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Resumo

Hoje em dia, uma grande parte dos gases de efeito estufa são provenientes da produção de
energia, isto porque os combustíveis fósseis são queimados para gerar eletricidade. As fontes de
energia renováveis são a solução. Estas são renovadas pela natureza e emitem poucos ou nenhuns
gases de efeito estufa e poluentes para a atmosfera. Contudo, o contínuo aumento das fontes de
energia renováveis está a levar a uma mudança de paradigma nos sistemas de energia. À medida
que mais fontes de energia renováveis são integradas no sistema, mais ligações à rede são feitas
através de conversores. Os conversores eletrónicos de potência desacoplam o gerador e a rede e
não contribuem para a inércia do sistema pois dissociam a velocidade de rotação dos geradores
da frequência da rede elétrica. Esta crescente integração de unidades de geração renovável na
rede conduz a uma menor dependência na geração síncrona, levando a uma redução da veloci-
dade dos geradores e consequente redução da inércia e instabilidade da frequência. No entanto,
investigadores têm proposto técnicas de controlo que parecem ser uma solução promissora para
este problema. Estas estratégias resolvem a ausência de resposta inercial em unidades de geração
conectadas de forma não síncrona. Através da implementação destas técnicas de controlo, é pos-
sível replicar a resposta inercial de geradores síncronos em unidades não síncronas, assegurando
o fornecimento de inércia sintética.

Neste contexto, esta dissertação avalia o impacto de técnicas de controlo que fornecem re-
sposta inercial no desempenho global e estabilidade da rede. As tecnologias estudadas incluem
inércia sintética, compensador síncrono e impulso temporário de potência. Através da sua sim-
ulação utilizando o MATLAB Simulink, será efetuada uma análise abrangente. A investigação
inclui diversos cenários, tais como curto-circuito, perda de carga e perda de geração, que são even-
tos críticos que afetam a estabilidade de um sistema de energia. As tecnologias são submetidas a
testes iniciais numa rede reduzida e simples, sendo depois implementadas no ambiente estudado.
O sistema elétrico que será estudado e simulado é um sistema elétrico isolado (ilha geográfica)
cuja rede não é alimentada por uma rede principal.

As simulações confirmam que as estratégias escolhidas melhoram a estabilidade do sistema,
fornecendo uma resposta que reduz efetivamente a taxa de variação da frequência imediatamente
após a perturbação. O estudo destas tecnologias num sistema elétrico isolado demonstra que, nas
estratégias que utilizam medição de frequência, o efeito do atraso na medição é atenuado. Ao con-
trário do que acontece em sistemas não isolados, o atraso não afeta substancialmente as respostas
em frequência. Além disso, as respostas em frequência das tecnologias que utilizam a medição de
frequência não diferem significativamente das que não a utilizam.

Palavras-chave: estabilidade da frequência; controlo da frequência; fontes de energia ren-
ovável; inércia; control inercial; inércia sintética; condensador síncrono; resposta rápida de fre-
quência; sistema de potência isolado
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Abstract

Nowadays, many greenhouse gases are generated through energy production by burning fossil
fuels to generate electricity. Renewable energy sources are the solution. They are renewed by
nature and emit little to no greenhouse gases or pollutants into the air. However, the continuous
increase of renewable energy sources is leading to a paradigm shift in power systems. As more re-
newable energy sources are integrated into the system, more converter-connected generation units
are connected to the grid. The power electronics converters decouple the generator and the grid
and do not contribute to the system inertia. These converters effectively decouple the generators’
rotational speed from the power grid’s frequency. As a result, these units cannot generate an inher-
ent inertial reaction and do not contribute to the overall system inertia. This growing integration of
renewable energy sources into the power grid results in reduced dependence on synchronous gen-
eration, leading to slower speeds of synchronous generators. This decrease in speed consequently
reduces inertia and frequency stability. Nevertheless, researchers have been proposing control
techniques that look like a promising solution to this problem. These strategies solve the absence
of inertial response in non-synchronously connected generating units by supplying synthetic iner-
tia. By implementing these control techniques, it is possible to replicate the inertial response of
synchronous generators in non-synchronous units, assuring the provision of synthetic inertia.

In this context, this dissertation evaluates the impact of control techniques that provide inertial
response on the overall performance and stability of the grid. The studied technologies include
synthetic inertia, synchronous compensator, and temporary power boost. By simulating them us-
ing MATLAB Simulink, a comprehensive analysis is conducted. The investigation introduces
diverse scenarios, such as short circuit, load loss, and generation loss, which are critical events
that significantly affect the stability of a power system. The technologies undergo initial testing on
a reduced and simple grid, being then implemented in the studied environment. The power system
that is studied and simulated is an isolated power system (geographical island) whose grid is not
supplied by the main grid.

The simulations confirm that the chosen strategies enhance the system’s stability by provid-
ing a response that effectively reduces the rate of frequency variation immediately following the
disturbance. Studying those technologies in an isolated power system reveals that the effect of
frequency measurement delay on strategies utilizing it is mitigated. Unlike in non-isolated sys-
tems, the delay does not substantially impact frequency responses. Also, the frequency responses
of technologies employing frequency measurement do not significantly differ from those that do
not employ it.

Keywords: frequency stability; frequency control; renewable energy sources; inertia; inertial
control; synthetic inertia; synchronous condenser; fast frequency response; isolated power system
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Chapter 1

Introduction

This first chapter will provide a quick and general summary of the issue explored in this dis-

sertation. The context for the topic will be explained clearly at the beginning, followed by the

motivations for why it is essential to investigate. After that, the problem will be defined, and then

the dissertation’s goals will be clearly explained. The document structure will next be described

in full and in great detail.

1.1 Context of the work

Since the Industrial Revolution, most countries have used many fossil fuels to produce energy.

However, it is becoming more and more evident how this practice will impact the environment

and public health over time. Examples of fossil fuels are natural gas, oil, and coal. These fuels

are the main contributing factors to the dramatic increase in greenhouse gas emissions underlying

rising global temperatures and threatening climate change. Using fossil fuels also contributes

significantly to air pollution, which is associated with cardiovascular and respiratory diseases.

According to a Harvard University research, more people died in 2018 than was initially

thought as a result of pollution from fossil fuels. The study found that air pollution brought

on by the combustion of fossil fuels like coal and diesel contributed to the deaths of more than 8

million people in that year. This surprising result means that 1 in 5 deaths worldwide was caused

by pollution from fossil fuels [1].

Renewable energy has become a vital factor in lowering carbon emissions and reducing the

adverse effects of fossil fuels on the environment and people’s health as the world moves toward

a more environmentally friendly future.

Renewable energy derives from natural processes that are continually renewed. Energy comes

in various shapes and sizes and may be produced using the sun, wind, rain, ocean tides, organic

matter, and heat from the earth’s core. These forms include solar, wind, hydro, tidal, biomass, and

geothermal energy [2].
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2 Introduction

Particularly in developed countries, clean, renewable energy sources like wind, solar, and hy-

dro are quickly gaining ground. Despite fossil fuels accounting for over 80 per cent of global

energy production, renewable sources currently provide around 29 per cent of the world’s electric-

ity.

The renewable energy sector has experienced unprecedented growth in recent years, and the

trend does not appear to fade. Governments, companies, and people worldwide recognize the need

for cleaner energy sources, and concrete steps are being taken to make the transition. Sustainable

energy production offers new opportunities for economic growth, job creation, and environmental

benefits. With the ability to supply reliable and sustainable energy to meet the rising demand, the

renewable energy sector is thus well-positioned to become a significant player in the global energy

market.

Figure 1.1: Share of energy source in electricity mix (%) [3].

1.2 Motivation

Today’s power systems are encountering significant challenges due to the continuous growth

in the contribution of renewable energy sources. Renewable energy sources lead to integrating

more converter-connected generation units in the grid [4]. The mounting dependence on renew-

able energy sources has adversely affected the frequency stability of power systems, necessitating

careful consideration and mitigation strategies. This is mainly because these sources cannot con-

tribute to the system’s inertia, and their integration causes a decrease in the speed of synchronous

generators. As a result, this reduction in global inertia significantly affects the energy quality and

overall stability of the systems. Power electronic converters suffer from this drawback despite

their numerous advantages, such as efficiency and flexibility.
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Figure 1.2: Evolution towards an inverter dominated power system [5].

The system inertia is considered one of the most vital parameters in a system for its con-

tribution to helping to prevent sudden frequency variations [4]. Conventional power generation

sources, like fossil fuel-based generators, significantly contribute to system inertia because they

use synchronous machines, which have mechanical inertia by definition.

Renewable energy generation behaves quite differently from traditional ones. Almost every

renewable energy source does not contribute to the system inertia because of non-synchronous

generation. Wind and solar photovoltaic are the ones that have zero or low inertia contribution.

Hydro and biomass all use machines which have inherent mechanical inertia. In addition to having

low or zero inertia, renewable energy devices also have variable output and may be unable to

contribute any energy to support the grid during a failure condition.

For example, wind turbines are asynchronous machines and have no inherent inertia. Doubly-

fed induction generator (DFIG) configurations disconnect the output from the rotating mass so

that it cannot be used as an inertial device. Still, developments by several suppliers have enabled

the rotating mass of the blades to be used to create synthetic inertia and feed additional power into

the grid to support generation loss. In power systems, inertia is a factor that affects how quickly

the frequency of alternating current (AC) changes in response to changes in the load on the system.

