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Abstract:

The increasing penetration of renewable energy sources (RES), such as wind and solar, has significantly reduced the
conventional synchronous inertia in power systems, leading to frequency instability, higher Rate of Change of
Frequency (RoCoF), and larger frequency deviations. This paper focuses on mitigating these frequency impacts using
Virtual Inertia Control (VIC) for optimal power system operations. VIC was implemented and optimized using Particle
Swarm Optimization (PSO) to enhance grid stability and ensure reliable system performance. This study investigates
the effectiveness of VIC in improving frequency stability in high-RES penetration power systems. Through
MATLAB/Simulink simulations, it was demonstrated that VIC significantly improves RoCoF and reduces frequency
nadir following disturbances. The analysis of control strategies, including droop control and inertia emulation,
revealed that proper tuning of virtual inertia parameters is crucial for optimal performance. The results confirmed that
VIC enhances grid resilience, enabling smoother frequency regulation under varying renewable energy conditions.
The simulations showed that increased RES penetration worsen frequency instability due to reduced system inertia.
At 30% penetration, frequency deviations were moderate, while at 50% and 70% penetration, the system exhibited
significant instability. VIC effectively mitigated these effects by providing synthetic inertia to compensate for the
reduced natural inertia. Furthermore, PSO-based VIC tuning enhanced frequency stability beyond standard VIC
implementations. The optimized VIC system achieved a lower RoCoF (-0.6 Hz/s compared to -0.8 Hz/s) and a faster
settling time (4.44s compared to 5.71s), ensuring improved dynamic response and grid reliability. Overall, this study
confirms that Virtual Inertia Control, particularly when optimized using PSO, is a powerful tool for mitigating
frequency impacts in renewable energy-based power systems. The findings highlight VIC’s crucial role in improving
grid stability and ensuring the reliable operation of modern power networks with high renewable energy penetration.

Keywords: Frequency Stability, Inverter-Based Resources (IBRs), Particle Swarm Optimization, power systems, Rate
of Change of Frequency, Renewable energy sources (RES), solar photovoltaic (PV), Virtual Inertia Control, wind
turbines.

(IBRs) now represent a substantial portion of

L INTRODUCTION contemporary power systems. Unlike conventional

Driven by the urgency of climate change mitigation synchronous machines that inherently contribute
and sustainable development targets, nations worldwide rotational inertia through their mechanical mass,
are increasingly adopting renewable energy technologies renewable energy technologies interfaced via power
such as wind and solar [1]. Inverter-based resources electronics typically lack this crucial dynamic
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characteristic. Inertia serves a fundamental function in
maintaining grid frequency stability by providing an
immediate response to abrupt mismatches between
generation and load. The replacement of traditional
generators with renewable energy sources reduces
system inertia, making power grids more susceptible to
frequency instability [2,3]. Sudden changes in
frequency, whether too low or too high, can lead to
cascading system failures which will forced load
reductions or complete blackouts. Maintaining
frequency stability is essential for the dependable
operation of a power system, as it helps keep the grid's
frequency at its standard value (50 Hz or 60 Hz) despite
variations in power generation or consumption. If not
properly managed, frequency deviations can cause
damage to electrical equipment, initiate cascading
failures, and result in large-scale blackouts. Inertia, an
inherent characteristic of rotating machines, plays a vital
role in stabilizing the grid by providing essential
damping during system disturbances. Power systems
function based on the real-time equilibrium between
electricity generation and consumption [4,5]. A sudden
loss of generation or an unexpected increase in demand
disrupts this balance, causing the system frequency to
shift from its nominal value. Frequency stability is the
grid's capacity to keep frequency variations within
acceptable limits (usually £0.5 Hz) during disturbances
or sudden changes in supply and demand. Numerous
electrical devices, including motors and transformers,
are engineered to function optimally at designated
frequencies. Sustained frequency deviations can lead to
excessive heating, which may degrade component
integrity and shorten their operational lifespan. Sudden
declines in system frequency may activate automatic
protection mechanisms, such as load shedding or
generator tripping, which can escalate into widespread,
unplanned power outages. In power systems, inertia is
derived from the kinetic energy stored in rotating
components like synchronous generators and turbines
[6,7]. These components act to resist changes in their
rotational speed, offering a quick response to
fluctuations in power balance. When a disturbance
happens, the resulting power shortfall leads to a
frequency drop. Inertia helps mitigate this by releasing
kinetic energy from the rotating masses, effectively
"buying time" (ranging from seconds to minutes) for
slower-acting control mechanisms to take effect [8]. This
process is described by the swing equation, which links
the rate of frequency change (RoCoF) to the system's
inertia and the power imbalance. Greater system inertia
leads to a lower Rate of Change of Frequency (RoCoF),
which moderates the speed of frequency deviations and
provides a critical window for implementing corrective
actions such as primary frequency control through
turbine governors or secondary control via automatic
generation control (AGC). Conventional power systems

