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Abstract

This doctoral thesis addresses the critical challenges posed by the integra-

tion of renewable energy sources (RESs) into modern power systems, focus-

ing on the impact on frequency stability in the face of volatile inertia. With

RESs rapidly penetrating into power grids to achieve global decarbonisa-

tion goals, the intermittent nature of these sources introduces operational

complexities that demand novel strategies for preserving the active power

balance. Traditional frequency control practices, built upon stable inertia

contributions, face signi�cant disruptions due to the reduced or absent iner-

tia inherent to RESs. Consequently, the system frequency dynamics become

swift and unpredictable, rendering conventional methods of frequency pro-

tection and control obsolete.

This research unveils a comprehensive methodology for detecting, loc-

ating, and estimating the magnitude of loss of generation (LoG) events in

power systems characterised by substantial RES integration. Using the su-

perimposed circuit methodology, nodal current injections from RESs are

estimated, forming a system of linear equations that pinpoint LoG events

by changes in the nodal currents with unparalleled accuracy. This method

transcends traditional reliance on frequency measurements and knowledge

of system inertia, making it robust and versatile in real-world applications.

Central to this research is the exploration of optimal fast frequency

containment (OFFC), which consists of active power injections from RESs

to swiftly arrest frequency deviations resulting from LoG events. A new

paradigm emerges for OFFC, strategically decomposing the frequency re-

sponse into transient and steady-state deviations. This approach yields an

optimal allocation of power resources to e�ectively counteract LoG events.

Contrary to conventional step-function injections, the proposed methodo-

logy ensures that transient deviations are prioritised, thereby conserving

energy resources and minimising the time required for frequency to be re-

covered within statutory limits. The allocation of resources for correcting

steady-state deviations subsequently follows if resources are available after

mitigating the transient deviation, promoting the preservation of steam tur-

v



bines' lifespan.

In conclusion, this research highlights the critical intersections between

RES integration, frequency stability, and LoG event dynamics. By intro-

ducing pioneering methodologies and challenging established assumptions,

this thesis contributes to the evolution of power grid management strategies

in an era of escalating renewable energy adoption. The insights derived

bridge theoretical discourse with practical implications, empowering power

systems to e�ectively navigate the complexities of renewable energy integ-

ration while ensuring resilience and stability.
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Chapter 1. Introduction

1.1 Overview of frequency control in power systems

In order to address frequency control in power systems, it is essential to establish

a comprehensive de�nition of frequency. Frequency denotes the quanti�cation of com-

plete cycles observed in a periodic waveform over the course of a second. In power

generation, the frequency of the generated current and voltage signals is directly re-

lated to the speed of synchronous generators (SGs) [1]. This makes the frequency a

unique parameter across the power system when operating in a steady-state condition,

as all SGs are rotating at synchronous speed. However, power systems are subjected to

di�erent events, such as generation outages, abrupt changes in load, line outages, and

faults, that a�ect the output power of either a speci�c SG when directly impacted or

neighbouring SGs to the event. As a consequence, the remaining generators naturally

respond by accelerating or decelerating their rotors, giving rise to frequency deviations

from the nominal value.

The constancy in frequency indicates a balance between the active power generated

and active power consumed by the loads, including transmission losses. Consequently,

any perturbation to that balance is experienced as a frequency deviation by the power

system. Speci�cally, under-frequency deviations result from consumption surpassing

generation and vice versa, as shown in Figure 1.1. Frequency control aims to preserve

the frequency stability in power systems, which refers to the ability of the power system

to maintain the frequency nearly constant in a state of operating equilibrium after

experiencing a signi�cant active power imbalance [2].

Frequency control is carried out by the automatic load-frequency control (ALFC)

loops implemented in each SG. Figure 1.2 shows how the ALFC loops control the speed

of an SG to maintain its frequency at the nominal value by correcting any frequency

deviation resulting from changes in the demand and generation. ALFC loops are de-

scribed below [3]

ˆ Primary control loop. This is a local control action that recovers the frequency

from deviations by sending the speed signal to the governor. The turbine power

output is then modi�ed as a result of that change in speed (frequency). The

primary control response is characterised by a persistent frequency deviation in

2



1.1. Overview of frequency control in power systems

Figure 1.1: Load-generation active power balance.

Figure 1.2: Regulation control loops [3].
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Chapter 1. Introduction

steady-state. Frequency recovery can be achieved for variations of roughly 3 Hz

within a time frame from 5 to 30 seconds.

ˆ Secondary control loop. This control implements a proportional-integral (PI)

controller to correct the steady-state frequency deviation resulting from the oper-

ation of the primary control loop. This is a centralised control action that adjusts

the reference power of generators and is frequently carried out through automatic

generation control (AGC). Typically, the operation time ranges from 30 seconds

to a few minutes.

ˆ Tertiary control loop. While this control loop is not universally adopted

across all power systems, it is noteworthy that the tertiary control loop plays

a pivotal role in facilitating primary and secondary regulations. By restoring

primary and secondary reserves, this controller ensures that power systems are

equipped with su�cient spinning and non-spinning reserves. These reserves can

be e�ectively utilised over more extensive time intervals, ranging from approxim-

ately 15 minutes to well beyond an hour [4], [5].

As explained above, primary regulation requires approximately 5 seconds to change

the frequency trajectory following an active power imbalance, with loss of generation

(LoG) events being the most predominant and critical contributors to these imbalances.

