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Summary

As the electricity sector transitions towards a low-carbon future, an increasing proportion of synchronous
generation in the power system is replaced with inverter-based resources (IBRs). The result is a reduc-
tion in the available rotational inertia in the grid, depleting its ability to withstand and arrest frequency
changes following disturbances. Consequently, disturbances such as a loss of generation or load have
an increasingly larger impact on the system, resulting in higher frequency deviations and increased rate
of change of frequency (ROCOF).

On two occasions in 2021, the Continental Europe Synchronous Area (CESA) experienced system split-
ting events caused by cascading trips of several transmission system elements. In both cases, system
defence plans were activated in order to preserve the integrity of the overall system. The amount of
disconnected load was limited on both occasions, however, should similar events occur in the future
with even lower rotational inertia in the grid, the impact could be more severe. This raises the question
of whether the existing defence measures are sufficient to maintain system integrity and stable system
operation.

Currently in CESA, containment of system frequency excursions following a severe loss of generation
is achieved through low-frequency demand disconnection (LFDD) at a frequency below 49Hz. Due to
the reduction in traditional synchronous generation and system inertia, the frequency stability of the
system is expected to deteriorate, leading to an elevated impact of major disturbances, a rising prob-
ability of forced disconnections at frequencies below 49 Hz, and the potential for cascading loss of
generation and blackout events.

The objective of this research is to explore the potential impact of reduced system inertia and increased
penetration of renewable generation on the performance of the traditional LFDD scheme. In conjunc-
tion, additional proactive measures are proposed and investigated with the aim to reduce the probability
of LFDD disconnections, by taking actions at frequency thresholds between 50 and 49Hz, as well as
to improve the performance of the LFDD scheme in the event that disconnections are required. As
a test case, the LFDD scheme as currently applied by one of the distribution system operators in the
Netherlands is considered.

This project is therefore categorised in two primary research directions: (i) improving selection criteria
for LFDD load shedding locations, and (ii) improving LFDD performance using alternative load shed-
ding schemes.

Key topics explored in this research include: (i) the use of system strength and real-time DER genera-
tion as input parameters to load bus selection criteria for LFDD, and (ii) proactive RoCoF-based discon-
nection of pre-determined consumers above 49Hz. The findings of this study indicate that adapting the
current LFDD implementation based on the local system strength and the level of active DER genera-
tion at LFDD buses can improve frequency response and reduce instability following LFDD switching
operations. Furthermore, proactive ROCOF-based demand side load management techniques above
49Hz prove effective in reducing frequency deviation during the most severe events while avoiding
LFDD over-shedding for smaller contingencies.

This research provides insights for power grid operators and policymakers in Continental Europe. It
aims to enhance grid resilience and reduce the risk of potential blackouts amid the increasing integra-
tion of inverter-based generation. Through further investigation, validation and implementation of these
strategies, IBR-dominated power systems are expected to better cope with disturbances.
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1
Introduction

Climate change has emerged as one of the greatest challenges facing the human population in our
time. Without drastic action, rapid increase in global temperature, coupled with increased emission
of greenhouse gases and depletion of the Earth’s natural resources, will continue to have devastat-
ing effects on global ecosystems [1]. According to the intergovernmental panel on climate change,
rapid and sustained mitigation measures and accelerated implementation of policy and technical adap-
tation actions in this decade would reduce the projected damages for both humans and ecosystems [2].

One strategy to combat climate change is through the reduction of fossil fuels used in the generation
of electricity. According to the ”Roadmap to 2050” released by the International Renewable Energy
Agency (IRENA), electrification of the power system with renewable generation sources, such as wind
and solar, can reduce carbon dioxide emissions immediately and substantially [3]. In order to realise
this future carbon-neutral power system, innovation and advancement are required in many areas such
as power system control, infrastructure, defence and restoration.

1.1. Renewable Energy Trends
The global effort to reduce reliance on fossil fuels and adopt sustainable approaches for various human
activities is well-documented. In the realm of power generation, there has been a remarkable surge in
the utilization of renewable energy sources, particularly solar and wind power. Governments and na-
tions are increasingly striving to accelerate the transition towards cleaner energy alternatives, aiming
to mitigate the detrimental impacts associated with global warming [4].

Recent worldwide events have expedited strategies aimed at diminishing dependence on imported
fossil fuels in Europe, such as natural gas. Instead, the focus is shifting toward the integration of re-
newable energy sources within domestic energy grids. The 2022 IEA Renewables report discusses
the influence of the ongoing conflict in Ukraine on renewable energy patterns in Europe and globally [5].
These unfolding events have prompted an unexpected 30% surge in growth estimates for renewable
energy. According to the report, a substantial 2500GW surge in renewable energy capacity is antici-
pated between 2022 and 2027, marking an 85% increase compared to the previous five-year period.
The report predicts that renewable energy might emerge as the primary global energy source by the
beginning of 2025.

Europe is projected to be the second-largest contributor to the global upswing in renewable energy
adoption by 2027, trailing closely behind China. Three quarters of this surge will be concentrated in
seven key countries, among them the Netherlands. Forecasts indicate that renewable energy gener-
ation across Europe will soar by 60% from the 2022 benchmarks, reaching 12400 TWh by 2027. In
the Netherlands, plans entail the addition of 30GW in renewable energy capacity by 2027. This aug-
mentation will predominantly arise from the establishment of expansive utility-scale solar installations,
alongside the construction of onshore and offshore wind farms. The capacity for both utility-scale solar
installations and decentralized photovoltaic generation is poised to increase by 17 GW in the period

1
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2022- 2027.
The increasing penetration of renewable energy sources poses a number of technical challenges for
the design and operation of the power grid. According to a 2022 ENTSO-E report which outlines the
innovations needed to create a carbon-neutral power system, increasing the share of renewable gener-
ation requires innovation in the areas of system flexibility, system operation, energy infrastructure, and
market design [6]. Preparing and operating a power system with a rapidly increasing number of actors,
changes in the direction of power flow and varying demand side constraints is both a technical and a
political challenge. The primary technical challenges associated with the future power system can be
broken into three categories: Affordability, Sustainability, and Resilience [6].

1.2. Effects of Increased RES on Inertia & Power System Stability
The predicted growth in penetration of renewable energy sources (RES) and inverter-based resources
(IBRs) on the power grid is set to have an increasing effect on power system dynamics [7]. Traditional
power systems with large amounts of synchronous machines connected both on the generation side
and load side of the transmission grid are now transitioning to systems with increasingly large amounts
of non-synchronous generation and load. The effects of this change can be seen in many areas of
power system dynamics such as voltage control, system protection, congestion management, grid sta-
bility, and system inertia [8, 9, 10].

In a traditional power system, control of frequency and voltage is provided by the synchronous gener-
ation units connected to the network [11]. Grid-forming inverters, capable of providing the reference
voltage and frequency needed to create a stable network, are being developed but have yet to be
implemented on a large scale in the European power grid. As a result, the dominant share of IBRs
is connected to the grid through grid-following inverters which do not provide the same voltage and
frequency control as traditional synchronous generators [12].

1.2.1. Inertia and Stability in Power Systems
Inertia in a power system is directly related to the kinetic energy of the rotating masses connected to the
system [11]. Rotational inertia acts as a buffer to aid the system in the immediate moments following a
disturbance, such as loss of generation [13]. As described in Equation 1.1 inertia (J) is a phenomenon
related to the relationship between the mechanical torque of the rotating machines and the electrical
torque of the system [11]. Inertia response is an instant system response based on inherent character-
istics of the system. In contrast, other system responses such as secondary and tertiary control require
measurements and then provide subsequent reactions, hence their response following a disturbance
is delayed.

Tm(t)− Te(t) = J.
dΩ

dt
(1.1)

Equation 1.1 describes the relationship between the mechanical torque of rotating machines Tm(t), the
electrical torque of the system Te(t) and the angular speed of rotating machines dΩ

dt . The left side of the
equation represents the balance between the mechanical torque expressed on the rotating mass and
the electrical torque of the system. When this balance is non-zero, such as during a system disturbance,
this causes an angular speed deviation. Inertia reduces the frequency deviation in the immediate mo-
ments following a system imbalance by providing a limited power source which can help to maintain
supply to the load. This occurs due to the immediate deployment of kinetic energy stored in the rotat-
ing masses connected to the system and does not involve any control mechanisms. It is clear from
the equation that a system with higher inertia can expect to experience a smaller angular speed devi-
ation, and therefore higher frequency stability margins, for a given imbalance, than a low inertia system.
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1.2.2. Effect of lower inertia system on system stability
Rapid growth in the share of renewable energy generation creates numerous stability challenges for
the power grid. Most RES are connected to the network via power electronics components such as
inverters. There is no rotating mass associated with these renewable generators to provide the inertia
required to maintain frequency stability following a disturbance. It is expected that a higher frequency
deviation and rate of change of frequency (ROCOF) values will be seen for low inertia systems in re-
sponse to an imbalance in comparison with a traditional system [14]. As a result of higher ROCOF
values following a disturbance, the system frequency is more likely to breach safe thresholds before
control measures can react and restore balance [15]. A visual representation of the effect of lower
inertia on frequency response to a contingency event is shown in Figure 1.1.

Figure 1.1: Frequency Response - Low vs High Inertia System [16].

It is evident from Figure 1.1 that systems with lower inertia can expect higher frequency deviations
in comparison to a traditional power system, for a given disturbance size. Higher ROCOF values
associated with inertia systems can also pose challenges for equipment as there is a danger of dis-
connection of synchronous generators and IBRs should ROCOF values exceed 2Hz/s [17]. The shift
to non-synchronous generation can also affect short circuit levels and voltage stability in a power grid.
According to the 2020 ENTSO-E paper on grid stability, a synchronous machine can inject 3-5 times
its nominal current instantaneously following a disturbance [11]. This is a reactive power injection in
the grid that helps to maintain the voltage immediately after an event and thus improves grid stability.
IBRs cannot inject this level of current into the system following an event. Typically, IBRs can inject
current up to 1.2 pu, which may be insufficient to maintain the voltage stability following an event. The
reduced fault levels associated with the high (low) penetration of RES (synchronous) generation is one
of the primary causes of reduced system strength expected in the future. This topic is, however, out of
the scope of this research, and is discussed in more detail in [18, 19, 20, 21].

1.2.3. Frequency Defence Measures - Load Shedding
During severe frequency deviation events, the most appropriate method to prevent system collapse is
the disconnection of certain loads to restore power balance on the system [22]. Underfrequency oper-
ation could be a huge threat to safe and stable operation of a power system, therefore, power balance
should be restored by shedding the appropriate amount of load as quickly as possible following a con-
tingency event. This method of frequency defence is called Underfrequency Load Shedding (UFLS).
The focus of this thesis is on the UFLS schemes employed in the CESA, particularly in the Netherlands.
In the CESA, load shedding for frequency defence is referred to as Low Frequency Demand Discon-
nection (LFDD) and operated based on the same principle as UFLS [23]. Further details on the state
of the art of UFLS schemes are presented in chapter 2.
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1.2.4. System Splitting Events - Continental European Synchronous Area
Historically, power systems around the globe have remained relatively stable due to the dominant share
of electricity coming from synchronous generators and the resulting abundance of rotational inertia on
the grid [24]. As discussed previously, the increased share of renewable generation is expected to
cause the stability of power systems to deteriorate as synchronous generation provides a decreasing
proportion of electricity. There have been few major contingency events in the CESA in recent years,
data from some of these contingency events is available and may be useful in designing emergency
defence and restoration procedures for the future CESA system.

In 2021, the CESA experienced two system-splitting contingency events due to cascading trips of sev-
eral transmission network elements. In both cases, emergency defence measures were activated and
the system was successfully restored to normal operation. Due to the rapid and effective response, no
major damages were observed in the power system in either case.

On January 8, 2021, a contingency event was caused by the tripping of overcurrent protection in the
busbar coupler of a substation in Croatia [25]. The cause of the overcurrent trip was increased power
flows in the region of the substation due to unexpected weather patterns in Europe which affected the
day-ahead predictions for energy usage in the region. The subsequent redirection of power flows fol-
lowing this initial trip caused further cascading trips in the protection systems of nearby substations.
The initial substation trips resulted in widespread cascading trips of transmission lines within 20 sec-
onds due to transmission system protection. As a consequence of these disconnections, the system
was split into two separate synchronous areas. One of these synchronous areas had a surplus of gen-
eration, and therefore an increasing frequency, while the other had a surplus of load, and therefore
a decreasing frequency. In both cases, the system response mechanisms were effective in restoring
power balance without any additional loss of supply.

The second CESA system splitting event occurred on 24 July 2021 [26], when the Iberian peninsula
was separated from the rest of the CESA due to cascading trips of transmission system elements. In
this case, the tripping of an interconnecting transmission line between France and Spain was initially
caused by a fire in Southern France in an area through which two 400kV transmission lines passed. The
loss of supply from one of the Spanish-French interconnectors caused the other two interconnectors
between these areas to become overloaded resulting in further tripping and a complete loss of syn-
chronisation between the French and Spanish Power systems. To restore frequency in some areas,
emergency response measures were activated and emergency shedding of certain load elements took
place. Load shedding occurred in both the Spanish and Portuguese grids due to the power imbalance
and generation deficit caused by the loss of power from the interconnectors. Following emergency
defence and restoration procedures, normal operation was restored to the system.

1.3. Research Outline & Justification
Given the anticipated increase in inverter-based resources in the CESA and the subsequent reduction
in rotational inertia and inherent stability of the future power system, it is possible that existing sys-
tem defence measures may be insufficient to arrest frequency decline should a severe contingency
occur in the future. Consequently, the purpose of this research is to investigate, firstly, the effect of
increased penetration of renewable energy on post-contingency power system dynamics and, subse-
quently, the corresponding effect on the performance of the existing underfrequency system defence
measures. Findings from this initial research phase are then used to guide investigation into potential
improvements to existing defence measures to enable a more robust response to contingency events
and reduce the risk of cascading disconnections and blackouts in the future power system. These
goals have led to the following research questions:

1. How does the increased penetration of inverter-based resources influence power system fre-
quency trajectory during large-scale disturbances, such as generation loss?
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2. To what extent does the increased proliferation of renewable generation affect the efficacy of cur-
rent frequency defence measures implemented on the grid?

3. What strategies can be adopted to enhance the performance of the existing frequency defence
mechanisms in a lower inertia power system?

4. What are some alternative approaches to frequency defence that could be implemented outside
of existing measures? Do these exhibit enhanced performance within the future power system?

5. Among the proposed enhancements and alternatives to current system defence mechanisms,
which solutions are the most applicable for implementation within the Continental European Syn-
chronous Area?

1.3.1. Research Method and Structure
This research is focused on the analysis and improvement of system defence procedures, specifically
shedding of load to restore power balance following a loss of generation event. In the CESA, emergency
and restoration grid code, this procedure is known as Low-Frequency Demand Disconnection (LFDD).
The project can be broken into two research phases:

• Phase 1: Modelling and Analysis of existing Dutch LFDD scheme.

• Phase 2: Conception, analysis and validation of proposed improvements to LFDD.

This research is carried out through analysis of the frequency response of a grid network, with varying
levels of rotational inertia, to loss of generation contingency events. The analysis is achieved using a
test grid network and by creating multiple scenarios based on different contingency event sizes and pen-
etration levels of renewable generation. The primary focus is placed on the ability of defence measures
to arrest frequency decline following a contingency event while minimising load shedding amount. Em-
phasis is also placed on the stability of frequency in the moments immediately following load-shedding
switching actions. Longer-term measures to restore nominal operating conditions, such as secondary
and tertiary control, are not included in this research. As this research is a joint venture between TU
Delft and industry partners from the Dutch power grid, emphasis is placed on the relevance and suit-
ability of proposed methods to the technical and legislative possibilities of the Dutch power system.

The research presented in this report is structured as follows:
An overview of the start of the art of underfrequency load-shedding schemes is presented in chapter 2.
The methodology for phase 1 of this research, the analysis of the existing Dutch LFDD scheme, is
described in chapter 3.
Corresponding results and discussion on the performance of the existing Dutch LFDD scheme are
shown in chapter 4.
Methodology for phase 2 of this work, evaluation of proposed improvements to LFDD, is outlined in
chapter 5.
Results and analysis of the performance of each proposed improvement are presented in chapter 6.
An overview and consolidation of all proposed improvements to LFDD, including performance benefits
and challenges from a technical, legislative, and implementation perspective, is provided in chapter 7.
Finally, conclusions drawn from this work and answers to research questions are presented in chapter 8
while recommendations for continuation of this research are provided in chapter 9.



2
State of the Art - Underfrequency Load

Shedding

In this section, literature research is presented in the area of underfrequency load shedding. In some
circumstances, when the magnitude of frequency deviation reaches unsafe levels following an event,
there is a risk of cascading disconnection of generators and possible blackout [27]. Onemethod taken to
prevent this occurrence is called Underfrequency Load Shedding (UFLS), referred to as Low-Frequency
Demand Disconnection (LFDD) in the CESA. UFLS is the principal measure to prevent successive fre-
quency declination and blackouts following massive loss of generation [28]. The purpose of UFLS is
to disconnect a certain amount of load to restore power balance and therefore allow the frequency to
recover and normal operating conditions to be restored on the network. There are a number of methods
that can be used to design a load-shedding scheme. These vary in complexity, performance, speed of
response and versatility.

UFLS schemes can broadly be grouped into three separate categories: traditional, adaptive, and semi-
adaptive methods [29]. These schemes can vary in terms of the method used to determine load
shedding amount, speed of response to an event, complexity and robustness [29]. Traditional UFLS
schemes, common in large-scale power systems, are described in section 2.1. Modern, adaptive UFLS
schemes which may include complex calculation or wide area monitoring are explained in section 2.2.
Finally, in section 2.3 semi-adaptive UFLS schemes, a combination of the other two load-shedding
methods, is explored.

2.1. Traditional UFLS Schemes
Historically, the dominant portion of electricity generation has come from synchronous generation sources.
As a result, these systems were robust, and large frequency deviation and cascading disconnections
were largely uncommon. Consequently, traditional UFLS schemes have been the most commonly im-
plemented in industry and remain the most prevalent measure to arrest severe frequency deviations
in large power systems such as the Continental European Synchronous Area (CESA) [24]. These
schemes operate on a stage-by-stage basis in which a predefined amount of load is shed as the fre-
quency crosses a specific threshold value. The setting of each stage involves:

1. Amount of disconnected load per stage

2. Frequency threshold at which the stage is to be activated

As different electrical power systems (EPSs) vary in terms of power flow magnitude and direction, RES
penetration, and network strength, load-shedding schemes of this type vary from one network to an-
other [30]. Typically, traditional UFLS schemes are set with 0.2-0.25Hz between thresholds and a total
of 5-8 thresholds set depending on the system characteristics and the total load shedding amount re-
quired. Traditional load shedding schemes make the decision on howmuch load to shed independently
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of other parameters in the system such as voltage level or system inertia [31]. The operation of a typical
traditional UFLS scheme is described in Figure 2.1.

Figure 2.1: Diagram of operation of Traditional UFLS scheme [32].

As shown in the above figure, traditional load shedding schemes operate by disconnecting a pre-defined
portion of load at certain frequency thresholds. Typically, a minimum and maximum load-shedding
amount for each frequency threshold is described in the grid code for the appropriate region. In the
CESA, ENTSO-E recommends no less than 5% of peak load be shed in any one step, with the maxi-
mum load shedding per step capped at 10% [7]. Frequency measurement for traditional load-shedding
schemes occurs at the substation level (i.e. at the location of individual UFLS relays). This is known
as a local UFLS. Local UFLS schemes are desirable for their security and simplicity as no real-time
communication between devices, or between relays and a central controller, is required for the scheme
to operate [30]. Traditional UFLS schemes are suitable for systems with high levels of synchronous
generation with large inherent stability to withstand disturbances. In converter-dominated systems,
traditional load-shedding schemes are limited by their inability to provide the optimum load-shedding
amount. The Dutch LFDD scheme, which is the focus of analysis in phase 1 of this research, is a
traditional scheme designed based on CESA grid code requirements. Further information regarding
the design and operation of this scheme is presented in chapter 3.