primarily depend on synchronous generators such as
those in coal, gas, and hydro plants which naturally
supply inertia through their rotating masses. With the
growing integration of inverter-based renewable sources
like solar PV and wind, system inertia has declined, as
these technologies lack physical rotation and therefore
do not inherently contribute to inertial support. Virtual
inertia control (VIC) offers a compelling approach by
utilizing power electronic interfaces and energy storage
technologies to replicate the inertial behavior that was
once inherently delivered by conventional synchronous
machines. Through real-time modulation of active power
from inverter-based resources (IBRs) during frequency
disturbances, virtual inertia control facilitates renewable
energy contributions to frequency regulation, thus
strengthening the stability of power systems with low
inherent inertia [9].

The increasing adoption of renewable energy sources
(RES) particularly wind and solar has introduced critical
challenges in power system stability, especially in
frequency regulation. Unlike traditional synchronous
generators, RES-based generation units lack natural
rotational inertia, leading to amplified frequency
deviations during power imbalances. To address this
issue, virtual inertia control (VIC) has emerged as a key
solution, artificially replicating inertia to stabilize
modern grids. This paper reviews existing VIC
strategies, assesses their effectiveness in managing
frequency fluctuations, and identifies unresolved
research gaps. By evaluating control methodologies,
optimization  techniques, and  implementation
frameworks, this analysis provides a foundation for
improving grid reliability through VIC while
highlighting barriers to its widespread deployment. In
the future power system with high-share of RESs, the
overall inertia of the system would be significantly lower
due to the incorporation of inverter-based RESs
generation units, which are inertia-less. [10,11]
discussed the high-share of inverter-based generation
units and the resulting reduction in overall system
inertia, could have significant impacts on the stability
and operation of the power system.

