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Abstract

As the global shift towards renewable energy accelerates, it is crucial to address the inherent challenges
and fully leverage its potential. Electric power systems have undergone significant transformations,
transitioning from traditional generation methods to those incorporating renewable energy sources and
power electronic interfaces (PEI). This transition necessitates extensive research to ensure future power
system stability and reliability. This thesis work aimed to enhance a Root Mean Square (RMS) synthetic
model of the future 380 kV Dutch power system and conducted comprehensive research using this model.

A scenario analysis was conducted to evaluate various future scenarios for the Dutch power sys-
tem, highlighting deviations and uncertainties. The national scenario from the II13050-2 project was
selected as the baseline for further work. This approach ensured a comprehensive understanding of
potential future developments and their implications for policy and planning.

The synthetic model was developed by updating the existing model with new dynamic models
and parameters as defined by IEEE and CIGRE standards and aligning it with future public projections
and investment plans for the Dutch power system towards 2050, rooted in the scenario analysis. This
included upgrading infrastructure such as transmission lines and substations and incorporating new
generation and flexibility resources. The model was designed to enhance the dynamic characteristics
and facilitate extensive research by integrating DigSilent PowerFactory, Python, and Excel.

Three different case studies were performed using the enhanced synthetic model to analyze the
system’s response to various perturbations. These studies evaluated the impact of varying levels of
renewable generation and load, the role of grid-forming converters, and the effects of different kinetic
energy and inertia constant levels on system stability with respect to frequency and rotor angle stability.
The findings underscored the significant potential of grid-forming converters to enhance frequency
stability and system damping, the influence of controller parameters on system performance, and the
critical role of kinetic energy and inertia in maintaining system resilience.

By leveraging the capabilities of PowerFactory, Python, and Excel, the research demonstrated the
utility of the enhanced synthetic model in facilitating a broad range of stability studies and other
analyses. This work provides a valuable foundation for future research and regulatory planning,
contributing to the ongoing efforts of Dr. J.L. Rueda Torres’ team. The findings have been submitted
to international journals and conferences, emphasizing the importance of continued technological
adaptation and research to ensure stable and resilient power systems.

Future work should focus on developing smart control strategies, optimizing dynamic control settings,
investigating the impacts of kinetic energy and inertia constants, enhancing the synthetic dynamic
model with additional features, and assessing the role of flexibility resources in future scenarios. This
research offers crucial insights into the evolving dynamics of power systems and sets the stage for
further advancements to ensure their stability and resilience.
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Introduction

1.1. Background

Electric power systems are a key element of human existence. They play a part in all aspects of life,
from basic necessities for survival, such as food supply and heating, to excessive acts, such as travel and
information. Power systems and electricity have changed how humans exist on Earth and have been a
key part of history’s largest technological advancement period. This makes upgrading and maintaining
power systems a crucial element for future life.

Electric power systems have seen a resurgence of technological advancements in the last decade.
The shift from traditional generation and load sources, such as coal and gas, to renewable generation,
introducing power electronic interfaced generation (PEI), has transformed system operation from its
traditional use to a more advanced and dynamic setting. This shift has significantly changed power
system engineering, spanning all power system domains to account for the change. Forecasting, control,
and assessment become inherently important as systems move from traditional, slow, and predictable to
more dynamic and unpredictable operations. In the upcoming decades, it will be vital for engineers and
researchers to keep up with the necessary developments to ensure a sustainable future with a reliable
power system.

Transitioning to renewable energy production offers numerous benefits, but it has challenges. The
landscape of renewable generation can be partitioned into two distinct categories: PEI and non-PEI
generation.

Non-PEI Generation: This group encompasses renewable sources like hydropower, biomass, and
geothermal. These sources are directly connected to the power system and resonate with characteristics
similar to traditional fossil fuel-based generators. When a power system is dominated by non-PEI
renewables, its operation largely mirrors that of a conventional system. Nonetheless, they come with
unique challenges. A quintessential example is hydropower, which, despite its stability, is contingent
upon adequate rainfall patterns. A consistent downpour ensures optimal power production, but
discrepancies in rainfall can disrupt its reliability.

PEI Generation: This category signifies a different set of challenges. Power electronics and storage
devices are necessary for power sources with pronounced variability, often termed variable renewable
generation (VRG). The most prevalent is wind and solar energy. Their variability stands in stark contrast
to the seasonal consistency of hydropower. For wind and solar energies, variability is multifaceted,
spanning from annual cycles down to momentary fluctuations [1].

The variability of PEI generation has resulted in these sources being dependent upon additional
control through PEI to connect to the power system, while non-PEI generation is typically directly
connected to the system using synchronous machines, similar to traditional generation units. This
change from dominantly directly connected to PEI-connected generation leads to a decrease in the
overall inertia levels of the system, which has traditionally been seen as one of the most important
parameters for stability [2].
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Power electronics’ rising dominance and complexities underline the significance of power system
operation and stability. This evolving landscape necessitated IEEE/Cigre to update their standards,
transitioning from a traditional three-part stability classification to a more nuanced five-part one due to
the changing dynamics and phenomena associated with PEI dominant generation [3].

Due to the significant evolution anticipated in future power systems, extensive research is being
conducted to address forthcoming challenges and devise solutions. The stability and functionality
of future power systems will hinge on rigorous research and interdisciplinary collaboration among
different vendors, agencies, and countries. Major advancements have been implemented to account for
the changing power system. Among them are the increased potential of large-scale energy storage units
for power systems, improved communication and information regarding wide-area control systems and
intelligent system management, and a general improvement in the power electronic domain, which
serves as an increasing key for multiple aspects of power systems [4, 5, 6]. However, major advancements
are still necessary to ensure the reliable operation of future power systems.

A key innovation under investigation is grid-forming converters, which differ from traditional grid-
following converters by providing voltage and power control independently of the power system. These
converters are considered a potential solution to the diminishing number of traditional generators,
critical for maintaining system stability, and are thus a focal point of ongoing research [7]. Despite
their promise, grid-forming converters require further study. The academic community has been urged
to establish benchmark test systems for these converters and develop suitable testing and validation
procedures [7]. Future research directions include developing new simulation tools to adapt to new
system dynamics, examining the real-world impacts and interactions of grid-forming converters, and
understanding their influence on system stability at different penetration levels of grid-following and
grid-forming technologies [8, 9]. This thesis project aims to address some of these gaps.

Overall, the evolving landscape of power systems necessitates ongoing research and adaptability,
particularly with the increasing penetration of power electronic interfaces (PEIs), which introduce
dynamic challenges such as time-varying frequencies and oscillation damping [10, 11]. To tackle these
challenges, this thesis project employs a three-step approach to integrate and analyze the theoretical
futuristic synthetic Dutch power system and assess grid-forming technologies as a stability resource for
future systems.

As the global shift towards renewable energy accelerates, addressing the inherent challenges and
fully leveraging its potential is crucial. The rapid transition necessitates research efforts to integrate
renewables into national power systems, ensuring system stability and efficiency. The project aims to
bridge the gap between renewable energy goals and the realities of power system operations by utilizing
advanced tools such as Digsilent PowerFactory 2023 version SP6, combined with Python version 3.11
and Excel Version 2404, hereafter referred to as PowerFactory, Python and Excel respectively. Utilizing
these resources, different case studies will be conducted with the aim of addressing some of the gaps in
literature by publishing scientific papers in international journals and conferences on these issues.
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1.2. Literature Review

This literature review delves into the evolving landscape of power systems, specifically focusing on
grid-forming converters and the simulation of power systems. As power systems transition towards
increased integration of renewable energy sources (RES) and PEI generation, there is a critical need
to develop innovative solutions and advanced simulation techniques to maintain system stability and
reliability. This review highlights recent advancements and pilot projects and identifies gaps for future
research in these areas.

1.2.1. Grid-Forming Converters

Grid-forming converters have emerged as a pivotal technology in modern power systems, offering the
capability to provide voltage and frequency control independently of the power system. This section
reviews the different types of grid-forming converters, recent advancements, pilot projects, and gaps for
future research.

The primary distinction between grid-forming and grid-following technologies lies in their con-
trollability. Grid-following converters have power and current control loops, enabling control over
active and reactive power [12]. They rely on an AC signal from the externally connected power system,
typically using a phase-locked loop (PLL) for control. This dependency makes them susceptible to errors
during transient events or in weak-grid and islanded modes [12, 13]. In contrast, grid-forming converters
can operate independently of the power system, providing voltage and frequency control without
relying on an external AC signal. This capability is essential for maintaining system stability, especially
as RES and PEI generation increasingly dominate the power system. This essential difference allows
for the grid-forming converters’ ancillary services during transient operation, such as contributing to
fast-active power balancing [14].

Three types of grid-forming controllers have been identified and are subject to further analysis:
Virtual Synchronous Machine (VSM), Synchroverter, and Droop. These controllers, representing
different control approaches, are analyzed using generic models available in the extensive PowerFactory
library. This chosen simulation software significantly enhances the availability of these controllers and
allows for a robust comparative analysis.

Virtual Synchronous Machine (VSM): Virtual Synchronous Machines (VSM) are designed to mimic
traditional synchronous generators, ranging from simple droop control models to complex 7th-order
synchronous machine models. The first VSM was introduced by Beck and Hesse in 2007 [13, 15].
Although high-order models theoretically offer detailed control, lower-order models have proven
more stable and controllable, particularly during fault events [16]. VSMs provide synthetic inertia
and damping using control techniques combined with power electronics, bridging the gap left by
the reduced inherent inertia in PEI generation. They are effective in various applications, including
microgrids and islanded modes, but still face limitations, especially in short-circuit fault scenarios [17].
The VSM controller has shown promise in smaller IEEE test systems and large-scale studies on the
European power system [18]. Current research focuses on integrating energy storage, tuning converters,
and developing higher-order models [16, 19]. Recent developments in VSM controllers, particularly for
battery energy storage systems (BESS), have demonstrated promising results in real-life implementations,
such as in southern Australia [20, 21]. However, further research is necessary, including analyzing
different grid-forming controller generation sources, large-scale implementation, and establishing gen-
eral policy and guidelines to better align and converge on the path forward for these controllers [20, 21, 22].

Synchroverter: The Synchroverter mimics synchronous machines using torque control instead of
power, offering enhanced mechanical signal accuracy and stability under certain conditions [23, 24].
This approach also allows for the simulation and inclusion of electromagnetic torque [25]. It uses
frequency and voltage control loops for active and reactive power, respectively, and has an integrated
damping correction loop to improve stability [26]. While it provides better reactive power control and
adapts well to changing power system dynamics, its increased complexity and reliance on advanced
control systems pose implementation challenges [27]. Another inherent drawback identified for the
Synchroverter is the poor damping of oscillations, which could impact system stability [28]. Various
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research efforts are underway to address these issues, including adding new first-order control blocks
to the control structure and improving the damping structure [28, 29, 30]. Current research focuses
on integrating energy storage and optimizing control systems to make Synchroverters a viable future
solution [31, 32]. Future research is expected to extend current efforts to large-scale system models,
various resource implementation schemes, and real-life integration and testing.

Droop Control: Traditional Droop control is a well-established method used in microgrids and
synchronous machine controls, leveraging frequency and voltage droop to regulate active and reactive
power [33, 34]. Its communication-less design allows for easy implementation and adjustment, but it
results in slower transient responses and less effective transient power-sharing [12]. Proven effective
in both grid-connected and stand-alone microgrids, droop control continues to evolve with various
proposed types, including single-loop, multi-loop, and dual-loop techniques [35, 36, 37]. However,
Droop control also exhibits limitations, such as overshoot and settling time issues during transient
conditions, potential stability issues or oscillations due to interactions with other power system control
dynamics, and influence by network impedance, system inertia, and load dynamics [38]. Various
research efforts are underway to address these challenges, focusing on different controller characteristics,
grid-connected services, and operations in weak-grid and islanded modes [39, 40]. Future research needs
to implement large-scale system studies, real-life implementation and testing, and enhanced controller
approaches based on these findings [41]. Even though Droop control is a well-known methodology
for power system control, its relevance and integration with grid-forming converters remain areas of
interest for future research.

In general, grid-forming converters have been identified as crucial components in integrating large-scale
PEI generation units concerning system operation and stability. Their vast potential in ancillary services
and their mimicry of traditional synchronous generators label them as critical. However, while various
grid-forming control approaches exist, grid-forming controllers still depend on extensive future research,
pilot projects, integration, and policy determination. These controllers remain largely undeveloped and
untested on large-scale system integration. However, multiple new real-life pilot projects are underway
to analyze different aspects of grid-forming controllers regarding their control approach and different
generation units. More information regarding these current projects can be found in [42].

Multiple gaps in the current literature indicate a significant necessity in multiple facets of grid-
forming converter operation and analysis. The Global Power Systems Transformation Consortium
identified four ancillary power system needs of importance concerning stability and power quality:
1) Synchronization and Angle Stability Needs, 2) Frequency Regulation Needs, 3) Voltage Regulation
Needs, and 4) Damping Needs [43]. All of these topics are critical to ensuring the proper operation of
future systems with high penetration of renewable resources.

Another resource suggests focusing on investigating the interplay between grid-following and grid-
forming inverters in a mixed environment, including analyzing the impact of various ratios of grid-
forming and following on system stability, frequency control, and overall system performance [38]. It
highlights the importance of future research to prioritize transient stability studies to carefully evaluate
the impact of grid-forming converters and their interactions with different power system resources, such
as synchronous generators, loads, and transmission lines under dynamic perturbations [38]. Further-
more, it highlights the necessity for incorporating detailed representations of inverter control algorithms,
system dynamics, and power system infrastructure into simulation models to ensure realistic results [38].

A comparative analysis of current and future trends also suggests various important focus points
for future research. Four main branches were identified: 1) Frequency Control, 2) Voltage Regulation, 3)
System Strength, and 4) Regulatory Framework [42]. For the frequency control branch, two fundamental
research questions need to be answered: can grid-forming converters achieve frequency regulation
in systems comprising grid-following and synchronous generators, and are there any limitations
regarding the share of grid-forming in power systems [42]? For voltage regulation, the increased share
of grid-forming and grid-following converters makes it crucial to understand how various distributed
voltage/reactive power control affects the overall voltage regulation of the system. Identifying the
optimal locations for different resources and the suitability of different voltage control systems is
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important [42].

For system strength, future research questions lie in the contribution of different grid-forming re-
sources to the system’s overall strength on large-scale integration. The effects of individual components,
such as virtual inertia and synthetic impedance, have not been fully explored for various systems, and it
is critical to ensure system stability and strength.

Furthermore, the regulatory framework requires research to demonstrate the key functionalities
of grid-forming converters, especially frequency and voltage regulation [42]. This involves research on
different systems and practical implementations, helping to establish technical standards and regulatory
frameworks to push the technological advancements of grid-forming converter technologies in a similar
converging technological development to maximize their potential [42].

Another recent study highlights various challenges grid-forming converters face and their respec-
tive prognosis for future developments and integration into future systems [44]. It emphasizes that
grid-forming converters are a relatively new technology, requiring extensive research and cooperation
between different vendors to achieve stability in future systems. An overall 9-step guideline is proposed
for future deployment, with certain time ranges to successfully integrate these resources into large-scale
power systems [44].

Four main research areas are highlighted. First, the deployment of grid-forming converters from
traditional microgrids to large-scale power systems. Grid-forming converters have shown promise in
microgrid integration, both small and large, such as in various Hawaiian islands with different islanded
microgrids. The report suggests that replacing synchronous machines with grid-forming converters has
a timeline between 10-30 years, requiring robust standards and extensive research. Current technological
findings regarding the operation of microgrids need to be extended to large-scale power systems with
increasing penetration and capacity rates [44].

Another critical aspect is the development of technical standards for grid-forming converters. The
unique behavior of the converters, such as their voltage source characteristics, tailored standards, and
grid codes, are critical to successfully integrating these resources and having a convergent idea of the
direction of research for the different grid-forming converter controllers [44].

Further, the report highlights the importance of accurate models and simulation tools for both
grid-forming converters and high levels of PEI generation testing. This is vital to better understanding
the intrinsic dynamics related to these resources and their impact on system stability during different
operational and system characteristics. Priority should be given to research on accurate models and
simulation tools for real-world scenarios [44].

While grid-forming converters show significant promise for power systems’ future stability and
reliability, ongoing research is essential to address their current limitations and optimize their perfor-
mance. This technology is still very fresh, and extensive research and development are necessary to
successfully integrate future systems with large-scale PEI-based generation. Multiple research questions
need to be answered, ranging from the impact of different integration levels of these resources to the
implementation of international standards. Collaboration among multiple vendors is crucial to making
grid-forming converters a practical solution for future power system stability. The evolution of these
technologies will play a crucial role in the transition towards more sustainable and resilient power
systems.

1.2.2. Simulation of Future Power Systems

The emergence of power electronics has profoundly transformed the operation and analysis of power
systems, influencing all facets of power system planning, modeling, and analysis, particularly in the
realm of simulations. Historically, power systems were analyzed using simplified mathematical models,
which evolved with the development of computers and simulation software, leading to more intricate
modeling and simulation capabilities [45]. Power system simulation models are broadly categorized
into static and dynamic models [46]. Among dynamic models, Root Mean Square (RMS) has been the



1.2. Literature Review 6

predominant method for analyzing classical power systems’ performance in planning and operational
phases [46]. RMS models were favored due to their ability to analyze synchronous generators’ physics
using simplified equations to model system dynamics [46]. However, with the fast-acting dynamics
introduced by power electronics, traditional RMS models sometimes fall short of accurately capturing
these new dynamics, necessitating updates to these models and stability assessments using Electromag-
netic Transient (EMT) simulations as areas of active research.

While RMS simulations primarily model the fundamental frequency components of voltage and
currents, focusing on the system'’s electromechanical transient behavior, EMT modeling utilizes instanta-
neous values to represent electromagnetic transients [47]. Historically, due to their high computational
complexity, EMT simulations were limited to small system sections and short durations. However, the
rapid dynamics induced by power electronics have elevated the role of EMT modeling in accurately rep-
resenting power systems, particularly during this transitional period with many unknowns concerning
stability phenomena [46]. The timeframe for EMT simulations, traditionally between 20 ms and 1 second,
has recently expanded to durations ranging from 0.5 to 60 seconds, necessitating smaller time steps to
capture all frequency phenomena and thus exponentially increasing computational complexity [48].
Despite this and current computational limitations, there remains a need for RMS modeling [46, 47, 49, 50].

Co-simulation emerges as a promising strategy to address the limitations of RMS modeling and
the computational demands of EMT modeling. This technique integrates EMT simulations, specifically
for power electronic components or sections, with conventional RMS modeling for the remaining parts
of the system. This hybrid approach effectively balances computational load while preserving the
critical frequency details in areas impacted by power electronics [49]. However, this method may
not fully capture the harmonic components introduced by power electronics throughout the system,
and its commercial usage is still limited due to availability and applicability challenges [49]. Despite
these challenges, ongoing research aims to advance co-simulation techniques to adapt to the evolving
system dynamics within current computational constraints [51, 52, 53]. Some software, like DigSilent
PowerFactory, supports hybrid approaches for co-simulation, utilizing region definitions for different
modeling complexities (EMT, balanced RMS, unbalanced RMS) and leveraging modern multicore
processing for detailed modeling within a single program [48]. It is crucial to note that while EMT
simulations offer a more detailed system analysis, they do not inherently guarantee accuracy. Validation
against real-world measurements is essential for confirming their representational accuracy [48].

As the landscape of EMT-RMS simulations continues to evolve, the quest to find the optimal bal-
ance between computational complexity and accuracy is ongoing. Both EMT and RMS simulations are
critical during this transitional phase, each playing a pivotal role in adapting to these emerging changes.
This situation signals a substantial shift in methodologies for power system simulations, set to unfold in
the upcoming years.

Challenges related to the influx of power electronics extend beyond simulation accuracy and speed
for transient phenomena, particularly in addressing the variability introduced by PEI generation units,
primarily in renewable energy sectors like solar and wind power. This generation style, dependent
on natural elements such as sunlight and wind, inherently has variability in its energy production
capabilities. As aresult, energy generation can fluctuate based on daily, hourly, or even minute-to-minute
changes in weather conditions, making forecasting a crucial component in the modern and future power
system as these generation units will play a major role [54].

This variability poses a significant challenge in synchronizing generation with load. While tradi-
tional systems benefited from well-established load patterns and the ability to modulate generation
capacities, the rise of variable energy sources coupled with evolving load patterns—driven by factors
like the integration of electric vehicles and localized energy generation—demands a more sophisticated
approach to forecasting. This has been identified as a challenge in the literature [50, 55, 56]. Such
complexities are already evident in systems heavily reliant on hydropower, like Norway, where seasonal
challenges occur, albeit on a smaller scale [57].

Historically, balancing generation with load was more straightforward, as load patterns were well-
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documented and generation could be adjusted almost at will. Exceptions include countries like Norway,
heavily reliant on hydropower, presenting seasonal challenges [57]. However, the shift towards more
variable generation sources and changing load patterns due to the influx of electrical devices and lower
hierarchy power generation alters the traditionally known load and demand system. This transformation
places significant emphasis on accurate forecasting, both for weather-related generation capabilities and
for anticipating changes in load demand [50, 55, 56].

Extensive research over the past two decades, especially with the rise of the wind power indus-
try, has addressed these challenges. Current models rely on historical data for long-term forecasting
and meteorological data for short-term projections [58, 59]. Operational methods, despite their efficacy,
have identifiable limitations: intrinsic model constraints, reliance on the quality of input data, data
confidentiality issues, and a lack of standardization [50, 59, 58]. These constraints limit the system’s
ability to provide services effectively and capitalize on renewable energy benefits.

To bridge this gap, emerging research is exploring the integration of machine learning, deep learning,
and Al with traditional forecasting methods [58, 59, 60, 61, 62, 63, 64, 65, 66]. These approaches utilize
advancements in computer science, pairing them with established and novel power system tools to
enhance forecasting models. Embracing these technologies could be strategic, considering the rapid
advancements in the computer science domain.

Forecasting has vast potential, with current developments in machine learning, Al, deep learning, and
other advanced technologies potentially playing a crucial role in achieving efficient system stability.
Cross-disciplinary collaboration and knowledge sharing are essential to maximize these technologies’
potential.

This variability from renewable sources affects power system planning and operation in several
ways. It adds complexity to system modeling, as generation units can no longer be relied upon to
provide full capacity whenever needed. Interconnections between regions with diverse weather patterns
and generation types are becoming increasingly vital, allowing for a more distributed generation pattern.
This approach can reduce reliance on individual weather cycles, exploiting a broader range of conditions
[67, 68]. Examples include Norway’s interconnections with neighbors to mitigate seasonal variations
and address supply-demand challenges for hydropower [69]. However, such interconnections also
introduce challenges like fluctuating energy prices due to dependencies on external factors [70]. Effective
utilization of interconnections requires improved communication and cooperation across borders and
companies, ensuring power system stability and enhancing simulation effectiveness [71].

Due to these variability concerns, simulation software that allows for both short-term and long-
term simulation planning is critical to better understand the intrinsic nature of these resources and to
analyze them with respect to multiple different time steps and forecasts. While this is not a necessity, a
major benefit is seen for software that can integrate multiple different aspects of power systems and
the changing simulation nature of these future systems. This allows for a better overall analysis and
makes the model better suited for future work. This applies to dynamic transient analysis, long-term
forecasting, and load flow analysis.

Similar to utilizing simulation software for different time horizons based on forecasting and operational
characteristics, it is also beneficial to use software that allows for both RMS and EMT simulation and/or
is capable of co-simulation procedures. This severely enhances the operational capabilities of the
simulations. By doing these steps, different power system representations in system modeling can be
utilized for multiple analyses, overall increasing their potential impact for research and further study.

It is also beneficial to use simulation software that produces or has available multiple templates
to allow for fast integration of different resources and to focus on simulation rather than the setup of
different resources.

The literature review for the grid-forming converters also calls for the necessity of large-scale system
representation in modeling software to allow for successful analysis and future integration of the differ-
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ent PEI generation resources and their controllers. By creating new large-scale system representation
simulation models, combined with generic templates utilizing software that tackles various analyses
and co-simulation possibilities, the first gap in identifying challenges related to these resources can
be addressed. Thus, while there are no specific current research gaps regarding the simulation of
future power systems, better and easier integration of future resources is necessary. Combined with the
possibilities of co-simulation, different time-scale simulations, and different models available, future
analysis can be more effectively conducted. This is a crucial part of converging future directions with
regard to future power systems and their intrinsic nature.

One of these resources, DigSilent PowerFactory, has been identified as a potential resource with
all these different capabilities and thus serves as the benchmark for the rest of this study.

In summary, the rise of power electronics in power systems influences simulations in various ways,
from altering the timescale of interest to transitioning towards co-simulation and EMT-RMS simulations.
It also elevates the need for advanced forecasting to mitigate the impacts of variability. This variability
introduces new challenges in system expansions, planning, and operation, all of which significantly
affect the simulation landscape. However, these challenges can be addressed by utilizing simulation
software with extensive short-term and long-term simulation potential, co-simulation capabilities,
and various analyses available. The future of power systems relies heavily on research, cross-domain
collaborations, and learning from ongoing changes, underscoring the critical role of adapting traditional
simulations and models to ensure stability and security in the evolving power landscape.
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1.3. Research Objective and Scope

The objective of this thesis project is to analyze the performance of the future Dutch power system using
a synthetic stability model, focusing on the fast-active power support of grid-forming converters.
To achieve the overall research objective, the following research questions are sequentially defined:

1. Under what operating conditions and disturbances can the stability of fast-active power balancing
be compromised in theoretical future power systems?

2. What are the implications of varying locations, structures, and parameterizations of grid-forming
converters on the fast-active power balancing in power systems?

3. How do theoretical projections of future inertia constants and kinetic energy levels impact the
fast-active power balancing stability of future systems?

To answer these questions, a three-stage approach is used to conduct the research:

1. Scenario Analysis: Future scenarios for the Dutch power system towards 2050 are identified and
analyzed by comparing various reports and studies. A baseline scenario is selected for integration
into the synthetic model for further analysis.

