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Fundamental assessment of oscillatory performance
of grid-forming integrated systems

Sander Skogen
Intelligent Electrical Power Grids
Delft University of Technology
Delft, The Netherlands
Sanderskoge@gmail.com

Abstract—Electrical power systems are witnessing a paradigm
shift from traditional synchronous generators towards an in-
creased integration of power electronic interfaced (PEI) genera-
tion. As the global community leans towards renewables, ensuring
grid stability during this transformation becomes paramount.
This paper presents a fundamental study of oscillatory stability
dynamics for three emerging grid-forming converter controller
topologies: Virtual Synchronous Machine (VSM), droop control,
and the Synchroverter, in comparison to conventional syn-
chronous generation. Utilizing the two area 4 generator (2A4G)
system for analysis, the research underscores the significance of
converter integration, proximity-based enhancements in damping
capabilities, and the delicate equilibrium in parameter tuning
for optimal stability. The results pave the way for informed
decision-making in grid development and renewable energy com-
prehension, highlighting the potential of grid-forming converter
controllers in steering a sustainable energy future.

Index Terms—Grid-Forming Converters, Oscillatory Stability,
DigSilent PowerFactory, VSM, Droop, Synchroverter.

I. INTRODUCTION

LECTRICAL power systems are undergoing a trans-

formative shift from the dominance of traditional syn-
chronous generators to a paradigm characterized by a prolific
integration of renewable energy sources governed by power
electronic components [1]. Synchronous generators have his-
torically supplied inherent benefits to the grid, such as inertia,
synchronization, and damping torques, which facilitate system
stability amidst dynamic perturbations [2]. However, power
electronic interfaced (PEI) generation disrupts the direct grid
linkage, thereby eliminating the innate stability attributes piv-
otal for dynamic system stability [3].

The International Renewable Energy Agency (IRENA) in-
dicates that for the European Union (EU) to achieve its
climate benchmarks, the renewable energy contribution to
power generation should span 55 % by 2030 and surge to 86 %
by 2050 [4]. Although PEI generation will not entirely encap-
sulate this transition, the escalating adoption of solar PV and
wind energy amplifies its significance, especially with nations
such as Denmark periodically achieving a complete reliance
on PEI generation [5]. As such, the meticulous analysis of
power electronic control becomes indispensable to ensure the
harmonious merging of escalating renewable penetration with
regard to power system stability.

Subsequent to the PEI generation influx, there has been an
innovative surge in converter controllers, namely grid-forming
controllers. Distinct from the conventional grid-following,
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which remains contingent upon a proximate grid, grid-forming
controllers exhibit the versatility to operate autonomously or
in tandem with a grid, expanding their control horizons [6].
While they offer a plethora of advantages, including black-start
capabilities, resilience during weak-grid connections, and an
array of ancillary services, they also grapple with challenges
such as elevated costs, lagged power responses, and certain
regulatory predicaments [7], [8]. While much of the prior
research has explored these controller topologies, the primary
focus has been on tuning the individual controllers. This paper,
in contrast, offers a comparative analysis grounded in both
analytical and time domain simulations [9]-[12].
Recognizing their pivotal role in increasing renewable pen-
etration, this paper embarks on a comprehensive evaluation of
three quintessential grid-forming converter controller topolo-
gies: the Virtual Synchronous Machine (VSM), droop control,
and the synchroverter. These will be compared to traditional
synchronous generation, analyzing the impact of the growing
amount and location of this generation on system stability, both
small-signal and transient, and offering potential measures to
improve these. The system used in the analysis is the two area
4 generator (2A4G) system given in Fig. 1, highlighting the
voltage levels, converter placement and generator type.

A Grid-forming LR
Converter

Fig. 1. System schematic in Powerfactory

Conclusively, this paper aims to highlight the inherent chal-
lenges associated with PEI generation, particularly concerning
small-signal and transient stability. It aspires to provide prag-
matic solutions to these challenges, strengthening the global
strides towards a comprehensively renewable future. The work
is done through modeling and simulations in DigSilent Pow-
erFactory.

