




Acknowledgements

First and foremost, I would like to express my heartfelt gratitude to my industrial su-
pervisor, M.Sc. Gereon Recht, at Deutsches Zentrum für Luft- und Raumfahrt (DLR),
for his invaluable guidance, support, and encouragement. His expertise and insights
were instrumental in shaping my research and enhancing my understanding of Energy
system modelling and the inertia problem in power system. From the moment I joined
the company, his constant feedback and direction helped me successfully complete
this work. I am really grateful for the opportunity to work alongside such a dedicated
researcher.

I would also like to extend my heartfelt thanks to my professors at Hochschule Darm-
stadt, particularly Prof. Dr. Athanasios Krontiris, and Prof. Dr. Sebastian Weck for their
persistent support and constructive feedback during my studies. I am also grateful to
them for accepting my request to supervise my work.

Additionally, I would also like to thank Karl-Kiên Cao, especially for his constructive
feedback. And all the DLR family for their warm welcome, cooperation and support
during my time spent with them. Their dedication to their work and willingness to share
their experience have helped me a lot.

Finally, I would like to thank my family and friends for their love and support through-
out this process. Their belief in me has been a constant source of motivation.

iii



Abstract

Historically, synchronous generators have dominated the power system; therefore, in-
ertia was often ignored in planning studies. Inertia is an inherent property of syn-
chronous generators that provides additional time for control mechanisms to respond
to changes. This inertia can be understood as the stored kinetic energy in rotating
generators, which is released or absorbed during frequency events and limits the rate
of change of frequency (RoCoF). As the carbon-neutral system demands more renew-
able energy, these sources, in particular wind and solar, have been extensively added
to the grid in recent years. These sources are connected to the grid via inverters;
hence, the grid frequency is decoupled. The majority of the inverters used are in grid-
following configuration, therefore these inverter-based resources (IBRs) cannot provide
any inertia during frequency events. As a result, the grid lacks synchronous inertia,
and low-inertia systems may experience load shedding or widespread blackouts when
RoCoF values exceed safe limits. Advanced control mechanisms, such as virtual syn-
chronous machines (VSM), allow IBRs to provide virtual inertia. This thesis examines
the integration of inertia constraints in long-term capacity expansion planning, which
aims to ensure the stability of frequencies in future low-inertia power systems, taking
into account sources that provide virtual inertia.

A large-scale convex optimization model, adapted from [71], which is implemented
for the European transmission system, divided into seven synchronous areas, is used
in this thesis for the comparative study. The model co-optimizes investment in gener-
ation, storage, and transmission while explicitly linking operational decisions to inertia
provision. Inertial response from different technologies is used according to their prop-
erties. A unit commitment relaxation enables high spatial and temporal resolution while
maintaining tractable computation. Stability is enforced via RoCoF constraints reflect-
ing realistic contingency sizes. Two planning scenarios are analyzed: a 'Brownfield'
configuration with existing conventional assets and a 'Greenfield' low-carbon configu-
ration excluding coal, lignite, oil, and nuclear plants. Each scenario is assessed under
unconstrained 'Base' and stability-constrained 'RoCoF' methods, and three experimen-
tal cases are tested to compare the effect of allowing both battery energy storage sys-
tems with grid-forming inverter (BESS GFM) and virtual inertia enabled wind turbine,
only BESS GFM, or only wind system with virtual inertia technologies.

Simulation results confirm that Base cases without inertia constraints often exhibit
regional RoCoF violations, especially in low-inertia Greenfield scenarios. In contrast,
the stability-constrained model consistently maintains RoCoF below the operational
threshold (1 Hz/s) by investing in inertia-providing resources. It is also validated that
enforcing RoCoF constraints increases total annualized system costs, but the impact
is modest in most cases (0.04% - 0.06%), except when only wind turbines with vir-
tual inertia is permitted, where lower inertia constants and higher capital costs gener-
ate larger cost increases. Across scenarios, BESS GFM emerges as the most cost-
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effective virtual inertia source, enabling targeted investment that improves stability with
minimal additional cost.

The findings show that it is possible to include explicit inertia constraints in large-
scale energy system planning. Inertia-aware planning is essential for policymakers and
system operators to ensure cost-effective, low-carbon power systems that can operate
securely in a high-renewable, low-inertia future.
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Abbreviation

Abbreviation Meaning
aFRR Automatic Frequency Restoration Reserve

AC Alternating Current
ACE Area Control Error
AGC Automatic Generation Control

BESS Battery Energy Storage System
CCGT Combined Cycle Gas Turbine

DC Direct Current
DFIGs Doubly-Fed Induction Generators

DGs Distributed Generators
IBR Inverter Based Resources

FCR Frequency Containment Reserve
GFL Grid following
GFM Grid Forming

HVDC High Voltage Direct Current
mFRR Manual Frequency Restoration Reserve
MPPT Maximum Power Point Tracking

OCCGT Open Cycle Gas Turbine
OPF Optimal Power Flow
PCC Point of Common Coupling
PHS Pumped Hydro Storage
PLL Phase-locked Loop

PMUs Phasor Measurement Units
RoCoF Rate of Change of Frequency

RoR Run of River
RR Replacement Reserves

RTUs Remote Terminal Units
SCADA Supervisory Control and Data Acquisition

SCRs Short Circuit Ratios
SoC State of Charge
SG Synchronous Generator
UC Unit Commitment
VIE Virtual Inertia Emulation

VSG Virtual Synchronous Generator
VSM Virtual Synchronous Machine

VSYNC Virtual Synchronous Control
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1 Introduction

1.1 Background and Literature Review

The decarbonization goal brings every sector into the shift towards more emission-
reducing solutions. Addressing economic and environmental goal is applicable to en-
ergy sector as well [56]. Large thermal plants are the backbone in power genera-
tions, along with other mostly synchronous generation, such as Hydro. Electricity grids
worldwide are undergoing a paradigm shift towards inverter-based renewable energy
sources, such as wind and solar. Hence, such renewable sources have been exten-
sively developed in recent years. As a result, more conventional energy sources are
being decomissioned, and new variable renewable sources are replacing them. At the
same time, innovation in these renewable sources is growing, making them an increas-
ingly attractive option [63].

The benefits include sustainable development, scalability, energy security, a diverse
energy mix, and decentralized energy production, which comes with variable renew-
able energies [56]. This energy transition also has drawbacks such as intermittency
leading to reliability issues, as well as infrastructure challenges, as the existing grid
may require significant upgrades [63]. Nevertheless, now a more challenging topic
arises in terms of inertia, and some grids are already facing the problem, especially
those where renewable penetrations are very high [30].

In the conventional generator units, the stored kinetic energy in the rotating masses
is released or absorbed during a load-generation imbalance. It acts as a buffer to the
system frequency changes and provide time to the other control mechanisms in the
system to respond. Most of the conventional generating units consist rotating part in-
herently release or absorb kinetic energy during imbalances. The speed of the rotating
units is directly associated with the grid frequency, and thus they naturally provide in-
ertia. But direct rotation of the modern wind turbines is decoupled from grid frequency.
The recent wind models, especially Type 3 and Type 4, use power electronics con-
verters to supply the energy to the grid. Similarly, solar uses these converters. The
energy storage solutions involving batteries also depend on those technologies. Since
on the grid side the converter used is called inverters, from now on, these energy
sources are called inverter-based resources IBR in this thesis. Although these energy
sources are fast reacting, they lack the physical inertia. While these energy sources
have demonstrated their ability to contribute to the energy mix, the issue of rotating
mass has usually gone unnoticed.

The research in [90], [50], [57] indicates that low inertia causes system instability and
rapid frequency fluctuations. The paper [69] reviews the requirements for future low-
inertia power system, the issues arising from such systems, and potential solutions
with different inertia control techniques in IBRs. In ref [87], the author defined and
quantified the inertia, as well as elaborated on the effects of reduced inertia on system
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1 Introduction

stability. The future power system inertia is also described, and points out the instability
issues to be addressed with the new approaches.

In the grid dominated by IBRs, at the time of outages, it is challenging to maintain
stability since backup sources will have significantly less time to respond and might
be out of synchronism with the grid, which results in the increased risk of load shed-
ding, equipment damage, or even widespread blackouts [90]. During the event, the
frequency rapidly changes and triggers the protective devices.

The inertia from IBRs depends on the control system. All IBRs can provide virtual
inertia with the correct control loop. Ref [22] reviews how solar and wind participate in
the frequency stability. They explained the control mechanism for wind and solar differ-
ently, as well as combined with the BESS. Ref [35] explained the wind hidden inertia
control scheme and simulated the effects of synthetic inertia from the wind on system
inertia following a frequency disturbance for various scenarios. Ref [70] presented the
different wind control for the inertia. The wind turbine can be operated at a reduced
rotational speed from a higher value to a lower value, resulting in the corresponding re-
lease of real kinetic energy into the grid. Ref [54] also explains that when the synthetic
inertia method is used, wind turbines slow down supplying inertia, but that equivalent
energy is recovered from the grid. If not controlled sensibly, the second frequency
nadir occurs in the wind turbine. Solar has to be de-rated to supply inertia, and hence,
energy will be wasted.

Advanced control mechanisms of virtual inertia are explained in [7],[102],[44],[96],[77].
In all these approaches, they try to mimic the synchronous machine behaviors. Inertia
emulation and damping are standard in these models. The mathematical details are
different in all models, as some do not implement the stator windings or field windings.
The swing equation is implemented. There are two concepts in inverters. Grid following
inverters follow the grid frequency and are controlled devices. However, grid-forming
inverters can form a voltage and lead other grid-following inverters and other genera-
tors. The fundamental difference between grid-forming and grid-following inverters and
the control of grid-forming inverters techniques are described in [74]. The inertia in
the grid-forming inverter is also provided as a must-have property, and various control
techniques to provide the inertia are explained in [86] with control diagrams. The study
confirms that the grid-forming inverters are inertia responsive with the virtual inertia
control, even though they are decoupled from grid frequency.

There exists abundant research in the energy system modelling [81], [15],[42],[10],[40].
Historically, they prioritized economic and emissions objectives while omitting system
stability and frequency quality constraints. One example is [85]. This research de-
scribes the optimal investment in new generation, storage, and flexible technologies
for operational flexibility in a renewable environment, with tests in the modified IEEE
116 bus system and a stylized model of the Dutch power system for 2040. The model
provides a solution for the traditional planning method with UC formulation, which may
overestimate the system’s flexibility, as it does not capture the real-world constraints on
ramping and operating reserves to handle variability. This model utilizes the instanta-
neous power output of all technologies, detailed ramping constraints, start-up and shut-
down behavior, and operating reserve for each technology. This power-based model
shows that it requires less total investment (6 - 12% less) than energy-based models,
while also achieving lower operational cost (2 - 8% less) and CO2 emissions. The rea-
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son behind this is that power-based models more accurately reflect system flexibility
needs and capabilities, leading to a technology mix that is more suitable for real-time
operation. It is also noticed that schedules derived from power-based models result in
far fewer deviations when operated in real-time 5-minute dispatch, compared to sched-
ules from energy-based models, which require more costly rescheduling. Moreover,
the study finds that the power-based models allow for more efficient use of storage and
other flexible resources, helping to integrate more renewables with less operational risk
and cost. This model is a good match for the flexibility of renewable energy, but does
not account for inertia.

In [36], Gu et al. try to find out the minimum synchronous inertia requirements in
a renewable-dominant power system with the economic dispatch problem. The syn-
chronous inertia-constrained algorithm ensures that minimum inertia is always online to
satisfy dynamic frequency stability constraints. They include RoCoF and frequency de-
viation as constraints. If frequency security is compromised, the dispatch is iteratively
adjusted. It includes scheduling of synchronous condensers and wind power reserves
(with emulated inertia) alongside conventional synchronous generators and frequency
control ancillary services (FCAS). Applying the algorithm to a projected 100% renew-
able energy system of the Australian National Electricity Market in 2030, the study
shows that without inertia constraints, the system dispatch results in dangerously low
inertia and high RoCoF. However, inertia-constrained dispatch successfully limits the
RoCoF and frequency deviations within regulatory boundaries. The results confirm
that maintaining adequate system inertia results in a modest increase in operational
cost, balanced by enhanced frequency stability.

Paturet et al. in [65] emphasize the economic and market dimensions of inertia pro-
vision, which addresses the critical challenge of procuring and pricing inertia in modern
power systems characterized by high shares of inverter-based renewable. The study
highlights that inertia is a valued distinct service and cannot be treated as a byproduct
of energy supply anymore. They developed an advanced UC formulation incorpo-
rating frequency stability constraints, particularly focusing on the RoCoF limit as the
key inertia-related constraint. The unified co-optimization model represents a realistic
approach to modern grid operation. The detailed case studies validate the method-
ologies and reveal practical insights on market design and cost impacts. Introducing
inertia constraints increases system costs, mainly due to the commitment of additional
synchronous machines for inertia provision.

Ref. [64] solves the UC problem with frequency-related constraints. Not only Ro-
CoF and frequency nadir, but also the steady-state error, are considered in the model.
Inertia constraints increase the total costs as more synchronous machines are online
for the selected wind farms, which are used as virtual inertia providers using VSM or
droop control. The results suggest that without inertia constraints, the UC solution of-
ten reduces the number of synchronous generators online during periods of high wind,
aiming for economic efficiency and minimal costs. When inertia constraints are im-
posed, after a significant outage or disturbance, frequency metrics such as RoCoF,
frequency nadir, and steady-state deviations all remain within safe bounds. The UC
must commit extra synchronous generators (beyond those needed for energy or re-
serve purposes) specifically to supply enough rotational inertia. That led to about a
5% increase in system cost for the analyzed day, with start-up costs surging by over

3



1 Introduction

180%. The principal driver is the commitment of extra synchronous machines solely
for inertia. These units often operate at technical minimum output to contribute inertia,
which triggers increased operational costs, notably start-up and reserve costs. More
wind curtailment is needed to accommodate the extra committed generators.

Wogrin et al. [76] delves into the critical assessment of the impact of inertia and
reactive power constraints in the planning of generation expansion, particularly in the
context of transitioning to power systems with high renewable penetrations. With the
help of Low-Carbon Expansion Generation Optimization model, they investigate the
implications of explicitly considering inertia and reactive power constraints in optimiz-
ing the future power system’s capacity mix. The model reveals that failing to consider
inertia can make high-renewable systems either infeasible or far costlier when ex-post
upgrades are required to stabilize frequency. The results also confirm that when iner-
tia constraints are imposed, the system frequently requires maintaining some ”must-
run” synchronous or virtual inertia-providing units, limiting the achievable penetration of
inverter-based renewable energy unless these technologies are enhanced with inertia
controls. Here, wind and BESS are considered as virtual inertia-providing units.