2. Model Enhancement: The theoretical Root Mean Square (RMS) synthetic model of the future 380
kV Dutch power system, created by [72], is updated to facilitate extensive future research. This
includes incorporating IEEE and CIGRE standard parameters, implementing dynamic models
representing future energy sources, and aligning the model with projections and investment plans
towards 2050, such as upgrading transmission lines, creating new substations, and distributing
new generation and flexibility resources.

3. Comprehensive Study: Using the enhanced model, a detailed study of the system and its
components is conducted. This involves analyzing different levels of generation and load, the
impacts of grid-forming converters, and varying future projections of kinetic energy and inertia.
These elements are tested under various system perturbations to perform a dynamic fast-active
power balancing stability assessment and sensitivity analysis based on frequency and eigenvalue
analysis.

The research aims to bridge the gap between theoretical developments and future trends in power
systems. By building and improving a large-scale synthetic model representation of the future Dutch
power system, this study enables various research efforts concerning the impact of grid-forming
converters. The analysis focuses on rotor angle and frequency stability. Analyzed through eigenvalue
and frequency analysis, emphasizing fast-active power balancing operations and system damping.
Ultimately, this project aims to enhance the understanding of future power electronics interfaced
(PEI) systems and their impact on system characteristics, contributing to scientific advancements in
international journals and conferences.
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1.4. Methodology Overview

First, the thesis work examines predictions regarding the structure of the future Dutch power system,
analyzing various scenarios based on national and international policy guidelines from key scenario
reports. These scenarios reveal substantial deviations between different predictions based on policies
and within similar predictions in different reports. Thus, future system development will heavily depend
on ongoing research and policy guidance, making these areas critical for future research. The analysis
focuses on key reports related to the future Dutch power system, highlighting structural differences
and deviations between scenarios, leading to selecting one scenario for further implementation and
investigation.

Next, a generic synthetic dynamic model in PowerFactory, developed in [72], was upgraded to
represent the Dutch power system in 2050. This involved implementing the selected scenario from the
analysis, integrating future investment plans, and enhancing the model with dynamic properties to
reflect future system characteristics. The model also implemented representations of the interconnected
Continental European power system, enabling large-scale system analysis for predictions of the future
Dutch power system and its interconnected characteristics. The Dutch power system is represented
using generic models and public information on future predictions. This allows the synthetic model to
be used for future research requiring different operational characteristics regarding generation share,
converter technologies, and interconnected inertia levels for large-scale systems to study the impact of
future systems on fast-acting power balancing.

Finally, the enhanced dynamic model was used to analyze critical topics related to future systems. This
included examining the impact of varying PEI generation shares on power production, evaluating
grid-forming converter technologies, and assessing the effects of inertia and kinetic energy levels on
dynamic stability. The analysis employed dynamic simulations evaluated by frequency and eigenvalue
analysis to assess the large-scale synthetic model representation of the future Dutch power system,
handled through PowerFactory combined with Python and Excel.

Following these steps, the goal is to bridge current gaps in understanding future power system
stability, providing a comprehensive scenario analysis, a synthetic dynamic power system model, and
insights into future challenges and solutions.
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1.5. Thesis Structure

The structure of the thesis project can be seen in Figure 1.1, with chapters and appendix abbreviated as
chp and app, respectively.

Introduction

Background

Literature review

Methodology Overview
Research Objective and Scope

Theoretical Framework

o Grid-forming integration
o Stability Assessment
o Software Integration

Methodology

e Thesis work structure
o Case Study framework

Scenario Analysis

o Analysis of different scenario framework
¢ Scenario estimations
o Scenario selection

Synthetic Model Development towards 2034

¢ Implementation of 10 year investment plans
o Infrastructure update

Synthetic Model Development towards 2050

Implementation of projections towards 2050
Infrastructure

Added dynamics

Load Flow Analysis

Contingency Analysis

Case Studies

Generation mix analysis

Inter-area damping of grid-forming converter
Grid-forming controller comparison
Grid-forming penetration analysis
Grid-forming controller parameter analysis
Future inertia level analysis

Research Question Discussion

Conclusion

e Scenario analysis
¢ Synthetic Model Updates
o Case Studies

Software Implementation and Guide

« DigSilent PowerFactory model integration
¢ Python codes usage
o Excel sheet importance

Figure 1.1: Processchart for structure and methodology of the thesis work.



Theoretical Framework

2.1. DigSilent PowerFactory

DigSilent PowerFactory was chosen as the preferred simulation software due to its high versatility and
user-friendly interface. This section details the usage and role of the program concerning power system
simulation, including key features, modeling techniques, dynamic simulation capabilities, data handling,
visualization, and relevant studies and resources necessary for a comprehensive understanding of the
program’s application to the current study.

2.1.1. Dynamic Models

This section explores the dynamic models in PowerFactory, which are essential tools for simulating
dynamic responses in power systems. These models facilitate the analysis of power system components
under various disturbances. The following subsections will detail the hierarchy of dynamic model imple-
mentation in PowerFactory and their setup to provide a comprehensive understanding of their utilization.

An overview of the dynamic model setup in PowerFactory is presented in Figure 2.1. The pri-
mary dynamic setup comprises built-in dynamic models and dynamic controllers. The built-in dynamic
models, native to PowerFactory, can be simulated across multiple domains, including load flow, RMS,
and EMT simulations. These models can be directly selected from the PowerFactory drawing menu
and include standard representations of synchronous generators, static generators, transformers, and
transmission lines. While these models possess dynamic properties, they do not include direct control
mechanisms.

Dynamic controllers, specified by the user, address this gap by providing control functionalities.
These controllers can be either external or internally interfaced representations. The ongoing develop-
ment and creation of new controllers reflect the continuous research in this field. The availability of
both external and internal controller implementations offers significant flexibility, allowing for diverse
studies and the adaptation of controllers to meet specific needs.

For this study, new internal dynamic controllers will be integrated into the system to enhance the
representation of system dynamics. These controllers were developed using the built-in DigSilent
Simulation Language (DSL) and applied to various resources such as synchronous and static generators,
flexibility resources, and load representations. The focus will particularly be on the implementation of
grid-forming controllers, as illustrated in section 2.2.

12



2.1. DigSilent PowerFactory 13

Built in Dynamic Models Dynamic Controllers

External Internal

Figure 2.1: Overview of Dynamic Model setup in DigSilent PowerFactory.

DigSilent Simulation Language (DSL) is a powerful tool, and understanding it allows for further
expansion of already made usable templates. This allows for fully controllable components in the
system, controlled using a combination of transfer functions and equations to achieve the desired
dynamic response to mimic real-life scenarios. The DSL language allows for flexibility in terms of
modeling power system components; it allows for customization from already-made templates or the
creation of independent ones. It also allows for interaction with other useful tools inside PowerFactory
and has a user-friendly interface that makes it fairly easy to understand. When analyzing the system’s
dynamic response, the DSL equations that describe the dynamics of the controls are combined with
the equations describing the dynamic behavior of the power system components, allowing for analysis
based on an integrated transient analysis [73].

The DSL models are structured using a hierarchy system based on four DSL components: Com-
posite Frame, Composite Model, Model Definition, and Common Model. How these four models are
interlinked is illustrated in Figure 2.2, with an overview and remarks of the individual model definitions
given in Table 2.1.

The core structural model is defined using composite frames and model definitions, serving as the
blueprint for each network element and connected device. This hierarchy is analogous to object-oriented
programming classes.

Composite models and common models are objects derived from the composite frame and model defi-
nition. The composite frame creates placeholders for the model definitions, describing how components
are connected, while the model definition specifies the functionality of each component.

Consider two synchronous machines in a network, each with auxiliary control components such
as Automatic Voltage Regulators (AVR), Power System Stabilizers (PSS), and governors. In both systems,
these components are connected to the synchronous generator similarly. This connection methodology
is defined in the composite frame, which is located in the user-defined models section of the project
library.

The AVR, PSS, and governor systems have schematics defining their behavior. These behaviors are
specified using model definitions, which are stored separately in the user-defined models section of the
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project library, similar to composite frames.

Each machine can have different parameter values. For example, one generator might react slower
but more significantly to a disturbance. To implement this, a common model is created from the
model definition. The properties of the common model are defined by adding different parameters and
coefficients to each auxiliary component. The common models are located in the network data folder
under the network model.

As with the model definition and common model, a composite model is required for each ma-
chine. This allows each machine’s separate common model instances to be connected and different
parameters to be defined for each machine. Here, the network element and the synchronous machine
are also implemented. The composite models are also located in the network data folder under the
network model.

This hierarchical approach ensures a structured and detailed representation of the power system,
facilitating accurate simulations and analyses.

................................................................

Network Element

\ 4

Composite Model »  Common Model
Network Data
Y Y
Composite Frame Model Definition Library

Figure 2.2: DSL model hierarchy.
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Table 2.1: Overview and remarks on DSL components [73]

Component Remarks

Composite Frame | —Composite Frame is a structure that contains slots for components
(the generator, exciter, governor, PSS, etc.)

— Only one per network element (e.g., synchronous generator)
type

— Located inside the User Defined Models folder in the Library.
Composite Model | — Object derived from the Composite Frame

— Common Model objects are contained inside this Composite
Model object.

— One Composite Model per network element instance (one for
each synchronous generator)

— Located inside the Network Data folder (Grid).

Model Definition | — Contains the component’s model by transfer function blocks
(describing its functionality).

— Only one per different component (AVR, PSS, and governor)

— Located inside the User Defined Models folder in the Library.
Common Model | - Object derived from the Model Definition

— Common Model object contains the parameter values of each
network element instance (e.g., gain and time constant of transfer
function).

— One per component of each network element instance (AVR of
gen 1, AVR of gen 2, PSS of gen 1, etc.)

—Located inside Network Data Folder (inside respective Composite
Model).

Dynamic models can be created or modified using DSL to achieve the desired dynamic response. For
further details, refer to the following literature [73, 74].

2.1.2. Dynamic Simulation

Simulations must be conducted to effectively analyze system response to dynamic disturbances and
respective power system characteristics. Various simulation options are available for power system
analysis, but RMS and EMT simulations are preferred for power system dynamics. This section will
focus on RMS simulations.

RMS simulations model the fundamental frequency components of voltage and currents, empha-
sizing electro-mechanical transient behavior [47]. The RMS simulation function in PowerFactory
supports both balanced and unbalanced system conditions and is suitable for simulating both small and
large power systems [73]. These simulations operate within a time frame of milliseconds to seconds,
representing network elements using algebraic equations [73].

To simulate dynamic responses properly, a hierarchical process is followed. The first step involves
executing a load flow calculation based on the system’s steady-state operational characteristics. This step
ensures that the system operates under normal conditions with the given characteristics and includes
selecting the type of load flow calculation for initial conditions, the type of simulation (RMS/EMT), the
step size, the solver selection, and other specific simulation characteristics.

The next step involves defining the variables. During dynamic simulations, multiple variables change
over time, including voltages, currents, power values, and other signals of interest across the system, such
as controller signals and other parameters. These variables are selected before proceeding to the next step.

Event definition follows, involving selecting and defining events relevant to the dynamic analy-
sis. These events can include outages, short circuits, and load events. Each event’s performance can be
adjusted through various parameters, such as the time of occurrence and duration. Multiple events can
occur simultaneously or at different stages in the simulation, allowing for comprehensive control over
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the analysis.

After completing the event definition, the simulation setup is finalized, and the simulation can
be executed. The simulation begins, and the disturbances occur at the defined times. The overall
simulation extends according to the set simulation window. Post-simulation, the desired plots are
selected. PowerFactory offers multiple plot types, including single or multiple curve plots and vector
plots.

The final steps involve processing the plots and analyzing the results. PowerFactory’s internal plotting
function generates plots that can be directly processed as PNG/SVG images. Alternatively, result
variables can be exported as CSV files for use in other programs, such as Python, for different plotting
structures.

After the dynamic simulation, a modal/eigenvalue analysis in PowerFactory is also possible. This
analysis enables the examination of system modes and their respective dampings, speeds, and other
characteristics. This analysis facilitates the creation of plots highlighting the different modes of par-
ticipation. This integrated approach between dynamic simulations and modal/eigenvalue analysis
enhances the overall simulation process.

A flowchart of the aforementioned process is illustrated in Figure 2.3.

Start of Simulation
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Information

[ Model

\ 4

Load Flow b
Calculations . Plots and Results
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[ Initial Conditions }

Y

{Variables Definition J
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Figure 2.3: Flowchart of dynamic simulation process in PowerFactory [73].
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PowerFactory offers extensive parameter customization based on simulation scenarios and desired inputs
and outputs. Its user-friendly visual interface facilitates quick learning and a thorough understanding
of its features.

2.1.3. Scripting

Another key feature of PowerFactory is scripting, which allows the automation of tasks to enhance the
efficiency and accuracy of simulations. Scripting provides access to internal software functionalities,
further improving controllability and accessibility. Although PowerFactory’s interface is intuitive and
easy to use, managing larger systems and running multiple scenarios can be time-consuming and prone
to errors. Scripting mitigates this human element.

PowerFactory supports scripting in two ways: using the DIgSILENT Programming Language (DSL) or
Python scripting. This section will focus on Python scripting, which will be utilized further. Python can
be used in two ways: either through an internal Python object (ComPython) within PowerFactory, where
the script can be written directly, or by using an external Python editor and linking it to the internal
Python object. The latter option is preferable for larger Python scripts. This integration leverages
Python’s powerful features, enabling full external control of PowerFactory and enhancing its efficiency.

Utilizing Python scripts in combination with PowerFactory significantly increases the efficiency of
various studies and automates numerous tasks, including simulation tasks, resource integration, param-
eter adjustments, and result processing. A simple flowchart illustrating the PowerFactory and Python
integration is presented in Figure 2.4.

(D

Python ComPython
Libraries B i
Integration ython Execute

\,@J

Figure 2.4: Flowchart of PowerFactory and Python integration.
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2.2. Grid-forming Converters Implementation in PowerFactory

This section discusses the implementation of three different grid-forming converters—the Virtual
Synchronous Machine (VSM), Synchroverter, and Droop Controller. The main equations supporting
each controller are examined, along with an overview of the control blocks and key parameters. All
models are available through DigSilent PowerFactory’s library, as detailed in [75].

2.2.1. Virtual Synchronous Machine (VSM)

First, the implementation of the VSM controller is discussed. The converter frame represented as a
composite model in DigSilent PowerFactory can be seen in Figure A.1. The model consists of current
and voltage measurements, virtual impedance, voltage controller, output voltage calculations, and a
slot for the converter operation. Here, the active and reactive power are calculated using the following
equations:

Pmea = UT - it + Ui - ii (2.1)

Jmea = Ui - it —Ur - ii (2.2)

Here, the active and reactive power is found using components of the measured real and imaginary
voltage and currents (ur, ui) and (ir, ui), respectively. Active power is further used for this model.
The overview of the grid-forming control block as a DSL model is given in Figure A.2. The DSL model
of the grid-forming control block is the block that primarily makes the converter operate as a VSM. The
highlighted red area is the part that mimics the swing equation and makes the VSM act as a synchronous
generator. This block is shown in Figure 2.5. Here, Pmeasurement is the same as pmea in Equation 2.1. This
block emulates the swing equation by forming the following equation:

Tisw = (Psetpoint — Preasurement) — Dp(a)lpf — Wref) (2.3)

Two important parameters and the main drivers behind the inertia emulation are the acceleration
time constant T, and the damping coefficient D). Here, the acceleration time constant acts similarly to
the inertia time constant, and the damping coefficient mimics the inherent damping of synchronous
machines, effectively replicating the swing equation. These two parameters are critical. Note, the T
seen in Figure A.2 is not the torque as seen in the Synchroverter but rather the initialization of the
acceleration time constant T;. The rotating speed of the VSM is given by w;,s with the frequency
set point transformed to speed as w,.f. Another important note is that the damping term is passed
through a low-pass filter, seen as the w, in the block diagram. This allows for damping during transient
conditions while eliminating it for steady-state operation. If steady-state damping is wanted, w. must
be changed to zero.
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Figure 2.5: Frequency control loop of the VSM controller, representing the swing equation [76].

The model also contains a voltage controller, acting as a proportionate voltage controller, and the DSL
frame can be seen in Figure A.3. Proportionate controllers give an output that is proportionate to
the error; they respond to the error [77]. Here, K is the controller gain, and T, is the measurement
filter time constant. The voltage error du is found using the reference voltages u,cf and diyef and the
terminal voltage u. This error is multiplied by the controller gain. After this, the limits of the signals are
determined before the output voltage is given and used in subsequent controls.

Notably, the VSM uses power to mimic the swing equation. Therefore, an extra power calcula-
tion block is also implemented based on the measured current and voltage profiles. The other blocks
in the control system are general control blocks and will not be covered here; however, the virtual
impedance and its characteristics are explained in subsection 2.2.4.

2.2.2. Synchroverter

The model of the Synchroverter represented as a composite model can be seen in Figure A.4. The
structure here is similar to that of the VSM, with the measurement slots, virtual impedance, output
voltage calculations, and the slot for the converter being similar. Additionally, the Synchroverter contains
a current conversion slot that converts the measured current into magnitude and angle for further
usage. The model does not contain a voltage control slot, which is integrated into the Synchroverter block.

As a DSL model, the internal Synchroverter grid-forming control block is given in Figure A.5. Here,
the red part highlights the frequency loop, and the blue part highlights the voltage loop. This is more
detailed in Figure 2.6. The frequency control loop is derived from Equation 2.4 and utilized in the
control system as Equation 2.5. Here, AT represents a change in torque, while Aw represents a change in
mechanical speed. Thus, this equation represents a change in torque warranting a change in mechanical
speed and vice versa.

AT

D,=—-——
p Aw

(2.4)

Tasw = (Tsetpoint = Telectrical) = Dp(a)lpf — Wref) (2.5)
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Notably, the equation has parameters similar to those of the VSM. The difference comes from the
Synchroverter utilizing torques (Tsetpoint, Tetectrica) instead of powers for the VSM. This is done internally
in the Synchroverter control frame, using three equations in the block labeled "Zhong synchroverter eqn
7-8-9". These three equations are the following:

te = Mf_if - iaps - SIN(O — 6;) (2.6)
Umagnitude = @ * Mf_lf (2.7)
Je = —Umagnitude * Labs * cos(6 — 6;) (2.8)

Here, the three different equations calculate the torque t,, the voltage magnitude uyagnitude, and the
reactive power g,. Further, M f_if represents the simplified excitation current, 6 represents the rotor
angle, w the speed, and i, the absolute value of the measured current found through the current
conversion block.

0; is found using the following equation:

(2.9)

0; = arctan (M)

cos(6;)

These three equations allow for the three outputs t,, marked as Tejectrical in the frequency loop, #magnitude
the output voltage magnitude in the output voltage calculations, and g, marked as Qejectrical in the
voltage control loop.

The voltage control loop, highlighted in blue in Figure 2.6, has a similar structure to the frequency
loop. This structure is based on Equation 2.10 and is implemented as seen in Equation 2.11. Here,
AQ represents a change in reactive power, while AV represents a change in voltage, describing the
relationship between changes in reactive power and corresponding changes in voltage.

AQ
D, =——-— 2.1
AV (2.10)
Kq=D q(usetpoint — Umeasurement) + (Qsetpoint = Qelectrical) (2.11)

Here, K, represents the voltage control gain, dependent on the damping coefficient D, the set and
measured voltages (Usetpoint, Umeasurement) and the set and measured reactive powers (Qsetpoint and

Qelectrical) .

Thus, four parameters are of main interest when determining the control function of the Synchroverter:
the acceleration time constant T;, the damping coefficient D), the voltage control gain K, and the
reactive power droop coefficient D,;. The acceleration time constant acts similarly to the same parameter
for the VSM, functioning as the inertia constant in traditional synchronous machines. The voltage
control gain acts similarly to the proportional voltage controller gain in the VSM, scaling the controller’s
response to voltage and reactive power loop deviations. The damping coefficient functions like the
damping coefficient in the VSM, and the reactive power droop coefficient determines the amount of
reactive power in response to a voltage deviation.
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Figure 2.6: Frequency (top) and voltage (bottom) control loops for the Synchroverter controller [76].

The Synchroverter also contains a virtual impedance block, explained in subsection 2.2.4.

2.2.3. Droop Control

The model of the Droop controller represented as a composite model can be seen in Figure A.6. The
structure is identical to the VSM; however, no voltage controller is specified in the voltage control block,
as this is handled through the internal droop control similar to the Synchroverter.

The internal droop-control block as a dsl frame is illustrated in Figure A.7, highlighting the ac-
tive power loop in red and the voltage loop in blue. This is further detailed in Figure 2.7.

The equation utilized for the active power-frequency control is given as:

Aw = m,AP 2.12)

Representing the change in speed Aw, with the active power droop coefficient mp and the active power
change AP. This translates into the control system as:

a)gen = wref - mp(Psetpoint - Pmeasurement) (213)
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Here, the speed is split into the Droop controller and reference speed (wgen, wref), and the active power
is split into the setpoint and measured (Psetpoint, Pmeasurement)-

For the reactive power-voltage control, the equation is:

AV =mqgAQ (2.14)

Representing the voltage change AV, the reactive power droop coefficient 14, and the change in reactive
power AQ.
Translating to:

U = Uref — mq(Qsetpoint — Qmeasured) (2.15)

Here, similar to the active power-frequency control, the voltage is split into measured and referenced (u,
Uref), and the reactive power is split into setpoint and measured (Qsetpoint, Qmeasurement)-

This relationship leverages the close correlation between active power and frequency and between
reactive power and voltage. The Droop controller also utilizes a low-pass filter to operate only in the
transient state rather than the steady state.

The active power droop coefficient mp and the reactive power droop coefficient mq are the key
variables in the controller control. These coefficients control the amount of active and reactive power
output as a function of the change in frequency and voltage, respectively. Notably, wyef is equivalent to
Fsetpoint, as all units are in per unit.
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Figure 2.7: Frequency (top) and voltage (bottom) control loops for the Droop controller [76].

The Droop controller also implements a virtual impedance, which will be discussed in subsection 2.2.4.

2.2.4. Virtual Impedance

The virtual impedance block is combined with the grid-forming converters to improve damping and
allow current limitation in the event of a short circuit [75]. This utilizes the three outputs of the current
measurement: i, (the real part), i; (the imaginary part), and 7 (the magnitude of the current). Within the
block, a voltage drop is calculated that is given as the output and added to the output voltage control
calculation outlined in subsection 2.2.5.

The voltage drop over the virtual impedance is found using the following equations:

A7/"01',7 = rviivi,r - xviivi,i (2~16)

Ay i = Toilyi,i + Xoiloir (2.17)
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Here, r,; and x,; represent the resistance and reactance of the virtual impedance, respectively, and i,;
represents the current supplied by the converter, found using the aforementioned current measurements.
The virtual impedance can be controlled in two ways: either as a constant or a proportional over-current
factor. In the proportional over-current mode, the virtual impedance changes during transient stages
to help with current protection during these stages. This is done by adjusting the virtual impedance
according to a proportion of the low-pass filtered current absolute value i,; when a certain ij;,,, threshold
is exceeded [75]. Meanwhile, the constant control mode has a constant virtual impedance during
transient events and thus can result in currents that can damage the controller. The low-pass filter allows
the control system to act only during transient events, not in a steady state. The low-pass filter current
uses the original current magnitude i. The controller mode operation for the proportional over-current
mode can be seen in the following equation:

(2.18)

D LETR L if [ivi| < ilim
vl — . . . . .
(kprroi + jkpxxoi)(|ivil = ftim) + Toi + jX0i, otherwise

Here, the factors k,, and k,, are defined as proportional factors of the virtual resistance and reactance,
respectively. This allows the voltage drop to be calculated according to Equation 2.16 and Equation 2.17
to be further used in the output voltage control. The parameters of interest in the virtual impedance are:

r: Virtual resistance

x: Virtual reactance

i_lim: Over-current threshold

kpr: Proportional factor for additional resistance
kpx: Proportional factor for additional reactance
T_lpf: Time constant of low-pass filter

2.2.5. Output Voltage Control

The Output Voltage Control block is the last block of interest in the control schemes. Here, the
grid-forming controller’s voltage and the virtual impedance’s voltage drop are utilized to calculate
the final output voltage of the converter [75]. A current limitation, similar to the virtual impedance, is
added to this block and can be enabled or disabled as needed.

First, the real and imaginary parts from the magnitude and angle of the calculated voltage of the
individual block are calculated, and the drop over the virtual impedance is subtracted using the
following equations:

Ur_unitd = Umag * COS(”G) — Upi_r (2.19)
Ui unitd = Umag * sin(ug) — tyi_i (2.20)
These are marked as unlimited as there has been no voltage restriction yet.

Next, the voltage drop over the series reactance over the series converter impedance is calculated using
the following equations:

Uyr_drop_unitd = Ur_unltd — Ur_terminal (2.21)

Ui drop_unitd = Wi_unltd — Ui_terminal (2~22)

After this, the voltage drop is found when the current limitation is enabled. The maximum absolute
value of the voltage drop is found utilizing the converter series impedance zgeries and the maximum
converter current icop lim using the following equation:

Udrop,itd = |Zseries I Z.(:on,lim (2~23)

Then, the real and imaginary voltage drops can be found using the following equations:
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Uy _drop_ltd = Udrop,itd * COS(QudMP) (2.24)

Ui drop_ltd = Udrop,itd * Sin(eudmp) (2.25)

After this, the limited voltages can be found using the following equations:

Uy Itd = Ur_terminal + Ur_drop_Itd (2.26)

Ui jtd = Ui_terminal T Ui_drop_itd (2‘27)

Then, the output converter voltages can be computed using the following equations:

’ if Mode =1

u, = Uyr_itd 1 ode (2.28)
Ur ynitd, if Mode =0
i if Mode =1

u; = Ui Itd, 1 ode (2.29)
Wi ynitd, if Mode =0

Here, mode 1 indicates an enabled current limitation, while mode 0 indicates a disabled limitation.

