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ABSTRACT As the integration of renewable energy accelerates, ensuring power system stability becomes
increasingly critical. This research utilized a Root Mean Square (RMS) synthetic model of the future 380 kV
Dutch power system towards 2050 to analyze its oscillatory stability under high renewable penetration and
the impact of grid-forming converters under various parametrizations. The presented case study shows that
grid-forming (GFM) converters significantly improve frequency stability and damping performance across
different perturbations, particularly at higher GFM penetration levels, improving frequency and damping
parameters. However, various oscillatory modes present potential stability risks at high penetration levels.
The case study also shows minimal differences in controller selection in large-scale models, except under
certain conditions. Additionally, the analysis of controller parameters highlighted the critical importance of
tuning active power parameters to ensure system stability. The investigation provides essential insights for
future power systems, where large-scale integration of renewable energy will necessitate the implementation
of converters able to provide ancillary services. The findings emphasize the importance of optimizing GFM
converter settings and penetration levels to maintain system resilience, offering valuable guidance for future
system planning and regulatory frameworks.

INDEX TERMS Dynamic active power management, grid-forming control, frequency stability, oscillatory
stability, energy transition, digital model of power systems.

I. INTRODUCTION

ELECTRIC power systems are the backbone of mod-
ern society, supporting essential services and enabling

technological advancements. As the global energy transition
accelerates, a significant influx of renewable power electronic
interfaced generation (PEI) units, particularly solar and wind
will be connected to the power system. This shift necessitates
advancements in understanding the impact of power electron-
ics on the setup and control of future power systems, ensuring
stability and reliability.

Renewable energy sources can be categorized into non-PEI
and PEI sources. Non-PEI sources, such as hydropower
and biomass, connect directly to the power system, behav-
ing similarly to conventional generators but with challenges
such as dependency on natural conditions. In contrast,
PEI sources, including wind and solar are connected via
power electronics, lacking the inherent inertia of syn-
chronous systems and exhibiting significant variability.

These typically require advanced control strategies for
integration [1].

The increasing prevalence of PEI sources has led to a
decline in system inertia, a critical factor in traditional sta-
bility ensurance. This has prompted updates to stability
classification frameworks by organizations such as IEEE
and CIGRE to address the complexities of PEI-dominant
systems [2], [3]. Addressing these challenges requires exten-
sive research and collaboration, particularly in areas such as
large-scale energy storage, wide-area control systems, and
intelligent system management, all of which are crucial for
future power system stability [4], [5], [6].
Another significant challenge with PEI generation is the

limited controllability and ancillary services. Traditionally,
grid-following (GFL) converters have been used. These
converters operate dependent on external power system con-
ditions, relying on external signals for operation usually
utilizing phase-locked loops (PLL). GFL converters have
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a tendency of worsening stability margins of the system,
as they can fail to dampen or amplify sudden disturbances.
As PEI sources become more prevalent they become critical
for maintaining stability, creating a necessity for operation
and control independent of the connected power system.
Grid-forming (GFM) converters offer a promising solu-
tion, providing voltage and power control independently
of the external power system, potentially compensating for
the reduced presence of traditional power generation units.
These converters have been identified as crucial in integrat-
ing large-scale PEI generation. However, further research is
necessary to fully understand these technologies, including
developing test systems and validation procedures and study-
ing real-world impacts on system stability [7], [8], [9].

This work focuses on the large-scale integration of GFM
converters with solar PV and wind resources in the future
Dutch power system towards 2050, exploring how differ-
ent GFM controllers, controller parameters, and controller
integration levels impact dynamic stability, particularly dur-
ing critical events such as load increases, short-circuits, and
generator outages. The study is centered on frequency and
angular stability while focusing on the damping performance
of the system. This study aims to bridge the gap between
renewable energy goals and the practical realities of power
system operations. The findings provide crucial insights into
the viability of future PEI integration and highlight the
critical aspects of GFM converter implementation. These
contributions will advance the power system stability and
control field, supporting modern power systems’ continued
evolution.

A. REFLECTIONS FROM the STATE-OF-THE-ART
This section reviews the evolving power system landscape,
focusing on current GFM converter system performance
advancements. The increasing integration of renewable
energy and PEI generation necessitates innovative solutions
and large-scale system representations to ensure stability and
reliability.