Figure 1.3: Frequency variation with increasing penetration of renewable energy [6].
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Figure 1.3 presents a clear correlation between the amount of renewable sources’ penetration

and the frequency fluctuation during a frequency event. The graph shows that the magnitude of

frequency fluctuations grows along with the penetration of renewable energy sources. The results

presented here validate the premise that due to the decrease in system inertia, the integration of

renewable energy sources directly influences the frequency stability of power systems.

The figure below reinforces the premise that integrating renewable energy sources leads to

the frequency reaching a lower value when an event occurs, causing the variation to be more

significant. In this case, the frequency response of a system with a synchronous generator only is

compared to the frequency response of a system with a synchronous generator and a renewable

energy source without any inertial response supply technology.

Figure 1.4: Effect of inertia on frequency [7].

This can have important consequences for the system’s operation. Inertia can be increased by

adding more rotating mass, such as by adding more generators or motors. Increasing the inertia of

a power system will help keep the frequency stable and reduce the chances of problems caused by

changes in frequency. However, increasing the inertia of a power system can also be expensive,

and may not be practical in all cases. Researchers and engineers have been investigating several

methods for increasing system inertia to fix this inertia reduction.

1.3 Problem definition

Virtual inertia is a supplement to, or a substitute for, traditional mechanical inertia provided by

synchronous generators, replicating the effects of mechanical inertia, usually supplied by spinning

masses such as generators and motors. Virtual inertia can be used to maintain stability in these

situations where there is a high penetration of renewable energy sources, which may not provide

the necessary mechanical inertia to keep the system stable.
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Although, synthetic inertia is not the only factor that needs to be considered. Also, factors

such as power system protection and control, load management, and system design are important

too. There are several benefits to using synthetic inertia in a power system. These benefits include:

• Increased stability - As mentioned previously, emulated inertia can help keep the power

system’s frequency stable by controlling the reactive power flow. Consequently, it helps to

prevent frequency excursions, which can lead to power outages and damage to equipment.

• Enhanced flexibility - Synthetic inertia can be quickly and easily adjusted to react to changes

in power systems, such as changes in the load or the operation of other devices. This can

help to improve the system’s overall flexibility and reliability.

• Decreased dependence on mechanical inertia - Virtual inertia lets the power system depend

less on mechanical inertia. This can make it easier to use smaller, more efficient generators

and decrease the need for transmission lines and other infrastructure.

• Cost savings - Emulated inertia can be less costly to implement and maintain when com-

pared with mechanical inertia, particularly in systems that require a lot of spinning mass to

keep them stable.

There are also some disadvantages associated with virtual inertia usage:

• Level of stability - Virtual inertia may be incapable of delivering the same level of stability as

mechanical inertia. It may not be able to reproduce the exact same behaviour of mechanical

inertia, which can be complicated to do in a complex power system.

• Reactive power dependence - In some cases, the performance of emulated inertia may be

affected by the amount of reactive power in the system, which can be affected by things like

changes in load or the operation of other power electronic devices.

• Complexity - Putting inertial response techniques into action may be difficult, requiring

complicated algorithms and control systems. The engineering work and investments are

increased as a result of the complexity.

Overall, there are benefits and disadvantages, so it is important to consider the costs and po-

tential limitations to determine whether it is the best solution for each specific application. For

example, there are some cases where virtual inertia can be less expensive to implement and keep

functional than mechanical inertia, but in some other cases, the cost of implementing it may not be

cost-effective. As said previously, the main goal of this dissertation is to test and evaluate control

techniques to realize virtual inertia in terms of the impact on the system’s stability. This will be

achieved by looking at the behaviour of some key parameters for this evaluation.
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"The frequency control in a power system after a large disturbance can be categorized

into different control paradigms: namely inertial frequency response, Frequency Con-

tainment Reserve (primary control) and Frequency Restoration Reserves (secondary

control)." [8]

Figure 1.5: Power System Frequency Response [8].

In figure 1.5, the zone between t1 and t2 holds significant importance for this study because it

represents the inertial response, which occurs during the initial moments following a disturbance.

The system’s overall inertia determines its response within this time interval.

Synthetic inertia can be immensely beneficial in stabilizing the system in the case of a fre-

quency deviation. It achieves this by delivering a quick counter-response in a matter of seconds,

thereby reducing the effects of the disturbance. Several factors that need to be carefully assessed

affect how well synthetic inertia performs. The rate of change of frequency (RoCoF) is one such

crucial factor. RoCoF measures how quickly the power system’s frequency changes in response

to a disturbance. A high RoCoF indicates that the frequency is shifting quickly, which may cause

the system to become unstable. As a result, synthetic inertia must be designed with a fast enough

response time to mitigate the effects of high RoCoF and avoid system instability.

The frequency nadir, the lowest frequency value experienced during the transient period fol-

lowing a disturbance, is another crucial parameter. The frequency nadir is a significant parameter

because it offers vital information about the system’s health. A system blackout may occur if the

frequency nadir is too low as a result of a series of failures.

These frequency response parameters and their significance in assessing the stability of the

system are shown in figure 1.5. It displays a power system’s frequency response to a disturbance

and shows the crucial roles that RoCoF and frequency nadir play in determining the stability of

the system. In summary, these parameters offer vital information about the system’s health [8].
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1.4 Objectives

As global warming continues, the benefits of using clean, green, and renewable energy are

becoming more apparent. Renewable energy sources, like solar and wind power, can help us

reduce our reliance on fossil fuels, which can help us reduce our carbon footprint. Although,

their increased use can lead to a reduction in global inertia. Numerous ways of providing inertial

response are being developed. Then, to evaluate those different control techniques, this dissertation

will seek to:

• Implement control blocks for each of the selected strategies of supplying synthetic inertia

on a simplified grid

• Create the test base model of an isolated power system in MATLAB Simulink

• Create test scenarios with distinct mix of generators

• Test and assess the behaviour of the different scenarios under disturbances such as short

circuit, load loss and generation loss

• Evaluate each control strategy enhancing its benefits and disadvantages

1.5 Structure of the dissertation

Seven central chapters will make up this dissertation. A summary of each is provided below.

This chapter (chapter 1) serves as the introduction to the thesis, encompassing the contex-

tualization of the theme, motivation, problem definition, pre-defined objectives, and document

structure.

In chapter 2, the fundamental concepts that constitute the foundation of this study are pre-

sented. The most relevant topics are introduced, including frequency stability and control, as well

as inertia and inertial control. This chapter also delves into an in-depth investigation of the current

state of the art in the domain of inertial control techniques.

In chapter 3, the practical application of inertial control techniques will be demonstrated by

presenting their implementation in Simulink. Furthermore, thorough tests on a base model will be

performed to evaluate the effectiveness and performance of these techniques.

Chapter 4 offers a complete overview of the isolated power system in which the study will be

conducted. This chapter will provide in-depth information about the grid and its multiple compo-

nents.
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Chapter 5 starts by detailing the scenarios and disturbances utilised throughout the simulation

and testing process. Properly introducing the above components will establish the basis for assess-

ing the effectiveness of various inertial control strategies. Further in the chapter, the simulations’

results using different inertial control approaches will be presented, demonstrating how effective

they could be in handling the previously stated situations and disturbances.

Chapter 6 will provide a thorough analysis and evaluation of the obtained results, allowing us

to identify the advantages and disadvantages of each inertial control technique. This chapter will

also promote a comparison examination of each situation and disturbance responses compared

with the others.

In chapter 7, a clear and succinct review of the main outcomes will be presented, summarising

the main conclusions. Additionally, future perspectives that complement the topic are provided.

Lastly, appendix A is added to the work with complementary information about the Simulink

implementation and components parameters.



Chapter 2

Relevant State of the Art

This chapter’s primary goal is to review the vital concepts required for situating the thesis

subject in its scientific and technological context.

As a result, the chapter opens with a succinct summary of the essential concepts behind fre-

quency stability and control, inertial response, inertia and inertial response supply control tech-

niques.

Subsequently, a literature review of the current state-of-the-art major inertial response provid-

ing techniques is presented. The selected approaches used in the development of virtual inertia

receive special attention.

2.1 Frequency Stability and Control

In most transmission and distribution networks, alternating current (AC) power is the prevail-

ing method for delivering energy. This can be attributed partly to its inherent ability to adjust

voltage levels by employing transformers. The capability to alter the voltage within the grid plays

a crucial role in facilitating efficient transmission and distribution of electrical energy [9].

The term "grid frequency" defines the rate at which the direction of an electrical grid’s AC

power supply changes. It is most frequently represented in Hertz (Hz), which refers to the fre-

quency at which an alternation cycle happens once per second. The standard frequency of Europe’s

electricity system is 50 Hz.

Grid frequency is essential for determining the excess or lack of electrical power generation.

It is precisely proportional to the rotating speed of synchronized generators. When energy con-

sumption increases, the generators’ rotation slows; when consumption drops, the rotation speed

increases. The frequency of a power grid is strictly controlled, typically being kept within con-

strained limits of about 150 mHz in vast grids [10].

9
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This can be corroborated by looking at figure 2.1, which illustrates a graph depicting the net

frequency data of the European electrical grid during a three-minute interval.

Figure 2.1: Frequency and Control Power for the European Power Grid on September 28, 2022
[10].