Thus, the converter’s final output voltages can be found using internal computation in the output voltage
controller block, and an additional measure of current limitation is utilized as well.

2.3. Power System Stability

Power system stability can be generally described as the ability of a power system to maintain operational
equilibrium under normal conditions and to return to an acceptable state of equilibrium following a
disturbance [78]. The definition of power system stability has evolved from a three-branch format to a
five-branch format, shown in Figure 2.8, reflecting the increasing penetration of power electronics and
changing power systems. Consequently, stability in power systems must be reconsidered for current
and future systems to account for these new factors.

Traditionally, the dynamic performance of synchronous generators, their controls, and the dynamic
performance of the loads primarily determined the dynamic performance of power systems [79].
Stability issues were typically related to slow electromechanical phenomena, while fast transients related
to the network and other fast-response devices were often disregarded because they decayed rapidly
[78, 80]. However, the increasing penetration of power electronics in power systems has altered these
dynamic properties. With significant penetration of PEI generation, loads, and transmission devices, the
dynamic responses of power systems have become more dependent on complex fast-response power
electronic devices, thereby altering the dynamic behavior [79].

Power electronics exhibit a very quick dynamic range from a few microseconds to multiple mil-
liseconds, accounting for both wave and electromagnetic phenomena. As power electronics increasingly
penetrate various areas of power systems, the overall dynamic characteristic will shift from slower to
faster dynamics, necessitating a change in how stability is addressed.

This section will discuss the two main stability classifications relevant to this thesis: small-signal
rotor angle stability and short-term frequency stability, highlighted in green in Figure 2.8. The different
concepts will be briefly explained, followed by a discussion of how the paradigm shift impacts these
stability criteria and how they are analyzed using different metrics and operations.
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Figure 2.8: Stability Classification Overview.

2.3.1. Rotor Angle Stability

Rotor angle stability is defined as the ability of interconnected synchronous machines in a power
system to maintain synchronism [78]. This stability is crucial both during normal operation and after
a disturbance. In an interconnected system, all connected machines’ stator voltages and currents
must operate at the same frequency, and the rotor mechanical speed must be synchronized to this
frequency [78]. This synchronization implies that all rotors of interconnected machines must remain
in synchronism. Achieving this requires the electromagnetic torque to be equal and opposite to the
mechanical torque delivered by the prime mover [79]. Therefore, the overall stability depends on the
ability of different machines to maintain or restore this torque relationship [79].

Rotor angle stability is divided into small-signal (small-disturbance) stability and transient stabil-
ity [78]. This discussion focuses on small-signal stability, which refers to the power system’s ability
to maintain synchronism under small disturbances [78]. These disturbances occur continuously in
the system and include events such as small load and/or generation variations. The disturbance is
considered small if it is possible to linearize the system equation for analysis [78]. Two parameters can
lead to small-disturbance instability: a steady increase in rotor angle due to insufficient synchronizing
torque or rotor oscillations of increasing amplitude due to a lack of sufficient damping torque [78].
The system’s ability to respond to disturbances depends on multiple factors of the pre-fault system,
including the generators’ loading, the transmission system’s strength, and the generators” excitation
system [78]. The damping torques of the system will be further analyzed and studied here.

The primary cause of instability in traditional systems is identified as a lack of damping torque
[80]. Small-signal stability is often analyzed based on the system response to a disturbance, with a load
increase typically used to represent the disturbance for analysis. More details regarding the different
disturbances can be found in section 2.4. Disturbances in the power system result in various oscillatory
behaviors between different resources, significantly affecting system stability. These oscillatory behaviors
are often classified as system modes, which can have a large impact dependent on the speed and damping.

These modes can broadly be defined as local-area modes and inter-area modes [81]. Local-area
modes are associated with one synchronous generator or a small group of generators swinging against
the rest of the power system, while inter-area modes involve a part of the power system swinging against
other parts [78, 81]. A general classification of the different frequency ranges for these modes is shown
in Table 2.2.

The stability of local-area modes depends on the strength of the transmission system as perceived
by the power plant, the excitation control systems of the generator, and the plant output [78, 80]. In
contrast, the characteristics of inter-area modes are significantly different and highly complex, with load
characteristics having a major effect on the stability of these modes, highlighting the intrinsic nature of
the different modes [78, 80]. Small-signal studies typically consider a time frame of interest of 10-20
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seconds following a disturbance [80].

Table 2.2: Overview of different oscillation modes and their frequency ranges [82]

Mode Frequency Range | Description

Inter-area (low) 0.1-03Hz Very low-frequency oscillations involving all
generators in the system.

Inter-area (high) 0.4-0.7Hz Oscillations where sub-groups of generators
swing against each other.

Intra-area 04-1Hz Oscillations between groups of generators
within a single area of the power system.

Local 0.7-2Hz Oscillations of a single generator or power
plant against the rest of the power system.

Intra-plant 1.5-3Hz Oscillations between generation units within
a multi-unit power station.

High-frequency oscillations 2.5-97.5Hz Oscillations induced by power electronics such
as VSC-HVDC, particularly in large-scale wind
power plants.

The analysis of system modes is often represented using a complex conjugate pair of eigenvalues [79].
The eigenvalues can be classified as shown in Figure 2.9. The x-axis represents the real part of the
eigenvalue, correlating to the damping, while the y-axis represents the imaginary part correlating to the
speed. Generally, if the eigenvalues are in the left-hand plane, the system is considered stable; if they
are in the right-hand plane, the system is considered unstable.

The eigenvalue findings are often analyzed using a damping ratio (C), which indicates the damp-
ing levels (o) with respect to the oscillatory speed (), representing how well the different modes are
damped. This is calculated using Equation 2.30.
-0
(= — (2.30)
Vo? + w?

Thus, if the eigenvalues are to the right of this line, they are classified as stable but not sufficiently
damped for the system and thus are identified as poorly damped.

Traditionally, specific criteria have not been applied to damping ratios. However, a damping ra-
tio of 3 % is mentioned as a stability limit indicating insufficient damping, while at least 5 % damping
is considered acceptable [83, 84]. Studies, such as those for the Nordic transmission system, have
confirmed this, identifying a security criterion of a 3 % damping ratio, while 3-5 % was found to be
adequate damping [84, 85].
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Figure 2.9: Eigenvalue analysis classification.

Due to PowerFactory’s extensive library, these different modes and damping ratios can be found directly
using the integrated modal analysis. These values can be extracted as CSV files for improved plotting
and integration with other resources, such as Python.

While rotor angle stability primarily focuses on synchronous machines and their characteristics,
the penetration of power electronics and the displacement of synchronous generators can influence this
stability. The updated stability criteria found in [79] highlight four points for small-signal stability:

1. Changed power flows in major tie-lines: The change in the overall generation and load structure
of modern systems can alter the power flow in traditional major tie-lines, impacting the damping
of inter-area modes and transient stability margins [86, 87].

2. Displacement of large synchronous generators: This can affect the mode shape, modal frequency,
and damping of different modes associated with rotor oscillations [86].

3. Damping torque effect on nearby synchronous generators: This effect is similar to how FACTS
devices influence damping [88, 89].

4. Displacement of synchronous machines with crucial power system stabilizers.

However, there is potential for power electronic devices to help alleviate power oscillations in the future,
similar to the concept of power oscillation dampers on FACTS devices [79, 88, 89].

Overall, while traditional factors influencing rotor angle stability related to synchronous machines are
well-researched and understood, the changing power system characteristics due to the penetration of
power electronics can significantly influence and complicate this stability. Although significant research
has been conducted on these issues, more work is needed to fully understand and prepare for the
upcoming challenges that power system planners and operators face.

2.3.2. Frequency Stability

The next aspect of power system stability is frequency stability. Frequency stability refers to the power
system’s ability to maintain a stable frequency after a significant disturbance that causes a substantial
imbalance between generation and load [80]. This depends upon the system’s ability to maintain or
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restore equilibrium between load and generation in the system, resulting in minimum loss of load [80].
Sustained frequency swings eventually leading to tripping of generation and/or loads is one of the
possible results of instability [80].

Frequency stability is usually defined in terms of maximum acceptable deviation, often referred
to as the frequency nadir indicating the lowest or highest frequency value, and the speed at which
the frequency changes, also called the rate of change of frequency (ROCOF) [90]. An example of
the frequency nadir/maximum allowed deviation is seen in Table 2.3, by the European Network of
Transmission System Operators (TSO) for Electricity (ENTSOE) [91]. Here, it can be seen that a given
frequency range is assigned a certain time period for operation. This means that for frequencies within
that range, the components should be able to withstand the frequency for the specified period. So, for
a range of 1 Hz deviation from 50 Hz, it should be connected indefinitely, but for other ranges, the
time periods will vary. These are the set frequency deviations and their corresponding operating times.
Some are set on a continental basis, such as continental Europe, while some of the frequency ranges will
depend upon individual TSOs.

Table 2.3: Frequency ranges and time periods for operation in Continental Europe [91]

Synchronous Area | Frequency Range | Time period for operation

47.5Hz-48.5Hz | To be defined by each TSO while respecting
the provisions of Article 4(3), but not less than
30 minutes

Continental Europe | 48.5 Hz -49.0 Hz | To be defined by each TSO while respecting
the provisions of Article 4(3), but not less than
the period for 47.5 Hz — 48.5 Hz

49.0 Hz-51.0 Hz | Unlimited

51.0 Hz-51.5 Hz | 30 minutes

The ROCOF is calculated by taking the derivative of the frequency (frequency change (Af) to the time
change (At) during an event, as shown in Equation 2.31.
Af

ROCOF = Af (2.31)
This is usually calculated over a set time period. Typically set to a time period of 500 ms to avoid
noise and more local oscillations impacting the overall ROCOF for the system [92, 93]. However, recent
research has suggested that a smaller time window could be beneficial to better capture the overall
dynamics associated with future power systems and the associated ROCOF for lower inertia systems
[94]. Still, ENTSO-E guidelines suggest that a maximum allowed 1 Hz/s ROCOF should be permitted
with a 500 ms sampling rate because of the limitations in current equipment [90, 95]. It is also expected
that future systems need to withstand a ROCOF of up to 2 Hz/s [96], while much of standard technology
can only cope with a ROCOF up to 1 Hz/s [97]. As for the maximum allowed frequency deviation, this
is typically defined by the time period, with the first requirement set at 49 Hz for a two-second time
period, as seen in Table 2.3 [98].

In order to analyze the frequency performance of the system during different operational charac-
teristics, different perturbations are implemented into the system. Here, the frequency response will be
analyzed for four different events: a load increase and decrease, an outage event, and a short circuit. For
more information regarding the specific events, refer to section 2.4.

The frequency analysis utilizes the PowerFactory library to use the different plotting functions and
extract plots as CSV files. This allows for external plotting, which is done using Python to better adapt
the plotting of the various results.

An example from plotting in Python can be seen in Figure 2.10. Here, two different signals can
be seen, with different frequency nadir and ROCOFs marked on the diagram. The ROCOF has a similar
starting value for both signals, but when the next measure point occurs after a given time, there is
a different resulting value. This indicates a different rate of change for the signal, highlighting the
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better ROCOF of the blue (dashed) signal. Similarly, there are different levels for the frequency nadir,
with the blue (dashed) signal again showing the overall better performance, with a lower allowed
deviation from the original 50 Hz value. This is a simple strategy to identify the different signals’
patterns and characteristics in relation to the ratings of the two indexes. Frequency nadir and maximum
allowed frequency deviation are often used for the same purpose, indicating a similar performance index.

The oscillatory behavior of the two different signals indicates different damping levels in the sys-
tem. For example, the red (solid) line has a worse initial system performance but a better settling
with quicker, smaller oscillations. When analyzing the signal’s frequency response, different damping
characteristics are evident. Thus, the frequency stability, rotor angle small signal stability, and damping
characteristics are closely interlinked and can be combined to better understand the system’s different
parameter characteristics.
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Deviation ROCOE
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Figure 2.10: Frequency response with different damping characteristics and calculation parameters.

Frequency stability was part of the original three-step stability classification before integrating power
electronics, and the definition of frequency stability has not changed [79]. However, frequency stability
itself is impacted by the penetration of power electronics. Inertia plays a pivotal part in the frequency
response of power systems and results from kinetic energy in large synchronous generators. Thus, as
these generation units are replaced by power-electronic interfaced generation, the total inertia in the
system will decrease [99]. This causes a problem as the "first line of defense" in combating frequency
deviation is severely altered, making the system more susceptible to frequency issues. The lack of
inertia causes frequency changes to occur faster, increasing the likelihood of instabilities [79]. However,
since the limiting factors in providing frequency response in PEI generation primarily come from the
response time of electronics and electrical equipment instead of mechanical systems like traditional
synchronous generation, the primary frequency response can be quicker if adequate controller tuning is
applied [79, 81]. Highlighting the importance of proper controller tuning. Research has shown promise
in adequate frequency response control using PEI generation [99, 100, 101, 102]. Some suggestions have
been made to minimize the reduction in inertia through a de-commitment and re-dispatch structure that
leads to more spinning generation reserve to combat these challenges, as seen in the Western Wind and
Solar Integration study [103]. However, further studies are necessary to ensure the reliable operation
of future power systems, especially as further improvements are made to power electronics and their
surrounding control strategies [79, 81].

Frequency stability is one of the most vital parts of power system operation. It is one of the main
characteristics of power systems and their operation, and a deviation outside allowed values can result
in cascading effects, damaging components, and risking large-scale system blackouts. Additionally,
the frequency is highly impacted by the paradigm shift for future power systems, which highlights the
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importance of proper analysis for future systems to better understand the future of frequency stability.

2.4. Perturbations

Different perturbations are often introduced into dynamic studies of power systems to analyze their
impacts on system stability and operation. These perturbations result in different characteristics
impacting frequency and rotor angle stability analysis, forming the basis for future studies in these
areas.

The different perturbations will be briefly described before explaining their specific characteristics and
utilization through PowerFactory. Different perturbations are implemented for further analysis: a load
increase for rotor angle analysis and a load increase and decrease, short-circuit, and outage event for
frequency stability.

Short-circuit Event: Short-circuits can occur in various combinations, such as phase-phase, phase-
ground, or phase-phase-ground faults, each with distinct characteristics and impacts. According to
IEC 60909-0, a short-circuit is an accidental or intentional connection between conductors through
low resistance or impedance [104]. These faults can be caused by high temperatures, overvoltages,
arcing due to moisture, or external factors like storms. They result in large currents that can interrupt
power supply, damage components, and stress equipment. The severity of a short circuit depends on
factors such as fault location, system topology, generator strength, and grounding setup. Analyzing
different short circuits under various conditions is crucial for accurate results. With the increase of
power electronics in power systems, the short-circuit capacity is typically reduced, impacting protection
systems and requiring further investigation into dynamic responses.

In PowerFactory, the short circuit is modeled as occurring at the tie line between the 380 kV and
150 kV areas. It occurs at one of the tie lines and lasts 0.1 seconds before being cleared. This short circuit
occurs at the midpoint between the different voltage levels and is represented as a three-phase fault.

Load Event: Compared to short-circuit events, load events involve smaller changes due to natural
cycles and varying customer demands. These can be characterized using linearization techniques and
are classified as small-transient or small-signal when analyzing rotor angle stability. Load events are
typically measured in percentage points and can involve both increases and decreases. Factors such
as total load increase, location, system loading, and topology influence these events. Traditionally,
load changes have been predictable, but the rise of renewables and variable loads has made operating
conditions more dynamic and impactful. Therefore, analyzing load events under different conditions is
important to assess system resiliency.

The impact of power electronics has made load events more unpredictable. Historically, load patterns
were well understood, but traditional patterns are changing with the shift to power electronic interfaced
loads and increased consumer-based generation like solar PV. This transition requires updated analysis
and dynamic simulations to maintain the load-generation equilibrium.

For this analysis, both a load increase and decrease are implemented as perturbations. A load
increase of 5.6 GW and a load decrease of 10 GW are introduced and occur in one step, spread across the
loads in the system. This is distributed across all load centers represented in the system, scaled based
on their respective individual scaling. PowerFactory allows for direct control of the size and duration of
these perturbations.

Outage Event: Outage events involve the failure of system components such as transmission lines,
cables, generators, and transformers, leading to changes in topology, generation capacity, or transmission
capacity. These changes can significantly impact the system’s dynamic stability. While short circuits
often lead to outages due to safety measures, outages can also result from various factors, including
maintenance and external influences. Outages are categorized into planned, semi-forced, and forced
scenarios [13]. External factors, such as environmental conditions, play a major role in these failures,
making them difficult to predict. Therefore, it is crucial to test different types of outages to understand
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their effects on system performance.

For this analysis, the outage event implementation involves one of the nuclear power plants due
to their similar generation dispatches in all the different cases and events covered. This allows for a
better representation of events across all scenarios. The nuclear power plant located at MVL380, with a
constant dispatch of 1 GW, is chosen. This setup is directly configured in PowerFactory, allowing full
controllability of system events.

Different perturbations are introduced into the system to assess its overall stability and analyze
its response. This approach enables a comprehensive comparative analysis of various events under
different operational characteristics rooted in both frequency and rotor angle stability.

This methodology ensures the creation of a safe and robust power system capable of withstanding
multiple disturbances. This is particularly important in evolving power systems, where the increase in
power electronics can affect how disturbances impact system performance.



Methodology

This chapter discusses the methodology of the thesis. The thesis project consisted of three major stages:
a scenario analysis, synthetic model adaptation, and a set of case studies utilizing the aforementioned
work based on research areas identified in the literature review. By following this three-part approach,
a comprehensive examination of key factors essential for future power system analysis and evaluation
was performed. The general overview of the thesis work can be seen in Figure 3.1. The respective
sections will give a more detailed overview of the different methodologies.
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3.1. Scenario Analysis

The first stage comprised the scenario analysis found in chapter 4, which investigated different reports
and projects highlighting scenarios for the future Dutch power system towards 2050. A thorough
understanding of the future Dutch power system was developed by comparing and analyzing multiple
reports and scenarios within each report, serving as the basis for subsequent work. The focus was on
significant scientific research and credible future analyses. A critical evaluation of the relevance of
different reports and their findings was conducted, aligning with specific future projections from the
Dutch government and their policy-making. Three scenarios were highlighted and suggested for future
analysis. One of these was then selected and implemented into the synthetic model for further analysis.

A flowchart depicting the main steps of the scenario analysis can be seen in Figure 3.2.
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Figure 3.2: Flowchart of the scenario estimation process.

The first part of the analysis was done by analyzing and comparing the different projections from the
reports highlighted in Table 3.1. Here, multiple projects with projections towards 2050 were analyzed
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and compared to better understand the future projections of the Dutch power system. The different
reports and their relevance to future Dutch policy guidance were compared and analyzed based on the
respective policy predictions with regard to electrification levels in the future Dutch power system. This
included different projections based on various policy adaptations, such as a national or international
energy emphasis. A similar analysis was done for the 2030 representation of the synthetic model in
[105] and was here extended towards 2050 projections. New reports that were published after the initial
analysis and updates of certain reports were added to the analysis. The different reports utilized for the
study can be seen in Table 3.1.

Table 3.1: Comparative Overview of Energy Infrastructure Studies and Projections for the Netherlands (2023-2050)

Project Title

Abbreviation

Organization

Published

Scenario Year

Citation

Integrale
Infrastructu-
urverkenning
2030-2050

113050-2

Netbeheer
Nederland

2023 (Up-
dated)

2050

[106, 107]

The Energy
System of the
Future

ESOTF2050

Netbeheer
Nederland

2023

2050

[108, 109]

Infrastructure
Outlook 2050

10-2050

Tennet,
Gasunie

2019

2050

[110]

Phase II - Path-
ways to 2050

10-2050-2

Tennet,
Gasunie

2020

2050

[111]

Net voor de
Toekomst

NVDT

CE Delft

2017

2050

[112]

Nederland kli-
maatneutraal
in 2050: vier
scenarios

BS2050

Berenschot

2020

2050

[113]

Synthetic
Steady-State
Model of the
Dutch EHV
Network:
Study of the
impact of fu-
ture additions
of VRES and
electrolysers

Ro00s2021

deRoos,
Anouk(Thesis)

2021

2030/2050

[105]

Target Grid

TG

TenneT

Ongoing

2045

[114]

Ontwerp
investerings-
plan Net op
land 2024-
2033

Invest-land-
2024

TenneT

2024

2033

[115]

Ontwerp

investerings-
plan Net op
zee 2024-2033

Invest-sea-
2024

TenneT

2024

2033

[116]

After the initial analysis highlighting different policy predictions and comparing the relevancy of
different work, the different projections of renewable energy sources, flexibility resources, and demand
levels in the power system were highlighted and compared between the various reports and policies.
These were compared based on the installed levels of these resources to analyze how different scenarios
differ between different reports and policy projections.
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After the analysis, one of the scenario projections was identified as a prominent candidate due
to its relevant work and projections, and this was utilized for implementation and representation in the
synthetic model. This was represented using estimated values for different load and generation units
in the system. The analysis also listed two alternative projections to allow for easier implementation
of these estimations for future research if necessary. These two alternative projections made the three
different projections range from the highest to lowest electrification, thus representing the whole range
for future projections from highest to lowest.

The analysis aimed to gain more insights into the future projections of the Dutch power system
and understand the different projection levels for various resources such as solar PV, offshore and
onshore wind, and flexibility resources. This allowed for a better understanding of the intrinsic nature
of future power systems and facilitated easier implementation and integration with the synthetic model.
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3.2. Synthetic Model Development

Following the scenario estimation, the 2050 synthetic Dutch power system model was built upon the
existing Dutch model for 2030 from [105]. The goal was to implement the necessary changes to expand
the model from a 2030 to a 2050 scenario and introduce new dynamic characteristics. An overview of the
flow of the model development can be seen in Figure 3.3. This was done in two parts, for 2034 and 2050.
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Figure 3.3: Detailed flowchart of the Synthetic Model Development process.

3.2.1. 2034 Model Development

The first part, model development towards 2034, updated the infrastructure in the synthetic model
based on additional projects found in the Dutch TSO’s 10-year investment plans. The original model had
already implemented multiple projects in the 10-year investment plan. However, these were updated
to account for all the different projects. The 10-year investment plans are divided into three different
project stages: realization, design, and study, indicating the progress of the different projects.

Realization projects were in the realization stage, meaning that the project was studied, designed, and in
motion to be realized. Projects in the design phase had undergone the initial study phase and were now
in the process of design in terms of locations and connections. Finally, projects in the study phase were
barely in motion and were still undergoing studies to assess their applicability and feasibility. The three
different project stages represent the progress of certain projects, and the further along the projects
were, the more public information was available. The realization stage projects typically had specific
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information with regard to locations and connections, while the projects in the design and study phases
were much more reliant on simplifications and estimations of the different implementations into the
model. The projects ranged from substations, transmission lines, and transformer projects for all three
project stages and consisted of removing, improving, and implementing different infrastructures. The
realization stage projects also had specific projects regarding future wind farm projects, which were
also implemented here.

3.2.2. 2050 Model Development

After the 2034 model development, the model was further developed toward 2050 scenarios. The first
stage in this development was implementing the selected scenario from the scenario analysis. Here,
the report and scenario analysis of the specific scenario were utilized, and different generation, load,
and flexibility resources were implemented and/or scaled based on the given levels. Due to very
little specific information regarding these levels, major simplifications and estimations were needed
concerning the capacities and locations of the different resources implemented. All of the different
resources were implemented based on the projected installed capacities in 2050, with simplifications
done to implement and standardize the different capacities of the different resources in their respective
locations. Similar was true for the infrastructure development. Similar to the 2034 model development,
this consisted of different substations, transmission lines, and transformer upgrades. As before, there
was very little information regarding the project, but rather suggestions of probable bottlenecks and
areas suggested for infrastructural improvement.

The next part of the model update involved enhancing the dynamic properties of the model to
better align simulations with real-life dynamic properties. This was achieved by adding more generic
controllers representing grid-forming converters, changing the interconnections to dynamic representa-
tions instead of constant loads, and introducing dynamic representations of other constant demands in
the system. Adding these dynamic properties allowed for a model that better highlighted interactions
between different dynamic system components, providing a more accurate representation of system
dynamics in future systems and allowing for a better understanding of how these resources could be
adjusted to suit future systems, thus easing integration. Overall, this increased the expandability and
usability of the synthetic model, enabling large-scale stability analyses.

After this, the model underwent a load flow and contingency study to allow for further improvement.
This was done based on the different cases of different load and generation levels in the system, identified
in Case Study A. Here, all six identified cases underwent a load flow and contingency analysis. An
80 % and 90 % loading limit were set for the load flow and contingency analysis, respectively. If any
components did not adhere to these limits, these components were upgraded to withstand the power
flow in the region. The contingency analysis was done based on the N-2 contingency, similar to today’s
Dutch power system.

The synthetic model was developed using DigSilent PowerFactory with ancillary services from Python
and Excel. Because of this, certain changes and implementations added to the model in PowerFactory
also had to be included and adjusted for Python and Excel. This allows for easier customization and
implementation of different characteristics in the synthetic model, overall increasing adaptability. This
integration between the infrastructural synthetic model development is not explicitly explained in the
model development chapters, but more information can be found in Appendix C.
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3.3. Case Studies

After the model development, the next step was to utilize the model for research on current and relevant
topics identified in the literature review. Three state-of-the-art case studies were conducted. These case
studies encompassed a wide range of analyses, including different dispatch analyses, grid-forming
converter studies, and inertia studies regarding dynamic stability in the future Dutch power system.

Each case study has its own methodology section, but the general approach will be highlighted
here. Refer to the respective case studies for a more detailed analysis of the different case studies. An
overview of the different case studies is provided in Figure 3.4.
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Figure 3.4: Flowchart highlighting the different case studies.

