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ABSTRACT

The increasing worldwide focus on integrating renewable energy sources into power
girds has attracted significant interest, motivated by the projected benefits of an almost
unlimited supply and favorable environmental effects. Among the several choices for
renewable energy, wind power emerges as a leading contender, positioned for significant
expansion in the foreseeable future. Nevertheless, the incorporation of wind power into current
systems presents numerous obstacles, particularly regarding grid stability, despite its
acknowledged advantages. The intrinsic qualities of wind power, which include intermittency
and non-dispatchability, create complexity in the dynamics of the energy system. The sporadic
nature of wind energy source adds further fluctuations to an already changeable frequency
deviation landscape, making the issue of maintaining frequency stability even more difficult.
The decrease in stability is ascribed to a decrease in system inertia and regulatory capabilities.
This research thoroughly examines the diverse impacts of wind and solar power on many
components of power system dynamics, such as frequency deviation, stability, tie-line flows,
and area control error. The goal is to fully comprehend and examine the consequences of
incorporating wind power, particularly as its levels of implementation rise. The findings
presented in this research offer valuable perspectives on the complexities of frequency
regulation capability under various wind power penetration scenarios. These insights serve as
a basis for determining the optimal levels of RES penetration while maintaining specified limits
on frequency deviation. The wider framework of incorporating renewable energy, marked by
the rapid increase in the installation of wind and solar power, brings about uncertainty to both
transmission and distribution systems. The sporadic characteristics of these sustainable sources
frequently result in temporary discrepancies between power generation and demand.
Historically, the resolution of such discrepancies has entailed augmenting spinning reserves,

resulting in significant expenses. The research suggests an inventive method called a dynamic



demand control (DDC) approach that combines primary and secondary methods for regulating
frequencies. The core of the suggested technique is the active management of a fraction of the
workload to maintain control over the frequency. This method not only tackles abrupt decreases
in frequency but also actively aids in aligning the frequency with its intended nominal values.
By utilizing dynamic demand control, the demand side of the power equation can efficiently
and effectively contribute to frequency regulation, thereby decreasing the requirement for a
significant generating reserve and, thus, reducing associated costs. This study provides a
comprehensive analysis of the difficulties associated with incorporating wind and solar power
into existing power systems. It presents a proactive approach that utilizes dynamic demand
control to improve the stability and efficiency of power systems as renewable energy becomes

more prevalent.
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CHAPTER ONE

INTRODUCTION

The application of renewable energy sources (RESSs) for power generation poses a wide
range of advantages across various sectors, including the environment, finances, technology,
society, health, and others. To mitigate the emission of greenhouse gases from thermal power
plants, numerous countries have implemented laws aimed at incorporating innovative

renewable energy sources (RESSs) into their domestic and global electricity networks.

1.1 Challenges

However, renewable energy sources (RESs) have various issues, including significant
expenses, limited dependability, flaws in power quality, and difficulties in maintenance due to
their dependence on unpredictable weather and environmental circumstances. The
unpredictable and sporadic characteristics of renewable energy sources (RESs), such as
photovoltaic and wind sources, contribute to the destabilization of the major power system.
The issue of unpredictability has emerged as a significant worry in today’s energy grid, leading
power system developers to adopt a strategy of integrating a considerable proportion of
renewable energy sources (RESs) into the main grid. Moreover, it should be noted that these
resources utilize Power Electronic Converters (PECs) as fundamental elements, which may
give rise to stability concerns. If these problems are not adequately addressed, it could result
in the system becoming vulnerable and unsustainable, leading to serious consequences for the
operation of the electricity system. Many stability challenges are found in electrical power
systems. In the traditional framework, three separate stability concerns are recognized, namely:
instability in rotor angle, instability in frequency, and instability in voltage. Out of the three
factors mentioned, the maintenance of rotor angle stability is of utmost importance in
guaranteeing the synchronization of the system. The requirement for timely resolution in both

transient and stable states classifies it as a short-term stability issue.



1.2 Solutions

The effective resolution of this problem can be achieved by utilizing power system
stabilizers (PSS) or exciters based on power electronic converters (PEC), supplemented by the
use of generator tripping as an alternative approach. Similarly, frequency stability refers to the
electrical system's capacity to uphold its operational frequency within acceptable limits.
Instability occurs when there are disparities between the supply and demand of electricity. The
process of restoring frequency entails a time frame ranging Within a span ranging from seconds
to several minutes. hence classifying it as a stability concern including both short-term and
long-term timeframes. Voltage stability plays a crucial role in maintaining acceptable voltage
levels at the receiving end, requiring a time frame of seconds to minutes for restoration. This
categorizes voltage stability concerns into short-term and long-term stability issues. In recent
decades, there have been notable changes in current power systems, leading to the emergence
of new factors affecting power system stability. These factors include converter-driven stability
and resonance stability. Power systems that include renewable energy sources (RESS) can
experience instability for two main reasons. Firstly, the broad incorporation of energy resources
reliant on power electronic converters (PECs), including solar photovoltaics (PV) and wind
turbines, reduces the system's inertia. Secondly, RESs face the challenge of balancing the
supply and demand chain due to their unpredictable generation patterns. The process of
predicting the future values of demand and generation in a time-series context is complex and
requires a significant amount of time. As a result, systems often prioritize achieving stability
by directing attention towards the demand side. The presence of nonsynchronous generators in
conjunction with power electronic converters (PECs) reduces the level of system inertia, hence
increasing the likelihood of unstable frequencies in power systems. The proper functioning of
electrical systems can be greatly affected by frequency fluctuations, which may result in

undesired blackouts, particularly in systems with reduced inertia. The implementation of PEC-



based technologies necessitates the prioritization of upgrading protection equipment in
accordance with conventional operational settings. Although there have been numerous
research and development endeavors dedicated to stability of the voltage, rotor angle stability,
and methods for frequency regulations, the attention given to real-time stability control has
been relatively restricted, despite its significant role in causing numerous power system

blackouts in recent times.