II. MODELLING

This section explains the modeling of the three designated
controllers.
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A. Virtual Synchronous Machine

Virtual Synchronous Machines (VSM) aim to offer virtual
inertia to the power grid, capturing the advantages of conven-
tional inertia derived from traditional generation sources. This
is accomplished by integrating short-term energy storage with
a power inverter and a robust control system [13]. The essence
of VSM is to emulate the inertia observed in traditional
power generation, bridging the evolving grid to the extensively
researched power system. In large generators, inertia functions
as a reservoir of conserved energy, facilitating synchronism
amongst generators. This inherent property of large machines
ensures system stability before their control mechanisms intro-
duce intended dynamic alterations [14]. Various VSM models
have been proposed, each presenting distinct characteristics
and modeling facets [13].

Fig. 2 present the control system of the VSM. The red
highlight signifies the VSM control emulating the synchronous
generator and its inertia. This emulation incorporates a revised
swing equation, the inputs of which are derived from conven-
tional synchronous generator formulas.

In terms of the swing equation:

77:Pm_Pe (1)

It describes the interrelationship between power and the ma-
chine’s acceleration, where % is the inertia constant. A
perturbation in either mechanical or electrical power incites
acceleration. The rate of this change hinges on the machine’s
cumulative inertia constant.
Within the VSM framework, the swing equation is altered
to:
Tysw = (]Dref - P) - Dp(w - Wref) 2

Here, T, stands for the acceleration time constant and D,
represents a damping coefficient. In essence, the operations of
the controller predominantly rely on these two parameters.

Ta = 3 (10) =
Dp = 100 (200) =

N
Pfriction m N P
Damping

. Psetpomt ::- AP [ 1 /sT

APmeasurement}‘ T’_'“ Ta

Fig. 2. VSM control block with given control parameters
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B. Syncroverter Control

The syncroverter, similar to the VSM, derives its princi-
ples from the synchronous machine equations and the swing
equation. One of the distinctions lies in the syncroverter’s em-
phasis on torque over power, as utilized in VSM. Traditional
synchronous generators that deploy a drooping frequency to
regulate power output find a parallel in syncroverter control
mechanisms. Specifically, it integrates both a frequency control
loop centered around the converter’s power and a voltage
control loop focused on the reactive power.

In this context, the frequency control loop is highlighted in
red and the voltage control loop in blue. Deriving from Equa-
tion 3, the frequency loop’s governing equation is showcased
in Fig. 4. Here, torque reference is determined by dividing
power by the mechanical speed:

AT
Tosw = (Tret — T') — Dp(w — Wrer) “)

The voltage control loop employs the relationship detailed
in Equation 5. This translates to the equation presented in the
control system as Equation 6. The parameter D,, signifies the
reactive power droop coefficient, with AQ) and AV represent-
ing the variations in reactive power and voltage, respectively:

A
D, = _Tf (%)
Kq = Dq(vrﬁf - 1)) + (Qref - Q) (6)

Consequently, the pivotal parameters defining syncroverter
control encompass the acceleration time constant 7, the
damping coefficient D, the voltage control gain K, and the
reactive power droop coefficient D,.

(A)c_lpf Low pas.,
Pfriction [ Multiply ‘,F We
4 D [

Psetooint . P__IDamping
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Pl ’_\'/ Ta
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Kg = 1000 (1000) Dqg = 20 (20) Qglectrical
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Fig. 3. Syncroverter control block with given control parame-
ters

C. Droop Control Mechanism

The droop control approach employs a frequency-droop
controller, initially conceptualized for the autonomous func-
tioning of isolated microgrid systems [15]. Such a design
ensures the controller operates without the need for com-
munication, drawing parallels to traditional droop control
methods found in synchronous generators. However, it does
exhibit a slower transient response and suboptimal transient
active power distribution [15]. Fig. 4 illustrates the control
system, with power-frequency control highlighted in red and
the reactive power-voltage control accentuated in blue.

In the power-frequency control framework, the governing
equation is:

Aw = mpAP @)

Which translates into the control system as:

Wgen = Wref — mp(Pout - Pz ) (8)
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Conversely, for the reactive power-voltage control:

Av = mgAQ )
Translating to:
(10)

V = ‘/ref - mq(Qout - an)

In essence, the power-frequency control mechanism asserts
that a frequency alteration directly correlates with a power
change. Simultaneously, the reactive power-voltage control
implies that voltage fluctuations directly correspond with al-
terations in reactive power.

Key control variables encompass m,, (active power droop
coefficient) and m, (reactive power droop coefficient).