The first case study analyzed the impact of different high levels of renewable energy sources (RES) on
system stability. The three sources under scrutiny were offshore wind (WOZ), onshore wind (WOL), and
solar PV (PV). Six different cases were implemented, each with high levels of one of the three sources,
and tested under peak and minimum demand conditions. This approach provided a comprehensive
view of system stability and the impact of varying demand levels on system and flexibility loading. All
six cases were examined for three different perturbations and analyzed using a frequency analysis.
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The case study also examined the oscillatory performance of the system using an extended fre-
quency analysis simulation window and an eigenvalue analysis to understand the intrinsic damping of
different oscillatory modes in the system. This analysis was further expanded by testing the impact of
grid-forming controller parameter selection on the damping of certain modes, with the load increase
utilized as the perturbation.

The second case study focused on the characteristics associated with grid-forming controllers. All
analyses were conducted for one of the cases identified in Case Study A, specifically the case with high
offshore wind penetration levels and peak demand (Case A). Three main analyses were performed:
the impact of different grid-forming controllers (VSM, Droop, and Synchroverter), the impact of grid-
forming penetration levels in the system (25 %, 50 %, and 85 %), and the impact of different parameter
values for the most critical control parameters for the three aforementioned controllers. These analyses
were performed using the three perturbations for frequency analyses, while eigenvalue analyses were
done for the load increase.

The third case study analyzed the impact of different inertia values on the stability of the future
Dutch system. Similar to Case Study B, Case A was utilized here as well. Different inertia predictions,
in the form of inertia constant and kinetic energy levels, were identified and implemented into the
synthetic dynamic model using the interconnection representation to analyze the different predictions.
Three different levels of kinetic energy and three different levels of inertia constant were used and
simulated to analyze future projections. A frequency and eigenvalue analysis was conducted for the
different levels, using the load increase as the perturbation of the system.

For Case Study A and C, the grid-forming penetration levels were set to 50 %. Similarly, for Case
Study A and B, the inertia levels were set to the maximum levels. These simplifications allowed for
a better general overview and similarity across different case studies and events. If the grid-forming
penetration or inertia levels are changed for certain simulations, this is specified in the relevant case study.

An overview of the different perturbations and their utilization for the different analyses and case
studies can be found in Table 3.2. Furthermore, a map showing the location of the various events and
the location of the frequency measurement unit can be seen in Figure 3.5. Here, the 2030 model is
depicted because of its zone division and easier identification of the different locations.

Table 3.2: Perturbations, locations, impacts, and descriptions for various events, along with the type of analysis and case studies

considered
Pertubation Location Impact Description Frequency | Eigenvalue | Case Study
Analysis Analysis
Outage Event MVL380 Nuclear Power | Outage of the nuclear power | x A B
Plant (2 GW) plant at MVL380. Dispatch
levels of 1 GW in all scenar-
ios
Short-circuit Event B150 Tie-line Short-circuit at one of the X A, B

tie-lines between 380 kV and
150 kV level at Borsselle.
Lasting 0.1 seconds before
being cleared

Load Increase System-Wide 5.6 GW System-wide load increase, | x X A, B, C
scaled based on the respec-
tive ratings of each load.
Load Decrease System-Wide | 10 GW System-wide load decrease, | x A
scaled based on the respec-
tive ratings of each load.

Another important aspect of the work involved the different ancillary services provided for the synthetic
model. This was achieved by using the sophisticated integration of Python and Excel resources in
PowerFactory, allowing for seamless integration with open-access resources and enabling the automated
execution of various operations in PowerFactory. These Python code structures ranged from simple
integration of dispatches found in Excel to PowerFactory to automated tasks such as changing system
parameters and performing different calculations for grid-forming and flexibility resources. The overall
Python framework was highly integrated, allowing for automated calculations and integration of
different system scenarios and characteristics, and signal processing. This integration was a major part



3.3. Case Studies 42

of the work conducted in the study. The work and a tutorial for integrating and further using these
resources can be found in Appendix C.

The case studies build upon the foundational research and work done for the scenario analysis
and the synthetic model adaptation. They address the research questions outlined in the introduction,
allowing for sophisticated research to bridge some of the literature gaps regarding fast-active power
balancing in large-scale systems. This was achieved using a state-of-the-art synthetic dynamic model
rooted in real scenario estimations towards 2050.

Findings from the case studies will also be transformed into journal and conference research publications,
highlighting their importance and significance in the field of power systems.

Finally, a conclusion and suggestions for future work are provided. The synthetic grid model,
combined with the scenario analysis and various case studies, offered multiple perspectives for future
research. The main findings of the thesis work are presented, along with recommendations to streamline
future research.
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Figure 3.5: Overview of different event and measurement locations in the 2030 Synthetic power system model.



Future Scenarios Analysis

4.1. Introduction

In this section, the analysis and comparison of different scenarios for the Dutch power system towards
2050 will be conducted. This work will examine the traditional groupings of future scenario estimations,
typically categorized according to policy-making guidelines. It will compare these various scenarios
across multiple reports, highlighting their differences. Subsequently, it will present the main estimations
for the most significant future scenarios and display the results in graphical diagrams. This ap-
proach facilitates easy replication and integration of different scenarios into individual models, thereby
streamlining the process of analyzing the impacts of these future scenarios on various system parameters.

One of the scenarios presented will be selected as the baseline scenario. This baseline will be
used for further work on upgrading the dynamic model and analyzing the case studies.

4.2. Analysis of Future Scenarios

This section will delve into identifying future Dutch power system scenarios, including the share of
renewables and future operational scenarios towards 2050. Various scenarios from different vendors
offer diverse projections of the generation mix, many of which are of significant interest.

The main projects and reports of interest were highlighted in Table 3.1, with a comparison pro-
vided in Table 4.1. Multiple reports analyze projections towards 2050; however, due to the disparities in
future system trajectories and policies, these reports often include multiple scenarios for different policies.
There is no unanimous agreement on the direction the Netherlands will take by 2050. Consequently, a
detailed analysis and comparison are essential for properly implementing scenarios for future systems.

One issue with using 2050 as a benchmark is the lack of detailed analysis regarding specific projects of
generation and demand and the future infrastructure. Therefore, these details will be supplemented
based on more detailed models using 2030-2034 scenarios and further scaled towards 2050 scenarios.

A similar analysis was conducted in [105]. However, due to ongoing developments in power systems

and policies both nationally and internationally, this work will serve as an update to that analysis,
highlighting various new characteristics and future scenarios.
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Table 4.1: Detailed Explanation of Abbreviations Used in Energy Infrastructure Studies

Abbreviation Description

113050-2 [106] Infrastructure outlook for the Netherlands between 2030 and 2050, aimed at
developing insights into the needs for infrastructure, flexibility, and system
integration for the future power system. Introduces four different scenarios.
Produced by Netbeheer Nederland, comprising multiple energy operators

in the Netherlands.

ESOTF2050 [108] Interim step detailing scenarios presented in 113050, providing a foundation
for better understanding the projections in 113050-2.

10-2050 [110] Infrastructure outlook for the Netherlands from 2030 to 2050, developed

by Gasunie and TenneT. Focuses on future systems in the Netherlands and
Germany for the power and gas system as an integrated energy infrastructure.
Introduces three different scenarios.

10-2050-2 [111] Phase two of the I0-2050 study, expanding on the previous study with
more detailed projections of renewable energy sources and emphasizing
significant changes in future systems. Introduces three updated scenarios
based on the previous report and additional analyzed scenarios.

NVDT [112] Outlook for the Dutch power system towards 2050. An older outlook
compared to I13050-2 and 10-2050-2 provides valuable regional projections.
Produced by Netbeheer Nederland.

BS2050 [113] Study presenting different scenarios for the Dutch power system towards
2050. Introduces four scenarios and serves as the final report for the 113050
phase 1 scenario. Commissioned by TenneT.

Ro0s2021 [105] A master’s thesis from TU Delft that introduces a steady-state model in
PowerFactory for analyzing the Dutch power system towards 2030. The
report also examines scenarios towards 2050 and proposes future scenarios.
TG [114] The Target Grid project by TenneT, visualizing the Dutch power system
towards 2045. This project is currently ongoing.

Invest-land-2024 [115] | TenneT’s 10-year investment plan for onshore investments between 2024 and
2033. Although it has a shorter timeframe, it provides a detailed analysis of
TenneT’s plans.

Invest-sea-2024 [116] Similar to Invest-land-2024, but focuses on TenneT’s offshore power activities
during the same period.

Many of the reports establish multiple scenarios in their projections to account for various approaches by
the Dutch government and the EU/international trade organizations. This enables analysis of a wider
range of scenarios. However, this also introduces additional uncertainty as the individual scenarios
between reports, while similar in approach, propose different levels of both generation and demand.

The different scenarios, although varied, are typically based on similar directions of governmen-
tal and/or technological advancements. Some reports, such as [110, 111], consist of three scenarios,
while others, such as [106, 112], consist of four. Many studies build on previous scenarios, advancing
them with new data and projections.

1. National Scenario: National Scenarios typically emphasize a centralized approach where the
government plays a pivotal role in shaping the energy landscape. This involves a strategic push
towards enhancing energy efficiency and steering the energy mix from a national perspective.
Governmental actions may include regulations and support for technological innovations, financial
backing for critical infrastructure projects, and fostering the growth of new industries like synthetic
fuel production. Such scenarios often advocate for electrifying existing sectors and developing
integrated heating solutions powered by renewable sources. Large-scale energy projects, including
the expansive use of offshore wind and the strategic deployment of nuclear power, are common.
Additionally, alternative energy carriers like green hydrogen are considered vital for system
balance and industrial applications, emphasizing a transition to more sustainable practices [105,
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106, 110].

This scenario typically estimates large amounts of offshore and onshore wind capacity. Off-
shore wind capacity ranges from 53 to 72 GW, onshore wind capacity ranges from 14 to 20 GW,
while solar PV capacity ranges from 34 to 173 GW. Flexibility resources are also considered
necessary to accommodate these high levels of renewable generation. Battery capacity is projected
to range from 50 to 60 GW, and electrolysis capacity (hydrogen) is estimated to be between 39-45
and 60 GW. The scenarios also estimate different ranges of interconnection capacity, from 15 to
18.8 GW [106, 110, 112, 113].

2. Regional Scenario: Regional energy scenarios often emphasize a decentralized approach, focusing
on climate-neutral solutions driven by local businesses and community initiatives. This approach
is exemplified by the report [106], which refers to this scenario as the decentralized initiatives
scenario. In such frameworks, a significant emphasis is placed on the autonomy of local entities
in making energy-related decisions. This could involve leveraging cost-effective, region-specific
options or adopting measures grounded in environmental idealism. Local governments frequently
employ incentive programs to promote sustainable practices, which might lead to increased
projects that efficiently use local resources. However, in these scenarios, energy-intensive indus-
tries may face stringent controls or even shutdowns as the transition toward sustainable energy
sources progresses, possibly leading to a decline in certain traditional industrial sectors. Adopting
various local heating solutions, such as heat pumps, green hydrogen, and geothermal energy, is
encouraged, alongside a substantial increase in onshore renewable energy generation [105, 106,
110,112, 113].

The ranges in the regional scenario offer various levels of different renewables, flexibility, and
interconnections. Offshore wind capacity ranges from 26 to 45 GW, onshore wind from 16 to 25
GW, and solar PV from 84 to 183 GW. Battery flexibility is projected to range from 6 to 60 GW, and
hydrogen capacity from 33 to 75 GW. Interconnection capacity ranges from 15 to 18.8 GW [106,
110,112, 113].

3. European Integration Scenario: The European Integration Scenario envisions a cohesive and
streamlined energy framework across European nations, achieved by harmonizing national energy
policies and pooling collective resources. The aim is to establish energy independence from
non-European regions and establish a unified energy strategy. This scenario foresees widespread
production and utilization of green gas and robust solar and wind energy expansion alongside
nuclear power. It highlights the significant use of the North Sea for offshore wind in collaboration
with neighboring countries. The scenario advocates for sustainable industrial practices through
electrification and the strategic use of biomass and hydrogen. It also envisions comprehensive
carbon capture and storage applications, supplemented by resource recycling and minimal use of
new fossil materials. Neighborhood strategies are key in this scenario, driving the sustainability
of built environments through regional heating networks and hybrid energy systems, which help
to balance power demand. A broad enhancement of trans-European networks, including electric
vehicle charging and high-speed rail, supports widespread electrification of transport [105, 106,
113].

Not all reports include a specific European scenario, thus the variations are not as extensive.
The primary sources utilizing this scenario are I1I3050-2 [106] and BS2050 [113]. In this scenario,
offshore wind capacity ranges from 38 to 42 GW, onshore wind capacity is projected at 10 GW, solar
PV capacity ranges from 42 to 126 GW, battery capacity ranges from 4 to 38 GW, and hydrogen
capacity is projected at 16 GW. Interconnection capacity ranges from 15 to 28.8 GW [106, 113].

4. International Trade Scenario: The International Trade Scenario strategically focuses on integrating
the Dutch economy into the global energy and raw materials markets. This approach leverages
the competitive nature of international trade to procure cost-effective solutions, emphasizing free
trade principles. The scenario supports importing economically produced climate-neutral energy
carriers, transforming the Netherlands into a key transit hub, particularly for hydrogen. Domestic
industries adapt through electrification and sustainable resource use, with some energy-intensive
processes relocating overseas. The Netherlands concurrently invests in green hydrogen production
linked to its offshore wind energy projects, reducing the imperative for self-sufficiency in energy
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production [105, 106, 110, 112, 113].

The variations in this scenario are also significant. Offshore wind capacity ranges from 6
to 46 GW, onshore wind from 5 to 10 GW, and solar PV from 16 to 100 GW. Battery capacity is
projected to range from 6 to 70 GW, and hydrogen capacity from 1 to 41 GW. Interconnection
capacity ranges from 15 to 28.8 GW [106, 110, 113, 112].

The scenarios display various generation, demand, flexibility, and interconnection levels. Additional
reports also present other scenarios, such as [111]. These scenarios build on the points discussed in
[110], which included national, international, and local scenarios. The phase 2 project [111] introduces
three new scenarios: EL & RES, GAS & RES+, and EL & RES+. These scenarios are based on different
supply and demand levels and the scenarios described in the phase 1 project [110]. The different supply
scenarios are categorized by the level of renewables implemented, specifically high RES and ambitious
RES levels. The high RES scenario uses the same parameters as the RES levels in NVDT [112], while the
ambitious RES scenario uses the maximum reasonable levels provided in I0-2050 [110].

The demand scenarios are based on two distinct scenarios: high electrification and high gas. In
the high electrification scenario, a large number of applications are electrified, and the heating sector
has a high share of electric heat pumps. The transport sector is also highly electrified, but hydrogen still
plays a significant role. Many processes in the industrial sector are electrified, and power-to-x (P2X)
technologies, which use renewables to create other energy sources, are applied in industrial plants to
decarbonize processes. Other processes, such as those in the chemical industry or steel production, also
utilize hydrogen-based methods to increase energy efficiency.

The high gas demand scenario employs a broader mix of technologies, not relying on electricity
as the primary source. Here, hydrogen, methane, and other renewable energy sources constitute a
significant portion of the demand mix. This scenario applies across all sectors, with thermal tech-
nologies used in the heating sector, various technologies in the transport sector, and hydrogen and
methane dominating end-use energy demand. These scenarios are combined in three ways: EL & RES
combines the electrification scenario with the high RES scenario, GAS & RES+ combines the gas demand
scenario with ambitious RES levels, and EL & RES+ combines the electrification and ambitious RES levels.

Another significant project for the future power system is the Target Grid by the Dutch TSO Ten-
neT [114]. This power system vision for 2045 provides a robust and realistic outlook, with detailed
planning for different regions. The project aims to create a future power system scenario that the TSO can
actively work towards. Having a clear target makes the goals more attainable than multiple scenarios in
areport. The project is based on findings from the 113050 [106] project and uses the scenario that assumes
the highest level of electrification in society to prepare for all potential electricity demand scenarios,
known as the national scenario. Planning for this scenario allows for easier scaling if future demand is
lower than expected. The scenario assumes a doubling of electricity demand, with electricity’s share in
energy systems growing from around 20 % today to between 40 % and 60 %. It also anticipates generation
growing faster than demand and a strong increase in flexibility resources in electricity generation and use.
The Target Grid project, still under development, lacks full details but remains a valuable resource for
different simulation scenarios. However, this project becomes vital because the Target Grid is based on
the 113050 project. The Target Grid plans also highlight various transmission upgrades needed to transfer
power from different regions and offshore wind farms, calling for investments in DC links, upgraded
AC transmission lines, and energy hubs to better utilize variable renewable generation across regions
and countries. They also highlight current and future interconnection developments with other countries.

Other important resources include Invest-land-2024 [115] and Invest-sea-2024 [116]. These are TenneT’s
10-year development plans for power system investments. While they do not reflect the levels of
generation and demand for 2050, they provide detailed plans for investments over the next 10 years.
These plans offer more accurate projections and can be used as a baseline for further integration of the
2050 scenarios.

Multiple reports include multiple scenarios with significant variations in generation capacity, type, and
demand. This variability makes it challenging to create accurate simulation scenarios. It is always
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recommended to account for "worst-case" scenarios, making the highest electrification scenarios the
most important. Although they do not provide complete accuracy for 2050, they offer estimates for
future scenarios regarding generation levels and placements when used alongside other resources and
serve as a good benchmark for future system analysis.

4 3. Estimates of Future Scenarios

This section provides a detailed comparative analysis of the projected levels of generation and demand
across various future scenarios in different projects. This analysis aims to identify similarities between
different studies and scenarios to establish realistic and feasible scenarios. It covers the projected
capacities for solar PV, offshore and onshore wind, various flexibility resources such as P2X and batteries,
and future demand projections.

4.3.1. Solar PV

The analysis of different scenarios for solar PV levels reveals a significant range of projections, from 16 to
183 GW, as illustrated in Figure 4.1. This wide range indicates substantial differences between scenarios
and highlights notable gaps within similar scenarios. For instance, the NVDT and 10-2050 national
scenarios estimate 34 GW of installed solar PV, whereas the II3050-2 and BS2050 national scenarios
project up to 173 GW.

Deciding on precise scenarios is complex, necessitating the consideration of a broad spectrum of
possibilities. The scenarios with the lowest solar capacity installations are the international ones,
which makes sense as they do not emphasize a self-sufficient energy system but rather view the
Netherlands as part of a larger international energy system reliant on various vendors and coun-
tries. This reduces the need for domestic energy production, resulting in lower solar PV installations,
with estimates ranging from 16 GW for the NVDT and 10-2050 projects to 100 GW for the I13050-2 project.

The EU scenarios fall in the middle range, with the BS2050 estimating 42 GW and the II3050-2
estimating 126 GW of installed capacity. The highest solar PV installations are projected in the regional
scenarios, which focus heavily on regional energy infrastructure developments. In these scenarios, the
installed capacity ranges from 84 GW for the NVDT and I0-2050 to 89 GW for the BS2050 and up to 183
GW for the II13050-2 scenarios.

The I0-2050-2 scenarios, based on the levels found in 10-2050, show consistent patterns. For ex-
ample, the EL & RES+ scenario aligns with the national levels found in NVDT and 10-2050, while the
Gas & RES+ and El & RES scenarios match the regional levels in NVDT and 10-2050, differing by only 1
GW. The scenarios for 2035 also exhibit a wide range of capacity installations, from 52.6 GW to 98.2 GW,
indicating that even near-term projections can vary significantly.

This variability underscores the importance of considering a range of potential future scenarios
to effectively prepare for various possible outcomes.
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Figure 4.1: Projected installed solar PV capacity for different scenarios in 2035 and 2050 in the Netherlands.

4.3.2. Offshore Wind

The projections for offshore wind capacity show similarities to those of solar PV installations, with a
wide variation between scenarios and different studies, ranging from 6 to 72 GW, as shown in Figure 4.2.
The lowest values are from the international scenarios of NVDT and I0-2050, which estimate only 6 GW.
In contrast, the international scenarios of I13050-2 and BS2050 predict much higher values, with 46 GW
and 38 GW, respectively. The highest projections come from the national scenarios, with NVDT and
10-2050 estimating 53 GW, and 113050-2 and BS2050 projecting 72 GW.

The regional scenarios project significantly lower values, similar to the case for solar PV, but without an
extremely high value for the II3050-2 scenario. These projections are 26 GW for the NVDT and 10-2050
scenarios, while II3050-2 and BS2050 predict 45 GW and 43 GW, respectively. The European scenarios
align closely with the regional values, with 113050-2 and BS2050 both projecting 45 GW and 43 GW. All
three I0-2050-2 scenarios predict the same installed capacity of 53 GW. The 2035 scenarios are more
consistent than the solar PV projections, ranging from 25.5 GW to 29.5 GW.

The international scenarios show the widest range of estimates, from 6 GW in the NVDT and 10-2050
reports to 46 GW and 38 GW in the 113050-2 and BS2050 reports. The NVDT and IO-2050 reports,
published in 2017 and 2019, respectively, did not prioritize large-scale offshore wind integration for the
international scenario, focusing instead on other aspects. However, the 10-2050-2 report, published
in 2020, emphasized the Dutch government’s significant potential and strategic policy toward future
power systems, focused on the maximum projected levels of 53 GW for all three scenarios.

Due to the longer implementation processes associated with offshore wind projects, the dispari-
ties between the 2035 scenarios are much smaller than those for solar PV, ranging from 25.5 GW to
29.5 GW. This indicates a general consensus on projections towards 2035, although there are still large
deviations between different scenarios.
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Figure 4.2: Projected installed offshore wind capacity for different scenarios in 2035 and 2050 in the Netherlands.

4.3.3. Onshore Wind

The onshore wind capacity scenarios exhibit similar trends to those observed for solar PV and off-
shore wind. The different installed capacities for each scenario are presented in Figure 4.3. The range
of projections varies from 5 GW to 20 GW, highlighting deviations between different reports and scenarios.

The international scenarios have the lowest installed capacities, particularly in the NVDT and 10-
2050 projects, while the highest capacities are projected in the II13050-2 and BS2050 national scenarios.
The EU scenarios show similar levels to the international scenarios, with both the I13050-2 and BS2050
scenarios estimating 10 GW of installed capacity. In contrast, the national scenarios of I0-2050 and
NVDT estimate 14 GW, compared to 20 GW in the I13050-2 and BS2050 scenarios.

Regional scenarios display similar values, with the maximum projection of 20 GW in the BS2050
scenario, while NVDT and I0-2050 estimate 16 GW, and II3050-2 projects 15 GW of installed capacity.
The I0-2050-2 scenarios show consistency again, with the EL & RES+ scenario estimating 14 GW and
the other two projecting 16 GW of installed capacity.

There is a notable disparity in the projections for the 2035 scenarios, which is larger than offshore wind.
Onshore wind projects have a shorter commission time than offshore wind, resulting in a greater margin
of error influenced by future policy decisions. Generally, national and regional scenarios project higher
capacities than European and international scenarios. This difference is due to the reduced necessity
for domestic power production in the European and international scenarios, which rely more on the
broader European and international community.

Overall, the total installed capacity for onshore wind is lower than both offshore wind and solar
PV, resulting in less variation between scenarios. However, variation is still evident.
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Figure 4.3: Installed Onshore Wind capacity for different scenarios in 2035 and 2050 in the Netherlands.

4.3.4. Flexibility Resources

The flexibility capacity in different scenarios exhibits considerable variation, depending on both the
scenario and the project. Figure 4.4 illustrates the levels of installed flexibility, with battery, hydrogen,
and interconnection capacities represented individually in different colors, along with an additional
category labeled "other.” This category encompasses various resources, including power-to-heat and
adjustable power, depending upon different reports. The specific installed capacities of the different
resources are indicated numerically on the respective graphs.

Notably, one of the most significant variations occurs within the same scenario, specifically the
international scenario, and between the II3050-2 and BS2050 projects. The BS2050 project proposes
minimal flexibility resources due to its international focus and policy, whereas the II3050-2 project has the
highest overall flexibility resources among all scenarios. Compared to the other international scenarios in
NVDT and I0-2050, the I13050-2 international scenario also shows a substantially larger installed capacity.

For most scenarios, the primary flexibility resources are batteries and hydrogen. These two re-
sources constitute the majority of installed capacity in all scenarios except for the international and
European scenarios of BS2050, where the majority of flexibility comes from interconnections and "other"
resources. Not all reports include interconnections and other resources in their flexibility scenarios,
such as the NVDT, I0-2050, and I0-2050-2 scenarios.

Estimating the levels of flexibility is challenging and highly dependent on ongoing research and
governmental policies regarding these resources and future investments. This uncertainty contributes
to the wide range of variable results in these scenarios. However, a common theme is that national and
regional scenarios project larger flexibility capacities due to a greater emphasis on self-sustainability
than regional and international scenarios. An exception is the II3050-2 international scenario, which
emphasizes utilizing flexibility on the international market as a valuable resource that the Netherlands
can provide to its neighboring countries.

The projections for 2035 also show significant differences, particularly in the installment of battery and
hydrogen resources. In the short term, most scenarios do not foresee hydrogen playing a major role in the
flexibility system compared to batteries. However, this trend reverses for the 2050 scenarios, where many
cases include substantial amounts of hydrogen. The I0-2050-2 report suggests that while batteries will
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significantly impact flexibility in the coming years, their total installed capacity will decrease towards
2050, surpassed by hydrogen as a superior alternative. For instance, in the EL & RES scenario, batter-
ies are the primary flexibility resource, whereas the other two scenarios emphasize hydrogen production.

Various flexibility resources are mentioned across different reports, with differing levels of impor-
tance depending on the time horizon and political influences. However, it is evident that batteries
and hydrogen are the predominant resources in most scenarios. Other flexibility resources, such as
interconnections and those labeled "other," also play crucial roles in adapting the power system to its
more variable nature.