2.2. Adaptive UFLS Schemes
As the penetration of RES increases, system defence measures are required to become more ad-
vanced due to more challenging system dynamics and a lack of inherent stability. A body of research
has been carried out into more complex UFLS schemes which are not bound by fixed thresholds and
predetermined load shedding amounts[30]. Although these schemes have received increasing atten-
tion in the past decade, adaptive methods of load shedding have been discussed in literature as early
as 1992 [33]. Adaptive UFLS schemes involve online calculation of the load shedding amount following
a contingency event such as loss of generation. This is typically carried out by using the rate of change
of frequency (ROCOF) at the centre of inertia (COI) of the system [28]. The power imbalance in the
system is typically calculated using the system inertia and maximum ROCOF following an event. The
estimated power imbalance is then used to calculate the required load-shedding amount to prevent the
frequency from reaching unsustainable levels [28]. A flowchart describing the operation of a typical
adaptive load shedding scheme is shown in Figure 2.2.
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Figure 2.2: Flow diagram of a conventional adaptive load shedding scheme [34].

In a conventional adaptive UFLS scheme, real-time measurements, possibly from phasor measure-
ment units (PMUs), are used to estimate the power imbalance in the system. This power imbalance
estimate is then used to decide the appropriate load-shedding amount and number of load-shedding
steps. The calculation of load shedding amount can be completed based on a number of parame-
ters such as system inertia, available reserves, estimated minimum frequency or voltage stability in the
system. Following the decision on the load-shedding amount and the location of loads to be shed, com-
mands are delivered to the appropriate UFLS relays to disconnect the desired loads. The frequency
trajectory following load-shedding actions is monitored to determine whether more shedding steps are
required to restore frequency to nominal values. As EPSs become increasingly complex, online cal-
culation of power imbalance becomes more difficult, in part because system inertia is more difficult to
predict at a given moment due to variability in renewable generation, load consumption and power flow.
Similarly, there is some debate in the literature regarding the correct method to calculate or measure
the maximum ROCOF as it is difficult to determine the exact moment at which this maximum ROCOF
occurs [14].

Adaptive schemes are widely discussed in the literature, these schemes commonly require wide-area
measurements and communication betweenUFLS relays and the central controller [35]. These schemes
can be highly effective in arresting frequency decline following a disturbance and alleviating under and
overshedding concerns by computing the ideal load-shedding amount for each contingency event and
system inertia level. Due to the computational and operational complexity of these schemes includ-
ing power deficit estimation, hardware (PMUs) dispersion in the system, and communication between
relays and controllers, adaptive load shedding schemes have not yet been widely implemented in large-
scale power systems [31]. In the CESA power system, the need for a robust and secure load-shedding
scheme is a high priority for system operators. Consequently, adaptive schemes involving central con-
trollers, which would receive data and send commands to relays in the field, are undesirable due to the
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vulnerability of such communication links to hacking or loss of communication events. To counteract
this, local implementation of adaptive load shedding schemes, such as the scheme described in [35],
could be effective.

2.3. Semi-Adaptive UFLS Schemes
Semi-adaptive load-shedding schemes monitor both ROCOF and frequency deviation to determine
how much load should be shed. These schemes can be viewed as a combination of the traditional
and adaptive load shedding schemes [28]. Typically, semi-adaptive schemes calculate the load to be
shed in the first stage according to the ROCOF at COI and the frequency deviation. The remaining
load is shed at predefined thresholds as in the traditional load-shedding scheme. One such scheme
is described in [33], where a power deficit estimation is made using measured frequency and ROCOF.
Following the estimated power deficit calculation, 50% of the calculated load is shed in the first shed-
ding step. The remaining load to be shed is distributed equally in fixed thresholds. This method of
load shedding reduces the need for continued monitoring and communication by a central controller.
A calculation can be carried out in the moments following an event, and the appropriate load-shedding
amounts and thresholds issued to relays in one command.

In this section, an overview is given of the three main types of underfrequency load-shedding schemes.
The traditional UFLS scheme, in operation in Europe under the name Low-Frequency Demand Dis-
connection (LFDD) is the subject of analysis in chapter 3 and chapter 4. In Phase 2 of the research
presented in this report, some more advanced load-shedding methods are explored, such as those
in section 5.5, which operate in a similar manner to the adaptive or semi-adaptive schemes. This
investigation into the operation of UFLS schemes provides the basis for the analysis of the existing
Dutch frequency defence measures. Understanding the operation of modern UFLS schemes enables
improvements to the Dutch LFDD scheme to be developed which exhibit both higher performance and
can realistically be implemented given technical and legislative possibilities in the CESA. In the follow-
ing chapter, the methodology used to analyse the effect of increased penetration of RES on the efficacy
of the Dutch LFDD scheme is presented.



3
Dutch Low-Frequency Demand

Disconnection Scheme - Modelling
Method

In this chapter, the modeling approach for the analysis of the existing Dutch Low-Frequency Demand
Disconnection (LFDD) scheme is described. The primary aim during this modeling stage of the project
is to create a test network that can provide frequency trajectories to enable analyses of different con-
tingency event sizes and RES penetration levels.

One main objective of the modeling part of this project is to create scenarios in which system inertia
is reduced and the largest contingency events possible can be initiated without causing the system
to collapse. As this analysis is related to underfrequency defence measures only, all simulations are
created to simulate loss of generation events and the subsequent effect on the frequency of the test
network. In section 3.1 the power system modelling and scripting software used in this research are
outlined. Section 3.2 describes the test grid network used in all simulations. The addition of inverter-
based resources and the creation of different system operating scenarios is discussed in section 3.3.
Calculations of system inertia in each operating scenario and metrics to represent penetration of non-
synchronous generation are outlined in section 2.1. The method used to simulate cascading loss of
generation events on the test network is presented in section 3.5. A detailed description of the grid
code requirements for the Dutch LFDD scheme and subsequent development of similar schemes for
the purpose of this analysis is provided in section 3.6. Finally, an outline of the simulation parameters
used throughout this research is given in section 3.7.

3.1. Software
Modelling and simulations in this analysis are performed using DIgSILENT PowerFactory 2022 SP4.
Powerfactory is an established software used in power systems analysis for generation, transmission,
and distribution systems. This software enables a wide range of power system studies such as RMS
simulation, load flow calculation, contingency analysis, and protection coordination studies. In this
thesis, numerous scenarios are presented with different contingency event sizes and renewable gener-
ation penetration levels. RMS simulations, load flow analysis and short circuit analysis are the primary
tools utilised in this research.

Contingency event modelling, generation of operating scenarios, parameter selection for RMS simula-
tion, and definition of export variables are carried out in Power Factory software. Commands to initiate
RMS simulation, select study cases, select operating scenarios, and export results to csv files are com-
pleted through Python scripts added to the PowerFactory library. Calculations on exported results and
plotting of frequency, load shedding amount, and ROCOF trajectories are performed in Python.
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Figure 3.1: Diagram outlining the relationship between modelling and scripting software used in this project.

3.2. Network Model
Grid modelling and simulations for this project were performed on the New England 39 Bus template
network available in PowerFactory. As this analysis is aimed at applications in continental Europe, the
frequency is set to 50Hz for all simulations.

The 39 Bus test grid is used to perform simulations for this research due to its size and resulting ability
to replicate frequency events comparable to those seen in real, utility-scale, power systems. In addition,
there is sufficient documentation available regarding network components, particularly control systems
for synchronous generators.

The 39 Bus test network, shown in Figure 3.2 is based on a power network in the New England area of
the United States. The network consists of 10 synchronous generators, 39 busbars, 12 transformers,
and 19 loads. There is no non-synchronous generation present in the standard 39 Bus network. The
nominal voltage level is 345kV, however, the system also contains buses at voltage levels of 138kV,
230kV, and 16.5kV. Synchronous generator controls, load voltage dependencies, and transformer tap
changer settings have been taken at the default values present in the PowerFactory 39 Bus template
network.
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Figure 3.2: An illustration of 39 Bus test Network used in this research [36].

3.3. Renewable Energy Penetration Scenarios
Seven different operating scenarios were created for the analyses. In each sequentially higher RES
penetration scenario, one extra synchronous generator is replaced by a non-synchronous generator,
as shown in Table 3.1. As the penetration of non-synchronous generation, referred to here as System
Non-Synchronous Penetration (SNSP), increases, total system inertia decreases. Frequency deviation
and the performance of the LFDD scheme in all scenarios are evaluated based on a series of generation
loss contingency events.

Table 3.1: Breakdown of operating scenarios used in this project combined with associated inertia values.

Total Total SNSP Total Starting
Scenario Active Active System Time - T

Sync Gens RES Gens Inertia - H
[s] [s]

Full sync Gen 10 0 0% 4.77 9.54
Scenario 1 9 1 9% 4.62 9.25
Scenario 2 8 2 20% 4.45 8.90
Scenario 3 7 3 33% 4.24 8.48
Scenario 4 6 4 43% 4.08 8.16
Scenario 5 5 5 53% 3.87 7.73
Scenario 6 4 6 66% 3.61 7.22

3.3.1. Non-synchronous Generators
WECC type 4B template generators are used to replace the synchronous generators in this model.
These advanced models are selected as they are established templates for use in power systems mod-
elling and are often applied in industrial and academic applications as they provide realistic dynamic
performance under a wide array of operating conditions. There is ample available documentation on
controls and protection for these template generators, including active power response, undervoltage
and underfrequency protection.

The six wind generators added to the model and their operating parameters are presented in Table 3.2.
The power balance on the network was maintained for each scenario by matching the active power
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dispatch and MVA rating of the WECC template generators with the synchronous generator being re-
placed. No changes were made to other wind generator functions such as protection, electrical control,
or the generator-converter model.

Table 3.2: Operating parameters and corresponding penetration of non-synchronous generation for wind turbine templates
added to 39 Bus test network.

Non-Sync Associated 1 unit 1 unit No. Total Total Disconnected Total
Gen Bus No. Active Power rated Inverters Rated Active Power Sync SNSP
Name Dispatch Power Power Dispatch Gen

(MW) (MVA) (MVA) (MW)
Wind 01 25 56 60 10 600 560 Gen 08 9%
Wind 02 19 64 68 10 680 640 Gen 04 20%
Wind 03 29 104 104 8 832 832 Gen 09 33%
Wind 04 23 95 100 6 600 570 Gen 07 43%
Wind 05 21 65 68 10 680 650 Gen 06 53%
Wind 06 2 80 82 10 820 800 Gen 10 66%

As shown in Figure 3.3, the WECC template includes a transformer which is used to step up the voltage
from the local Wind Turbine bus (10kV, 16.5kV or 66kV) to the network bus voltage (345kV).

Figure 3.3: WECC Wind Turbine Template Model

The primary criteria in modelling of transformers for a non-synchronous generation was to ensure the
transformer ratings were sufficient to transfer the necessary power to the transmission grid. In order
to model the system more efficiently, one transformer type was utilised for each LV voltage range with
the number of transformers in parallel being varied to reach a total power capacity sufficient for each
wind generator. Transformer ratings, bus voltages, and numbers in parallel are shown in Table 3.3.
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Table 3.3: Operating parameters of transformers used in the connection of wind generators to transmission network.

Name LV-Side HV-Side HV-Side Snom No. in Stotal
Voltage Substation Voltage MVA Parallel MVA

Trf WT 01 10kV Bus 25 345kV 120 8 960
Trf WT 02 66kV Bus 19 345kV 120 6 720
Trf WT 03 66kV Bus 29 345kV 120 8 960
Trf WT 04 66kV Bus 23 345kV 120 8 960
Trf WT 05 66kV Bus 21 345kV 120 7 840
Trf WT 06 16.5kV Bus 02 345kV 100 10 1000

3.3.2. Reactive Power Compensation
There is no reactive power contribution from the non-synchronous generation which is added to the
network. Consequently, there is a reactive power deficit on the network which results in voltage col-
lapse on the system following some contingency events. This phenomenon, as expected, becomes
more apparent in simulations with higher penetrations of non-synchronous generation. In some cases,
the voltage remains stable for steady state conditions with no contingency events but would fail when
a contingency was added to the dynamic RMS simulation.

To restore the reactive power balance to the network, a series of capacitors and inductors are added.
This reactive power compensation is added in a step-by-step manner through running simulations and
observing the buses at which voltage collapse would occur. Table 3.4 displays the bus names and
magnitude of reactive power compensation added at each. It is important to note that not all capac-
itors or inductors are active in each scenario; they are switched on or off depending on the stability
of the solver and the proximity of the steady state frequency to the nominal 50Hz value. The addition
of capacitors is performed to improve initial condition voltages and improve convergence. Their intro-
duction will generally not have a meaningful impact on frequency dynamics, i.e., the focus of this thesis.

Table 3.4: Location and magnitude of reactive power compensation add to model to improve convergence of solver.

Bus Qmax
Name MVar
WT Type 4B LV 50
Bus 20 75
Bus 04 25
Bus 17 100
Bus 14 50
Bus 04 100
Bus 39 200
Bus 03 80
WT Type 4B LV(1) 100
Bus 32 150
Bus 11 150
Bus 21 50
Bus 23 150
Bus 28 20
Bus 06 60

3.4. Inertia & SNSP
To quantify the penetration of renewable energy on the network, the System Non-Synchronous Pene-
tration (SNSP) is used [15]. This parameter was introduced by the Irish Transmission System Operator,
Eirgrid, and is used to represent the amount of non-synchronous generation on the system at any in-
stant. SNSP is given by Equation 3.1 where the total non-synchronous generation is expressed as a
percentage of the total load on the network.

SNSP =
Non− SyncGen

TotalLoad
(3.1)
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It is important to note that this index is relative to the load present on the 39 Bus test grid and does not
take into account the load associated with G01, and the connection to the rest of the transmission sys-
tem. In a system with synchronous condensers and large amounts of import/export, the equation would
need to be altered to reflect these exchanges. As there are no synchronous condensers in this system,
the SNSP parameter is taken as an effective method of highlighting the amount of non-synchronous
generation active on the grid in each operating scenario.

The second parameter used to quantify the variation between scenarios is the system inertia. As men-
tioned in subsection 1.2.1, system inertia is directly related to the ability of the system to withstand distur-
bances in the immediate aftermath of a contingency event. The introduction of more non-synchronous
generation reduces the total inertia available on the grid and as a result, the impact of disturbances is
expected to be higher.

To account for the presence of non-synchronous generation in the inertia calculation for each scenario,
the Hgen

synch parameter is used based on the 2020 ENTSO-E paper on inertia and ROCOF [11]. The
inertia calculation is calculated according to Equation 3.2.

Hgen
synch =

∑n
i=1 Hi.SG,i

PLOAD + 10000
(3.2)

In this test system, generator G01 represents the connection to the wider transmission grid and as such
has the highest MVA rating of all synchronous generators on the grid. The inclusion of this generator in
the inertia calculation requires the addition of a load equal to the rated power of G01 to correctly model
the expected loads on the wider transmission grid also. To achieve this, an additional 10000 MVA is
added to PLoad in the denominator of Equation 3.2.

The inertia in each scenario is calculated separately based on the number of active synchronous gener-
ators in that scenario. As this research is not focused on emergency actions following islanding, G01 is
active in all scenarios and therefore the inertia remains above 3s in all scenarios. Lower inertia values
could be achieved by disconnecting G01 and simulating an islanding scenario on the 39 Bus system.
This scenario would require further research into reactive power compensation and RES modelling in
order for the system to maintain stability. However, this is not in the scope of this thesis and will not be
discussed here.

3.5. Contingency Events
The frequency deviation and performance of the existing LFDD scheme were analysed in response to
various contingency events. The purpose of the simulated contingency events was to create a power
deficit on the test network which would result in a sufficient frequency deviation to cause the underfre-
quency protection to operate.

Contingency events were created by sequentially turning on static loads connected to Bus 39 of the sys-
tem. Each load has an active power demand of 500MW and a time delay of 300ms was used between
switching of sequential loads. The loads are connected at Bus 39 as this is the point of connection
of G01, which represents the connection from the 39 Bus network to the rest of the transmission grid.
Switching on loads sequentially at this bus simulates the sequential loss of generation at a distant point
in the network, resulting in an active power deficit on the test network.
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Figure 3.4: Diagram of contingency event loads added to bus 39 of test network

Three contingency event sizes were used in the analysis of the existing Dutch LFDD scheme. These
events were of magnitude 500MW, 1000MW and 1500MW respectively. The size of these events is
sufficient to study the intended frequency dynamics while preserving numerical convergence of the
model in all cases.

3.6. LFDD Scheme
In this section, the process of developing the LFDD schemes for the use in this research is outlined.
A description of the Dutch grid code requirements in relating to LFDD is given in subsection 3.6.1.
The generation of example LFDD schemes for the 39 Bus test network based on the Dutch grid code
requirements is then provided in subsection 3.6.2.

3.6.1. LFDD Scheme - Grid Code Requirements
As mentioned in section 1.3, this research is completed in collaboration with Dutch distribution system
operator (DSO) Alliander. Modelling of the Low Frequency Demand Disconnection scheme in Power-
Factory was completed based on information gathered from the Alliander network protection scheme
and the European grid code for underfrequency protection [23].

The LFDD scheme for Alliander network operates based on six pre-defined thresholds, each contain-
ing a distinct load amount and frequency setpoint. The loads assigned to these threshold settings are
spread across the HV/MV substations in which LFDD protection is available. LFDD relays are present
at the MV side of the HV/MV transfer which connects the substation to the wider transmission grid. In
some locations, LFDD relays are present on the outgoing MV feeders rather than the MV incoming sup-
ply. Frequency protection relays placed at the outgoing feeders from a substation allow LFDD actions
to disconnect specific MV loads instead of the entire substation, increasing flexibility of the scheme. It
has been made clear that future plans exist to include LFDD protection at the outgoing MV feeders in
all LFDD substations. The addition of LFDD relays to outgoing feeders of all substations is relevant
when developing improvements to the existing LFDD methods, as described in chapter 6.

The six thresholds that comprise the LFDD scheme are designed to each contain 7.5% of the peak
system load, leading to a cumulative total load shedding amount of 45%, in line with EU grid code re-
quirements. It is not possible to include exactly 7.5% peak load in each threshold due to the constraints
related to the amount of load present at each substation, however, continued efforts are being made to
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optimise load selection to achieve this 7.5% for each threshold. The estimated amount of load in each
threshold is based entirely on yearly average power usage at that substation.

Figure 3.5: European Grid code requirements for the design of LFDD scheme.

The Dutch LFDD scheme includes six load-shedding steps, one step for each load threshold. The first
shedding step begins at a frequency threshold of 49Hz with each subsequent step separated by a mar-
gin of 0.2Hz. The final shedding step occurs at 48Hz. Each shedding step is triggered as soon as the
frequency breaches the associated threshold. A maximum time delay of 300ms is allowed in the EU
grid code for measurement, communication, and circuit breaker opening time. In the Dutch scheme,
the aim is to maintain this delay at a maximum of 150ms.

Two blocking criteria are also associated with the Dutch LFDD scheme. To account for distributed gen-
eration, a substation cannot be considered for inclusion in the LFDD scheme if this station is feeding
energy back to the transmission grid more than 20% of the year. In conjunction with this, an under-
voltage inhibit element must be active on all LFDD relays to prevent operation should the voltage drop
below 70% of Vnom, to ensure the relay only operates during a true contingency event.

3.6.2. Modelling of Dutch LFDD Scheme
As shown in Table 3.5 all loads were organised based on the percentage of total system demand. Sim-
ilarly to the current Dutch scheme, the loads were organised into six threshold settings, each to be
disconnected when the frequency breaches a certain threshold. In the analysis of the existing LFDD
scheme, two separate LFDD schemes were generated based on the same criteria described above.
Load active powers, load threshold settings and frequency settings for both schemes are presented in
Table 3.5.
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Table 3.5: Breakdown of loads and frequency thresholds in the two traditional LFDD schemes used in this analysis.