Ref [71] introduces a convex reformulation for scalable inertia-aware planning, allow-
ing the incorporation of RoCoF limits on a system or regional basis. This mathematical
formulation enables continental-scale models to enforce inertia requirements tractably
and time step, showing that in the absence of such constraints, cost-driven models
rapidly collapse system inertia below safe levels. Numerical experiments suggest that
incorporating inertial response constraints can lead to a cost-effective increase in re-
newable generation while maintaining grid stability. This result means that planners
can expand capacity without incurring prohibitive costs. In this study, only the BESS is
included for the virtual inertia response.

Unlike [64] and [36], [76] modelled RoCoF constraints only because this is the most
important parameter that indicates the stability of the system. Ref [71] also uses Ro-
CoF constraints only in their model. The economic results from these research, even
though they used a different model, show that the inertia-constrained model is expen-
sive as different inertia providing resources have to be brought online. As [76] included
the reactive power and has wind and BESS as a virtual inertia source incorporated in
the model, but [71] uses DC approximation and hence only active power is considered
as it is directly associated with frequency and inertia.

This thesis explores the implications of incorporating inertia into energy system plan-
ning, particularly through an optimization model that minimizes the total annualized
costs of generation, storage, and transmission systems. This thesis also investigates
the stability issue under suitable grid conditions and analyze the virtual inertia from
BESS GFM and wind turbines with grid forming capabilities.

1.2 Research Motivation

A major motivation for researching inertia response in energy system planning arises
from the impact of declining system inertia on frequency stability in future grids with
high shares of inverter-based renewable energy. Numerous studies reveal that iner-
tia provides an immediate buffer to frequency disturbances, slowing down the Rate of
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Change of Frequency (RoCoF) and granting critical time for control system to react
[90] [56]. As inverter-based resources replace traditional synchronous generators, in-
ertia declines. The grid becomes more vulnerable to rapid frequency swings, which
may trigger load shedding or widespread blackouts. It is possible to test the stabil-
ity of such systems with the optimization model. Energy system optimization models
can incorporate RoCoF constraints directly into the objective function and operating
conditions. That ensures plant commitment and infrastructure expansion account for
minimal inertia needs.

Ref [76] demonstrates the possibility in generation expansion modeling to include
inertia and RoCoF constraints and analyze the cost efficiency. The control with which
the IBRs can supply virtual inertia is also well studied. It is important to know the im-
pact of such technologies in planning study and their cost-optimal solutions. But the
integration of such virtual inertia providing resources in the energy system planning
is underexplored. The insights provided by this study will be of great help to policy-
makers and energy planners in focusing on energy system optimization with particular
reference to inertia.

1.3 Problem Statement, Objectives and Research
Questions

The central problem addressed in this thesis is the challenge of maintaining grid sta-
bility in scenarios with a high share of renewable energy while minimizing costs. The
energy system has been growing in tandem with the increasing share of renewable
energy; however, its lack of inherent inertia makes the grid vulnerable to system insta-
bilities and unreliability. Considering virtual inertia from IBRs, it is analyzed whether
the model can solve the frequency stability issues.

Bringing the fields of energy system modeling and power system stability closer
together is considered a key contribution of this thesis. The main objectives of this
thesis tries to address the following:

• To collect data on the inertia constants for generating units and link them to the
technologies in the model

• investigate whether an inertia-constrained model improves the stability of the sys-
tem by looking into the RoCoF and inertia values in synchronous areas

• To investigate the costs and technologies involved in improving stability

The primary research questions directing this study are as follows:

• How does considering inertia for frequency stability affect the results of an energy
system model targeting a high share of renewables?

• What kind of effect does it impose on the capacity expansion planning problem in
terms of cost?

The following two hypotheses are proposed with the aim of validating both.
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• Hypothesis 1: Looking at a scenario with a high share of renewables, the result
of the base model is expected to show instabilities due to a low share of inertia.
The stability-constrained model, however, should not show these instabilities, as
it considers the system inertia in the RoCoF constraint.

• Hypothesis 2: The stability-constrained model results in a more expensive system
due to higher costs for inertia-providing devices.

1.4 Scope and Limitations

This research focuses on optimizing energy systems with high share of renewable
energy sources, with a specific emphasis on inertia in grid stabilization. The scope
includes finding the inertia constant data, especially for conventional generation and
storage technologies, research for the virtual inertia providing technologies and find
their inertia constant, adding those technologies to the model with the proper param-
eters, and running the model under different cases depending on the allowed virtual
inertia technologies, check the inertia performances, ensure stability is attained in the
inertia-constrained model, and compare energy mix, power expansion and cost effec-
tiveness for defined scenarios.

This study has some limitations. The models used in the optimization problem are
simplified or indicate the aggregated systems and they may ignore complex grid phe-
nomena, such as spatial inertial distribution, cascading failures, or local protection
schemes. The model in this study is also conditional upon given assumptions, such as
the dependence of renewable generator availability on weather or the planned unavail-
ability of conventional generators [71]. Additionally, the analysis is constrained to a Eu-
ropean region, which may limit the generalization. Inertia in the system mainly depends
on the inertia constant, which is assumed to be an average value. The range might be
large, and these values could yield different results depending on the choices made for
them [47]. The uncertainties related to load profiles, costs of technologies, and policy
evolution can also affect the model outputs, rendering them scenario-specific and lack-
ing robustness in reality. Hence, while this research is pivotal for strategic planning, it
must be complemented with extensive operational studies under diverse system con-
ditions to ensure the complete reliability of the future systems. Future research could
expand on these limitations by exploring different scenarios, cost assumptions, poli-
cies, and ranges of inertia constant.

1.5 Thesis Organization

The remainder of the thesis is organized as follows: Chapter 2 provides the theoretical
background for the topics addressed in this study. It describes the energy system
modeling, inertia, inertia from different sources, inertia constant, power system stability,
RoCoF, and how virtual inertia can be emulated.

Chapter 3 describes the methodology used in this thesis. The model description,
unit commitment relaxation, general assumption, scenarios and cases used, and con-
straints for inertia. Chapter 4 presents the simulation results on stability, total annu-
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alized cost, power and inertia expansion, as well as the energy mix for different sce-
narios. Furthermore, Chapter 5 concludes the thesis with recommendations for future
studies.
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2 Theoretical Background

2.1 Inertia

Inertia, in simple terms, represents a physical object’s resistance to changes in its
state of motion. In a power system, the objects in motion are the rotating masses in
generating plants, which include synchronous generators (though induction generators
are also available, they are rarely used), turbines, and other rotating bodies connected
to the power system. The quantity that defines the resistance to changes in rotational
speed is known as the moment of inertia of the rotating mass [87].

The inertia of a power system represents its resistance to external disturbances that
cause frequency changes, and it is crucial for maintaining system frequency stability
[54]. In a power grid, hundreds or thousands of synchronized generators provide this
inertia, meaning that all rotating generators operate together in synchronism. These
rotating masses are interconnected through electromagnetic forces [19]. The kinetic
energy stored in those generators is directly related to the rotor’s moment of inertia
and speed. When a sudden imbalance occurs, for example, due to a generator failure
or a rapid increase in demand, inertia acts as the first line of defense. It is an inherent
property, hence it helps to stabilize frequency by slowing down changes, thereby buying
critical time for control systems to react [37], [54].

Since inertia is kinetic energy stored in the synchronous generators, it has the same
unit as kinetic energy. However, the response period of the inertia is typically short, it is
expressed in MWs or in MJ. For instance, 1 GW of inertia refers to the inertia provided
by a 1 GW power generator for 1 second [19]. The combined inertia from all sources
connected to the grid represents the total system inertia. This combined inertia has the
ability to resist changes in frequency following disturbances. The instant inertia buffer
releases energy, supplying or absorbing power to slow down the rate of change of
frequency (RoCoF) [88], [34]. By slowing down the frequency deviation, system inertia
provides additional time for control systems to react and restore the balance between
generation and load. After the initial inertial response, the primary frequency control
system engages to prevent issues like load shedding (more details in Section 2.8.4). A
high inertia system reduces the risk of frequency instability.

The inertia of the system is not constant; it changes depending on the operational
conditions. Factors such as unit commitment, generator dispatch, and merit order also
influence the system’s inertia [87].

The majority of inertia in the power system comes from synchronous generators.
The mechanical rotational speed, denoted as ω, of synchronous generators is directly
coupled with the electrical angular frequency ωe [87]. According to Newton’s second
law, the rotor can experience acceleration or deceleration when an unbalanced torque
is applied to it [49].
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J
dωm

dt
= Tm − Te (2.1)

where J is the total moment of inertia of the turbine and generator rotor in kgm2, ωm is
the angular rotor velocity in mechanical rad/s, Tm is the mechanical torque, and Te is
the electrical torque in Nm.

The term inertia constant H can be introduced as the ratio of the kinetic energy in
watt-seconds at rated speed to the VA base. This term is explained in details in Section
2.5.

H =
Kinetic Energy

V Abase

(2.2)

=
1

2
Jω2

0m/Sbase (2.3)

ω0m is the rated angular velocity in mech. rad/s, and Sbase is the base apparent power
in VA. The moment of inertia in terms of the inertia constant can be written as

J =
2HSbase

ω2
0m

(2.4)

Substituting the J value in the 2.1 results in

2HSbase

ω2
0m

dωm

dt
= Tm − Te (2.5)

This equation can be rearranged to

2H
d

dt
(
ωm

ω0m

) =
Tm − Te

Sbase/ω0m

(2.6)

Since the term Sbase/ω0m represent the base torque Tbase, The equation can be written
in per unit form as[73]

2H
dω̄r

dt
= T̄m − T̄e (2.7)

ω̄r =
ωm

ω0m

=
ωe/p

ω0/p
=

ωe

ω0

= ω̄e (2.8)

where, ωr is the rotor angular velocity in electrical rad/s, ωe is the electrical angular
velocity in electrical rad/s, ω0 is its rated value, and p is the number of pole pairs.

Rotor angular position with respect to a synchronously rotating reference can be
expressed as

δ = ωet− ω0t+ δ0 (2.9)

where δ is the rotor angle in electrical radians, δ0 represent the initial rotor angle at t =
0.

Taking the derivative of the rotor angle with respect to time gives the rotor angu-
lar velocity in electrical rad/s and then again time derivative of rotor angular velocity
produces 2.11

dδ

dt
= ωe − ω0 = ∆ωe (2.10)
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d2δ

dt2
=

dωe

dt
− dω0

dt
(2.11)

As ωe = ω0ω̄r, and dω0

dt
= 0 the above equation becomes

d2δ

dt2
=

dωe

dt
= ω0

dω̄r

dt
(2.12)

substituting the dω̄r

dt
in the equation 2.7 gives

2H

ω0

d2δ

dt2
= T̄m − T̄e (2.13)

This equation can be reformulated in term of ω̄e to:

2H
dω̄e

dt
= T̄m − T̄e (2.14)

The inclusion of the damping term in the equation gives the following equation.

2H

ω0

d2δ

dt2
+D∆ω̄r = T̄m − T̄e (2.15)

Where D is the damping factor in pu torque/pu speed deviation, ∆ω̄r is the deviation
of the rotor angular velocity from its rated value in per unit. This equation is commonly
referred to as the swing equation. The equation can be expressed in terms of power
rather than torque as:

2Hω̄e
dω̄e

dt
= P̄m − P̄e (2.16)

where P̄m is the mechanical power in pu, and P̄e is the electrical power in pu. The
system frequency is considered the global system parameter; hence, the power inputs
are aggregated into a single unit, which represents the single mass model [87]. Then
the inertia constant H is the system inertia; therefore, the above equation becomes:

2Hsysω̄e
dω̄e

dt
= P̄g − P̄l (2.17)

where P̄g is the total generation in pu, and P̄l is the total load in pu. Hsys is the weighted
sum of the inertia constants of the inertia constants of the individual machines [29].

Hsys =

∑
∀i HiSi∑
∀i Si

(2.18)

where Hi is the inertia constant of the ith generator(assumption is that neglecting inertia
from load ), and Si is the base apparent power of the ith generator. Assuming ωe ≈ 1 ,
above equation becomes:

2Hsys
dω̄e

dt
= P̄g − P̄l (2.19)

This equation describes the behavior of the synchronous generators in the system
and is used in the control loops in IBRs to provide the inertia.
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2.2 Inertia from IBRs

Most of the conventional power plants are equipped with synchronous generators. The
wind and solar use inverters. Likewise, the battery energy storage (BESS) technology
also uses inverters to supply power to the grid. In recent years, the integration of these
power sources has significantly increased. These resources are controller-based and
decouple grid frequency, hence they cannot provide the same frequency support as
synchronous generators. Currently, PV and wind sources connect to the grid using the
grid-following (GFL) approach, which is not suitable for weak grids. This necessitates
the Grid-forming (GFM) concept [86].

2.2.1 Grid Following Technique

The fundamental difference between grid following and grid forming techniques lies in
their behavior. The grid following inverter is controlled in such a way that it behaves as
a current-controlled source with a high parallel impedance. A representative diagram
for grid-forming inverters is shown in Figure 2.1.

(a) GFL (b) GFM

Figure 2.1: Inverter representation [24]

GFL inverter injects the power or regulates voltage by controlling injected currents.
GFL requires the reference angle for the current injection. The response phasor dia-
gram to the fault of a grid voltage is shown in Figure 2.2. A GFL converter, acting as a
current source, initially keeps its output current unchanged. It must first detect the new
grid voltage phase before adjusting, which causes a delay and results in a variation in
its output voltage.

GFL converters require a dedicated synchronization unit, typically a phase-locked
loop (PLL), to detect the grid voltage angle and adjust their output accordingly [24].
PLLs in GFLs can negatively impact small-signal stability, especially when multiple
GFL units operate nearby or under low short-circuit ratio (SCR) conditions. This is
because their synchronization relies on the point of common coupling (PCC) voltage,
which is significantly influenced by the converter’s own current, introducing negative
damping to the grid [74].

However, under the strong grid condition, GFL shows better stability. Due to its
characteristics, it cannot actively control the frequency and cannot provide inertia [86].
In grids that are dominated by GFL inverters, the damping of the converters is reduced,
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which results in a larger frequency shift, which means the sensitivity to inertia has also
increased [86].

2.2.2 Grid Forming Technique

GFM can provide the reference voltage for the load and other units. The representative
diagram for GFM is shown in Figure 2.1. GFM controls power by controlling voltage
directly at its terminal. The control strategy in the GFM can independently establish
the voltage phasors that will provide the inertia to the system. This is crucial in GFM
control. A GFM converter, which behaves like a voltage source behind impedance,

(a) GFL phasor (b) GFM phasor

Figure 2.2: Phasor diagram after grid voltage perturbation [74]

maintains its internal voltage unchanged, allowing for an immediate change in current
output as shown in Figure 2.2.

While this fast response is beneficial for grid support, it can lead to a rapid rise in
current, potentially risking damage to the converter hardware if not properly controlled
[74].