The red line represents the grid frequency, while the blue line represents the disparity between

consumed and generated power. Examining the latter part of this scenario reinforces our previous

statement: as power consumption rises, the frequency diminishes, indicating a decrease in the ro-

tation speed of the generators.

The challenges posed by growing renewable energy integration, changes in power grid con-

ventional topology and the introduction of distributed generators, energy storage systems (ESS),

controlled loads, and power electronics technologies have reignited the interest in power grid fre-

quency control. Dealing with frequency control in modern power grids is causing new challenges

and possibilities due to microgrids (MGs), distributed generation (DG), virtual inertia and others.

The ability of a power system to maintain system frequency within set operational limits is re-

ferred to as frequency stability. Frequency instability often occurs when there is a considerable

mismatch between power demand and generation. It is frequently associated with the poor system-

atization of control and protection devices, needing more generating reserves, and insufficiently

strong equipment responses [11].

Distinct frequency control loops may be necessary to maintain power system frequency sta-

bility depending on the amplitude and duration of frequency deviation. Primary control auto-

matically manages minor fluctuations in frequency at usual operating configurations. However,

load-frequency control (LFC) is used as part of automated generation control (AGC) to restore

system frequency in situations of higher frequency deviations during abnormal operation.
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The LFC system, nevertheless, could not be enough to restore frequency when a severe fault

results in a substantial imbalance between load and generation and produces abrupt frequency

variations. That is when additional efforts, such as tertiary control or emergency control, are

required.

Figure 2.2: Frequency control loops [12].

As a result, to supplement the current five control loops, a new control loop known as inertia

control may be added. The other synchronous generators’ assets can be efficiently supported by

inertia control while triggering their primary reserve [12].

Figure 2.3: Typical frequency response and control types [13].
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The inertial response is a fundamental characteristic of synchronous generators, involving their

synchronous rotating masses that effectively address the immediate imbalance between power

supply and demand in a power system [14].

It plays a crucial role in the initial moments following an event as shown in figure 2.3. When

an event, such as a disturbance or fault, occurs within the grid, the trajectory of the frequency is

determined by the grid’s inherent inertia.

The inertia of the generator, turbine, and other interconnected rotating components dictates

the speed at which these modifications occur. The presence of substantial and weighty turbines

and generators introduces inertia, which serves as a damping mechanism to decelerate the rate of

frequency changes. This allows sufficient time to regulate the input power and ensure a consistent

AC frequency [9].

Transmission System Operators (TSOs) employ specialized equipment known as balancing

services to ensure that the grid frequency remains at the nominal value of 50 Hz [15]. When an

event occurs, however, the nominal value is no longer maintained, and some steps of frequency

control take effect: fast frequency response (FFR), frequency confinement reserve (FCR), fre-

quency restoration reserve (FRR) and replacement reserve (RR) [16].

These balancing services serve as reactive and short-term interventions to stabilize frequency

oscillations within the electrical grid [15]. Figure 2.4 shows the four steps of frequency control

and figure 2.5 illustrates the characteristic frequency response after a decrease in frequency.

Figure 2.4: Frequency reserve products [17].
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Figure 2.5: Characteristic frequency response [16].

For instance, in the event of frequency deviations caused by a power plant failure, the FCR

promptly intervenes across the synchronous area to restore the balance between power supply and

demand. The FCR, also referred to as the primary control reserve, is the first line of defence

against frequency disturbances. If the deviation persists, the Automatic Frequency Restoration

Reserves (aFRR) take over from the primary control reserve [15].

Because of its capacity to provide rapid active power response across several technologies,

FFR is often regarded as the most advantageous way for combating low inertia circumstances.

Load disconnection and quick power augmentation from inverter-based generation and storage

may be achieved at a low socioeconomic cost. The primary purpose of FFR is to maintain fre-

quency stability. FFR works with FCR and should be seen as a supplement rather than a replace-

ment. FFR does not lessen the importance of FCR and, as such, cannot be used in its stead [18].

FFR, which functions similarly to inertia emulation, is a crucial system service with the pri-

mary objective of preserving frequency stability by supplying a specified quantity of power in a

short period of time [19].

Regarding power response, FFR providers’ job differs from that of synchronous inertia providers.

FFR providers are not designed to give a power response equivalent to synchronous generators,

such as synchronous inertia providers. Instead, their principal work is to inject their entire re-

serve capacity into the system if an established frequency threshold is exceeded. This particular

technique ensures that FFR suppliers give a significant power boost to assist in restoring and main-

taining the system’s frequency within acceptable limits [18].
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2.2 Inertia

But what is global inertia? First, let me start to define inertia. Newton’s first law states that

every object will remain at rest or in uniform motion in a straight line unless compelled to change

its state by the action of an external force. This tendency to resist changes in a state of motion is

inertia.

"Applying this definition to a traditional electrical power system, the physical objects

that are in motion are the rotating machinery (synchronous generators and turbines,

induction generators, etc.) connected to the power system and the resistance to the

change in rotational speed is expressed by the moment of inertia of their rotating

mass." [4]

Tm (t)−Te (t) = J · dω

dt
(2.1)

A mechanical mass is rotating with a mean angular speed, ω [rad/s]. Tm(t) – Te(t) refers to the

balance [Nm] between the mechanical torque impressed by a prime mover on the rotating mass

and the electrical torque depending on the power exchanged with the system.

In an electric grid, the motion is the rotating mass of a generator spinning at a rate synchronized

with the system frequency. Inertia can be described as the rotating energy stored in large rotating

generators that gives them the tendency to keep rotating. As soon as a frequency change happens,

to counterbalance the frequency deviation, the rotating masses are going to absorb or inject kinetic

energy into or from the grid.

Nowadays, most of the inertia present in power systems is due to energy stored in rotating

masses of synchronous generators which provides mechanical inertia and gives them the tendency

to remain rotating.

Figure 2.6: Synchronized generators and inertia concept [20].
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The combined action of several synchronised generators causes the existence of inertia in a

power grid. Since all of the generators are synchronised, they must all be rotating in unison and

at the same frequency, as shown in figure 2.6. The cooperation of all operating generators adds to

the total grid inertia [20]. The frequency of the grid can be altered when significant imbalances

occur. Even when major fluctuations in supply or demand occur quickly, for example, when a

power plant disconnects from the grid, sufficient inertia can help relieve or minimise any harmful

impacts produced by the grid’s high RoCoF. System operators can continue to provide a secure

supply in such circumstances and guarantee stable activity [20].

Despite having inertia in the physical sense, unlike traditional power producers, wind turbines

are not directly connected to the grid’s frequency. As a result, they do not contribute to frequency

stability. However, they allow for the adjustment or decrease of wind production, which provides

some frequency control. Solar panels can be quickly engaged or deactivated to manage frequency

effectively. Nonetheless, because of its vast dispersion and absence of direct management by the

grid operator, implementing such control with solar panels presents unique obstacles [9].

2.3 Inertial Control

Modern power systems connect non-synchronously coupled production units, such as wind

turbine generators, using power converters, which isolate their rotating speed from the network’s

frequency. As a result, these units cannot produce a natural inertial reaction and do not add to

the system’s overall inertia. To overcome this constraint, a controller can be developed in non-

synchronously connected production units to simulate the inertial response of synchronously cou-

pled generators. This artificial inertial response can also be called virtual or synthetic or emulated

inertial response. For example, using such a controller makes it feasible to capture the kinetic

energy stored in the rotor and blades of non-synchronously connected wind turbines [19].

RES power converters cannot naturally help the frequency regulation. As a result, much ef-

fort has been spent in recent years to design and implement different techniques for incorporating

inertia and frequency control strategies into RES power converters. The primary goal of these de-

velopments is to enable converters to adapt appropriately to frequency changes by adjusting their

active power output. Consequently, developing a controller capable of modifying the active power

set-point in a way that mimics the characteristics of an inertial response is essential.

The intentional incorporation of electrical torque created by a unit, which is directly propor-

tional to the RoCoF at the unit’s terminals, is called synthetic inertia. RoCoF is the time derivative

of the power system frequency and it is an important quantity that qualifies as the robustness of an

electrical grid.
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The impact of synthetic inertia can be observed in the following figure. In this simulation

example, the injected power is directly proportional to the rate of change of frequency, and the

system with a kinetic energy of 100 GWs and a disturbance of 1 450 MW generation disconnec-

tion. In this scenario, the synthetic inertia, amounting to 20 GWs, is activated when the frequency

drops below 49.5 Hz, with a delay of 0.5 seconds [19]. The behaviour of frequency and the power

injected by synthetic inertia is depicted in figure 2.7.

Figure 2.7: Example of frequency and injected power using synthetic inertia [19].

However, as stated in [21], large-scale power systems have shown minimal impact from these

types of technologies, as they have demonstrated an inability to influence the RoCoF value. This

particular limitation arises due to the time delay inherent in the frequency measuring process.

The time delay in the frequency measuring process becomes particularly critical in large-scale

power systems, where the transmission distances are substantial and the power system architec-

ture is complex. As a result, the ability to influence RoCoF becomes severely limited. The results

consistently indicated that the technologies investigated had a marginal impact on RoCoF, failing

to significantly mitigate the frequency fluctuations caused by disturbances.