This delay is attributed to the inherent nature of the speed control, which relies on

mechanical components for its operation. As a consequence, the rate of change of

frequency (RoCoF) will solely depend on the system inertia and the LoG size during the

initial seconds following an LoG event. In this context, system inertia can be understood

as the system sti�ness against LoG events. Figure 1.3 illustrates the frequency response

in the time frame of the frequency regulation control loops following an LoG event.
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Figure 1.3: Time frame of frequency regulation in response to an LoG event.

1.2 Research motivation

The adoption of a predominantly renewable generation mix has emerged as a prom-

inent trend in modern power systems, driven by the ambitious decarbonisation object-

ives established by numerous countries worldwide. As a result, there is an increasing

number of renewable energy sources (RESs) that are steadily integrating into the power

grid. This transition brings about new operational complexities attributed to the in-

termittent nature of RESs, which renders some important grid characteristics volatile.

RESs are electrically decoupled from the power system by inverter-based interfaces,

thereby providing little or no inertia to the system. Therefore, the growing penetration

of RESs makes the system inertia variable in a wide range. This volatility in power

system inertia, characterised by a substantially reduced lower limit, poses a pressing

challenge for modern power systems, as inertia plays a crucial role in maintaining sys-

tem stability against frequency deviations caused by LoG events. Consequently, these

fundamental changes amplify the unpredictability and 
uctuations in the frequency

response, making the assumptions of traditional frequency protection and control prac-

tices increasingly invalid.

Large frequency deviations caused by LoG events are conventionally arrested by

resorting to under-frequency load shedding (UFLS) schemes, which disconnect appro-

priate amounts of load to recover the balance between generation and consumption.

Conventional UFLS relays are set such that they disconnect a prede�ned amount of
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load every time the locally measured frequency violates a frequency/RoCoF threshold.

This is essentially a trial-and-error process which is continued until the total amount of

load shed by the relays becomes almost equal to the size of the LoG event. Variants of

conventional UFLS schemes are slow in nature and take much longer to deal with larger

LoG events. This becomes quite problematic in systems with highly reduced inertia as

it results in low-frequency nadirs (the minimum frequency experienced following fre-

quency deviations). Compacting frequency thresholds to avoid low-frequency nadirs is

not considered an e�ective solution to this problem as it will result in over-shedding

for small and medium-sized LoG events.

A solution to arrest large and fast frequency deviations in modern power systems

is appealing to communication-based centralised approaches. This is to determine the

size of LoG events in the control centre based on measurements gathered from across

the grid. The knowledge of the LoG size can be used to inform the available RESs

how much power they must inject to support the frequency response and, if needed,

inform the UFLS relays how much load each must shed. Nonetheless, the latency of

system-wide communication, system observability, errors in measurements, paramet-

ers, and topology, and the speed of calculations make existing approaches not reliable

for real-time applications. This PhD research is aimed at proposing an optimal fast

frequency containment (OFFC) strategy against LoG events that can guarantee the

frequency stability of power systems with volatile inertia. The proposed OFFC will

optimally deploy active power from available RESs to avoid resorting to UFLS where

possible or shedding a minimal amount of load for a given LoG event by coordinating

its operation with UFLS.

1.3 Literature review

1.3.1 Wide-area generation outage identi�cation

RESs are progressively integrated into power systems globally as a result of signi-

�cant e�orts to meet the carbon reduction targets imposed by environmental policies

concerning climate change [6, 7]. This integration makes the inertia of the power

system volatile with a highly reduced lower boundary [8]. As a result, the inherent
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unpredictability of system inertia is seen as a pressing challenge for modern power

systems, as inertia relates to the power system's sti�ness against frequency deviations

caused by LoG events [9{11]. Frequency nadir, on the other hand, depends on how fast

the remedial action is adopted to arrest the frequency decline. LoG events may lead

to excessively low-frequency nadirs if the active power mismatch is not compensated

promptly enough. This might trigger cascading trips of other generating units [12],

thus jeopardizing system stability.

UFLS is a well-established remedial action against large LoG events [9]. The key

aim of UFLS is to recover the active power balance by disconnecting an appropriate

amount of load from the power system. In conventional UFLS schemes, a certain

amount of load is shed if the local frequency falls below a pre-speci�ed threshold on

its decaying trajectory following an LoG event [12]. Conventional UFLS is inherently

slow, and thus, some adaptive UFLS schemes have been introduced over the past two

decades to expedite the load shedding process. Relying upon the swing equation of the

centre of inertia (CoI), these methods assume relatively constant inertia for the system

to estimate the size of LoG events [13]. In power systems with high penetration of

renewables, however, inertia is highly volatile. This makes the underlying assumptions

of adaptive methods invalid [14]. For instance, a high RoCoF does not necessarily

indicate a large LoG size. As a result, these methods might fail to prevent frequency

from reaching extremely low-frequency nadirs or may lead to over-shedding [15].

Most methods for locating and estimating the size of LoG events are based on fre-

quency measurements. The assumption of [11] and [16] is the availability of speci�c

sets of frequency measurements to estimate the LoG size at any location by directly

relating the RoCoF to the lost power assuming a constant inertia in the power system.