1) GRID-FORMING CONVERTERS
Here three different types of GFMconverters and their current
state-of-the-art technological provess is highlighted.

One critical difference between GFM and GFL tech-
nologies lies in controllability. GFL converters depend on
external grid-connected AC signals, making them vulnerable
during transient events due to fast-acting system changes.
In contrast, GFM converters provide the essential voltage
and frequency control needed in PEI-dominant systems inde-
pendently. Various controllers have been proposed, and the
focus will be on three prominent candidates: the Virtual
Synchronous Machine (VSM), Synchroverter, and Droop
controller. Although the Synchroverter is frequently cate-
gorized under VSMs, this analysis treats them as distinct
entities, reflecting their separate implementation as controller
templates in Power Factory.

a: VIRTUAL SYNCHRONOUS MACHINE (VSM)
VSMs mimic traditional synchronous generators, with mod-
els ranging from simple droop control to complex syn-
chronous machine models. VSMs bridge the inertia gap in
PEI systems, providing synthetic inertia and damping through
control techniques combined with power electronics [10],
[11]. Although promising, further research is needed on inte-
grating energy storage and refining higher-order models [12],
[13], [14], [15], [16].

b: SYNCHROVERTER
Synchroverters operate similarly to the VSM; they utilize
torque control instead of power, enhancing stability by sim-
ulating electromagnetic torque. However, their complexity
and poor damping pose challenges, necessitating research
into optimizing control systems and integrating energy stor-
age [17], [18], [19], [20], [21], [22], [23].

c: DROOP CONTROL
Widely used in microgrids, droop control regulates power
through frequency and voltage droop without requiring com-
munication. Its simplicity enables easy implementation but
can lead to slower transient responses and potential stabil-
ity issues during transients [24], [25], [26]. Future research
should address these challenges and explore large-scale sys-
tem studies [27], [28], [29].

Overall, GFM converters are essential for integrating
large-scale PEI units, offering potential in ancillary services
by mimicking traditional synchronous generators. However,
extensive research, pilot projects, and policy development are
required to realize their complete potential [30], [31].

II. METHODOLOGICAL APPROACH
The project’s methodological approach was conducted in
two steps: modeling and simulation setup. Both steps were
done using simulation tools and were based on a synthetic
representation of theDutch power system towards 2050 based
on available public information and projections.

A. SYNTHETIC MODELING
The national scenario (NAT) from the II3050-2 project,
an outlook of the Dutch power system towards 2050 was
selected as a reference point due to the high levels of pro-
jected electrification and relevance in ongoing infrastructure
developments [32], [33]. The resulting installed capacities of
solar PV (PV), onshore (WOL) and offshore wind (WOZ),
flexibility resources, and peak demand levels utilized are
highlighted in Fig. 1. Utilizing dispatches of 90%WOZ, 10%
WOL, 5% PV, 12% flexibility, and 100% demand for the case
study.

The power system model was created in two steps, first
utilizing detailed plans from the 10-year public invest-
ment plans [34], [35], and secondly, utilizing the projec-
tions from the II3050-2 projections towards 2050. This
approach allowed for a comprehensive representation of
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FIGURE 1. Installed generation, flexibility and demand for the
synthetic model.

future predictions in a large-scale system study, enabling
different controller selections and providing a reference for
future system parameters.

After implementing the various projects and installed
capacities, dynamic controllers were added to the synthetic
model. Here, the primary focus was on the PEI generation
sources such as solar PV, onshore and offshore wind utilizing
GFM and GFL controllers to allow for easy comparison.
Various other controllers, such as electrolysers, power-to-heat
modules, and load responses, were implemented and set in
operation to depict the future power system accurately but
were not under further investigation in this project.

The AC interconnections weremodeled to reflect themaxi-
mum projected inertia constants and kinetic energy levels for
Continental Europe toward 2040, as reported by ENTSO-E
[36], [37]. These interconnections were represented using
synchronous generator models, where active power limits
were defined within the dynamic controller. The inertia levels
were calculated through a simple conversion based on the
following formula:

S [MVA] =
Ekin[GVAs]

H [s]
(1)

Three GFM controllers were selected and implemented:
VSM, Synchroverter, and Droop, due to their availability
in PowerFactory’s predefined model templates. These were
implement in the installed PV, WOL and WOZ soures.
An in depth analysis of the three controllers can be found in
section III.