1.3 Research objective

The increasing intricacy in power system operations, together with the introduction of
innovative concepts and regulations, requires the creation of techno-economic methodologies
and technologies to ensure Ensuring the secure and dependable functioning of power systems.
Numerous research endeavors have put forth diverse ideas to tackle these difficulties;
nevertheless, a complex framework that fails to include potential uncertainties may result in
unrealistic conclusions, hence introducing complications during the implementation In
practical situations or real-world contexts. Thus, it is imperative to conduct a comprehensive
investigation into innovative and effective methodologies with the purpose of addressing

current and forthcoming issues in the improvement of energy system architecture and also

operational strategies. This paper aims to provide a comprehensive comprehension of the
stability challenges faced by contemporary power networks as a result of the widespread
integration of PEC-based technologies and the unexpected characteristics of renewable energy
sources (RESs), such as solar and wind energy. In addition, this work aims to provide a
thorough examination of frequency stability concerns and potential remedies, utilizing existing
scholarly literature as its primary source of information. The study commences by providing
an introduction to the backdrop and a basic review of the stability difficulties encountered by
contemporary power systems. Also, provides a comprehensive overview of the substantial

amount of previous research conducted by many scholars and institutions. Section 3



extensively explores the principles of frequency stability, encompassing an analysis of
responses, regulations, control approaches, and their ramifications for power systems. This
examination is complemented by the inclusion of case studies that highlight the importance of
frequency stability in contemporary power systems. Furthermore, this study extensively
examines the fundamental theme of frequency stability in power systems based on PEC
technology. It delves into the complexities surrounding short-term frequency instability and
the unique challenges posed by PEC-based technologies in power systems. This section
additionally presents potential solutions. The thesis overall serves as a comprehensive

summary of the article, wherein the findings and implications are presented and thoroughly

examined.



CHAPTER TWO

REVIEW OF THE LITERATURE

The sporadic and fluctuating characteristics of electricity generation from renewable
energy sources (RES), together with the fluctuations in net load, present challenges for
conventional generation units [1,2]. The concept of variability is perceived differently at each
stage of the planning and operational processes. Although the impact of net load variations on
long-term resource planning is not significant, the daily cycle remains a crucial consideration
in the day-ahead operation plan [1]. During a brief time, frame, typically referred to as the
"very short term,” the presence of control systems becomes necessary to manage the rapid
fluctuations in renewable energy (RE) generation. Electric power systems, which are regarded
as a crucial component of large-scale Integrated Energy Systems (IESs), have experienced
significant advancements in recent decades. The incorporation of Renewable Energy Sources
(RESS) has consistently remained a prominent focus within the realm of development. This is
particularly relevant in situations where a significant percentage, or perhaps the entirety, of the
energy demand is met by RES generation. In such cases, it becomes necessary for baseload
power plants to curtail or cease their generation activities. Nevertheless, it is imperative to
redistribute these plants to align with the prevailing demand, while concurrently reducing the
development of renewable energy sources (RES). This is a significant issue as the
commencement periods of coal or nuclear power facilities are too prolonged [3]. Consequently,
the expenses related to operating and maintaining power plants, as well as the costs associated
with fuel, experience an upward trend, while the anticipated lifespan of these plants undergoes
a decline. Additionally, it is worth noting that the occurrence of plant outages for maintenance
has been seen to be more frequent, as indicated by previous studies [4,5,6]. It is anticipated that
there will be a shift towards low-carbon solutions in base-load plant technologies in the future,

considering the implementation of carbon regulations and constraints. A further noteworthy



aspect to consider is the necessity for increased flexibility compared to currently available
technologies . Based on the findings of Holttinen's study, the integration of wind power at a
10% penetration level in Scandinavian nations increases the reserve demand ranging from
1.5% to 4% of the total installed wind power capacity. A higher degree of renewable energy
(RE) integration into the power system can be achieved by reducing the minimum power output
requirement of power plants that are capable of meeting the demand. This adjustment would
enable a greater level of RE penetration without necessitating the shutdown of existing power
plants. Hence, in addition to the heightened reserve requirements, the minimum power outputs
of the power plants may also give rise to challenges in the immediate term Hossain et al. [7,8]
have reported that Doubly Fed Induction Generator (DFIG) turbines exhibit limitations in their
ability to provide reactive power and create substantial short-circuit currents when compared
to Synchronous Generators (SG). The study also examined the effects of a significant increase
in wind power penetration on the transient and frequency stabilities of a power system using a
39-bus test system. The study revealed that transient stability experiences a negative impact
when a fault occurs in proximity to an area characterized by strong wind penetration. The
primary factor contributing to this phenomenon is the decrease in active power generation and
the concurrent rise in reactive power absorption observed during the implementation of
crowbar protection in situations where wind turbines are operating at less than full capacity. In
instances where a failure occurs close to synchronous generators (SGs), it has been discovered
that wind turbines (WTSs) enhance transient stability by contributing to the power flow required
for synchronizing forces throughout the network. Different levels of penetration, ranging from
low to high, have been investigated, considering an installed power capacity of up to 2000
MW. The researchers evaluated the levels of penetration, while maintaining the presence of
SGs within the system. The simulations indicate that the stability of the system frequency is

negatively impacted when the penetration level reaches 20%.



The time difference between zero crossings of the voltage waveform is commonly used to
calculate frequency. More than two zero crossings can be used to determine accurate and
reliable frequency measurement. Other considerations must be considered before deciding on
the time range during which frequency should be measured (and upon which protection
schemes should operate). The first is whether the faults are symmetrical or asymmetrical
(single or three-phase) near the frequency measurement. The distorted voltage waveform may
cause incorrect detection of zero crossings. A second consideration is inter-area oscillation
events, which cause abrupt changes in frequency and may result in incorrect frequency
readings. Frequency fluctuations of a significant magnitude can cause load shedding,
instability, equipment damage, and even blackouts. In recent years, the power industry has
become more concerned about the falling quantity of inertia and primary frequency response
in many interconnections. Because of the increasing penetration of inverter-coupled production
and the projected retirement of conventional thermal facilities, this drop could continue.
Because of the high reaction speed from the power electronics interfaces, VRE controllers can
give superior primary, secondary, and tertiary responses to traditional generators if
appropriately built. The inertial reaction is the instantaneous response to a power disturbance
caused by a change in frequency. By lowering the rate of change of frequency immediately
following a disturbance, this is a crucial determinant of both transient stability and tiny signal
stability. Synchronous machines give inertial responses to power systems by default. Active
power controllers for VRE can give a synthetic inertia response to stabilize frequency
excursions if properly built [9,10]. The controller design is guided by various frequency
indices, including the rate of change of frequency (ROCOF), frequency deviation, and a
combination of frequency deviation and ROCOF. Consequently, the wind turbine (WT)
accelerates or decelerates in response to disturbances so as to store or release the rotational