The recorded dynamic data of past events obtained from frequency disturbance re-

corders (FDRs) are used to classify the frequency characteristics of speci�c events into

decision trees. These frequency characteristics are compared to frequency deviations to

approximate the size of LoG events in [17{19]. The patterns described by LoG events

in the system frequency can also be determined using the frequency propagation speed

(FPS) [20]. When a generating unit is suddenly disconnected from the system, elec-

tromechanical waves are propagated from the event location to di�erent directions in
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the grid [21]. In [11], the FPS is employed to calculate the electrical distance between

the LoG location and FDRs. References [22] and [23] incorporate a trigger algorithm

based on the RoCoF for identifying LoG events. These methods assume the frequencies

of all generating units are reliably collected at the control centre, which is not always

possible [24]. Furthermore, due to the measurement noise and the variation in the

rotational speed of the remaining generation, RoCoF calculation loses accuracy for a

couple of hundreds of milliseconds after the LoG event [25]. Therefore, there is an un-

avoidable time delay between the LoG event and a reliable RoCoF measurement [25, 26].

Another promising research avenue is using phasor measurement units (PMUs) to

monitor frequency variations in real-time at di�erent locations in the power system.

In [27] and [28], the disturbance arrival time is utilised to estimate the FPS of LoG

events, and then the location and size of the tripped generator are calculated. The

complexity in the electrical distance calculation compromises the accuracy of the LoG

localisation by this approach. On the other hand, [29] and [30] use the aggregate in-

ertia and the swing equation to detect the LoG event and estimate its size. In these

methods, however, all generator frequencies should be monitored. This requirement

contradicts the purpose because having measurements and communication infrastruc-

ture at all generating units would enable direct identi�cation of the tripped generation

using its circuit breaker status. To avoid using frequency measurements, [31] detects

signi�cant changes in the generation through active power measurements by relying

on the SCADA/EMS. These methods are computationally expensive and can provide

accurate results only if a �xed set of measurements is available. Any method relying

upon a �xed set of data is highly prone to maloperation if any data is missed, e.g.,

caused by communication latencies and partial communication failures.

Reference [32] uses the impedance matrix with sparse PMU measurements to identify

the change in the nodal current injection at the LoG location. The application of voltage

and current data taken from one or two cycles following the event makes the method

faster than those using frequency measurements. This method, however, does not ac-

count for RESs, which introduces inaccuracies in modelling the system, thus reducing

its accuracy in systems with high penetration of renewables.
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1.3.2 Fast frequency containment

Fast frequency containment (FFC) has become a critical requirement in power sys-

tems characterised by volatile inertia. Its primary purpose is to provide frequency

support to counteract signi�cant frequency deviations. In cases where the frequency

decline following an LoG event is not promptly arrested, local protective systems will

disconnect generators. The intention behind this is to prevent the frequency from reach-

ing the resonant frequencies of steam turbine blades [12]. Therefore, failure to timely

arrest the frequency decline will result in further LoG events and eventually a blackout.

To preserve the power system integrity against LoG events, fast recovery of the

active power balance stands as a requisite objective. This can be achieved by resorting

to UFLS or fast active power injection. As mentioned earlier, UFLS schemes regain the

power balance by disconnecting an appropriate amount of load from the system [12].

Although load shedding is not a desirable solution, UFLS occasionally becomes the last

resort against system collapse, given the inherent limitations of conventional genera-

tion units, which lack the capability of fast-acting power injections, contrary to what

is observed in RESs.

The ability to quickly adjust the output power of generating units is essential for

e�ectively counteracting frequency deviations following LoG events. RESs are not in-

herently responsive to frequency deviations because they are connected to the power

grid through power electronics (PE) interfaces. This, along with the limited capacity

of RESs to inject extra power, makes frequency containment challenging in the short

time frame available before frequency drops signi�cantly. Despite these challenges,

RESs o�er great potential that can resolve the foregoing shortcomings if used properly.

Conventional fast frequency containment (CFFC) refers to injecting the extra power

of RESs to mitigate frequency deviations. CFFC is faster than the primary control

of SGs. This is because controlling the output of PE-based devices is typically much

faster than the response time of SGs [33, 34].

CFFC has been traditionally designed to imitate the frequency response of SGs or

to act as a step-function-shaped injection counteracting the LoG event. In this con-

text, the extra power injection by RESs should have a fast ramp-up rate with a small
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delay and be sustained for enough time to mitigate frequency deviations [33]. Refer-

ences [35{37] propose a controller that mimics the frequency regulation capability of

SGs. Other researchers in [38{42] investigate approaches to deliver extra active power

from batteries, super-capacitors, and high-voltage direct current (HVDC) links.

Some CFFC techniques focus on the kinetic energy stored in wind turbine rotors

to slow the frequency decline following an LoG event. The primary challenge these

methods try to address is the fact that the rotor speed of wind turbines is only allowed

to decelerate to a limited extent [43, 44]. If not appropriately moderated, this may

give rise to a frequency second dip, which in turn may lead to even a lower frequency

nadir [45]. References [38, 39, 45{51] focus on preventing the frequency second dip

while improving the frequency nadir using energy storage systems. However, these

solutions are less attractive for practical applications due to the high cost and large-

scale capacity requirements [47]. CFFC solutions, in principle, strive to shift the entire

frequency response upward uniformly. This is not an optimal solution, for it does not

lead to the highest frequency nadir. Therefore, CFFC may even unnecessarily increase

the duration required for the frequency to return within statutory limits.

1.4 Research objectives

The objectives of this research are summarised below:

1. To estimate the size and location of loss of generation events in power systems

with a high share of RESs.

2. To propose an optimal active power injection that leverages grid-forming RESs

in achieving the maximum attainable frequency nadir.

3. To develop an optimal fast frequency containment strategy that guarantees the

frequency stability of power systems with volatile inertia.

1.5 Methodology

To successfully achieve the proposed objectives, the following research methodology

has been adopted.

10



1.5. Methodology

1. To determine the size and location of LoG events using the superimposed circuit

methodology.