Load Active % of Trap Trap Trap Trap
No. Power total Setting Frequency Setting Frequency

(MW) Power Set 1 (Hz) Set 2 (Hz)
3 322 5.3 Trap 4 48.4
4 500 8.2 Trap 3 48.6 Trap 6 48
7 233.8 3.8 Trap 4 48.4
8 522 8.6 Trap 1 49 Trap 3 48.6
12 7.5 0.1 Trap 5 48.2
15 320 5.2 Trap 5 48.2
16 329 5.4 Trap 4 48.4 Trap 5 48.2
18 158 2.6 Trap 2 48.8 Trap 5 48.2
20 628 10.3
21 274 4.5
23 247.5 4.1 Trap 4 48.4
24 308.6 5.1 Trap 6 48
25 224 3.7 Trap 2 48.8
26 139 2.3 Trap 1 49
27 281 4.6 Trap 1 49
28 206 3.4 Trap 2 48.8
29 283.5 4.6 Trap 2 48.8
31 9.2 0.2
39 1104 18.1
Total 6097.1

In accordance with the existing Dutch LFDD scheme, the loads were divided in an attempt to create
six equal threshold settings, each one shedding approximately 7.5% of the total load. The total load
curtailment is close to 45%, in accordance with EU regulations. The only criteria involved in load se-
lection was active power rating. As is the case in the Dutch LFDD scheme, no weight is given to any
other parameters such as system strength at load-shedding locations. Similarly to the situation on the
Dutch grid, it was not possible to maintain exactly 7.5% load in each threshold, instead the focus was
maintained on achieving a total curtailment close to 45% of peak system load.

Table 3.6: Traditional LFDD Schemes developed based on DUtch grid code requirements.

Trap No. % of Total Load
LFDD LFDD
Scheme 1 Scheme 2

Trap 1 8.6 6.9
Trap 2 7.2 7.1
Trap 3 8.2 8.6
Trap 4 10.0 7.9
Trap 5 5.4 8.0
Trap 6 5.1 8.2
Total 45.1 46.6

3.7. RMS Simulation
In this research, RMS simulations were used to analyse the response of the 39 Bus system to a variety
of contingency events under various operating conditions. In all cases, the total simulation time was 20
seconds with the system remaining in steady state operation for 5 seconds before the first event load
switching action is completed.

The step size used in calculations was 0.01 seconds. The network was represented as a balanced
system, resulting in one output value for voltage or current represented by the positive sequence value.
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Simulations were automated using Python software and were carried out for all non-synchronous gen-
eration penetration scenarios and contingency event sizes. Results were exported to .csv files and col-
lated into representative figures using Python to enable a concise representation of system behaviour.

In this chapter, the modelling methodology is described for phase 1 of this project which is focused
on analysing the performance of the existing Dutch LFDD scheme under various RES penetration
scenarios. The test network, event sizes, and RES penetration scenarios presented in this chapter
are also used in phase 2 of the project, where improvements to LFDD are proposed and investigated.
Results and discussion on the effect of contingency event size, renewable energy penetration, and load
composition in LFDD schemes on the performance of LFDD in arresting frequency decline following a
disturbance are presented in chapter 4.



4
Existing Dutch LFDD Scheme -

Results & Analysis

Understanding the effect of increased inverter-based resource (IBR) penetration on the operation of
the traditional Dutch LFDD scheme is essential to developing methods to improve LFDD operation for
the future power system. In this chapter, the performance of the existing Dutch LFDD scheme is anal-
ysed based on a number of contingency event parameters and LFDD scheme operation characteristics.
The modelling and development of LFDD schemes for use in the analysis discussed in this chapter are
presented in chapter 3.

The selection of an aggregated frequency representation for all simulations is discussed in section 4.1.
The effect of RES penetration and contingency event magnitude on frequency decline and ROCOF
without an active LFDD is explored in section 4.2. In section 4.3, the effect of RES penetration on
LFDD performance and frequency recovery is analysed. The effect of contingency event size for three
separate system inertia levels is discussed in section 4.4. Finally, the effect of uncertainty and variabil-
ity in load demand in LFDD is analysed in section 4.5.

The aim of this analysis is to understand the operation and performance of the existing Dutch LFDD
scheme under various contingencies and RES penetrations levels. Following this analysis, it is possible
to identify areas in which the current LFDD schememay be insufficient as power systems becomemore
complex in the future. These areas for improvement, presented in section 4.6 are then used to develop
possible strategies to improve LFDD operations for future system conditions. Improvements on existing
LFDD measures are discussed in chapter 5.

20
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4.1. Median and COI Frequency
In order to evaluate the frequency of the test network following a contingency event, it is necessary
to create an aggregated frequency measurement that will serve as the representative frequency for
the whole system. Two possible aggregated frequency metrics were evaluated based on methods de-
scribed in [37]. These methods were median frequency and centre of inertia (COI) frequency.

The frequency results taken from simulations are the local frequency at each bus in the system. To
calculate the median frequency, these results are sorted in ascending order and the middle value in
the list is taken for each time step in the simulation. This simple method is useful as it is not severely
skewed by potential outlier frequency measurements at individual buses.

The centre of inertia (COI) frequency is an aggregated frequency measurement that is based on the
weighted sum of rotor speeds of the active synchronous generators in the network. The sum is weighted
based on the inertia time constant of the synchronous gens. The formula to calculate COI frequency is
presented in Equation 4.1 [37].

fcoi =

∑N
i=1 Ii.si∑N
i=1 Ii

(4.1)

In the above equation, Ii and si represent the inertia time constant and the rotational speed of each
generator respectively. As there is a different number of synchronous generators in each scenario,
the calculation of COI frequency in each scenario is different. Consequently, it was decided to use
two different RES penetration scenarios to compare the frequency calculations using median and COI
values, one with low RES penetration (SNSP 9%) and one with high RES penetration (SNSP 66%).

(a) Frequency Plot - COI Vs Median - SNSP 9%. (b) Frequency Plot - COI Vs Median - SNSP 66%.

Figure 4.1: Frequency Plot - Comparison of frequency trajectory using median and COI frequency.

As shown in Figure 4.1, the median and COI frequency measurements appear to match both for low
and high RES penetration scenarios. It can be seen that the median frequency displays spikes during
switching events at the instance of the contingency event and during LFDD switching operations. It
was decided to use COI frequency as the representative frequency in this study as this is an industry-
standard parameter and provides a smoother curve for evaluation. All further frequency plots in this
report are based on COI frequency. Simulation results also indicate that median frequency becomes a
less representative metric for aggregated frequency as RES penetration increases. It is evident from
the figure that spikes in median frequency, which occur at the instance of switching events, are more
exaggerated in the plot based on the SNSP 66% scenario.
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4.2. Effect of RES Penetration and Contingency Event Size on Fre-
quency and ROCOF

In this section, the effect of changes in contingency size and system inertia on frequency trajectory
and ROCOF are explored. The test network setup for these simulations is described in section 3.2.
Simulations presented in this section were carried out with no load-shedding schemes active to un-
derstand the thresholds for system recovery without emergency restoration actions. In Figure 4.2, the
effect of increased RES penetration and changes in contingency size on frequency deviation is shown.
Minimum frequency and ROCOF values for all inertia levels and contingency event sizes are shown in
Table 4.1.

(a) Frequency Plot - 500MW Contingency Event - LFDD OFF. (b) Frequency Plot - 1000MW Contingency Event - LFDD OFF.

Figure 4.2: Frequency Plot - Analysis of effect of contingency event size and RES penetration level on ROCOF and frequency
decline.

Table 4.1: Frequency and ROCOF table - No LFDD Active.

Event Size 500MW 1000MW
Scenario Min Frequency Min ROCOF Min Frequency Min ROCOF

[Hz] [Hz/s] [Hz] [Hz/s]
Full Sync Gen 49.029 -0.210 47.607 -0.371
SNSP 9% 48.877 -0.212 47.429 -0.373
SNSP 20% 48.713 -0.222 47.208 -0.396
SNSP 33% 48.572 -0.237 47.123 -0.463
SNSP 43% 48.407 -0.240 46.901 -0.422
SNSP 53% 48.246 -0.305 46.697 -0.469
SNSP 66% 47.770 -0.264 45.770 -0.484

It can be seen that higher RES penetration results in a greater frequency deviation and a higher rate of
change of frequency. In Figure 4.2a, the graph showing frequency deviation for a contingency event
of 500MW, the minimum frequency in fully synchronous generation scenario is 48.6Hz while this value
drops to 48.1Hz for the scenario with 66% SNSP. Similarly, the minimum ROCOF value is increased
as RES penetration is increased, this can pose a potential danger to synchronous machines connected
to the network which may disconnect if ROCOF breaches a threshold typically in the range of 1-2Hz/s.

In Figure 4.2b results are shown for a contingency event size of 1000MW. It can be seen from Table 4.1
that the minimum ROCOF is now -0.484Hz/s in scenario SNSP 66% which is almost double the RO-
COF magnitude seen in the same scenario for an event size of 500MW. This increase in ROCOF due
to a larger contingency event size can be seen for all simulated scenarios. Based on the above graphs,
it can be concluded that increased RES penetration on the grid could result in higher ROCOF, and
greater frequency deviation in the future. It can also be seen that the effect of higher contingency size
on frequency deviation and ROCOF magnitude increases as RES penetration increases. The ROCOF
increases by 76% between the two events in the Full Sync Gen scenario while the ROCOF increases
by 83% in the SNSP 66% scenario. These results indicate that there is potential for larger contingency
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events to cause more harm to network stability if the RES penetration is higher and the corresponding
grid inertia is lower.

4.3. Effect of RES Penetration on LFDD Performance
The effect of increased RES penetration and reduced system inertia on the performance of the tradi-
tional Dutch LFDD is analysed in this section. The generation of the various system operating scenarios
used in this analysis are described in section 3.3. The main parameters used in evaluation of the LFDD
performance are the frequency nadir and load shedding amount required to restore the frequency to
nominal levels following a contingency event.

In Figure 4.3 the response of the network with LFDD active is shown for a contingency event of 1000MW.
The load shedding amount in each renewable energy penetration scenario is also presented. Load
shedding amount is dependent on the minimum frequency value seen in each system configuration.

(a) Frequency Plot - 1000MW Contingency Event - LFDD Traditional (b) Bar Chart - Load Shedding amount per scenario - 1000MW event

Figure 4.3: Frequency Plot and load shedding amount for 1000MW contingency event with traditional LFDD.

The effect of lower system inertia can be seen in the difference in load shedding amount between fully
synchronous generation and the remaining operating scenarios. In these lower inertia scenarios, the
frequency nadir is deeper, causing more load to be shed. This is illustrated in the bar plot in Figure 4.3b.
The result of breaching the second LFDD threshold of 48.8Hz and shedding an extra 7.5% of peak load
is a more rapid return towards the nominal frequency, evident in Figure 4.3a .

In scenarios with lower system inertia, earlier activation of the LFDD scheme can be seen than in sce-
narios with more synchronous generation active. This is understandable due to the increased ROCOF
also seen in low inertia scenarios. Scenarios with SNSP greater than 20% see trap 2 breached in 9s.
The same threshold is breached almost two seconds later in the scenario with 9% SNSP.

Frequency trajectory and load shedding amounts for a contingency event of 1500MW are displayed in
Figure 4.4.
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(a) Frequency Plot - 1500MW Contingency Event - LFDD Traditional. (b) Bar Chart - Load Shedding amount per scenario - 1000MW event.

Figure 4.4: Frequency Plot and load shedding amount for 1500MW contingency event with traditional LFDD.

Increased load shedding due to reduced system inertia is only seen in the two highest RES penetration
scenarios for an event of this magnitude. This highlights that the effect of increased RES penetration
on LFDD performance may differ based on contingency event size. It is clear that frequency decline
is arrested for all scenarios following activation of the LFDD scheme as the frequency begins to return
towards nominal values.

It is important to note that shedding more load for the same contingency event could result in overshoot
of frequency as the system recovers. This is apparent in Figure 4.4a as the slope of the frequency for
the SNSP 66% and SNSP 53% scenarios does not appear to lessen as the frequency reaches 50Hz.
The graphs above also highlight the effect of the fixed thresholds used in the traditional LFDD scheme.
In some cases, the frequency breaches the 48.6 Hz threshold of trap 3 by a small margin and still the
full 7.5% of load in this threshold is shed. It is possible that the system could recover without shedding
the whole of the added 7.5% total load in trap 3 during an event such as this.

4.4. Effect of Contingency size on LFDD Performance
The effect of contingency event size on the performance of the existing LFDD scheme was analysed
for varying levels of system inertia. In Figure 4.5, results for the Full Sync Gen, SNSP 33%, and SNSP
66% scenarios are presented. It can be seen that a higher contingency size results in higher ROCOF
for all scenarios. This may be useful for future schemes in which ROCOF could be used to estimate
the power imbalance and thus the expected frequency deviation in the system. The inconsistency in
the rate of frequency recovery post LFDD actions for various contingency sizes and RES penetration
levels can be seen in the Figure 4.5.
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(a) Frequency Trajectory following different contingency event sizes -
Full Sync Gen scenario.

(b) Frequency Trajectory following different contingency event sizes -
SNSP 33% scenario.

(c) Frequency Trajectory following different contingency event sizes -
SNSP 66% scenario.

Figure 4.5: Frequency plots to illustrat the effect of contingency event size on performance of LFDD at different RES
penetration and system inertia levels.

Limitations of the LFDD scheme which could be caused by the fixed thresholds for shedding can be
seen in all presented scenarios. In the Full Sync Gen scenario, during the 1000MW contingency event,
only one LFDD threshold is breached while the frequency comes within 0.05Hz of breaching a second
threshold. The frequency decline is successfully stopped, however the system exhibits a slow recovery
and the frequency is still below 49Hz at the end of the 20 second simulation.

In the SNSP 33% scenario, the recovery of frequency following LFDD actions is faster for the 1000MW
contingency in comparison to the other two event sizes. This is in contrast to the response to the same
event size seen for the Full Sync Gen scenario. In the SNSP 33% simulation, it is possible that the load
shedding amount was higher than needed to arrest frequency decline and consequently the frequency
recovers quickly while showing characteristic of potential overshoot due to the steep recovery slope.

In the 66% SNSP scenario, following the 1500MW contingency event, the frequency drops slightly
below 48.6Hz, triggering trap 3 to shed its 7.5% load. In this simulation, it is possible that more load
than necessary has been shed and there is a risk of frequency overshoot due to a surplus in supply
as primary response of generators takes effect. It may be possible to arrest the frequency decline and
restore stability to the system without shedding the total 7.5% load in trap 3.
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Table 4.2: Minimum ROCOF and frequency values for all RES penetration scenarios in response to three different contingency
events.

Event Size 500MW 1000MW 1500MW
Min Min Min Min Min Min

Scenario Frequency RoCoF Frequency RoCoF Frequency RoCoF
[Hz] [Hz/s] [Hz] [Hz/s] [Hz] [Hz/s]

Full Sync Gen 49.029 -0.210 48.850 -0.371 48.752 -0.471
SNSP 9% 48.983 -0.212 48.792 -0.373 48.728 -0.571
SNSP 20% 48.976 -0.222 48.785 -0.396 48.716 -0.511
SNSP 33% 48.970 -0.237 48.754 -0.463 48.678 -0.564
SNSP 43% 48.963 -0.240 48.744 -0.422 48.626 -0.577
SNSP 53% 48.957 -0.305 48.727 -0.469 48.576 -0.628
SNSP 66% 48.931 -0.264 48.719 -0.484 48.524 -0.688

It has been shown in this section that the performance of traditional LFDD can vary largely depending
on the contingency event size and the associated minimum frequency value. In some cases, a slow
frequency recovery can be seen if the event size is such that the frequency nadir sits just above an
LFDD frequency threshold. Conversely, if the minimum frequency value for an event is just below an
LFDD frequency threshold, overshedding can occur due to the requirement to shed all 7.5% peak load
once a given frequency threshold is breached.

4.5. Effect of Real-Time Load Demand on LFDD Performance
As discussed in chapter 3, in the existing Dutch LFDD scheme, loads are randomly allocated into one of
six thresholds with the only selection criteria being the availability of LFDD relays and the aim to create
six thresholds, each containing 7.5% of the total load. The yearly average power of each load group is
used to estimate the total load contained in each threshold. Due to the characteristics of a real-world
power network, it is not possible in practice to keep exactly 7.5% total load in each threshold. However,
the requirement to shed 45% total load combining all thresholds is adhered to. No consideration is
given to the physical or electrical location of loads in each trap threshold.

The aim of the analysis in this section is to investigate the effect of slight variations of load percentage
in LFDD thresholds on the overall performance of the LFDD scheme. As loads are assigned to thresh-
old settings based on yearly average power, it is probable that at the instance of a given contingency
event, the actual power demand of a given load could be higher or lower than the average value and
therefore the actual load shedding amount may be different to the predicted value.

As described in section 3.6, two distinct LFDD schemes were developed based on the Dutch grid code
requirements, each with slightly different load distribution to simulate the case where the actual load in
a given threshold is not equal to the predicted 7.5%. The primary differences between the two schemes
are that Scheme 1 contains 8.5% total load in threshold 1 and Scheme 2 contains 6.9% of the total
load in threshold 1. Both schemes shed a similar amount in threshold 2, with the total accumulated
load shed after threshold 2 (48.8 Hz) being greater for scheme 1.

The effect of random load allocation and uncertainty regarding exact load size was analysed for all sce-
narios. Results are presented for the SNSP 9%, SNSP 43%, and SNSP 66% scenarios in Figure 4.6.
The schemes exhibit different behaviour, particularly in the rate of frequency recovery, depending on
the magnitude of frequency deviation. When comparing the frequency trajectory for events at the same
inertia level, it is assumed the primary factor affecting the difference in frequency deviation is the load-
shedding amount in each threshold.
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Table 4.3: Minimum ROCOF and frequency values at three RES penetration levels for three distinct LFDD schemes.

SNSP 9% SNSP 43% SNSP 66%
Min Min Min Min Min Min

Scenario Frequency RoCoF Frequency RoCoF Frequency RoCoF
[Hz] [Hz/s] [Hz] [Hz/s] [Hz] [Hz/s]

LFDD Set 1 48.728 -0.475 48.627 -0.577 48.526 -0.662
LFDD Set 2 48.590 -0.475 48.552 -0.577 48.523 -0.662
LFDD Off 46.547 -0.571 46.059 -0.561 45.125 -0.688

(a) Frequency trajectory for 1500MW event based on three distinct
LFDD schemes - Scenario SNSP 9%.

(b) Frequency trajectory for 1500MW event based on three distinct
LFDD schemes - Scenario SNSP 9%.

(c) Frequency trajectory for 1500MW event based on three distinct
LFDD schemes - Scenario SNSP 9%.

Figure 4.6: Frequency plots for 1500MW Contingency event. Comparison of three different LFDD Schemes.

In the SNSP 9% scenario, Scheme 1 exhibits a slower frequency recovery than Scheme 2. This is
due to the higher amount of load being shed in trap 1 for the first scheme. In Full Sync Gen scenario,
Scheme 1 only sheds load from trap 1 (8.6% total) while scheme 2 sheds load from traps 1 and 2
(15% total). Although the difference in load in trap 1 is 1.7% for these schemes, the effect on frequency
recovery can be noticed, particularly should the frequency nadir fall close to a trap threshold frequency.

In the SNSP 66% scenario, both Schemes trip loads in trap 1 and trap 2. In this case, Scheme 1
exhibits a more rapid frequency recovery than Scheme 2 due to the higher cumulative amount of load
being shed. In this simulation, the effect of lower system inertia results in the frequency breaching the
trap 2 thresholds for both schemes.

4.6. Overall assessment of existing Dutch LFDD Scheme
In this chapter, the effect of lower system inertia and higher ROCOF on the performance of the existing
LFDD scheme in the Netherlands is investigated. This scheme is analysed based on RES penetration
level, contingency event size, and the effect of uncertainty and random load allocation in LFDD bus
selection criteria.



4.6. Overall assessment of existing Dutch LFDD Scheme 28

It can be seen that traditional LFDD is effective in arresting frequency decline and restoring balance to
the system for all inertia levels and contingency event sizes. Although the existing LFDD scheme does
successfully stop frequency decline for this test network, several areas for improvement have been
identified in relation to load bus selection and the ability of the LFDD scheme to adapt to lower inertia
scenarios.