kinetic energy under the control of the rotor kinetic energy. Nevertheless, the kinetic energy



is constrained, and a secondary frequency decline may occur when the rotor speed returns to
its initial level [11]. Concurrently, pitch activation is ongoing. The majority of renewable
energy sources employ frequency deviation signals and ROCOF to regulate the additional
power applied to the power reference [12], [13]. The authors of [13], for instance, obtained
frequency regulation through the utilization of frequency deviation and ROCOF to control the
DC-link voltage. ROCOF is employed by additional researchers to accomplish virtual inertia
control.

Traditional power grid synchronous generators have good inertia and damping characteristics,
absorbing or releasing energy via inertial response to preserve system frequency stability
[14,15]. As renewable energy develops, large-scale renewable energy is incorporated into the
power grid via power electronic equipment. The power system is evolving in a low inertia
direction. In general, renewable energy does not require any particular grid-connection
regulations to supply primary frequency regulation capacity. As a result, renewable energy
cannot provide power systems with stability and effective inertia support [16,17]. The impact
of expanding the network's RES has resulted in a significant demand for spinning reserves,
which are required to balance the deviations caused by variable generation. Low levels of
rotational inertia in a power system, which are induced by inverter-connected RES with zero
or minimal inertia, affect frequency dynamics in the sense that they occur more rapidly in such
systems. As a result, conventional frequency control schemes become excessively sluggish in
their ability to disrupt significant frequency deviations and the subsequent detrimental effects
they cause. New phenomena of frequency instability may result from the loss of rotational
inertia and time variance of inertia [18].

The frequency of the load is a key indicator of the reliability of a power grid. Grid frequency
is measured continuously to track the stability of the power system's supply and demand ratio.

To guarantee the safe and reliable operation of the power system, the nominal value of the grid



frequency must be kept at either 50 or 60 hertz (depending on the country's operating policy),
with an upper and lower operating limit of +/- 1% hertz. Primary frequency control (PFC),
secondary frequency control (SFC), and tertiary frequency control (TFC) are the control loops
used to regulate the grid's frequency (within a given frequency deviation range). Power-
electronics-interfaced generating technologies, such as wind and solar PV, have dramatically
expanded their proportion of global generation in the recent decade. Studies have shed light on
the impact of the high-penetration RES' integration on the stability of the power system in
different countries. Modern power systems are increasingly focused on techno-economic
functioning, together with environmental limitations. The regulatory authority can replace the
control system with an optimized method and/or add an optimized supervisory system without
modifying the main system to improve operational restrictions [19]. Nevertheless, as the
integration of RES and PEC-based technologies continues to rise, current power systems
encounter new challenges, including issues like unbalanced frequency resilience and reduced
grid inertia [20]. Therefore, it is essential to implement tools that can dynamically monitor,
analyze, enhance, and visualize the characteristics of the system [21]. It is obvious that
traditional methods of control are inadequate for today's power grids, hence a fresh approach
is required. In [22,23], the idea of battery energy storage systems (BESSs) was applied to
controlling the frequency of an electrical grid. Employing fuzzy logic in conjunction with
thyristor-controlled series compensation (TCSC), a self-tuning proportional-integral-
derivative (PID) controller was created to improve transient stability. Similarly, a controller
based on neural networks and fuzzy logic was proposed. The first-swing stability of power
systems can be enhanced with a discontinuous control approach and devices like static VAR

compensators (SVCs) and static compensators (STATCOMs) [24,25,26].



CHAPTER THREE
RESEARCH METHODOLOGY

3.1 Network stability

The concept of stability in a power network refers to the ability to sustain a state of permanent
operating equilibrium. This entails the maintenance of consistent voltages and frequency, as
well as the preservation of synchronism among synchronous machines. In order to maintain
system robustness and ensure reliable and secure operation, it is imperative that all of these
conditions are met [27]. The primary system parameters, depicted in the diagram seen in Figure
3.1, comprise frequency, voltage, and rotor angle. The concept of angle stability can be
categorized into two distinct types: tiny-signal stability refers to the ability of a system to
maintain stability under tiny disturbances or fluctuations. Transient stability, on the other hand,
refers to the ability of a system to maintain stability after experiencing a large disturbance or
fault. Voltage stability, on the other hand, is examined based on the size of the disturbance.
Additionally, each system parameter is described by either a short-term or long-term time

frame, with the exception of the angle limit.

Power System Stability

Rotor Angle Frequency

Stability Stability

Voltage
Stability
Large-Disturbance Small-Disturbance
Voltage Stability Voltage Stability

Small-Disturbance Transient
Angle Stability Stability

ﬁ

Figure 3.1. Classification of the power system stability [27]

When a network power imbalance happens, the system frequency control is used to bring the

system frequency back to a steady state use sluggish centralized controllers, also known as



Automatic Generator Control (AGC) or secondary maintenance, and to stabilize it using fast-

acting closed-loop controllers, such as governors involved in main frequency reserves.

3.2 Frequency response

A disbalance in an alternating current (AC) network is characterized by a discrepancy between
the generated and produced powers. Depending on the geographical location, the grid
frequency will be either increase or decrease from its nominal value of 50 or 60 Hz. To rectify
this alteration and reinstate the frequency to its intended level, system administrators have
executed three main frequency control drawings, with each scheme contributing to the system
restoration within a designated time interval. In fact, for the stability of the system, the grid
frequency must remain within a permissible range or 5% deviations from the nominal value
[28]. Significant frequency deviations have the potential to induce grid disruptions, which may
culminate in fault cascades or complete outages. The various forms of frequency responses

following a frequency dip are depicted in Figure 3.2 together with the respective time intervals.