.
160 T [ 18
Flexibility Sources 31
! 29
Battery |
1401 ! 288
| 75 75
Hydrogen !
Interconnection 188
S 1201 | 102 110
3 Other 60 60 2 4
~ | 33
|
2100 : -
T ! 17
®© ! 26
% | 28.8
SO 80 | 15 63
b 11 : 70 70
£ |
3 604 13.8 ! 60 ¥ 60 60 =
x : 50 50 1
(]
o 72 136 i —
40 12.8 54 | 39 165
315 138 ,
228 i G 15 s
204 56 | 7 18
13.7 ! 13
i 6 4 3 3 8 g
0 HE ' ‘ ‘ '
A\ N A\ Q Q Q Q N D N N S\ ) LQ Q Q Q) 2] X X
FF FFFFTFEEEE @SS S E e &
> o N 3 <N Q\ q,\ = 0'1’ & & & 2 \/9 o o
ST T W ¢ & ¢ & O & 9 e S © 3 o S o A
¢ S SO I P U S I S AN
& &S o & RS L SEER NS
&g & & N
& & N © v
& & A N O

Figure 4.4: Installed Flexibility capacity for different scenarios in 2050 in the Netherlands.

4.3.5. Power Demand

Some of the reports do not provide specific information about the peak power demand of different
systems, but analyzing the total power demands can help differentiate the power demand across
different scenarios for further analysis.

Another interesting aspect of the different scenarios is the total energy demand per year, as shown in
Figure 4.5. While the total energy demand does not provide insights into hourly demand variations,
which are crucial for assessing the dynamic stability of the system during operation, it does help explain
the wide margins in installed capacities across different scenarios. The graph clearly shows that the
I13050-2 scenario has the highest estimated energy demand, followed by BS2050. The NVDT, 10-2050,
and I0-2050-2 scenarios project lower energy demands than the first two reports. This highlights the
significant differences in projections and how similar projects can yield varying outcomes, emphasizing
the uncertainty facing the future power system.

Interestingly, some of the 2035 scenarios have higher energy demands than several 2050 scenar-
ios. This initially counterintuitive observation can be explained by the additional levels of energy
efficiency accounted for in the 2050 scenarios compared to the 2035 scenarios. Many industries and
processes that are currently highly energy-consuming are expected to become more efficient, thus
reducing their overall impact on energy demand. The international and European scenarios generally
show lower energy demands than other scenarios within the same report. This is because these scenarios
often relocate energy-intensive industries outside national borders to increase efficiency and reduce
costs through highly functional international markets.
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This wide range in energy demand corresponds to the previous graphs showing installed capaci-
ties of different renewable energy generation and flexibility units. Typically, projects with higher
installed capacities, such as the II3050-2 and BS2050 projects, also correspond to the highest energy
demands in all comparable scenarios.

However, as mentioned, many reports do not provide information about peak power demand, which
is crucial for understanding the dynamic stability of the future system. While energy demand helps
explain some of the reasoning behind different installed capacities, it is essential to consider various
peak and variable demands during different operating scenarios to fully assess dynamic stability. Peak
power demand in the Netherlands typically occurs during cold months. Between 2030 and 2050, peak
power demand is expected to exceed power generation by 35-50 GW during certain periods, while
power generation will exceed power demand by 65-95 GW during others [106]. This highlights the
importance of flexibility installations and managing limitations in renewable energy production during
specific hours to maintain a balanced power system.

Regarding peak power demand, the first edition of the II3050-2 report estimates a peak power demand
of around 40 GW for all four scenarios. The I1I3050-2 report then further details that the demand in the
regional scenario ranges from 16-40 GW, the national scenario from 18-48 GW, the European scenario
from 20-46 GW, and the international scenario from 20-46 GW. In these scenarios, the regional and
national scenarios predict a sharp increase in peak supply surpluses, reaching levels of 120 GW, while
the European and international scenarios predict surpluses of up to 80 GW.

Another source of peak power demand information is the I02050 report, which estimates a peak
power demand of around 38 GW for the regional scenario, 31 GW for the national scenario, and 25 GW
for the international scenario.
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Figure 4.5: Energy Demand for Different Scenarios in 2035 and 2050 in the Netherlands.

The combined capacity of various renewable energy sources and flexibility installations across different
scenarios is depicted in Figure 4.6. This figure provides a comprehensive overview of the different
scenarios and their respective installations of renewable energies and flexibility resources.

Notably, the national scenarios in 1I3050-2 and BS2050 exhibit the highest combined installed ca-
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pacity of renewables, totaling 265 GW. This is followed by the regional scenario of 113050-2, with 243
GW installed. The variation in total installed generation between different scenarios is significant. For
instance, in the national scenarios, the I0-2050 and NVDT scenarios have a combined installation of 101
GW, compared to the 265 GW installed in the I13050-2 and BS2050 scenarios.

This trend is also evident in the regional, European, and international scenarios, where large variations
exist between different projections. Such differences highlight the uncertainty and variability in future
energy system planning, emphasizing the need for flexible and adaptive strategies to accommodate
these potential changes.
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Figure 4.6: Combined generation and flexibility for different scenarios in 2050 in the Netherlands.

4.3.6. Final Estimation of Scenarios

Analyzing different scenarios across various projects reveals significant variation between scenarios and
reports. Consequently, the scenarios considered in this study for further work need to account for the
most extreme cases. Thus, the national scenario from II3050-2 will be used as the baseline scenario due
to its projection of the highest installed capacity. This scenario is also the basis for TenneT’s Target Grid
project, making it realistic despite the high degree of electrification. It includes a peak power demand
of 48 GW, as discussed earlier.

Two additional scenarios were identified for future work to capture the full range of projections
and ensure system stability and operation across different projections.

The first of these scenarios is based on the NVDT and I0-2050 international scenarios, which suggest the
lowest amount of installed generation and flexibility. Here, the peak demand was found to be around
25 GW.

The third and final scenario is based on a middle line between the two scenarios mentioned that
accounts for the highest and lowest installed capacities, largely based on the I0-2050-2 El & RES+
scenario. Here, the demand side was based on the national scenario of the NVDT report, the same as
the I0-2050 report. The regional scenario was estimated to have a peak demand of 38 GW.

The three different scenarios and their respective installed renewable capacities, flexibility capaci-
ties, and peak power demand can be seen in Figure 4.7.
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Figure 4.7: Three scenarios of interest including renewable and flexibility capacity as well as peak power demand.




Model Development towards 2034
Scenario

5.1. Introduction

This section outlines the necessary steps and modifications to adapt the Synthetic Dynamic Model in
PowerFactory to the 2034 scenario estimations, highlighted in TenneT’s 10-year investment plans [115,
116].

As given in TenneT’s investment plans, the adaptation process is divided into three project phases:
realization, design, and study phase projects.

* Realization Phase: These projects have been fully studied, designed, and are ready for construction.
* Design Phase: These projects have completed the feasibility study, and the design work is ongoing.
¢ Study Phase: These projects are under investigation to assess their impact and feasibility.

While the realization phase projects have detailed plans and information, assumptions are necessary for
the design and study phase projects. This approach follows the methodology utilized in reports such as
113050-2 [106], where future scenarios are implemented and simulated despite project uncertainties.

The implementation in PowerFactory uses different network variations to allow for easy modifications
based on changes to future investment plans. The sections are categorized by the project completion
status and the primary component, which is either added or altered. Substation modifications usually
involve alterations to the surrounding transmission lines, which will be referenced in the respective
substation sections, while general capacity improvements of transmission lines will be covered in a
separate section.

The transmission network in the Netherlands is divided into nine different zones, seen in Figure 5.1.
The different projects and investments in the various zones will be implemented here. An overview of
the original synthetic model for the 2030 scenarios, highlighting the different voltage levels, can be seen
in Figure 5.2. For a more detailed transmission network analysis, refer to [105].
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Figure 5.1: Overview of the different zones in the Synthetic model.
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Figure 5.2: Overview of single-line diagram of the Synthetic model.

5.2. Upgrades until 2034 (Realization)

First, the infrastructure upgrades in the realization phase will be discussed. These upgrades are well
underway in their planning and integration into the power system and thus contain specific public
project details.

5.2.1. Substation Developments

First, the changes to TenneT’s 380 kV substations were implemented. These changes are according to
Invest-Land-2024 [115], and only changes not already implemented in [105] were implemented. Some of
the upgrades in Invest-Land-2024 carry over from previous versions, and thus, some projects that are
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still under construction have already been implemented in the PowerFactory model.

The updated investment plan currently includes two new substation projects in the realization phase.
These are the substations of Amaliehaven 380 kV (AMH380) and Musselkanaal 380 kV (MSK380) in the
regions of Zuid-Holland and Groningen en Drenthe, respectively.

The MSK380 project is part of a larger network reinforcement program by TenneT in the north-
east of the Netherlands [117]. This also includes another 380 kV substation in the design phase, which
will be covered later. The MSK380 station is located in the town of Musselkanaal and will be connected
by the line between Zwolle 380 kV (ZL380) and Meeden 380 kV (MEE380) stations. The new substation
will also be connected to the corresponding 110 kV power system in the Musselkanaal area. This
is done by a 380/110 kV transformer, using the same specifications as in the connection between
ENS380-NO110, with 3 additional parallel transformers due to the higher power flow between the areas.
Previously, the geographical representation of the single-line diagram showed a straight line between
Z1.380 and MEE380, while in practice, this already goes through Musselkanaal without a substation.
However, when the lines were upgraded, this was reflected in the geographic representation, and the
corresponding line lengths were updated automatically based on the geographical coordinates.

First, the MSK380 project were implemented. The changes made to the system can be seen in
Figure 5.3. The corresponding lines removed from the system can be seen in Table 5.1, the removed
lines in Table 5.2, and the transformer added in Table 5.3. All figures are fully zoomable to allow for an

easier understanding of the location of the new implementations.

Table 5.1: Added transmission lines for the MSK380 project

Name Type in PowerFac- | Terminal I | TerminalJ | Zone Length
tory (km)
ZL.380_MSK380 Line_380kV Overijssel
_Future_1 _4KkA_001388R_2 21380 MSK380 /Groningen 71.841
Z1L.380_MSK380 Line_380kV Overijssel
_Future_2 _4KkA_001388R_2 Z1.380 MSK380 /Groningen 71.841
MSK380_MEE380 Line_380kV Opverijssel
_Future_1 _4kA_001388R_2 MSK380 MEE380 /Groningen 23.818
MSK380_MEE380 Line_380kV Overijssel
_Future_2 _4kA_001388R_2 | MSK380 | MEES8O | ingen | 23818
Table 5.2: Removed transmission lines for the MSK380 project
Name Type in PowerFac- | Terminal I | TerminalJ | Zone Length
tory (km)
Z1.380_MEE380 Line_380kV Overijssel
W _4kA_001388R_2 21380 MEE380 /Groningen 107.85
Z1.380_MEE380 Line_380kV Overijssel
Z _4kA_001388R_2 21380 MEE380 /Groningen 107.85
Table 5.3: Added transformer for the MSK380 project
Name HV Ter- | LV Ter- Zone Elall;;léi of S total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_MSK380 | MSK380 | GDO110 | Groningen 6 2220 370
-GDO110_Future




5.2. Upgrades until 2034 (Realization) 60

GDO110

Trafo_MSK380-GDO110_Future}

T

MSK380_MEE380_Future_1

MSK380_MEE380_Future_2

|

ZL380_HGL380_W

HGL380_Z

Z1.380| MSK380_Future_1

ENS3dR zL3so W |

ZL.380_MSK380_Futlire_2

ENS380_ZL)60_Z

MSK380

MEE380
L]

ZL380
HGL380

Figure 5.3: Implementation of substation MSK380 and corresponding changes to diagram highlighted in purple.

Next, the AMH380 project was implemented. A substation will be constructed adjacent to the current
substation in Maasvlakte port in Rotterdam, the 380 kV Maasvlakte (MVL380) station [118]. Originally,
there was a connection between MVL380 and both Simonshaven 380 kV (SVH380) and Westerlee 380 kV
(WL380). With the addition of AMH380, the original connection between MVL380 and SVH380 will be
moved to AMH380, and a new connection between AMH380 and MVL380 will be established. The
connection between MVL380 and WL380 will remain unchanged. As before, the corresponding line
lengths due to the change are measured using the geographical feature of PowerFactory.

The changes made to the system can be seen in Figure 5.4, with the added and removed transmission
lines given in Table 5.4 and Table 5.5 respectively.
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Table 5.4: Added transmission lines for the AMH380 project

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
MVL380_AMH380 Line_380kV .
Future 1 _4KA_001539R MVL380 AMH380 Zuid- 0.085
Holland
MVL380_AMH380 Line_380kV .
Future 2 _4KA_001539R MVL380 AMH380 Zuid- 0.085
Holland
AMH380_SMH380 Line_380kV .
Future 1 _4KA_001539R AMH380 SMH380 Zuid- 22.357
Holland
AMH380_SMH380 Line_380kV .
Future 2 _4KA_001539R AMH380 SMH380 Zuid- 22.357
Holland
Table 5.5: Removed transmission lines for the AMH380 project
Name Type in PowerFac- | Terminal I | Terminal J | Zone Length
tory (km)
MVL380_SMH380 Line_380kV .
W _4KA_001539R MVL380 SMH380 Zuid- 26
Holland
MVL380_SMH380 Line_380kV .
7 _4KA_001539R MVL380 SMH380 Zuid- 26
Holland
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Figure 5.4: Implementation of substation AMH380 and corresponding changes to diagram highlighted in purple.




5.2. Upgrades until 2034 (Realization) 62

5.2.2. Wind Farm Integration

The next step involved integrating additional offshore wind farms as outlined in Invest-sea-2024 [116]
that were not yet implemented in the PowerFactory model. The implemented wind farms are listed in
Table 5.6. While numerous offshore wind projects are still under consideration or in various stages of
development, this section solely focuses on those confirmed in Invest-sea-2024 [116].

Noteworthy points include the Hollandse Kust West project, designated as (Converter WOZ_HKW - 2)
in the synthetic model, which has not yet officially determined a connection point. Nevertheless,
Beverwijk (BVW380) is mentioned as a viable option and was thus used in this implementation [116,
119]. Similarly, for Nederviek 3 designated as (Converter WOZ_NDW - 3), the connection point is
not definitively determined, reports suggest Geertruidenberg (GT380) as a feasible alternative, and
was used here [116, 119]. Lastly, the Ten Noorden van de Waddeneilanden wind farm, designated as
(Converter WOZ_TNW), required a connection point change. This connection was moved from the
original location at Vierverlaten (VVL380) to Eemshaven Oudeship (EOS380) [116, 119]. The specific
details are provided in Table 5.7.

Table 5.6: Overview of different Offshore Wind farms implemented throughout 2035 for the realization project phase

Name Year | Project Terminal | Zone Voltage | Capacity
(kV) (MW)
Converter Hollandse Kust
 WOZ_HKW-2 TBD West, kavel VIII BVW380 Noord- 380 700
Holland
Converter Ijmuiden .
_WOZ_TMG 2029 Ver Beta MVL380 Zuid- 380 2000
Holland
Converter .
_WOZ_NDW 1 2030 Nederwiek 1 BSL380 Zeeland 380 2000
Converter ) ]
_WOZ_NDW 2 2030 Nederwiek 2 MVL380 Zuid- 380 2000
Holland
Converter .
_WOZ_NDW 3 2030 Nederwiek 3 GT380 Noord- 380 2000
Brabant
Converter ] ]
_WOZ_DDW._1 2030 Doordewind 1 EOS380 Groningen | 380 2000
Converter ) ]
_WOZ_DDW 2 2030 Doordewind 2 EEM380 Groningen | 380 2000

Table 5.7: Overview of Offshore Wind Farm connection change

Name Year | Project Terminal | Zone Voltage | Capacity
kV) (MW)
Converter Ten Noorden
2030 van de EOS380 Groningen | 380 700
_WOZ_TNW-2 .
Waddeneilanden

5.2.3. Transmission Line Developments

Next, the different transmission line developments planned in Invest-Land-2024 [115] will be discussed.
These developments typically involve upgrading or removing existing lines. Therefore, the changes will
not be discussed in as much detail as the substation scenarios; rather, an overview of the changes will be
provided using tables.

All the upgraded transmission lines were upgraded to the future 4 kA type used in PowerFactory. Their
lengths were based on the length of the existing lines or the geographical feature in PowerFactory
for new lines. The numbers in the name indicate the additional circuit number that is connected.
As previously explained for the substation developments, all of the transmission line changes were
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implemented using varying network variations in PowerFactory.

The different projects implement varying improvements; some involve upgrading existing lines,

while others involve entirely new lines. This is given in different tables.

The lines in the system that were upgraded to the 4 kA line type can be seen in Table 5.8, the

additional lines implemented in Table 5.9, and the lines removed in Table 5.10.

Table 5.8: Transmission lines upgraded for the realization project phase

Name Type in PowerFac- | TerminalI | Terminal J | Zone Length
tory (km)
GT380_TIL380 Line_380kV GT3%0 TIL.380 Noord- 30
N1 _4KA_future
Brabant
GT380_TIL380 Line_380kV GT380 TIL380 Noord- 30
_N2 _4kA_future
Brabant
GT380_TIL380 Line_380kV GT380 TIL380 Noord- 30
_N3 _4kA_future
Brabant
TIL380_EHV380 Line_380kV GT380 TIL380 Noord- 35
_N1 _4KA_future
Brabant
TIL380_EHV380 Line_380kV GT380 TI1.380 Noord- 35
_N2 _4KkA_future
Brabant
TIL380_EHV380 Line_380kV GT3%0 TIL.380 Noord- 35
_N3 _4KkA_future
Brabant
BSL380_RLL380 Line_380kv BSL380 RLL380 | Zeeland 38.924
G _4kA_future
BSL380_RLL380 Line_380kV
W 4KA_ future BSL380 RLL380 Zeeland 38.924
Table 5.9: Transmission lines added for the realization project phase
Name Type in PowerFac- | Terminal I | Terminal J | Zone Length
tory (km)
ENS380_VVL380 Line_380kV .
Futare_1 4KA_ future ENS380 VVL380 Overijssel 73.973
ENS380_VVL380 Line_380kV .
Future 2 4KA_ future ENS380 VVL380 Overijssel 73.973
Table 5.10: Transmission lines removed for the realization project phase
Name Type in PowerFac- | Terminal I | TerminalJ | Zone Length
tory (km)
Line_220kV .
VVL220_EEM220 2-3KA_002474R VVL220 EEM220 Groningen 40.02

5.2.4. Transformer Developments

Next, the transformer upgrades in the realization stage of the investment plan are discussed. These
were handled similarly to the transmission line developments, with a table indicating the upgrades
and additions made. All transformers were upgraded with one additional parallel transformer unless
otherwise stated. The original MVA capacity and number of parallel transformers are highlighted in
red. The resulting transformer upgrades can be seen in Table 5.11.
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Table 5.11: Upgraded Transformers in the realization project phase (original numbers highlighted in red)

Name HV Ter- | LV Ter-| , iiﬁ;ﬂi of | S-_total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_BVW380 | pywsso | NH150 | 2yoord- 3(2) 1500 (1000) 500
_NH150 Holland
Trafo MEE220 | \MEE220 | GDO110 | Groningen 3(2) 1125 (750) 375
_GDO110

5.3. Upgrades until 2034 (Design)

Next, the infrastructure upgrades in the design phase will be discussed. As mentioned, these do not
have specific plans, and assumptions were made to implement them. These upgrades do not contain
information regarding power plants and load centers but rather focus on infrastructure developments
in the 380/220 kV power system.

5.3.1. Substation Developments
First, the additional substation developments will be discussed. Eight substations are in the basic design
phase.

The first is the new Veenoord-Boerdijk 380 kV station (VOB380). This is part of the larger net-
work reinforcement project in Northeast Netherlands, which included the new substation of MSK380
earlier implemented. The new substation will be located north of the A37 at the Veenoord exit (Boerdijk,
municipality of Emmen on the border of the municipality of Coevorden) [117]. This new substation was
implemented similarly to the MSK380 substation, rerouting lines in the same manner. The same proce-
dure was followed regarding installing new lines and removing old lines using the geographical feature
in PowerFactory. The changes made for the project can be seen in Figure 5.5, with the corresponding

lines added and removed in Table 5.12 and Table 5.13, respectively.

Table 5.12: Added transmission lines for the VOB380 project

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
AR | e s o | 95
Mo | _akaoolsser s | A0 | VOBR0 | gl | 97
Voﬁii%;/ﬂ(%o ) 4&“_‘30—031%%1;\&2 VOB380 | MSK380 Overijssel | 25.541
Voﬁii%ll’g@go ) 41523—0?%%1;%_2 VOB380 | MSK380 Overijssel | 25.541
Table 5.13: Removed transmission lines for the VOB380 project
Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
ZLfggﬂEfgo ) 415260—031%%1;\12_2 Z1380 MSK380 | Overijssel | 71.841
ZL???EEE_KZ%O ) 4&“_%—031%%1;\{{_2 Z1.380 MSK380 | Overijssel | 71.841
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Figure 5.5: Implementation of substation VOB380 and corresponding changes to diagram highlighted in purple.

Next, the substation Farmsum Oosterlaan 220 kV (FSO220) was implemented. Very limited details
regarding the project have been published as of now. However, one of the reasons for the extra substation
is due to the projected electrification of industry in the area and the increased amount of renewable
energy [120]. It is indicated that the new substation will be in the same area as the previous substation,
Weiwerd 220 kV (WEW220) in Farmsum. Thus, the new substation was placed in Farmsum and
connected to the existing line between WEW220 and Meeden 220 kV (MEE220). As before, this was done
using the geographical function in PowerFactory, providing accurate estimates regarding placement and
corresponding line lengths. The changes made for the project in PowerFactory can be seen in Figure 5.6,
with the added and removed lines in Table 5.14 and Table 5.15, respectively.

Table 5.14: Added transmission lines for the FSO220 project

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)

MEE220_FS50220 Line_220kV .

Future 1 _2.3kA_00166R MEE220 FSO220 Groningen 19.996
MEE220_FS50220 Line_220kV .

Future 2 2.3KA_00166R MEE220 FSO220 Groningen 19.996
FSO220_WEW220 Line_220kV .

Future 1 2-3kA_00166R FSO220 WEW220 Groningen 0.826
FSO220_WEW220 Line_220kV

Future_2 _2.3KA_00166R FSO220 WEW220 Groningen 0.826
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Table 5.15: Removed transmission lines for the FSO220 project

Name Type in PowerFac- | Terminal I | Terminal J | Zone Length
tory (km)
MEE220_WEW220 Line_220kV .
0 2.3KA 00166R MEE220 WEW220 Groningen 29.6
MEE220_WEW220 Line_220kV .
P _23kA_00166R MEE220 WEW220 Groningen 29.6

FS0220_WEW220_Future_1

FS0220_WEW220_Future_2

FS0220 EEE

MEE220_FS0220_Future 2

MEE220_FS0220_Future 1

Figure 5.6: Implementation of substation FSO220 and corresponding changes to diagram highlighted in purple.

Next, the new station Graetheide 380 kV (GRTH380) and an upgrade to the 380 kV transmission line
between Graetheide and Maasbracht, which currently has a 150 kV connection, were implemented.
The PowerFactory model includes sections of the 110 and 150 kV power systems modeled as single
substations to reduce computation. Consequently, as here, the connections between the 380 kV and
these systems will not always be properly representative.

As mentioned, the 150 kV connection between Graetheide and Maasbracht will be upgraded to
380 kV. However, there is no current 150 kV connection between these in the model, but rather a
connection between Maasbracht 380 kV (MBT380) and the 150 kV substation representing the 150 kV
power system of the Limburg region (L150). A new substation (GRTH380) was created in the model
and connected to MBT380 with two circuits. This was done using the future 4 kA transmission line type
from previous projects due to the lack of specific public information regarding this project. GRTH380
was also connected to the L150 station through three parallel 500 MVA transformers using a standard
type. This was then connected through a 50 km transmission line with nine parallel lines, containing
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one circuit using the adjusted line type from previous projects. The transmission line, transformer
options, and line length were chosen based on the previous representations between the 380 kV and 150
kV power systems. As before, the line lengths between the 380 kV stations were determined using the

geographical map through PowerFactory.

The changes made to the system in PowerFactory can be seen in Figure 5.7, with the added transmission

line and transformer in Table 5.16 and Table 5.17, respectively.

Table 5.16: Added transmission lines for the GRTH380 project

Name

Type in PowerFac- | Terminal I | Terminal J | Zone Length
tory (km)
MBT380_GRTH380 Line_380kV .
Future 1 _4KA_Future MBT380 GRTH380 | Limburg 16.315
MBT380_GRTH380 Line_380kV .
Future 2 _4KA_Future MBT380 GRTH380 | Limburg 16.315
Line_L_low3_a 150kV_Adj L_low3 L150 Limburg 50
Table 5.17: Added transformer for the GRTH380 project
Name HV Ter-| LV Ter- Zone Parallel S total S rated
minal minal Trafos (MVA) (MVA)
Trafo_GRTH380 | GRTH380| L150 Limburg 3 1500 500
_L150_Future
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Figure 5.7: Implementation of substation GRTH380 and corresponding changes to diagram highlighted in purple.

Next, the new 380 kV substation project at Terneuzen (TNZ380) will be discussed. Here, the placement of
the substation has not yet been fully decided, but two areas have been designated for further study. The
same goes for the transmission connection to the 380 kV station. Two alternatives are being considered,
with a direct connection to the existing 380 kV line between Borssele (BSL380) and Rilland (RLL380) [121,
122]. The substation will also be connected to the surrounding 150 kV power system, and a demand
increase of up to six-fold is expected in the area until 2050 [123]. Because of this, the current 150 kV
power system in the area is insufficient to keep up with the change in demand, and reinforcement is
necessary. The region is also being studied regarding future interconnection towards Belgium [122].

Because neither the exact placement of the substation nor the connection path to the 380 kV line
between Borssele (BSL380) and Rilland (RLL380) nor the transmission line path is decided, assumptions
were made. Here, a substation was placed in the center of Terneuzen for simplicity’s sake. The
transmission connection was placed approximately in the middle of RLL380 and BSL380, and the
crossing was made straight to the substation. A four-circuit connection is expected, and it was assumed
that the 4 kA transmission lines used for future scenarios in previous expansions will be used.

The connection between the 380 kV station and the 150 kV power system followed the same pro-
cedure as in the previous case, with the same transformer type, quantity, and corresponding line and
length.