Fsetpomt

Psetpomt AP| Low pas PP Ipf| Mult.. | /

mp = 0.01 (0. 008
Usetpoint Mg =0.05 (0.01)

Qsetpomt AQ| Low pas FQ |pf| Mult.. )\

Qmeasurement

Pmeasurement

Fig. 4. Droop control block with given control parameters

III. METHODOLOGY

To analyze the different oscillatory performances of the sys-
tem, different simulations were done. A scenario representing
a 20 % load increment at Load A—symbolizing the demand in
one of the dual sectors within the 2A4G framework—served
as the perturbation for analysis. The foundational simulation
parameters were adopted from the models in [15], as shown
within the respective control block schematics.

The investigation comprised four distinct simulations. The
initial simulation focused on the role of inertia in system
stability. This phase entailed three separate simulations, each
varying the inertia constants for generator G3 across three
different magnitudes. Adopting a baseline of 900 MVA, the
simulations explored an elevated scenario at 1200 MVA and
a reduced scenario at 720 MVA, employing PowerFactory’s
integrated conversion metrics to utilize inertia constants of
45047.4 kgm?, 60063.2 kgm?, and 37539.5 kgm? for the trio
of cases, respectively.

Subsequently, generator G3’s output was moderated to 80
% of both active and reactive power, with the shortfall of 20 %
being offset by the grid-forming converters. In this scenario,
generator G3’s inertia was set at 720 MVA.

The analysis then transitioned to evaluating the grid-forming
converters’ impact, simulating their operation independently at
two pivotal junctures—initially at bus 3, followed by bus 10.

A sensitivity analysis was then done, utilizing the controller
parameters as detailed in section II. This segment of the
research offered a comparative exploration of how variances

in these parameters influence system stability. Adjustments
to the parameters were calibrated based on the specifications
highlighted within the control block parentheses, situating the
grid converters at bus 3 for this process.

To analyze the oscillatory behavior, eigenvalues and fre-
quency oscillation plots generated through PowerFactory were
instrumental. The eigenvalue analysis pinpointed the three
most critical modes alongside frequency oscillations, imple-
menting a nuanced understanding of system stability through-
out the investigation.

A schematic representation of the research methodology is
provided in Fig.5, offering a streamlined visual summary of
the investigative process.

Power system model

J

Y

isturbances|

RMS simulation
and
\ Eigenvalue analysis )

Operating
conditions

it

\
Processing
calculation outcomes

J/

Fig. 5. Methodology flowchart

IV. RESULTS
A. Inertia effects on Stability

Eigenvalues plot
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Fig. 6. Eigenvalues plot representing increased and reduced
level of inertia during pertubation
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Fig. 7. Frequency plot representing increased and reduced level
of inertia during pertubation
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B. Impact of Grid-Forming Converters During Lowered Iner-
tia

18 Eigenvalues plot
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Fig. 8. Eigenvalues plot representing different grid-forming
converter additions
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Fig. 9. Frequency plot representing different grid-forming
converter additions
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Fig. 10. Frequency plot representing different grid-forming
converters

C. Converter Placement Impact
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Fig. 11. Eigenvalues plot for comparison of converter place-
ment

Frequency plot bus 8

1.0000

50.9995

e

>.0.9990

o

§o.9985

o — VSM —— Droop-2

20'9980 —— Sync —— VSM-2
0.9975 —— Droop —— Sync-2

45 5.0 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Time

Fig. 12. Frequency plot for comparison of converter placement

D. Parameter Sensitivity Analysis
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Fig. 13. Eigenvalues plot for comparison of droop coefficient
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Fig. 14. Frequency plot for comparison of droop coefficient
values

V. ANALYSIS OF RESULTS
A. Impact of Inertia-changes for Stability

The eigenvalue analysis and frequency response prompted
by investigating three distinct inertia scenarios, is depicted in
Fig. 6 and 7 respectively. Analysis of the primary three modes,
as showcased in Fig. 6, and the incorporation of damping
ratios at both 5 % and 10 %, confirms the system’s intrinsic
stability under all examined conditions—characterized by non-
positive real eigenvalues. Yet, a nuanced inspection reveals the
tangible influence of varying inertia levels on system stability
dynamics.