Still, a careful definition of service product requirements and advancements in frequency mea-

suring technologies can help in the integration of these technologies. By leveraging frequency

measurement technologies, which offer improved accuracy, reduced time delays, and enhanced

data transmission capabilities, it becomes possible to capture frequency changes in real-time and

respond swiftly to deviations. Consequently, incorporating fast frequency response and synthetic

inertia controllers into an electrical power system can significantly enhance its stability [21].

2.4 Synchronous condensers

Incorporating synchronous condensers can also increase the system’s inertia and improve fre-

quency stability when traditional thermoelectric units are gradually eliminated. Sometimes re-

ferred to as a synchronous capacitor or compensator, a synchronous condenser is similar to a
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synchronous motor, except it runs independently and without any mechanical connection. It is a

synchronous machine that runs independently of any driving machinery. Its main objective is to

optimise the circumstances inside the electric power transmission system, not to transform electri-

cal power into mechanical power or vice versa [22].

It is essential for boosting power system short-circuit strength, frequency stability, and volt-

age control and stability. The synchronous condenser uses its powers to regulate reactive power

and synchronous inertia, which differs from its primary role of converting electric to mechanical

power or vice versa [23]. The compensators can use their rotating mass or external flywheels to

increase their inertia. A synchronous compensator relies on the machine’s rotating parts, such as

the rotor and flywheel, to provide inertia. To increase the inertia of a system and maintain grid

stability, external flywheels can be added to store and release rotational energy as needed. When

combined with synchronous compensators, this enhances the system’s ability to withstand sudden

frequency changes.

Figure 2.8: Synchronous condenser integration into the grid [23].

A synchronous condenser is a widely recognised and commonly used technology with several

benefits, and one is its intrinsic characteristic of providing inertia because of its rotating nature.

The existence of inertia gives the benefit of improved voltage stability, which improves the sys-

tem’s overall performance [23]. Increased network inertia is essential for reducing the network’s

rate of frequency change and supporting low-voltage ride-through requirements [24].
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Chapter 3

Simulink Implementation and Test
Simulation of Inertial Control
Techniques

The chapter will commence by presenting a comprehensive discussion of each chosen inertial

control technique, outlining their underlying principles and operational characteristics. This will

offer a clear understanding of how these techniques function.

The chapter will then delve into the practical implementation of the inertial control techniques

within a base model.

Once the inertial control techniques have been successfully integrated, the subsequent focus

will be on evaluating their effectiveness. A comparative analysis will be conducted to assess the

frequency response of the base model with and without the implementation of these techniques.

3.1 Base model for topologies implementation and simulation

This study commenced with the development of a MATLAB Simulink base model, which

played a pivotal role in creating a conducive testing environment for implementing the selected

control topologies. The primary objective was to construct a platform that could accurately simu-

late and analyze the behaviour of these control strategies within a practical context.

A simplified yet effective model was developed to streamline the testing procedure, primarily

comprising a dynamic load connected to an equivalent grid. Figure 3.1 illustrates this simplified

model, providing a visual representation of its components.

By utilizing this simplified model, the aim was to facilitate the testing process and ensure a

more focused analysis of the control topologies’ performance. The model allowed for controlled

experimentation and systematic evaluation, providing valuable insights into the effectiveness of the

selected control strategies in regulating power flow and maintaining stability within the isolated

power system.

19



20 Simulink Implementation and Test Simulation of Inertial Control Techniques

Figure 3.1: Base model for topologies implementation and simulation.

Two synchronous machines with a nominal power of 4.6 MVA were operated as generators to

simulate an equivalent grid, replicating the presence of a real power grid. It was assumed that the

electronics were fast enough, so a dynamic load was used in order to act as the power inverter that

would typically be used to convert direct current to alternating current (DC-AC conversion). This

is demonstrated in figure 3.2.

In summary, a simple connection between a grid equivalent and a renewable energy-producing

unit serving as a simple case model was employed. This configuration serves as a verification and

validation of the various inertial control technologies implemented in this study, ensuring that they

work effectively and adequately.

Figure 3.2: Dynamic load as a renewable energy source in the base model.

The dynamic load is intended to be a load whose active power P and reactive power Q vary as

a function of positive-sequence voltage. It contains a PQ control, which gives the load a reference

of active and reactive power and adjusts itself. The PQ control input is used to control the active

and reactive powers of the load from a vector of two signals [P, Q].
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In this case, the dynamic load has been used as a source, i.e. the active and reactive power

has been multiplied by -1 so that it is considered as generated power and not consumed power.

The power flow will then be carried out from the dynamic load to the grid equivalent. The load

in parallel with the dynamic load-grid equivalent connection has little value and will not be taken

into consideration. The simulation program’s restrictions, which prohibited connecting a dynamic

load in series with a three-phase source, were the only reason this load had to be included.

To perform the simulation of this base case, a medium voltage (MV) network of 15 kV was

considered, as well as a grid equivalent set to generate 6 MW of active power and 1 MVAR of

reactive power, and a dynamic load, representing a renewable energy source, expected to produce

2 MW. As a result, the grid-connected load will consume about 8 MW and 1 MVAR. In order

to carry out the tests, a load loss disturbance was introduced. This disturbance was simulated by

triggering a circuit breaker, decreasing the total grid load from 8 MW to 6 MW. This load loss

occurred within a short interval, precisely from 5 seconds to 5.2 seconds.

Additionally, a current limiter was an imperative component that had to be incorporated in

all synthetic inertia supply approaches. The limiter reflects the maximum current limit inherent

in power transistor technology in power converters. Current limitations consist of the maximum

amount of current that a power transistor will tolerate without affecting its performance or risking

damage. The transistor’s physical structure, the material’s nature, and the thermal properties all

play a role in setting those limits. Going beyond the stipulated current limits might cause the tran-

sistor to malfunction, overheat, and dissipate more energy.

Figure 3.3: Simulink implementation of the current limiter.
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3.2 Synthetic inertia Simulink implementation and test simulation

Related to the synthetic inertia (SI) emulation, a control with a derivative gain (Kd) of 1/100

has been developed and implemented. The figure that follows shows how this control method is

put into practice. This approach seeks to regulate and adjust the system’s performance by taking

advantage of the derivative gain to adjust for the rate of change in the system’s output. The

derivative gain makes the control method more resilient to abrupt changes and enables the system

to modify its output efficiently, dependent on how quickly the input changes. As a result, it is vital

to develop a controller that can alter the active power set-point in a way that mimics an inertial

response.

It is important to note that in this case and in the situation of temporary power boost, the active

power set point needs to be changed within the renewable generation unit for both simulation

and real-life purposes. When the control system instructs an increase in the power set point, the

additional active power must be sourced from an external storage system. Conversely, when the

set point is reduced, the excess power generated needs to be stored for future use. This study

considers two types of renewable generation units: solar panels and wind turbines. In the event

of a set point increase, the power deficit required to reach the desired value can be obtained from

nearby batteries or capacitors. These energy storage systems accumulate surplus power generated

during low demand and high renewable production periods. When the set point decreases, the

exceed power will also be stored for later use.

Figure 3.4: Synthetic inertia controller Simulink block diagram.

Figure 3.4 illustrates the controller implementation, depicting the steps involved. The process

is initiated by measuring the grid frequency and determining the deviation from the desired ref-

erence frequency of 50 Hz. This frequency deviation serves as a crucial parameter in the control

algorithm. To effectively respond to this deviation, the next step involved calculating the derivative

of the frequency deviation. This derivative value captures the rate of change of the frequency de-

viation over time. The derivative was then multiplied by a derivative gain, which helps amplify or

attenuate its impact on the control process. After testing several values, a derivative gain of 1/100

was chosen as the most suitable for this system. Next, the initial difference between the measured

frequency deviation and the reference frequency was multiplied by a gain of 5. The results of the

two previous steps were added to the reference power to determine the ultimate reference power

that needs to be generated. In this specific case, the reference power was set to 2 MW.
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This addition generates the total value, which represents the desired reference power that the

source should generate. Once the reference power is established, it is then utilized by the dynamic

load, which adjusts its operation accordingly.

Moving on to the following figure, it showcases the frequency response of the system to the

load loss disturbance. The comparison presented in the figure aims to highlight the impact of

synthetic inertia on the system’s behaviour. Specifically, it focuses on the system’s response during

the initial few seconds following the disturbance until it reaches its maximum value.

Figure 3.5: Frequency response with and without SI.

Figure 3.6: RES active power generation with and without SI.
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Figure 3.6 depicts the temporal evolution of the active power generated by the renewable gen-

eration unit. Without synthetic inertia integration, the active power remains constant throughout

the whole period, indicating a lack of adjustment to counteract the frequency increase caused by

load loss. However, with the integration of synthetic inertia, the controller modifies the active

power reference, resulting in the observed power generation pattern shown in the figure. As il-

lustrated in figure 3.5, the load loss leads to a rise in frequency. Consequently, during the initial

moments, the active power is reduced to maintain frequency stability. The magnitude of this re-

duction is proportionate to the measured frequency variation rate in the control system.

The stability indexes, namely nadir and RoCoF, were measured and calculated to facilitate

a more comprehensive comparison. These indices provide valuable insights into the system’s

stability and dynamic response, enabling a more precise assessment of the performance and effec-

tiveness of this technique.

Table 3.1: Stability indexes for the base model with and without SI.