GFM converters can often self-synchronize by emulating the natural synchronization
behavior of synchronous machines (synchronize based on their active power output),
eliminating the need for a separate unit. With their self-synchronizing and voltage-
source behavior, GFM is more suitable for weak grids [86]. However, in stiff grids
with high SCRs, GFMs can face instability due to high sensitivity to small phase angle
differences, which may cause large power fluctuations. Therefore, stronger damping
controls are needed for GFMs to perform reliably across varying grid conditions [74].

There are basically two groups of control for inverter based resources: direct and
VSM based control.

2.2.3 Direct Inertia Control

The synthetic inertia method relies on the RoCoF and frequency deviation to achieve
dynamic frequency regulation. Inertial response during the disturbance is achieved by
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the following equation [93]

∆P = −Kinertia
df

dt
−Kdroop(f − fn) (2.20)

where ∆P is the active power change or equivalent disturbance power, Kinertia is the
inertia coefficient, df/dt is the frequency deviation, f is the terminal frequency and PLL
is used to get this frequency [84], fn is the nominal frequency, and Kdroop is the droop
coefficient.

The terminal frequency must be filtered using a low-pass filter to eliminate mea-
surement noise [93]. A small dead band (e.g., 0.1 Hz) is implemented to prevent the
synthetic inertia strategy from reacting to minor frequency fluctuations during normal
operations [93]. The response based only on RoCoF is called the one-loop control,
while the control based on both RoCoF and frequency deviation is called the two-loop
control [22]. In a Wind and PV generation system, this control mechanism can be
further explained.

For wind generations

Synthetic wind controllers in wind turbines use the two approaches: Hidden inertia and
reserve power [35]. this period in the controller is given as [22]

∆P = 2Hωm
dωm

dt
(2.21)

where H is the inertia constant and ωm is the rotational speed of the generator, which
is proportional to the terminal frequency. When the frequency decreases, the turbine’s
reference power is increased, slowing the turbine and extracting kinetic energy from
the rotor, thereby temporarily boosting the power output [93]. A droop term, which is
proportional to the frequency deviation from its nominal value, has two functions: (1) it
counteracts the maximum power point tracking (MPPT) control, which would otherwise
reduce the inertial response during disturbances, and (2) it limits frequency deviation by
increasing the turbine’s power output in proportion to the frequency change. After the
inertial response, the wind turbine is expected to return to its pre-disturbance operating
point, leading to a subsequent underproduction or recovery period following the initial
overproduction [93]. During the recovery period, the wind turbine uses the energy from
the grid to restore the rotor speed to its normal position, and hence, this method is
energy neutral.

Variable wind turbines always operate at the maximum point with the MPPT control;
therefore, no reserve is available to control the frequency support at the steady state.
A standby reserve power can be maintained in the pitch. This method is called the
reserve capacity approach [35]. When the turbine intentionally reduces its rotational
speed from a higher value to a lower value, this drop in speed corresponds to a release
of real kinetic energy into the grid [70]. In this method, energy is not absorbed after
the event, and the turbine continues operating at a slightly lower but constant power
output, which is less than the optimal power output. The advantage is the close inertial
behavior of the wind turbine to the synchronous generator. The disadvantage is that it
involves the derating, and hence, energy is wasted.
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(a) Rotational speed (b) Power

Figure 2.3: Reduction of the speed from optimal to a lower value [70]

The inertial response from the wind turbine can also be maintained with the over-
speeding control [6]. Over-speeding involves increasing the rotor speed or tip-speed
ratio beyond the normal optimal level. This is done deliberately before a disturbance
occurs, via a supplementary control loop. During that period, the extra kinetic energy
in the rotor is stored. When the grid frequency drops, the turbine decelerates back
to its normal rotor speed and releases the stored kinetic energy. Once the frequency
stabilizes, no immediate recovery phase is needed as the turbine is already back at
nominal speed, hence it resumes the normal MPPT operation. The over-speeding
condition is restored gradually, and not for all turbines at once, to avoid triggering new
frequency issues If the nominal rotor speed is already near the upper limit, there’s no
margin for additional overspeeding, so the method of deceleration, as in the previous
method, is more practical. Operating a wind turbine off MPPT leads to reduced energy
capture at the medium wind speed [6].

An energy storage system ESS can be utilized with the wind turbine’s synthetic iner-
tia control. In DFIG-based turbines, ESS can support the rotor speed recovery phase
to prevent secondary frequency dips as well as serve as a backup power source during
deficits. Flywheel storage is also used to maintain primary frequency reserves, coor-
dinated by a central controller that allocates power margins based on wind speed and
deloading [22].

For PV

The solar PV sources may no longer provide sufficient reserve power for frequency
regulation, especially in islanded conditions. While MPT techniques are widely used
to maximize energy capture from PV, they leave no reserve power for frequency sup-
port. To address this, new control strategies have been developed for PV inverters.
Although smart PV inverters can theoretically provide frequency down-regulation by
curtailing power, their control capabilities are still limited and under early research.
Two main approaches exist: PV systems combined with BESS, and PV-only systems
using deloading techniques. The deloading method works by shifting the operating volt-
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age above the maximum power point to reserve power, which is only released when
frequency deviations occur. It is controlled via a voltage signal linked to frequency
changes [22].

Figure 2.4: Solar PV deloading approach [100]

As the power reserve in the PV system comes with the decline in the normal power
provided, the energy storage, such as batteries, helps in the inertia provision. The
capacity of this energy storage is determined by considering the maximum allowable
frequency deviation during a disturbance, ensuring it can provide sufficient support
when needed [84]. In addition to dedicated energy storage, the energy stored in the
PV system’s DC-link capacitor can also be utilized to provide inertia support. The DC-
link capacitor is also considered another source of inertia. Extracting energy from the
DC-link capacitor for inertia emulation helps to reduce overall costs and improve the
performance of VIE [84].

2.2.4 VSM Based Control

Virtual Synchronous Generator (VSG) based virtual inertia Emulation (VIE) emulates
the behavior of a SG within the control algorithm of the coupling converter, making IBRs
behave like electrical rotating machines. This is achieved by controlling the charging /
discharging of storage devices or by utilizing excessive energy from inertia-free IBRs
like PV and wind generation. The core component of VSG-based VIE is the swing
equation, incorporating virtual inertia (HV SG) and damping (DV SG) terms [84].

2HV SG
dωV SG

dt
+DV SG∆ωV SG = Pin − Pout (2.22)

where HV SG is the virtual inertia constant, DV SG is the virtual damping coefficient, ωV SG

is the virtual rotor speed, Pin is the virtual shaft power, and Pout is the measured power
output. The different types of VSM control are explained in the Section 2.7.

Some differences between the two methods can be made according to Ref [82].
VSG introduces rotor angle and frequency as state variables to mimic SG dynamics,
enabling swing behavior but also inheriting SG-like oscillation modes and stability con-
cerns. In contrast, RoCoF-droop control adds no new state variables, avoiding such
modes, but uses a derivative-based RoCoF detector, which can amplify noise and in-
duce high-frequency vibrations. Power control also differs: VSG regulates output via
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voltage phase angle (emulating the power-angle relationship of SGs), while RoCoF-
droop adjusts current reference based on RoCoF and frequency via PLL. For primary
frequency regulation, VSG mimics SG behavior using an integral controller acting on
frequency deviation, resulting in a slower response. RoCoF-droop control, however,
directly adjusts output current, allowing for faster frequency support.

2.3 Inertia from BESS

The energy storage coupled with the renewable energy sources, such as wind and PV
system, adds the benefits of extra reserve to provide the inertial response. But it is
often the energy storage system, like BESS, that alone can provide the virtual inertia
if it is connected in a suitable inverter configuration. Large battery energy sources can
offer a large energy buffer and are programmed to inject or absorb active power during
the grid disturbances with a configurable inertia constant. Field tests in Australia show
that a 100 MW grid-forming BESS can contribute the equivalent of several thousand
MW·s of inertia. The exact value depends on its pre-dispatch point and inverter current
limits. Ref [3] Studies on the Irish system show a BESS must reach full power in ¡
300 ms to displace synchronous inertia meaningfully. Any delays beyond that yield
diminishing RoCoF benefit [11]. The amount of virtual inertia that can be emulated is
limited by the capacity and State of Charge (SoC) of this storage device. A DC-DC
converter, Specifically, a boost chopper regulates the charging and discharging rates
of the energy storage, which also imposes limits on the virtual inertia emulation control
[84]. The capability curve for the grid-forming BESS is shown in figure 2.5 . This
indicates that the inertial contribution may be asymmetric depending on the operating
point, magnitude, and direction og the disturbance as well as the available head room
and charging and discharging capacity [3].

Figure 2.5: Typical inertia capability curve for the grid-forming BESS [3]

Different research has been conducted on the control of BESS to provide inertia.
In [92], the VSG-based model, which only considers the rotational inertia of SG with-
out considering other properties, is used for the BESS. This model also covers the
speed droop characteristics for load sharing, and the equation is equivalent to 2.20.
With several tests, it is observed that increasing the level of penetration of the VSG,
the frequency deviation induced by the load variations is improved. The system uti-
lizes the Kinetic Battery Model, which consists of two main components: the capacity
model and the voltage model. The capacity model estimates the SoC of the batter-
ies, addressing both the recovery effect, where charge becomes available without a
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current, and the rate capacity effect, which limits the charge drawn when discharge
current increases. The voltage model treats the battery as a voltage source in series
with a constant resistance, with the terminal voltage influenced by both the SoC and
the current drawn from the battery [92]. Ref [21] proposed the novel VSM BESS dy-
namic model to investigate its capabilities in providing virtual inertia. The internal angle
generated would come with the oscillatory behavior, so damping control is utilized to
overcome it. The damping and virtual inertia control together ensure the stability. Grid
frequency estimation is vital for VSM control’s effectiveness in internal angle generation
and BES synchronization in weak grid environments. To analyze system frequency sta-
bility post-contingency, the BES EMS module utilizes the battery’s active power output
(P) to calculate SoC at any time beyond the contingency point. The simulation results
show that the provision of virtual inertia response by the VSM BESS helps stabilize
frequency, reducing the need for additional inertia support. The other research popular
with the ISE Lab VSM also uses the energy storage as explained in Section 2.7.

2.4 Load Inertia

There are various types of loads that are connected to the power system, from small
resistive loads to high-power motors. Most of the large motor loads, such as indus-
trial machines and certain commercial and residential appliances, offer inertia as their
speed is linked to the grid frequency. While the principal source of inertia has tradi-
tionally been the rotating masses of synchronous generators, loads containing rotating
machinery, like induction motors, also possess moving parts that store kinetic energy.
However, other receptive loads are frequency dependent and do not have the rotating
part, hence do not participate in the inertial response [87]. There are numerous small-
scale rotating loads, and their specific information is less known; hence, estimating the
amount of load inertia is a complex challenge. Often, the inertia from load is neglected
and assumed constant in most power system studies. The total system inertia minus
the synchronous machine inertia is the estimated load inertia. This method of load esti-
mation is applied to the Northern Ireland system, and it reveals that the inertia constant
of such load inertia is almost always less than 1s [87].

2.5 Inertia Constant

The inertia constant quantifies the duration for which the generator could generate
power at its rated capacity, utilizing only its stored rotational kinetic energy [19]. Gen-
erally, the inertia constants for individual power plants are not known. They are roughly
estimated by considering the type of power generation technology [48]. It is common
practice to express the angular momentum of a rotor in terms of a normalized inertia
constant when all generators of a particular type will have similar inertia constant val-
ues regardless of their rating [49]. As mentioned in equation 2.3, it is formulated as the
ratio of the kinetic energy in watt-seconds at rated speed to the VA base.

H =
Kinetic Energy at rated speed in MWs

MVA rating
(2.23)
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Kinetic energy depends on the moment of inertia and the speed of the rotor and can
be expressed as

Kinetic Energy =
1

2
Jω0m

2 Ws =
1

2
Jω0m

2 · 10−6 MWs (2.24)

where J is the moment of inertia in kgm2, and ω0m is the rated angular velocity in mech.
rad/s. substituting this value in equation 2.3 gives

H =
1
2
Jω2

0m · 10−6 MWs

MV A rating
=

1

2

Jω2
0m · 10−6 MWs

MV A rating
(2.25)

The inertia constant is measured in MWs/MVA, but for simplicity, it is only expressed in
seconds (s) [19]. For instance, a 4 s inertia constant means a generator can supply its
rated power for 4 seconds from its stored kinetic energy.

A typical value of the inertia constant for a synchronous generator lies between 2
and 10 seconds [49]. This time in seconds allows the system to engage for the control
action to restore the balance between generation and load. The average value of the
inertia constant for synchronous generators is shown in the Table 2.1. The table shows

Technology Inertia constant (s)
PHS 3.5
Hydro 3.7
RoR 2.7
CCGT 4.0
OCCGT 4.0
Lignite 3.8
Coal 4.2
Biomass 3.3
Oil 4.3
Nuclear 5.9

Table 2.1: Typical inertia constant values for different synchronous generating sources
[19],[76]

that the nuclear power plants have the highest inertia constant measuring 5.9 seconds.
This is followed by open cycle gas turbines (OCGT), which have an inertia constant of
4.5 seconds, and combined-cycle gas turbines (CCGT), with an inertia constant of 4.0
seconds. Pumped storage hydro power plants have the lowest inertia constant at 2.0
seconds. A higher value of the inertia constant signifies that the generator can release
the stored kinetic energy for a longer duration, making it more resilient to frequency
disturbances.

The synthetic inertial response from IBR is sensitive to its control system design. The
inertia constant from such sources may be different according to the control algorithm.
Therefore, the inertia constant for IBR is not necessarily a fixed value [2]. They are
configurable and can be adjusted from 0 to more than 32 s [79]. But it can be specified
as a constant, as in synchronous machine inertia constant. The wind turbine has the
rotating units, and it has a fair amount of kinetic energy from the rotating mass. The
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inertia constant from the wind turbine can be in the range of 0.5 - 6.8 s [1] [32]. if
we represent the inertia constant for synchronous machines as HSG and that for IBR
sources as HIBR then equivalent inertia constant in equation 2.18 can be modified as
[84]

Hsys =

∑
∀iHSG,iSB,i +

∑
∀j HIBR,jSB,j∑

∀i SB,i +
∑

∀j SB,j

(2.26)

where SB,i is apparent base power of ith synchronous generator and SB,j is the appar-
ent power of jth inverter based resources.