The inertial response is due to stored rotational energy in the system
Primary control has the objective to stop the frequency change

=

Tertiary control has
% the objective to reduce costs
Frequency gradient (RoCoF) i

frequency; nadir is a fancy wérd for minimum

System frequency

i
i
|
i
i
|
\
|
|

Os 10 to 30s 10t0 30 min  Time
Figure 3.2. Depiction of the inertial and the frequency responses [28]

Initially, the frequency decline is constrained by the inertia of the synchronous generator that
are connected to the power grid, prior to any frequency response of the governors. This is

referred to as the grid's inertial response. This response takes effect during milliseconds to a
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few of seconds following the onset of the imbalance and is contingent on the inertia of the
system as a whole, which attenuates the frequency deviation from its nominal value.

Primary frequency reserves are the initial reserves that are automatically activated in relation
to the frequency response of the regulator. These phenomena manifest in a matter of seconds,
usually between 10 and 30 seconds following the imbalance's occurrence. The system
comprises a governor that active power regulation the synchronous machine involved in the
frequency response. This adjustment is made in response to the local frequency variation, with
the ultimate goal of diminishing the frequency deviation and ensuring the frequency stability
of the system. When the frequency of the AC region is shared, the generators will modify their
output power irrespective of the location of the power imbalance. The generators' response is
determined by their frequency-droop properties, which provides insight into the variation in
active power produced in response to a frequency change [28]. Secondary frequency reserves,
similar to the initial frequency reserves, occur routinely thereafter. These reserves, alternatively
referred to as Automatic Generation Control (AGC), have a duration of 10 to 30 minutes. Their
objective is to reinstate Adjust the grid frequency to its designated value and reinstate the power
exchanges between tie-lines to their designated values in the other control zones. In order to
restore the frequency, these reserves are engaged via an integral controller that modifies the
turbine governor set points. It can be seen from Figure 3.3 deploying proper control method is

used to restore frequency to its initial nominal value.
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P 1 P 2 P

Figure 3.3. Characteristic of primary and secondary control [42]

Between two set points are the area which is control method started to load shedding and
tripping designated loads. Tertiary frequency reserves denote the ultimate phase of frequency
regulation These occur subsequent to the cessation of secondary reserves operations and
involve the manual distribution of generated power to designated operating locations, alongside
the coordination of power production to address current and future system disturbances and
prevent congestion. Emergency control and protection schemes, such as load shedding, may
be activated for this purpose. In addition, it is possible to manually reschedule the generator
using less expensive sources within 45 to 75 minutes of the imbalance occurring [29]. In this
study, this type of frequency response is not investigated. Thus, frequency reserves are
contingent upon a number of system parameters, including the headroom, the percentage of
MW size trips, the availability and withdrawal of governor control, The velocity of the

principal frequency response, the frequency controllability of asynchronous machines and their

connections also the availability of fast-acting energy storage plants.

3.3 Inertia means in power system.
Synchronous generators, commonly found in the traditional power sources such as clear, coal,
gas, and hydropower, the system has rotating masses that are directly linked to the inertial

frequency response. This connection is a result of their electromechanical coupling. The
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spinning masses in question exhibit a specific level of kinetic energy. When there is a departure
in deviation from the desired frequency. The synchronous generator can either absorb or inject
kinetic energy into the grid, depending on the circumstances. This measure aims to reduce the
occurrence of frequency deviation [30]. The equivalent inertia is determined by the ratio of the
rotational energy. (Ex) at nominal speed wo in (J) to the rated power of the generator (S) in

megavolt-amperes (MVA).
H==ko= 1% (3.1)

The measurement of inertia, expressed in seconds, quantifies the duration for which a
synchronous machine can provide its rated power by utilizing the kinetic energy stored in its
spinning masses. According to the source [31], inertia can be described as the property of a
physical object that resists changes in its motion, specifically with regard to modifications in
its velocity and trajectory. In the present scenario, the rotating masses and its the resistance
may be considered physical entities. The resistance towards the alteration in rotational velocity
can be associated with the moment of inertia. The inertia of a machine is contingent upon its
kind, size, and velocity. Table 3.1 displays the customary values, which span a range of 2 to
10 seconds, illustrates the relationship between inertia and the rating of various generator types.
It is seen that inertia generally exhibits an inverse proportionality to the machine's rating, which

is directly linked to Equation 3.2.
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Table 3.1. Relationship between inertia and the rating of various generator types [31]

Power plant Rating S [MW] | Inertia H [s]
Thermal 500 - 1500 2-23
Thermal 1000 4-5
Thermal 10 -+
Thermal Not mentioned 4-5
Thermal (2 poles) Not mentioned 25-6
Thermal (4 poles) Not mentioned 4-10
Thermal (steam) 130 4
Thermal (steam) 60 3.3
Thermal (combined cycle) 115 4.3
Thermal (gas) 90 - 120 5
Thermal Not mentioned 2-8
Hydroelectric (450 < n < 514 rpm) 10 - 65 2-43
Hydroelectric (200 < n < 400 rpm) 10-75 2-4
Hydroelectric (138 < n << 180 rpm) 10 - 90 2-33
Hydroelectric (80 < n < 120 rpm) 10 - 85 1.75-3
Hydroelectric Not mentioned 4.75
Hydroelectric (n < 200 rpm) Not mentioned 2-3
Hydroelectric (n > 200 rpm) Not mentioned 2-4
Hydroelectric Not mentioned 2-4

By employing Equation 3.1, one can first-order approximate the swing equation at nominal

frequency wo in terms of inertia H.