To mitigate the impacts of low system inertia and
improve the stability of low inertia power system,
particularly the frequency stability, the emulation of
additional inertia into the power system without using
actual rotating mass in terms of virtual inertia becomes
one of the promising solutions. [12,13] summarized
several topologies to emulate the virtual inertia. All of
these topologies are developed based on a similar basic
concept. However, they differ in terms of the level of
detail in their implementation. To give an insight on
various topologies for virtual inertia emulation, several
notable topologies where briefly discussed and the
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difference between the topologies where highlighted.
[13] divided the virtual inertia emulation topology into
three main categories. Such as Synchronous generator
model-based topology, Swing equation-based topology,
Frequency-power  response-based  topology. (a)
Synchronous  Generator Model-Based Topology:
Synchronous generator model-based topology is the
topology for virtual inertia emulation based on the full
modeling of the dynamics of a synchronous generator
(SG). One of the examples of topologies in this category
is synchronverter. In synchronverter, both the electrical
part (the interaction between windings) and the
mechanical part of an SG (the rotating mass and inertia)
are modeled. Hence, the dynamics of an SG could be
accurately replicated. [14,15] carried out research works
on the analysis and the improvement of synchronverter.
(b) Swing Equation-Based Topology: Swing equation-
based topology is the topology for virtual inertia
emulation based on the swing equation of an SG. Hence,
rather than full modeling of an SG, only the swing
equation is modeled to emulate the virtual inertia. [16]
introduced one of the well-known topologies in this
category known as Ise Lab’s topology. The topology
works based on the measurement of grid frequency and
the active power output of the inverter. Several research
works on the analysis and the improvement of Ise Lab’s
topology are discussed by [17-19]. The other topology in
this category is the synchronous power controller (SPC).
(c) Frequency-Power Response-Based Topology:
Frequency-power response-based topology is the
topology for virtual inertia emulation based on the
response to the frequency change. This topology uses the
measurement of the derivative of the frequency change
to emulate the virtual inertia. The virtual inertia
emulation using the derivative of the frequency change
has been discussed. One of the topologies in this
category is the virtual synchronous generator (VSG).
Research work on the implementation of VSG were
discussed by [20]. In the frequency-droop control, a low
pass filter employed in the measurement of its output
power could be used to approximate the behavior of
virtual inertia control. [21] analyzed the impact of high-
penetration renewable energy injection on power system
frequency stability, and derives the system frequency
expressions in the absence of an FR scheme, and in the
presence of droop/inertia/PD controls that are
representative for various virtual synchronous generator-
based FR schemes. Under the same constraint of
available FR capacity, control parameter ranges of these
FR schemes were obtained, and their optimal conditions
for restraining the maxima of Ao and RoCoF were
identified and compared analytically. [22] explores state-
of-the-art virtual inertia support strategies tailored to
accommodate the increased penetration of RESs, it
explores the existing virtual inertia techniques and
i

control algorithms, parameters, configurations, key
contributions, sources, controllers, and simulation
platforms. The promising virtual inertia control
strategies are categorized based on the techniques used
in their control algorithms and their applications, it
facilitate the current state of research paths concerning
virtual inertia control techniques, along with the
categorization and analysis of these approaches, and
showcases a comprehensive understanding of the
research domain, which is essential for the sustainable
integration of renewable energy into modern power
systems via power electronic interface. [23] reviewed the
inertia concept and proposes a method to estimate the
rotational inertia in different parts of the world. In
addition, an extensive discussion on wind and
photovoltaic power plants and their contribution to
inertia and power system stability was presented. [24]
provided a thorough wunderstanding of the basic
principles, synthesis, analysis, and control of virtual
inertia systems. It uses the latest technical tools to
mitigate power system stability and control problems
under the presence of high distributed generators (DGs)
and renewable energy sources (RESs) penetration. It
uses a simple virtual inertia control structure based on
the frequency response model, complemented with
various control methods and algorithms to achieve an
adaptive virtual inertia control respect to the frequency
stability and control issues. This work captures the
important aspects in virtual inertia synthesis and control
with the objective of solving the stability and control
problems regarding the changes of system inertia caused
by the integration of DGs/RESs.

IL METHODOLOGY

The methodology is structured to ensure an effective
approach to mitigating frequency impacts on renewable
energy sources through virtual inertia control. The
research follows a simulation-based experimental
approach, where a power system model incorporating
renewable energy sources is developed in
MATLAB/Simulink. Virtual inertia control strategies
are implemented using control system toolbox for
designing and tuning the virtual inertia control system
and tested to analyze their impact on system frequency
stability. A test power system consisting of conventional
generators, renewable energy sources, and an energy
storage unit is modeled. The system is subjected to
disturbances such as sudden load changes or generator
tripping to evaluate frequency response characteristics.
The virtual inertia control is integrated into the
renewable energy system by continuously monitoring
the system frequency using frequency sensors.
Calculating the rate of change of frequency (RoCoF)
used to generate a compensatory power injection from A

Fig: I: Dynamic frequency response structure for virtual inertia control
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battery-based ESS used to store and release energy
dynamically to emulate inertia.

A. Mathematical Equations

To address the mitigation of frequency impacts
of renewable energy sources using virtual inertia
control, a comprehensive set of mathematical
equations that model the system dynamics and
control strategy are presented.