1.1 In order to facilitate the utilisation of the superimposed circuit methodology,

it is imperative to ensure the availability of essential data. These crucial data

sets consist of the bus impedance matrix, PMU data, as well as the active

and reactive power setpoints associated with the RESs.

1.2 The candidate tripped generation is substituted by a nodal current source

in the superimposed circuit. Similarly, all RESs equipped with PMU meas-

urements undergo this replacement procedure.

1.3 The nodal current injection for each RES lacking PMU measurements is

determined by considering its active and reactive power setpoints in con-

junction with the terminal voltage.

1.4 The actual tripped generation is identi�ed by means of an index obtained

through the application of the ordinary least-squares (OLS) method.

2. To maximise the e�ectiveness of available fast-acting resources to obtain the

highest possible frequency nadir.

2.1 Decomposition of the frequency response following an LoG event into tran-

sient and steady-state frequency deviations. This decomposition allows for

the separation of the frequency depth into two components, one arising from

transient e�ects that are short-lived and the other originating from steady-

state e�ects that are permanent in nature.

2.2 To establish a correlation between the accessible fast-acting resources from

RESs and the portion of the frequency deviation that can be e�ectively

mitigated by these injections. This relationship is established through the

system frequency response (SFR) model [52].

2.3 Formulation of the extra power injection pro�le as a function of the LoG

size, correction extent based on the availability of fast-acting resources, and

SFR model. Complete mitigation of the transient frequency deviation is

achieved when su�cient active power is delivered within a brief period of

time. In cases where the magnitude of the extra injection is insu�cient,

it is optimally allocated to rectify the transient frequency deviation to the
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maximum possible extent. In the event of an excess of available power

following the removal of the transient frequency deviation, the surplus is

employed to mitigate the steady-state frequency deviation.

2.4 Formulation of the optimal coordination of power deployment of individual

RES injections. This optimal coordination ensures that the SFR extra power

injection pro�le is attained considering the technical and operational con-

straints of RESs. These injections maximise the utilisation of available fast-

acting resources, resulting in the highest attainable frequency nadir for the

given injection amount.

3. To develop an optimal fast frequency containment strategy.

3.1 Gather essential inputs for the OFFC strategy at the control centre. These

data sets are the LoG size, the available amount of active power from each

RES for extra injection, RESs ramp-up and ramp-down rates, and the SFR

model. The latter is determined based on the system parameters and is

maintained constant for a given power system and speci�c operating condi-

tions.

3.2 Calculation of the SFR extra injection pro�le based on the availability of

fast-acting resources to e�ectively mitigate the frequency deviation to the

greatest extent possible, thereby achieving the highest possible frequency

nadir.

3.3 In the event that the calculated optimal frequency nadir falls below the �rst

frequency threshold to initiate load shedding, all fast-acting resources are

deployed in accordance with the guidelines outlined in the Grid Code reg-

ulations [53]. Otherwise, optimal calculation and deployment of triangular

injections are determined for each RES in the system.
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1.6 Thesis contributions

The present research has made the following contributions to the �eld of electrical

power engineering:

A method for estimating the size and location of LoG events in power systems with

high penetration of RESs. The method uses the superimposed circuit methodology to

account for the contribution of RESs using available PMU measurements. An overde-

termined system of linear equations is obtained by manipulating the bus impedance

matrix with reference to active and reactive power setpoints of RESs and available

PMU data. The solvability concerns of the system of equations are hugely reduced

by estimating the contribution of non-monitored RESs. The solution of this system

provides the superimposed current injection of the tripped generation. The proposed

method relies merely on rigorous Kirchho�'s voltage law (KVL) and Kirchho�'s cur-

rent law (KCL) equations. Thus, it is faster than existing methods based on frequency

measurements and more accurate than those requiring the knowledge of system inertia.

The presence of RESs is not considered by existing methods, which introduces signi-

�cant errors if the penetration level is high. The proposed method is able to locate and

estimate the size of LoG events with high accuracy regardless of whether the tripped

generation is a synchronous generator or an RES. More importantly, there are no ri-

gid constraints on the number and location of PMUs to obtain reliable estimations.

Hence, if any PMU data is temporarily lost, the accuracy of the results is not notice-

ably a�ected. The proposed method demonstrates robustness against measurement,

parameter, and topology errors. It is also shown that di�erent numbers, locations, and

penetration levels of RESs do not have a meaningful impact on the performance of the

proposed method.

Another contribution that this research has set forth is a new paradigm for OFFC

by decomposing the frequency response into transient and steady-state deviations. This

lays the foundation for deriving the optimal size, shape, and time for extra power injec-

tions upon an LoG event. The foundational principle reinforcing OFFC is the removal

or substantial reduction of transient frequency deviations while maintaining the sys-

tem's settling frequency unchanged. This strategy serves to drastically minimise the
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temporal and energetic investments required to restore the frequency to within stat-

utory limits while concurrently preserving the steam turbines' lifespan.

In a groundbreaking departure from conventional practices, the paradigm stipulates

the allocation of resources solely for the mitigation of transient frequency deviations,

reserving the deployment of any remaining power resources for the mitigation of steady-

state frequency deviations if necessary. It is shown that, contrary to common belief, the

extra injection should not be a step-function counteracting the event unless the amount

of power resources available is as large as the LoG size. A smaller yet well-timed tri-

angular injection is shown to be the optimal injection for maximising the frequency

nadir, as justi�ed mathematically, and supported by extensive simulations. Targeting

the extra injection at the removal of transient frequency deviations increases the ex-

tent of improvement made by a given amount of energy. This contribution serves as a

testament to the e�cacy, reliability, and transformative potential encapsulated within

the proposed OFFC methodology.