The eigenvalues highlights that, in comparison to the base-
line inertia, simulations with increased and decreased inertia
levels manifest an increased oscillatory speed and decreased
damping for the first mode under reduced inertia conditions,
marked by an increase on the imaginary axis and a decrease
on the real axis, respectively. Conversely, an increase in inertia
is associated with a decrease in the initial mode’s speed
alongside an increase in its damping, cumulatively improving
the damping ratio for this mode. One mode remains virtually
unchanged across the trio of inertia scenarios, whereas the final
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mode demonstrates comparable stability attributes between the
baseline and increased inertia settings, with the decreased
inertia condition exhibiting improved damping alongside an
increased speed.

Parallel inferences are noticeable in the frequency response
in Fig. 7, where a more substantial inertia endowment is shown
to mitigate frequency deviations during the system’s initial
oscillatory phases, and overall lowered oscillatory response,
Indicative of an improved damping ratio as corroborated by
the eigenvalue analysis. This synthesis underscores the pivotal
role of inertia in modulating the system’s oscillatory behavior
and stability performance.

B. Oscillatory Dynamics with Grid-forming Converters under
Varied Inertia

The impact of grid-forming converters on oscillatory sys-
tem behavior, particularly under scenarios of low inertia, is
depicted through eigenvalue and frequency response analyses,
as showcased in Fig. 8 and Fig. 9. The eigenvalue plot,
incorporating baseline and reduced inertia states, reveals a
uniform influence on modal speed and damping across con-
verter types for one mode, while showcasing divergence in
the other two modes. Notably, the minimal modal speeds
observed within the converter scenarios are significantly el-
evated—nearly twofold—relative to the lowest mode in the
entirely synchronous settings. This indicates that the integra-
tion of grid-forming converters escalates the modal speeds.
Nevertheless, these modes exhibit enhanced damping ratios,
signaling a system characterized by rapid response and height-
ened damping efficacy. This observation is reinforced in Fig.
9, where a pronounced reduction in oscillatory behavior and
expedited settling times are evident, aligning with the preced-
ing analysis.

Differences in oscillatory performance among the grid-
forming converters, albeit subtle, are discernible in Fig. 8.
While the distinction between converters is small in compari-
son to the stabilization effect of their inclusion, nuances exist.
For instance, the Droop controller shows an independent mode
with marginally lower damping, contrary to the VSM and
Syncroverter. Conversely, the Droop controller’s final mode
exhibits superior damping and reduced speed relative to its
counterparts. The VSM and Syncroverter display similar be-
haviors, albeit with variances in modal speeds. Collectively, all
modes under grid-forming control maintain elevated damping
ratios, surpassing those associated solely with synchronous
generation.

The frequency plots comparing the trio of grid-forming
converter implementations further illuminate minor dispari-
ties in permissible frequency deviations during oscillations.
The VSM emerges as the most responsive, with minimal
frequency deviations during both initial oscillations, compared
against the Droop’s higher deviations, with the Syncroverter
intermediating these responses. Despite these slight variations,
the transition from purely synchronous generation to a hy-
brid system incorporating grid-forming converters signifies a
pivotal shift towards enhanced modal damping, underscoring
the multifaceted impacts of grid-forming converters on system
dynamics.

C. Dynamics of Grid-forming Converter Deployment

The strategic positioning of grid-forming converters within
the power system infrastructure, specifically the transition
from bus 3 alongside generator G3 to bus 10, manifests
significant ramifications on damping properties and oscillatory
behavior. This is shown through the eigenvalue analysis con-
cerning the principal three modes, given in Fig. 11. Within this
analysis, a consistent mode behavior across varied scenarios
is observed, albeit with two distinct modes demonstrating
notable divergence. One of these modes approaches the crit-
ical threshold of the 10 % damping ratio line, marking the
lowest damping ratio amongst all modes under each converter
configuration at altered locations. The two paramount modes
are characterized by relatively modest damping ratios, in
contrast to the third mode, which benefits from enhanced
damping. However, the aggregate damping efficiency and
system speed experiences a decrement, an observation cor-
roborated by the frequency response analysis presented in
Fig. 12. The scenarios involving relocated converters exhibit
a pronounced increase in permissible frequency deviation
during the initial oscillatory phase, underscoring an elevated
oscillatory magnitude and protracted settling durations relative
to prior configurations, thereby highlighting diminished system
damping.