(1). Traditional Swing Equation: The frequency
dynamics of a power system without virtual inertia

are governed by the swing equation:
ol dAf
dt
= AP — DAf et vt (1)
where:

H is System inertia constant (s), Af is Frequency
deviation (Hz), AP is Power imbalance (Pu), D is
Damping coefficient (Pu/Hz ).

(2). Virtual Inertia Control Law: The virtual
power P, injected by renewable sources is
proportional to the Rate of Change of Frequency
(RoCoF) and frequency deviation:

dAf

PUiTt = Kan + KdA Srr e e ses e eee wae ses ses ses wes e (2)

where:
K}, is Virtual inertia gain (s)
K, is Virtual damping gain (pu/Hz )

(3). Modified Swing Equation with Virtual Inertia:
Incorporating P, into the swing equation:

dA
(2H + K;,) + d—tf + (D + Ky ))Af =AP .......(3)
This equation shows enhanced effective inertia
2H + K;,, and damping D + Kj;.
(4). Transfer Function Representation: In
Laplace domain, the system response to power
imbalance becomes:

A =

fO) = G Ks + 0+ KD
These highlights improved stability with shifted
poles.

AP(S) ....... (4)

(5). Washout Filter For Derivative Term: To
avoid noise amplification, a washout filter is

applied to the RoCoF measurement:

ST 5
o e e e (5)

where 7 is the filter time constant. The filtered virtual
power becomes:
ST

P,ir: (s) = Kipy mAf(s) + KGAf(S) wen e e (6)

(6). Energy Storage Dynamics.: The energy
storage systems' capacity is a key factor, defined as
the maximum energy that can be discharged in a
single cycle by the cell. The State of Charge (SOC)
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of the battery is expressed as the proportion of the
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remaining capacity to the battery's total rated
capacity.
Equation (7) illustrates the change in SOC (dSOC),
which varies based on time and the capacity C;.
idt idt
dSOCgsg = < = SOCss —f o 7
i i
(7). Power Injection Constraints: The virtual
power is bounded by the converter's capacity:

—Priax < Poirt < P woe voe eos ees e veeaee ere oo+ (8)

(8). Multi-Source Coordination: For N virtual
inertia sources, total contributions sum becomes

> dAf
Pvirt.total = Z (Kln,i 7 + Kd,iAf) fee e aesoaae (9)
i=1
(9). Optimal Gain Tuning: Using pole placement
or optimization to select K;,, and Kj;:

)L ¢ 1))

virt

Minimize f (Af? + pP?
0
where p penalizes control effort.

III. RESULTS AND DISCUSSIONS

The results and analysis of the impact of virtual
inertia control (VIC) on mitigating frequency
deviations in a renewable energy-integrated power
system is presented. The objective is to evaluate how
VIC improves system stability by reducing frequency
deviations and the Rate of Change of Frequency
(RoCoF) during disturbances. The results are
obtained through MATLAB/Simulink simulations,
where different scenarios are analyzed to
demonstrate the effectiveness of VIC in stabilizing
frequency fluctuations caused by renewable energy
variability and sudden load changes.

A. Frequency Response Without Virtual Inertia
Frequency Response Without Virtual nerta

Frequency (H=z=)

Time )
Fig. II: Frequency Response of the power system
when subjected to a sudden load change without VIC.

The sudden increase in load results in a frequency
dip as the power system reacts to balance supply and
demand. Figure II shows the frequency response of
the power system when subjected to a sudden load
change without VIC. The frequency drops
significantly Showing a deeper frequency dip
(greater deviation) indicating poor frequency support
due to the lack of inertia below nominal reaching
49.4Hz, with an initial Rate of Change of Frequency
(RoCoF) of -1.6Hz/s which is very high, more
oscillations and takes longer to stabilize indicating
instability with a settling time of 8 second.