2.6 RoCoF

The time derivative of the frequency is the rate of change of frequency, in short, it is
called RoCoF and is measured in Hz/s. It is an important quantity that qualifies as the
robustness of an electrical grid [26]. It reflects how fast the frequency is changing in
the system. This is a critical grid protection and stability parameter. Traditionally, the
RoCoF had minor relevance for the system, as synchronous generators mainly were
the generating sources, and they inherently counteract the imbalance and limit the rate
of frequency change [26]. However, with the increasing penetration of IBRs, the RoCoF
has become a major concern in low-inertia systems. The higher RoCoF can lead to
system instability and even blackouts [54]. The instantaneous RoCoF value after the
disturbance, before any control activates represents the initial RoCoF, and this is the
highest system RoCoF theoretically. This initial RoCoF value depends on the system
inertia and the size of the disturbance [26]. As from the equation 2.19, the rate of
change of frequency can be expressed as

dω̄e

dt
=

P̄g − P̄l

2Hsys

ω̄e =
ωe

ω0

=
f

f0
dω̄e

dt
=

1

f0

df

dt
df

dt
= f0

dω̄e

dt
df

dt
=

f0(P̄g − P̄l)

2Hsys

df

dt
=

f0(∆P̄ )

2Hsys
where ∆P̄ = P̄g − P̄l

(2.27)

where ∆P̄ is the imbalance or outage in the system. The above equation shows that
the rate of change of frequency is directly proportional to the imbalance and inversely
proportional to the weighted system inertia constant. If the imbalance is expressed in
normal value in MW instead of per unit, the equation becomes

df

dt
=

f0∆P

2HsysPtotal
(2.28)
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The Ptotal is the total power in the system in MW and 2HsysPtotal is the total system
inertia in MWs. This relation shows that the higher the system inertia, the lower the rate
of change of frequency and vice versa. The larger inertia system will have more time
to keep the frequency stabilized around the constant value [62]. When the unbalanced
power in the system appears/exists, the RoCoF is not zero; this signifies that RoCoF
plays the role of resisting frequency change [53].

The RoCoF measurement in the grid is a highly challenging task due to its high
sensitivity to disturbances occurring within power systems. Different choices result in
different RoCoF values; the choice is made based on the time frame over which the
RoCoF is calculated. The RoCoF relays are connected in the grid to avoid islanding
and a series of generation disconnections. The relay setting is typically set between
0.1 and 1 Hz/s [29]. Its permissible limits differ internationally based on the local grid
codes, system inertia, and technical capabilities of the installed generation. In Ireland,
the grid, for example, historically maximum RoCoF was 0.5 Hz/s, but the higher renew-
able penetration and low inertia system has led to an increase in this limit to 1 Hz/s
measured over 500 ms [30]. Similarly, in Continental Europe, the operational limit for
the RoCoF is 1 Hz/s, but event-analyzed RoCoF values exceeding 1 Hz/s have led to
blackout [27]. This shows that the RoCoF limits are being increased to accommodate
the low-inertia system, however those values still might not be enough to prevent black-
outs. Increasing the RoCoF value is not a manageable and practical solution to the low
inertia system.

2.7 Inertia Emulation and VSM

The concept, the Virtual Synchronous Machine (VSM), employs is to replicate the fun-
damental behavior of a real SG through the control of a power electronic converter
[16]. Consequently, every VSM implementation inherently includes a mathematical
model of an SG, to varying degrees of explicitness. Inertia emulation and damping are
the common features across all VSM control schemes [17], and it is determined by the
required accuracy in mimicking the dynamics of the SG. Additionally, certain aspects,
such as transient and sub-transient dynamics, may be included or omitted based on
the specific implementation [16] [72]. The order of the electrical model could reach the
fifth if the accuracy of the dynamics is high. That includes the dq-axis representation of
the stator windings, damper windings, and field windings. Together with the 2nd order
mechanical model, the model order reaches the seventh [43] [47]. The VSM makes it
possible to control the inertia-less system configurations dominated by IBRs [17].

The basics of the inertia from IBRs are discussed in Sections 2.2 and 2.3. The
following subsection offers a detailed explanation of the popular VSM techniques used
in IBRs.

2.7.1 VISMA

VISMA is a technique that makes it possible to configure an inverter to operate like a
synchronous machine in the context of connecting a direct voltage generator or storage
system to the grid. VISMA is one of the well-known models that is proposed in [7]. In
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this work, a 5th-order model of the SG is implemented to fully capture the static and
dynamic characteristics of the SG. It uses the dq model stators, damper windings,
exciters, as well as the inertial mass (virtual) and magnetic coupling impedances.

The control diagram, which is based on a simplified three-phase SG model [13] is
shown in figure [60].

A VISMA functional chain contains three sub-processes starting with the real-time
measurement of the grid voltage at the Point of Common Coupling PCC that feeds
the virtual synchronous machine algorithm on the process computer. The process
computer performs the mathematical model of an electromechanical synchronous ma-
chine under real-time conditions. The results are the stator currents of the virtual syn-
chronous machine. These current references will be compared with the measured cur-
rents by the hysteresis controller. By generating the signals, the converter completes
the cycle [13].

A VISMA is obtained as a rotating mass whose mechanical side is just a logical con-
cept, but it is electrically effective from the grid point of view, as it is mathematically
modeled in real time in the control system. The added advantage is that this also al-
lows for the free parameterization of any of the machine parameters. Both active and
reactive power can be accessed with this concept. A virtual torque provides the active
power that can be extracted from the electrical generation unit through the direct volt-
age system. On the other hand, a virtual excitation voltage influenced by the process
computer provides the reactive power. As the changes in frequency and voltage occur
that initiate the transport of the active and reactive power, respectively [7].

The rotor dynamics can be found with this equation

Mmech −Mel =
1

J

dω

dt
+ kdf(s)

dω

dt
(2.29)

Mel =
Pel

ω
(2.30)

θ =

∫
ω dt (2.31)

Where J is the moment of inertia, kd is the mechanical damping dactor, f(s) is
the phase compensation term, ω the angular velocity, θ is the angle of rotation, Mel

and Mmech are the electrical and mechanical torques. The phase compensation term
ensures that the virtual damping force counteracts any oscillating movement of the
rotor in opposite phase [13].

Since current is a reference to the inverter, the inverter is a current-controlled type.
An inverter behaves like a synchronous machine if the current error is small. If the
inverter cannot follow these currents precisely, the linearity of VISMA behavior is com-
promised. In this case, the current source converter is not as favorable as a voltage
source in weak or islanded grids. The hysteresis controller, which works at a fixed tol-
erance band, makes the switching frequency of the converter vary within a range. This
results in harmonics in output currents [58]. Ref [14] proposed the idea to improve this
problem.

The input and output parameters were swapped. The inputs were changed to grid
currents measured at PCC, and the outputs became reference voltages to the PWM
of the converter [60]. That is why it was named current-to-voltage control. The VISMA
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behaves as a voltage source, and due to constant switching frequency and proper filter-
ing, the harmonics are almost eliminated [58] since it uses a differentiator, which tends
to amplify the noises and harmonics, which may lead to instability. Ref [38] introduces
the distortion compensation factor to mitigate such a tendency. It is a synthesized
difference between the induced EMF in the stator winding and the grid voltage, and
applied prior to processing by the hysteresis controller [60].

2.7.2 Synchroconverter

Ref [102] proposed the control technique of VSM named synchronverter. This method
mimics both the static and dynamic aspects of the SG behavior as it uses the same
dynamic equation of the SGs. It is equivalent to the SG with a small capacitor bank
connected in parallel to the stator terminal . It is also flexible in parameterization, such
as the virtual inertia, friction coefficient, field inductance, and mutual inductances.

This is based on the round rotor synchronous model but neglects the damper wind-
ings, eddy current, and iron core losses [60]. The damper windings help to suppress
hunting and synchronize the machine with the grid. Since the unavailability of the
damper winding, the control comes with undesirable phenomena, such as loss of sta-
bility, which could occur [60].

Unlike VISMA, a synchronverter does not depend on tracking the reference voltage
or current, and this also supports both grid-connected and islanded operation. The
imaginary rotor field current if is treated as a control input. The useful operation of
the synchronverter can be achieved with a controller that generates the signals Tm and
Mf such that system stability is maintained, as well as the desired real and reactive
power values are followed. Here, Tm is the mechanical torque and Mf is the maximum
mutual inductance between the field (rotor) winding and each stator winding in the
synchronous machine model. The mechanical aspect is governed by the formula:

θ̈ =
1

J
(Tm − Te −Dpθ̇) (2.32)

where J is the moment of inertia of all the parts rotating with the rotor, Tm is the
mechanical torque, Te is the electromagnetic torque, and Dp is a damping factor. Te

can be found from the energy E stored in the machine’s magnetic field.

Dp =
∆T

∆θ̈
(2.33)

The damping factor Dp in SGs is caused by mechanical friction.
The frequency-droop mechanism ensures the automatic share of the load variation

with other inverters of the same type and with SGs [102]. The frequency droop mecha-
nism is achieved by comparing with the angular frequency reference. It is also possible
to regulate the reactive power with this strategy.

A pure integrator is used to generate theta, which will cause a challenge in recon-
nection to the grid from islanding. Only the integrator reset achieves synchronization,
which brings the necessary communication from the PCC to the VSM. A trip can occur
due to the phase shift between VSM and the grid if the communication is not set up
[60].
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Synchronverter needs a dedicated synchronization unit, such as a phase-locked loop
PLL to provide frequency, phase, and amplitude of the grid. The one improvement
which do not need such a dedicated unit is proposed in [101]. They called it a self-
synchronised synchronverter. The automatic synchronization with the grid improves
the performance. It maintains all the original functionalities of the synchronverter and
also brings down the complexity level and reduces the computational burden of con-
trollers.

The modifications, like virtual inductors, virtual capacitors, and anti-windup, were
proposed to improve the overall stability and performance [61].

2.7.3 VSYNC

The virtual synchronous control (VSYNC) research group proposed this VSM tech-
nique [96]. This technique is a PLL-based emulation of the SG [60]. And inertia emu-
lation of the rotor is used to mitigate the stability problems. A short-term energy buffer
can be controlled at a fast rate such that it behaves as a virtual synchronous generator,
VSG [96]. Maximum rotor angular speed deviation and maximum critical clearing time
evaluate the performance.

A PLL is used in a different way, rather than to synchronize or measure frequency. A
PLL comprises a phase detector (PH DET), a loop filter (H), and a Voltage Controlled
Oscillator (VCO) [96].

The phase difference between two frequencies, converter side frequency ω and grid
side frequency ωs, is detected by the phase detector. It then drives the signal propor-
tional to the difference. This proportional frequency deviation is the same as the active
power-frequency (P-f) droop control [58].

The other contribution that modifies the power reference (programmed output) is
proportional to the rate of change of frequency. The relation is shown below:

Pconverter = Pprom −Kd
dω

dt
−Kdampω∆ (2.34)

Pprim denotes the primary power transfer of the converter, setting the proportional gain
The frequency deviation ω∆ to a positive value introduces damping.

Pdanp = −Kdampω∆ (2.35)

Kd =
2HmSb

ωs

(2.36)

The VSYNC scheme does not express the full swing equation in its control logic, espe-
cially not the electrical dynamics, and adds inertia emulation by including a derivative
of frequency term dω

dt
in the active power control loop [58].

The absence of a voltage control loop makes it unsuitable for islanded operations.
And hence cannot provide dynamic voltage support to the grid [60]. The difference
from many other modern VSMs (e.g., synchronverters) is that they directly generate a
virtual internal EMF and power angle, controlling the inverter as if it were the stator of
a synchronous generator, while VSYNC uses standard vector control [58].

An energy management system can be implemented to enable multiple VSMs to
support the grid without communication. This improvement concept is proposed in
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[45]. The sufficient leverage for energy absorption and injection during disturbance is
ensured in this improved scheme. This prevents deep discharge or overcharge of the
local ESSs [60].

2.7.4 ISE Lab VSM

Sakimoto et al. from the ISE laboratory group in Osaka University proposed a scheme
[77]. Similar to the VSYNC approach, the control scheme of VSG is investigated based
on the swing equation of a synchronous generator, thereby providing virtual inertia and
damping via real-time control and energy storage. Damper windings on the rotor of the
synchronous generator are considered. D damping factor, s slip

Pin − Pout = Jωm
dωm

dt
−Ds (2.37)

The inertia is realized by an energy storage device as the rotor’s inertia. The ride-
through capability of voltage dip and the enhancement ability of grid stability resulted
from the simulations [77].

The inverter’s output voltage phase is derived by numerically integrating the virtual
rotor speed, and a simplified governor model is introduced to simulate frequency-droop
behavior. A governor is represented by a first-order lag element.

The power/frequency meter block calculates the output power and grid frequency.
The virtual angular velocity deviation of the virtual rotor is calculated with the help of
grid frequency by the VSG control block, and then the obtained virtual mechanical
phase angle is supplied to the inverter through the PWM unit as a phase command [9].

The energy storage capacity estimation is also presented based on both theoretical
analysis and simulation. The derivative term, which is known to introduce noise in the
system, is not required for the implementation of the control algorithm. This topology
is capable of operating the generating units in grid-forming mode. However, proper
parameter tuning should be considered to avoid any problems related to oscillatory
system behavior [83].

2.7.5 Other Approaches

Apart from the three VSM control schemes mentioned above, there are also some
schemes proposed by other researchers worldwide.

An algebraic type of VSM control was introduced in [39], which employs steady state
SG phasor representation, neglecting the dynamic equations [60]. The advantage of
this type over a synchronverter is that the current loop provides inherent over-current
protection. The scheme embodies the round rotor machine, and assuming the bal-
anced and linear loads, experimental findings are presented. The model does not per-
form well under unbalanced and nonlinear loads, but it was found that by appropriately
selecting the feedback control loop gain, satisfactory performance can be achieved
with such loads. It needs to switch the control topology during the transition from grid
to islanded mode. This is the major drawback of this scheme, which undermines the
seamless operation of the system, especially in cases of a fault [60].
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The PLL-less operation of grid-connected voltage source converters is proposed in
[5] under the name of Inducverter. It is inspired by the working principle of induc-
tion machines with the elimination of a dedicated synchronization unit, which offers a
simpler and more reliable control strategy. A local current is used in the current damp-
ing/synchronization unit, which enables grid auto-synchronization. That track grid volt-
age frequency, angle, and amplitude variations while feeding a constant amount of
power. Frequency dynamics enhancement with the help of virtual inertia is the added
advantage of this control scheme.

A Universal VSM topology is proposed in [31], which can operate in both grid-
connected and islanded modes without the need for the islanding detection method.
The PLL is the part of the islanded mode operation that helps in automatic and seam-
less synchronization with the grid. (without altering its phase angle) This scheme op-
erates seamlessly in both resistive and inductive grids and also offers black-start ca-
pability. This is also provided with the inherent overcurrent protection [60]. The PLL is
the part of the islanded mode operation that helps in automatic and seamless synchro-
nization with the grid.

A virtual oscillator controller (VOC) is another approach where a non-linear oscillator
is implemented within the controller. This helps to synchronize DG units without any
form of communication [44]. This method is especially advantageous for a grid pre-
dominantly composed of distributed generators (DGs), as the controller is inherently
capable of maintaining synchronism and distributing the overall system load effectively
[20] [83]. A virtual-inertia-based static synchronous compensator (STATCOM) con-
troller, which functions like a synchronous condenser, was proposed in [52]. The vir-
tual inertia controller without PLL improves voltage regulation compared to traditional
STATCOMs with PLL units [83].