The �nal contribution of this research lies in the optimal coordination of all access-

ible RESs to establish the targeted injection that produces the maximum achievable

frequency nadir. The introduced optimisation algorithm takes into consideration sys-

tem parameters, LoG detection and size estimation, and technical constraints of RESs,

such as ramp-up/-down rates and maximum attainable power. Leveraging these input

data, the algorithm facilitates the calculation of the optimal deployment of individual

extra injections from RESs to build up the SFR extra injection that maximises the

frequency nadir and contains the frequency in accordance with the stipulated require-

ments outlined in the Grid Code. The proposed targeted injection and coordinated

deployment of resources prove to yield the highest possible frequency nadir for various

LoG events for di�erent numbers, locations, and penetration levels of RESs compared

to existing FFC methods.
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1.8 Thesis outline

The remainder of this thesis is structured as follows

Chapter 2 presents a comprehensive exploration of frequency control methodolo-

gies, encompassing both legacy practices and state-of-the-art strategies. Delving into

the complicated dynamics of contemporary frequency control using RESs.

Chapter 3 introduces a pioneering method for the detection, localisation, and es-

timation of LoG events in power systems characterised by a substantial integration of

RESs.

Chapter 4 introduces an innovative paradigm that rede�nes OFFC through a short

yet targeted active power injection. This concept pivots around the novel approach of

decomposing the system frequency response into transient and steady-state deviations.
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Chapter 5 provides a comprehensive summary of the �ndings and conclusions

derived from the present research. Additionally, it o�ers recommendations and sugges-

tions pertaining to potential avenues for future research.
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Legacy practices and state-of-the-art

methodologies in frequency control
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2.1 Overview

As brie
y mentioned in Section 1.1, ALFC aims to contain any frequency devi-

ations within permissible ranges to ensure the continuous operation of the power sys-

tem. These ranges, namely operational and statutory limits, serve as crucial references

for the system's integrity. The operational limits permit the frequency to 
uctuate

within a neighbourhood of � 0:2 Hz from the nominal value, while the statutory lim-

its impose a broader tolerance of� 1% deviation from the nominal value [54]. Power

systems are designed to withstand the most credible events while ensuring that the fre-

quency remains within statutory limits. Nonetheless, the reduction and variability in

system inertia accelerate frequency dynamics, causing deviations from credible events

to breach the statutory limits.

Following large LoG events, the frequency drops sharply, challenging the capabil-

ity of ALFC to con�ne these deviations within the speci�ed limits. Every time the

frequency falls below the statutory limit, steam turbines are vulnerable to experien-

cing and accumulating irreversible damage, leading to a substantial reduction in their

operational lifespan. Furthermore, in case the frequency decline is not promptly mit-

igated, local protection systems will initiate the disconnection of SGs to prevent the

frequency from surpassing the blade resonant frequencies of steam turbines [12]. Fail-

ing to promptly arrest the frequency decline will inevitably result in the formation of

electrical islands, leading to partial or complete blackouts caused by generator trips. To

make matters worse, the frequency decline is accelerated even more in modern power

systems due to the inherent volatility of system inertia. This reduces the time frame

for system operators to react against LoG events before compromising the system's

integrity, highlighting the urgency of promptly detecting and countering LoG events.

This chapter provides a thorough examination of frequency control methodologies,

covering both legacy practices and cutting-edge strategies. In this context, a legacy

practice refers to a traditional or established method that has been in use for a signi-

�cant period and continues to be utilised, even as newer alternatives or technologies

become available. It also can imply an outdated or conventional way of frequency

control that might be replaced or updated in light of advancements or changing cir-

cumstances.
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2.2 The swing equation

The swing equation is a fundamental equation used to model the dynamic behaviour

of SGs in power systems. It describes the rotational motion of a generator's rotor as it

responds to changes in mechanical and electrical conditions within the system through

Newton's second law of motion. The swing equation is stated below [55]

J
d2� m

dt2 = Ta = Tm � Tc (2.1)

where

J moment of inertia of the rotatory masses inkgm2

� m rotor's angular shift in rad

Ta accelerating torque in Nm

Tm mechanical torque inNm

Te electrical torque in Nm

As can be seen in (2.1), the accelerating torqueTa emerges as the di�erence between

the mechanical (Tm ) and electrical (Te) torques. In the scenario where the SG works

at synchronous speed, a state of equilibrium prevails between the mechanical and elec-

trical torques. In this state, the magnitudes of both torques are identical, leading to

the nulli�cation of Ta. Consequently, any perturbation in either Tm or Te gives rise

to a non-zero value forTa, thereby inducing either acceleration or deceleration in the

SG's rotor depending on the sign ofTa. The SG's rotor accelerates ifTa is positive

and decelerates ifTa is negative [56]. It is worth pointing out the inherent correlation

between speed and frequency in SGs. This intrinsic connection enables frequency con-

trol of SGs by controlling their speed.

The rotor angle � m in (2.1) is measured regarding a stationary axis. Nonetheless,

it is more appropriate to express the rotor's angle shift with respect to a rotatory axis,
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as below [55]

� m = ! sm t + � m (2.2)

where ! sm and � m are the synchronous speed and rotor's angle shift, respectively. Tak-

ing the second derivative of (2.2), equation (2.1) can be rewritten as follows

J
d2� m

dt2 = Ta = Tm � Te (2.3)

Tm and Te correspond to the mechanical torque on the generator's shaft and the

air-gap power between the stator and rotor of the SG. Therefore, these two torques

account for the mechanical power impressed by the prime mover on the generator's

shaft and the electrical output power of the SG, respectively.