B. Frequency Response with Virtual Inertia
Control
o Comparison of Frequency Response With and Without VIC
4 | I I | \ I | I
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Fig. III: Comparison of Frequency response with and
without VIC

Fig. III illustrates the system's response when VIC is
implemented, compared to the base case, the
frequency deviation is reduced, and the RoCoF is
lower, indicating improved system stability. The
simulation time spans from 0 to approximately 10
seconds, representing the deviation of system
frequency from its nominal value (per unit). The
scale ranges from 50.4Hz to 49.4Hz, the red Line is
a plot without Virtual Inertia showing the frequency
deviation when no virtual inertia is applied. It
exhibits higher oscillations and overshoot, meaning
the system struggles more to stabilize frequency.
Blue Line (With Virtual Inertia) represents the
system response when virtual inertia control is
implemented. The frequency deviation is smaller
with a maximum frequency deviation of 0.4Hz and
dampens faster, initial RoCoF is -0.8Hz/s with a
settling time of 5.71s indicating better frequency
stability. The frequency dip is less severe,
oscillations are dampened, and the system returns to
nominal frequency more quickly demonstrating the
effectiveness of virtual inertia in mitigating
frequency deviations. Virtual inertia helps reduce
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frequency deviations and improves system stability.
Without virtual inertia, the system experiences
greater oscillations and takes longer to stabilize. A
sudden load increase causes a frequency dip, and the
system must respond quickly to maintain stability.
This plot effectively shows why virtual inertia is
crucial in modern power systems with a high
penetration of renewable energy sources that lack
physical inertia.

C. Impact of Renewable Energy Penetration

To analyze the impact of VIC under different
renewable energy penetration levels, simulations are
performed at 30%, 50%, and 70% renewable energy
penetration. Figure 4.3 shows that as renewable
penetration increases, frequency deviations become
more significant without VIC, but with VIC, the
system maintains better stability.

Impact of Renewable Penefration on Frequency Stabilty
\ T \ T \ \ I

|
A%RE
—50%hREH
—10%RE

Frequency (Hz=)
T

=
T

Time s)

Fig. IV: Impact of Renewable Energy Penetration on
Frequency stability

D. Performance Analysis
TABLE I:
IMPACT OF RENEWABLE ENERGY
PENETRATION
Renew Frequ Rate of Settli
able ency Change of ng
Penetra Nadir Frequency Time
tion (Hz/s (RoCoF) (s)
)

30% 49.7 -0.25 6
RE
50% 49.5 -0.35 8
RE
70% 49.2 -0.45 10
RE

Table I. shows that Higher renewable penetration
increases frequency instability, requiring better
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inertia support. At 30% penetration, frequency
deviations were moderate, but at 50% and 70%
penetration, the system experienced more significant
instability. VIC proved effective in mitigating these
effects by providing synthetic inertia to compensate
for the reduced natural inertia.

E. Optimization-Based Virtual Inertia Control

An optimized VIC wusing Particle Swarm
Optimization (PSO) and Battery Energy Storage
System (BESS) is implemented. The results in Figure
4.4 indicate that optimized VIC provides even better
frequency stability, reducing frequency deviation and
RoCoF more effectively than conventional VIC.

Comparison of VIC and Optimized VIC using PSO
I

1y T T T \ { I I

—\IC

— Optimized VIC (PSO)

Frequency (H=)
= <
|

.

=

==
T

49]\ | | | | | | | | |
Time (5]

Fig. V: Comparison of VIC and optimized VIC using
Particle Swarm Optimization (PSO)

Fig. V compares virtual inertia Control (VIC) and
Optimized VIC (using PSO), the plot show that the
frequency deviation of the blue line (VIC) is 0.4Hz
while that of the optimized VIC is 0.3Hz, the
optimized VIC (black line) reduces the maximum
frequency deviation from 0.4Hz to 0.3Hz, meaning
better frequency stability. the settling time of the
blue line (VIC) is 5.71s while that of the optimized
VIC is 4.44s, the optimized VIC (black line) reduces
the settling from 5.71s to 4.44s, meaning faster
frequency recovery. The optimized VIC reduces
RoFoC from -0.8Hz/s to -0.6Hz/s, meaning a
smoother frequency change. The Optimized VIC
(PSO-based control) improves system stability by
reducing frequency deviation, lowering RoCoF and
achieving faster frequency recovery.