Given the uncertainties and lack of specific data in
projected infrastructural developments towards 2050, the
synthetic model underwent load flow and contingency anal-
yses to ensure realistic system representation. Load flow
analysis ensured upgrades on components loaded above 80%,
while a 90% threshold was set for N-2 contingency analysis.

Due to these uncertainties, simplifications regarding loca-
tions, project sizes, and overall structure were necessary.
As future projects become more detailed, it is recommended
that the synthetic model be updated to represent the future
Dutch power system more accurately. However, it currently

FIGURE 2. Overview of the Synthetic model highlighting different
voltage levels.

serves as a robust large-scale system representation with
various possibilities.

The final system representation in PowerFactory are given
in Fig. 2.

B. SIMULATION SETUP
This section outlines the methodology used to analyze the
dynamic stability of the Dutch power system under varying
penetration levels, different controller types, and sensitivity
to controller parameters for GFM controllers. DigSILENT
PowerFactory v2024 SP2, Python 3.12 and Excel 2208 was
utilized for the simulations.

The study focuses on high renewable integration scenarios,
including offshore and onshore wind and solar PV, man-
aged by different control strategies. The synthetic model was
implemented in DIgSILENT PowerFactory, with automated
processes via Python and Excel, allowing flexible parameter
adjustments and facilitating replication for future research.

The synthetic model setup and simulation process are illus-
trated in Fig. 3.

Three GFM penetration levels were considered: 25%,
50%, and 85%. One of three GFM converters—VSM,
Droop, or Synchroverter—was selected, with base settings
or controller parameters adjusted via Python and Excel.
Post-simulation, adjustments to penetration levels, con-
troller selection, or parameter modifications were possible
enabling a comprehensive assessment of various operational
characteristics.

The first analysis compared the three controllers across
three disturbances: a short-circuit, load increase, and outage
event, with results analyzed using frequency and eigenvalue
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FIGURE 3. Flowchart illustrating the simulation and analytical
process.

analysis. The eigenvalue analysis was exclusively done on the
load event. This study extends previous work, such as [39],
by applying these comparisons to a large-scale system rep-
resentation. Python scripts streamlined the implementation,
allowing easier customization. This comparison was con-
ducted for all three GFM penetration levels: 25%, 50%, and
85%.

The second analysis examined the effects of varying GFM
penetration levels across all three controllers. This analysis
differed from the first by focusing on the impact of differ-
ent penetration levels rather than comparing the controllers.
The differentiation of GFM percentages and controllers was
automated through Python, ensuring efficient analysis and
reproducibility.

The third analysis conducted a sensitivity study on key
controller parameters for the GFM converters identified in
section III. Parameters were varied for all GFM converters,
assessing their impact on system stability. These parameters
and values can be seen in the different controller blocks. A
50% GFM penetration level was used throughout this sensi-
tivity analysis for consistency.

System stability was evaluated through frequency response
and eigenvalue analyses to assess the frequency and angular
stability of the system. Metrics such as maximum frequency
deviation, Rate of Change of Frequency (ROCOF), and
settling time were utilized for the frequency assessment.
An eigenvalue analysis focusing on damping ratios (ζ ) and
oscillatory behavior of critical modes assessed the angular
stability of the system through the load events. The formulas

are given below.

ROCOF =
1f
1t

(2)

Max Deviation = 1fmax (3)

ζ = −
σ

√
σ 2 + ω2

(4)

The study simulated three distinct disturbance events—a
2 GW nuclear power plant outage, a short-circuit at one of
the tie-lines between the 380 and 150 kV power systems, and
a 5.6 GW load increase—to test the system’s resilience under
different stress conditions. Python was extensively used for
processing and presenting results, leveraging PowerFactory’s
export capabilities, with Excel utilized for consistent system
parameter implementation.