2MS dw _20Sdf _,
7 -7 — Lm0 — Le

wo dt  fo di

(3.2)

This indicates that the inertial response of the power system following a disbalance is
proportional to the rate of change of frequency df/dt caused by a power imbalance Pmo-Pe.
Inertia H is thus directly proportional to this rate of change. In fact, the mechanical of rotational
speed is directly proportional to the angular frequency due to synchronism. Generators are
therefore outfitted with a speed governor, which consisting of a tachometer that determines the
angular velocity of the shaft, as well as a motor known as a servomotor, which regulates the
flow of fluid to the turbine via a throttle, so as to participate in frequency control. Each of them

modifies its load angle and velocity in response to the disturbance following its inertia and
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electric distance. Based on the results of Equation 3.2, it can be deduced that a system with low
inertia will exhibit less dampened frequency changes and greater frequency fluctuations in
comparison to a network with high inertia [32]. In addition, rotating masses provide stored
energy and serve as a voltage source for synchronous machines, which safeguards against
fluctuations in the magnitude of voltage and supplies power sources that also can be utilized to

restrict voltage fluctuations. As a result, inertia is a crucial parameter that affects the frequency

and voltages of the power system.

3.4 Rate of Change of Frequency

The initial Potential repercussions emphasized regarding the network is directly
associated with the Rate of Change of Frequency (ROCOF). It is derived directly from the
swing equation derived in Equation 4.1, assuming no frequency-dependent burden exists, and
corresponds to the frequency derivative immediately following the disturbance.

ROCOF—df—APfO 4.1
dt  2HS (4D

denoted by P the power imbalance caused by the disturbance and H the inertia of the system
as defined in equation 4.1 Based on this correlation, it can be inferred that systems with low
inertia are susceptible to substantial frequency deviations, which can compromise the stability
of the system and potentially result in network complications. Because dynamics are more
rapid, it becomes more difficult to regulate the electrical system besides, it is necessary to
adjust the frequency. Furthermore, numerical protection relays are integrated into the energy
system to avoid islanding, and their proper tripping is determined by the means of the ROCOF,
which corresponds to the biggest frequency variation following a disturbance. If it is too high,
equivalent to a too steep frequency deviation, and reaches a threshold value, the relay gives a
trip to protect mechanically limited synchronous machines. In a low inertia system, a
significant Rate of Change of Frequency (ROCOF) can activate these specific relays and cause

dispersed generation to disconnect in a chain reaction., potentially amplifying The occurrence
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of the original frequency incident can result in equipment damage. For example, in [33],
various simulations in a two-area connected system experiencing a reduction in inertia were
performed. As a result, transient flows across the tie-line between the two locations increased
significantly and became more abrupt. The grid could perceive these results as a short circuit,
resulting in automatic protection device tripping. Furthermore, low inertia combined with a
very high RoCoF can result in a significantly lower frequency nadir. Both are depicted in
Figure 3.4 as a function of converter 2 connected generation with an imbalance of 0.1 pu for
various system synchronous machine inertia values. When an imbalance occurs, creating a
frequency drop, the frequency nadir is defined as the lowest frequency reached, for instance
When the generated electricity is insufficient compared to the power used. In a low inertia
system, fewer governors participate in frequency control, and the remaining governors
experience a reduced amount of time to respond, resulting in a lower frequency nadir than in a
higher inertia situation. When the frequency increases, the same effect occurs, with the
maximum frequency being much greater in low inertia systems. If the frequency nadir is
excessively low, frequency relays can trip, resulting in under-frequency load shedding,
potentially leading to cascaded disruptions, and, in the most severe case, complete blackouts..

In the event of a low frequency nadir, generators may be disconnected and load shedding may

ensue, jeopardizing system stability [34].
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Figure 3.4. Evolution of the frequency a) Nadir and b)RoCoF [33]
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3.5 Solutions for the frequency response

In addition to inertial response, frequency and voltage regulation techniques must be
implemented in a system with minimal inertia. Certain methods or devices may be utilized in
conjunction with RES to maintain network stability. The methods depicted in Figure 3.5
comprise droop control, rapid power reserve, inertia emulation, demand response, synchronous
condenser utilization, and modification of existing protection relays. A comprehensive

explanation of each is provided in the subsequent subsections.

// SquFons \\‘

Frequency Inertial Voltage Demand Modification in
response response stability response protection relays
Droop Fast power Inertia Synchronous
control reserve emulation condensers

Figure 3.5. Diagram illustrating the proposed mechanisms by which renewable energy
sources can contribute to the stability of the network [43]

3.5.1 Droop methodologies

As opposed to synchronous machines, dropping methods are the initial category of
frequency regulation methods that can be integrated into the controller of a RES in order to
enable it in order to engage in frequency control. Regarding traditional synchronous generators
that are outfitted with a governor, a perturbation in the network's frequency is converted into a
modification in power output, such as that observed in a wind turbine. This transformation
adheres to the pattern illustrated in Figure 3.6a. By employing this method, the wind turbine
can engage frequency reserves, which serve to enhance the frequency nadir and facilitate the
restoration of the frequency to its nominal value. The subsequent equation calculates the the
change in output power of wind turbine P, where the change is proportional to the frequency

(f = fmeas - fnom)-
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fmeas - fnom
e (5.1)

AP =P —Py=—
In the given equation , P represents the WT’s dispatched output power, fmeas denotes the
measured grid frequency, and R signifies the droop characteristic's chosen droop coefficient.
Po and from represent the rated active output power and power station frequency, respectively.
The droop control block diagram is illustrated in Figure 3.6b. The power converter of the

turbine receives the signal Pret = Pmpp + P, which specifies the quantity of stored kinetic energy

that must be discharged.
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(a) Droop characteristic. (b) Block diagram of droop control.