The changes made to the system in PowerFactory can be seen in Figure 5.8, with the added transmission
line and transformer in Table 5.18 and Table 5.19. The CP stands for connection point on the existing
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transmission line.

Table 5.18: Added transmission lines for the TNZ380 project

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
Line_L_low3_a 150kV_Adj L_low3 L150 Limburg 50
BSL380_TNZ380 Line_380kV
Future 1 4KA future CP TNZ380 Zeeland 11
BSL380_TNZ380 Line_380kV
Future 2 4KA_future CP TNZ380 Zeeland 11
BSL380_TNZ380 Line_380kV
Future 3 _4KA_future CP TNZ380 Zeeland 11
BSL380_TNZ380 Line_380kV
Future 4 4KA_ future CP TNZ380 Zeeland 11
Line_Z_low2 150kV_Adj Z_low2 TNZ380 Zeeland 50
Table 5.19: Added transformer for the TNZ380 project
Name HV Ter- | LV Ter-| , Ei‘iﬂi of | S-_total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_TNZ380 | TNZ380 | 2150 Zeeland 3 1500 500
_7Z150_Future
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Figure 5.8: Implementation of substation TNZ380 and corresponding changes to diagram highlighted in purple.

Next, the new 380 kV substation project at Haven Vlissingen (HVL380) will be discussed. This substation
is connected adjacent to the 380 kV station of Borssele (BSL380) as a result of the increased power
demand and generation in the area. This is the same area as the previously discussed TNZ380, and the
same reasons apply here [124, 125, 126]. However, this new substation also helps alleviate the increased
offshore wind generation in the area. The capacity at Borssele has already been capped, necessitating
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additional capacity [124, 125, 126].

As before, a four-circuit connection was utilized between the HVL380 and BSL380 stations, using
the 4 kA line type designated for future scenarios. The length of the lines was determined using the
geographical function in PowerFactory.

The resulting schematic in PowerFactory can be seen in Figure 5.9 with the corresponding trans-
mission lines added in Table 5.20.

Table 5.20: Added transmission lines for the HVL380 project

Name Type in PowerFac- | TerminalI | Terminal J] | Zone Length
tory (km)
BSL_P’SS&I?Z_]ISSO _Lilr(‘z—ji?ﬁ;’e BSL380 HVL380 | Zeeland 0.364
BSLjfgt—que\g%O jﬁ;—jﬁ?ﬁl BSL380 HVL380 | Zeeland 0.364
BSL?SS;EZE%O jﬁ;—jﬁ?ﬁl BSL380 HVL380 | Zeeland 0.364
BSL?SS&I?ZI;%O jﬁg—jﬁ?ﬁ;’e BSL380 HVL380 | Zeeland 0.364

u

BSL380_RLL380_b

BSL380_RLL380_a

== BSL380_RLL380_N1
o
 —

BSL380_RLL380_N2

X », ] =
~Npor . Oveﬂju;zle Sk (=
i # No‘,,drs‘p.,m‘%, I L 0o |}, BSL380 HVL380 Future 1
. 3 = Nt — T °_l° _ BSL380_HVL380_Future_2
Lot 2~ vra s ) ], BSL380 HVL380 Future 3
?m 1. ) evolahd m
pd] = b BSL380_HVL380_Future_4
eIt '
g
Limburg
T
= — 'EEXE

Figure 5.9: Implementation of substation HVL380 and corresponding changes to diagram highlighted in purple.

Next, the project involving a new substation Halsteren 380 kV (HST380) will be discussed. The new
substation will be connected to the existing line between Rilland (RLL380) and Geertruidenberg (GTB380)
[127]. The connection is part of a larger upgrade project in the Halsteren area [128]. The substation
will also connect to the local 150 kV network. This will help grow renewable energy and increase
electrification for the region, allowing the region of Schouwen-Duiveland to be connected to the 380 kV
power system.

The substation was connected to the RLL380 - GTB380 connection and was implemented using a
direct connection to the transmission line, as was the case for the project of TNZ380. As before, the
connection was done according to the geographical function in PowerFactory to allow for accurate
estimations of line lengths. Four circuits will be connected in pairs, with a small distance between two
connection points [129]. However, the connection between RLL380-GTB380 is yet to be upgraded to
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four circuits. Thus, the two in use now were utilized and upgraded later with the specific transmission
line upgrades. The transmission line used the 4 kA type designated for future lines. The connection
point is closest to RLL380; thus, this was used as the reference bus for the terminal connection in the
line name to simplify identifying the connection.

A transformer was also connected to the existing 150 kV power system of Noord-Brabant (B150).
As before, a 50 km line connection was used to connect the transformer to the 150 kV power system.
The same transformer and line type were used. The transformer has three parallel transformers, and the
transmission line has four circuits.

The resulting schematic in PowerFactory can be seen in Figure 5.10 with the corresponding transmission
lines and transformer added in Table 5.21 and Table 5.22, respectively.

Table 5.21: Added transmission lines for the HST380 project

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
RLL380_HST380 Line_380kV
Future. 1 4KA future (@I HST380 Zeeland 10.527
RLL380_HST380 Line_380kV
Future 2 4KA. future cp HST380 Zeeland 10.527
Line_B_low3 150kV_Adj Z_low3 B150 Noord- 50
Brabant
Table 5.22: Added transformer for the HST380 project
Name HV Ter- | LV Ter- Zone E:;ll:i of S_total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_TNZ380 | TNZ380 | Z150 Zeeland 3 1500 500
_Z150_Future
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Figure 5.10: Implementation of substation HST380 and corresponding changes to diagram highlighted in purple.

Next, the new 380 kV substation in Oostpolder (OOP380) will be discussed. This is part of the larger
project in the Eemshaven area to accommodate the significant increase in renewable generation and
interconnections. Due to this, more substations, connection points, transmission lines, and overall
infrastructural developments are necessary. The 380 kV substation will be placed adjacent to the
existing 110 kV substation with the same name [120]. No detailed information is available regarding the
connection to the 380 kV substation. Therefore, it was assumed that the connection will be made to the
nearest connection point in Eemshaven Oudeship (EOS380), which has already received upgrades. Due
to the lack of information, there will not be a connection to the 110 kV power system in this scenario.

A four-circuit transmission line was assumed to connect OOP380 and EOS380 to allow for further
expansions in the area in future scenarios, utilizing the 4 kA future line type. This new substation aids
in integrating the large amounts of renewable energy planned in future scenarios.

The implementation of the project in PowerFactory can be seen in Figure 5.11, with the corresponding
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lines added in Table 5.23.

Table 5.23: Added transmission lines for the OOP380 project

Name Type in PowerFac- | Terminal I | Terminal J | Zone Length
tory (km)
EOS380_O0P380 Line_380kV .
Line_Future 1 4KA_future EOS380 OOP380 Groningen 4.266
EOS380_O0P380 Line_380kV .
Line_Future 2 4KA_ future EOS380 OOP380 Groningen 4.266
EOS380_O0P380 Line_380kV .
Line Future 3 4KA future EOS380 0O0P380 Groningen 4.266
EOS380_OO0P380 Line_380kV .
Line_Future 4 AKA_future EOS380 OOP380 Groningen 4.266
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Figure 5.11: Implementation of substation OOP380 and corresponding changes to diagram highlighted in purple.

This concludes all the substation developments planned in Invest-Land-2024 [115] that are under the
basic design building stage. All the changes were made using a network variation in PowerFactory to

allow for easy removal of variations due to future uncertainties.

5.3.2. Transmission Line Developments

Next, the transmission line developments in the design phase were implemented. A similar procedure
as for the realization phase developments was followed, with similar assumptions. The lines added for

this phase are shown in Table 5.24, and the lines upgraded are shown in Table 5.25.
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Table 5.24: PowerFactory Transmission Lines Added for the 2034 Basic Design project phase

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
DIM380_LLS380 Line_380kV
Future 3 4KA future DIM380 LLS380 Utrecht 50.43
DIM380_LLS380 Line_380kV
Future 4 _4KA future DIM380 LLS380 Utrecht 50.43
LLS380_ENS380 Line_380kV ..
Future 3 _4KA_future LLS380 ENS380 Overijssel 21
LLS380_ENS380 Line_380kV ..
Future 4 4KA_ future LLS380 ENS380 Overijssel 21
KIj380_GT380 Line_380kV KIJ380 GT380 Noord- 34.02
_Future_3 _4KA_future
Brabant
ENS380_VVL380 Line_380kV .
Future_1 AKA_future ENS380 VVL380 Overijssel 73.973
ENS380_VVL380 Line_380kV .
Future 2 AKA future ENS380 VVL380 Overijssel 73.973
MBT380_EH V380 Line_380kv MBT380 | EHV380 | Noord- 48.742
_Future_3 _4KkA_future
Brabant
Table 5.25: PowerFactory Transmission Lines Improved for the 2034 Basic Design project phase
Name Type in PowerFac- | Terminal I | TerminalJ | Zone Length
tory (km)
BSL380_RLL380 Line_380kV
G 4KA_future BSL380 RLL380 Zeeland 26.6
BSL380_RLL380 Line_380kV
7 4KA_ future BSL380 RLL380 Zeeland 26.6

5.3.3. Transformer Developments

Next, the transformer upgrades in the basic design stage of the Investment plan are given. This was
done in a similar manner as for the realization phase, and the resulting transformer upgrades can be

seen in Table 5.26.
Table 5.26: Upgraded Transformers in the basic design project phase
Name HV Ter- | LV Ter-| , Eiﬁgzlr of | S_total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_MEE380 | MEE380 | MEE220 | Groningen 2(1) 1500 (750) 750
_MEE220
Trafo_GT380 | GT380 | B150 Noord- 3(2) 1350 (900) 450
_B150 Brabant
Trafo_SMH380 | gMp380 | zH150 | 209 2 (1) 100 (500) 500
_ZH150 Holland
Trafo_VVL380 | vy1380 | VVL220 | Groningen 10 (7) 7500 (5250) 750
_VVL220




5.4. Upgrades until 2034 (Study) 75

Table 5.27: New Transformer Added in the basic design project phase

Name HV Ter- | LV Ter-| , iiﬁ;ﬂi of | S-_total S_rated

minal minal Trafos (MVA) (MVA)

Trafo_ENS380 | ENS380 | ENS220 | Overijssel 1 750 750
_ENS220_3

5.4. Upgrades until 2034 (Study)

Next, the infrastructure updates in the study phase of the investment plan will be discussed. Due to the
early project phase, public information about the projects is limited. This results in larger assumptions
necessary to integrate them into the power system. A new network variation in PowerFactory was
created, similar to the implementation of the design phase.

5.4.1. Substation Developments

The first project is the new 380 kV substation in the port of Moerdijk. The substation will have connections
to the existing 150 kV system in the area. This substation will facilitate landings/connections of offshore
wind and support the electrification of the area [130, 131].

The project lacks public information regarding connection points, substation placements, and overall
system infrastructure, making assumptions and simplifications necessary. The project description men-
tions two connections: one to the existing connection between Rilland (RLL380) and Geertruidenberg
(GT380) and another between RLL380 and Tilburg (TIL380) [130]. An assumption was made that the
double connection to each set of transmission lines occurs at the midpoint; this should be updated once
the proper location is determined. The substation was connected directly to the line, and the 4 kA-rated
future line model used for previous projects was also utilized here. The line connections were separated
to provide a similar connection type observed in previous projects with similar characteristics.

The changes made in PowerFactory can be seen in Figure 5.12 with the corresponding additional
lines implemented in Table 5.28.

Table 5.28: Added transmission lines for the MDK380 project

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
C_;Efff_—FMugfff ji‘g—_ii?ﬁye GT380 MDK380 | Zeeland 9.926
?Effg_—FMuEfs_szo jﬁg—jﬁ?ﬁ;’e GT380 MDK380 | Zeeland 9.926
T_Illﬁio_—}jl\jg Ir<e3_810 jﬁi—jﬁ?ﬁ;’e TIL380 MDK380 | Zeeland 20.580
T_Ilﬁio_—é\fg Ife?’_820 jﬂ;—jﬁ?ﬁl TIL380 MDK380 | Zeeland 20.371




5.4. Upgrades until 2034 (Study) 76

HST380— ?
S m (
‘5 [0} <
E ¢
o |5 :
£ (v .
4 cul L
o |E
® |3 N
™ |
= o t
2 3
S o n
g1
RLL380_GT380_a— 3 RLL380_GT380_2Z GT380-TIL380_N1
= @ = =gm [
RLL380_GT380_W RL| 380 GIE880bGT3BLLE80 GT380_d GT380_TIL380_N2
[ = - - amgm [
| | | |
o | o o o
3 3 2 2 GT380_TIL380_N3
3 > e > - -
w [ w w - L
<u| tv‘ ‘Dl !D‘
{=
5 51 = 5‘ 8
MDK380———iit—fp by
o g g " o8
= = 2z ©
<o @ oo} @
22 3| 3
(O] O = (=
‘ RLL380_TIL380[ N1
RLL380_TIL380_N2 \ RLL38p_TIL380_N2_bRLL380_TIL380_N2_a
At i
- o
o0
™
-
l—

RLL380
L]

-
v

Heg
L

e

u
==
1 lid

d

Limburg
T

N —

Figure 5.12: Implementation of substation MDK380 and corresponding changes to diagram highlighted in purple.

Next, the new 380 kV substation project at Europoort (ERP380) will be discussed. This is part of the
larger infrastructural development occurring in the port of Rotterdam, including the aforementioned
projects, such as the new 380 kV substation at Amaliehaven. The connection will allow for more landing
connections of offshore wind and overall help with the region’s electrification in terms of demand and
supply for different scenarios [132].

The new substation was placed in Europoort in Rotterdam, between the existing substations of
Maasvlakte (MVL380) and Westerlee (WL380). The substation was placed as a connection point between
the two existing substations. The transmission lines already installed between MVL380 and WL380
were utilized, and new line lengths were determined using the geographical function in PowerFactory.

The changes made in PowerFactory can be seen in Figure 5.13 with the corresponding additional
lines implemented in Table 5.29.
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Table 5.29: Added transmission lines for the ERP380 project

'
Friesland » gt

bhnt.*
E" Limburg

+

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
MVL380_ERP380 Adj_Line_380kV MVL380 ERP380 Zuid- 8.446
_Future_1 _4kA
Holland
MVL380_ERP380 Adj_Line_380kV MVL380 ERP380 Zuid- 8.446
_Future_2 _4kA
Holland
WL380_ERP380 Adj_Line_380kV WL380 ERP380 Zuid- 588
_Future_1 _4kA
Holland
WL380_ERP380 Adj_Line_380kV WL380 ERP380 Zuid- 5808
_Future_2 _4KkA
Holland
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Figure 5.13: Implementation of substation ERP380 and corresponding changes to diagram highlighted in purple.

Next, the new 380 kV substation project in Almere (ALR380) will be discussed. This project is an
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extension of existing plans regarding an upgrade in the transmission line infrastructure between Diemen
(DIM380) and ENS (ENS380) [133]. This will be discussed later, and the corresponding infrastructure
changes will be updated accordingly.

The region has a growing amount of renewable generation, particularly from large solar farms in the
area [134]. The new substation will better prepare the region for the increasing need for high-voltage
infrastructure.

Due to the project’s study phase, there is a lack of public information regarding the development,
necessitating assumptions. Here, it was assumed that the new substation will be placed between the
two substations of DIM380 and Lelystad (LLS380). Similar to previous substation implementations, it
was connected using the existing line and serve as a connection point between DIM380 and LLS380.
As before, the line lengths and placement of the substation was determined using the geographical
function of PowerFactory.

The changes made in PowerFactory can be seen in Figure 5.14 with the corresponding additional
lines implemented in Table 5.30.

Table 5.30: Added transmission lines for the ALR380 project

Name Type in PowerFac- | Terminal I | Terminal J | Zone Length
tory (km)
DIM380_ALR380 Line 380KV | pivisso | ALR380 | Noord- 13343
_Future_1 _4KA_future
Holland
DIM380_ALR380 Line 380KV | prvisgo | ALR380 | Noord- 13343
_Future_2 _4KA_future
Holland
LLS380_ALR380 Line 380KV | 175380 | ALR380 | Noord- 30.062
_Future_1 _4kA_future
Holland
LLS380_ALR380 Line 380KV 1116380 | ALR380 | Noord- 30.062
_Future_2 _4kA_future
Holland
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Figure 5.14: Implementation of substation ALR380 and corresponding changes to diagram highlighted in purple.

No information was found regarding the three remaining substation projects at the 380 kV level,
nWCN380, nSDM380, and nWSP380. Thus, these were included in the upgrades, and future work
should incorporate these when information becomes available.
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5.4.2. Transmission Line Developments

Next, the transmission line developments in the study phase were implemented. The same procedure
was followed as for the realization part, and similar assumptions were made. The transmission lines
upgraded for this project phase are shown in Table 5.31, and lines added shown in Table 5.32

Table 5.31: PowerFactory Transmission Lines Upgraded for the Study project phase

Name Type in PowerFac- | Terminal I | Terminal ] | Zone Length
tory (km)
MBT380_DOD380 Line_380kV )
W AKA_future MBT380 DOD380 Limburg 99.6
MBT380_BMR380 Line_380kV .
7 AKA_ future MBT380 BMR380 Limburg 57.9
DOD380_BMR380 Line_380kV .
7z AKA_future DOD380 BMR380 Limburg 41.7
DOD380_DTC380 Line_380kV
W AKA_future DOD380 DTC380 Utrecht 45.4
DOD380_DTC380 Line 380kV" | hyhag) | DTC380 | Utrecht 454
7 _4KA_future
KIJ380_BKK380 Line_380kV
W 4KA_future KIJ380 BKK380 Utrecht 20
BKK380_DIM380 Line_380kV
W AKA future BKK380 DIM380 Utrecht 37.52
OZN380_DIM380 Line_380kV OZN380 | DIM380 Utrecht 15.2
G _4KkA_future
OZN380_BVW380 Line_380kV OZN380 BVW380 Noord- 17
W _4kA_future
Holland
OZN380_BVW380 Line_380kV OZN380 BVW380 Noord- 17
V4 _4KkA_future
Holland
RLL380_GT380 Line_380kV
W 4KA_future RLL380 GT380 Zeeland 61.213
RLL380_GT380 Line 380kV- | pr13g0 | GT3so Zeeland 61.213
Z _4KA_future
DTC380_HGL380 Line_380kV
W AKA future DTC380 HGL380 Utrecht 58.65
DTC380_HGL380 Line_380kV DTC380 | HGL380 | Utrecht 58.65
7 _4KkA_future
BGM?220_VVL220 Line_220kV .
W _4KkA_005000R BGM220 VVL220 Friesland 32.48
VVL220_7YV?220 Line_220kV .
W _4KA_005000R VVL220 ZYV220 Friesland 22.71
VVL220_ZYV220 Line_220kV .
7 _4KA_005000R VVL220 ZYV220 Friesland 22.71
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Table 5.32: PowerFactory Transmission Lines Added for the Study project phase

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
GT380_TIL380 Line_380kV GT380 TI1.380 Noord- 30
_Future_4 _4kA_future
Brabant
TIL380_EHV380 Line_380kV TIL380 EFV380 Noord- 35
_Future_4 _4kA_future
Brabant
BSL.380_RLIL380 Line_380kV
Future 6 4KA. future BSL380 RLL380 Zeeland 38.9
BSL380_TNZ380 Line_380kV
“Future 5 _4KA. future BSL380 TNZ380 Zeeland 11.05
MBT380_GRTH380 Line_380kV .
Future. 3 _4KA future MBT380 GRTH380 Limburg 16.315
EEM380_EOS380 Line_380kV .
Future 3 AKA_future EEM380 EOS380 Groningen 1.44

5.4.3. Transformer Developments

Finally, the transformer upgrades in the study phase of the investment plan are presented. This was
done in a similar manner as for the realization and basic design phases. The resulting transformer

upgrades are given in Table 5.33.

Table 5.33: Upgraded Transformers for the Study project phase, red numbers in parenthesis highlight the original values

Nam HV Ter- | LV Ter-| , Ei‘;ﬂi of | S-_total S_rated
ame minal minal (MVA) (MVA)
Trafos
Trafo_BVW380 | pywaso | NHiso | Noord- 4(2) 2000 (1000) 500
_NH150 HOlland
Trafo_BSL380 | Bs1.380 | 7150 Zeeland 4 (3) 2000 (1500) 500
7150
Trafo_OZN380 | OzN380 | NH150 | Neord- 403) 2000 (1500) 500
_NH150 Holland
Trafoﬁﬁl(;/mo LSM220 | F110 Friesland 3(2) 600 (400) 200
Trafo KIJ380 | kpjaso | ziiso | 24id- 4(2) 1800 (900) 450
7ZH150 2 Holland
Trafo_CST380 | csT3s0 | ziiso | 24id- 403) 2000 (1500) 500
_ZH150_1 Holland
Trafo_CST380 | csT3go | zHiso | Zuid- 4(3) 2000 (1500) 500
_ZH150_2 HOlland
Trafo_TIL380 | 11380 | B150 Noord- 4(3) 2000 (1500) 500
B150_N Brabant
Trafo_BWK380 | pwkaso | ziiso | 24id- 4(3) 2000 (1500) 500
_ZH150 Holland
Trafo WTR380 | wrrsso | zH150 | 209 4 (3) 2000 (1500) 500
_ZH].SO HOlland




Model Development towards 2050
Scenario

6.1. Introduction

To fully assess the different scenarios and their respective dynamic stability, it is necessary to update the
synthetic dynamic model to better fit the selected scenario for future work found in chapter 4. This
includes varying levels of renewable generation, flexibility, demand, synchronous generation, and plans
for improved or decommissioned infrastructure. This section delves deeper into the the scenario and
the model’s necessary adaptations.

The scenario utilized consists of the scenario found in I13050-2, specifically the national (NAT) scenario.
This is the scenario that the TargeT Grid by TenneT is based on, and it serves as a "worst case" scenario
for system expansion towards 2045 [114]. As a worst-case scenario, it serves as the projected highest
degree of installed electrification and necessary upgrades to the high-voltage system. The highest
degree of electrification is used as the benchmark because it is easier to scale down rather than up if the
future outlook of the Dutch power system changes.

As mentioned, significant upgrades to the infrastructure are necessary due to the large amounts
of renewable generation, flexibility measures, and high load peaks in this scenario. This will be
highlighted in the following sections.

Because the timeline of 2050 is far in the future, no detailed plans are available for the specifics
of the changes to transmission lines, generators, and substations. However, information is available
regarding the location of different generation units, load centers, and general plans for infrastructure
investments in specific regions. After implementing the plans specified in various resources, an
additional assessment of the power system will be conducted using load flows and contingency analysis
to identify possible bottlenecks. If bottlenecks are identified, they will either be improved or addressed
as areas for future planning, depending on the severity of the bottleneck.

This allows the model to accurately represent the future power system and thus serve as a benchmark
model for future analysis of the Dutch power system towards 2050.

6.2. Infrastructure Developments

With the high levels of renewable generation and flexibility, the need for a strengthened power system
with increased transmission capabilities is essential. Because renewable generation depends on factors
such as wind speed and sun hours, generation units are typically centered where the conditions are
optimal for each type of generation. Consequently, when these factors are low, there may be a need for
large power flows between regions to ensure a sufficient supply level for each region. This creates the
possibility of significant bottlenecks in the system as some of the generated power needs to travel longer

82
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distances. This presents a challenge for the existing power system, necessitating the implementation of
new infrastructure. This was also identified as a weak point for the 2030 scenario by DeRoos [105].

The different reports offer varying perspectives on the need for future power system investments.
However, they do not all provide the same level of detail. II3050-2 provides a detailed explanation of
the predicted bottlenecks and necessary infrastructure developments. Thus, this serves as the main
report for the upgrades towards 2050, coinciding with the selected National scenario implementation.

I13050-2 and IO-2050 identified similar bottlenecks when analyzing the system, primarily due to
the power system’s transit flow [106, 110]. The different scenarios showed effective handling of bottle-
necks when electrolysers were placed close to large-scale renewable generation farms. However, during
periods requiring transit flow between regions due to low renewable generation, many bottlenecks were
observed in most scenarios [106, 110]. It is important to remember that identified bottlenecks depend on
various factors, such as the placement of new large generation units, offshore wind landings, demand
and international cooperation on new projects, and interconnections between countries. Therefore,
there is no one-size-fits-all solution, and additional infrastructure may be necessary to improve the
system in response to changes.

I13050-2 identifies similar bottlenecks for both national and international scenarios. One signifi-
cant bottleneck is between the north and south of Holland to the south of the Netherlands. 113050-2
predicts that this must be strengthened with an additional high-voltage line. This spans from the sta-
tions of Beverwijk (BVW380) and Diemen (DIM380) towards Maasvlakte (MVL380) to Geertruidenberg
(GT380) and further south to Rilland (RLL380) and Eindhoven (EHV380). This is a major concern due
to the large amounts of offshore wind farm landings in northern Noord-Holland, making it critical to
implement changes to account for these projects and allow power to flow to other regions.

First, the connection between Beverwijk (BVW380) and Diemen (DIM380) towards the south was
upgraded. An additional transmission line was implemented between BVW380 and DIM380 and
between BVW380 and Oostzan (OZN380). Other connections were implemented between BVW380 and
Vijthuizen (VHZ380), between OZN380 and Krimpen a/d IJssel (KIJ380), and between DIM380 and
Breukelen Kortrijk (BKK380), extending to KIJ380.

Next, the connection from KIJ380 to EHV380 was upgraded. This was done with an additional
transmission line similar to the previous case. First, the connection between KIJ380 and GT380 was
upgraded, followed by the connection from GT380 to Tilburg (TIL380) and from TIL380 to EHV380.

Next, the connection from GT380 to Rilland was strengthened by adding an additional transmis-
sion line. First, the connection between GT380 and RLL380 was upgraded, which also meant upgrading
the two connected substations on this line, namely the HST380 and MDK380 substations. Further, the
line connecting one of the interconnections to Belgium, the RLL380 to ZVL380 connection, was upgraded.

