The PV inverter (GFL) met the LFSM-O and
FRT criteria and provided reactive-power support during voltage deviations. However,
once the external grid reference was lost, it was unable to sustain stable operation. In
contrast, the VSM (GFM) established the island, redefined the voltage–frequency reference,
absorbed excess PV generation and maintained continuity of supply, undergoing only a
short controlled overload (26.6% for 2–3 s), which remained within typical transient thermal
limits of IGBTs.

6.1. Recommendations for Grid Code Development

Based on our findings, we propose the following modifications and complementary
additions to existing frameworks.

ENTSO-E Requirements for Generators (RfG)—Proposed Enhancements

The current Commission Regulation (EU) 2016/631 provides comprehensive require-
ments for grid connection. However, based on system split resilience testing, we recom-
mend the following complementary provisions.

Enhanced Fault Ride-Through (Related to Article 13)

• Recommendation: Extend fault ride-through requirements to explicitly include “is-
land ride-through” capability, which means the ability to transition to stable islanded
operation if a fault results in system separation.

• Rationale: Current FRT requirements focus on remaining connected during faults
with eventual grid restoration, but do not explicitly address the case where the fault
leads to permanent system separation.

• Gap Addressed: System split events demonstrated that converters passing standard
FRT tests may still fail during islanding scenarios.

Synthetic Inertia Quantification (Complementary to Article 15)

• Recommendation: Specify minimum equivalent inertia constant (e.g., H ≥ 5 s) with
standardized RoCoF test verification for grid-forming units.

• Rationale: While Article 15(2)(c) addresses LFSM-U (frequency-sensitive mode for
underfrequency), explicit synthetic inertia requirements with quantified H values and
standardized testing procedures would provide clearer performance benchmarks.

• Gap Addressed: Current requirements specify frequency response but do not mandate
specific inertial performance metrics.

Island Operation Capability (Complementary to Article 16)

• Recommendation: Make island operation capability mandatory for grid-forming
units (Type C and D power park modules) with defined test procedures.

• Rationale: Article 15(5)(b) makes island operation capability optional (“if required by
the relevant system operator”), but system split testing demonstrates this is a critical
resilience function.

• Gap Addressed: The optional nature of island operation in current regulations means
many grid-forming units may not be tested for this critical capability.
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IEEE 1547-2018—Proposed Enhancements
Intentional Islanding Category (Related to Clause 8.2)

• Recommendation: Add enhanced specifications within Category III or create supple-
mentary requirements for DERs specifically designed for intentional island operation.

• Current Status: Clause 8.2 addresses intentional islanding but does not create a
distinct performance category.

• Proposed Enhancement: Establish clear performance benchmarks distinguishing
DERs capable of autonomous island formation and stabilization from those only
capable of participating in pre-established islands.

• Gap Addressed: Current standard permits intentional islanding but does not distin-
guish between passive island participation and active island formation capabilities.

Inertial Response Requirements (Related to Clause 6.5.2.8)

• Recommendation: Require grid-forming DERs to demonstrate inertial response (pro-
portional to d f /dt) as a mandatory function in addition to frequency-droop response.

• Current Status: IEEE 1547-2018 Clause 6.5.2.8 defines inertial response as an
optional capability.

• Proposed Enhancement: Make inertial response mandatory for DERs designated
as grid-forming, with specific performance metrics (e.g., minimum H equivalent,
maximum response time).

• Gap Addressed: Distinction between frequency droop (proportional to ∆ f ) and
inertial response (proportional to d f /dt) is not clearly mandated.

Proposed System Split Resilience Test

To address the gap between compliance testing and operational resilience, we propose
a standardized system split qualification test:

Pre-Conditions

• Grid connection via impedance giving SCR = 3–10.
• Converter operating at 30–70% loading.
• Generation-load mismatch of ±20–50%.

Procedure

1. Establish stable grid-connected operation.
2. Open upstream breaker to simulate system separation.
3. Monitor system behavior for a minimum of 60 s.

Pass Criteria

• Frequency stabilizes within ±2.5 Hz within 5 s.
• Voltage remains within 0.85–1.15 p.u. after 1 s transient.
• Continuous energization maintained throughout the test period.
• No protection system false trips or instability.