Figure 3.6. Droop technique: Frequency characteristic and block diagram [36]

Emphasis is placed on this control for PVs in [35], which implements an active and reactive
droop control in conjunction with an ESS To engage in frequency and voltage controls, the
system automatically adjusts both active and reactive powers within the grid whenever PV
arrays fail to generate. In the event that the demand exceeds the generated power, the inverter
control transitions to modulate the frequency and voltage in accordance with the set parameters
for active and reactive power. However, droop control necessitates the establishment of a linear
correlation between reactive power and voltage and active power in relation to frequency. As
a result, computations requiring brief timescales are required to slow down the droop-

controlled inverters, specifically their transient response [36,37].
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3.5.2 Fast power reserve

A different possible solution for temporary inertial response and frequency assistance
is the rapid power reserve technique, which is exclusive to wind turbines. As depicted in
Figures 3.7a and 3.7b, the operational mechanism of the technique is as follows: when the
frequency deviation surpasses a specific threshold during a decrease in frequency, from Pwppr,
the wind turbine's maximum power point tracking, to Pcmd, itS output active power increases.
Additionally, In the time interval teec, it feeds the grid the kinetic energy that has built up in its
spinning blades, which causes the rotor speed to decrease to Wrmin. The time period in which
the wind turbine engages in frequency regulation is referred to as the over-production period.
Subsequently, the wind turbine resumes normal operation during tacc by reducing its output

generation power and restoring its nominal rotor speed to MPPT.

Pmml

Pureer

// MPPT curve

QWi min Qurrr Q — twee ——  taw — ti

gy

Figure 3.7. The fast power reserve is determined by two factors: the output power is
dependent on rotor speed and the time [27]

The primary limitation of this method continues to be its short-term functionality, given that
the wind turbine cannot engage in frequency regulation for extended durations, particularly
during its recovery or underproduction phase. Therefore, the extent to which the wind turbine

operates is contingent upon the quantity of kinetic energy contained in its rotating masses.

3.5.4 Hybrid dynamic demand control strategy
An imbalance in power generates frequency dynamics in a power system. The system

operates in accordance with the principles of motion when variations in local frequencies
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induced by oscillations and transients in electromechanical systems are disregarded. When this
law is applied to deviations from nominal values, it yields [37]:

dAf(t)
dt

AP,(t) — APy(t) = 2H + DAS(E) (5.2)

The variables APg(t), APq(t), and Af(t) represent the deviations of load demand and deviation
of the power system frequency from its nominal value at period t, respectively, and the
generator mechanical power and load demand, respectively, from their pre-disturbance values
and the nominal value at time t, respectively (Af(t) = f(t) — 60). Unit values are provided
for the power and frequency variables. The system's total inertia constant is denoted by H.
Syncron machines and frequency-dependent loads, such as induction motors, provide a
substantial contribution to the overall load-damping coefficient (D) of the system. The entire
system frequency-responsive model is made up of the lumped generator turbine regulator and
the lumped time-dependent load., as illustrated in Figure 3.9a the power imbalance denoted as
AP = Py - P4 = APg - APq, is an indication of the effect of an abrupt load change or generation
decrease. The value of AP can be negative or positive. As shown in Table 2 are the typical
turbine governor parameters. Simplifying the analytical analysis, we can disregard Tg and Tc
as they are significantly smaller in magnitude than Tr. As illustrated in Figure 3.10b [38],

afterwards decreases the transfer function model's order.

AP, : AP I Af';
} 2Hs+D
AP, |
R
X e 1+F} Tgs . L | I
m 1+TRs 1+T¢s 1+7gs |
(a)

Figure 3.8. Frequency response model [44]
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Figure 3.9. Reduced response model [44]

Table 3.2 Turbine governor parameters [42]

Parameter Typical Value
Governor time constant 1g 0.2s
Steam chest time constant 7¢ 03s
Reheat time constant T 10 s

High-pressure turbine fraction Fy 0.3
Mechanical power gain factor Ky, 0.95-1

Inertia constant H 3-6s
Governor speed regulation R 0.05
Load damping coefficient D 1.0

A negative AP causes a decrease in the system frequency, after which it returns to a
state of equilibrium. The frequency response of the system can be described by three time-
domain parameters, which are comparable to the step response of the standard second-order
dynamic system: steady-state frequency fss, time to reach frequency nadir tnadir (Which
corresponds to maximal overshoot), and frequency nadir (or time to reach) fnadir. The Laplace

transform of FR is computed as shown in Figure 10b.

_ Ruy  Kn(1+FiTes)AP (5.3)
DR+ Kn (52 + %8 +wd)

Af(s)

where 1 represents the damping coefficient and o, represents the oscillation frequency. The

aforementioned values are derived from the turbine governor parameters.

5 DR+ Ka

Wa = 5F i (5.4)
__ 2HR+ (DR + KuFu) (5.5)
T T 9(DR+EKnm) M

Inverse Laplace transform is utilized to acquire the time-domain frequency deviation.
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_go. AP —wnt i (e f 4 0 5.6
Af(t) =60 r— [1 4+ ae~"® sin (wyt + )] (5.6)
aand or defined as follow:
a= ‘/ L s + Ty (5.7)
1-¢ (5.8)

wr=wpy'1—¢2  (g<1)

At the point of lowest frequency, the derivative of the frequency graph should be equal to zero,

expressed as dAf(t)/dt = 0. Hence, the value of tnagir is derived by the process of calculation.

P 1 t _1 [A."r-TR
T (-:wﬂ’rn - 1)' (5.9)
The frequency deviation reaches its new equilibrium state, which is

BAP BAP
. — =60 .
DR+ Ky DR+1

Afs =60 (5.10)

On the basis of (5.6) and (5.9), the following can be stated regarding the frequency response of
the energy system:

1) The tnadir is influenced by the inertia of the generator, turbine governor parameters, and
system damping. Tnadir has N0 connection to AP.

2) In real time, the frequency response Af(t) is likewise multiplied by value of K when AP is
multiplied by a coefficient K.

3) Fnadir is proportional to AP if the dynamic power system parameters (listed in Table 2) remain

unhanged, as indicated by two preceding arguments. Due to its complexity, the analytical

expression of Afnagir IS omitted here.
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CHAPTER FOUR
SIMULATION AND RESULTS
4.1 Solar and Wind integration analysis

The methodology that was suggested is executed and evaluated on the power grid of the
IEEE39 bus system, as depicted in Figure 4.1. The power infrastructure is made up of ten
generators and thirty-nine buses. An exhaustive list of system parameters is available in the
literature [38,39,40]. The methodology that has been proposed was developed and evaluated
within the MATLAB 2023b environment. The buffering characteristics of interconnected
systems, specifically those comprising a wind farm and a photovoltaic (PV) system, are the
primary emphasis of the analysis. Eigenvalue analysis is performed for four distinct working
conditions as part of the analysis.