Next, the connection from KIJ380 to MVL380 was upgraded with an additional transmission line. First,
the connection between KIJ380 and CST380 was upgraded, then the connection between CST380 and
SMH380, followed by SMH380 to Amaliehaven (AMH380), and finally AMH380 to MVL380.

I13050-2 also identified that the connection between Ens (ENS380) and Hengelo (HGL380) must
be doubled, passing through Zwolle (ZL380). Here, two new transmission lines were implemented
between the substations of ENS380 to Z1.380 and Z1.380 to HGL380.

The port of Borssele also needs further research into the supply and demand of the region. Here, up-
grades will be considered if necessary during the initial load flows when the scenarios are complete [106].

Another bottleneck is found in the connections in Zeeland during the European integration sce-
nario [106]. However, this occurs due to the influx of nuclear power in that area for the specific scenario
and is not relevant to the three scenarios of interest.
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There is also mention of DC connections being utilized for the onshore power system to allevi-
ate these bottlenecks by allowing large power flows to be rerouted through the high-capacity DC line.

However, this was not considered in this report.

If any of the transmission lines that underwent upgrades during this stage were of an older lower-rated
type, such as 2 or 3 kA, these were upgraded to 4 kA lines. The resulting upgraded lines can be seen in
Table 6.1, and the added lines in Table 6.2. The resulting single-line diagram of the entire system can be

seen in Figure 6.1.

Table 6.1: 2050 Scenario - Lines Upgraded

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
BVW380_VHZ380 Line 380KV | pywago | VHZ380 | Noord- 14.31
W _4kA_future
Holland
BVW380_VHZ380 Line 380KV | pywago | VHZ380 | Noord- 14.31
7 _4KkA_future
Holland
Re = Line 380KV 1 11380 OZN380 | Noord- 72.529
7 _4KkA_future
Holland
RLL380_ZVL380 Line_380kv RLL380 | ZVL380 | Zeeland 6.841
G _4KkA_future
RLL380_ZVL380 Line_380KV
W AkeA future RLL380 ZVL380 | Zeeland 6.841




6.2. Infrastructure Developments

85

Table 6.2: 2050 Scenario - Lines Added

Name Type in PowerFac- | Terminal I | Terminal J] | Zone Length
tory (km)
OZN380_BVW380 Line_380kV OZN380 BVW380 Noord- 17
_Future_3 _4kA_future
Holland
©ZN380_DIM380 Line 380kV | 57N380 | DIM380 | Noord- 152
_Future_2 _4kA_future
Holland
BVW380_VHZ380 Line 380KV | pywiaso | vHZ380 | Noord- 1431
_Future_3 _4kA_future
Holland
KIJ380_OZN380 Line_380kV KIJ380 OZN380 | Noord- 72.529
_Future_2 _4KkA_future
Holland
BKK380_DIM380 Line_380kV
Future 2 _AKA_future BKK380 DIM380 Utrecht 37.52
KIJ380_BKK380 Line_380kV
Future 2 4KA_ future KIJ380 BKK380 Utrecht 20.01
KIj380_GT380 Line 380KV | ¢ 1rag GT380 Noord- 34.02
_Future_4 _4KA_future
Brabant
GT380_TIL380 Line_380kV GT380 TIL380 Noord- 30
_Future_5 _4KA_future
Brabant
TIL380_EHV380 Line_380kV TIL380 EHV380 Noord- 35
_Future_5 _4kA_future
Brabant
GT380_MDK380 Line_380kV
_Line_Future_3 _4kA_future CP MDK380 Zeeland 9.95
RLL380_HST380 Line_380kV
Line Future 3 4KA future (@I HST380 Zeeland 10.519
RLL380_ZVL380 Line_380kV
Future 3 AKA future RLL380 ZVL380 Zeeland 6.841
(ST380_KIJ380 Line_380kV CST380 | KIJ380 Zuid- 14.835
_Future_3 _4KA_future
Holland
SMH380_CST380 Line_380kv SMH380 | CST380 | Zuid- 40.43
_Future_3 _4KkA_future
Holland
AMH380_SMH380 Line_380kV .
Future 3 _4KA_001539R AMH380 SMH380 Zuid- 22.357
Holland
MVL380_AMH380 Line_380kV .
Future 3 _4KA_001539R MVL380 AMH380 Zuid- 0.085
Holland
ENS380_71.380 Line_380kV .
Future 3 4KA_future ENS380 Z1.380 Overijssel 25.266
ENS380_71.380 Line_380kV .
Future 4 _4KA_future ENS380 Z1.380 Overijssel 25.266
Z1.380_HGL380 Line_380kV ..
“Future 3 4KA. future Z1.380 HGL380 Overijssel 47.528
Z1.380_HGL380 Line_380kV ..
“Future_4 _4KA_ future Z1.380 HGL380 Overijssel 47.528
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Figure 6.1: Overview of single line diagram with implemented changes for 2050, highlighting the different regions.
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6.3. Generation Units

As mentioned, large amounts of Solar PV and wind energy are projected for this scenario. However,
some traditional synchronous generation is still in play. How the different generation units are modeled
and implemented according to scenario I13050-2 (NAT) will be further discussed.

6.3.1. Offshore Wind

First, offshore wind is discussed. As seen in Figure 4.7, the installed capacity of offshore wind in this
scenario is 72 GW. With the planned offshore wind implementation until 2034 in Invest-Land-2024 [115],
a total of 22.8 GW was installed. However, 20 GW of the projected 72 GW will be utilized exclusively for
hydrogen production and will not be considered here [106]. Thus, a remaining 29.2 GW of offshore
wind was installed between 2034 and 2050 for this scenario.

Due to the specific locations available for offshore wind projects, their connections to the main
power system are also limited to specific regions and substations. It is desirable to spread these
connections out as much as possible to avoid overloading any single area with injected power. TenneT
mentions a maximum of three 2 GW offshore wind connections at a single substation to maintain
stability [115]. This also suggests that flexibility resources should be prioritized in areas where multiple
wind farms are connected to maximize the benefits and limit the need for transferring large amounts
of power over long distances. These flexibility resources can include electrolysers, battery charging,
and power to heat, and will be discussed later. By placing them close to the offshore wind farms, the
efficiency of the systems will be maximized. II3050-2 also suggests deeper connections of offshore wind
to substations further inland to avoid exclusively connecting to coastal substations and to distribute the
generation more evenly [106]. All regions near the coast are susceptible to large integration of offshore
wind farms.

The II13050-2 report does not specify offshore wind landing zones for their different scenarios. Thus,
arbitrary substations spread across the available connection points on the coast were done. Ongoing
work will highlight the offshore wind farms and landings projected towards 2040 and 2050, but this has
not been published yet and should be updated accordingly at a later stage [135]. All wind farms will
connected using a standard 2 GW DC connection after 2028 by TenneT, similar to the latest projects in
the investment plan [136].

Two deep landing zones were identified as potential landings in Invest-land-2024 [115] at the substations
at Moerdijk (MDK380) and Geertruidenberg (GT380). These was each maximized with three landings,
totaling 6 GW individually and 12 GW in total. A 2 GW wind farm named Nederwiek 3 was already
connected at GT380, so an additional 4 GW was connected. Another connection was at the new 380 kV
station of Terneuzen (TNZ380) in Zeeland, which was also fully loaded with three individual 2 GW
offshore stations, totaling 6 GW. Another connection was at the Oostpolder 380 kV (OOP380) station,
which was upgraded with two 2 GW farms, totaling 4 GW. Another connection was at Lelystad (LLS380),
with three 2 GW connections totaling 6 GW. The remaining 3.2 GW to fully implement the projected
capacity was connected at the new 380 kV station of Halsteren (HST380), with one 2 GW and one 1.2
GW station. The newly implemented offshore wind farms can be seen in Table 6.3.

All of the offshore wind generators were added twice: once as a static generator connected di-
rectly to the power system terminals, used to represent the grid-forming converters with different types
of controllers, and once through a 15 kV transformer using a grid-following controller type. This way,
the dispatch of grid-forming and grid-following can be regulated to analyze the impact of different
levels of grid-forming generation. The grid-forming converters are given the prefix "Converter," while
the grid-following converters are given the prefix "W."

The newly implemented offshore wind farms are given in Table 6.3. Here, the wind farms utiliz-
ing grid-forming control are given the same names given to the grid-following controls.
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Table 6.3: Overview of different Offshore Wind farms implemented throughout 2050 for scenario I13050-2 (NAT)

Name Year | Project Terminal | Zone Voltage | Capacity
V) | (MW)
_Wocz(iﬁgg%_l 2050 | Future | MDK380 | Zeeland 380 2000
_Woairﬁgg%_z 2050 | Future | MDK380 | Zeeland 380 2000
_Woaiﬁgltfégoj 2050 | Future | MDK380 | Zeeland 380 2000
_W(C)‘Zvé?;o_l 2050 | Future | GT380 Noord-Brabant | 380 2000
_Wgéivé;?go_z 2050 | Future | GT380 Noord-Brabant | 380 2000
_WOCZO?TVEQ?SOJ 2050 | Future | TNZ380 | Zeeland 380 2000
_WOCZOE’EE?SO_Z 2050 | Future | TNZ380 | Zeeland 380 2000
_Wgzoj‘%’gggo_?, 2050 | Future | TNZ380 | Zeeland 380 2000
_W()Czofseorg;rsoj 2050 | Future | OOP380 | Groningen 380 2000
_WOC Zofggggo_z 2050 | Future OOP380 Groningen 380 2000
_ngr_ﬁrstggo_l 2050 | Future | LLS380 | Utrecht 380 2000
_Wg ;r_l{ilgggo_z 2050 | Future LLS380 Utrecht 380 2000
_ngr_‘{iréggoj 2050 | Future | LLS380 | Utrecht 380 2000
_ngilﬁz;g%o_l 2050 | Future HST380 Zeeland 380 2000
_ng?l‘g%go_z 2050 | Future | HST380 | Zeeland 380 1200

6.3.2. Onshore Wind

Next, the installations of onshore wind for the 1I3050-2 National scenario will be discussed. The
scenario predicts an installed capacity of 20 GW of onshore wind [106]. A total of 7.28 GW was already
implemented in the synthetic model for the 2034 scenario. Thus, an additional 12.72 GW was installed.
I13050-2 does not provide specific information regarding connection points for onshore wind farms, but
a map indicating zones for future generation is provided. This was used to estimate connection points
and sizes for the different wind farms. The largest areas suited for onshore wind are North Holland
(Noord-Holland), North Gelderland (Gelder Flevo Utrecht), and West Friesland. There are also suitable
zones in the northern parts of South Holland (Zuid-Holland), as well as in the region surrounding
North Brabant (Noord-Brabant), Limburg, and Gelderland (Gelder Flevo Utrecht). However, these are
not as suitable as the larger areas mentioned and are better suited for smaller wind farms. There are
multiple regions in the Netherlands that are well-suited for onshore wind due to the country’s high
wind characteristics. However, onshore wind farms require large spaces for construction, and the high
influx of variable offshore wind in some regions makes spreading the onshore wind to other places
more beneficial. This is accounted for in II13050-2 [106].

The already installed onshore wind farms were connected at 150 and 110 kV voltage levels. The
new additional wind farms were connected to 380, 220, 150, and 110 kV levels, with the largest wind

farms connected at the 380 kV level.

Onshore wind farms are typically smaller in capacity due to the large amounts of space required
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and the limitations in the size of wind turbines due to noise and other external factors that affect the
ecosystem [137]. Because of this, the remaining 12.72 GW of onshore wind was distributed through
15 new onshore wind farm connections in the regions mentioned earlier, with 7 of these being larger
wind farms connected at the 380 kV level and the remaining 8 connected at lower voltage levels. A more
accurate representation of onshore wind farms should be implemented once more detailed projections
are available.

As before, the wind farms were implemented both as grid-forming and grid-following in the same
manner as earlier. An overview of the connected wind farms can be seen in Table 6.4, making the total
onshore wind connected in the system 20 GW.

Table 6.4: Overview of different Onshore Wind farms implemented throughout 2050 for scenario 113050-2 (NAT)

Name Year | Project Terminal | Zone Voltage | Capacity
kV) (MW)

_W%OI?_VZIEEESO 2050 | Future ALR380 Noord-Holland | 380 1000
_Wg(fivoegﬁf%o 2050 | Future | OZN380 | Noord-Holland | 380 1000
_W(C)(fi‘gggwo 2050 | Future | DOD380 | Utrecht 380 1000
_W%’ffggggso 2050 | Future | ENS380 | Overijssel 380 1000
_WCOOE‘_V 53‘3380 2050 | Future | VVL380 | Groningen 380 1000
_W%OLH_V];I?IZSO 2050 | Future | BKK380 | Utrecht 380 1000
_W%(’Lri‘ﬁfgezgso 2050 | Future | VHZ380 | Zuid-Holland | 380 1000
_ngiﬁgﬁzzo 2050 | Future | HSW220 | Groningen 220 715
_W%(’Ln_vféﬁrzzo 2050 | Future | LSM220 | Friesland 220 715
_W% oil_v ;i;\e/rZZO 2050 | Future ZYV220 Groningen 220 715
_ngi‘gggm 2050 | Future | GDO110 | Groningen 110 715
_WOCLO_n(YJ;%elgO_Z 2050 | Future | GFU150 | Utrecht 150 715
_WSEI_‘VNe;IthO_z 2050 | Future | NHI50 | Noord-Holland | 150 715
_ngri‘;étf;o_z 2050 | Future | ZH150 Zuid-Holland | 150 715
_ngr_‘voeﬁf{ 0o |2050 |Future | ON110 | Overijssel 110 715

6.3.3. Solar PV

Next, the implementation of Solar PV generation for the II3050-2 (NAT) scenario will be discussed.
113050-2 predicts 173 GW of Solar PV installed by 2050 in the power system. Of these, 58 GW is expected
to come from installations on land and water, while the remaining 115 GW comes from installations on
buildings and dwellings.

As before, 113050-2 does not provide specifics about the placements of these Solar PV generation
units. The 58 GW expected to come from installations on land and water was connected to the 380
kV part of the power system to represent large-scale projects. These installations are also expected
to primarily be located in regions with a low population density, thus avoiding connections close
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to large cities. However, the remaining 115 GW, representing Solar PV on buildings and dwellings,
was connected to the lower voltage levels of 220 kV, 150 kV, and 110 kV, as well as the 380 kV power
system near large cities to represent urban installations. The capacity of the different installations was
standardized for all connections within the two specific categories of installation.

A total of 24.75 GW was already installed in the synthetic model; thus, a remaining 148.25 GW
was installed. The type of Solar PV already installed is not specified, and thus, it was estimated as a
mix of both types and implemented as half on buildings and dwellings and half on land and water.
Therefore, a total of 148.25 GW remained, with 49.7 GW connected as installations on land and water
and 98.55 GW installed on buildings and dwellings, for a total of 173 GW installed. The 49.7 GW
connected as installations on land and water were represented by 10 different installations on the 380
kV power system in rural areas, each with a capacity of 4.97 GW. The 98.55 GW installed on buildings
and dwellings was represented by connections to 21 substations at voltage levels of 220 kV, 150 kV, and
110 kV, and 5 substations at 380 kV representing the 5 largest cities in the Netherlands [138]. These
had a capacity of 3.79 GW each. As with the wind farms, all installations was implemented as both
grid-forming and grid-following installations.

The grid-forming converters were given a prefix of "Converter", while the grid-following convert-
ers were given the suffix L_PV. The grid-following converters were modeled using the EImPVsys
component in PowerFactory. This allows for control similar to a static generator with active power
control but also allows for a more accurate representation of the power output of the converter based
on the geographical location and placement of the converter as a solar PV resource [139]. However,
the grid-forming converter frame could not connect to this component type and was modeled as a
standard static generator. For future work, it will be important to allow grid-forming connections for
these models and to represent Solar PV through more accurate estimations of power generation for
specific locations and sizes of the panels to account for the variabilities experienced with Solar PV
generation. The installed Solar PV installations can be seen in Table 6.5.

Table 6.5: Overview of different Solar PV converters implemented throughout 2050 for scenario I13050-2 (NAT).
The green input represents installations marked as "on land and water"

Name Year | Project Terminal | Zone ?l/(o‘llt)age (Cl\?‘);)c ity

2050 | Future BMR380 Limburg 380 4970
" Cor 2050 | Future DOD380 | Utrecht 380 4970
" Cor 2050 | Future DTC380 Utrecht 380 4970
~Cor 2050 | Future HGL380 Overijssel 380 4970
" Cor 2050 | Future HST380 Zeeland 380 4970
~Cor 2050 | Future Z1.380 Overijssel 380 4970
“Con 2050 | Future TIL380 Noord-Brabant | 380 4970
~Con 2050 | Future VOB380 Groningen 380 4970
" Cor 2050 | Future VVL380 Groningen 380 4970
" Cor 2050 | Future Z1.380 Overijssel 380 4970
: 15\%1151%32; , | 2050 | Future | BKK380 | Utrecht 380 3790

Continued on next page
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Table 6.5 — continued from previous page

0 -
Name Year | Project Terminal Zone X((;ft)age (Cl\irx)c ity
Converter 2050 | Future DIM380 Noord-Holland | 380 3790

_PV_DIM380
Converter 2050 | Future EHV380 Noord-Brabant | 380 3790
_PV_EHV380
Converter 2050 | Future KIJ380 Zuid-Holland 380 3790
_PV_KIJ380
Converter 2050 | Future WTR380 Zuid-Holland 380 3790
_PV_WTR380
Converter 2050 | Future BGM220 Friesland 220 3790
_PV_BGM220
Converter 2050 | Future EEM220 Groningen 220 3790
_PV_EEM220
Converter 2050 | Future EHA220 | Groningen 220 3790
_PV_EHA220
Converter 2050 | Future ENS220 Friesland 220 3790
_PV_ENS220
Converter 2050 | Future FSO220 Groningen 220 3790
_PV_FS0220
Converter 2050 | Future HSW220 Groningen 220 3790
_PV_HSW220
Converter 2050 | Future LSM220 Friesland 220 3790
_PV_LSM220
Converter 2050 | Future MEE220 | Groningen 220 3790
_PV_MEE220
Converter 2050 | Future OHK220 Friesland 220 3790
_PV_OHK220
Converter 2050 | Future RBB220 Groningen 220 3790
_PV_RBB220
Converter 2050 | Future VVL220 Groningen 220 3790
_PV_VVL220
Converter 2050 | Future WEW220 | Groningen 220 3790
_PV_WEW220
Converter 2050 | Future ZYV220 | Groningen 220 3790
_PV_7ZYV220
Converter 2050 | Future B150 Noord-Brabant | 150 3790
_PV_B150
Converter 2050 | Future GFU150 Utrecht 150 3790
_PV_GFU150
Converter 2050 | Future L150 Limburg 150 3790
_PV_L150
Converter 2050 | Future NH150 Noord-Holland | 150 3790
_PV_NH150
Converter 2050 | Future 7150 Zeeland 150 3790
_PV_7150
Converter 2050 | Future F110 Friesland 110 3790
_PV_F110
Converter 2050 | Future GDO110 Groningen 110 3790
_PV_GDO110
Converter 2050 | Future ON110 Overijssel 110 3790
_PV_ONI110
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6.3.4. Nuclear Energy

Next, the implementation of nuclear energy will be discussed. Nuclear energy was once considered the
frontrunner for sustainable future power systems due to its reliable power supply and zero carbon output
[140]. However, due to a number of serious events involving nuclear energy, such as the Chernobyl
accident and the Fukushima disaster, global skepticism rose around nuclear energy, limiting its growth
[141]. These days, nuclear energy splits opinions, with some viewing it as a failed energy resource while
others still consider it vital for future power systems. The II3050-2 NAT scenario accounts for some level
of nuclear power, but with a mere 3 GW installed capacity compared to the high capacity of solar PV
and wind energy.

There is currently one operating nuclear power plant in the Netherlands, located in the region of
Borssele [142]. II3050-2 mentions that this plant will continue to operate and is included in the estima-
tions for the different scenarios [106]. 113050-2 also mentions that the nuclear power plants assumed
in the different scenarios are located in Borssele and on the Maasvlakte [106]. Therefore, two nuclear
power plants were implemented at these two locations with a capacity of 1.5 GW each and connected to
the buses of BSL380 and MVL380, representing the respective regions. A template for a nuclear power
plant was already provided in the PowerFactory model and further utilized in the power plants. The
power plants were connected to the 380 kV power system, with a power plant voltage of 15 kV through
a transformer, similar to other connected generators in the synthetic model, for simplicity.

The implemented nuclear power plants can be seen in Table 6.6.

Table 6.6: Overview of Nuclear Power Plants implemented throughout 2050

Name Year | Project | Terminal | Zone Voltage | Capacity
(kV) (MW)

Gen_Nuclear_BSL380 2050 | Future BSL380 Zeeland 380 1500

Gen_Nuclear MVL380 | 2050 | Future | MVL380 Zeeland 380 1500

6.4. Flexibility Resources

Next, the implementation of flexibility resources will be discussed. The choice of location for flexibility
resources plays a vital role in the characteristics of the power system. A smart allocation of flexibility
resources reduces the stress that variable generation causes on the power system during times of high
generation and low demand while also being able to provide power when renewable generation is
low. This allows flexibility resources to limit the impact of renewable generation variability on system
operation. However, if flexibility resources are not managed well, their operation can be detrimental to
the system. Large power flows between areas and regions can occur by placing flexibility resources
far away from renewable generation, resulting in unnecessary heavy system loading, large losses, and
potentially leading to stability issues. If the placement is close to the renewable generation, the flexibility
resources can be utilized in the same substation as the renewable generation. This minimizes losses as
there is no need for power flow over large distances, and the efficiency of these flexibility resources
becomes much higher, thus making them more viable for operation. Different flexibility resources have
different operational characteristics, but they all serve to mitigate the variability of renewable generation
units on system operation.

By 2050, the total load demand will exceed the total renewable generation during periods of up
to 35-50 GW, depending on different scenarios. At the same time, renewable generation is expected to
account for amounts ranging from 65-95 GW more than the total load demand during other periods [106].
This highlights the high need for flexibility in future power systems. The need for flexibility depends
on a mix of existing and new technologies, ranging from short and medium-term resources such as
battery storage and supply and demand management to long-term resources such as power-to-gas, gas
storage, and gas-to-power. These resources complement each other and must be utilized in unison. For
the flexibility resources in the specific II3050-2 (NAT) scenario, a total of 152.8 GW of flexible power is
estimated.

It is important to note that the operation of flexibility resources depends on various factors, such
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as weather conditions and region loading, so exact requirements and capacities may vary.

6.4.1. Battery

First, battery implementation is discussed. A total of 60 GW is estimated for 2050. As before, I13050-2
does not provide direct connections and sizes of various battery projects; however, a map indicating
space requirements for future battery systems is given and was utilized to indicate where the installations
will occur. Along with this information, the battery units were placed as close as possible to areas with
high wind and/or solar installation concentrations. More accurate placements and sizes of relevant
battery storage systems should implemented for future work. The map indicates that Groningen en
Drenthe, Noord and Zuid-Holland, Noord-Brabant, and Zeeland will implement the largest amounts
of battery systems towards 2050. These areas have large installations of renewable energy and were
used as the main connection points for the battery systems. TenneT also mentions that battery systems
should be connected close to large installations of Solar PV, wind energy, or industrialized areas [143].

Battery systems consist of battery energy storage systems (BESS) connected to the power system
and ancillary services provided by electric vehicles acting as battery energy systems and consumer
battery systems. The national scenario estimates large amounts of these electric vehicles [106, 113].
However, these was represented as a single entity in this project.

A total of 20 battery systems were implemented, each with a capacity of 3 GW. This simplifies
the process and does not accurately represent the respective battery projects towards 2050 in terms of
size, placement, and definite operation. However, the lack of specific plans made simplifications neces-
sary. The 3 GW installed representation represents the battery energy storage capacity in its entirety and
does not differentiate between large and small-scale projects. The 20 battery systems were distributed
within the 5 regions mentioned earlier and were arbitrarily placed, emphasizing a connection close to
large generation centers. The battery systems were represented using the predefined template WECC
Battery Energy Storage System Templates in PowerFactory. This models the system as a static generator
and allows for battery charging and discharging. It is also equipped with dynamic models that allow
for a more accurate representation of battery dynamics with respect to the states of both charging and
discharging. More information can be found in the technical reference for the type in PowerFactory [144].

The battery systems implemented can be seen in Table 6.7.
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Table 6.7: Overview of different BESS installations implemented throughout 2050 for scenario 113050-2 (NAT)

Name Year | Project Terminal | Zone Voltage | Capacity
(kV) (MW)
BESS_EOS380 2050 | Future EOS380 Groningen 380 3000
BESS_OOP380 2050 | Future OO0P380 Groningen 380 3000
BESS_EEM380 2050 | Future EEM380 Groningen 380 3000
BESS_VOB380 2050 | Future VOB380 Groningen 380 3000
BESS_BVW380 2050 | Future BVW380 Noord-Holland | 380 3000
BESS_DIM380 2050 | Future DIM380 Noord-Holland | 380 3000
BESS_BKK380 2050 | Future BKK380 Noord-Holland | 380 3000
BESS_ALR380 2050 | Future ALR380 Noord-Holland | 380 3000
BESS_MVL380 2050 | Future MVL380 Zuid-Holland 380 3000
BESS_KIJ380 2050 | Future KIJ380 Zuid-Holland 380 3000
BESS_WTR380 2050 | Future WTR380 Zuid-Holland 380 3000
BESS_ZH150 2050 | Future ZH150 Zuid-Holland 150 3000
BESS_TIL380 2050 | Future TIL380 Noord-Brabant | 380 3000
BESS_B150 2050 | Future B150 Noord-Brabant 150 3000
BESS_GT380 2050 | Future GT380 Noord-Brabant | 380 3000
BESS_EHV380 2050 | Future EHV380 Noord-Brabant | 380 3000
BESS_TNZ380 2050 | Future TNZ380 Zeeland 380 3000
BESS_MDK380 2050 | Future MDK380 Zeeland 380 3000
BESS_BSL380 2050 | Future BSL380 Zeeland 380 3000
BESS_RLL380 2050 | Future RLL380 Zeeland 380 3000

6.4.2. Hydrogen

Next, the hydrogen flexibility resources will be discussed. Flexibility resources based on hydrogen
primarily come from two different operations: using electricity to create hydrogen or using hydrogen to
create electricity. This allows excess power to be utilized for hydrogen production instead of limiting
excess power output by methods such as curtailment. Vice versa, this allows generation and ancillary
services to be provided to the power system during low-generation periods.