III. GRID-FORMING CONTROL ARCHITECTURES
This section provides an analysis of the controller blocks
implemented to represent the GFM controllers. The examina-
tion is centered on the three GFM controller types, selected
based on the availability of their templates within the Pow-
erFactory software, which facilitates an efficient assessment
of their effects on system behavior. The Virtual Synchronous
Machine (VSM) and Syncroverter, although often catego-
rized together due to their operational similarities, are treated
separately in this discourse to maintain consistency with
PowerFactory’s naming conventions.

The subsequent subsections highlights the operational
principles, mathematical formulations, and control strategies
for each controller type, with due acknowledgment of the
source material that has informed this analysis [39].

A. VIRTUAL SYNCHRONOUS MACHINE (VSM)
Virtual Synchronous Machines (VSMs) are devised to pro-
vide the system with virtual inertia, mirroring the stabiliz-
ing properties of mechanical inertia inherent in traditional
synchronous power generation [39]. The VSM’s primary
function is to simulate the inherent kinetic energy storage of
large rotating generators, which is pivotal for system stability
during transient disturbances by mitigating abrupt frequency
variations [39].

Fig. 4 illustrates the VSM’s control system, with the inertia
emulation mechanism highlighted. This mechanism is pred-
icated on a reconfigured swing equation, which is adapted
to the control inputs comparable to those of conventional
synchronous generators.

The classical swing equation is expressed as:

2H
ω0

dω

dt
= Pm − Pe (5)

where 2H
ω0

symbolizes the inertia constant, correlating the
generator’s angular velocity with the balance of mechan-
ical and electrical power. Disparities in power lead to a
modification in angular velocity, which is moderated by the
generator’s aggregate inertia.
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FIGURE 4. VSM Control Block [39].

For the VSM, the adapted swing equation is:

Tasω = (Pref − P) − Dp(ω − ωref) (6)

In this equation, Ta denotes the acceleration time constant,
and Dp signifies the damping factor. These parameters are
critical to the VSM’s control approach.

B. SYNCHROVERTER CONTROL
The synchroverter control scheme is inspired by the gov-
erning equations of synchronous machines, particularly the
swing equation, but with a focus on torque rather than
power, distinguishing it from the VSM approach. It mir-
rors the frequency droop methodology of traditional syn-
chronous generators, employing a dual-loop control system
that encompasses frequency and voltage regulation, denoted
in red and blue in Fig. 5, respectively.

The frequency control loop is based on:

Dp = −
1T
1θ

(7)

which leads to the control equation:

Tasω = (Tref − T ) − Dp(ω − ωref) (8)

The voltage control loop is governed by:

Dq = −
1Q
1v

(9)

and is implemented in the control system as:

Kq = Dq(vref − v) + (Qref − Q) (10)

The synchroverter’s control dynamics are characterized by
parameters such as the acceleration time constant Ta, the
damping coefficient Dp, the voltage control gain Kq, and the
reactive power droop coefficient Dq.

C. DROOP CONTROL
The droop control methodology is represented by a
frequency-droop controller. The Droop control approach is
a well-established approach typically used in microgrids,
enabling decentralized control without reliance on commu-
nication infrastructures. This strategy is similar to the droop
characteristics of traditional synchronous generators but typ-
ically known for its slower transient response and power
distribution [39].

FIGURE 5. Synchroverter Control Block [39].

FIGURE 6. Droop Control Block [39].

The control block diagram is presented in Fig. 6, with the
power-frequency and reactive power-voltage controls high-
lighted in red and blue, respectively.

The power-frequency control is defined by:

1ω = mp1P (11)

and is translated into the control system as:

ωgen = ωref − mp(Pout − Pin) (12)

Similarly, the reactive power-voltage control is described
by:

1v = mq1Q (13)

and is represented in the control system as:

V = Vref − mq(Qout − Qin) (14)

The droop control scheme fundamentally associates fre-
quency shifts with active power adjustments, and voltage
fluctuations with reactive power changes. The principal con-
trol parameters include the active power droop coefficient
mp and the reactive power droop coefficient mq. Notably, the
droop controller does not contain logic to mimic the inertia
similar to the VSM and synchroverter.
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FIGURE 7. Frequency response for different GFM controllers with
50% GFM penetration following an outage event occurring at
5 seconds.

FIGURE 8. Frequency response for different GFM controllers
with 50% GFM penetration following a load event occurring at
5 seconds.