Without SI With SI
Nadir (Hz) 50.74 50.57

RoCoF (Hz/s) +3.69 +2.85

Based on the obtained data, it can be concluded that the system exhibits improved perfor-

mance when synthetic inertia is integrated. This is evident from the lower RoCoF observed when

synthetic inertia is present, indicating that the system’s frequency varies at a slower rate in the

initial moments following the disturbance. Furthermore, it is observed that the system frequency

stabilizes more rapidly, indicating a quicker return to a stable state. The results indicate that this

synthetic inertia technique contributes to improved system reaction and stability once the distur-

bance occurs.

3.3 Synchronous condenser Simulink implementation and test simu-
lation

Increasing the system’s inertia is a usual plan for improving frequency stability, especially

following disruptions. This can be accomplished using synchronous condensers (SC) or reusing

synchronous generators as condensers while not actively generating power. These techniques effi-

ciently solve frequency stability concerns while providing supplemental services that improve the

overall dependability and stability of the power grid by amplifying system inertia. The popularity

of these solutions originates from their capacity to provide critical grid services such as voltage

control, reactive power regulation, and short-circuit current support, assuring the smooth operation

of the electrical network.
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Figure 3.7: Synchronous condenser Simulink implementation.

In order to conduct this study, a synchronous generator was used to act as a no-load syn-

chronous machine. The mechanical power input to the generator was deliberately set to zero

during the simulations, meaning that no external power was supplied to the machine.

The inertia constant (H) is a vital parameter associated with synchronous generators. It quan-

tifies the machine’s ability to store and release kinetic energy, which is of significant importance

in this study context. To gain insights into the impact of different inertia constants on the system’s

behaviour, additional experiments were conducted, specifically focusing on varying the inertia

constants of the synchronous condenser. Through these experiments, a consistent trend was ob-

served, wherein higher values of the inertia constant corresponded to lower RoCoF. The relation-

ship between the inertia constant and RoCoF is based on the principle that higher inertia allows the

system to maintain stability by resisting changes in frequency caused by disturbances. However,

as the experiments progressed and the inertia constant was increased further, it was observed that

the decreases in RoCoF became less substantial beyond a specific threshold. Based on these ob-

servations and analysis, a decision was made to adopt a constant value of 5 seconds for the inertia

constant in the specific case under consideration.

The total inertia constant of the system is obtained by adding the inertia constant of the base

system to the inertia constant of the installed synchronous compensator. This total indicates the

accumulated inertia, which substantially impacts the system’s performance and stability.

The following results show us the moments right after the occurrence of the disturbance, with

particular emphasis on the moments preceding the event, and were obtained after simulating the

base case once more under the load loss type disturbance, with and without the synchronous com-

pensator integration this time.
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Figure 3.8: Frequency response with and without SC.

The stability indexes, nadir and RoCoF, were measured and calculated once again to provide

a complete comparison.

Table 3.2: Stability indexes for the base model with and without SC.

Without SC With SC
Nadir (Hz) 50.74 50.63

RoCoF (Hz/s) +3.69 +3.16

When the synchronous compensator is introduced, it influences the frequency response char-

acteristics. By analyzing the frequency response graph, it becomes evident that the frequency

reaches a lower maximum value after integrating the synchronous compensator. By comparing

the RoCoF values with and without the synchronous compensator, it becomes evident that the

presence of the compensator results in a lower RoCoF. This indicates a more gradual change in

frequency over time.

3.4 Temporary power boost Simulink implementation and test sim-
ulation

The Temporary Power Boost (TPB) is an exemplary Fast Frequency Response (FFR) prod-

uct, offering an instantaneous power adjustment to counteract the diminished inertia response and

maintain frequency stability. It provides an additional power injection to compensate for what was

previously said.
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As the main objective of Fast Frequency Reserve (FFR) providers is not to replicate the power

response of synchronous generators but to inject their total reserve capacity into the system when a

predetermined frequency threshold is surpassed, a control block was designed on Simulink aiming

to do that task of providing a temporary power boost to the system.

Figure 3.9: Temporary power boost Simulink block diagram.

While the RoCoF is a valuable parameter for activating FFR products, modern operators tend

to rely more on frequency deviation. In this context, a frequency deviation interval of [49.95;

50.05] has been established to guide the control actions.

When the frequency falls below 49.95 Hz, indicating a decrease in frequency, a maximum

power boost is triggered within the predefined current limits. This power boost aims to elevate the

frequency back within the acceptable range. The system counteracts the frequency deviation by

providing this additional power injection and helps restore stability.

Conversely, if the frequency exceeds 50.05 Hz, indicating an increase in frequency, a power

boost is activated, but at the minimum level. This minimum power boost assists in facilitating

a decrease in frequency and preventing it from exceeding the upper limit of the specified range.

The controlled power injection acts as a dampening effect on the frequency, helping to maintain it

within the desired operating range.

To better understand the impact of these control actions, the graph below illustrates the fre-

quency response of the base model system. It presents a comparison between the system’s be-

haviour with and without the integration of the temporary power boost when subjected to a load

loss disturbance. The graph highlights the differences in frequency response and provides insights

into the effectiveness of the temporary power boost in regulating the system’s frequency during

such disturbances.
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Figure 3.10: Frequency response with and without TPB.

Figure 3.11: RES active power generation with and without TPB.

Figure 3.11 provides a visual representation of the impact of temporary power boost technol-

ogy on the control of active power output from the RES. As the frequency increases due to load

loss, it surpasses the predefined limit of 50.05 Hz, triggering the activation of the power boost in

the opposite direction. The power boost is deactivated once it drops below 50.05 Hz again.
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Table 3.3: Stability indexes for the base model with and without TPB.

Without TPB With TPB
Nadir (Hz) 50.74 50.06

RoCoF (Hz/s) +3.69 +0.31

After calculating the RoCoF once more, the results were compared, leading to the reaffirmation

of the initial conclusion: the integration of the inertial control technique (in this case, the temporary

power boost) undeniably presents a more favourable RoCoF.
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Chapter 4

Structure of the Isolated Power System
model

This chapter goes deeper into the design of the isolated power system, which serves as the

study’s main point. The isolated power system comprises several connected parts and components,

each of which is essential to its overall performance.

This chapter elucidates the internal workings of various components to give a thorough knowl-

edge, shining light on their particular characteristics, functions, and interdependencies. The tech-

nical information will be presented, enabling the characteristics of the grid to be known.

4.1 Power generation sources

This study will use a model of a geographical island as a representative example of an isolated

power system, taking into account its unique characteristics and energy infrastructure, to compre-

hensively evaluate the response of isolated electrical systems to a variety of specific scenarios and

disturbances. Studying this grid is expected to provide valuable insights into the challenges and

opportunities present in isolated electrical systems, facilitating the development of effective strate-

gies and solutions to enhance their resilience, reliability, and sustainability in the face of evolving

energy demands and uncertainties.

This isolated power system’s energy production system combines a variety of non-renewable

and renewable generation sources. Through a thermoelectric power plant, non-renewable gen-

eration is implemented. The thermoelectric power plant, a critical component of this system’s

non-renewable generation sector, is powered by conventional energy sources. A synchronous ma-

chine with a nominal power of 6 MW, operating as a generator, plays a crucial role in converting

mechanical energy into electrical energy. The figure below depicts the visual representation of the

thermoelectric power plant in Simulink.
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Figure 4.1: Thermoeletric power plant.

The grid also includes a wind farm and a photovoltaic power plant as vital components of the

renewable energy sector to enhance sustainability and promote cleaner energy options. The wind

farm captures the wind’s kinetic energy. Meanwhile, the photovoltaic plant captures sunlight and

converts it directly into power using solar panels. These renewable energy sources provide a more

environmentally friendly approach to electricity generation, lowering reliance on fossil fuels and

decreasing environmental damage.

The representation of these two renewable energy power plants mirrors the previous figure

3.2, illustrating an identical configuration. Notably, the active and reactive power set points can be

flexibly adjusted to meet specific requirements or preferences for each power plant.

The power generation levels of the power plants cannot be shown now due to their dependency

on the specific scenario within the simulation. In these scenarios, different generation values for

the renewable units are utilized, and these values influence the output of the thermoelectric plant.

This is because the total grid load remains constant and must always be met. To ensure the demand

is satisfied, the two synchronous generators of the thermoelectric plant are adjusted according to

the varying renewable generation values in each scenario.

4.2 Power system components

In this power grid analysis, a 15 kV medium voltage (MV) network provides the basis for

power transmission and distribution. The network assures a continuous power supply across many

places by dispersing various loads all over the grid. This allows a balanced energy distribution

and consistent supply to customers. In contrast to the generation levels, it is possible to estimate

that the overall system loads contribute to an approximate total of nearly 6 MW in demand. The

network also includes transmission lines, allowing efficient power movement from generators to

substations and distribution terminals.
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The Simulink model of the isolated power system is shown in the figure below, capturing the

system’s numerous connections and components. The power generation sources appear in the

middle of the diagram, including the thermoelectric power plant (TPP), the wind farm (WF), and

the photovoltaic power plant (PVPP). A distinct block with the respective output represents each

power source.

Figure 4.2: Isolated Power System model on Simulink.
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Chapter 5

Behavior evaluation under disturbances
and diverse simulation scenarios

This chapter starts by revealing the scenarios used in the simulation, which were created using

a variety of generator combinations. For further examination, these situations act as a starting

point.