2.7.6 Droop Based Approaches

The controllers that do not mimic the SGs, the frequency-droop-based controllers, have
been developed for isolated microgrid systems [46] [67]. The frequency droop can be
implemented as follows, which assumes the impedance of the grid is inductive:

ω = ωref +Df (P
∗ − P ) (2.38)

Df indicates the droop coefficient or active power droop, representing the variation of
the converter frequency according to the difference between the active power setpoint
P ∗(Pin) and the measured instantaneous power P (Pout) [75] Similarly, the voltage-
droop can be implemented as follows [83]

v = v∗ +Dv(Q
∗ −Q) (2.39)

where v∗ is the reference voltage, v is the local grid voltage, Q∗ is the reference set
reactive power, Q is the measured reactive power output from the DG unit, and Dv is
the reactive power droop. The measured output power is often a filtered one, as the
high frequency components are removed [83].

The use of this filter in droop-based control approximates the behavior of virtual
inertia systems [16]. The research by Van de Vyver et al. Ref [94] also proved that the
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performance benefits attributed to synthetic inertia can be achieved by appropriately
tuned droop control without the need to differentiate the noisy frequency signals. It
offers a smoother and more coordinated response, making it not only effective but also
preferable for practical deployment. These findings reinforce the view that droop control
is not merely a fallback strategy but a viable primary method for inertial emulation in
converter-interfaced wind energy systems.

2.8 Power System Stability

The power systems are highly nonlinear and operate in a dynamic environment, with
continuous changes in loads, generator outputs, and key operating parameters. Its
stability is influenced by the initial operating condition and the nature of disturbances,
which can be small, like load changes, or large, such as short circuits or loss of major
generators [59].

Power system stability is the ability of an electric power system, for a given initial
operating condition, to regain a state of operating equilibrium after being subjected to a
physical disturbance, with most system variables bounded so that practically the entire
system remains intact [80].

The power system must withstand and recover from faults, disturbances, or sudden
changes in load and generation without losing synchronism or experiencing unaccept-
able voltage or frequency deviations. Stability is a fundamental aspect of power sys-
tem planning and operations. Although the Power system stability is a single problem,
various forms of instability that a power system may experience cannot be effectively
understood or addressed by viewing it as a whole. Due to the high dimensionality
and complexity of stability problems, it is beneficial to make simplifying assumptions to
analyze specific issues using an appropriate level of system representation and analyt-
ical techniques [80]. The three quantities: load or power angles, frequency, and nodal
voltages are special in the view of defining and classifying power system stability [59].
Therefore, the power stability is divided into three categories. They are rotor or power
stability, frequency stability, and voltage stability.

2.8.1 Rotor Angle Stability

Rotor angle stability is the ability of synchronous machines in a power system to main-
tain synchronism with each other after a disturbance. It relies on the balance between
electromagnetic and mechanical torque. When this balance is disrupted, it can cause
increasing angular swings, leading to loss of synchronism among generators.

In a steady state, mechanical and electromagnetic torques are balanced. A distur-
bance can alter this balance, causing changes in rotor speeds. If one generator accel-
erates faster, it advances in angular position, transferring load to the slower machine,
which can help reduce speed differences. However, the nonlinear power-angle rela-
tionship means that beyond a certain point, increased angular separation decreases
power transfer, risking instability [80].

System stability depends on the ability to absorb kinetic energy from rotor speed dif-
ferences and on the presence of sufficient restoring torques [49]. Loss of synchronism
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can occur between individual machines or groups. The change in electromagnetic
torque consists of synchronizing torque, which is related to rotor angle deviation, and
damping torque, which is related to speed deviation. Both are essential for stability; in-
sufficient synchronizing torque leads to no oscillatory instability, while a lack of damping
torque results in oscillatory instability.

As the load on a synchronous machine increases, the net torque also increases,
which leads to an increase in rotor angle. It is desired for the rotor angle to reach
equilibrium at this new operating point to maintain stability. If the new operating point
of the rotor angle is within the stable region, the angle will stabilize. However, if the
new operating point is outside this stable region, the rotor angle will not stabilize, and
oscillations may begin [4].

Rotor angle stability is typically divided into two categories: small signal stability and
transient stability. Small signal stability deals with the system’s ability to maintain syn-
chronism under small disturbances such as minor load fluctuations. Transient stability,
on the other hand, concerns the system’s response to large sudden disturbances like
short circuit faults or sudden loss of a major generator [49].

2.8.2 Voltage Stability

Voltage stability refers to a power system’s ability to maintain steady voltages across all
buses after disturbances from an initial operating condition. This stability depends on
balancing load demand and supply. Instability can result in voltage fluctuations, poten-
tially causing load loss or cascading outages due to protective systems [80]. Voltage
instability often begins at weak buses, the locations in the network with limited voltage
support, can spread throughout the grid, especially when the system is heavily loaded
or transmission lines are operating near their limits [98] [55].

Progressive voltage drops can be associated with rotor angle instability, leading to
voltage reductions at specific network points. If the sequence of voltage instability
events occurs, it can result in significant voltage drops or blackouts in parts of the
power system. Loads typically are the driving force for voltage instability as they try
to restore power consumption, which can increase stress on the high voltage network
and further reduce voltage levels [80].

Key factors contributing to voltage instability include voltage drops from power flow
through transmission network reactances and generator limitations when they reach
current overload capacities [80]. Both progressive voltage drops and overvoltage in-
stability risks can occur, particularly in high-voltage direct current (HVDC) systems
connected to weak AC networks [91].

As power systems stability depends on both the initial conditions and the size of
a disturbance, Consequently, voltage stability can be divided into small- and large-
disturbance stability [59]. The small disturbance voltage stability refers to the system’s
ability to maintain steady voltages when subjected to small perturbations such as in-
cremental changes in system load [80] whereas transient voltage stability deals with
the system’s sudden response to sudden disturbances like faults [55]. The integration
of inverter-based resources has introduced new dynamics, and their voltage response
characteristic are different compared to traditional generators and loads. This makes
the voltage stability analysis more complex [12].
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2.8.3 Frequency Stability

The power system must maintain a steady operating frequency following a disturbance
that causes a significant imbalance between generation and load. This ability of a
power system is referred to as frequency stability [80]. The instability occurs if the fre-
quency swing exceeds the required limit and is out of control. The frequency deviation
may result in tripping of the generating units, cascading failures, or even widespread
blackouts if not corrected quickly [78].

Frequency stability always refers to the average frequency of a system or the central
frequency point. It is always a global stability phenomenon that applies to an entire
synchronized region of a power system, such as the entire continental European syn-
chronous area. Different frequency mechanisms are in a ready position to bring the
system into equilibrium. Primary frequency control, automatic frequency restoration,
and tertiary control are the major frequency control mechanisms that reestablish the
balance [68].

Severe disturbances in large interconnected power systems can lead to significant
fluctuations in frequency, power flows, and voltage, triggering various processes and
controls. These responses may be slow, such as boiler dynamics, or activated only
under extreme conditions, like protection systems tripping generators due to voltage or
frequency thresholds. When disturbances cause the grid to split into smaller, isolated
sections or islands, each island must achieve operational equilibrium to maintain sta-
bility, which is assessed based on its mean frequency rather than the relative motion of
individual machines. Frequency stability issues can arise from inadequate equipment
responses, poor coordination among control [78] and protection systems, or insufficient
generation reserves. In isolated systems, maintaining frequency stability is particularly
critical, especially following significant losses of generation or load, to prevent further
instability or outages [80].

During frequency excursion, different processes and devices respond at varying
speeds. Some, like underfrequency load shedding and generator controls, react in
fractions of a second, while others, such as energy supply systems and load voltage
regulators, may take several minutes to respond. The frequency instability can be a
short-term phenomenon, for example, when an islanded system has insufficient un-
derfrequency load shedding, leading to a rapid frequency drop and potential blackout
within seconds. In a long-term issue, frequency instability can occur due to issues with
steam turbine overspeed controls or boiler/reactor protections, which may take from
tens of seconds to several minutes to manifest [80].

2.8.4 Frequency Response Stages

Certain changes in generation-load balances are reflected as a frequency change in
the power system. The factors causing the difference in balance could be the generator
outages or rapid load changes. The frequency response is a collective reaction of the
system to such changes. If generation exceeds load, frequency rises, and frequency
falls when load exceeds the generation. The frequency events in the power system
are unfolded in several distinct stages. Each stage involves different physical mecha-
nisms and control actions to stabilize and restore grid frequency, starting with inertial
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response. The different stages can be shown with this picture [18]. The key responses

Figure 2.6: Frequency response stages

in the power system during the frequency events are as follows.

Inertial Response

The equation that describes the behavior of synchronous units after any disturbance is
given as [54]

−2H
d∆ω

dt
−D∆ω +∆PM = ∆PL (2.40)

The disturbances are compensated by the three forms of power. The first one is the
inertia response from the synchronous generator, which is related to the system fre-
quency change rate and inertia time constant. The other two are power related to the
system frequency deviation and damping coefficient, and primary frequency regulation,
that is, additional mechanical power. Disturbance is represented by δPL [54].

This initial stage involves immediate reaction of the grid to a disturbance, where the
system’s inertia helps to stabilize frequency. Inertial response is an inherent property
of a large synchronous generator. The inertia plays as a first line of defense against
the disturbance. It is an immediate response during which the kinetic energy from the
rotating masses of synchronous generators are released or absorbed. This is the pas-
sive response for synchronous generators but crucial for the initial frequency stability,
especially in the low-inertia system [53]. This helps to slow down the rate of frequency
change. This happens within milliseconds and provides a crucial buffer [19], and it lasts
for a few seconds ( 10 sec) [23] and depends on the inertia constant of the generators,
which means the availability of generators to provide the energy. Inertia response is
the process of mutual conversion of rotor kinetic energy and electromagnetic power to
system energy [54]. The response is also called the slow primary response [35]. No
additional energy is injected into the system, and the process is short-lived and unsus-
tainable, subject to the stability of system frequency [54]. And subsequently, primary
frequency control takes care of the stability issue.

The majority of the inverter-based resources connected to the grid utilize grid fol-
lowing technology. The physical rotation is decoupled from the grid and they cannot
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provide the inertial response despite having a rotating mass, such as that found in
modern wind turbines. Non-rotating resources and rotating resources using inverter
technology provide inertia in different manner. Such resources emulate the inertial re-
sponse based on the dynamics of the synchronous machine, and it is only possible
with the control mechanism described in Section 2.7.

Primary Frequency Control

Inertia, as described above, only slows down the change in frequency deviation; it
cannot stop the change altogether. It is temporarily available and does not actively
counteract the imbalance. So, some kind of mechanism has to kick in.

Primary frequency control (PFC) is the first automatic response mechanism in elec-
tric power systems that counteracts sudden imbalances between generation and load.
When a disturbance such as the sudden loss of a generator or a rapid change in load
occurs, it causes the system frequency to deviate from its nominal value. The role of
primary frequency control is to arrest this frequency deviation within seconds by ad-
justing the power output of generators or other controllable resources. This control
acts locally, without centralized coordination, based on the inherent frequency-sensing
capabilities of the participating units.

The core mechanism behind primary frequency control is droop control, a propor-
tional relationship between frequency deviation and active power output. Traditional
synchronous generators are equipped with governors that detect the change in fre-
quency and automatically adjust the mechanical input to the turbine. As frequency
drops below nominal, the governor increases mechanical input, raising active power
output; conversely, a frequency rise leads to a reduction in output. This dynamic pro-
vides an immediate stabilizing force that slows down the rate of frequency change and
helps prevent underfrequency load shedding or system collapse [49].

When the system frequency deviates from nominal, the generator adjusts its power
output in proportion to the deviation. This relation can be mathematically described by
a linear droop equation [41]

∆f = −R∆Pm (2.41)

∆f is the deviation of the frequency f from reference frequency fref , R is the gener-
ator’s droop slope/ droop constant, and ∆Pm is the deviation in the generator’s me-
chanical/active output Pm from its reference output Pref . Droop constant is typically ex-
pressed as a percentage; for example, a 5% droop setting means a full power change
occurs over a 5% frequency deviation. This proportional response ensures that the
multiple generators share a burden of frequency regulation automatically. The effec-
tiveness of this control depends on the time constant of the governors and turbine
system [41].

The only units that are operating but not fully loaded can participate in primary fre-
quency control. Those partially loaded units carry a spinning reserve that can con-
tribute to the frequency response. To ensure reliable system operation and enable the
activation of primary frequency control, the system operator must maintain a sufficient
amount of spinning reserve. This reserve should be geographically well-distributed
across the network, meaning it should be allocated among power stations located
throughout the system. In the case of an interconnected system, each subsystem
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has to ensure a large enough spinning reserve proportional to the subsystem’s share
of energy production. A dispersed reserve reduces the risk of overloading specific
transmission corridors, as the response to a frequency event is shared among multiple
regions. On the other hand, concentrating the spinning reserve in a single area poses
a security risk: in the event of outages at one or more stations, the replacement power
would have to flow from that one region, potentially overloading key transmission paths
and causing the disturbance to propagate across the system [59].

The primary control typically begins to act within 0.5 to 2 seconds of the disturbance
and reaches its full response within 10 to 30 seconds. It does not aim to restore the
frequency to its nominal value but rather stabilizes it at a new steady-state value until
other slower mechanisms, such as secondary and tertiary control, can take over. In
Europe, the same term is given for the same service, which is called the Frequency
Containment Reserve (FCR), and its provision is mandated for participating units to
ensure system stability under the ENTSO-E grid codes [25]. In certain units, the pro-
vision of a ’dead zone’ In the droop, characteristics are introduced, which refer to a
range of frequency deviation where the governors do not respond. By setting this dead
zone, such as ±200 mHz, these governors remain inactive under normal operating
conditions but can activate during significant disturbances. This mechanism allows for
the creation of an additional primary reserve, which is especially crucial for maintaining
system reliability and preventing blackouts [59].

With the growing penetration of inverter-based renewable energy sources (RES),
the challenge of maintaining sufficient primary frequency response has increased.
Inverter-based resources traditionally do not possess inertial characteristics or droop
behavior unless explicitly programmed through control schemes such as virtual syn-
chronous machines or grid-forming converters. These technologies could fully replace
the traditional one to ensure that the system retains sufficient primary response [89].

As stated above, the primary control ensures the system frequency is stable at the
new steady state. Hence, after about a minute, the secondary reserve is activated in
order to bring the frequency back to within the target range.

Secondary Frequency Control

This stage involves more refined control strategies to restore the frequency to its nom-
inal value. The secondary frequency control is the second stage of the frequency
regulation. It bridges the tertiary and primary control. Its primary objective is to restore
system frequency to its nominal value after the immediate action of primary frequency
control. This is also used to correct the deviations in scheduled power exchange be-
tween control areas. While primary frequency control stabilizes the frequency within a
few seconds after a disturbance, secondary control operates on a slower timescale. It
typically takes from 30 seconds to a few minutes to bring the frequency back to nomi-
nal. It rebalances the scheduled power exchanges between interconnected areas after
disturbances or imbalances occur [99].