FIGURE 9. Frequency response for different GFM controllers
with 50% GFM penetration following a short-circuit event
occurring at 5 seconds.

FIGURE 10. Frequency response for different GFM controllers
with 50% GFM penetration following a short-circuit event
occurring at 5 seconds (zoomed view).

IV. GFM CONTROLLER SELECTION STUDY
The first study compared the VSM,Droop, and Synchroverter
controllers across the three events for the three different pen-
etration levels. The results from the 50% penetration levels
are given in subsection A.

All three controllers showed nearly identical frequency
responses for the load and outage events, with minimal differ-
ences in frequency nadir, ROCOF, and maximum deviation

TABLE 1. Frequency parameters for the three controller
comparisons with GFM penetration.

FIGURE 11. Damping ratio and frequency for the most critical
modes for the three different controllers comparison.

across all penetration levels. This suggests that controller
selection has little impact on large-scale system stability for
these events. The level of GFM penetration did not sig-
nificantly affect the frequency response differences among
controllers.

However, the short-circuit event showed notable differ-
ences. The VSM controller exhibited the lowest frequency
deviation during the first swing, followed by the Droop
controller, with the Synchroverter displaying the highest.
After fault clearance, the Synchroverter again showed the
highest deviations. Indicating an overall worse short-circuit
capability. Similar patterns were observed at 25% and
85% penetration levels, with the Synchroverter requiring an
increase in the maximum allowed short-circuit current to
maintain simulation capability at 85% penetration level.

A key difference between the Synchroverter and the
VSM controller is the presence of a dedicated voltage con-
trol loop. In the VSM controller, this function is managed
externally from the outer control structure, whereas in the
Synchroverter, it is integrated directly within the control
scheme. This distinction influences the short-circuit perfor-
mance, as voltage fluctuations during fault conditions may
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FIGURE 12. Frequency response for different GFM penetration
levels with the VSM controller following an outage event
occurring at 5 seconds.

adversely affect the Synchroverter’s response, depending on
the dynamic properties of the system under study. In this case,
the impact is notably negative, but with optimal controller
tuning, this characteristic could potentially be leveraged to
improve the dynamic performance. Future investigation is
required to examine this hypothesis.

Overall, the frequency analysis revealed minimal differ-
ences among controllers for load increases and outages
but significant differences in short-circuit scenarios. The
VSM and Droop controllers performed better, with the Syn-
chroverter showing the worst performance, particularly at
higher penetration levels.

The eigenvalue analysis indicated nearly identical oscil-
latory performance for all three controllers, with minor
deviations in specific oscillatory modes, smaller than 0.1%.
This suggests that while theoretical differences exist, their
general impact on oscillatory performance is similar.

The various modes are dependent on their frequencies.
The modes in the range of 0.63 Hz are intra-area controller
modes of the GFL controllers, themodes ranging from 0.32 to
0.51 Hz are inter-area modes dominated by the interconnec-
tions and the mode in the range of 1.2 Hz is related to a local
mode of controller interactions. These were identified using
a participation analysis in PowerFactory.

The similar results between the controllers is notable given
the differing control strategies, particularly the absence of
synthetic inertia in the Droop controller. Comparing this
to the findings in [39] which reported worse performance
during load events for the Droop controller, the outcome sug-
gests a distinction worth further investigation. A preliminary
explanation is that large-scale systems, even with high PEI
penetration retain synchronous inertia that mitigates perfor-
mance differences across controllers and the lack of synthetic
inertia. This could have a larger impact in systems with even
lower inertia levels.

While synthetic inertia is often assumed to improve
system response, it primarily governs the rate of active
power injection based on frequency deviation. Consequently,
a Droop-based approach, which directly links active power
to frequency, can achieve comparable performance. However,
synthetic inertia control may offer advantages for more pre-
cise power injection under certain conditions.

FIGURE 13. Frequency response for different GFM penetration
levels with the VSM controller following a load event occurring
at 5 seconds.

FIGURE 14. Frequency response for different GFM penetration
levels with the VSM controller following a short-circuit event
occurring at 5 seconds.

FIGURE 15. Frequency response for different GFM penetration
levels with the VSM controller following a short-circuit event
occurring at 5 seconds (zoomed view).