1. System Initial:

This depicts the power system in its fundamental configuration, devoid of any supplementary
renewable energy sources.

2. Bus #1 Connects exclusively wind farms that have a maximum output of 100 MW:
Wind turbines are exclusively connected to bus #1 in this scenario, producing a total output of
100 MW.

3. Bus #2 is exclusively connected to the PV system, which generates 80 MW.

4. The PV system and wind turbines are connected on bus #2 and bus #1, respectively,

with outputs of 50 MW and 50 MW.
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Figure 4.1 IEE39 bus system with Wind and Solar Energy integration [39]

Table 4.1. Case 1 Zero RES penetration.

Case Characteristic frequency fluctuations Damping Relevant
root (Hz) ratio units

—0.9999 + j6.8994 1,0985 0,1458 Gl, G2

—1.2415 +j7.4895 1,2373 0,1632 Gl, G3

—0.3041 + j4.1508 0,6624 0,078 GL, G5

. . —0.8543 +j7.1886 1,0105 0,1348 GI1,G8

Wlsth"“t Windor  —5"<04 i;7.9944 0,9517 0,0919 G1, G9

olar power :

—0.4333 + j4.4617 0,7978 0,0874 Gl, G10

—0.6732 + j6.6944 0,8197 0,1310 G2, G3

—1.1864 + j6.2942 0,7443 0,248 G2, G4
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Table 4.2 Case 2 Only Wind power integrated.

Case Characteristic frequency fluctuations Damping Relevant
root (Hz) ratio units
—1.1794 +j7.1987 1,1833 0,1643 G1,G2
—1.3958 +j7.9994 1,3017 0,1756 G1,G3
—0.5308 + j4.4898 0,7636 0,1183 G1,G5
) —1.0552 +j6.6954 1,1022 0,1581 G1,G8
Wind Power 7247319+ j6.2952 0,9995 0,1176 | G1,G9
—0.4433 +j5.0128 0,8003 0,0891 G1,G10
—0.6928 +j5.1704 0,8621 0,1341 G2,G3
—1.2822 +j4.8332 0,8077 0,2585 G2,G4
—1.1228 +j7.2706 1,1948 0,1552 G2,G5
—0.4511 +j0.8102 0,1677 0,4794 G1-10,DFIG
Table 3.3 Case 3 Only Solar power integrated.
Case Characteristic root frequency fluctuations | Damping Relevant
(Hz) ratio units
—1.3968 £ j7.5559 1,1985 0,1826 G1,G2
—1.5461 £8.1922 1,3073 0,1857 G1,G3
—0.7978 + j4.8928 0,7829 0,158 G1,G5
—1.2907 £ j7.0776 1,1235 0,1799 G1,G8
Solar Power —1.0425 £ j6.7985 1,0796 0,1516 G1,G9
—0.5817 +j5.3105 0,8426 0,1147 G1,G10
—0.8103 £j5.3630 0,8511 0,1481 G2,G3
—1.3359 £ j4.9240 0,7781 0,2619 G2,G4
—1.2851 +j7.5961 1,2064 0,1617 G2,G5
—0.7107 £71.2256 0,1926 0,4929 G1-GO,PV
Table 4.4. Case 4 Wind and Solar Power integrated.
Case Characteristic root frequency Damping Relevant
fluctuations (Hz) ratio units
—1.4858 +{7.7576 1,2321 0,1925 G1,G2
—1.5323 +j8.2386 1,3144 0,1879 G1,G3
—0.8778 +j5.0250 0,8004 0,1684 G1,G5
—1.2968 +j7.1115 1,1357 0,1832 G1,G8
Combination of —1.0858 +j6.9001 1,1022 0,1604 G1.G9
Solar and Wind —0.7568 +j5.4995 0,8776 0,1319 G1,G10
power —0.9275 +j5.5895 0,8926 0,1658 G2,G3
—1.4402 +j5.0987 0,8166 0,2753 G2,G4
—1.5488 +j7.9968 1,2761 0,1951 G2,G5
—0.8192 +j1.4506 0,2940 0,4978 | G1-G10,DFIG
—0.7313 +£j5.0705 0,80105 0,1473 G1-G10,PV

26




—t#—7ero RES  ——WWind Power =—#=—Solar Power =—=—3Solarand Wind RES

14

AV \ |

0.2

o =y
[++]
Frequency flucatation

=]
@

[=]
B

1 2 3 4 5 6 7 8 9 10 11

Relevant Units

Figure 4.2. Frequency fluctuations for per RESs

In Figure 4.2 relevant units and their frequency fluctuation have been depicted by considering
four various cases as mentioned above. The study's findings on the impact of wind power and
photovoltaic (PV) energy on power system stability are summarized as follows:

» Improved Frequency Regulation Stability with Wind and Solar Energy:
It has been established using characteristic roots that incorporating wind and solar energy into
the power system for frequency management results in better stability. This shows that
incorporating these renewable energy sources improves the power system's dynamic response
and stability.

» Improved Damping Properties in the Power System:
The investigation on the IEEE 39 bus power system demonstrates that the system's damping
characteristics can be effectively improved. Wind-solar renewable energy integration into the
power system helps to greater system stability. This discovery highlights the potential benefits
of incorporating renewable energy sources into current power networks, particularly in terms
of improving system stability.

» Increased Stability through Photovoltaic Power Stations.
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In essence, the findings highlight the benefits of incorporating renewable energy sources, such
as wind and solar, into the power grid. These findings are essential not only for addressing the
increasing percentage of renewable energy in the power system but also for highlighting
specific improvements in stability and damping characteristics related to the integration of

these technologies.