The secondary frequency control, also known as Automatic Generation Control,
works by monitoring the area control error ACE. This is the metric that quantifies the dif-
ference between scheduled and actual power flows and frequency deviations in control
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areas or subsystems [99]. ACE can be mathematically expressed as [59]

ACE = ∆Ptie + λR ·∆f (2.42)

where ∆Ptie is the deviation in tie-line power flow from scheduled values, ∆f is the
frequency deviation, λR is the frequency bias coefficient/factor MW/Hz, which reflects
the area’s sensitivity to frequency changes or amplification factor.

The AGC controls the power injections such that it aims for zero ACE. This forces the
output of selected generators to restore both frequency and scheduled interchanges
[49]. The integral control gives rise to two phenomena: the overshoot for large gain
coefficients and slow convergence for small gain coefficients. The slow convergence
speed affects the large frequency deviation. This is often the problem with a large num-
ber of renewable energy projects. The author in [99] proposed a method to eliminate
this drawback called the power imbalance allocation method PIAC. The main idea is to
estimate the power imbalance and dispatch the control inputs to the controllers after
solving an economic power dispatch problem.

In interconnected systems, such as those operated under ENTSO-E or NERC guide-
lines, each control area is responsible for maintaining its own ACE close to zero. This
coordinated response prevents overcorrection and helps maintain grid-wide balance.
ENTSO-E, in its Network Code on Load-Frequency Control and Reserves defines the
Automatic Frequency Restoration Reserve (aFRR) as the standard mechanism for im-
plementing secondary frequency control in Europe. This reserve must be fully acti-
vated typically within 5 to 15 minutes after the frequency deviation begins, depending
on national regulations and system requirements [25].

Several studies emphasize the importance of a robust secondary control layer, es-
pecially in low-inertia systems with high shares of renewable energy sources (RES). In
[89], it is stressed that as the physical inertia of the system declines, the speed and pre-
cision of AGC become more critical in ensuring post-disturbance recovery. Similarly,
ref [59] discusses the role of AGC in balancing control areas and notes that poorly
tuned AGC can lead to sustained oscillations or control interaction across areas.

Modern secondary control is evolving to include participation from non-conventional
resources, such as battery energy storage systems (BESS) and grid-following or grid-
forming inverter technologies. These resources are increasingly integrated into AGC
frameworks due to their fast response and high controllability. However, they require
enhanced coordination and communication infrastructure to ensure reliable and secure
performance [8].

Tertiary Frequency Control

The final stage focuses on long-term adjustments and optimization of the grid’s oper-
ation to ensure sustained stability and efficiency. Tertiary control is the slowest com-
pared to the other two, which are activated manually or automatically within 15 minutes
or more after a disturbance, depending on system requirements and regulatory frame-
works. The task of tertiary control, depending up on the organizational structure of
a power system and the role of that power plant in this structure, the task of tertiary
control could be different [59].
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In a vertically integrated industry structure, the system operator determines the op-
erating points of individual power plants through economic dispatch or optimal power
flow (OPF) to minimize overall operating costs while sticking to network constraints.
Tertiary control then adjusts the reference power values for each generating unit based
on the optimal dispatch calculations to meet overall demand and power interchange
schedules [59]. In a liberal structure, Economic dispatch occurs through energy mar-
kets, where power plants bid their prices to a centralized pool or engage in bilateral
contracts with suppliers. The system operator’s primary role is to adjust these bids or
contracts to meet network constraints and procure necessary primary and secondary
reserves. Tertiary control then adjusts the set points of turbine governors to ensure
adequate spinning reserves, optimal dispatch in secondary control, and restoration of
secondary control bandwidth. This supervisory function is carried out through auto-
matic adjustments of power reference values and the manual or automatic connection
of reserve units [59].

In the ENTSO-E framework, tertiary control corresponds to the Manual Frequency
Restoration Reserve (mFRR) or Replacement Reserves (RR), depending on the ac-
tivation speed and process. mFRR is activated to relieve the automatic frequency
restoration reserve (aFRR) and reestablish full reserve capabilities. RR typically pro-
vides additional backup during prolonged or severe disturbances [25].

As power systems integrate more renewable and inverter-based resources, Fast-
responding storage, demand-side flexibility, and aggregated distributed energy resources
(DERs) are increasingly being enabled to participate in tertiary control markets, en-
hancing system resiliency [8].

2.9 Synchronous Area

Connecting power grids makes it easier to balance power generation and consump-
tion. Together, they form a complex network that allows for the sharing of electricity
across vast distances, enhancing reliability and efficiency in power distribution. They
are synchronized to the same frequency that ensures any disturbances in one part of
the region can affect the entire area, highlighting the importance of maintaining bal-
ance in the power supply. The region covered by such a synchronized system is called
the synchronous region, or zones or areas. The synchronously interconnected TSOs
are responsible for the uninterrupted power management throughout the region. In-
terconnected areas enhance the redundancy, reducing the impact of localized failures.
For example, linking islanded grids decreases frequency transients and mechanical
stress on components [51]. A the same time, in this case, without the proper damping
controls, it can introduce instability[51]. Synchronous areas are typically managed by
the control centers. The centralized supervision enables the rapid response to the dis-
turbances using efficient generation resources; a well-designed synchronous area can
localize and mitigate the impact of faults, improving overall system security.

While there are benefits to a synchronous area, there are also challenges. In a
synchronous area, the fault can propagate rapidly. Local operators may have limited
ability to isolate their system during a disturbance, which makes them more vulnerable
to problems originating elsewhere in the area [51].
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In Europe, the ENTSO-E oversees the five synchronous regions and two isolated
systems (Cyprus and Iceland). Here, synchronous regions represent clusters of coun-
tries interlinked by their respective power grids. The largest synchronous region in
Europe is the Continental Europe synchronous area, CESA, which is one of the largest
synchronous regions in the world, serving over 400 million customers [28]. The other
regions are the Nordic region, Great Britain, Ireland, and the Baltic region. However,
from February 2025, the Baltic states, Estonia, Latvia, and Lithuania, are connected to
the continental European grid [28].

2.10 Energy System Modeling

Energy system modelling is a method used to analyze and simulate the behavior of
energy systems. It involves creating mathematical models that represent the various
components and interactions within an energy system. These models can represent
the energy system or its subsystem at different temporal, sectoral, and spatial granu-
larity [33].

Energy models are used to forecast future energy demand and supply at the na-
tional or regional level. They often serve an exploratory purpose, assuming specific
developments in boundary conditions such as the progression of economic activities,
demographic shifts, or energy prices on global markets. These models also facilitate
the simulation of policy and technological choices that may influence future energy de-
mand and supply, and consequently investments in energy systems, including energy
efficiency policies [97].

The energy system models started as a tool for long-term energy system planning,
and have now transitioned into a tool to address different types of questions, such
as high renewable energy energy challenges, studying greenhouse gas mitigation
[95]. These models can perform comprehensive analyses such as decarbonization
pathways exploration, alternative technology evaluation, testing the effects and conse-
quences of proposed policies, environmental impact analysis, and assessing decisions
under future uncertainty [66].
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3.1 Model Description

The model in this study is adopted from the [71], and the system split part is not con-
sidered here. The model is designed for generation, storage, and transmission line
expansion planning as a multi-period convex optimization problem explicitly accounting
for the frequency stability constraints in a low-inertia future energy system. The power
system is represented in the transmission level as a network with a set of buses and
both high voltage AC and DC transmission lines. The model aims for the annualized
system cost over the planning horizon to minimize with the objective function

min
∑
s∈S

(cI,sus +
∑
ti∈T

(co,sps,ti + cstarto,s βstart
s,ti

)) +
∑
l∈L

clul (3.1)

where cI,s and cI,l represent the annualized capital cost of investments for power
sources S and transmission lines L, respectively. The operational costs for power
production are represented by co,s for power sources, cstarto,s represents the start-up pro-
cedure operational costs. us and ul are the installed units associated with power source
s and associated number of parallel circuits of transmission lines, and ps,ti is the active
power injection.

In conventional power system planning, unit commitment decisions are binary, mean-
ing that a generator is either running or not. This means that the inertia provided by
synchronous generators is also discrete. If a certain level of inertia is needed, an entire
generator unit must be brought online, even if only a fraction of its inertial capacity is
required. Such unit commitment formulations are strict and lead to distinct, stepped
operating points for power and inertia. This is why the [71] implemented the unit com-
mitment relaxation, introducing the new continuous variable βs,ti. The unit commitment
relaxation is described in detail in section 3.2 This continuous number of online units is
limited by the maximum units of installed power units us.

0 ≤ βs,ti ≤ us (3.2)

The temporal consistency is managed via start-up and shut-down units tracking with
cyclic boundary condition βs,t1 = βs,tT for all synchronous generator units. The power
injections ps,ti from each source are constrained by their minimum pmin

s,ti
and maximum

pmax
s,ti

capacities, which are scaled by the availability factor as,ti and the continuous num-
ber of online units βs,ti,

as,tip
min
s βs,ti ≤ ps,ti ≤ as,tip

max
s βs,ti (3.3)

where as,ti models resource or planned unavailability.
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For virtual inertia providing resources, the variables related to online units βs,ti, βstart
s,ti

,
βshut
s,ti

are simplified, effectively assuming that all installed units are online βs,ti = us and
start-up/shut-down procedures are not relevant. Storage charging and state-of-charge
dynamics are modeled linearly, ensuring physical consistency.

A DC load flow approximation is applied for AC lines as∑
l∈LAC

Clcxlpl,ti = 0 (3.4)

where xl is the reactance, rl resistance, Clc cycle incidence matrix, pl,ti power flows.
The line losses for AC lines are approximated by piecewise linear functions with the
line loading limit of 70 % but the HVDC lines are lossless.

3.2 Unit Commitment Relaxation

As described in section 2.1, inertia refers to the total kinetic energy stored in the power-
producing units. It is linked to the total nominal capacity of these units and their inertia
constant. In traditional power system planning, the unit commitment problem uses a
binary variable to represent whether a unit is online or offline. This approach results
in a mixed-integer mathematical problem that is less flexible. It only allows a stepped
operation point for power and inertia provision. This strict relation can be seen in the
figure 3.1 with solid lines.

In the figure, the x-axis represents the power injection from a power source, mea-
sured in Gigawatts (GW), while the y-axis represents the inertia provided by a power
source, measured in Gigawatt-seconds (GWs). The area enclosed by the solid lines
represents the feasible space for power injection and inertia provision under traditional
unit commitment rules. A unit is considered fully on or off, resulting in a non-convex
feasible region.

The inertia delivered by the source at any time ti is formulated as

Is,ti = Hsp
max
s βs,ti (3.5)

Instead of using discrete binary variables, the number of online units βs,ti, is treated
as a continuous variable in the unit commitment relaxation. The hatched area in figure
3.1 encompasses the region defined by the solid lines, thereby representing the fea-
sible space under the model’s unit commitment relaxation. This relaxation transforms
the discrete operating points into a continuous, convex region. This approach allows
for a linear program formulation, making the problem more computationally tractable
for large-scale energy systems. As power injection increases, the number of online
units generally increases, resulting in higher inertia provision. However, the exact re-
lationship is influenced by specific characteristics, such as the inertia constant and the
maximum power of the aggregated units.

3.3 Inertia Constraint

In section 2.6, it is shown that the RoCoF value depends on the inertia of the system,
power outage, and base frequency. A lower inertia in the system leads to a higher
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Figure 3.1: Unit commitment and inertia relaxation

RoCoF, which can make the system unstable. To maintain stability, it is essential to
uphold a certain level of inertia. The constraint that describes this requirement is the
inertia constraint. If this limit is exceeded, the system becomes unstable. According
to this constraint, twice the product of the system’s inertia and RoCoF, divided by the
base frequency, must be greater than or equal to the power imbalance or outage in the
system [76] and is expressed as

2HSn

fbase
ḟmax ≥ ∆P ⇒ 2Ia

fbase
ḟmax ≥ ∆P (3.6)

where Ia = HSn is the inertia from the suitable resources. This equation is incorporated
in the model to ensure enough inertia and hence frequency stability in the system.

3.4 Selected Grid for the Experiment

For the realistic grid condition, the European Grid is selected for the study. This grid
is divided into four synchronous areas, as described in the section 2.9. In addition
to these synchronous areas, three more synchronous areas are considered in this
study. In each synchronous area, the outage size is defined based on the reference
incidents, such as the largest capacity generator failure in the system or the HVDC
link failure connecting to the area. For Example, the outage of the Cometa HVDC link
serves as the reference in the Mallorca Synchronous area, with a capacity of 400 MW.
The synchronous regions with name and number and their corresponding outage sizes
are presented in table 3.4. The base frequency for all areas is 50 Hz, and the RoCoF
in each area is set to 1 Hz/s. This ensures the frequency stability in each area with
enough inertia.
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Table 3.1: Synchronous area and reference outages
Area number Name Outage (GW)

1 Continental Europe 3.0
2 Nordics 2.0
3 Mallorca 0.4
4 Corsica 0.3
5 Great Britain 2.0
6 Ireland 0.6
7 Sardinia 1.0

3.5 Scenarios

There are two scenarios considered in the study. The brownfield scenario consists of
all the power-providing sources in the system. These sources take part in the normal
operation as well as the inertia provision operations. All the resources available can
not provide inertia; therefore, non-inertial resources are only available for the normal
load balancing provision. The inertia-providing resources contribute depending on their
inertia constants, as shown in 2.1. The second scenario is more emission-sensitive and
is referred to as the ’Greenfield Scenario’. This scenario aims to cut carbon emissions
by 95 % compared to the levels recorded in 1990. As future power system replaces the
retiring emission-producing plants, this scenario does not consider Lignite, Coal, and
Oil. Additionally, a Nuclear source is excluded.

Table 3.2: Two scenarios considered with subscenarios
Brownfield Greenfield

Base RoCoF Base RoCoF

Each scenario in the study has two subscenarios: ’Base’ and ’RoCoF’. These sub-
scenarios are based on whether the model considers RoCoF constraints while solving
the network or not. The Base scenario involves standard load-balancing calculations
aimed at minimizing the total annualized system cost for both scenarios. On the other
hand, the RoCoF scenario introduces an additional constraint that assesses the sys-
tem’s stability. The inertial response from the resources is applied under this condition
according to the equation 3.6. This stability constraint is implemented for each syn-
chronous area, ensuring that the system remains stable not only in the whole system
but also within each individual synchronous area.