The following areas for improvement are identified in relation to the existing Dutch LFDD scheme:

• Load Selection Criteria - Real-time Power Demand: Selection of loads for individual thresh-
olds is based solely on yearly active power usage. This criterion is limiting as no attention is given
to variation in load demand throughout the year. Similarly, the only criterion regarding distributed
generation is a requirement not to include locations that feed power back to the transmission
grid more than 20% of the year. Considering the expected increase in DER generation in the fu-
ture power system, this requirement may lead to disconnections of DERs and insufficient overall
power being shed.

• Fixed Frequency Thresholds: The fixed nature of the existing LFDD scheme is a limiting factor
in enabling the scheme to adapt to changes in inertia level or contingency event size. Such a sim-
ple discrete scheme with 7.5% load in each trap threshold is vulnerable to over or under shedding
when the frequency nadir is close to frequency threshold values for a particular trap setting. In the
future power system, as ROCOF and frequency deviation escalate due to reduced inertia, a more
intelligent LFDD schememay be required to provide an adequate response to all event scenarios.

• Static Scheme: As the power network becomes more fluid in configuration with increased IBR
penetration and bi-directional power flows that vary throughout the year, the response of the sys-
tem to LFDD could vary in comparison to the traditional system. Due to topology changes in
the system, the locations of strong and weak points in the network may vary as the level of syn-
chronous generation changes and fault levels vary throughout the year. Maintaining one fixed
LFDD scheme that does not adapt to changes in power flow, network strength, distributed gen-
eration, or system topology could result in wide variations in the effectiveness of this scheme in
responding to contingency events.

• Delayed response - 49Hz Threshold: The existing LFDD scheme in the Netherlands is a purely
reactive scheme designed as a last resort mechanism to arrest frequency decline and prevent
blackouts. As the power system changes and the impact of disturbances increases, it may be
beneficial to include proactive measures which activate before the frequency has dropped to the
49Hz threshold. The result of these proactive measures could be a reduced frequency deviation
and accelerated frequency recovery even for the most severe events during instances of low sys-
tem inertia.

In this chapter, performance analysis has been completed on the existing Dutch LFDD scheme based
on the methodology outlined in chapter 4. It is clear that this scheme is hindered by its inability to shed
the optimal amount of load for all contingency event sizes and RES penetration scenarios. Further-
more, no consideration is given to parameters that can be expected to vary dynamically in future power
systems such as active DER generation and network strength at LFDD locations. This analysis, in con-
junction with the literature research presented in chapter 2 is used to develop ideas for improvement
to existing LFDD measures, described in chapter 5, which would enhance performance in systems
with higher concentration of IBRs and lower system inertia. In the following chapters, the justification,
modelling methodology, and results for all proposed LFDD improvements are presented.



5
Proposed Improvements to LFDD -

Methodology

The analysis of the performance of the existing Dutch LFDD scheme under various non-synchronous
generation penetration levels and contingency event sizes highlighted a number of areas for possible
improvement. These areas for improvement are described in detail in section 4.6. An overview of the
two project stages is presented in Figure 5.1. In phase 1, the areas for improvement identified in the
existing LFDD scheme are shown. In phase 2, the potential improvements and alternative methods to
this scheme that are investigated are outlined.

This chapter is focused on the methodology used to model and investigate each of the proposed areas
for improvement to LFDD. In all cases, the grid network and contingency event sizes used in analysis
were the same as those used in the analysis of the existing LFDD scheme and described in chapter 3.
Modelling of improvements was focused on generating simulations that would give an impression of
the relative benefits, if any, associated with the proposed changes to LFDD in comparison with the
traditional Dutch scheme.

Figure 5.1: Project overview.
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As detailed in Figure 5.1 five methods for improvement to existing LFDD measures have been pro-
posed. Firstly, the methodology for studying the proposed improvements to LFDD load selection crite-
ria is defined. In section 5.1, the methodology for investigating the effect of disconnecting active DER
generation during LFDD is described. In section 5.2, the method for investigating the effect of includ-
ing network strength under different system configurations as an added parameter in LFDD load bus
selection is discussed. Secondly, the modelling and analysis method for investigating proposed alter-
native load-shedding mechanisms is described. The process of investigating the effect of varied load
distribution in LFDD trap thresholds is described in section 5.3. Modelling and investigation of proac-
tive ROCOF based disconnection of specific consumers is outlined in section 5.4. The development
and testing of a simple adaptive load shedding scheme based on real-time power deficit estimation is
described in section 5.5.

5.1. Load Selection Criteria - Active DER Generation
In order to analyse the effect on system dynamics of disconnecting active distributed energy resources
(DERs) during LFDD, six DER units were added to the test grid network. A standard DER model tem-
plate, available in PowerFactory software, was used to model the distributed generation units.

As shown in Figure 5.2, DER units were connected to the test network through a transformer. The
nominal voltage of the DER units is 10kV. The transformer is used to connect all DERs to the trans-
mission network at a bus voltage of 345kV. As the amount of DER generation was varied in different
simulations, the transformer MVA rating was adapted to be suitable for the associated DER in each
scenario.

Figure 5.2: Schematic of DER added to Power Factory model

The aim of this section of analysis is to understand the effect of unintentionally disconnecting active
DER generation during LFDD switching operations. Therefore, six DER units were added to the model
at the bus locations that were already included in the LFDD scheme. The LFDD scheme used for these
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simulations is a traditional LFDD scheme based on the Dutch grid code.

The active power output of the DER was varied between 25%, 50%, and 75% of the load connected
at the same bus, as outlined in Table 5.1. Simulations were carried out for various contingency event
sizes to assess the impact of disconnecting active DERs on the performance of the LFDD scheme.
Each simulation (a combination of a certain contingency event size and DER generation percentage)
was carried out for all RES penetration scenarios. Thus allowing the effect of reduced inertia on system
resilience to tripping DERs to be examined.

Table 5.1: Active power rating values for various DER generation levels.

Load DER DER DER
Active Active Active Active

Bus No. Power Power Power Power
25% Load 50% Load 75% Load

(MW) (MW) (MW) (MW)
3 322 80.5 161.0 241.5
4 500 125.0 250.0 375.0
8 522 130.5 261.0 391.5
16 329 82.3 164.5 246.8
18 158 39.5 79.0 118.5
29 283.5 70.9 141.8 212.6
Total 2114.5 528.6 1057.3 1585.9

In order to maintain the power balance on the network with the addition of the new generation units, it
was necessary to reduce the active power dispatch of some synchronous generators. It was decided
to reduce the active power dispatch of generators G01, G03, and G05 to compensate for the DER
generators in all RES penetration scenarios, as shown in Table 5.2. The reason these generators were
selected for reduced power dispatch is they are active in all scenarios and therefore the composition
of the model is changed as little as possible for each RES penetration level.

Table 5.2: Altered Power of Synchronous Generators to account for added DER generation.

Sync Active Power Active Power Active Power
Gen Dispatch Dispatch Dispatch
Name DER 25% DER 50% DER 75%

(MW) (MW) (MW)
G01 823.8 647.6 407.5
G03 473.8 297.58 61.5
G05 165.9 77.79 54

The DER generation percentage was not increased beyond 75% as the aim of these simulations is to
understand the effect of tripping a DER which may not be producing more energy than the associated
load. In this situation, the associated substation would not be feeding power back to the transmission
grid. It is possible that a location such as this would not feed power back to the transmission grid more
than 20% of the year and therefore could realistically be included in an LFDD scheme.

The focus of this analysis is to understand the effect of tripping active DERs on the frequency decline
and recovery following a contingency event and LFDD activation, therefore, frequency trajectory is the
primary variable used in the analysis of this section.
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5.2. Load Selection Criteria - Network Strength
The ability of power system equipment to operate in a stable fashion and the capacity of the entire
network to withstand and recover from disturbances is influenced by the “strength” of the electrical sys-
tem. [38]. Short-circuit power (also referred to as fault level) at a certain point in the network is the
fault current that would flow in the event of a short circuit at that location. Short-circuit power can be
calculated based on the minimum or maximum fault current that would flow for a given location in a
particular network configuration [38].

In recent years, fault levels have been used as an indication of system strength, particularly in systems
with a higher penetration of IBRs. Higher fault levels correspond to a “stronger system”. Lower fault
levels indicate a “weak” system which is associated with a high sensitivity of voltage magnitude and
phase angle to changes in active and reactive power flow.

During a contingency event, power flows in a network can change rapidly due to sudden changes in
loading conditions. This phenomenon could also be seen during the load-switching operations of LFDD.
Consequently, it was decided to investigate the effect of system strength at locations where LFDD takes
place to understand whether this parameter could be useful when deciding what locations should be
included in an LFDD scheme for a particular network configuration.

5.2.1. Modelling - System Strength
Minimum short-circuit power is a common parameter used in industry to assess system strength at a
given location. Therefore, this parameter was used as the metric for system strength at each bus in
the test network. Minimum short circuit power was calculated for each bus, according to the IEC60909
standard, and the results were used to develop LFDD schemes with network strength as a load selec-
tion criterion. To understand the effect of RES penetration on system strength, particularly the location
of the strongest and weakest buses in the network, minimum short circuit power calculations were com-
pleted for all RES penetration scenarios.

The effect of system strength at LFDD load shedding locations on the performance of LFDD was anal-
ysed for two RES penetration scenarios: Full Sync Gen and SNSP 66%. Following the short circuit
calculation mentioned above, load buses were ranked in descending order based on system strength.
Two traditional LFDD schemes (7.5% peak load in each threshold setting) were developed based on
the system strength calculations. One scheme was designed to include the loads at the strongest
buses in the earliest LFDD threshold settings. The second scheme was designed to include the loads
connected to the weakest buses in the network in the early LFDD threshold settings. Two schemes are
shown in Table 5.3 where the network strength calculations were completed for the fully synchronous
generation scenario.
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Table 5.3: Description of two LFDD schemes generated using network strength results from Full Synchronous Generation
Scenario.

Load Active % of Bus SC % of LFDD LFDD
No. Power total Power - total weak strong

Power Full sync SC Power buses buses
(MW) (MVA)

3 322 5.3 7358.7 4.7 Trap 6 Trap 3
4 500 8.2 6929.8 4.4 Trap 5 Trap 4
7 233.8 3.8 5838.4 3.7 Trap 5
8 522 8.6 6050.8 3.8 Trap 3
12 7.5 0.1 2838.1 1.8 Trap 6
15 320 5.2 6341.3 4.0
16 329 5.4 8916.6 5.6 Trap 1
18 158 2.6 6392.4 4.0 Trap 4 Trap 1
20 628 10.3 5049.3 3.2
21 274 4.5 6016.6 3.8 Trap 5
23 247.5 4.1 6194.2 3.9 Trap 2
24 308.6 5.1 6570.4 4.2 Trap 4 Trap 6
25 224 3.7 7031.7 4.5 Trap 2
26 139 2.3 5275.3 3.3 Trap 2 Trap 3
27 281 4.6 5014.7 3.2 Trap 1
28 206 3.4 3446.7 2.2 Trap 1
29 283.5 4.6 4531.2 2.9 Trap 2
31 9.2 0.2 5833.5 3.7 Trap 6
39 1104 18.1 52263.0 33.1
Total 6097.1 157892.7 44.6 47.6

As mentioned previously, the effect of network strength at load-shedding locations on LFDD perfor-
mance was also analysed based on system strength during high a RES penetration scenario. The
LFDD schemes developed for the SNSP 66% scenarios are outlined in Table 5.4.

Table 5.4: Description of two LFDD schemes generated using network strength results from SNSP 66% scenario.

Load Active % of Bus SC % of LFDD LFDD
No. Power total Power total Weak Strong

Power SNSP 66% SC Power Buses Buses
(MW) (MVA)

3 322 5.28 4189.2 3.7
4 500 8.20 5185.5 4.5 Trap 6 Trap 1
7 233.8 3.83 5168.1 4.5 Trap 5 Trap 3
8 522 8.56 5359.2 4.7 Trap 2
12 7.5 0.12 2624.7 2.3 Trap 4 Trap 6
15 320 5.25 3840.5 3.4 Trap 6
16 329 5.40 4075.2 3.6 Trap 4
18 158 2.59 3691.3 3.2 Trap 4
20 628 10.30 3417.1 3.0
21 274 4.49 2798.6 2.4 Trap 5 Trap 5
23 247.5 4.06 2270.3 2.0 Trap 2
24 308.6 5.06 3333 2.9 Trap 3
25 224 3.67 3014.2 2.6 Trap 2 Trap 3
26 139 2.28 2512.6 2.2 Trap 3 Trap 4
27 281 4.61 2780.4 2.4 Trap 4
28 206 3.38 1440.7 1.3 Trap 1 Trap 5
29 283.5 4.65 1403.6 1.2 Trap 1
31 9.2 0.15 5609.1 4.9
39 1104 18.11 51630.9 45.2
Total 6097.1 114344.2

The goal behind this method of modelling the LFDD schemes is to assess whether system strength
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calculations carried out for commonly used network topologies could be useful in selecting locations
for LFDD to promote a more robust response to contingency events, particularly in scenarios with high
RES penetration. The analysis in this section was carried out for contingency event sizes of 500MW,
1000MW and 1500MW for both RES penetration levels.

5.3. Alternative Load Distribution in LFDD
As discussed in chapter 4, the fixed nature of the traditional Dutch LFDD scheme combined with the
requirement to maintain 7.5% peak load in each of the six thresholds can result in sub-optimal perfor-
mance in response to certain contingency events. As the scheme does not incorporate an adaption
based on event size or inertia level, it is clear that an optimal response cannot be ensured for all event
sizes and system inertia levels.

In this section, the possibility of developing a series of fixed LFDD schemes is investigated. These
schemes could have a non-equal distribution of load in the trap thresholds and may also include more
trap settings than the 6 thresholds required by the Dutch grid code. The aim of this section of analysis is
to understand whether one LFDD scheme could be chosen from a selection of schemes, with different
compositions and load distributions, based on the predicted level of rotational inertia present at a given
instance. In this mode of operation, it is possible that the performance of the LFDD would be improved
as the overall defence of the network would becomemore adaptive and would no longer be constrained
to one single LFDD scheme option.

5.3.1. Modelling of Alternative LFDD Schemes
To investigate the effect of different distributions of load on LFDD performance, three distinct LFDD
schemes were developed. As shown in Table 5.5, The LFDD schemes vary in terms of load distribution,
trap frequency setting, and number of trap thresholds. The purpose of this analysis is to understand
whether improved performance in terms of frequency deviation and load shedding amount can be found
for certain inertia levels by varying the LFDD scheme in comparison to the traditional Dutch scheme
described in chapter 3. Each LFDD scheme is designed to shed a total of 45% load and the max load
in one trap threshold is maintained at 10% peak load to align with European grid code requirements.

In Scheme 1 – more load is distributed in thresholds 1 and 2 (10% each), with the remaining load
distributed evenly among the remaining thresholds. The number of load thresholds and associated
frequency settings are maintained in line with the traditional Dutch scheme, 6 trap settings separated
by 0.2Hz, beginning at 49Hz.

In Scheme 2 – less load is distributed in thresholds 1 and 2 (5% each) with the remaining load distributed
evenly among the 4 remaining thresholds. The number of load thresholds and associated frequency
settings are maintained in line with the traditional Dutch scheme, 6 threshold settings separated by
0.2Hz, beginning at 49Hz.

In Scheme 3 – 9 load thresholds are included in the scheme, each containing 5% peak load. As there
are more load thresholds in this scheme, the frequency thresholds settings are spaced closer together,
typically 0.1Hz or 0.15Hz apart.
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Table 5.5: Load allocation and frequency threshold settings for alternative LFDD schemes.

Load No. Active Alternate Frequency Alternate Frequency Alternate Frequency
Power Scheme Threshold Scheme Threshold Scheme Threshold
(MW) 1 [Hz] 2 [Hz] 3 [Hz]

3 322 Trap 2 48.8 Trap 1 49 Trap 5 48.5
4 500 Trap 3 48.6
7 233.8 Trap 4 48.4 Trap 6 48
8 522 Trap 4 48.4
12 7.5
15 320 Trap 2 48.7 Trap 5 48.2 Trap 4 48.65
16 329 Trap 1 49 Trap 3 48.8
18 158 Trap 1 49
20 628
21 274 Trap 4 48.4 Trap 2 48.8 Trap 6 48.4
23 247.5 Trap 6 48 Trap 8 48.1
24 308.6 Trap 5 48.2 Trap 1 49
25 224 Trap 1 49 Trap 3 48.6 Trap 9 48
26 139 Trap 6 48 Trap 9 48
27 281 Trap 3 48.6 Trap 2 48.9
28 206
29 283.5 Trap 5 48.2 Trap 7 48.25
31 9.2
39 1104

Performance of each of the three LFDD schemes was analysed in response to three contingency event
sizes, 500MW, 1000MW, and 1500MW generation loss. Each simulation was carried out for all iner-
tia levels and the results were compared between the three new schemes and also between the new
schemes and the existing Dutch LFDD scheme.

The concept behind this analysis is to understand whether certain LFDD scheme types are more suit-
able for particular inertia levels. If this is the case, it is possible that a number of LFDD schemes could
be developed and selected for operation based on the predicted inertia level. If a contingency event
were to occur, the previously selected LFDD scheme for that time period would then activate to mitigate
the frequency deviation as effectively as possible.

5.4. Proactive - ROCOF Based Disconnection before 49Hz
As mentioned in section 1.3, one aspect of this project is to investigate the possibility of taking action
to arrest frequency deviation before the frequency has reached the 49Hz threshold to activate LFDD.
As the existing Continental Europe Synchronous Area (CESA) network does not regularly experience
major frequency deviations, any additional measures which would activate before 49Hz should ideally
only activate in cases where the frequency deviation is expected to be severe. In cases where the
standard LFDD scheme is expected to be sufficient to allow the system to recover, no additional load-
shedding actions should take place before 49Hz.

In the European grid code [23], it is mentioned that agreements can be made with specific consumers
to disconnect before the frequency reaches 49Hz. In this case, it is also possible to implement a pro-
tection scheme that functions based on a ROCOF threshold and not the typical frequency threshold
that is used in LFDD.

It was decided to investigate the possibility of disconnecting particular consumers by applying aROCOF-
based protection relay with definite time characteristics at certain load buses. The effect of disconnect-
ing a specific consumer (or consumers) based on ROCOF was analysed under three criteria. 1. Load
size 2. ROCOF Threshold 3. Definite time delay.



5.5. Adaptive Load Shedding Scheme 36

5.4.1. Modelling of ROCOF-based Disconnection
The protection relay used for ROCOF-based disconnection is the standard F81R df/dt relay available in
PowerFactory software. In each simulation case, one load, which is not already included in the LFDD
scheme, is selected for additional ROCOF protection. The selected loads and varied ROCOF relay
parameters are presented in Table 5.6.

Table 5.6: Parameters which are varied during investigation of ROCOF-based relay for disconnections before 49Hz.

ROCOF Load Time
Threshold Size Delay
[Hz/s] % of Peak [s]
0.2 - 0.5 2.3 - 4.6 0.5 - 3

In order to avoid voltage collapse and maintain numerical stability in the simulation solver, the max-
imum amount of load disconnected by the ROCOF relay was 4.6%. Shedding higher load amounts
using the ROCOF-based protection caused numerical instability due to voltage fluctuations in the sim-
ulation which could not be solved within the time constraints of this research.

Performance of LFDD in combination with each ROCOF relay setting configuration was analysed in
response to the two most severe contingencies in this analysis: 1000MW and 1500MW. Each simula-
tion was carried out for all inertia levels and the results were compared between different ROCOF relay
settings and the existing Dutch LFDD scheme.

5.5. Adaptive Load Shedding Scheme
Adaptive underfrequency load shedding schemes are designed to disconnect the appropriate amount
of load to provide the desired frequency recovery response for all contingency event sizes and system
inertia levels. These schemes typically make a real-time decision regarding where and how much load
should be shed to provide the ideal frequency response.