Comparative analyses of converter performance at new
deployments mirror findings from preceding evaluations, af-
firming the nuanced impact of converter placement on system
dynamics. This segment underscores the pivotal influence of
grid-forming converter positioning on the oscillatory attributes
of the power system. Consequently, the strategic deployment
of grid-forming converter generation emerges as a critical
factor in oscillatory performance enhancement, necessitating
meticulous consideration of placement impacts on project-
specific stability outcomes. Empirical evidence suggests that
converter installation close to or in conjunction with existing
synchronous machines may improve stability across various
scenarios, particularly in the context of diminishing system
inertia. This serves to underscore the imperative for a nuanced
analysis of converter placement strategies to optimize stability
enhancements within the evolving power system landscape.

D. Converter Parameter Sensitivity and System Dynamics

The sensitivity analysis of converter parameters, as elab-
orated in section II, shows the nuanced impact of these
parameters on system behavior. The analysis finds the accel-
eration time constant T,, and the damping coefficient D, as
instrumental for the operational dynamics of both the Virtual
Synchronous Machine (VSM) and Syncroverter. Conversely,
the voltage control gain K, and the reactive power droop
coefficient Dy manifested minimal influence on the oscillatory
performance of the Syncroverter.

A notable observation is the significant influence wielded
by the acceleration time constant. Its reduction is directly
correlated with heightened oscillatory behavior and protracted
settling times, underscoring the criticality of T, in system
stabilization. The interplay of damping levels emerges as a
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delicate equilibrium; insufficient damping exacerbates oscilla-
tory magnitudes and settling times, whereas overly aggressive
damping poses risks of grid instability through generator pole
slippage, as illustrated by pronounced frequency deviations
when employing a damping coefficient of 300. In this con-
text, the VSM and Syncroverter exhibit parallel responses to
parameter variations.

The Droop controller’s sensitivity to active and reactive
power coefficients, explored through eigenvalue and frequency
response analyses (Fig. 13 and Fig. 14), emphasizes the
tangible effects of controller parameter tuning on system oscil-
latory characteristics. These findings illuminate the potential
of strategic controller adjustments to modulate critical system
modes. Post-parameter modification, one mode maintains its
previous characteristics, whereas the others exhibit a decline
in damping ratios, with one mode accelerating and the other
decelerating. The frequency response analysis corroborates
these observations, indicating that while the Droop adjustment
modifies the amplitude of initial oscillations, it concurrently
instigates more persistent oscillatory behavior, reflective of
diminished modal damping.

Conversely, alterations to the reactive power coefficient
exhibit a negligible impact on frequency dynamics and settling
intervals, underscoring the inherent linkage between reactive
power and voltage stability, rather than frequency stability.

This comprehensive analysis highlights that parameter ad-
justments within grid-forming converters wield profound im-
plications for the system’s oscillatory performance. It under-
scores the dual role of grid-forming converters in enhanc-
ing and potentially compromising system stability, contingent
upon the control strategy employed. This revelation accentu-
ates that controller performance across different settings is not
a foregone conclusion, advocating for a tailored approach to
converter parameter selection to optimize system stability and
performance.

VI. CONCLUSION

The evolving landscape of power systems, propelled by the
rise of power electronic interfaced (PEI) generation, demands
a reevaluation of stability strategies. Traditional synchronous
generators, central to system stability, are being supplemented
or replaced by advanced converter technologies. This research
explores the operational dynamics of three grid-forming con-
verter topologies: the Virtual Synchronous Machine (VSM),
droop control, and the Synchroverter, comparing their per-
formance against conventional synchronous generators under
varying inertia conditions.

The study reveals that grid-forming converters can signifi-
cantly enhance system stability, particularly when positioned
close to generators to optimize damping effectiveness in
unison with synchronous generators. However, the process of
parameter tuning emerges as a critical factor that can compro-
mise stability. Therefore, meticulous calibration is essential for
optimizing system stability.

With the increasing integration of PEI generation, grid-
forming converter controllers stand out as pivotal in ensuring
system stability, despite the inherent challenges. Their strategic
implementation and careful parameterization are vital for

maximizing their benefits in a renewable-dominant energy
landscape.

This investigation provides valuable insights for policy-
making, grid development, and the strategic deployment of
renewables, contributing a detailed comparative analysis that
highlights the role of grid-forming converters in shaping the
future of system stability.
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