Let ! m = d� m
dt be the angular velocity of the rotor. By multiplying this angular

velocity by (2.3), the swing equation can be expressed in terms of powers [12, 57]

M
d2� m

dt2 = Pa = Pm � Pe (2.4)

wherePa, Pm , and Pe stand respectively for the accelerating power, mechanical power,

and electrical power of the SG, each expressed in watts (W ). Moreover, M represents

the momentum of inertia or simply called the inertia of the rotor when the SG is work-

ing at synchronous speed. This means thatM is a measure of the distribution of mass

around the axis of rotation. It quanti�es the system's resistance to changes in angular

velocity, i.e., M = J! m at ! m = ! sm [57].

The inertia constant, denoted by H , is usually provided by machine manufacturers

using the kinetic energy formulation as

H =
1
2J! 2

sm

Smach
=

1
2M! sm

Smach
(2.5)

where H is quanti�ed in megajoules per megavolt-ampere (MJ=MV A ) and indicates

the ratio of the stored kinetic energy in the rotatory masses at synchronous speed to the

rated power Smach of the SG. H re
ects the ability of the generator to resist changes in

speed (frequency) and is a crucial factor in determining the system's transient stability.

Let us now write the momentum of inertia M in terms of the inertia constant H
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M =
2H
! sm

Smach (2.6)

Substituting (2.6) into (2.4), the swing equation can be written as

2H
! sm

d2� m

dt2 = Pa = Pm � Pe (2.7)

Equation (2.7) is expressed inpu due to all powers being divided bySmach. It is

worth noting that both � m and ! sm are expressed in mechanical radians and mechanical

radians per second, respectively. This implies that both� m and ! sm are consistent in

units regardless of whether they are denominated in mechanical or electrical degrees or

radians. Consequently,� m and ! sm can simply be written as � and ! s, respectively, to

indicate that the quantities are expressed in electrical degrees or radians.

Let us consider the SG works in steady-state conditions, i.e., the SG operates at

synchronous speed (! s = ! sm = 1 :0 pu). The swing equation can �nally be written as

2H
df
dt

= Pa = Pm � Pe (2.8)

As can be seen in (2.8), the rotor angular accelerationd
2 � m
dt2 is presented asdf

dt . This

is because the rotor angular acceleration can be written as either the second derivative

of the rotor's angle shift or the �rst derivative of the rotor's angular velocity. Recalling

the speed-frequency relationship of SGs, the rotor's angular velocity can be written

as the generator's frequency. Therefore, the rotor angular acceleration equals the �rst

derivative of the generator's frequency, also referred to as RoCoF.

Equation (2.8) is referred to as the swing equation and models the dynamic beha-

viour of the inertial response of SGs. The complete modelling of the whole dynamic

behaviour following an active power imbalance is achieved by introducing the frequency-

dependent load damping, which serves as a stabilising property of the power system,

as shown below [58]

2H
df
dt

+ D � f = Pa = Pm � Pe (2.9)

whereD is the frequency-dependent load damping factor and �f is the frequency devi-

ation from the nominal value [58]. It is worth pointing out that in frequency protection
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applications, the time frame of interest ranges within the �rst few milliseconds follow-

ing the event inception. During this time frame, � f is almost zero so thatD � f can

be safely ignored [59]. This means that both expressions (2.8) and (2.9) can provide

accurate results in the �rst instants following the LoG event. For this reason, either

(2.8) or (2.9) can be used as the core to several conventional approaches for frequency

control and protection schemes [58, 60].

2.3 Under-frequency load shedding (UFLS)

UFLS is a remedial action implemented to maintain the frequency stability of power

systems by disconnecting blocks of load. Speci�cally, UFLS safeguards against drastic

frequency deviations caused by LoG events [61]. This abrupt imbalance between power

generation and demand leads to a rapid decline in frequency, which depends on the LoG

size and system inertia [52]. Unfortunately, the response time of control mechanisms

in other generators might not be swift enough to prevent system collapse or separation

into multiple islands. Moreover, operating steam turbines at low frequencies will result

in irreversible damage [62].

UFLS operation is carried out in stages, each de�ned by a frequency/RoCoF threshold,

the amount of load to be shed, and a time delay [63]. Following an LoG event, the UFLS

scheme operation is triggered when the system frequency violates the �rst frequency

threshold. If frequency continues to decrease, the scheme disconnects a predetermined

amount of load. Successful restoration of frequency, ensuring it is within statutory

limits, depends on the amount of load shed. If the total load shed is not enough to

regain the active power balance, the frequency will be recovered to a certain extent.

The resultant frequency deviation from the UFLS operation can be recovered to the

nominal value if the frequency is within the operational range of primary regulation.

Thus, load shedding reduces the connected load to a level safely manageable by avail-

able generation.

The following considerations must be taken into account to design a UFLS program

ˆ Ensuring the expeditious activation of the UFLS scheme prior to the frequency
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stability is at risk.

ˆ Disconnecting only the essential loads required for frequency recovery.

ˆ Priority should be given to initiating load shedding among loads that would be

least a�ected by an electrical power disruption.

ˆ Preferentially disconnecting loads that can be readily restored before those re-

quiring substantial investments for restarting their operations is recommended.