It was decided to develop a simple, representative adaptive scheme for this project to compare the
results of the fixed schemes described in the previous sections and an adaptive scheme that has no
fixed thresholds or load-shedding amounts.

Should the results of the adaptive scheme show a sufficient improvement in performance relative to
the traditional LFDD scheme, proposals could be made for further research into this area to develop
an adaptive scheme that could be implemented in a practical manner given the operational constraints
of existing power systems.

A flowchart of the simulation methodology for the adaptive load shedding scheme developed in this
project is presented in Figure 5.3
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Figure 5.3: Flowchart of operation of Adaptive UFLS scheme.

5.5.1. Operation of Adaptive Scheme
In order to generate the inputs for the adaptive scheme calculations, a RMS simulation is carried out
in PowerFactory environment. The frequency results of this simulation are then transferred to Python
where the max COI ROCOF is estimated and combined with the system inertia (known in advance
offline) to estimate the power deficit.

Once the power deficit has been calculated, the max ROCOF is used to calculate the time to begin load-
shedding events for the adaptive scheme. The time is calculated according to Equation 5.6, where the
aim is to begin shedding loads at 49.5Hz.

The load shedding is assumed to be evenly distributed across all loads which are included in the tra-
ditional LFDD scheme, such that the max possible load to be shed is still 45% of peak load. The load
shedding is simulated by defining events that cause a step change in the active power of the chosen
load by a certain scale factor. This method of shedding load is designed to simulate a situation where
LFDD relays are present on the outgoing MV feeders from substations and the possibility to curtail a
certain percentage of the load at a substation is available.

Following the definition of the load scaling events in Python, a second RMS simulation with the same
inertia level and contingency size is carried out in Power Factory, the only difference is in this second
simulation, the adaptive scheme is active and the traditional LFDD relays are switched off. The fre-
quency deviation is measured and exported to be compared with the results from the traditional LFDD
scheme.

Although this method does not specifically use a “real-time” calculation as it requires two separate
RMS simulations, it is assumed that in a controller or relay, the possibility to implement a real-time
calculation based on the ROCOF at a certain moment following the event is reasonable. The real-time
online calculation was not implemented in PowerFactory for this research due to the time constraints
of the project and a higher focus on generating representative results to allow comparison with the
other improvement methods. Should this adaptive scheme be investigated further, it is possible that an
integrated adaptive relay model in PowerFactory could be implemented to calculate the power deficit
online during a simulation and not in Python software.



5.5. Adaptive Load Shedding Scheme 38

5.5.2. Power Deficit Estimation
The adaptive scheme functions based on a real-time power deficit estimation. Once the power deficit
has been estimated, a decision on the load shedding amount can be made based on any user-defined
scaling criteria.

The power deficit calculation used in this adaptive scheme is based on a 1992 paper by Anderson et al
which estimated power deficit according to Equation 5.1 [33]. As this equation is developed for a 60Hz
frequency system in North America, the equation is adapted for the 50Hz IEEE network resulting in the
final Equation 5.2.

Pstep(p.u.) =
2.H.m0

60
(5.1)

In this power deficit estimation, it is assumed that the inertia (H) of the system can be estimated with
reasonable accuracy on the grid. As a result, this calculation is used assuming that the inertia level at
any given moment on the grid is known with reasonable accuracy and could be fed to a controller or
relay for power deficit estimation.

Pimb(MW ) = (
2.Hgen

sync.
df
dtmax

50
).(Pload + 10000) (5.2)

The only other external input to the calculation is the ROCOF which is taken from simulation data. In
order to create a representative adaptive scheme, the centre of inertia ROCOF is calculated for the
systems and this value is used to estimate power deficit.

5.5.3. Load Shedding Amount
Following the calculation of power deficit, a decision is made on the amount of load to be shed for the
given event. First, the calculated imbalance must be expressed as a percentage of the available load
to be shed, in this case the max shedding amount has been set to 45% of peak load to remain in line
with European guidelines. This parameter is stated as the imbalance factor Λ and is calculated using
Equation 5.3.

Λ =
Pimb

PLFDD
(5.3)

In order to create load-shedding events, a percentage step load change is assigned to each load in-
cluded in the LFDD scheme. To assess the effect of shedding different amounts of load during different
inertia levels, the final load shedding factor is calculated by multiplying the imbalance factor by a fur-
ther scaling factor as shown in Equation 5.4. If the load scaling factor, α, is set to 100%, the total load
shedding will be equal to the calculated power deficit. The calculated load-shedding factor is applied to
all loads in the LFDD scheme. The adaptive scheme was analysed by shedding 50%, 75%, and 100%
of the estimated power deficit for each contingency event and inertia level.

Fshed = Λ ∗ α (5.4)

The total sum of load shedding in MW can be calculated by multiplying the total load available for LFDD
by the load shedding factor, as shown in Equation 5.5

Pshed = PLFDD.Fshed (5.5)

5.5.4. Load Shedding Start Time
Based on literature research on typical adaptive load shedding schemes, it was decided to begin load
shedding actions at a frequency of 49.5Hz for this adaptive load shedding scheme. However, as load-
shedding actions were modelled as step changes in load for this research, it was necessary to calculate
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a start time for load-shedding actions as it was not possible to input a frequency threshold as the ac-
tivation parameter for the step change event. The start time for load shedding action was calculated
based on the maximum ROCOF for each particular event according to Equation 5.6.

Tstart = 5.6 +
50− 49.5
df
dtmax

(5.6)

As discussed in section 3.5, contingency events in the simulations for this research begin at a time of 5
seconds with the final generation loss event occurring at a time of 5.6s in the simulation. To coordinate
the first load-shedding step of the adaptive scheme with a frequency value of 49.5Hz, it is assumed
that frequency decline begins at a time of 5.6s. Therefore, 5.6 seconds are added in the calculation for
Tstart to give the correct time instant for load shedding to begin in the simulation.

In this chapter, the modelling methodology for proposed improvements to the existing Dutch LFDD
scheme is outlined. Five total methods to improve the performance of LFDD have been proposed. Pro-
posed improvements can be categorised into two sections. The first category contains improvements
to LFDD load bus selection criteria. Here the method used to analyse the effect of including active DER
generation and system strength at LFDD load-shedding locations is described. The second category
relates to alternative load-shedding methods outside of the existing Dutch LFDD scheme. In this sec-
tion, fixed LFDD schemes with alternative load distributions, proactive ROCOF-based disconnection
before 49Hz and an adaptive load-shedding scheme are outlined. The performance of all proposed
improvements was analysed for a variety of contingency event sizes and system inertia levels, results
of these simulations are presented in chapter 6.



6
Proposed Improvements to LFDD -

Results & Analysis

In this chapter, the results for phase two of this research are presented. Results for each potential
improvement described in chapter 5 are presented and discussed. The purpose of this chapter is
to highlight areas where the frequency response is improved in comparison to the traditional LFDD
scheme and to identify areas that could be useful for the future, warranting further investigation.

Firstly, possible improvements to load selection criteria for the traditional Dutch LFDD scheme are
presented. Section 6.1 describes the potential effect of including data of real-time distributed energy
resource (DER) generation as an added criterion for load bus selection in a traditional LFDD scheme.
A similar analysis is completed in section 6.2 where the benefits of adding network strength as a load
bus selection criterion are explored.

Secondly, alternative load-shedding mechanisms, outside of the traditional Dutch LFDD scheme, are
explored. Non-equal distribution of load in LFDD thresholds and the possibility to select one of mul-
tiple schemes depending on inertial level are explored as a possible alternative to the fixed, equally
distributed, LFDD scheme currently in use in section 6.3. The effects of including proactive ROCOF-
based disconnection of specific consumers at frequencies higher than 49Hz are described in section 6.4.
Possible benefits of an adaptive load shedding scheme are analysed in section 6.5 including the effect
of real-time power deficit estimation, initializing load shedding actions before 49Hz, and the possibility
to scale load shedding amount based on estimated imbalance and inertia level.

40
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6.1. Load Selection Criteria - DER Generation
In this section, the effect of unintentionally disconnecting active distributed generation on the perfor-
mance of LFDD is analysed. The modelling strategy for this section is outlined in section 5.1. The
purpose of this analysis is to understand the potential negative impact on LFDD performance should
an LFDD relay activate and disconnect a substation that has active DER generation at that instant. If
the impact of disconnecting active DER generation is severe, it may be prudent to include real-time
DER generation as an added criterion in selecting LFDD load-shedding locations. As outlined in sub-
section 3.6.1, there is a requirement that a substation not be considered for LFDD if this substation is
feeding energy back to the transmission grid more than 20% of the year. Considering the expected in-
crease in distributed generation on the European power system in the near future, there is a possibility
that locations that do not fall under this rule may have high active distributed generation at the instance
a severe under-frequency event occurs.

Results for a 1000MW contingency event with the traditional Dutch LFDD scheme are presented in
Figure 6.1. The frequency plots are presented for the case with no DER generation and results are
displayed for all RES penetration levels. It can be seen that frequency recovery is achieved for all
scenarios as the LFDD scheme sheds sufficient load to allow system recovery to take place.

Figure 6.1: Frequency Plot - 1000 MW Contingency - Traditional LFDD

The effect of shedding different amounts of active DER generation on LFDD performance is presented
in Figure 6.2. DER generation is varied between 25%, 50%, and 75% of the active power of the load
connected at the same bus. As all DERs are connected at buses that are included in the LFDD scheme,
should LFDD switching operations take place, one or more DERs will be disconnected at the same time
as the corresponding load. Frequency plots are presented for each RES penetration scenario and DER
generation level.
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(a) Frequency Plot - 1000 MW Contingency - DER Generation 25%. (b) Frequency Plot - 1000 MW Contingency - DER Generation 50%.

(c) Frequency Plot - 1000 MW Contingency - DER Generation 75%.

Figure 6.2: Frequency Plot - 1000MW Contingency - DER Generation 50% & 75%.

It can be seen in Figure 6.2a that a small percentage of DER generation (25% of the associated load)
can have an effect on the restoration of system frequency following LFDD. Disconnecting active DER
generation prevents the power balance from being effectively restored as the LFDD scheme is not dis-
connecting the pre-estimated amount of load. The effect of a small amount of active DER generation
being disconnected can be seen as the frequency in all scenarios is slower to recover towards nominal
values than in the case of no DER generation.

Increasing the DER generation to 50% of the associated load results in further degradation of LFDD
performance as shown in Figure 6.2b. In this case, the power balance is not restored and therefore
the system frequency does not recover within the simulation time frame. The sensitivity of a system
with higher RES penetration levels to shedding active DER disconnection is evident as the frequency
plot for the SNSP 66% case displays a continued downward trend following LFDD activation while the
frequency decline is successfully halted in higher inertia scenarios for the same event.

Substantial degradation of LFDD performance, particularly in scenarios with higher RES penetration
can be seen in Figure 6.2c which shows the effect of DER generation at 75% of the associated load.
In this case, the frequency nadir is lower for all scenarios and the LFDD scheme is ineffective in restor-
ing power balance to the system. In this case, due to the high level of active DER generation being
disconnected, the LFDD scheme does not restore the power balance. Consequently, further loss of
generation and possible blackouts could occur on the network.

The effect of disconnecting active DER generation during a larger 1500MW contingency was also inves-
tigated. Figure 6.2c presents the frequency trajectory for all scenarios with no active DER generation.
The frequency plots for two DER generation levels 50% and 75% are presented in Figure 6.3.



6.1. Load Selection Criteria - DER Generation 43

(a) Frequency Plot - 1500 MW Contingency - Traditional LFDD (b) Frequency Plot - 1500 MW Contingency - DER Generation 50%

(c) Frequency Plot - 1500 MW Contingency - DER Generation 75%

Figure 6.3: Frequency Plot - 1500MW Contingency - DER Generation 50% & 75%

The effect of unintentionally disconnecting DER generation on LFDD performance becomes more se-
vere as the size of the contingency is increased. In Figure 6.3b, it can be seen that the frequency drops
below 48.5Hz for numerous RES penetration scenarios. This increased frequency deviation is signif-
icant in comparison to the case with no DER generation where the 48.5Hz threshold is not breached
in any scenario. A DER generation level of 75% causes the system to split in low inertia scenarios
following the LFDD actions as shown in Figure 6.3c. These figures highlight the potential for cascading
disconnections and system collapse caused by unintentional shedding of active DER generation.

It is clear that the unintentional disconnection of active DERs could have a detrimental effect on the
performance of LFDD in arresting frequency decline and restoring system frequency to nominal values.
Including real-time or predicted data regarding DER generation levels at LFDD substations as a crite-
rion for LFDD bus selection could avoid this phenomenon and ensure that LFDD actions restore power
balance as effectively as possible for all levels of system inertia and DER penetration. Further details
on the benefits and challenges associated with this proposed improvement to LFDD are presented in
section 7.2.
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6.2. Load Selection Criteria - System Strength
In this section, the effect of system strength, represented by minimum short circuit power, at LFDD
load shedding buses on LFDD performance and system recovery is analysed. The methodology for
this analysis is described in section 5.2. In future power systems, network topology can be expected
to change frequently as power flow becomes increasingly bi-directional and increased penetration of
distributed generators is observed. As a result, system strength at locations selected for LFDD could
change based on the system topology or level of inverter-based generation active at that instant. Under-
standing the potential benefits of shedding load at locations with higher voltage and frequency stability
could be beneficial in developing the most robust LFDD actions possible for the future power system.
The purpose of this analysis is to investigate whether system strength at locations selected for LFDD
has an effect on the performance of LFDD in arresting frequency decline or the ability of the system to
recover following the disconnection of loads and restoration of power balance.

6.2.1. Short Circuit Analysis
Minimum short circuit powers for each load bus at each renewable energy penetration level are pre-
sented in Table 6.1. These values are calculated based on the IEC60909 standard with contribution
from asynchronous machines included in the calculation. The results were used to rank the possi-
ble buses available for LFDD in terms of system strength. Following the ranking of the buses, LFDD
schemes could then be developed based on system strength at different inertia levels.

It can be seen from the table that fault levels at all buses are highest in the fully synchronous generation
scenario. This is due to the highest number of synchronous generators being active in this scenario
leading to the highest available short circuit currents. As the penetration of inverter-based generation
increases, replacing synchronous generation, the fault levels reduce and the system can be viewed as
becoming weaker and more susceptible to voltage and frequency instability.
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Table 6.1: Minimum Short Circuit Power Results.

Min SC Power (MVA)
Full Sync Gen SNSP 9% SNSP 20% SNSP 33% SNSP 43% SNSP 53% SNSP 66%

Bus 01 5512.7 5421.9 5412.7 5360.9 5348.8 5307.1 4853.8
Bus 02 8817 7542.5 7438.1 6870 6752.8 6375.3 3754.2
Bus 03 7358.7 6901.9 6713 6288.9 6102.8 5535.2 4189.2
Bus 04 6929.8 6787.6 6645.2 6460.6 6316.7 5864.2 5185.5
Bus 05 7208.3 7129.5 7036.4 6924.9 6827.8 6511.1 6051.6
Bus 06 7484.1 7408.7 7315.7 7207 7109.9 6792.3 6342.7
Bus 07 5838.4 5795.4 5743.2 5681 5625.6 5441.6 5168.1
Bus 08 6050.8 6006.2 5952.7 5888.4 5831.6 5642.8 5359.2
Bus 09 5396.8 5388.2 5379.7 5368.1 5358.7 5326.1 5264.8
Bus 10 6977.1 6914.5 6817.1 6718.8 6618.6 6293.2 5903.6
Bus 11 6752.1 6692.3 6605.6 6513.9 6424.1 6130.9 5759.1
Bus 12 2838.1 2826.6 2808.6 2790.1 2770.9 2706.5 2624.7
Bus 13 6488.7 6424.9 6319.4 6217.3 6110 5765 5376.2
Bus 14 6709.5 6612.5 6434.1 6276.7 6103.1 5569.5 5051.6
Bus 15 6341.3 6245.6 5815.7 5598.5 5236.7 4279.1 3840.5
Bus 16 8916.6 8720.4 7631.5 7187 6407.8 4659.3 4075.2
Bus 17 7465.4 7181.8 6691 6032.5 5639 4600.3 3853.5
Bus 18 6392.4 6133.7 5862.4 5425 5181.5 4484.3 3691.3
Bus 19 6967 6929.4 4382.1 4291.9 4115.2 3601.5 3380.1
Bus 20 5049.3 5037 3990 3943.1 3848.8 3554.4 3417.1
Bus 21 6016.6 5959.3 5612.7 5455.5 4753 3062.2 2798.6
Bus 22 6790.3 6750.9 6505.7 6390.7 5085.5 2543.6 2359
Bus 23 6194.2 6161.6 5958.3 5862.4 4070.9 2440.8 2270.3
Bus 24 6570.4 6475.6 5921.5 5680.8 5030.7 3713.8 3333
Bus 25 7031.7 5147.4 5090.5 4542.5 4474.6 4253.9 3014.2
Bus 26 5275.3 4904.3 4819.9 3331 3256.5 3022.2 2512.6
Bus 27 5014.7 4783 4645.2 3772.3 3650 3281.6 2780.4
Bus 28 3446.7 3377.1 3360.3 1677.1 1658 1595.1 1440.7
Bus 29 4531.2 4449.1 4429.3 1627 1609 1549.7 1403.6
Bus 31 5833.5 5820.3 5803.7 5783.9 5765.9 5704.2 5609.1
Bus 39 52263 52194.9 52179.1 52128.9 52109.5 52042.4 51630.9

Changing network topology by adding IBRs to the system and deactivating certain synchronous gen-
erators also changes the location of the stronger and weaker points on the network. In the Full Sync
Gen scenario, Bus 02 has a min SC power of 8817 MVA, the third highest fault level in the system. In
the SNSP 66% scenario, this bus has a fault level of 3754.2 MVA which places it lower on the list of
buses in terms of system strength. This scenario-dependent variation in the location of the strongest
and weakest points in the network could have an effect on LFDD performance as choosing to shed
load at a certain bus that has a high fault level in one topology may be counter-productive in a different
configuration where the relative strength at that bus is much lower.

6.2.2. System Strength and LFDD Performance - Fully Synchronous Generation
As discussed in section 5.2, two sets of LFDD schemes were generated using the system strength, cal-
culated in the fully synchronous generation scenario, as an added input to LFDD load selection criteria.
One scheme focused on disconnecting loads at the strongest buses first, the second scheme focused
on disconnecting loads at the weakest buses first.

An RMS simulation based on a 1000MW contingency event was carried out to assess the performance
of these two contrasting LFDD schemes. Frequency plots for simulations of all RES penetration sce-
narios are shown in Figure 6.4. It can be seen by comparing the two subfigures and by observing
the minimum frequency values shown in Table 6.2, that frequency nadir is not largely affected by the
network strength at LFDD load shedding locations. This explains that including system strength as a
selection criteria has little effect on the ability of LFDD to reduce the frequency nadir following an event.
It is anticipated that the frequency nadir is more likely to be affected by the load shedding amount,
which is equal for both schemes in this analysis.
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Table 6.2: Frequency Table - Load Shed at Strong Vs Weak Buses - SC calculations from Full sync Gen scenario

Scenario Strong Buses Weak Buses
Min Frequency [Hz] Min RoCoF [Hz/s] Min Frequency [Hz] Min RoCoF [Hz/s]

Full Sync Gen 48.876 -0.370 48.868 -0.370
SNSP 20% 48.792 -0.375 48.799 -0.399
SNSP 9% 48.777 -0.399 48.788 -0.375
SNSP 33% 48.769 -0.427 48.760 -0.427
SNSP 43% 48.749 -0.434 48.743 -0.434
SNSP 53% 48.730 -0.479 48.724 -0.479
SNSP 66% 48.724 -0.475 48.719 -0.478

(a) Frequency Plot - 1000 MW Contingency - Strong Buses. (b) Frequency Plot - 1000 MW Contingency - Weak Buses.

Figure 6.4: Frequency Plot - 1000 MW Contingency - LFDD at Strong Vs Weak Buses - SC Calculations at Full Sync Gen.