Overall, controller choice had a limited impact on
large-scale system performance during load and outage
events, with short-circuit behavior, particularly in the Syn-
chroverter warranting further study. Although large-scale
effects are minimal, local performance differences could play
a more significant role in guiding controller selection.

V. GFM CONVERTER PENETRATION LEVEL ANALYSIS
The second study analyzed the impact of different GFM
converter penetration levels on system stability. The study
analyzed the three different levels, 25, 50 and 85% for all
three controllers.

All three controllers displayed similar performance; thus,
only the VSM results are present in subsection A. These fig-
ures illustrate frequency responses, damping ratio of different
modes and a frequency parameter comparison for the differ-
ent GFM penetration levels for the different events.

Higher GFM penetration significantly improved the fre-
quency response for the outage event, resulting in lower
frequency deviation. While all signals exhibit a similar
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FIGURE 16. Damping ratio and related frequency for different
penetration levels for the VSM controller.

TABLE 2. Frequency parameters for different levels of GFM
penetration with the VSM controller.

FIGURE 17. Frequency response for different Dp values for the
VSM controller following a load event occurring at 5 seconds.

oscillatory response, the magnitude of frequency deviations
is larger, favoring higher GFM levels. The 85% and 50%
penetration levels show a more settled response, while the
25% level exhibits another deviation towards the end of the
simulation. ROCOF, frequency nadir, and maximum devia-
tion showminimal differences, with higher penetration levels
improving response and settling.

TABLE 3. Frequency parameters for different Dp values for the
VSM controller.

A similar pattern was observed for the load response,
where higher GFM penetration levels resulted in better
frequency stability. The 85% and 50% penetration levels
perform better, while the 25% level shows more significant
deviations. The load event has a more considerable impact
on frequency stability, with higher GFM levels handling dis-
turbances more effectively.

For the short-circuit event, the lowest GFM penetration
levels resulted in the highest frequency deviation. The 85%
level shows the smoothest response, while the 25% level has
a higher oscillatory response after short-circuit clearance.

Overall, higher penetration levels consistently provide bet-
ter frequency performance across all events for all controllers.
Similar findings was found for the Synchroverter and Droop
controllers. However, at the highest penetration levels, the
Synchroverter required an increased maximum short-circuit
current from 1.2 to 1.3 p.u for simulations to converge during
the short-circuit event.

The eigenvalue analysis across different penetration lev-
els showed more significant differences than the controller
comparison. Higher penetration levels generally improved
damping ratios across multiple modes, with only minor
reductions in a few modes, which were negligible compared
to the overall improvements.

However, a 1.4215 Hz mode showed reduced damping at
the highest penetration level. This mode, dominated by a
single GFL converter, Disappeared when the converter was
removed from the system, indicating it was a local phe-
nomenon. It is likely caused by the fast-acting response of
GFM converters in the high-penetration scenario, creating
oscillations as the GFL converter struggled to keep up. This
behavior occurred with both the Synchroverter and Droop
controllers, indicating a consistent pattern.

The reduced damping of this local mode highlights a
potential stability risk from high penetration levels under
certain topologies. This emphasizes the need for thor-
ough studies to understand these controllers’ intrinsic
behaviors.

Higher GFM penetration levels generally improved fre-
quency response and oscillatory damping. However, the
emergence of a local mode at the highest penetration level
highlights potential stability challenges. This finding under-
scores the need for further research into the intrinsic behavior
of GFM—dominated systems, particularly their interactions
with GFL converters.
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FIGURE 18. Eigenvalues for different Dp values for the VSM
controller.

FIGURE 19. Damping ratio and corresponding frequency for
different Dp values for the VSM controller.

FIGURE 20. Frequency response for different Ta values for the
VSM controller following a load event occurring at 5 seconds.

TABLE 4. Frequency parameters for different Ta values for the
VSM controller.

VI. GFM CONTROLLER PARAMETER SENSITIVITY
ANALYSIS
The third study analyzed the impact of different controller
parameters and their impact on system stability and integrity.
Understanding how controller parameters affect system sta-
bility in large-scale systems is crucial for future regulatory
assessments and tuning of GFM controllers. A load increase
was used to evaluate the frequency and oscillatory behavior.