3.6 Assumptions

Conventional wind turbines and traditional battery energy storage systems do not pro-
vide inertia during frequency events. The control algorithms allow them to participate
in the inertial response. Hence, this study considers the wind turbine equipped with
inertial control, as well as BESS with the inertial control can provide virtual inertia
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when necessary. The model features two types of wind turbines. The specific turbines
providing inertia are offshore AC wind turbines and onshore wind turbines. The off-
shore wind turbine with a DC connection is also present in the model, which does not
respond to frequency events. The inertia providing wind turbines are referred to as
synthetic offwind-ac (synthetic offshore-ac) and synthetic onwind (synthetic onshore).
The design and size of the wind turbines in both onshore and offshore settings are
comparable, leading to similar inertia constants. However, this study assumes that
synthetic offshore wind-ac turbines are better at providing inertia, as they have an in-
ertia constant of 3.2 seconds [1]. In contrast, the inertia constant for synthetic onshore
wind turbine is set to 1.5 seconds[32]. On the other hand, BESS GFM can have a
wide range of inertia constant values [79]. In this study, the inertia constant for the
grid-forming BESS is set to 10 seconds.

Table 3.3: Inertia constant considered for IBRs
Technology Inertia Constant(s)
BESS GFM 10
Synthetic Offshore wind-ac 3.2
Synthetic Onshore wind 1.5

The capital costs associated with inertia-providing sources also vary. Providing in-
ertia involves additional design and control costs. That is why, the capital cost of grid-
forming BESS is set at 6.25% higher than that of non-inertia-providing counterparts
[76]. Similarly, the capital cost for synthetic wind is set to be 8% higher than that of
non-inertial wind resources. In the model, DC power flow is utilized, and it is assumed
that no loads provide inertia. Damping effects are also ignored.

3.7 Defining the Cases

The experiment is tested for three cases. In the first case, the model is run with all the
virtual inertial sources, and it is freely allowed to be chosen by the optimisation model.
In the second case, only allow the grid-forming BESS to expand and provide inertia.
In the third case, the model only considers the synthetic winds: both offshore AC and
onshore as a source of inertia.

Table 3.4: Experiment cases
Cases Description
Case I Both Virtual Inertia Sources
Case II Only BESS GFM
Case III Only Synthetic Wind
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This chapter presents the simulation results for the European power system. The input
data for the simulations are from PyPSA-Eur, an open-source Python library for power
system analysis[42]. The following sections provide detailed outcomes from various
experiments, including stability, system cost, power expansion, inertia expansion, and
energy share.

4.1 Stability Test

In both scenarios, there are two subscenarios. The RoCoF method is a subscenarios,
constrained by the RoCoF limitation, which takes care of the inertia in the system.
Specifically, the greenfield scenario is designed as a low-inertia system that must meet
the RoCoF requirements by expanding the power sources while considering costs.
This section presents the results demonstrating how the stability of the system has
improved in each synchronous area.

4.1.1 CASE I:

The continental Europe synchronous area is the largest in the system, consisting of
the most conventional generators. As a result, it possesses the highest inertia in the
system. The average inertia of this area in the brownfield base method is 1212 GWs
(shown in table 4.1.1) with the maximum 1561.45 GWs and a minimum of 1081.54
GWs. Consequently, RoCoF falls within the range of 0.048 Hz/s to 0.069 Hz/s. Al-
though the base method does not address inertia constraints, it can handle the outage
up to 3 GW. If the inertia-constrained RoCoF method is analyzed, the values remain
within the same limits. Since the base method already has sufficient inertia, the Ro-
CoF method does not require additional power sources. The variations in RoCoF and
inertia across continental Europe can be observed in Figure 4.1.

The green plot illustrates the variation of inertia throughout the year, while the blue
plot represents the variability range of RoCoF. As shown in equation 2.28, RoCoF has
an inverse relationship with inertia.

The greenfield base method, which has more renewable sources, resulted in an
average inertia of 406.386 GWs. The largest recorded value is 851.18 GWs, while the
smallest is 198.58 GWs. Despite these variations, the inertia levels are sufficient for
stable operation, as the RoCoF remains between 0.088 Hz/s and 0.38 Hz/s. Therefore,
there are no changes in these values in the greenfield RoCoF method. The variations
in both RoCoF and inertia can be observed in Figure 4.2.

All areas, except for Corsica and Sardinia, have sufficient inertia in the brownfield
base scenario. Therefore, improvements are needed under the RoCoF method. The
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Figure 4.1: RoCoF and inertia variation in the Continental Europe under brownfield
RoCoF scenario

Figure 4.2: RoCoF and inertia variation in the Continental Europe under Greenfield
RoCoF scenario

model effectively addresses the stability issue by expanding the network with resources
that provide virtual inertia. The details of the inertia expansion results can be found in
Section 4.4. The plots for Sardinia’s inertia and RoCoF in both the base method and
the RoCoF method are presented in figures 4.3 and 4.4, respectively.

In the greenfield base method, a lack of inertia is observed in all regions except for
continental Europe. This inertia lack leads to higher RoCoF values. Consequently, the
RoCoF model adjusts the RoCoF limit to acceptable levels. The area in Ireland, with
the corrected RoCoF variability, is illustrated in Figure 4.5.

The average values of RoCoF in both scenarios for all areas areas are shown in
Table 4.1.1.

Table 4.1: Mean RoCoF in all synchronous areas for the case I (Hz/s)
Brownfield Greenfield
Base RoCoF Base RoCoF

Continental Europe 0.062 0.062 0.198 0.197
Nordics 0.292 0.259 1.009 0.586
Mallorca 0.463 0.452 6.566 0.765
Corsica 3.996 0.801 5.015 0.740
Great Britain 0.327 0.327 4.351 0.999
Ireland 0.898 0.899 2.589 0.933
Sardinia 4.134 0.999 21.934 0.958
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Figure 4.3: RoCoF and inertia variation in Sardinia under brownfield base scenario

Figure 4.4: RoCoF and inertia variation in Sardinia under brownfield RoCoF scenario

The table shows that in the brownfield base method, the RoCoF values for Corsica
and Sardinia are 3.996 Hz/s and 4.135 Hz/s, respectively. In the greenfield scenario,
the RoCoF values are significantly higher; for instance, Sardinia has an extremely high
value of 21.935 Hz/s, which poses a risk of immediate system collapse. However, the
model able to keep all values within the 1 Hz/s limit as expected.

As noted, the inertia also changes with the RoCoF. This relationship can be observed
in Table 4.1.1. Figure 4.6 presents the box plot for this case in the brownfield base
method.

Table 4.2: Mean inertia in all synchronous areas for the case I (GWs)
Brownfield Greenfield
Base RoCoF Base RoCoF

Continental Europe 1212.009 1216.980 406.386 408.854
Nordics 184.146 208.122 95.674 123.369
Mallorca 21.750 22.334 4.170 13.636
Corsica 4.917 10.148 4.696 11.512
Great Britain 154.539 154.504 11.489 50.000
Ireland 16.799 16.787 5.981 16.131
Sardinia 6.245 25.017 1.920 26.145
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Figure 4.5: RoCoF and inertia variation in Ireland under greenfield RoCoF scenario

Figure 4.6: Inertia box plot of brownfield base method for Case I

4.1.2 CASE II:

In the case of using only BESS GFM, the RoCoF values are provided in Table 4.1.2.
In the brownfield base scenario, two synchronous areas encounter stability problems:
Corsica has a mean RoCoF value of 3.996 Hz/s, while Sardinia has a mean value of
4.135 Hz/s. In the greenfield base scenario, all areas, except for continental Europe,
lack sufficient inertia and exhibit high RoCoF values. The Mallorca area, which bene-
fits from improved inertia, shows a stable RoCoF, as illustrated in Figure 4.7. Sardinia
has the highest RoCoF value at 22.072 Hz/s, which exceeds the corresponding val-
ues in the same scenario and method used in CASE I. Again, the model successfully
optimizes the network while adhering to the correct RoCoF stability constraints. The
corresponding mean inertia values are presented in Table 4.1.2.
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Table 4.3: Mean RoCoF in all synchronous areas for the case II (Hz/s)
Brownfield Greenfield
Base RoCoF Base RoCoF

Continental Europe 0.062 0.062 0.199 0.197
Nordics 0.292 0.259 1.009 0.587
Mallorca 0.463 0.452 6.583 0.765
Corsica 3.996 0.801 5.022 0.740
Great Britain 0.327 0.327 4.350 0.999
Ireland 0.899 0.899 2.594 0.933
Sardinia 4.135 0.999 22.075 0.958

Figure 4.7: RoCoF and inertia variation in Mallorca under greenfield RoCoF scenario

4.1.3 CASE III:

The mean RoCoF and inertia values for Case III are presented in Tables 4.1.3 and
4.1.3. The relatively lower inertia values in this case result in slightly higher RoCoF
values. This low inertia value suggests that wind system with virtual inertia are less
favored in the model compared to the BESS GFM technology.

All regions except continental Europe experience stability issues with the greenfield
base method, as the RoCoF values exceed the acceptable limit. Figure 4.8 illustrates
the RoCoF variations in the Great Britain area using the greenfield RoCoF method.
The plot reveals a compact variation in inertia. This compactness may result from
the predominant reliance on virtual inertia-based resources rather than synchronous
machine generation.

Figure 4.8: RoCoF and inertia variation in the Great Britain under greenfield RoCoF
scenario
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Table 4.4: Mean inertia in all synchronous areas for the case II (GWs)
Brownfield Greenfield
Base RoCoF Base RoCoF

Continental Europe 1212.005 1217.014 406.305 408.879
Nordics 184.145 208.501 95.674 123.337
Mallorca 21.750 22.335 4.169 13.636
Corsica 4.917 10.149 4.696 11.514
Great Britain 154.539 154.504 11.493 50.000
Ireland 16.798 16.788 5.972 16.135
Sardinia 6.245 25.017 1.917 26.146

Table 4.5: Mean RoCOF in all synchronous areas for the case III (Hz/s)
Brownfield Greenfield
Base RoCoF Base RoCoF

Continental Europe 0.062 0.062 0.199 0.204
Nordics 0.292 0.260 1.009 0.584
Mallorca 0.463 0.452 6.590 0.973
Corsica 3.996 0.915 5.027 0.924
Great Britain 0.327 0.327 4.351 0.999
Ireland 0.899 0.900 2.593 0.973
Sardinia 4.135 0.999 22.072 0.997

Table 4.6: Mean inertia in all synchronous areas for the case III (GWs)
Brownfield Greenfield
Base RoCoF Base RoCoF

Continental Europe 1211.995 1207.769 406.293 397.322
Nordics 184.145 207.891 95.671 124.153
Mallorca 21.750 22.336 4.168 10.382
Corsica 4.917 8.332 4.695 8.233
Great Britain 154.539 154.483 11.492 50.000
Ireland 16.797 16.768 5.974 15.438
Sardinia 6.246 25.015 1.917 25.079

4.2 System Cost

The total annualized system costs for both scenarios under the base and RoCoF meth-
ods are presented in Table 4.2. Three different cases were examined. These sys-
tem costs include generation, transmission, and operational costs. As shown in Table
4.2, the brownfield base scenarios exhibit nearly identical total system costs, totaling
C276.535 billion. This similarity arises because the costs for all existing resources
in the system are accounted for, and these resources remain constant in the base
method. The situation is similar for the greenfield base method, but it incurs costs that
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are C73.256 million less than the brownfield base method. This cost reduction is due to
the removal of specific resources required to establish the greenfield scenario, thereby
eliminating the associated costs.

When comparing the costs under the RoCoF method to those under the base method
in the brownfield scenario, an expected increase in costs is observed. The inertial con-
straints necessitate the expansion of generating, storage, and transmission resources,
resulting in higher associated costs and subsequently increased system costs.

Figure 4.9 illustrates the additional costs required to achieve the inertial constraints
across all three cases. The values represented by the green bar indicate the cost
increase for brownfield inertial response, while the orange bar reflects the greenfield
scenario. The additional costs are relatively similar across all scenarios, ranging from
C113 million to C125.1 million, except for Case III in the greenfield scenario, which
shows higher cost of C657.8 million. This increase occurs because, in this scenario,
only virtual inertia enabled wind sources are allowed to expand, and the capital costs
associated with this source are highest among the sources, a situation compounded
by the lower inertia constants of wind turbines compared to most other resources.
Consequently, this results in a cost that is approximately C532.7 million higher than
the additional cost in the brownfield scenario.

The findings indicate that achieving inertial response leads to a negligible increase
in total system costs. In the brownfield scenario, this additional cost amounts to only
0.041% to 0.045% of the total system costs, whereas in the greenfield scenario, it is
slightly higher at 0.056% to 0.062%. Additionally, the results demonstrate that BESS
GFM is more economical in providing inertial response compared to virtual inertia en-
abled wind sources. The additional cost for the greenfield scenario, in comparison to
brownfield, is relatively low, around C6 million, suggesting that the inertial response
in the greenfield scenario can be achieved similarly to that in the brownfield scenario
without significant investment

Table 4.7: Total annualized system costs for all cases and scenarios (Billion C/annum)
Brownfield Greenfield
Base RoCoF Base RoCoF

Case I 276.5349 276.6479 203.2797 203.3986
Case II 276.5348 276.6479 203.2796 203.3986
Case III 276.5348 276.6599 203.2796 203.9374

4.3 Power Expansion

This section presents the results of power expansion from the experiments. In each
scenario and case, additional generation and storage are included to address the in-
ertia provision as well as other regular constraints. Three distinct cases are explained
separately.

46



4 Simulation Result and Discussion

Figure 4.9: Additional annual system costs for maintaining the stability

4.3.1 Case I:

By allowing all the virtual inertia sources in the network to be utilized, the power ex-
pansion from various generation and storage sources can be observed in Table 4.8.
All available sources have the potential to contribute power to the model if selected.
In RoCoF method, power from regular generation sources may not be sufficient, as it
also takes inertia into account. Consequently, power expansion is noted for synthetic
onshore wind, synthetic offshore wind-ac, and BESS GFM, as shown in Table 4.8.

No expansion is observed for coal, lignite, nuclear, oil, RoR, pumped PHS, or hy-
droelectric power, even in the brownfield scenario. Similarly, biomass, CCGT, OCGT,
offshore wind-ac, synthetic offshore wind-ac, and onshore wind do not expand in the
brownfield base method. However, this does not imply that these sources do not con-
tribute energy to the model; they still play a role in the network, as explained in Section
4.5.

Despite the allowance for virtual inertia resources, no significant expansion is ob-
served overall. Only BESS GFM contributes to the inertial response in both the brown-
field and greenfield RoCoF methods. The amount of BESS GFM built in the greenfield
RoCoF method is higher (11.258 GW) compared to the brownfield RoCoF method
(2.045 GW). Among other conventional sources, solar power provides the highest con-
tribution in both brownfield (approximately 87.6%) and greenfield (approximately 57%)
scenarios.