The primary difference in the performance of the two LFDD schemes shown in Figure 6.4 is evident in
the response of the system after LFDD actions have restored power balance and the system begins
to recover. In the seconds following the activation of LFDD, the frequency plots in Figure 6.4b show
more frequency oscillations than those in Figure 6.4a. This could be caused by the LFDD activating
at locations where the system is more vulnerable to voltage and frequency instability following switch-
ing events when the loads are disconnected at weaker buses. As a result, it is possible that adding
a selection criterion to LFDD load allocation to prioritise shedding loads at locations with higher fault
levels may allow the system to achieve a more stable recovery and avoid possible cascading events.
Therefore, this could help to prevent potential frequency and voltage instability as the system recovers
from a large contingency.

6.2.3. Network Strength and LFDD Performance - SNSP 66%
The effect of network strength at LFDD load shedding locations on the stability of the system was also
analysed for two shedding schemes developed based on system strength in a high RES penetration
scenario. In this case, the SNSP 66% system configuration was chosen. The effect of shedding loads
at weaker or stronger buses, based on system strength calculations completed for SNSP 66%, was
analysed for contingency events of 1000MW and 1500MW. Frequency plots for all simulations are
presented in Figure 6.5 and Figure 6.6.
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(a) Frequency Plot - 1000 MW Contingency - Strong Buses - SC
Calculations at SNSP 66%.

(b) Frequency Plot - 1000 MW Contingency - Weak Buses - SC
Calculations at SNSP 66%.

Figure 6.5: Frequency Plot - 1000 MW Contingency - LFDD at Strong vs Weak Buses - SC Calculations at SNSP 66%.

The expected increase in oscillations in the frequency response when shedding loads at weaker buses
can be seen for the 1000MW event in Figure 6.5. Shedding loads at locations with higher network
strength provides a smoother frequency recovery at all inertia levels even though the LFDD scheme
was based on system strength calculations at the lowest inertia level. Although there are more oscilla-
tions in the frequency response, the frequency decline is still effectively halted when shedding load at
weaker buses during this particular contingency event.

(a) Frequency Plot - 1500 MW Contingency - Strong Buses - SC
Calculations at SNSP 66%.

(b) Frequency Plot - 1500 MW Contingency - Weak Buses - SC
Calculations at SNSP 66%.

Figure 6.6: Frequency Plot - 1500 MW Contingency - SC Calculations at SNSP 66%.

Increasing the contingency event size exaggerates the effect of system strength on the frequency recov-
ery immediately after LFDD load-shedding actions. As shown in Figure 6.6b, system splitting occurs
in almost all RES scenarios when the loads are shed at locations with low system strength. This is
highlighted by the drastic increase in COI frequency on the plot as the system is now no longer one
synchronised area and therefore the calculation of COI frequency is not representative. Conversely, it
can be seen in Figure 6.6a that shedding load at locations where network strength is higher can ensure
a more stable response on this network and avoid the system splitting events.

It can be seen from the results presented in this section that shedding loads at stronger buses during
LFDD actions can ensure a more stable frequency and voltage profile following LFDD. As expected,
fewer frequency oscillations are observed during high inertia scenarios for all LFDD schemes and
contingency event magnitudes. This suggests that accounting for system strength at LFDD locations
is more important for lower inertia scenarios where the system is more vulnerable. It is possible that
giving priority to shedding load at the strongest buses based on calculations of system strength at the
lowest inertia level could ensure a more stable response for the largest array of contingency event
sizes and system inertia levels. Further details on the benefits and challenges related to the inclusion
of system strength as an LFDD load selection criterion are presented in section 7.1.
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6.3. Alternative Load Distribution in LFDD
In this section, the effect of altering the distribution of load in the thresholds of a traditional, fixed, LFDD
scheme is investigated. As discussed in subsection 3.6.1, the traditional Dutch LFDD scheme requires
7.5% of the peak system load in each of the six threshold settings that comprise the scheme. In this
section, the effect of placing more or less load in the beginning traps of the scheme is analysed. The ef-
fect of increasing the number of trap thresholds while maintaining the same total load-shedding amount
is also investigated. The steps taken to develop these alternate LFDD schemes are described in sec-
tion 5.3.

The purpose of this analysis is to understand if it is beneficial to develop a number of LFDD schemes
with different load distributions. The purpose of these schemes would be to enable the system operator
to choose between pre-defined options for LFDD based on a prediction of the inertia level in the system
at any given time. A selection between LFDD schemes could potentially be made based on real-time
ROCOF measurements to select the most appropriate scheme based on the severity of each individual
event.

6.3.1. Alternative Scheme 1 - Front Loading
As described in section 5.3, alternative scheme 1 consists of 10% of peak load in each of the first two
thresholds with the remainder of the load evenly distributed among the remaining 4 thresholds. Fre-
quency thresholds are maintained the same as in the traditional Dutch LFDD scheme, beginning at
49Hz and ending at 48Hz with 0.2Hz gap between thresholds.

The performance of this alternate scheme was compared with the traditional dutch LFDD scheme in
response to a large contingency event of 1500MW. Frequency plots for both schemes and all inertia
levels are presented in Figure 6.7. Minimum frequency and ROCOF values for simulations with both
schemes are presented in Table 6.3.

Table 6.3: Minimum frequency and ROCOF values - comparison between traditional LFDD scheme and Alternate scheme 1 for
an event size of 1500MW.

Scenario Original LFDD Scheme Alternate LFDD Scheme
Min Frequency [Hz] Min RoCoF [Hz/s] Min Frequency [Hz] Min RoCoF [Hz/s]

Full Sync Gen 48.752 -0.471 48.749 -0.471
SNSP 9% 48.728 -0.571 48.745 -0.571
SNSP 20% 48.716 -0.511 48.706 -0.511
SNSP 33% 48.678 -0.564 48.675 -0.564
SNSP 43% 48.623 -0.561 48.667 -0.561
SNSP 53% 48.576 -0.628 48.657 -0.628
SNSP 66% 48.524 -0.688 48.681 -0.688
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(a) Frequency Plot - 1500 MW Contingency - Traditional LFDD. (b) Frequency Plot - 1500 MW Contingency - Alternative Scheme 1.

Figure 6.7: Frequency Plot - 1500 MW Contingency - Comparison between traditional, evenly distributed, load selection for
LFDD and an alternative scheme with increased load in trap 1 & 2.

Plots presented in Figure 6.7 and minimum frequency values shown in Table 6.3 suggest that the al-
ternative load shedding scheme is more effective at arresting the frequency decline than the traditional
scheme, particularly in higher SNSP scenarios. In the two network scenarios with highest RES pene-
tration, the alternate LFDD scheme prevents the frequency from breaching 48.6Hz and breaching trap
3 of the LFDD scheme. The total load shed by the alternate scheme in these simulations is 20% of
peak load. By comparison, the traditional scheme does not prevent trap 3 from being breached and as
a result, 22.5% of peak load is shed in response to the same event. In this case, the alternate scheme
has shed less load and still halted frequency decline at a higher value.

It can be seen from the figure and table that the effect of placing more load in the early trap settings
is less evident in high inertia scenarios. This could be caused by reduced sensitivity of the system to
changes in load due to the presence of more active synchronous generators. In scenario SNSP 9%,
SNSP 20% and SNSP 33%, the alternate scheme sheds more load (20%) compared to the traditional
scheme (15%) without a large change in frequency nadir or system recovery time.

It is possible that including more than 10% of peak load in the early trap thresholds would further im-
prove the response on the system, particularly in lower inertia scenarios. This has not been investigated
in this project as all alternate schemes were designed to comply with the existing EU grid code. This
EU grid code requires no more than 10% peak load be included in any one trap setting.

6.3.2. Alternative Scheme 2 - End Loading
In contrast to the scheme described in subsection 6.3.1, the second alternative LFDD scheme is based
on the inclusion of less load in the first two thresholds compared with the existing Dutch LFDD scheme.
Alternative scheme 2 consists of 5% peak load in traps 1 & 2 with the remaining load evenly distributed
throughout the remaining traps. The purpose of this scheme is to avoid over shedding during smaller
contingency events or when the system inertia is high and the system has the inherent capacity to
recover from frequency excursions without extra load shedding.

The performance of the second alternative LFDD scheme in response to a 1000MW contingency event
is displayed in Figure 6.8b. Frequency trajectory plots for all RES penetration scenarios are shown for
both the traditional LFDD scheme with 7.5% load in each trap and the alternative scheme described
in this section. Minimum frequency and ROCOF values for both LFDD schemes in response to the
1000MW event are shown in Table 6.4.
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(a) Frequency Plot - 1000 MW Contingency - Traditional LFDD. (b) Frequency Plot - 1000 MW Contingency - Alternative Scheme 2.

Figure 6.8: Frequency Plot - 1000 MW Contingency - Comparison between traditional, evenly distributed, load selection for
LFDD and an alternative scheme with reduced load in trap 1 & 2.

Table 6.4: Comparison of minimum frequency and ROCOF values for traditional LFDD and Alternative scheme 2 -
Contingency size = 1000MW.

Scenario Original LFDD Scheme Alternate LFDD Scheme 2
Min Frequency [Hz] Min RoCoF [Hz/s] Min Frequency [Hz] Min RoCoF [Hz/s]

Full Sync Gen 48.850 -0.371 48.789 -0.369
SNSP 9% 48.792 -0.373 48.764 -0.375
SNSP 20% 48.785 -0.396 48.740 -0.398
SNSP 33% 48.754 -0.463 48.695 -0.429
SNSP 43% 48.744 -0.422 48.611 -0.427
SNSP 53% 48.727 -0.469 48.582 -0.479
SNSP 66% 48.719 -0.484 48.581 -0.471

Results presented in Table 6.4 highlight the similarity between the minimum frequency values for both
schemes during high inertia scenarios. Scenarios SNSP 9%, 20%, and 33% display little difference in
the frequency nadir between the traditional and alternate LFDD schemes despite the traditional scheme
shedding 7.5% peak load and the alternate scheme shedding 5%. The potential challenge of shedding
less load in the beginning trap thresholds can be seen in the higher SNSP scenarios where the fre-
quency trajectory is lower in comparison with the traditional LFDD scheme.

Shedding less load in the first two thresholds, during low inertia scenarios, is not sufficient to stop the
frequency decline, and therefore a third threshold of 48.6Hz is breached in the two highest SNSP sce-
narios. The result of this is a cumulative shedding of 15% peak load, equal to the amount shed by
the traditional scheme. Due to the lower frequency nadir using the alternative scheme, it is evident
that alternative scheme 2 is not as effective as the traditional scheme during low inertia instances with
medium to high contingency event sizes on this network. However, in scenarios with high inertia, al-
ternate scheme 2 achieves the same frequency nadir as the traditional LFDD scheme while shedding
33% less load.

Frequency response of the system to a smaller 500MW event is presented in Figure 6.9. In this plot,
alternative scheme 2 is again compared with the traditional Dutch LFDD. Table 6.5 contains minimum
frequency and ROCOF values for both simulations.
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(a) Frequency Plot - 500 MW Contingency - Traditional LFDD. (b) Frequency Plot - 500 MW Contingency - Alternative Scheme 2.

Figure 6.9: Frequency Plot - 500 MW Contingency - Comparison between traditional, evenly distributed, load selection for
LFDD and an alternative scheme with reduced load in trap 1 & 2.

Table 6.5: Comparison of minimum frequency and ROCOF values for traditional LFDD and Alternative scheme 2 -
Contingency size = 500MW.

Scenario Original LFDD Scheme Alternate LFDD Scheme 2
Min Frequency [Hz] Min RoCoF [Hz/s] Min Frequency [Hz] Min RoCoF [Hz/s]

Full Sync Gen 49.029 -0.210 49.027 -0.209
SNSP 9% 48.983 -0.212 48.983 -0.213
SNSP 20% 48.976 -0.222 48.976 -0.223
SNSP 33% 48.970 -0.237 48.969 -0.239
SNSP 43% 48.963 -0.240 48.962 -0.241
SNSP 53% 48.957 -0.253 48.956 -0.253
SNSP 66% 48.931 -0.264 48.915 -0.258

Minimum frequency values shown in Table 6.5 show that the alternative scheme is effective in limiting
frequency decline for all inertia levels during this 500MW contingency event. Due to the smaller event
size, less load can be shed in the early trap thresholds and the system is still able to recover. The
system is also capable of avoiding overshoot associated with shedding excess load. Although the al-
ternative scheme is effective in arresting the frequency decline, the recovery of the frequency towards
nominal levels is slower in all scenarios than the recovery using the traditional LFDD scheme. This is
to be expected as less load has been shed with the alternate scheme. Secondary and tertiary control
measures, not included for analysis in this project, could be used to accelerate the frequency recovery
using the alternate scheme.

6.3.3. Alternative Scheme 3 - Increased Number of Thresholds
As discussed in chapter 4, the effect of maintaining 7.5% peak load in each trap threshold poses a risk
of over shedding or under shedding following LFDD actions. This is particularly evident in cases where
the minimum frequency falls very close to the frequency setting of a particular load threshold. Increas-
ing the number of thresholds, and reducing the amount of load in each, could allow LFDD actions to
shed total load amounts closer to the optimal value for a particular event.

In this section, the performance of an alternative, fixed, LFDD scheme based on 9 thresholds (instead
of 6 in the traditional scheme) is compared with the traditional Dutch LFDD scheme for contingency
events of 1000MW and 1500MW. A comparison of the frequency trajectory between the alternative and
traditional LFDD schemes for a contingency event of 1000MW is presented in Figure 6.10. Minimum
frequency and ROCOF values for both schemes for this contingency are presented in Table 6.6.
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(a) Frequency Plot - 1000 MW Contingency - Traditional LFDD. (b) Frequency Plot - 1000 MW Contingency - Alternative Scheme 3.

Figure 6.10: Frequency Plot - 1000 MW Contingency - Comparison between traditional, evenly distributed, load selection for
LFDD and an alternative scheme with an increased number of trap threshold settings.

Table 6.6: Comparison of minimum frequency and ROCOF values for traditional LFDD and Alternative scheme 3 -
Contingency size = 1000MW.

Original LFDD Scheme Alternative LFDD Scheme 3
Scenario Min Frequency [Hz] Min RoCoF [Hz/s] Min Frequency [Hz] Min RoCoF [Hz/s]
Full Sync Gen 48.850 -0.371 48.853 -0.371
SNSP 9% 48.792 -0.373 48.839 -0.381
SNSP 20% 48.785 -0.396 48.803 -0.398
SNSP 33% 48.754 -0.463 48.783 -0.428
SNSP 43% 48.744 -0.422 48.767 -0.442
SNSP 53% 48.727 -0.469 48.760 -0.478
SNSP 66% 48.719 -0.484 48.749 -0.502

It can be seen from the plots on Figure 6.10 that the frequency trajectory of all RES penetration sce-
narios is quite similar for both schemes. The frequency response with the alternative scheme displays
slightly more oscillations, this may be attributed to the smaller frequency gap between thresholds and
the higher number of switching actions occurring in a shorter length of time.

In terms of load shedding amount, in the SNSP 9% scenario, the less total load is shed using the al-
ternative scheme while the frequency deviation is still arrested at a higher value than achieved using
the traditional scheme. This is similar to the effect of alternative Scheme 1, when less load is shed
in higher inertia situations to allow the system to recover naturally. In Alternative Scheme 3, the load
shedding actions to shed this lesser amount of load occur at 49Hz and 48.9Hz, therefore the system
begins to react to the contingency sooner than would be achieved with the traditional scheme.

Based on the values in Table 6.6, it can be seen that the frequency nadir in higher RES penetration
scenarios is consistently higher than the case with the traditional scheme. This may be attributed to
the effect of disconnecting more load earlier, in a similar manner to Alternative Scheme 1. In the higher
inertia scenarios for the 1000MW event, the load-shedding amounts are the same for both schemes,
however, as load-shedding actions occur more quickly for the alternative scheme, the frequency devi-
ation is halted at a higher value.

A comparison between the frequency trajectory for the traditional LFDD scheme and Alternative Scheme
3 in response to a 1500MW contingency is presented in Figure 6.11. Corresponding minimum fre-
quency and ROCOF values are presented in Table 6.7
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(a) Frequency Plot - 1500 MW Contingency - Traditional LFDD. (b) Frequency Plot - 1500 MW Contingency - Alternative Scheme 3.

Figure 6.11: Frequency Plot - 1500 MW Contingency - Comparison between traditional, evenly distributed, load selection for
LFDD and an alternative scheme with an increased number of trap threshold settings.

Table 6.7: Comparison between minimum ROCOF and Frequency values for the original Dutch LFDD scheme and alternative
scheme 3, for all RES penetration scenarios.

Scenario Original LFDD Scheme Alternate LFDD Scheme 3
Min Frequency [Hz] Min RoCoF [Hz/s] Min Frequency [Hz] Min RoCoF [Hz/s]

Full Sync Gen 48.752 -0.471 48.741 -0.476
SNSP 9% 48.728 -0.571 48.711 -0.489
SNSP 20% 48.716 -0.511 48.664 -0.517
SNSP 33% 48.678 -0.564 48.626 -0.571
SNSP 43% 48.626 -0.577 48.616 -0.588
SNSP 53% 48.576 -0.628 48.607 -0.646
SNSP 66% 48.524 -0.688 48.625 -0.690

The effect of an increased number of load shedding events on the stability of the frequency response
can be seen in Figure 6.11b. The frequency plots, particularly in lower inertia scenarios display more
oscillations than those generated using the traditional LFDD scheme. This may be caused by an in-
creased number of switching events, due to the smaller frequency gap between thresholds, occurring
as the frequency declines following the 1500MW event.

The effect of including more load thresholds, with less load in each, can be seen by observing the
frequency recovery in the lower inertia scenarios. In the plots generated using traditional LFDD, the
frequency recovers rapidly and shows signs of overshoot following LFDD actions, In the case of SNSP
53% and SNSP 66% the total load shedding amount is 22.5% using traditional LFDD. It can be seen
from the plots in Figure 6.11b that the frequency recovery is slower and the plot shows a more shallow
increase towards nominal values following LFDD. In the same scenarios, using the alternative scheme,
the total load shedding amount is 20% of peak load while the frequency decline is halted at a higher
value than in the case of traditional LFDD.

It is clear from these graphs that including more thresholds, which have smaller amounts of load in
each, allow the LFDD actions to shed load amounts closer to the ideal value for each contingency and
inertia level. An increased number of threshold settings, with a smaller gap between each, allows the
frequency deviation to be arrested at a higher value as defence actions are triggered earlier than in
the case of traditional LFDD. However, as seen from some post-disturbance frequency oscillations, it
is possible that including more threshold settings could affect the stability of the frequency recovery as
an increased number of switching actions are taking place in a shorter amount of time.
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6.4. Proactive ROCOF-Based Disconnection before 49Hz
In this section, the effect of proactively disconnecting a pre-determined consumer using ROCOF-based
protection is analysed. The modelling steps to complete this analysis are described in section 5.4. The
aim of this proactive disconnection is to take action before the frequency has reached the 49Hz thresh-
old for the initialization of LFDD. Firstly, one possible use case is presented to compare the effect of
proactive tripping vs traditional LFDD.

Next, the effect of changing the settings of the relay used in proactive disconnection is analysed to
understand how the relay could be tuned to system operator requirements. The settings of the ROCOF-
based protection are analysed under three criteria. 1. Load size. 2. ROCOF Threshold 3. Definite
time delay.

6.4.1. Proactive ROCOF-based Disconnection vs Traditional LFDD
In this section, a comparison is made between the frequency response of the system with an added
ROCOF-based relay which would disconnect a specified consumer before 49Hz, and the traditional
LFDD scheme without the added ROCOF relay. As the goal behind the use of the added ROCOF
relay is to improve system response under severe event conditions, simulations are presented for the
1500MW contingency event in Figure 6.12. Table 6.8 shows the minimum frequency and ROCOF val-
ues for all RES penetration levels. Also included in the table is the trip time at which the ROCOF-based
protection activates. In all simulations presented in this section, the ROCOF relay is set with a ROCOF
threshold of 0.5Hz/s and a definite time delay of 0.5s. The ROCOF protection is added to load 27,
which is equal to 4.6% of the peak load on the system.