4.2 Load frequency response

In order to demonstrate the aforementioned impact of wind power integration into a
power system frequency, the MATLAB 2023b/Simulink model of the system is assembled
according to the instructions provided in this section. The evaluation of a scenario is delineated
as follows. The behavior of an individual region and its interaction between two interconnected
areas are investigated in these scenarios. Generators in one area are uniform and consolidated
into a singular entity. Wind power is only included in area 1, and the simulation involves a load
disturbance that is simulated using a step function of 0.04 per unit. Area 1 is subjected to a load
disturbance in order to assess the assistance offered by area two to area one. Wind penetration
level is modified by altering the values of inertia reduction: 0%, 10%, 25%, 45%, and 60%.
The impact of wind sources on Load Frequency Control (LFC) will be examined by doing a
comparative analysis of scenarios, taking into account variations in frequency response and
excluding any other factors and equivalent regulation constants. The research system's
parameters are derived from reference [44] and are presented in Table 4.5. The parameters
provided are standard values for a system and have been expressed into per unit and parameters
of area two are obtained from reference [45] and can be seen in Table 4.6 in the Appendix.

Area one is the only one that experiences the load disruption.
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Figure 10. Load frequency response: Two-area connected system.

Table 4.4. RES penetration percent and parameters

Renewable
penetration K D(pu/Hz) 2H R(Hz/pu) Tg(s) T(s)
level(%)

0 -0,3 0,015 10 3 0,2 0,5
10 -0,3 0,015 9 3.3 0,2 0,5
25 -0,3 0,015 7,5 3,75 0,2 0,5
45 -0,3 0,015 3,5 4,35 0,2 0,5
60 -0,3 0,015 4 4,8 0,2 0,5
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Figure 11.RESs penetration level and Frequency response
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Figure 12. RESs penetration level and ROCOF

This simulation looks into how wind power affects load frequency control, with a focus on
various penetration levels. As stated above, Figure 4.3 the mathematical model and simulation
results highlight several important conclusions:

» Decrease in Inertia of the System:
The integration of wind power is linked to a decrease in the total inertia of the system. Inertia
plays a crucial role in the electrical power system's stability and response to frequency
variations. The system's capacity to withstand disruptions may be affected if its inertia
decreases.

» Variations in the Frequency Response Properties:
The simulation's findings demonstrate how the integration of wind power affects the
characteristics of frequency response. More specifically, the system's capacity to control and
preserve frequency stability is impacted by a rise in the regulatory constant.

» Impacts on Frequency Deviation:
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Increases in area control error, tie-line power flow, and frequency deviation are among the
effects of integrating wind power. The behavior of the dynamic and performance of the power
system under varying situations are crucially indicated by these characteristics.

» Examining Disregarded Factors:
The study emphasizes how load frequency control studies frequently ignore the reduction in
system inertia and modifications in frequency response characteristics brought about by wind
power. Understanding these elements in detail is necessary to fully comprehend the ways in
which wind power integration influences system dynamics.

» Recommendations for Wind Power Levels:
Guidelines for determining the permissible amount of wind generation are provided by the
analysis in Figure 4.4 and Figure 4.5. These regulations take into account the system's
configuration, the maximum load disturbance, and the secure range of frequency excursions.
Grid operators can use this information to decide how much wind power integration is
appropriate while maintaining system stability.

» Importance for Grid Managers:
For grid operators, the findings in this research provide valuable information. By illuminating
potential obstacles and constraints linked to shifts in system inertia and frequency response
characteristics, this data might support decision-making processes pertaining to renewable
energy sources integration.
In conclusion, simulation makes a significant contribution to our understanding of the
sometimes-disregarded effects of RES integration on changes in frequency response
characteristics and system inertia reduction. Grid operators can use the practical factors offered
by the recommendations to make well-informed judgments about the degree of wind power

integration that preserves system stability.
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CHAPTER FIVE

CONCLUSION

This master's thesis thoroughly analyzes the complex interactions involved in
integrating renewable energy, particularly wind and solar power, into the IEEE 39 bus power
system. The methodology was run, developed, and assessed in MATLAB 2023b. It rigorously
examines four different scenarios that represent various combinations of wind and solar energy
integration. The study's key findings and contributions are as follows. Improved stability of
frequency regulation with the integration of wind and solar energy: The examination of
characteristic roots confirms that the integration of wind and solar energy greatly enhances the
stability of the power system. This indicates an increased and more effective reaction and
improved steadiness when using renewable energy sources.

» Enhanced Damping Characteristics in the Power System
The research reveals that the integration of wind and solar renewable energy significantly
improves the damping qualities of the power system. The improvement in damping properties
has significant consequences for the overall stability of the system. Empirical evidence
demonstrates that the integration of photovoltaic power stations into the electricity grid
effectively enhances system stability. This finding highlights the distinct advantages of
integrating solar energy sources into the electricity grid. The investigation encompasses load
frequency regulation, examining the consequences of integrating wind power at different levels
of penetration. The simulation results provide significant insights:

» Decrease in System Inertia
The integration of wind power is associated with a noticeable decrease in the overall inertia of
the system, which could have implications for stability.

» Changes in Frequency Response Characteristics
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The incorporation of wind power causes noticeable alterations in the characteristics of
frequency response, suggesting possible difficulties in maintaining and controlling frequency
stability.

» Implications on Frequency Deviation:
The study reveals significant rises in area control error, and frequency deviation as outcomes
of wind power integration. These findings highlight the intricate and complex behavior of the
power system in different scenarios.
The research provides prescriptive recommendations for wind power levels, including criteria
for estimating acceptable amounts of wind generation based on parameters such as frequency
excursion, load disturbance, and system setup. The practical knowledge gained from this
research provides a useful asset for grid operators, enabling them to make wise decisions on
the level of wind power integration while maintaining system stability.
To summarize, this master's thesis provides scholarly perspectives on the complex dynamics
of incorporating renewable energy into power systems. It emphasizes the need for careful
examination of stability and control aspects throughout the continuous shift towards a

sustainable and renewable energy-focused model.
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Table 4.5. RES penetration percent and parameters-area two

Renewable

penetration
level (%)
0
10
25
45
60

K

-0,3
-0,3
-0,3
-0,3
-0,3

D(pu/Hz)

0,018
0,018
0,018
0,018
0,018

2H
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Ty(s)

0.3
0,3
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T(s)
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