The different types of disturbances purposefully introduced throughout the experiment are then

presented. These disturbances are essential to our analysis because they allow us to learn how the

system responds to different scenarios.

The response of the isolated power system previously introduced is also revealed in great detail

in this chapter. Its behaviour in response to multiple disturbances and the impact of each inertial

control technique on the system will be closely scrutinised.

5.1 Simulation scenarios with different combinations of generators

5.1.1 Off-peak hours scenario

The first scenario examined in this study is characterised by a reduced amount of renewable

energy output and a greater dependence on thermal production inside the isolated network. It is

called the off-peak hour scenario.

Renewable energy sources contribute comparatively less during off-peak hours. Reduced wind

speeds or lower sunlight intensity may result in less production from these renewable sources. As

a result, thermal generation covers the vast majority of energy demand.

The generation levels of the abovementioned power plants are provided in the table below,

indicating the active power generation values in megawatts (MW) and reactive power values in

megavolt-amperes reactive (MVAR).
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Table 5.1: Generation on the grid power plants during off-peak hours.

Off-peak hour scenario P (MW) Q (MVAR)
Photovoltaic power plant 0.50 0

Wind farm 0.50 0
Thermoelectric power plant 4.87 2.07

Total 5.87 2.07

5.1.2 Peak hours scenario

The other scenario examined in this study is one with plenty of renewable energy and a conse-

quently lower contribution from the thermoelectric power plant. Due to the reduced dependence

on traditional power generation sources and the increased renewable generation, this scenario is

usually called peak hour.

During peak hours, the network gets an increase in renewable energy output from the wind

farm and the solar plant. As a result, the thermoelectric power plant’s synchronous machines run

at lower levels during this time.

As in the previous scenario, the following table displays the production levels for each power

plant.

Table 5.2: Generation on the grid power plants during peak hours.

Peak hour scenario P (MW) Q (MVAR)
Photovoltaic power plant 1.50 0

Wind farm 2.50 0
Thermoelectric power plant 1.92 2.13

Total 5.92 2.13

To enrich the presentation of the generation on the grid power plants, the two scenarios were

illustrated in a stacked bar chart that illustrates the percentage contribution of each energy source

to the overall system.

Figure 5.1: Power generation of each scenario.
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5.2 Disturbances

Throughout the study, various deliberate disturbances have been introduced to evaluate the

system’s behaviour fully. These intentional disturbances are critical in our study because they

allow us to track and comprehend how the system reacts to various circumstances and issues.

The induced disturbances are carefully set up to simulate real-world situations and scenarios the

isolated power system may experience during operation. We can learn much about the system’s

stability, resilience, and ability to recover from unexpected occurrences by submitting it to these

disturbances.

5.2.1 Short circuit disturbance

A three-phase fault event was added to simulate the conditions during a short circuit situation,

making it possible to see its impact on the isolated power system. This disturbance lasted from

5 to 5.2 seconds, causing a brief but considerable disturbance in the system. During the event, a

fast and simultaneous fault occurred in all three phases of the power system. The fault produced

a momentary direct connection between the phases, increasing current flow and a corresponding

decrease in system voltage levels. The three-phase fault event was deliberately introduced at a

location that was carefully chosen to ensure it had a noticeable effect on the network without

being insignificant while also avoiding being too close and causing complete disruption, which

would restrict any analysis. The specific location of the disturbance is illustrated in the figure

below.

Figure 5.2: Location of the short circuit on the isolated power system.
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5.2.2 Load loss disturbance

An intentional simulation was performed by removing specific loads from the grid using a

three-phase breaker to look into the consequences of a load loss disturbance on the isolated power

system. As a result, their power consumption was temporarily suspended, decreasing the overall

load demand mandated on the grid.

This decrease impacts power generation, voltage levels, and system stability. This deliberate

load loss disturbance gives essential information regarding the system’s ability to manage varia-

tions in demand while remaining stable.

During the simulation, a specific time frame was chosen for the disconnection of the loads,

which occurred precisely from 5 seconds to 5.2 seconds. In figure 5.3, the disconnected loads are

visually distinguished by the use of a distinct grey colour. The disconnection of these loads had

a notable effect on the system’s power consumption. The removal of these loads results caused a

significant total consumption loss of approximately 1 MW.

Figure 5.3: Location of the loads disconnected during the disturbance.
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5.2.3 Generation loss disturbance

To investigate the impact of generation loss on the isolated power system, a deliberate dis-

turbance was introduced by briefly switching off a power plant. Therefore, the wind farm was

deactivated, leading to a generation loss equivalent to the power it produced in the specific sce-

nario. The wind farm experienced this disturbance from 5 seconds to 5.2 seconds.

During the wind farm’s brief closure, the system witnessed a decrease in the active power gen-

eration produced by the wind turbines. This decrease directly influences the total power supply

within the system, increasing dependency on other power sources to satisfy demand.

The intended introduction of the generation loss disturbance permits the evaluation of the

system’s capacity to adjust to unexpected changes in power generation and successfully manage

the consequent power imbalances.

Figure 5.4: Generation loss disturbance on the isolated power system.
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5.3 Preliminary tests of the scenarios and disturbances

Before proceeding with the evaluation of the different inertial control techniques, a series of

preliminary tests were conducted to compare the system’s frequency response in each scenario for

the three disturbances. The purpose of these tests was to gather data and analyze the system’s per-

formance under different conditions. The obtained frequency response graphs, which showcase

the system’s behaviour in each scenario, are presented below.

Figure 5.5: Grid’s frequency response to a short-circuit in both scenarios.

Figure 5.6: Grid’s frequency response to a load loss disturbance in both scenarios.
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Figure 5.7: Grid’s frequency response to a generation loss disturbance in both scenarios.

Looking at the graphs, it can be observed that the frequency response in the off-peak scenario

demonstrated better performance across all cases. This can be attributed to the increased syn-

chronous generation from the hydroelectric power plant, resulting in lower RoCoF values for all

three cases, as shown in the following table. The disparity observed in the initial frequency values

can be attributed to the initial simulation conditions, resulting in both being approximately 50 Hz.

The most remarkable case is the loss of power generation, which can be attributed to the shutdown

of a renewable power plant. In the peak scenario, the deactivated wind farm was generating 2.5

MW, resulting in a significantly more sudden drop compared to the off-peak scenario. The data

presented in the table below reaffirms the conclusions drawn from the graphs, indicating a higher

RoCoF for the simulations of peak scenarios across all three disturbances.

Table 5.3: RoCoF comparison between both scenarios.

RoCoF (Hz/s) Off-peak scenario Peak scenario
Short-circuit -15.65 -22.30

Load loss +2.73 +2.77
Generation loss -1.39 -7.04

5.4 Off-peak hours scenario simulation

Entering the inertial control strategies simulation phase, the examination started with the off-

peak scenario, where the techniques were tested for all three disturbances. The results obtained in

Simulink are accompanied by tables displaying the corresponding RoCoF values for each case.
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5.4.1 Short circuit disturbance

The short circuit previously discussed was introduced, and the frequency evolution over time

and the influence of inertial control strategies were analyzed for the off-peak scenario.

Figure 5.8: Grid frequency response with each technology for the off-peak scenario with a short
circuit.

After extracting the measurements, the RoCoF, which plays a crucial role in inertia analy-

sis, was calculated. Subsequently, comparisons were conducted across all cases to analyze the

obtained RoCoF values.

Table 5.4: Stability indexes for the off-peak scenario with a short circuit.

Off-peak scenario with short-circuit

Approach
Synthetic

Inertia
Synchronous
Condenser

Temporary
Power Boost

Nadir (Hz) 46.86 46.75 48.20
RoCoF (Hz/s) -15.63 -16.25 -9.01

Taking a first look, it is evident that, as anticipated, the implementation of all inertial control

strategies had a positive impact on reducing the RoCoF. The RoCoF value, which initially stood

at -15.65 Hz/s, experienced a notable decrease. This outcome signifies the effectiveness of the

employed strategies in mitigating the rapid fluctuations in frequency. By actively regulating and

stabilizing the system, the inertial control strategies demonstrated their capability to maintain a

more consistent and controlled RoCoF, promoting grid stability and reliable power supply.
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5.4.2 Load loss disturbance

By replicating the off-peak scenario and introducing the load loss type disturbance, an analysis

was conducted by simulating the three strategies. The corresponding results were obtained through

this simulation and carefully reported for further examination.

Figure 5.9: Grid frequency response with each technology for the off-peak scenario with load loss
disturbance.

Table 5.5: Stability indexes for the off-peak scenario with a load loss disturbance.

Off-peak scenario with load loss disturbance

Approach
Synthetic

Inertia
Synchronous
Condenser

Temporary
Power Boost

Nadir (Hz) 50.25 50.45 50.29
RoCoF (Hz/s) +1.30 +2.25 +1.43

Upon looking at the obtained results and revisiting the initial RoCoF value, a comparative

analysis demonstrates that all strategies have effectively contributed to an improvement in RoCoF.

In contrast to the previous RoCoF value of +2.73 Hz/s, the outcomes of the strategies reveal a

notable enhancement in grid stability.