Table 6.8: Minimum frequency and ROCOF values for 1500MW contingency - comparison between traditional LFDD scheme
and LFDD with added ROCOF based protection.

Traditional LFDD With ROCOF Relay
Scenario Min Frequency Min RoCoF Min Frequency Min RoCoF ROCOF Relay

[Hz] [Hz/s] [Hz] [Hz/s] Trip Time
Full Sync Gen 48.752 -0.471 48.750 -0.471 No Trip
SNSP 9% 48.728 -0.493 48.728 -0.493 No Trip
SNSP 20% 48.716 -0.511 48.716 -0.511 No Trip
SNSP 33% 48.678 -0.564 48.733 -0.560 6.44s
SNSP 43% 48.623 -0.561 48.711 -0.561 6.43s
SNSP 53% 48.576 -0.628 48.736 -0.626 6.17s
SNSP 66% 48.524 -0.671 48.702 -0.671 6.2s

(a) Traditional LFDD - 1500MW Contingency.
(b) Proactive ROCOF-Based Disconnection Active - 1500MW

Contingency.

Figure 6.12: Frequency Plot - 1500MW Contingency - Comparison of frequency deviation using traditional LFDD with and
without proactive ROCOF-based disconnection.

In Figure 6.12a, the expected frequency trajectory based on the traditional LFDD scheme is observed.
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The most severe frequency decline is seen in the highest RES penetration scenarios and therefore
more load is shed in these scenarios to achieve system recovery. In Figure 6.12b, the scenarios are
not arranged in the same order. During plotting, the legend is automatically ordered based on minimum
frequency, the scenario at the bottom of the legend is the plot with the lowest frequency nadir. As this
suggests, when the ROCOF-based protection is activated, the frequency decline is halted more rapidly
than when there is no proactive load shedding, resulting in the minimum frequency value being higher
for some scenarios in which the ROCOF relay activates, despite having less inertia on the system.

It can be seen from Table 6.8 that the ROCOF relay is activated in the four scenarios with the lowest
inertia level. This is expected as these are the scenarios with higher ROCOF. In these simulatinos, the
ROCOF relay was set with a threshold of 0.5Hz/s, a value which is not seen in the high inertia scenarios
for an event of this magnitude. Due to the settings applied to the ROCOF based protection relay, the
added load shedding is only activated in the scenarios where the ROCOF is most severe. In the scenar-
ios where the ROCOF value experienced by the system is lower, the traditional LFDD scheme acts as
normal and the system recovery is as expected. This suggests that proactive ROCOF-based protection
could be useful in avoiding over-shedding when traditional LFDD is sufficient to restore the frequency.
In addition, using ROCOF-based protection, more load can be shed proactively in situations where a
more severe frequency deviation is expected, due to low system inertia or high contingency event size.
Oscillations induced by proactive disconnection of loads can be seen in all plots in Figure 6.13. To min-
imise this effect and maintain a smooth frequency trajectory, ROCOF-based protection relays should
be placed at locations in the network where system strength is high, in a similar manner as described
in section 6.2.

6.4.2. Effect of Changing ROCOF Threshold
In this section, the effect of changing the ROCOF threshold setting on the ROCOF protection relay is
explored. To focus on the effect of changing this parameter, the load size and definite time delay pa-
rameters are kept constant for all simulations in this section. In practice, the ROCOF threshold setting
could be chosen based on simulations carried out on a network model or based on historical data from
real events. In either case, it is possible to choose a ROCOF value that enables the relay to act only
when severe frequency deviation is expected.

Frequency plots of the system response to a 1000MWevent for three distinct ROCOF threshold settings
are displayed in Figure 6.13. Details regarding tripping of the ROCOF-based protection and associated
trip time for each threshold setting are shown in Table 6.9.

Table 6.9: Comparison of trip times of ROCOF-based relay for various RES penetration levels and ROCOF threshold values.

Scenario Trip Time
df/dt = 0.2Hz/s df/dt = 0.3Hz/s df/dt = 0.4Hz/s

Full Sync Gen 6.45 No Trip No Trip
SNSP 9% 6.30 No Trip No Trip
SNSP 20% 6.30 6.61 No Trip
SNSP 33% 6.30 6.55 No Trip
SNSP 43% 6.30 6.53 No Trip
SNSP 53% 6.30 6.47 No Trip
SNSP 66% 6.30 6.30 No Trip
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(a) ROCOF Threshold = 0.2Hz/s. (b) ROCOF Threshold = 0.3Hz/s.

(c) ROCOF Threshold = 0.4Hz/s.

Figure 6.13: Frequency plot for 1000MW Contingency event. Comparison of frequency trajectories based on three different
ROCOF threshold settings for ROCOF relay.

Using a lower ROCOF threshold value, such as the 0.2Hz/s value shown in the plots of Figure 6.13a,
results in the ROCOF-based protection activating in all scenarios and shedding extra load before 49Hz.
It can be seen in Table 6.9 that the trip time for all scenarios outside the full sync gen scenario is the
same for this low threshold. This could be because the ROCOF in response to this event reached
0.2Hz/s quickly regardless of inertia level.

Increasing the ROCOF threshold to 0.3Hz/s results in the ROCOF-based protection remaining inactive
in the two highest inertia scenarios. It can be seen from the frequency plots in Figure 6.13b that the
frequency decline is still effectively halted in scenarios where the ROCOF relay does not activate. In
this configuration, the frequency nadir of the lower inertia scenarios is higher than that of the high inertia
scenarios due to the difference in load shedding amount.

Increasing the ROCOF threshold to 0.4Hz/s results in no activation of the ROCOF relay for this event,
regardless of inertia level. In this scenario, the traditional LFDD scheme acts as normal to enable the
system to recover. It can be seen from the plots that the frequency nadir is lowest in this scenario as
there is no proactive disconnection before the frequency breaches the 49Hz threshold. However, they
are still able to effectively recover front the event, highlighting that proactive disconnection may not be
required for this particular event size.

6.4.3. Effect of Changing Load Size for ROCOF Disconnection
In this section, the effect of changing the size of the load which is proactively disconnected from the
overall LFDD performance is analysed. In a practical application, the ideal load amount to be discon-
nected could be computed based on simulations of a network and the required value could be reached
by adding ROCOF-based protection to specific consumers until the total cumulative shedding amount
is reached.
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The ROCOF-based protection was applied at three separate loads which comprised 2.3%, 3.7%, and
4.6% of the total load respectively as outlined in table 5.6. Simulations were carried out for an event
size of 1000MW with the ROCOF threshold set at 0.3Hz/s and the definite time delay fixed at 1 second.
The frequency plots for each load shedding configuration are shown in Figure 6.14.

(a) Load Size - 2.3% Peak Load. (b) Load Size - 3.7% Peak Load.

(c) Load Size - 4.6% Peak Load.

Figure 6.14: Frequency plot for 1000MW Contingency event. Comparison of frequency trajectories for three different load
amounts to be proactively disconnected by ROCOF relay.

As the contingency event size, ROCOF threshold, and time delay are the same as those in the middle
column of Table 6.9, the ROCOF-based protection activates in the same scenarios as in Figure 6.13b.
Therefore no change in performance is seen for the SNSP 9% and full sync gen scenarios as the
ROCOF-based protection does not activate. Minimum frequency and ROCOF values for these simula-
tions are presented in Table 6.10.

Table 6.10: Effect of load shed by ROCOF-based protection on the minimum frequency and ROCOF values for 1000MW
contingency.

2.3% Peak Load 3.7% Peak Load 4.6% Peak Load
Scenario Min Frequency Min ROCOF Min Frequency Min ROCOF Min Frequency Min ROCOF

[Hz] [Hz/s] [Hz] [Hz/s] [Hz] [Hz/s]
Full Sync Gen 48.849 -0.367 48.849 -0.366 48.850 -0.368
SNSP 9% 48.792 -0.372 48.792 -0.372 48.793 -0.370
SNSP 20% 48.870 -0.395 48.919 -0.394 48.946 -0.392
SNSP 33% 48.808 -0.428 48.885 -0.426 48.919 -0.426
SNSP 43% 48.789 -0.434 48.832 -0.432 48.879 -0.422
SNSP 53% 48.766 -0.473 48.775 -0.477 48.834 -0.469
SNSP 66% 48.748 -0.497 48.784 -0.479 48.777 -0.480
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The effect of shedding more or less load using the proactive disconnection is apparent when looking at
the frequency nadir and the rate of recovery for each of the cases shown in Figure 6.14. In Figure 6.14c,
twice as much load is shed using the ROCOF relay than is shed in Figure 6.14a. As a result, the fre-
quency nadir, particularly in the high inertia scenarios is higher as system recovery is accelerated due
to the extra load being shed. It can be seen that shedding extra load using ROCOF protection could
potentially result in overshoot and over-frequency complications as the system recovers from a contin-
gency.

It is apparent that the amount of load shedding associated with proactive disconnection should be cho-
sen to assist the system in arresting frequency decline and accelerating system recovery without posing
the risk of overshooting and creating instability during system recovery.

6.4.4. Effect of Changing Definite Time Delay
As discussed in section 5.4, the ROCOF protection relay used in this project is the standard F81r relay
available in Power Factory. This relay has definite time characteristics meaning that the relay will open
the circuit breaker if the ROCOF breaches the threshold value and stays above the threshold for a
specified period of time.

The effect of changing the definite time delay of the ROCOF-based protection on frequency trajectory
following a 1000MW contingency event is analysed in this section. Figure 6.15 displays the frequency
plots for the three separate cases. In all cases, the ROCOF threshold and load shedding amount are
kept constant. Details of ROCOF relay tripping and associated trip time for each simulation are pre-
sented in Table 6.11

(a) Definite Time Delay = 0.5s (b) Definite Time Delay = 1s

(c) Definite Time Delay = 1.5s

Figure 6.15: Frequency plot for 1000MW Contingency event. Comparison of three different load amounts to be proactively
disconnected by ROCOF relay.

It can be seen from the values in Table 6.11 that a smaller time delay means the ROCOF-based pro-
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tection is more likely to activate, particularly for lower inertia scenarios. As expected, increasing the
definite time delay results in the ROCOF-based protection activating in fewer simulations. If the time
delay is increased, it is possible that the ROCOF value still breaches the specified threshold, however,
it does not stay above that value for a sufficient length of time to activate the protection relay.

Using this information, a combination of ROCOF and time delay settings could be used to set the
ROCOF-based protection to still be sensitive to lower ROCOF values but allow the high inertia sys-
tems time to recover independently before shedding the extra load.

Table 6.11: Comparison of ROCOF protection trip times with various definite time settings.

Scenario ROCOF Relay Trip Time
Tdef = 0.5s Tdef = 1s Tdef = 1.5s

Full Sync Gen No Trip No Trip No Trip
SNSP 9% No Trip No Trip No Trip
SNSP 20% No Trip No Trip No Trip
SNSP 33% 6.444980 No Trip No Trip
SNSP 43% 6.431362 No Trip No Trip
SNSP 53% 6.170811 No Trip No Trip
SNSP 66% 6.225164 6.779573 No Trip

The results presented in this section highlight the potential performance enhancements associated
with the addition of proactive ROCOF-based disconnection of consumers before 49Hz. During severe
contingencies, proactively disconnecting specific loads at higher frequencies enables the frequency
deviation to be halted at a higher value, relieving stress on the system. Correct tuning of settings ap-
plied to ROCOF-based protection can ensure this measure is selective to only act during severe events.
This selectivity could be useful in systems with varying amounts of inertia depending on seasonal and
daily variations in generation and demand. Further details on the performance improvements associ-
ated with this measure, in combination with the associated implementations challenges, are provided
in section 7.3.

6.5. Adaptive Scheme
A comparison between the existing Dutch LFDD scheme and an adaptive load shedding scheme is
carried out in this section. Using an adaptive scheme to make a real-time estimation of power deficit
on the system could allow the load-shedding amount to be tailored to each specific event that occurs
in the network. In this section, a simple adaptive scheme is used to make an initial assessment of the
benefits of this scheme over a fixed scheme, such as the one currently used in the Netherlands.

As described in section 5.5, the adaptive scheme calculates an estimated power deficit on the system
based on ROCOF following an event and using the system inertia at that instant. A decision on the
amount of load to shed is made based on the scaling factor applied to the calculated power deficit
before assigning the load-shedding actions to the system.

In this analysis, three scaling factors are used in the adaptive scheme to generate three possible re-
sponses to a certain event. These factors are 50%, 75%, and 100% and define the percentage of
calculated power deficit that the system will shed. In Figure 6.16 frequency plots are shown for a
1000MW contingency event on the system with 9% SNSP at that instant. Results are shown for the
adaptive scheme using the three scaling factors. Also shown is the results of the traditional Dutch
LFDD scheme for the same event.

The calculated power deficit using the adaptive scheme is presented in Table 6.12. The frequency nadir,
minimum ROCOF, and load shed amount are also presented for each adaptive scheme scaling factor
and the traditional LFDD scheme in which two trap thresholds are breached. It should be noted that
both the legend in the figures for this section and the rows in the tables are ordered based on frequency
nadir. In both cases, the scenario with the lowest minimum frequency is placed at the bottom of the list.
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This can be used as a quick reference to understand the relative performance of LFDD schemes.

Figure 6.16: Frequency Plot - 1000MW Contingency Event - 9% SNSP - Traditional LFDD Scheme compared with adaptive
scheme and with varied load shedding amounts

Table 6.12: Comparison between Adaptive Load Shedding Scheme and Traditional Dutch LFDD Scheme for 1000MW
contingency event during SNSP 9% Scenario.

Estimated Power Min Min Load
Scenario Event Size Deficit Frequency RoCoF Shed

(MW) (MW) [Hz] [Hz/s] (MW)
SNSP 9% Adaptive LFDD 100% 1000 1153 49.376 -0.380 1153
SNSP 9% Adaptive LFDD 75% 1000 1153 49.305 -0.380 865
SNSP 9% Adaptive LFDD 50% 1000 1153 49.130 -0.380 577
SNSP 9% Traditional LFDD 1000 N/A 48.790 -0.380 964

It can be seen both in the graph of frequency trajectory and from the minimum frequency results that the
adaptive scheme is effective in reducing the frequency nadir in comparison with the traditional LFDD
scheme. This effect is expected as the adaptive scheme is designed to begin shedding load when the
frequency drops below 49.5Hz while the traditional LFDD does not activate until frequency reaches
49Hz. Shedding 100% of the estimated power deficit is the most effective in arresting frequency de-
cline. Min frequency results in Table 6.12 shows a frequency nadir of 49.38Hz when the scaling factor
is 100% versus a nadir of 49.13Hz when the scaling factor is 50%. At this inertia level, all three adaptive
scheme iterations show improved performance in comparison to the traditional scheme in reducing the
frequency deviation following the contingency event.

At this inertia level, the adaptive scheme calculates an estimated power deficit of 1153MW for an event
size of 1000MW. This calculation is considered reasonable for the purpose of this study as a simple
equation is used to calculate power deficit on the system. A more accurate power deficit estimation
could be achieved by accounting for the effect of IBRs and other system controls in the response of
the system, however, this is outside the scope of this project.

It can be seen that the scale factor of 100% results in load shedding greater than the original power
imbalance. This is evident in Figure 6.16 as the frequency plot for this scale factor is seen to recover
and increase beyond 50Hz, resulting in potential overshoot and over-frequency issues for the system.
In the case of this event size and inertia level, it appears that shedding 75% of the estimated load is
the most effective response. Using this scale factor, the frequency nadir is just over 0.5Hz higher than
that for the traditional scheme while also shedding less load to achieve this response.
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A similar comparison as the one shown above was completed for a lower inertia scenario. A simu-
lation based on the same event size, 1000MW, and the same adaptive scheme scaling factors was
carried out. Frequency trajectories for the three adaptive scheme simulations and the traditional LFDD
are shown in Figure 6.17. Load shedding amounts, minimum frequency and ROCOF values, and the
estimated power deficit for the SNSP 66% network configuration are presented in Table 6.13. In both
Figure 6.17 and Table 6.13, the scenario with the lowest frequency nadir is shown at the bottom of the
legend.

Figure 6.17: Frequency Plot - 1000MW Contingency Event - 66% SNSP - Traditional LFDD Scheme compared with adaptive
scheme and with varied load shedding amounts

Table 6.13: Comparison between Adaptive Load Shedding Scheme and Traditional Dutch LFDD Scheme for 1000MW
contingency event during SNSP 66% Scenario.

Event Size Estimated Power Min Min Load
Scenario Deficit Frequency RoCoF Shed

(MW) (MW) [Hz] [Hz/s] (MW)
SNSP 66% Adaptive LFDD 100% 1000 1140 49.241 -0.482 1140
SNSP 66% Adaptive LFDD 75% 1000 1140 49.156 -0.482 855
SNSP 66% Traditional LFDD 1000 N/A 48.721 -0.482 964

SNSP 66% Adaptive LFDD 50% 1000 1140 48.271 -0.482 570

In a similar manner to the system with 9% SNSP, in this lower inertia scenario the adaptive scheme is
more effective in arresting the frequency decline and maintaining the frequency nadir above 49Hz.

The power deficit is estimated to be 1140MW at this inertia level which is slightly closer to the actual
contingency event size than the calculation for the higher inertia system. The overshoot effect of using
the adaptive scheme with 100% scaling factor is more pronounced in Figure 6.17, possibly due to the
lower system inertia and a higher sensitivity to changes in load on the system.

The primary difference between the response of the adaptive scheme in both inertia levels is the effect
of shedding 50% of the estimated power deficit. In the case of higher system inertia, shedding this
smaller amount of load can still be effective in arresting the frequency decline and beginning the recov-
ery of the system. In the lower inertia system, shedding 50% of the estimated power deficit is ineffective
in stopping the frequency decline and the system does not recover from the contingency event in this
scenario as shown in Figure 6.17. The varying responses of the high and low inertia systems suggest
that a specific scaling factor could be used to determine the optimum amount of load to be shed based
on inertia level.
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In this chapter, results are presented and discussed for the performance analysis of the five proposed
improvements to the existing Dutch LFDD scheme, outlined in chapter 5. It is clear that all improve-
ments exhibit enhanced performance compared to the existing Dutch LFDD scheme. Results shown
in section 5.2 and section 6.1 indicate that improving LFDD load selection criteria by accounting for
system strength and active DER generation at LFDD locations reduces oscillations in frequency re-
sponse following LFDD switching actions and ensures the desired load amount is successfully shed
for all operating scenarios. Enhanced performance in halting frequency decline and optimising load
shedding amount for all contingency event sizes and RES penetration levels is seen in the three alter-
native LFDD measures described in section 6.3, section 6.4 and section 6.5. Implementing a range of
fixed LFDD schemes, selected in advance based on predicted inertia level, with varying load distribu-
tion can provide improved response for all system operating scenarios. Introducing proactive ROCOF
based protection in conjunction with the existing LFDD scheme can improve performance for severe
contingencies while avoiding unnecessary extra load shedding for smaller disturbances. Implementing
an adaptive load shedding scheme with online power deficit estimation can ensure the optimal load
shedding amount for each contingency while also enabling shedding to begin at frequencies above
49Hz. A detailed overview of the benefits associated with each improvement method, in combination
with the technical, implementation and legislative challenges associated with implementing these pro-
posed improvements is given in chapter 7.
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Consolidation of LFDD Improvements

In this section, the primary findings for each discussed improvement to traditional LFDD are consol-
idated. The primary benefits of each method are discussed in conjunction with the associated chal-
lenges from a technical, legislative, and implementation perspective.

Figure 7.1: Overview of main points regarding proposed improvements to LFDD.

7.1. Load Selection Criteria: Network Strength
• Associated Performance Improvements: Focusing LFDD bus selection on areas with higher
fault levels improves voltage and frequency stability following the sudden load changes associ-
ated with LFDD switching. Resulting in a more stable trajectory back to nominal frequency and
voltage levels.