Onshore wind and BESS also experience a combined expansion of 12.4% and
11.2%, respectively, in the brownfield base and the RoCoF method. In the greenfield
scenario, these numbers rise to 36.11% and 35.5%. Additionally, biomass, OCGT, and
CCGT are also developed in the greenfield scenario.
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Table 4.8: Power expansion results for the case I (GW)
Brownfield Greenfield
Base RoCoF Base RoCoF

CCGT 0.0 0.0 34.595 34.240
OCGT 0.0 0.0 50.323 50.347
Biomass 0.0 0.0 10.537 10.537
Offwind-ac 0.0 0.0 115.321 115.766
Synthetic Offwind-ac 0.0 0.0 0.0003 0.0001
Offwind-dc 0.0 0.0 65.511 64.979
Onwind 3.7155 3.732 327.258 327.738
Synthetic Onwind 0.0001 0 0.0006 0.0003
Solar 83.771 83.451 739.796 737.841
BESS 8.1103 6.019 140.132 130.398
BESS GFM 0.001 2.045 0.006 11.268

4.3.2 CASE II:

The power expansion for the BESS GFM only case is detailed in Table 4.9. In this sce-
nario, no inertia providing onshore wind or offshore wind-ac is permitted. As a result,
the BESS GFM provides the additional expansion that is necessary. Since the expan-
sion from virtual inertia enabled wind turbines is minimal in this case, the contribution
from the BESS GFM remains consistent. Similar to the first case, all other outcomes
are also comparable in this second case. In the brownfield scenario, sources such
as CCGT, OCGT, Biomass, offshore wind-ac, and offshore wind-dc do not contribute
significantly. This result leads to solar energy being the primary source for expansion,
followed by BESS and onshore wind-ac. In a greenfield scenario, solar energy again
emerges as the most developed source.

Table 4.9: Power expansion results for the case II (GW)
Brownfield Greenfield
Base RoCoF Base RoCoF

CCGT 0.0 0.0 34.595 34.241
OCGT 0.0 0.0 50.323 50.347
Biomass 0.0 0.0 10.538 10.537
Offwind-ac 0.0 0.0 115.321 115.766
Synthetic Offwind-ac - - - -
Offwind-dc 0.0 0.0 65.510 64.979
Onwind 3.7157 3.7316 327.259 327.736
Synthetic Onwind - - - -
Solar 83.772 83.452 739.797 737.841
BESS 8.109 6.019 140.142 130.399
BESS GFM 0.0006 2.045 0.003 11.269
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4.3.3 Case III:

When the wind turbines are only permitted to provide the virtual inertial response, the
power expansion in the network is detailed in Table 4.10. In this scenario, the power
expansion previously attributed to BESS GFM is replaced by the virtual inertia providing
offwind-ac and onwind, particularly in the RoCoF method within the greenfield scenario.
The virtual inertia enabled offwind-ac shows an expansion of 13.571 GW, while virtual
inertia providing onwind exhibits an expansion of 32.0873 GW, both significantly higher
than those observed in the other cases.

Table 4.10: Power expansion results for the case III (GW)
Brownfield Greenfield
Base RoCoF Base RoCoF

CCGT 0.0 0.0 34.595 35.131
OCGT 0.0 0.0 50.323 49.602
Biomass 0.0 0.0 10.538 10.537
Offwind-ac 0.0 0.0 115.321 102.147
Synthetic Offwind-ac 0.0 0.0 0.0002 13.571
Offwind-dc 0.0 0.0 65.510 65.579
Onwind 3.716 3.314 327.259 295.048
Synthetic Onwind 0.0001 0.0001 0.0004 32.087
Solar 83.771 76.886 739.797 738.801
BESS 8.111 6.657 140.145 140.309
BESS GFM - - - -

4.4 Inertia Expansion

With the help of power expansion, it is also possible to extract the results for inertia
expansion. However, not all expanded power sources can provide inertia, as is the
case with solar energy.

Table 4.11 presents the total inertia expansion for three cases across two scenarios.
In the brownfield base method, negligible inertia expansion is observed. This occurs
because the base method does not account for inertia. In contrast, the greenfield
base case shows a significant amount of inertia expansion, approximately 374.5 GWs.
This increase is not necessarily because inertia is required, but rather because some
conventional generating sources are excluded, and the equivalent amount of power is
replaced by other sources, many of which are capable of providing inertia.

Analyzing the results from the RoCoF method reveals that in cases I and II, there
is an expansion of approximately 20.45 GWs in the brownfield scenario to deliver the
necessary inertial response. As mentioned in the stability section, the total inertia in
the system was sufficiently high in case III, resulting in negligible inertia expansion
in the brownfield RoCoF scenario. The model opted not to expand generation from
virtual inertia enabled wind turbines but rather to meet the inertia requirements using
other sources. This decision is supported by the validation of the Section 4.1, which

49



4 Simulation Result and Discussion

confirms that the areas were stable and had adequate inertia, thereby keeping the
RoCoF within the specified limits.

This supports the model’s preference for BESS GFM capabilities. In the greenfield
RoCoF method, as anticipated, a higher inertia expansion is observed to ensure sta-
bility.

Table 4.11: Inertia expansion in each scenario (GWs)
Brownfield Greenfield
Base RoCoF Base RoCoF

Case I 0.009 20.451 374.505 485.805
Case II 0.006 20.4526 374.475 485.812
Case III 0.0001 0.0002 374.446 459.709

4.5 Energy Share

This section presents the results for energy shares by power resources measured in
TWh. Table 4.12 displays the results for the first case.

In the brownfield base and RoCoF methods, the total energy output is 3324.732 TWh
and 3326.030 TWh, respectively. In contrast, the values for the greenfield scenarios
are nearly 15 TWh higher, at 3639.509 TWh and 3640.082 TWh.

The BESS GFM can provide energy in the RoCoF method for both scenarios, sup-
plying 5.290 TWh and 18.657 TWh, respectively. Virtual inertia sources are already
integrated into the network, which contributes to the overall energy supply. This en-
ergy mix represents the share of energy from sources already present in the network,
excluding the energy supplied by power expansions.

In the brownfield base method, nuclear energy is the most significant contributor,
supplying 19.36%, followed by lignite at 13.79% and onshore wind at 13.23%. Other
significant sources include solar energy (10.18%), coal (10.71%), CCGT at 6.10%,
offshore wind-ac (6.45%), and RoR at 5.13%. The BESS GFM provides around 0.16%
of the energy in the brownfield RoCoF method, slightly reducing the share from other
sources.

In the greenfield scenario, some of the top energy suppliers from the brownfield
method cannot contribute as effectively. Therefore, solar energy becomes the leading
supplier in the base method, accounting for 26.68%. Other major renewable sources
include onshore wind (21.30%), offshore wind-ac (12.49%), hydro (9.38%), offshore
wind-dc (7.94%), and BESS (7.50%). A similar contribution from these sources is
observed in the greenfield RoCoF method, along with BESS GFM, which also supplies
18.657 TWh.

The Table 4.13 shows the energy mix for Case II. In Case I, the contribution of energy
from virtual inertia enabled wind turbines was minimal, so the results in Case II are
quite similar, as reflected in the table. The BESS GFM supplies 5.290 TWh using
the brownfield RoCoF method and 18.731 TWh using the greenfield RoCoF method,
respectively.
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Table 4.12: Energy mix for the case I (TWh)
Brownfield Greenfield
Base RoCoF Base RoCoF

CCGT 202.768 203.127 164.645 164.075
OCGT 0.0 0.0 42.077 42.528
Biomass 87.029 87.044 78.809 78.839
Coal 356.087 356.112 - -
Lignite 458.796 458.792 - -
Nuclear 643.800 643.719 - -
Offwind-ac 214.268 214.261 454.465 458.558
Synthetic Offwind-ac 0.0001 0.0 0.001 0.0004
Offwind-dc 0.0001 0.0 288.967 286.230
Oil 0.085 0.087 - -
Onwind 439.906 439.966 775.358 776.583
Synthetic Onwind 0.0002 0.0001 0.001 0.0005
Ror 170.651 170.649 170.588 170.575
Solar 338.287 338.291 971.099 968.216
PHS 51.388 52.495 79.533 79.284
BESS 20.230 14.763 273.101 254.535
BESS GFM 0.003 5.290 0.014 18.657
Hydro 341.434 341.434 341.424 341.429

In case III, the most significant change is that no BESS GFM is allowed. Conse-
quently, the inertia providing offshore wind energy supply totals 54.334 TWh, while
the inertia enabled onshore wind energy supply reaches 70.865 TWh when using the
greenfield RoCoF method. However, these energy sources do not have a substantial
impact on the brownfield RoCoF method, despite representing the only virtual energy
sources available in this scenario.
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Table 4.13: Energy mix for the case II (TWh)
Brownfield Greenfield
Base RoCoF Base RoCoF

CCGT 202.767 203.126 164.645 164.076
OCGT 0.0 0.0 42.077 42.527
Biomass 87.030 87.044 78.809 78.839
Coal 356.087 356.113 - -
Lignite 458.796 458.792 - -
Nuclear 643.800 643.719 - -
Offwind-ac 214.271 214.279 454.253 458.715
Synthetic Offwind-ac - - - -
Offwind-dc 0.0001 0.0 288.931 286.219
Oil 0.085 0.087 - -
Onwind 439.893 439.947 775.308 776.588
Synthetic Onwind - - - -
Ror 170.653 170.649 170.616 170.544
Solar 338.292 338.292 971.200 968.173
PHS 51.387 52.498 79.454 79.327
BESS 20.214 14.763 272.866 254.653
BESS GFM 0.002 5.290 0.007 18.731
Hydro 341.434 341.434 341.427 341.427

Table 4.14: Energy mix for the case III (TWh)
Brownfield Greenfield
Base RoCoF Base RoCoF

CCGT 202.766 213.685 164.644 166.279
OCGT 0.0 0.0 42.077 41.017
Biomass 87.029 87.078 78.809 78.762
Coal 356.089 354.993 - -
Lignite 458.796 458.857 - -
Nuclear 643.800 643.870 - -
Offwind-ac 214.254 214.301 454.320 403.039
Synthetic Offwind-ac 0.0 0.0001 0.0006 54.334
Offwind-dc 0.0001 0.0001 288.892 288.955
Oil 0.085 0.094 - -
Onwind 439.909 438.545 775.335 702.556
Synthetic Onwind 0.0001 0.0002 0.0007 70.865
Ror 170.653 170.644 170.609 170.569
Solar 338.291 329.274 971.182 970.009
PHS 51.386 52.187 79.476 81.294
BESS 20.218 16.748 272.945 272.951
BESS GFM - - - -
Hydro 341.434 341.434 341.427 341.428
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This thesis has addressed the problem of ensuring frequency stability in future electric-
ity systems with a high share of inverter-based renewable energy sources by integrat-
ing RoCoF constraints into capacity expansion planning. The research was motivated
by the growing operational concern that the replacement of synchronous generators
by IBRs reduces system inertia, thereby increasing RoCoF following disturbances and
posing system stability risks.

A convex capacity expansion model applies a unit commitment relaxation to enable
high spatial and temporal resolution simulations over a large-scale network, specifi-
cally the European transmission grid, divided into seven synchronous areas. Inertia
provision was explicitly modelled using technology-specific inertia constants for both
synchronous and virtual inertia sources. Additionally, RoCoF constraints were applied
to each synchronous area for realistic stability assessment.

Two main scenarios were analyzed in this thesis. The 'Brownfield' represents the
existing generation mix, and the 'Greenfield' targets a 95% CO2 reduction by phasing
out lignite, coal, oil, and nuclear units. For each scenario, two methods were compared:
'Base' (no inertia constraints) and 'RoCoF' (stability-constrained). Additionally, three
experimental cases were examined, each with a different availability of virtual inertia
providers: both BESS GFM and virtual inertia enabled wind (Case I), BESS GFM only
(Case II), and virtual inertia enabled wind only (Case III).

The simulation results of this thesis strongly validate both core hypotheses related
to frequency stability and system costs in future European power systems with a high
share of IBRs. Regarding hypothesis 1, the analysis indicates that several synchronous
areas exhibit high RoCoF values beyond the limit of 1 Hz/s within the ’Base’ scenario.
In the RoCoF unconstrained scenario, especially in island regions or weak systems
areas such as Corsica, Sardinia, Mallorca, and Great Britain, this condition is ob-
served. These high RoCoF resulted from insufficient system inertia due to the gen-
eration deficits. This lack of inertia poses a high risk of instability in those areas. This
issue is particularly pronounced in the decarbonized Greenfield scenario, where con-
ventional synchronous units were decomissioned. However, once RoCoF constraints
were enforced within the planning optimization, all synchronous areas maintained Ro-
CoF values safely below operational limits. This outcome was achieved by targeted
investment and expansion of virtual inertia-providing technologies, such as BESS GFM
and, in certain cases, synthetic wind units. These findings align with recent study [76],
which emphasize the importance of directly integrating stability constraints into long-
term energy system planning.

Regarding Hypothesis 2, the imposition of RoCoF constraints led to a modest in-
crease in annualized system costs, typically between 0.041% and 0.062% for most
scenarios (Brownfield and Greenfield, Cases I and II), as the model allocated addi-
tional capital to inertia-capable resources. Notably, in Case III of the Greenfield sce-
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nario, where only wind was permitted to provide virtual inertia, the cost impact was
much more significant, with annual system costs higher by C657.8 million compared
to the base method. Across all cases, BESS GFM emerged as the most economically
efficient solution for inertia provision.

This work contributes to the understanding the impact of the BESS GFM and syn-
thetic wind technologies as solutions for providing virtual inertia in low-inertia systems.
The comparative analysis of different virtual inertia technology mixes and their cost
implications underlines the importance of considering frequency stability in long-term
planning. This reveals how decisions about technology mix may change under stability
constraints, and shows that inertia provision from BESS GFM is an economical means
to achieve stability in low-inertia futures. Notably, the results indicate that not explicitly
considering inertia constraints while planning could overestimate the integration poten-
tial of renewable resources and result in operationally unstable configurations.

Despite these contributions, the study has limitations. The model employs a con-
vex unit commitment relaxation, meaning that practical, binary operational schedules
would require post-processing. Power flows are represented using a DC load flow ap-
proximation, which neglects the effects of reactive power and voltage stability. The
inertia constants for each technology were assumed to be fixed average values, not
capturing operational variability or control-dependent behavior. In addition, the analy-
sis was based on deterministic scenarios, without incorporating uncertainty in demand
or contingency events.

Future work could extend the modelling framework to include additional dynamic sta-
bility measures, such as frequency nadir and steady-state errors in frequency control.
By varying the inertia constants for the virtual inertia sources, the stability and cost ef-
fectiveness could be further explored. Incorporating AC power flow and reactive power
constraints would allow for voltage stability optimization alongside frequency stability.
Further, uncertainty in disturbances, renewable output, and demand patterns can be
investigated. Inclusion of load inertia can be studied for its contribution to the frequency
stability.

This thesis confirms that embedding RoCoF constraints directly into capacity ex-
pansion planning is both technically and computationally viable, and that it effectively
ensures stability in high-renewable systems. Although such constraints marginally in-
crease costs in most cases, they are critical for avoiding instability, particularly in a low-
inertia, emission-constrained future grid. The modelling and results presented here
provide a valuable framework for policymakers, system operators, and planners to de-
sign reliable pathways to decarbonized power systems.
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