5.4.3 Generation loss disturbance

The generation loss was introduced into the grid to examine the last disturbance within the

off-peak scenario, and the resulting outcomes were carefully recorded. This crucial step allowed

for a comprehensive understanding of the system’s response and the implications associated with

such a disruption.
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Figure 5.10: Grid frequency response with each technology for the off-peak scenario with gener-
ation loss disturbance.

The stability indexes were again measured and calculated to facilitate a more accurate and

comprehensive comparative analysis.

Table 5.6: Stability indexes for the off-peak scenario with a generation loss disturbance.

Off-peak scenario with generation loss disturbance

Approach
Synthetic

Inertia
Synchronous
Condenser

Temporary
Power Boost

Nadir (Hz) 49.90 49.77 49.95
RoCoF (Hz/s) -0.45 -1.14 -1.33

The latest disturbance enabled us to reach the same conclusion as previously observed. Once

again, all the implemented inertial control strategies demonstrated a positive contribution to en-

hancing the system’s inertial response in the face of a loss of generation disturbance. The initial

RoCoF value recorded for the scenario with generation loss disturbance was -1.39 Hz/s. These

strategies effectively improved the system’s ability to withstand and adapt to such disruptions,

ensuring a more reliable and stable operation.

5.5 Peak hours scenario simulation

After completing the simulations for all the cases in the off-peak scenario, it is now time to

proceed with simulating the peak hour scenario. The three strategies will be applied to each of the

three disturbances, allowing for a comprehensive analysis of their effectiveness and performance

under high renewable energy generation.
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5.5.1 Short circuit disturbance

Initiating the analysis for the peak scenario with the short-circuit case, the three strategies were

once again simulated.

Figure 5.11: Grid frequency response with each technology for the peak scenario with a short
circuit.

Table 5.7: Stability indexes for the peak scenario with a short circuit.

Peak scenario with short-circuit

Approach
Synthetic

Inertia
Synchronous
Condenser

Temporary
Power Boost

Nadir (Hz) 45.64 45.89 47.20
RoCoF (Hz/s) -21.79 -20.55 -13.99

Once again, all three strategies effectively reduced the RoCoF, which exhibited a value of

-22.30 Hz/s. This consistent outcome highlights the positive contribution of the strategies in miti-

gating the rapid frequency fluctuations, this time during the peak scenario.

5.5.2 Load loss disturbance

The identical procedures were repeated, this time incorporating the load loss disturbance into

the network. The simulations were conducted following the same methodologies as before, aiming

to evaluate the impact of the three strategies on mitigating the effects of load loss during peak

hours.
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Figure 5.12: Grid frequency response with each technology for the peak scenario with load loss
disturbance.

Table 5.8: Stability indexes for the peak scenario with a load loss disturbance.

Peak scenario with load loss disturbance

Approach
Synthetic

Inertia
Synchronous
Condenser

Temporary
Power Boost

Nadir (Hz) 50.30 50.45 50.05
RoCoF (Hz/s) +1.52 +2.26 +2.67

The same findings as previously reached were obtained by simulating the inertial control

strategies in the peak scenario with a load loss. In each of the three cases, introducing these

strategies proved beneficial for the system, resulting in improved RoCoF values compared to the

initial +2.77 Hz/s.

5.5.3 Generation loss disturbance

Proceeding to the last simulation of this study, the three strategies were implemented and

tested in the peak scenario with generation loss. Through these simulations, valuable insights

were gained into the strategies’ capacity to uphold system stability, compensate for the generation

loss, and ensure the continuous provision of reliable power under demanding operating conditions.
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Figure 5.13: Grid frequency response with each technology for the peak scenario with generation
loss disturbance.

Table 5.9: Stability indexes for the peak scenario with a generation loss disturbance.

Peak scenario with generation loss disturbance

Approach
Synthetic

Inertia
Synchronous
Condenser

Temporary
Power Boost

Nadir (Hz) 48.88 48.87 49.95
RoCoF (Hz/s) -5.61 -5.61 -5.56

Upon completion of the simulations, the results aligned with the expected outcomes, consid-

ering the implementation of inertial control strategies. These strategies demonstrated their effec-

tiveness in improving the RoCoF, which attained a value of -7.04 Hz/s.
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Chapter 6

Final considerations

This chapter will present several comparisons based on the results obtained in the previous

chapter. The first comparison focuses on evaluating the performance of different types of distur-

bances for a specific inertial control technology. Afterwards, a comparison will be made among

different technologies under identical disturbance conditions to identify the one that exhibits su-

perior performance. Finally, the chapter concludes by comparing different scenarios, investigating

whether the off-peak scenario yields superior results as theorized.

6.1 Disturbances comparison

This initial comparison is conducted to assess the performance of the technologies concerning

various disturbances simulated. By examining the data specific to each technology, conclusions

can be drawn regarding which disturbances enabled the better performance of the technology.

6.1.1 Synthetic inertia evaluation

The analysis started by comparing the RoCoF achieved for the synthetic inertia strategy across

two scenarios and three disturbances. These data are shown in the following table.

Table 6.1: Synthetic inertia RoCoF comparison.

Synthetic Inertia
RoCoF (Hz/s) Short-circuit Load loss Generation loss

Off-peak scenario -15.63 1.30 -0.45
Peak scenario -21.79 1.52 -5.61

In order to allow a fair comparison, the reduction in RoCoF was calculated, representing the

percentage by which it was reduced compared to the RoCoF obtained for the same scenario and

disturbance but without integrating the technology under comparison.
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Table 6.2: Synthetic inertia RoCoF reduction comparison.

Synthetic Inertia
Reduction Short-circuit Load loss Generation loss

Off-peak scenario 0.12% 52.30% 67.81%
Peak scenario 2.30% 45.21% 20.37%

As evident from the observations, both scenarios demonstrate that the reduction in perfor-

mance is notably more minor for the short circuit disturbance than the other disturbances. This

disparity can be attributed to the current limitations imposed during a short circuit. When a short

circuit occurs, the voltage drops to zero while the current surges to exceptionally high levels.

These high current values make it impractical to drive a power that can effectively respond during

the critical operational phase, thus resulting in a less effective performance. Consequently, this

technology demonstrates significantly inferior performance in the case of a short circuit.

6.1.2 Synchronous condenser evaluation

Shifting our focus to the application of the synchronous compensator, identical procedures

were conducted. The RoCoF and reduction (as previously explained) were compared for the same

technology across various disturbances and scenarios. The tables provided below showcase these

comparisons.

Table 6.3: Synchronous condenser RoCoF comparison.

Synchronous Condenser
RoCoF (Hz/s) Short-circuit Load loss Generation loss

Off-peak scenario -16.25 2.25 -1.14
Peak scenario -20.55 2.26 -5.61

Table 6.4: Synchronous condenser RoCoF reduction comparison.

Synchronous Condenser
Reduction Short-circuit Load loss Generation loss

Off-peak scenario -3.83% 17.49% 18.30%
Peak scenario 7.84% 18.30% 20.34%

A consistent conclusion is drawn, aligning with the previous analysis. Once again, it is evident

that the reduction in performance for the short-circuit case is significantly smaller, stemming from

the same underlying factor elucidated earlier. The limitations imposed by the short circuit impede

the system’s effective operation, leading to a notable decrease in performance.

In this particular case, it becomes evident that for the off-peak scenario, the introduction of

the synchronous compensator did not yield any positive effects. On the contrary, it resulted in an

increased RoCoF. The presence of the synchronous compensator in this scenario had an adverse
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impact rather than improving the RoCoF performance. This reaffirms the previous finding and

strengthens the understanding that the short circuit scenario poses significant challenges for the

considered technologies.

6.1.3 Temporary power boost evaluation

Finally, progressing to the temporary power boost, the same calculations and comparisons

were undertaken again. The following tables elucidate the obtained results and offer corresponding

explanations.

Table 6.5: Temporary power boost RoCoF comparison.

Temporary Power Boost
RoCoF (Hz/s) Short-circuit Load loss Generation loss

Off-peak scenario -9.01 1.43 -1.33
Peak scenario -13.99 2.67 -5.56

Table 6.6: Temporary power boost RoCoF reduction comparison.

Temporary Power Boost
Reduction Short-circuit Load loss Generation loss

Off-peak scenario 42.46% 47.63% 4.99%
Peak scenario 37.26% 3.56% 21.11%

The temporary power boost stands out as a unique case compared to the others, as it exhibits

distinct characteristics. In the off-peak scenario, the generation loss results in a minor reduction,

while load loss provides the slightest reduction in the peak scenario. The small magnitude of

the generation loss, specifically 0.2 MW, during the off-peak scenario indicates that the initial

situation’s RoCoF was already relatively low. Consequently, the inclusion of the temporary power

boost had minimal impact.

6.2 Inertial control techniques evaluation

After assessing the disturbances, it is essential to compare the performance of each inertial

control technology for individually specific disturbances. This comparison will enable us to draw

conclusions regarding the most effective technology for a given disturbance.

6.2.1 Short circuit evaluation

Commencing with the short circuit disturbance, a comparison was made between the RoCoF

reduction produced by each technology in both scenarios.
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Table 6.7: Short-circuit RoCoF reduction comparison.

Short-Circuit
Reduction Off-peak scenario Peak scenario

SI 0.12% 2.30%
SC -3.83% 7.84%

TPB 42.46% 37.26%

It is evident that the temporary power boost technology demonstrates a superior reduction in

RoCoF compared to the initial state without the technology. However, it is essential to note that

the short circuit case is not an ideal case study as it presents the most unfavorable results due to

inherent limitations.