ˆ Thermal power plants hold a higher order of importance within the power system's

hierarchy due to they are highly sensitive to frequency variations. The operation

of steam turbines outside their continuous operating region reduces their lifespan.

ˆ E�ective communication between thermal systems and UFLS relays is essential

to initiate the process of load shedding promptly.

ˆ Safeguarding the operability of critical safety-related infrastructure for maintain-

ing the system's integrity and security is paramount. Therefore, their disconnec-

tion should be avoided.

2.3.1 Loss of generation

An LoG event is experienced by the system as a step reduction in the active power

generated. Following an LoG event, there is a reduction in generation, and voltage and

frequency levels immediately drop. Notably, frequency remains the prominent indicator

signalling the occurrence of the LoG event, di�erentiating it from other occurrences,

such as system faults, where voltage 
uctuations can arise [64]. The LoG size is formally

characterised as an overload and is intricately linked with the inherent inertia of the

system [52].

2.3.2 Maximum overload

Load shedding strategies are meticulously designed to address worst-case scenarios,

typically involving overloads of 30% to 50% [65]. The paramount objective is to dis-

connect an appropriate load magnitude that would e�ectively restore frequency to

acceptable levels. However, due to the unpredictability of the LoG size, there remains
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an inherent uncertainty regarding the scheme's reliability and its capability to suc-

cessfully arrest the frequency decline for a given LoG event [63]. Consequently, the

foremost design step is to determine the maximum load that should be shed by the

UFLS scheme, which can be quanti�ed using the subsequent expression [62]

% overload =
Load � Remaining Generation

Remaining Generation
100 (2.10)

where the LoG size is Load-Remaining Generation. The extent of overload in the

system following the LoG event can be derived using (2.10). Importantly, frequency

can be recti�ed by disconnecting a load volume equivalent to the LoG percentage.

2.3.3 Permissible frequency nadir

E�cient coordination between load shedding protocols and equipment limitations

during low-frequency operational scenarios is essential. These constraints primarily

concern the functionality of auxiliary systems in power plants. Based on empirical

assessments, the e�ectiveness of these auxiliary systems diminishes, and the overall

power plant output reduces as the operational frequency falls 1 Hz from the nominal

value. To account for safety margins, the largest frequency nadir is usually con�ned to

remain within the vicinity of 0.95 pu, i.e., 47.5 Hz for a 50 Hz system or 57 Hz for a

60 Hz system.

2.3.4 Frequency thresholds

Choosing an initial frequency value situated near the operational limit can lead to

the scheme's activation during dynamic events when the frequency temporarily dips to

lower values, prompting unwarranted load shedding. To avert unnecessary load shed-

ding, the initial frequency threshold is commonly placed at the continuous operational

limit of turbines, i.e., at the statutory limits [66]. Moreover, a time delay between

the UFLS relay and the circuit breaker exists, typically spanning 10 to 15 cycles, in

addition to the inherent delay in the scheme itself [65].

It is advisable for subsequent step frequencies to exhibit a separation of 0.2 Hz in

the initial stages and between 0.3 Hz and 0.4 Hz in the following stages [62, 65]. This

approach gives enough time to the scheme for the operation of following steps if needed

24



2.3. Under-frequency load shedding (UFLS)

without reaching excessively low-frequency nadirs. In practice, the initial frequency

threshold for load shedding is normally established below the statutory limits. This

is to allow other frequency control strategies, such as ALFC and FFC, to arrest the

frequency decline before resorting to load shedding.

2.3.5 Number of steps

As a common practice, UFLS schemes generally encompass a range of three to six

steps, though the scope of disconnection scenarios is not constrained by a set num-

ber [62, 65]. The underlying aim involves a gradual load shedding approach aimed at

preventing the shedding of signi�cant amounts of load for relatively less severe LoG

events. Consequently, designs embracing a higher number of steps are more frequently

favoured. However, the pivotal challenge during load shedding scheme formulation lies

in the ambiguity surrounding the optimal quantity of steps and the load amount to be

shed at each step. This ambiguity arises from the risk of overshooting or undershooting

the required load shedding, consequently failing to restore the frequency to an accept-

able level [65].

The number of steps of a UFLS scheme is closely tethered to its maximum overload

capacity. Hence, adopting designs featuring multiple disconnection stages a�ords more

bene�ts as it facilitates a judicious distribution of load shedding across these steps [67].

2.3.6 Load to be shed by step

The determination of the amount of load to be shed at each step of the UFLS

scheme is typically achieved through a trial-and-error methodology. This approach de-

pends on various factors intrinsic to the power system's characteristics. Consequently,

devising a speci�c criterion as a universally applicable strategy for load shedding proves

problematic. The success of such a criterion depends upon the maximum overload that

the UFLS scheme can handle and the power system's characteristics.

Outlined below are three distinct methodologies for implementing load shedding on

the UFLS scheme. The e�ectiveness of each approach varies based on the particular

power system and operational conditions in which it is deployed [65]. The �rst criterion

entails initiating load disconnection with a signi�cant load reduction in the initial stages
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and subsequently decreasing the load as the steps progress. Conversely, the second cri-

terion involves commencing with a modest load disconnection in the initial phases and

progressively increasing the load disconnection until reaching the �nal step. Lastly, the

third criterion calls for a consistent load disconnection magnitude across all steps.

The determination of the optimal load to disconnect in each step relies on the max-

imum overload that the scheme can accommodate. A commonly adopted strategy is to

shed approximately 10% of the total system load during the �rst step, with subsequent

steps carefully chosen to ensure the total amount of load shed aligns with the maximum

overload for which the UFLS scheme has been designed [67]. Additionally, the applica-

tion of optimisation algorithms can help establish the load to be shed per step. Certain

algorithms also facilitate the identi�cation of the optimal zone for implementing the

disconnection strategy [68].