• Technical Challenges: Due to changing topologies and varying inertia levels associated with
intermittent renewable energy generation, stronger and weaker locations in the network can vary.

63
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It could be necessary to perform system strength calculations based on a number of commonly
used system topologies and generate an LFDD scheme to shed load at the strongest buses for
each system configuration. Choosing which LFDD scheme to implement would require forecasted
information on the expected topology, possibly a day ahead.

• Implementation Challenges: Changing LFDD schemes in real-time (or one day ahead if DER
generation forecasts are available) could require extensive communication between TSO’s to en-
sure coordination of protection measures is maintained throughout the European grid.

• Legislative Challenges: Changes to LFDD bus locations can be carried out while adhering to
the Dutch grid code and maintaining 7.5% peak load in each trap setting. No severe legislative
challenges are apparent for this improvement method.

7.2. Load Selection Criteria: Loadside DER Generation
• Associated Performance Improvements: Avoiding disconnection of active DERs during LFDD
ensures the power balance is restored as efficiently as possible to enable a faster system recov-
ery.

• Technical Challenges: Real-time information on expected DER generation at each LFDD loca-
tion would be required. Alterations to LFDD bus selection would be required based on predicted
DER generation. A control algorithm would need to be implemented to automate the LFDD bus
selection updates based on the selected time interval.

• Implementation Challenges: Changing LFDD schemes in real-time (or one day ahead if DER
generation forecasts are available) could require extensive communication between TSO’s to en-
sure coordination of protection measures is maintained throughout the European grid.

• Legislative Challenges: Changes to LFDD bus locations can be carried out while adhering to
the Dutch grid code and maintaining 7.5% peak load in each trap setting. No severe legislative
challenges are apparent for this improvement method.

7.3. Proactive ROCOF-Based Disconnection before 49Hz
• Associated Performance Improvements: Reduction of frequency deviation during severe con-
tingency events by proactively disconnecting load before frequency reaches 49Hz. ROCOF Re-
lay settings can be tuned to only activate for severe events, allowing protection to be sensitive to
large contingencies or low inertia situations while avoiding over-shedding for small contingencies
or when system inertia is high.

• Technical Challenges: Detailed investigation and simulations would be required to determine
the optimum settings for ROCOF-based protection. It may be necessary to combine a frequency
and ROCOF threshold for proactive disconnection to provide proactive protection for situations
where ROCOF is low (due to high inertia) but the power imbalance is large and thus a high-
frequency deviation is expected.

• Implementation Challenges: Specific agreements would be required with consumers to be-
come ”Defence Service Providers” to enable disconnection according to specific requirements.
Any agreements for disconnection before the action of LFDD would need to be communicated
with all European TSO’s to ensure coordination throughout the network.

• Legislative Challenges: The European grid code does contain legislation to enable consumers
to be proactively disconnected based on ROCOF. This is not present in the Dutch grid code, there-
fore some amendments may be needed to the Dutch grid code to allow these proactive measures
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to be implemented.

7.4. Alternative Load Distribution in LFDD
• Associated Performance Improvements: The availability of multiple traditional LFDD schemes
with varying load distribution could improve system response and recovery, particularly as iner-
tia levels in the system are expected to vary in the future. Shedding more or less load in the
beginning thresholds can reduce frequency nadir for severe events and low inertia system con-
figurations or avoid over-shedding for smaller events and higher inertia system configurations.

• Technical Challenges: Further investigation would be required to determine how many alter-
nate LFDD schemes should be developed and the criteria under which each scheme would be
selected. A controller would be required to select between alternate schemes in advance based
on forecasted inertia level or in real-time based on ROCOF or a power deficit estimation.

• Implementation Challenges: Any changes to LFDD load distribution would need to be commu-
nicated with all European TSOs to enable coordination throughout the system. It is possible that
some alternate LFDD schemes could be unacceptable due to coordination requirements through-
out the CESA grid.

• Legislative Challenges: The European grid code provides a percentage range of load to be
included in each trap threshold and only specifies the beginning and end frequency for LFDD
actions to occur. The Dutch grid code requires 6 trap thresholds, each with 7.5% peak load.
Amendments to the Dutch grid code could be required to enable the implementation of alternate
LFDD schemes.

7.5. Adaptive Load Shedding
• Associated Performance Improvements: Real-time power deficit estimation allows the ideal
amount of load to be shed for each specific event and inertia level of the system. The adaptive
scheme can enable load shedding to begin at a frequency above 49Hz, thus reducing frequency
deviation and accelerating system recovery.

• Technical Challenges: An accurate power deficit estimation in a system with high IBRs and
active loads would require detailed investigation to ensure the robustness of the LFDD scheme.
Implementation of a centrally controlled adaptive scheme would require extensive communication
which could make the schememore vulnerable from a security perspective. Local implementation
of adaptive load shedding is complex but could be effective following research and development.

• Implementation Challenges: Changing LFDD schemes away from traditional fixed thresholds
and moving to an adaptive scheme would require coordination throughout the European network.
This would require extensive collaboration between TSOs as well as possible hardware upgrades
on LFDD relays installed in the network to enable local implementation of intelligent controls.

• Legislative Challenges: There is no legislation currently in the European or Dutch grid code to
enable active, real-time power deficit estimation and load shedding before 49Hz. Implementation
of an adaptive load-shedding scheme in the European system would require considerable policy
and legislative changes.

In this chapter, an overview of the benefits and possible challenges to the implementation of the pro-
posed improvements to LFDD is presented. This overview is used to generate conclusions and recom-
mendations and answer the research questions posed in chapter 1. Conclusions and recommendations
for continuation of this research are presented in chapter 8 and chapter 9 respectively.
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Conclusion

This research was initialized in light of the anticipated increase in inverter-based resources in the Con-
tinental European Synchronous Area network and the subsequent reduction in rotational inertia and
inherent stability of the power system. As a result of these changes, it is possible that existing sys-
tem defence measures will be insufficient to arrest frequency decline and avoid cascading loss of
generation should a severe contingency event, such as the 2021 system slitting events discussed
in section 1.2.4, occur in the future. The purpose of this research is to investigate, firstly, the effect of
increased penetration of renewable energy on post-contingency power system dynamics and, subse-
quently, the corresponding effect on the performance of the existing underfrequency system defence
measures. Findings from this initial research phase are then used to develop potential improvements
to existing defence measures which should increase system resilience to contingency events and re-
duce the risk of cascading disconnections and blackouts. To achieve this goal, a test grid network was
used in which operating scenarios with increasing penetrations of renewable generation were created.
Loss of generation contingency events of different magnitudes were simulated and the corresponding
frequency trajectory was observed based on the activation of a variety of load-shedding schemes. To
consolidate the findings of this research, the following research questions can be answered:

• How does the increased penetration of inverter-based resources influence power system fre-
quency trajectory during large-scale disturbances, such as generation loss?

Higher penetration of inverter-based resources results in less available rotational inertia on the grid. As
discussed in section 4.2, increased penetration of RES generation results in higher frequency deviation
and greater ROCOF magnitude following a contingency event. As expected, increased contingency
size results in higher ROCOF and greater frequency deviation for a given system inertial level. Results
indicate that the effect of a larger contingency size on frequency and ROCOF is increased for systems
with higher penetration of renewable generation sources. Consequently, the potential for contingency
events to cause severe frequency oscillations and deviations beyond the safe threshold is increased
as more IBRs are added to the network.

• To what extent does the increased proliferation of renewable generation affect the efficacy of cur-
rent frequency defence measures implemented on the grid?

The primary deficiency associated with the existing Dutch LFDD scheme is the inability to shed the opti-
mal load amount for a given contingency event size and RES penetration level. Incorrect load shedding
amount can lead to undesired damages and costs to the system [39]. As discussed in chapter 4, higher
RES penetration and lower system inertia result in a deeper frequency nadir following a loss of gener-
ation event. Consequently, in lower inertia scenarios, more load is shed by the existing LFDD scheme
to arrest frequency decline as more frequency thresholds are breached. The result of this excess load
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shedding is the potential for frequency to overshoot and create further operational challenges.

Secondly, increased penetration of distributed energy resources on the grid poses the risk of LFDD
actions being insufficient to restore power balance and stop frequency decline following an event. Cur-
rently, as outlined in subsection 3.6.1, the Dutch LFDD scheme does not account for active DER gener-
ation at locations where LFDD load-shedding actions could take place. Results presented in section 6.1
indicate that a DER generation level of 25% of the local load demand at that substation can reduce the
efficacy of LFDD in arresting frequency decline. Unintentional disconnection of higher DER generation
levels such as 50% or 75% of the associated load can render the LFDD actions ineffective and, in the
case of severe contingencies, result in system collapse.

• What strategies can be adopted to enhance the performance of the existing frequency defence
mechanisms in a lower inertia power system?

Outcomes from this research indicate that adding additional LFDD load selection criteria could enhance
the performance in a systemwith higher penetration of IBRs. As discussed in section 6.2 understanding
system strength at LFDD load shedding locations for different system operating scenarios and choosing
to shed load at buses with the highest fault levels could reduce oscillations following switching events
and improve frequency and voltage stability during system recovery.

Further expanding load selection criteria to include real-time or predicted DER generation levels at
buses where LFDD is available, as presented in section 6.1, could ensure adequate load shedding fol-
lowing contingency events in a power system with widespread distributed generation. It is anticipated
that the existing condition related to DER generation, in which a substation is exempt from LFDD if
it is feeding power back to the transmission system more than 20% of the year, may be insufficient
to avoid disconnection of active DER generation in the future power system. It is possible to predict,
with reasonable accuracy, the level of renewable generation from wind and solar one day in advance
based on weather data and electricity demand patterns. Using this information to avoid LFDD actions
at locations where DER generation is high can ensure the desired cumulative load shedding amount
is reached in the event of a contingency, therefore effectively restoring power balance to the system.

• What are some alternative approaches to frequency defence measures that could be imple-
mented outside of existing measures? Do these exhibit enhanced performance within the future
power system?

Alternative approaches to LFDD explored in this thesis include: (i) Additional proactive ROCOF-based
disconnection of consumers at frequencies above 49Hz, (ii) Alternative fixed LFDD schemes with non-
equal load distributions and (iii) the use of an adaptive load shedding scheme incorporating real-time
power deficit estimation. Results indicate that each of the alternative methods shows improved per-
formance in comparison with the existing Dutch LFDD scheme, particularly for a power system with
varying inertia levels.

Introducing proactive ROCOF-based disconnection in the manner discussed in subsection 6.4.2 can
enable frequency decline to be halted more quickly for severe contingency events by disconnecting a
pre-defined amount of load before the frequency reaches 49Hz. Although LFDD actions may still take
place, the frequency decline is halted at a higher value than without proactive disconnection. Employ-
ing ROCOF-based protection enables a level of selectivity that is not possible with standard frequency
thresholds currently in use. During smaller contingency events, disconnection of additional load can
be avoided by setting ROCOF relay thresholds to a value only seen during more severe contingencies.
This creates an additional protection stage that acts only for the most severe contingency events or
during the lowest inertia operating scenarios.

Improved adaptability to the changing system operating conditions in a future power system can be
achieved through alteration of the load distribution within the traditional LFDD scheme. Section 6.3
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describes the benefits associated with non-equal load distribution in LFDD thresholds. Results indi-
cate that employing a range of LFDD schemes with varied load distribution, which can be selected in
advance based on predicted system inertia, can result in more appropriate amounts of load being shed
for each contingency. Consequently, the overshedding and undershedding challenges seen with the
traditional, evenly distributed, LFDD scheme used in the Netherlands are reduced. During high inertia
scenarios, less load can be placed in the early threshold settings as the system has a higher inherent
resilience to disturbances. During low inertia scenarios, when the system is more vulnerable, more
load can be placed in the early threshold settings to ensure frequency decline is successfully halted
before cascading loss of generation occurs.

Outcomes from this research indicate that an adaptive load shedding scheme, such as the one de-
scribed in section 6.5, can best account for the changing inertia levels and contingency event magni-
tudes in the future power system. Implementing a real-time power deficit estimation, in conjunction
with a load-shedding scaling factor based on system inertia at the moment of an event, can ensure the
optimal load-shedding amount is disconnected for all contingencies. Furthermore, as the severity of an
event can be known quickly (<500ms) based on ROCOF following an event, load-shedding actions can
take place before the frequency has reached 49Hz, ensuring the frequency decline is less severe than
it might be using the existing LFDD scheme. As the load shedding amount would be adapted for each
specific event, proactive disconnection can take place before 49Hz without the potential for overshoot
associated with other non-adaptive methods.

• Among the proposed enhancements and alternatives to current system defence mechanisms,
which solutions are the most applicable for implementation within the Continental European Syn-
chronous Area?

The addition of ROCOF-based disconnection for specific consumers, known as ”Defence Service
Providers” in the European power system, is a promising improvement to the existing LFDD scheme as
this measure falls within the existing European grid code. The ability to apply settings to make this de-
fence measure selective and only act for severe contingencies is appropriate for a large network such
as the CESA where the transition to a low inertia system will take a number of years these additional
measures may not be immediately necessary. The adaptive scheme is the most effective in terms of
LFDD performance in a power system with varying levels of rotational inertia. However, the high level
of complexity in terms of communication requirements, online calculations, and central control results
in this being a difficult scheme to implement in the CESA given the existing grid code requirements and
the need for homogeneity in defence measures across all transmission system operators.

The inclusion of system strength at LFDD load shedding locations as an extra load selection crite-
rion could enhance the performance of LFDD without requiring major changes to the operation of the
scheme. As described in section 6.2, performing network strength calculations based on the lowest
conceivable inertia scenario and choosing to shed load at the strongest locations based on these re-
sults could ensure a more stable response to contingency events in all operating scenarios. Currently,
in the existing Dutch grid code, there are no requirements for load selection beyond the requirement
of 7.5% peak load in each threshold. Choosing to shed loads at the strongest buses can be achieved
while still adhering to these existing requirements.

The results of this work successfully answer the research questions posed and highlight the potential ef-
fects of increased penetration of IBRs and reduced rotational inertia on the system on the performance
of the Dutch emergency load shedding scheme. Proposed improvements to the existing frequency
defence measures can be categorised into two main areas: (i) Improvements to load selection crite-
ria for the existing LFDD scheme & (ii) Alternative load shedding schemes to improve performance in
low inertia systems. Enhanced performance, including reducing frequency deviation, enabling a stable
frequency recovery following switching actions, and ensuring the desired load amount is successfully
disconnected are benefits associated with the proposed improvements. Findings indicate that improv-
ing load selection criteria by adding parameters such as network strength and active DER generation
at load-shedding locations can improve the robustness of the existing Dutch LFDD scheme. Finally,
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alternative methods such as the addition of proactive ROCOF-based protection, utilising an adaptive
load shedding scheme, or developing a range of fixed schemes with varying load distribution can en-
sure frequency decline is halted successfully for large contingency events while avoiding overshedding
for smaller contingencies. Results indicate that improved performance of LFDD can be achieved within
the constraints of the existing European grid code while some measures, such as the introduction of an
adaptive scheme, would require policy changes and widespread collaboration between TSO’s prior to
successful implementation. Recommendations for the continuation of the work presented in this report
and areas of research related to the practical implementation of proposed improvements are given in
chapter 9.
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Recommendations for Future Work

In this chapter, recommendations for future research into the improvement of load-shedding schemes
for critical system conditions in the CESA are presented. The points outlined in this chapter can be
used as a basis to build on the research carried out in this project and also as a guide to move towards
practical implementation and validation of chosen improvements to LFDD.

9.1. Recommendations: Continuation of Overall Research
• The research in this project could be transferred to a larger, more detailed network model, po-
tentially one that accurately depicts part or all of the CESA. A more detailed model will enable a
more realistic representation of the expected frequency trajectory following contingency events
in the future European power system, enabling more definitive conclusions to be drawn on the
benefits of implementing the various improvements proposed in this thesis. In this more expan-
sive network model, a detailed representation of the active power response of non-synchronous
generators could be developed to provide more detail on the behaviour of these units during large-
scale contingency events.

• Detailed investigation should be undertaken into the technical and legislative challenges associ-
ated with implementing any chosen improvement to LFDD in a real-world power system. Further
details are provided in later sections, however, it is important to understand which improvements
can most readily be implemented given the technical and legislative constraints in the CESA to-
day. It is possible that research could be divided into two sections, improvements that could be
implemented in a short timeframe and improvements that require longer-term technical and leg-
islative developments prior to implementation.

• Detailed modelling of the networks downstream from LFDD substations could provide greater in-
formation regarding system response to LFDD switching actions. In this research, downstream
networks from LFDD substations are represented as static loads. Detailed modelling of down-
stream DER generation and dynamic loads could provide further insight into the effect of both
disconnections of active DERs and network strength on the overall performance of LFDD de-
fence measures.

9.2. Recommendations: Load Selection Criteria
• As mentioned above, the effect of network strength at LFDD load-shedding substations could be
investigated using models containing detailed depictions of the network downstream from LFDD
substations. The effect of disconnecting downstream networks with high or low penetration of
IBRs on the evolution of overall strength in the system should be considered. In this project,
consideration is given only to the ability of the substation bus to withstand frequency and voltage
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oscillations following switching actions. Consideration should be given to the evolution of overall
system strength as load-shedding actions take place.

• To implement additional selection criteria in the existing LFDD algorithm for load bus selection
is a technical challenge that requires further investigation. Resources could be dedicated to un-
derstanding the requirements needed to expand the functionality of the existing LFDD scheme
to include system strength. Initially, system strength calculations from one chosen inertia level
could be utilised. If successful, this could be expanded to include the adaption of LFDD load bus
selection, one or two days in advance, based on system strength calculations for the predicted
network operating state.

• Implementing a selection criterion to avoid disconnecting active DER generation during LFDD
actions requires detailed information regarding predicted DER generation on the grid. It could
be beneficial to investigate the availability of real-time DER generation data and how this can
be implemented in an LFDD scheme to avoid selecting feeders with active DER generations for
shedding. It is anticipated that it will be possible to avoid disconnection of large-scale MV DER
generation in future scenarios as LFDD relays are in the process of being applied to outgoing
feeders at LFDD substations. Therefore it would be useful to quantify the voltage level and DER
plant size at which the ability to exclude this DER from the LFDD scheme stops. In doing so, the
stability risks associated with disconnecting active DERs can be properly quantified.

9.3. Recommendations: Alternative LFDD Measures
• Research should be carried out into the practical and legislative requirements to employ a range
of LFDD schemes with alternative load distributions. Functionalities such as remote updates
of LFDD relays and forecasting of system inertia should be investigated to determine whether
switching between a range of schemes is a viable option given the existing European grid code
and the technical capabilities of system components.

• Detailed modelling of a wider range of contingency event sizes and associated frequency trajecto-
ries should be carried out on a model of the Dutch system. This analysis could provide estimates
of the ROCOF values that define severe events in which proactive disconnection of consumers
before 49Hz would be required. This would enable the determination of settings that could be
applied to ROCOF-based protection relays. In conjunction with this, information could be gath-
ered on the amount of load which should be associated with proactive disconnection to ensure
this measure will be effective should they be implemented in the CESA.

• Research could be undertaken into the inclusion of frequency threshold settings in combination
with ROCOF threshold settings for relays associated with proactive disconnection. The addition
of frequency thresholds would be useful in the event of a large contingency happening during a
high inertia operating scenario. In this case, the measured ROCOF may not be high enough to
trip the proactive disconnection but, due to the amount of generation loss, the frequency deviation
may still breach desired thresholds. It may be useful to employ additional threshold settings or
investigate the possibility of estimating power deficit and using this value to issue trip commands
to proactive disconnection relays.

• Local implementation of an adaptive load shedding scheme, such as the one described in [35],
could provide a promising pathway to introducing more intelligent load shedding schemes to
the CESA. Research into this could be completed by implementing an integrated relay model
in Powerfactory which can perform real-time power deficit estimation based on local frequency
measurements and subsequently make a calculation on load shedding amount. As the use of
central controllers and complex communication is undesirable for emergency defence measures
in a large-scale power system, local implementation of adaptive schemes could enable a sophis-
ticated load-shedding scheme without diminishing security and robustness.
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