F. Comparison of Key Performance Indicators

A summary of the key performance indicators for
different scenarios is presented in Table II.

TABLE II:



PERFORMANCE COMPARISON OF
DIFFERENT SCENARIOS

Scenari Frequen Rate of Settli
0 cy Change ng
Nadir of Time
(Hz/s) Frequen (s)
cy
(RoCoF
)
Without 49.2 -0.5 10
VIC
With 49.6 -0.3 5.71
VIC
High 49.2 -0.45 10
Renewa
ble
(70%)
With 49.8 -0.2 4.44
Optimiz
ed VIC
(PSO)

From Table II, it is observed that VIC significantly
improves frequency stability by increasing the
minimum frequency (nadir), reducing RoCoF, and
decreasing the time required for frequency recovery.
The optimized VIC further enhances these benefits.

The results demonstrate that VIC effectively
mitigates frequency deviations in power systems
with high renewable energy penetration. The
findings highlight the following: Without VIC, the
system experiences severe frequency deviations,
high RoCoF, and prolonged instability. With VIC,
frequency deviations are reduced, and RoCoF
improves, leading to a more stable system. Higher
Renewable Energy Penetration without VIC results
in increased instability. However, VIC helps
maintain stability even with higher renewable energy
contributions. Optimization using PSO further
refines the VIC parameters, leading to better
frequency regulation and system resilience.

IV. CONCLUSION

This paper focused on mitigating frequency
impacts on renewable energy sources using Virtual
Inertia Control (VIC) for optimal power system
operations. With the increasing integration of
renewable energy sources such as wind and solar,
conventional synchronous inertia is being reduced,
leading to frequency instability, higher Rate of
Change of Frequency (RoCoF), and larger frequency
deviations. To address these challenges, VIC was
implemented and optimized using Particle Swarm
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Optimization (PSO) to enhance grid stability. This
work investigated the effectiveness of VIC in
enhancing frequency stability in power systems with
high RES penetration. Through simulation studies, it
was demonstrated that VIC can significantly improve
the Rate of Change of Frequency (RoCoF) and
reduce frequency nadir following disturbances. The
control strategies, including droop control and inertia
emulation, were analyzed, showing that proper
tuning of virtual inertia parameters is crucial for
optimal performance. The findings confirm that VIC
can enhance grid resilience, ensuring smoother
frequency regulation even under high renewable
energy penetration. However, the effectiveness of
VIC depends on the control algorithm, energy
storage support, and system dynamics. Thus, while
VIC presents a viable solution, its implementation
must be carefully optimized to match specific grid
conditions. The study demonstrated how VIC plays a
crucial role in improving frequency stability by
providing synthetic inertia, which slows down
frequency deviations after disturbances. Without
VIC, the system experienced high RoCoF and deep
frequency deviations after disturbances, whereas
VIC effectively reduced these impacts ensuring that
the system remains above the critical frequency
threshold. The simulations showed that higher
renewable energy penetration leads to greater
frequency instability due to reduced system inertia.
At 30% penetration, frequency deviations were
moderate, but at 50% and 70% penetration, the
system experienced more significant instability. VIC
proved effective in mitigating these effects by
providing synthetic inertia to compensate for the
reduced natural inertia. The application of PSO-
based VIC tuning further enhanced frequency
stability. Compared to standard VIC, PSO-optimized
VIC reduced frequency nadir, improved settling
time, and provided a more adaptive response to
system fluctuations. The optimized VIC system
outperformed conventional VIC, achieving a lower
RoCoF (-0.6 Hz/s compared to -0.8 Hz/s) and a faster
settling time (4.44s compared to 5.71s). Overall, the
results confirm that Virtual Inertia Control,
especially when optimized using PSO, is a powerful
tool for mitigating frequency impacts in renewable
energy-based power systems, ensuring improved
stability, reliability, and optimal operation of modern
power grids.
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