2.3.7 Time delays

The time delay in each step of the UFLS scheme is employed as a selectivity measure

to prevent unnecessary scheme activation during frequency oscillations. The typically

utilised time delay ranges from 0.3 to 0.4 seconds. Nonetheless, it is not feasible to

universally apply this time frame to all systems [62]. The time delay can be adjus-

ted either higher or lower, depending upon establishing e�ective coordination with the

turbo-generator [65].

2.3.8 Practical UFLS scheme: UK case

UFLS programs are designed and implemented in real power systems following

the previous criteria and engineering judgments. In the Great Britain (GB) power

system, UFLS is initiated when the system frequency descends below the threshold of

48.8 Hz. UFLS is implemented to prevent the frequency from declining to 47.5 Hz,

thereby maintaining the system's integrity. Upon activation, low-frequency relays send

a trip command to open circuit breakers in distribution networks e�ecting a controlled

disconnection of demand within the range of 5% to 60% of the total national demand,

depending on the transmission area. There are three di�erent transmission operators

in the GB power system, which are National Grid Electricity Transmission (NGET),
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Table 2.1: UFLS Settings Implemented in the GB System [54].

Frequency (Hz)
% Demand disconnection for Network Operator

NGET SPT SHETL

48.8 5

48.75 5

48.7 10

48.6 7.5 10

48.5 7.5 10

48.4 7.5 10 10

48.2 7.5 10 10

48.0 5 10 10

47.8 5

Total % Demand 60 40 40

Scottish Power Transmission (SPT), and Scottish Hydro Electric Transmission Limited

(SHETL). The UFLS program consists of nine stages, each one associated with a block

of load to be shed of 5%, 7:5%, and 10% of the total demand, as shown in Table 2.1.

Load shedding in the GB system is designed to occur within a duration not exceeding

200 milliseconds whenever feasible [54, 69].

2.4 System frequency response (SFR) model

This section aims to provide a comprehensive insight into the derivation of the SFR

model. Should readers wish to delve deeper into this process, a more detailed explana-

tion can be found in [52]. The main purpose of this section is to elucidate the relevance

of the SFR model within the proposed methodologies.

The SFR model, characterised as a second-order minimal-phase transfer function,

plays a pivotal role in capturing the resulting CoI frequency deviation following a sud-

den perturbation in the active power balance of a large-scale power system. This model

is a simpli�ed representation of the essential dynamic characteristics of a power system

dominated by reheat steam turbines. To derive the reduced model, non-linearities are
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Figure 2.1: Plant diagram of the SFR model [52].

excluded from the formulation, as well as slower thermal dynamics of the boiler and

the rapid response of the generator due to their distinct temporal characteristics. The

SFR model then only focuses on intermediate frequencies, i.e., those frequencies closely

linked to 
uctuations in the shaft velocity. This makes the derived model retain only

the core dynamics intrinsic to the overall power system.

The SFR model averages the most representative frequency dynamics across various

generating units into a singular coherent representation. In essence, the SFR model

transforms all generating units in a power system into a singular equivalent generating

unit. The parameters of this equivalent unit are derived through the CoI calculation,

incorporating the parameters of all machines in the power system. Consequently, the

frequency response generated by the SFR model harmoniously aligns with the CoI

frequency deviation, which is de�ned as the weighted average of all local frequency de-

viations in the system. Key parameters that de�ne the SFR model include the reheat

time constant (TR ), which signi�cantly in
uences turbine power output, system inertia

(H ), and droop characteristic, represented as the inverse of the governor's regulation

constant ( 1
R ). Note that the SFR model is general and is used to represent the whole

frequency dynamics over any time frame, i.e., it can be used to represent the frequency

behaviour during the inertial, primary, and secondary responses. For this reason, the

modelling includes the frequency-dependent load damping (D). This leads to the re-

duced plant model shown in Figure 2.1 whose parameters are detailed below

Pd disturbance power in pu, where Pd < 0 for LoG events andPd > 0 for gener-

ating increments

Pm turbine mechanical power in pu
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Pa accelerating power inpu

H inertia constant in sec

D frequency dependence of load

K m mechanical power gain factor

FH fraction of the total power generated by the high-pressure turbine

TR reheat time constant in sec

R governor regulation

� f frequency deviation in pu

From the plant diagram shown in Figure 2.1, we can establish an expression for

the frequency deviation as a function of the magnitude of disturbancePd and system

parameters, as below

� f (s) =

 
R! n

2

DR + K m

! �
(1 + TRs) Pd

s2 + 2 �! ns + ! n
2

�
(2.11)

where parameters� and ! n represent the damping factor and natural frequency of the

system, respectively. These parameters are mathematically de�ned using the corres-

ponding parameters in Figure 2.1 to express the transfer function (2.11) in its canonical

form.

The time domain expression for the frequency deviation can be readily obtained by

computing the inverse Laplace transform of (2.11). It is noteworthy that LoG events

can be modelled as negative step functions in the Laplace domain. This is because the

lost power is experienced by the power system as a sudden step change in the active

power injection. Therefore, the time domain expression for the frequency deviation

following an LoG event is as follows

� f (t) =
RPd

DR + K m

h
1 + �e � �! n t sin (! r t + � )

i
(2.12)

where �; ! r , and � are constants composed by the system parameters. Likewise (2.11),
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