For the VSM controller, the primary parameters ana-
lyzed were the acceleration time constant (Ta) and the

FIGURE 21. Damping ratio and corresponding frequency for
different Ta values for the VSM controller. The VSM frequency
control loop is highlighted in pink.

FIGURE 22. Frequency response for different Dp values for the
Synchroverter controller following a load event occurring at
5 seconds.

FIGURE 23. Frequency response for different mp values for the
Droop controller following a load event occurring at 5 seconds.

damping coefficient (Dp). The simulation results are given in
paragraph a. TheDp parameter significantly impacted system
stability, with higher Dp values resulting in better frequency
response and faster power balancing. The lowest Dp value
showed the worst performance, with large frequency devia-
tions and slower settling times. ROCOF, frequency deviation,
and frequency nadir for the different values confirmed these
findings. The eigenvalue analysis supported this, showing
better damping of critical modes with higher Dp values.
However, the lowest value of Dp also showed the creation
of a local controller mode of 5.1025 Hz, with a damping
ratio below 5%. Highlighting the sensitivity and importance
of proper controller tuning.

The Ta parameter had minimal impact on system stabil-
ity, with only slight differences in frequency response and
damping. Higher Ta values provided marginally improved
damping in high-speed modes, but the overall effect was
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TABLE 5. Frequency parameters for different mp values for the
droop controller.

FIGURE 24. Damping ratio and corresponding frequency for
different mp values for the Droop controller.

negligible. This contrasts with prior findings in [39], where
Ta significantly affected oscillatory performance in VSM
and Synchroverter controllers, with lower values causing
increased oscillations and slower damping.

The reduced impact observed here is likely due to the
large-scale system model, where multiple synchronous gen-
eration sources dominate system inertia, minimizing the
influence of synthetic inertia. Notably, this scenario assumed
high system inertia; in lower-inertia systems, Ta could have a
more pronounced effect.

For the Synchroverter controller, results are given in para-
graph b. Here, theDp parameter had a similar impact as in the
VSM controller, with higher values leading to better system
stability. Similar to the VSM, a new mode was discovered
at the lowest Dp level with low damping. The Ta, Kq, and
Dq parameters showed minimal impact on system stability,
indicating possibility for adjustments without affecting oscil-
latory performance.

The Droop controller’s mp and mq parameters were also
analyzed, given in paragraph c. Lower mp values resulted in
better frequency response, similar to the Dp parameter in the
VSM and Synchroverter controllers, except inverted, as the
mp is initialized as an inverted droop. Interestingly, the mp
changes did not result in a newmodewith low damping unlike
the VSM and Synchroverter. This indicates that the Droop
controller might be more robust with regards to parameter
sensitivities, but further studies is needed to confirm this.
The mq parameter had no significant impact on system per-
formance, confirming its separation from the active power
control loop.

Overall, the main active-power controller parameters
(Dp and mp) significantly impacted system damping and

frequency response. Positive for optimal values and neg-
ative for suboptimal values. In contrast, the Ta parameter
had a minimal effect, and reactive power control param-
eters (Kq, Dq, mq) did not affect system stability. This
analysis highlights the importance and possibilities of param-
eter tuning in future systems with high GFM penetration
levels.

VII. CONCLUSION
This paper provides a comprehensive analysis of GFM con-
verters, focusing on controller comparisons, varying levels
of GFM penetration, and the influence of converter param-
eters on large-scale system stability. The paper delves into
frequency and oscillatory behavior, using key metrics to draw
comparisons.

The controller parameter analysis revealed that the VSM,
Droop, and Synchroverter controllers exhibited nearly iden-
tical performance in frequency and oscillatory behavior
during load and outage events. Minimal differences were
observed in Frequency Nadir, ROCOF, maximum frequency
deviations, and damping ratios. However, the short-circuit
analysis highlighted significant deviations in frequency
response across different GFM penetration levels. The
Droop controller performed best, followed by the VSM.
The Synchroverter showed the worst performance, par-
ticularly at 85% penetration, where short-circuit strength
became non-viable without increasing the maximum allowed
current.