6.2.2 Load loss evaluation

Table 6.8: Load loss RoCoF reduction comparison.

Load Loss
Reduction Off-peak scenario Peak scenario

SI 52.30% 45.21%
SC 17.49% 18.30%

TPB 47.63% 3.56%

Upon examining the load loss case, it can be concluded that the synchronous compensator

yields the poorest results for the off-peak scenario and the temporary power boost the poorest

for the peak scenario. In contrast, synthetic inertia technology demonstrates the most favourable

outcomes.

6.2.3 Generation loss evaluation

Table 6.9: Generation loss RoCoF reduction comparison.

Generation Loss
Reduction Off-peak scenario Peak scenario

SI 67.81% 20.37%
SC 18.30% 20.34%

TPB 4.99% 21.11%

Regarding the scenario of generation loss for the off-peak scenario, the synthetic inertia exhib-

ited the best results, significantly outperforming the synchronous compensator and the temporary

power boost. In the peak scenario, the reductions achieved by the technologies exhibit notably

similar values.
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6.3 Scenarios comparison

Proceeding with a simple comparison between scenarios, the theory posits that the scenario

with a greater reliance on conventional generation would yield better results due to the increased

presence of synchronous generation. Conventional production, which refers to the thermoelectric

power plant, tends to provide a more stable and synchronised production.

Consequently, the scenario with a higher reliance on conventional generation is expected to

exhibit a lower RoCoF compared to the alternative scenario. A lower RoCoF indicates a more

stable and balanced power system.

An analysis was conducted to confirm this, and the results are presented in the table below.

The table provides a comparison between the two scenarios, considering their respective RoCoF

values. Additionally, the rightmost column indicates the percentage increase in RoCoF from the

off-peak scenario to the peak scenario. This percentage increase serves as a measure to determine

which scenario has a higher RoCoF.

Examining the table provides insights into the impact of the scenarios on frequency stability.

When the value in the rightmost column exceeds 100%, the peak scenario has a higher RoCoF

than the off-peak scenario. Conversely, if the value is less than 100%, it suggests that the peak

scenario has a lower RoCoF.

Table 6.10: Comparison between scenarios.

Off-peak scenario Peak scenario

Short-circuit
SI -15.63 -21.79 139%
SC -16.25 -20.55 126%

TPB -9.01 -13.99 155%

Load loss
SI 1.30 1.52 116%
SC 2.25 2.26 100.31%

TPB 1.43 2.67 187%

Generation loss
SI -0.45 -5.61 1245%
SC -1.14 -5.61 491%

TPB -1.33 -5.56 418%

Upon analyzing the results presented in the table, it becomes evident that they support the

earlier hypothesis. Across all scenarios examined, the off-peak scenario consistently exhibits su-

perior outcomes, characterized by a smaller RoCoF. This consistent pattern suggests that the off-

peak scenario displays a more favourable initial response when subjected to induced disturbances.

The findings highlight the importance of the initial conditions and the reliance on conventional

generation in shaping the response to disturbances. The more significant presence of synchronous

generation in the off-peak scenario contributes to its enhanced performance. As previously high-

lighted, the substantial differences observed in the generation loss disturbances can be attributed to

the impact of wind farm losses, leading to a comparatively lower generation loss during off-peak

scenarios.
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Chapter 7

Conclusions

The absence of rotational inertia makes integrating renewable energy sources based on con-

verters into power systems difficult. Unlike traditional generators, these sources rely on power

converters rather than spinning masses, resulting in decreased system inertia and possible grid sta-

bility difficulties. Approaches such as energy storage systems, complex control techniques, and

smart grid technologies are being investigated to improve system resilience.

The primary focus of this study was to examine inertial control techniques aimed at mitigating

the consequences of deeper integration and preserving stability in converter-based renewable en-

ergy systems. The following section presents the key contributions and conclusions derived from

this research endeavour.

7.1 Conclusions

In order to assess the impact of inertial control strategies on the frequency response of the

isolated power system, a dedicated test environment was created. The primary objective was to

evaluate the effectiveness of these strategies but to ensure a controlled and manageable testing

process, an initial round of experiments was conducted in a simpler environment.

During this preliminary phase, various disturbance types were introduced to simulate realistic

scenarios that the power system could encounter. By implementing the three contouring strate-

gies, the aim was to observe how they affected the RoCoF, a critical parameter that indicates the

system’s stability and resilience.

The results obtained from the initial battery of tests proved to be consistent with the expecta-

tions set beforehand.

• Implementing the inertial control strategies significantly improved RoCoF across all studied

disturbance types. This demonstrated the effectiveness of the strategies in enhancing the

frequency response of the isolated power system.
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The successful outcomes of these tests were encouraging, as they indicated that the selected

inertial control strategies could effectively mitigate disturbances and maintain stable frequency

levels. This provided a solid foundation for implementing these strategies in the isolated power

system’s more complicated and realistic context. It gave vital insights into the potential benefits

of inertial control techniques by completing these first experiments and finding consistent results.

Furthermore, it assured their deployment and demonstrated their potential to improve the system’s

resilience and stability in the face of numerous disturbances.

Even before implementing the strategies in the grid, comprehensive tests were conducted to

evaluate the network’s performance and the various production scenarios considered in this study.

These tests assessed how the grid would respond to induced disturbances. Simulating different

scenarios without the strategies in place aimed at understanding the system’s behaviour and gath-

ering insights for further analysis. The following conclusions were drawn:

• The off-peak scenario consistently performed better than the peak scenario across all distur-

bances. This finding was primarily attributed to the off-peak scenario’s lower absolute value

of the RoCoF. The lower RoCoF value indicated that the system experienced less fluctuation

and instability during the off-peak scenario. This outcome was expected due to the higher

presence of synchronous generation in the off-peak scenario, contributing to greater overall

system inertia and stability.

• The results obtained from this study, particularly regarding the severity of the implemented

short circuit disturbance, may not necessarily translate directly to real-world applications.

While the short circuit disturbance was the most severe in this study, it does not imply that

it would hold in all practical situations. It highlights the need for a cautious interpretation of

the results and the importance of considering any real-world application’s specific context

and conditions. Further analysis and validation would be required to ensure the reliability

and applicability of these findings in practical scenarios.

A series of studies were then conducted to evaluate and compare the impacts of implementing

inertial control techniques. Consequently, various simulations were carried out on an isolated

power system, considering the application of the following techniques in the system frequency

control: Synthetic Inertia; Synchronous Condenser; Fast Frequency Reserve (Temporary Power

Boost). The results obtained allowed us to conclude that:

• The presence of a time delay during the frequency measurement action was projected to re-

duce the influence, when compared to the synchronous condenser, on decreasing the RoCoF

value for synthetic inertia and fast frequency reserve. It can be concluded that dealing with

an isolated power system renders the mentioned constraint negligible, eliminating substan-

tial differences between strategies that measure frequency and those that do not.
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7.2 Future Work

Several prospective future research paths were uncovered during the study. The following

paragraphs provide specific recommendations for further work and prospective areas for develop-

ment.

• Instantaneous computation of the system’s inertia. This could hold immense value for the

system operator as it accurately estimates the inertia and directly indicates the level of fre-

quency stability and its impact on the system.

• Anti short circuit technology. The objective is to develop a technology capable of over-

coming the limitations posed by short-circuit disturbances, which have already been proven

challenging to manage in this study.

• Minimum level of inertia calculation. The aim is to etimate the minimum inertia required

to sustain a RoCoF below a specified threshold. This crucial assessment will encompass

various generation dispatch scenarios, considering the influence of a reference disturbance.
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Appendix A

Simulink implementation

This appendix provides a comprehensive overview of the Simulink implementation, featuring

complete diagrams depicting grid components and examined strategies. The figures are intended

to illustrate the implementation details on the Simulink software.

Starting with the parameters introduced in implementing the generator of the thermoelectric

power plant, proceeding to the parameters concerning the short circuit, and concluding with the

wind farm and the strategies implemented in both scenarios.

A.1 Thermoelectric power plant

Figure A.1: Synchronous machine parameters.
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Figure A.2: Diesel engine and governor parameters.

A.2 Three-phase fault parameters

Figure A.3: Short circuit parameters.
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A.3 Off-peak scenario

A.3.1 Wind farm

Figure A.4: Wind farm representation on Simulink (for off-peak scenario).
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A.3.2 Synthetic inertia implementation

Figure A.5: Synthetic inertia control implementation on Simulink (for the off-peak scenario).
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A.3.3 Synchronous condenser implementation

Figure A.6: Synchronous condenser implementation on Simulink (for the off-peak scenario).
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A.3.4 Temporary power boost implementation

Figure A.7: Temporary power boost implementation on Simulink (for the off-peak scenario).



A.4 Peak scenario 65

A.4 Peak scenario

A.4.1 Wind farm

Figure A.8: Wind farm representation on Simulink (for peak scenario).
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A.4.2 Synthetic inertia implementation

Figure A.9: Synthetic inertia control implementation on Simulink (for the peak scenario).
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A.4.3 Synchronous condenser implementation

Figure A.10: Synchronous condenser implementation on Simulink (for the peak scenario).
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A.4.4 Temporary power boost implementation

Figure A.11: Temporary power boost implementation on Simulink (for the peak scenario).
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