Rationale

This test complements existing compliance tests by evaluating performance under
the specific conditions of system separation, where multiple stressors (phase-angle jumps,
frequency excursions, voltage transients, power imbalances) occurring simultaneously.
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6.2. Recommendations for Supervisory Control
6.2.1. Fast Generation Curtailment

• LFSM-O response time should be minimized (<200 ms) to reduce grid-forming con-
verter overload duration during overfrequency islands.

• Coordinate curtailment actions across multiple generation sources within the island.

6.2.2. Pre-Planned Load Shedding

• Island-capable feeders should have automated underfrequency load shedding coordi-
nated with grid-forming converter droop settings.

• Establish clear priority levels for load disconnection.

6.2.3. Energy Storage Integration

• Co-located storage can absorb transient imbalances more rapidly than generation
curtailment, reducing grid-forming converter stress.

• Size storage to handle expected maximum imbalance for 5–10 s (bridge to supervisory
control activation).

6.3. Limitations and Future Work

This study is based on EMT simulations that have been validated against recognized
benchmark frameworks. Additional experimental validation using Power Hardware-in-
the-Loop (PHIL) or Hardware-in-the-Loop (HIL) testing would further enhance confidence
in the results, especially in relation to protection coordination, thermal performance, and
real-time control implementation. PHIL-based validation is highlighted as a key objective
for future research.

PV variability effects: The PV generation was treated as quasi-static in this study to
isolate control behavior and align with standardized benchmark protocols. Future work
would incorporate realistic irradiance-driven variability profiles (e.g., cloud transients with
ramp rates of 10–50%/s) to assess the impact of PV fluctuations on VSM headroom require-
ments and islanded frequency resilience. Such studies would quantify the additional inertia
or storage capacity needed to accommodate PV variability under islanded conditions.

Additional future directions include:

• Multi-VSM coordination with heterogeneous inertia constants
• Parametric sensitivity studies across SCR, load levels, and control parameters
• Integration of detailed thermal models for overload duration assessment
• Hybrid GFM/GFL control strategies for enhanced weak-grid operation

6.4. Important Note on Regulatory Framework References

The recommendations above are proposed enhancements based on observed system
behavior during resilience testing. They reference existing articles in ENTSO-E RfG and
IEEE 1547-2018 to provide context, but do not claim these specific provisions currently
exist in the standards. Implementation of these recommendations would require:

1. Stakeholder consultation processes as specified in the relevant regulations;
2. Cost–benefit analysis to justify enhanced requirements;
3. Coordination with national regulatory authorities;
4. Development of standardized testing protocols;
5. Consideration of technology-specific limitations and capabilities.
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Appendix A. LFSM-U Implementation Details
This appendix provides the complete DSL implementation of the LFSM-U function

described in Section 3.5.2.

Appendix A.1. Control Law Definitions

Let f be the measured frequency, fn = 50 Hz, f2 = 49.8 Hz. The LFSM-U droop
parameter entered as droop in %/Hz is converted to

Sdroop =
droop

100
(p.u./Hz), (x)+ = max(x, 0) (A1)

Appendix A.2. Activation Gate (Piecewise)

uU( f ) =

1, f < f2

0, f ≥ f2
(A2)

Appendix A.3. Gated Droop Request (Unlimited)

∆P∗
U = uU( f ) · Sdroop · ( fn − f )+ (A3)

Appendix A.4. Amplitude Limit

∆PU,lim = sat[0,∆Pmax](∆P∗
U) (A4)

Appendix A.5. Slew Limit

Let x = (∆PU,lim − ∆PU)/Tϵ, with ramp limits P̈U,min and P̈U,max:

∆̇PU =


P̈U,min, x < P̈U,min

x, P̈U,min ≤ x ≤ P̈U,max

P̈U,max, x > P̈U,max

(A5)

Appendix A.6. Smoothing Filter (PT1)

Tsmooth ˙dP + dP = ∆PFSM + ∆PLFSM-O + ∆PU , Tsmooth = 0.02 s (A6)

Appendix A.7. Plant Reference

Pref = Pset + Mvsmω̇ + dP, ω = 2π f (A7)
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