This outcome is notable given the structural similarities
between the Synchroverter and VSM controllers, especially
in their active power control. Although no conclusive reason
for the Synchroverter’s worse performance was found, it is
hypothesized that the additional reactive power control loop,
absent in the VSM, may contribute to its poorer short-circuit
response. This extra control layer could create a different
dynamic response under fault conditions, affecting short-
circuit performance.

These findings suggest that while GFM controller per-
formance remains consistent during load and outage events,
short-circuit events can be a key differentiator, highlighting
the impact of control structures on stability.

The comparison of GFM penetration levels (25%, 50%,
and 85%) indicated that higher penetration levels gener-
ally improve frequency response and oscillatory performance
for all three controllers. Higher penetration allowed for
lower maximum frequency deviations and ROCOF values
across all perturbation events, with the most pronounced
differences seen during short-circuit events. However, the
Synchroverter’s limitations at higher short-circuit current
levels were again evident. In terms of oscillatory perfor-
mance, higher penetration levels improved the damping ratios
of inter-area modes. However, a local mode in one GFL
converter exhibited low damping at the highest penetration
level, pointing to potential controller interactions and stabil-
ity concerns. These findings emphasize the need for further
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research to fully understand the dynamics of high GFM pen-
etration levels and their impact on system stability.

The controller parameter analysis demonstrated significant
variations based on different controllers and their respec-
tive parameters. The main active power parameters (Dp for
VSM and Synchroverter and mp for Droop) were identi-
fied as critical for frequency and oscillatory performance.
Adapting these parameters enhanced the damping ratios of
inter-area modes, with all modes achieving damping ratios
above 5% at the highest parameter values. Conversely, poor
parameter tuning resulted in lower damping ratios and the
emergence of low-damped modes for the VSM and Syn-
chroverter, underscoring the importance of proper parameter
tuning. The acceleration time constant Ta had minimal
impact, though slightly better damping in high-speed oscilla-
tory modes was observed. Reactive power control parameters
(Kq and Dq for Synchroverter and mq for Droop) showed
no significant impact on system stability, indicating effective
separation of the active and reactive power control loops.
However, the controller parameter analysis was only done
for the load event, and especially the short-circuit event
could have a large influence by the reactive power control
parameters.

This paper provides valuable insights into GFMconverters,
their controller selection, penetration levels, and parameter
adjustments. While GFM converters show significant poten-
tial in enhancing system stability, certain issues, particularly
at high penetration levels and specific controller parameters,
suggest their full potential is not yet fully understood. Con-
tinued research will be essential for successfully integrating
large-scale PEI generation in future power systems.

The results presented for different controllers might be
specific to the generic models in PowerFactory and should
not be considered representative of all GFM controller types.
Models with different control loops, particularly proprietary
OEM models, may yield different outcomes. Additionally,
as this study is based on a model of the future Dutch power
system, the findings may not be directly transferable to other
systems, as outcomes can vary depending on system char-
acteristics and future planning decisions, which influence
system strength and stability.

The system model used also exhibited some susceptibility
to instabilities before the analysis, particularly during short-
circuits, due to high PEI generation with low short-circuit
capacity. However, it demonstrated good frequency stability,
driven by the large amounts of installed generation. Despite
these limitations, the results provide a valuable benchmark for
large-scale system studies, offering insights into the impact of
different GFM parameterizations and implementations.

This study contributes to bridging the gap between research
and large-scale system implementation of GFM convert-
ers. By analyzing the effects of various parameterizations,
it enhances understanding of their behavior in future power
systems. The findings provide important insights to guide
further research on system stability and inform planning
strategies for 2050 and beyond.

Future work should focus on developing and validating
intelligent control strategies for GFM converters. Addition-
ally, there is a significant opportunity to explore dynamic
control settings, aiming to optimize stability under various
operational conditions. This could involve adaptive algo-
rithms that respond in real time to changes in grid dynamics.
Another valuable area of research would be to assess the
impact of integrating different flexibility resources, such
as energy storage systems and demand response, in com-
bination with GFM converters. It is also recommended to
recreate a similar analysis for different inertia levels, to better
understand the impact of GFM converters under different
operational characteristics. Evaluating their combined effect
in future energy scenarioswill be critical to ensuring a reliable
and robust power system that can meet evolving demands and
withstand potential disturbances.
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