A total of 40 GW of hydrogen-based flexibility services is estimated in the II3050-2 NAT scenario.
Of these, 25 GW are used as electrolysers, while the remaining 15 GW are used as flexible power plants.
As before, there are no specific details regarding the locations and planned integration of hydrogen.
I13050-2 specifies that electrolysers should be placed in locations with high surpluses of generation,
mostly occurring in coastal areas, while controllable power plants should be placed in areas with
generation shortages [106].

There were three electrolysers placed in the synthetic model located at BSL380, EEM380, and MVL380.
This represents the largest offshore wind ports and corresponds with the suggestions in 113050-2
regarding placement. 7 new electrolysers were implemented, totaling 10 with a rating of 2.5 GW
each. This was selected as an arbitrary size for simplicity; future work should implement sizes and
locations based on real-life data and experiences. The electrolysers were modeled as a general load
in PowerFactory and implemented with a dynamic model. This dynamic model uses a reverse droop
controller, allowing the electrolyser to adjust its active power based on the frequency, reducing its active
power consumption when the frequency drops and increasing it when the frequency rises. This helps
with the fast-active power balancing of the system and allows the electrolysers to provide ancillary
services to the power system. The remaining 7 electrolysers were placed along the coast, similar to the
first three, specifically at the substations of EOS380, HST380, BVW380, TNZ380, LLS380, OOP380, and
DIM380. The electrolysers can be seen in Table 6.8.
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Table 6.8: Overview of different electrolyser Installations implemented throughout 2050

Name Year | Project Terminal | Zone Voltage | Capacity
kV) (MW)
Electrolyser_BSL380 2050 | Future BSL380 Zeeland 380 2500
Electrolyser_EEM380 | 2050 | Future EEM380 Groningen 380 2500
Electrolyser MVL380 | 2050 | Future MVL380 Zuid-Holland 380 2500
Electrolyser_EOS380 | 2050 | Future EOS380 Groningen 380 2500
Electrolyser_HST380 2050 | Future HST380 Zeeland 380 2500
Electrolyser_BVW380 | 2050 | Future BVW380 | Noord-Holland | 380 2500
Electrolyser_ TNZ380 | 2050 | Future TNZ380 Zeeland 380 2500
Electrolyser_LLS380 | 2050 | Future LLS380 Utrecht 380 2500
Electrolyser_OOP380 | 2050 | Future OO0P380 Groningen 380 2500
Electrolyser_DIM380 | 2050 | Future DIM380 Noord-Holland | 380 2500

The remaining 15 GW utilized as flexible power plants was implemented as two different resources: fuel
cells and traditional power plants, either converted gas power plants or state-of-the-art hydrogen power
plants. Fuel cell technology provides similar ancillary services to the power system as those connected
through power electronics, including fast-acting voltage and frequency support, while not being limited
by an external component such as wind for wind turbines, but rather by the amount of stored hydrogen
[145, 146]. This is a great resource for maintaining system stability and managing supply and demand
variations concerning the large amounts of Solar PV and wind energy in future systems. Grid-forming
services related to the operation of fuel cells are also under investigation and could prove to be a viable
option for further controlling the future system using the benefits of grid-forming control [147, 148]. On
the other hand, utilizing traditional gas turbines or new state-of-the-art hydrogen turbines can help
stabilize the power system like traditional synchronous generation [149].

Much research is focused on how the power system needs to adapt to maintain stability with re-
duced inertia in the system. However, by utilizing hydrogen power plants, inertia levels can be
maintained while still achieving net zero emission goals. Most research on hydrogen-to-power produc-
tion is done on fuel cells, but research is underway for hydrogen turbines and gas-altered hydrogen
turbines. One of the largest projects currently ongoing in the Netherlands is the conversion of a
state-of-the-art gas-powered power plant to a hydrogen power plant based in Eemshaven [150]. This is a
1.4 GW power plant, with one of the three 440 MW generators expected to be fully operational by 2025
[150]. Thus, it might be a viable option for future scenarios and can be a vital contributor to the future
power system.

To account for both different methods of producing power using hydrogen, and due to the un-
certain future regarding which direction will gain the most prominence, both sources were implemented
in the synthetic model to allow for simulations utilizing both. This can be used to analyze which type of
power source provides the best resources to the power system, or it can be easily implemented based
on the actual projects the future brings. Given the example of the 1.4 GW power plant in Eemshaven
mentioned, 10 power plants was implemented for both resources with a size of 1.5 GW each. The largest
fuel cell project currently ongoing worldwide is the Hinincheon Bitdream Fuel Cell Power Plant in
Incheon, with a total capacity of 78.96 MW [151]. This suggests that fuel cells currently do not come
in the sizes described here, and BS2050 [113] mentions that hydrogen power plants based on steam
turbines similar to gas turbines will be the most prominent future option. As I13050-2 is a further stage
project of B52050, and it is not explicitly stated which technology is utilized in the I13050-2 scenarios,
steam turbines (and thus synchronous generation) will be utilized in further simulation, but the fuel cell
technology will be implemented in the model for future work.

The fuel cells were implemented using standard templates found in PowerFactory, while the syn-
chronous generation was implemented using the same structure as current gas power plants. This
helps maintain realistic levels of inertia from each respective power plant and assumes the control of
hydrogen power plants will be similar to gas power plants. A new type in PowerFactory was created
for synchronous generation, utilizing the same structure as the gas power plant found at EEM380,
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the one currently being converted to hydrogen operation. These were standardized as single 1.5 GW
synchronous generators for simplicity, and 10 of these were installed. Little is said about the location
of these future controllable hydrogen power plants; however, it is mentioned that placing these at
the locations of existing power plants minimizes the impact on the power system [106]. Thus, the 10
power plants were installed at locations with existing large synchronous power plants. Based on this,
the implemented controllable hydrogen power plants modeled in the synthetic model can be seen in
Table 6.9. The corresponding fuel cell implementations can be seen in Table 6.10.

Table 6.9: Overview of different Hydrogen Generation Plants implemented throughout 2050

Name Year | Project | Terminal | Zone Voltage | Capacity
kV) (MW)
Gen_Hydrogen_MVL380 | 2050 | Future | MVL380 | Zuid-Holland 380 1500
Gen_Hydrogen_BSL380 2050 | Future BSL380 Zeeland 380 1500
Gen_Hydrogen_DIM380 | 2050 | Future | DIM380 | Noord-Holland | 380 1500
Gen_Hydrogen_EOS380 | 2050 | Future | EOS380 | Groningen 380 1500
Gen_Hydrogen_EEM380 | 2050 | Future | EEM380 | Groningen 380 1500
Gen_Hydrogen_ZH150 2050 | Future ZH150 Zuid-Holland 150 1500
Gen_Hydrogen_NH150 2050 | Future | NHI150 Noord-Holland | 150 1500
Gen_Hydrogen_MBT380 | 2050 | Future | MBT380 | Limburg 380 1500
Gen_Hydrogen_GFU150 | 2050 | Future | GFU150 | Utrecht 150 1500
Gen_Hydrogen_ZH150_2 | 2050 | Future | ZH150_2 | Zuid-Holland 150 1500
Table 6.10: Overview of different Fuel Cell Installations implemented throughout 2050
Name Year | Project Terminal | Zone Voltage | Capacity
(kV) (MW)
Fuelcell MVL380 2050 | Future MVL380 Zuid-Holland 380 1500
Fuelcell _BSL380 2050 | Future BSL380 Zeeland 380 1500
Fuelcell_DIM380 2050 | Future DIM380 Noord-Holland | 380 1500
Fuelcell_EOS380 2050 | Future EOS380 Groningen 380 1500
Fuelcell EEM380 2050 | Future EEM380 Groningen 380 1500
Fuelcell ZH150 2050 | Future ZH150 Zuid-Holland 150 1500
Fuelcell NH150 2050 | Future NH150 Noord-Holland | 150 1500
Fuelcell MBT380 2050 | Future MBT380 Limburg 380 1500
Fuelcell_ GFU150 2050 | Future GFU150 Utrecht 150 1500
Fuelcell ZH150_2 2050 | Future ZH150_2 Zuid-Holland 150 1500

6.4.3. Interconnection

Interconnection between countries will play a significant role in balancing and regulating future power
systems. Due to the higher dependency on intermittent generation, utilizing interconnections between
different countries and regions allows for the stabilization of these intermittent resources by leveraging
diverse resources across different regions. Since wind and solar PV power generation have different
cycles in various regions across Europe, interconnecting these regions and countries creates a more
diverse power system less dependent on local external factors.

However, a dependency on interconnection can also pose risks. As future power systems become more
reliant on intermittent resources such as solar and wind, these resources can be scarce during extreme
weather years. If interconnected countries experience similar shortages, the interconnection capacity
can be drastically reduced, making it a non-viable flexibility resource. Nonetheless, the chances of this
are significantly reduced when interconnected to multiple countries with power systems of diverse
characteristics, allowing the utilization of different countries” resources. Interconnections can also
effectively address excess generation during high wind or solar PV generation periods. In these times,
the excess wind or solar PV can be exported and sold to other countries, effectively utilizing the excess
power instead of resorting to curtailment techniques [68, 152].
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For the II3050-2 scenario, the interconnection capacity is estimated to be around 18.8 GW for the
national scenario [106] towards 2050. The interconnection level is estimated by TenneT to be 9.2 GW
for 2025, indicating that a doubling is necessary by 2050 [115]. Additional interconnections are in the
planning stage, such as the Lion cable connecting the Netherlands to the UK via a DC connection [153].
However, since this is a hybrid interconnection project connected through a 2 GW offshore wind farm
in the North Sea, it was implemented in the synthetic model at this stage and must be considered for
future work [154].

Here, the current interconnections were updated, with active power limits reflecting the levels estimated
for 2050. This was achieved by upgrading their capacity based on a percentage scale relative to their
current capacities, aligned with the future scenario.

The interconnections and their updated active power ratings can be seen in Table 6.11.

Table 6.11: Overview of different interconnection capacities implemented throughout 2050, red numbers in parenthesis highlight
the original values

Name Year | Type | Country Zone Voltage | Capacity
kV) (MW)
K}G?\Il\igg(l)iN 2050 | AC Germany | Overijssel 380 (1655707)
I(iﬁ[l)\;l{gg(l)gN 2050 | AC Germany | Utrecht 380 (1655707)
IC__%I\éI;gIE(? N 2050 | AC Germany | Limburg 380 (1655707)
Cvias | 200 | DC Einni;lc(i) | ZuidcHolland | 380 et
Kiﬁ%gggoA 2050 | DC Denmark | Groningen 380 (1760908)
_1{/(121571?;813 1 2050 | AC Belgium Limburg 380 (1760908)
_IZCV_E?IESI(I;‘: 1 2050 | AC Belgium Zeeland 380 (1760908)
Ifﬁzﬁg%“ 2050 | DC | Norway | Groningen 380 (1760908)
I_%{%%%ﬁ? 2050 | AC Germany | Groningen 380 éggé)

The interconnections were changed to dynamic models to enhance their dynamic characteristics. The
previous scenarios modeled the interconnections as regular loads, resulting in a constant active and
reactive power output regardless of faults and load changes in the system. Synchronous generators
were utilized to model the AC interconnections to incorporate a more realistic dynamic response from
these units for simulation purposes, and an HVDC VSC-MMC static generator was utilized for the DC
connections.

The DC interconnection, being modeled as a static generator, allows for more dynamic similarities to
HVDC connections, with a built-in template further improving the realistic operational characteristics
found in PowerFactory. The model is available in PowerFactory’s built-in model library and is called
"DIgSILENT HVDC MMC Terminal." This model also allows for a greater dynamic representation based
on the VSC-MMC elements included in the template calculations, although the DC circuit representation
is not implemented. PowerFactory does not provide a technical reference for the model, but more
information regarding the operation of VSC-HVDC connections using MMC can be found in [155], and
its application in PowerFactory in [156]. Three different control modes are available in the model: V/f,
P/AC, and Q/Vac. The different controllers utilize different variables to control the connection in a
specific manner, and the controller selection will be specified in the simulation setup. The controller
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can also differentiate its operating conditions based on whether the connection is islanded or parallel
with other power systems; in this scenario, it will be parallel. While some of the interconnections in
operation today do not utilize VSC-HVDC MMC-based technology, due to its prominence in research
and applicability for many different operations, it is assumed that all new interconnections will be
implemented with this technology, while the older converters have upgraded their systems [157].

The AC interconnection was modeled using a general synchronous generator representing the connected
synchronous power system. A standard control system containing a governor, exciter, and PSS was
utilized. Different levels of inertia will be introduced for the interconnections, with inertia levels based
on a system needs study done by ENTSO-E for future scenarios of the power system and their respective
inertia levels, found for continental Europe, which the Netherlands is part of [158]. These levels will be
implemented and analyzed in the simulation case studies. The estimated levels for the inertia constant
H (s) in 2040 range from around 4.1 to around 0.4 [s] for the three different scenarios [158]. Future
predictions by ENTSO-E also estimate the kinetic energy for continental Europe to be in the region of
1800 to 250 GVA - s in 2040 based on different scenarios for different yearly operating hours [159]. By
using this kinetic energy and calculating the resulting rated power of the system using equation 3.6 in
[159], the interconnected systems can be represented using a synchronous machine in PowerFactory with
the rated power and inertia constant. This calculation is given in Equation 6.1, and a similar approach
will be used for different estimations of kinetic energy and inertia constant to simulate different levels.

_ Ekin _ Ekin _ 1800 GVA - s
H= S 5= H 5= 41s

Because of this change, the interconnections” active and reactive power limits are handled using a
per-unit conversion for the maximum rating through the governor model. This also has to be changed if
the constant kinetic energy and inertia levels change. The constant kinetic energy and inertia levels
must be updated to 2050 estimations once they are available. Due to the uncertainties during different
operational scenarios throughout the year as well as for different scenario predictions in 2040, the inertia
constant and kinetic energy levels in the system need to be changed during different simulations to fully
understand the impact and register the effect of different inertia levels on system behavior for the future
Dutch power system.

= 439,024 MVA (6.1)

By modeling the interconnections as synchronous machine connections instead of loads, the dynamic
response of the interconnections to events will be included, creating a more realistic representation of
the interconnections. One of the larger benefits of interconnection on power system stability, namely
inertia, isimplemented in the dynamic studies with this solution, providing a more realistic power system.

While there are multiple benefits to AC interconnected systems, they also exhibit drawbacks. By
interconnecting, other power systems can greatly impact other interconnected systems, meaning that
shortages and events occurring in different parts of the system will affect all interconnected systems.
Despite rigorous development of grid codes and agreements to allow the interconnection of zones,
issues may still arise due to dependencies on other power systems. An example occurred in the 1970s in
the United States when interconnections were implemented through AC connections instead of DC
connections, leading to dynamic oscillations in the western part of the country, resulting in power
system instability with large inadvertent power exchanges [160].

6.4.4. Demand Response

113050-2 also estimates the amount of demand response in the industry to be around 10 GW. This
falls under the "other flexibility resources” definition given in chapter 4. Demand response represents
an operation where industrial operators have agreements with the TSO regarding flexible demand,
responding to frequency deviations in the power system [161]. This means that if the frequency deviates
beyond a certain limit, specific actors in the industry will automatically reduce some of their operations,
limiting their load output to retain or restore system frequency if necessary. This is a valuable asset
for system operation and stability due to the minimal operational changes needed to accommodate
the flexibility. However, lowering the industrial sector’s output can negatively impact the economy,
making industrial demand response a last resort to prevent major outages in the power system [162,
163]. Demand response is often referred to as load shedding and has been used as a flexibility option
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for decades. However, due to changes in future power systems, new faster load shedding operations are
necessary [164].

Demand response models in PowerFactory are available but require a license. Because of this, a
direct load-shedding model is not implemented here; for future work, it can be found in [165]. Rather,
the dynamic model used to represent electrolysers was utilized. The electrolyser model has quicker
dynamics than the traditional demand response currently available. However, it is assumed that the
technical progress in the horizon for all power system domains, with respect to the increased dynamics
in the system, also applies to the load response technology. To account for the usage of this technology
primarily as a last resort, the frequency wideband, or the amount of frequency deviation needed before
the demand response is triggered, is increased. The frequency wideband for the electrolyser model was
0.1 Hz, set to 0.15 Hz for the demand response. Thus, the demand response responds 0.05 Hz later
than the electrolysers. This was chosen as an arbitrary number to represent a later involvement in the
dynamic response; however, for better accuracy, similar projects in the future should be compared, and
the model parameters updated accordingly.

New loads were implemented at the same substations as those already included in the synthetic
model. The load structure was not changed but rather scaled according to future load projections in
113050-2 [106]. These loads will be explained in more detail in a later subsection. Nine regular loads were
already implemented in the model, and nine new demand response representations were implemented,
each with a maximum value of 1.11 GW, totaling 10 GW for the model. The demand response will be
set to 10 GW for all simulations, regardless of overall system loading. This assumes that the system
has a full capacity for demand response during all operational characteristics. In real-life operations,
this could vary depending on the respective agreements between TSOs and the industry and could
be modeled in further detail. This could also be used in further analysis to evaluate the effect of load
response characteristics on system stability.

The implemented load responses can be seen in Table 6.12.

Table 6.12: Overview of Load Response Projects implemented throughout 2050

Name Year | Project | Terminal | Zone Voltage | Capacity
(kV) (MW)
Load_B150_LR 2050 | Future B150 Noord-Brabant 150 1110
Load_F110_LR 2050 | Future | F110 Friesland 110 1110
Load_GDO110_LR 2050 | Future GDO110 Groningen 110 1110
Load_GFU150_LR 2050 | Future | GFU150 Utrecht 150 1110
Load_L150 LR 2050 | Future L150 Limburg 150 1110
Load_NH150_LR 2050 | Future NH150 Noord-Holland | 150 1110
Load _ON110_LR 2050 | Future ON110 Overijssel 110 1110
Load_Z150_LR 2050 | Future Z150 Zeeland 150 1110
Load_ZH150_LR 2050 | Future | ZH150 Zuid-Holland 150 1110

6.4.5. Power to Heat

Next, power to heat as a flexibility option is discussed. Similar to Power-to-Gas technology and demand
response, power-to-heat utilizes flexible load demand as a resource to provide ancillary services for
system stability. For power to heat, this utilization comes from targeting heating infrastructure as a
scalable, controllable load [166]. This is achieved by either increasing or decreasing the production used
for heating to regulate power imbalances. Most of the Netherlands currently utilizes gas networks as a
heating resource for residential and commercial heating infrastructure, but for a sustainable future, the
heating supplied through electric power is increasing [167]. Because of this, the possibility of using
power to heat as a flexible resource is also growing, and II3050-2 estimates that the national scenario
will have 11 GW of power to heat flexible power available in 2050 [106]. Adjusting the power needed to
regulate heat results in either excess or too little heat for the users dependent on heat and can result in
uneven temperature cycles in the heating networks. Here, the solution comes in the form of thermal
inertia [166]. Because heating typically occurs in places where some sort of insulation exists, in the form
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of building material or water for boilers, heat does not change immediately but is dependent upon the
thermal inertia to respond to changes in temperature [166], similar to inertia in power systems. Because of
this, power to heat can still provide flexible resources without significantly impacting the heating network.

Parallels can be drawn to other flexibility resources that try to allow the utilization of resources
already in operation, such as trains [168]. Here, by braking the trains, lots of kinetic energy became
available for the power system, and by limiting the amount of kinetic energy available, an acceptable
delay could be imposed on the train system to provide ancillary services, similar to power to heat
resources. 1I3050-2 assumes that power to heat resources do not need major additional space to be
implemented for the high voltage network; however, on a lower scale, the change from natural gas
towards alternative heating options will require major infrastructural changes in the heating network
[106, 169]. On the high voltage scale, power to heat usually refers to large-scale boilers that provide
flexible electrical demand based on similar principles discussed and use the thermal inertia of the boilers
and water to store heat that can be utilized as a flexible resource depending on the objective [169].

For future scenarios, it is assumed that dynamic control of the power to heat resource is imple-
mented, allowing for a similar control setup as those of demand response and power to gas. Similar to
the demand response, the power to heat was implemented at all the load centers in the system for a
total of 11 GW over the 9 locations, or 1.22 GW individually. This allows for an adaptive control system
that allows for flexibility modeling; for future systems, this should be updated according to specifics for
certain projects. Similar to the demand response, it is estimated that all 11 GW of adjustable power is
available during the simulations. This can be utilized for future work to analyze the direct impact of
various power-to-heat schemes on power systems’ overall stability and oscillatory performance. No
hierarchy of the power-to-heat response system is mentioned in I13050-2, and the response was set to
use the same bandwidth as the electrolysers, with a response occurring at 0.1 Hz frequency deviation.

The various implemented power-to-heat projects can be seen in Table 6.13.

Table 6.13: Overview of Power To Heat Projects implemented throughout 2050

Name Year | Project | Terminal | Zone Voltage | Capacity
(kV) (MW)
Load_B150_PTH 2050 | Future B150 Noord-Brabant 150 1110
Load_F110_PTH 2050 | Future F110 Friesland 110 1110
Load_GDO110_PTH | 2050 | Future | GDO110 Groningen 110 1110
Load_GFU150_PTH | 2050 | Future | GFU150 Utrecht 150 1110
Load_L150_PTH 2050 | Future | L150 Limburg 150 1110
Load_NH150_PTH 2050 | Future | NH150 Noord-Holland | 150 1110
Load_ON110_PTH 2050 | Future ON110 Overijssel 110 1110
Load_Z150_PTH 2050 | Future | Z150 Zeeland 150 1110
Load_ZH150_PTH 2050 | Future | ZH150 Zuid-Holland 150 1110

6.5. Loads

Finally, the system loads are discussed. 1I13050-2 does not mention any specifics regarding a change
in the overall load infrastructure in future scenarios [106]. Because of this, the load setup that was
already implemented in the model was further utilized. Here, the loads are connected to the lower
voltage networks, with 150 and 110 kV voltage ratings. For the national scenario in I13050-2, a peak
load of 48 GW was found [106]. Because the loads do not have a power rating but are rather scaled
as needed in PowerFactory. The loads were scaled using a percentage scale based on the current load
levels in the system, found for the 2030 scenario in previous work [105]. This was done because there is
no specific mention of load levels in the different regions for future scenarios in 113050-2. Thus, once
more information regarding the load infrastructure becomes available, the model should be updated
accordingly. The 11 GW of Power to Heat and 10 GW of load response are also included in the total
loading of the system. The different loads will be scaled based on the different loading percentages for
the different cases in the simulations.
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A total of 27 GW was implemented through regular loads, in addition to the 21 GW of loads represented
by load response and power to heat. A total of 26.43 GW was implemented in the 2030 scenario and
thus only needs to be scaled by 0.57 GW. For simplicity, the peak load and average load percentage
distribution are not accounted for. Thus, the peak load will be scaled down uniformly for different
levels.

The new peak demand levels of the different regions can be seen in Table 6.14.

Table 6.14: Peak Demand and share of total demand assumed for each region for 2050

Region Peak Distribution
Demand | (%)
(MW)
F110 794.55 2.84
GDO110 1695.04 6.05
ON110 1800.98 6.43
GFU150 4555.43 16.27
7150 1250.09 4.46
B150 4131.67 14.76
L150 2330.68 8.32
NH150 5826.71 20.81
ZH150 5614.83 20.05
Total 28000 100

6.6. Load Flow Analysis

After the implementation of the different resources and adaptations to the different scenarios, various
analyses were conducted to examine network operation and make necessary adjustments. The first was
a simple load flow analysis performed for all the scenarios found in Case Study A. Components that
were heavily loaded (above 80 %) were upgraded to reduce congestion in the power system. This was
done intuitively for all transmission lines and transformers. If there were voltage issues at buses after
upgrading the heavily loaded components, reactive power compensation units were placed in adjacent
areas to maintain a desired voltage at all buses during usual load flows.

The necessary upgrades to comply with these maximum loadings can be seen in Table 6.15 to Table 6.17.
Here, the necessary transformers and transmission lines were added and upgraded. The original values
are highlighted in parentheses, and where the "Rated (kA)" is changed, the transmission line type was
also upgraded.

Table 6.15: Transformer added to account for the contingency analysis on the 2050 power system

Name HV Ter- | LV Ter- Zone Eiﬁ;ﬂi of S total S rated
minal minal Trafos (MVA) (MVA)
Trafo_EEM380 | EEM380 | EEM220 | Groningen | 12 9000 750
_EEM220_2
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Table 6.16: Transformers upgraded to account for the load flow analysis on the 2050 power system, red numbers in parenthesis
highlight the original values

N HV Ter- | LV Ter- 7z Parall:el ¢ S_total S_rated
ame minal minal one numbero (MVA) (MVA)
Trafos
Trafo_GRTH380 | GRTH380| L150 Limburg 10 (3) 5000 (1500) | 500 (500)
_L150_Future
TrafC>L_11\5’g3T2380 MBT380 | L150 Limburg 10 (3) 4500 (1350) | 450 (450)
Trafti_llgfl(?”g%o MBT380 | L150 Limburg 5(1) 2500 (500) | 500 (500)
Trafo_ BVW380 | Bywaso | NHi50 | -Noord- 20 (4) 20000 (2000) | 500 (500)
_NH150 Holland
Trafo_OZN380 | OzN380 | NH1s0 | Neord- 8 (4) 4000 (2000) | 500 (500)
_NHl 50 Holland
Trafo_DIM380 | ppvago | NH150 | Noord- 18(1) | 9000(500) | 500 (500)
_NH150_1 Holland
Trafo_DIM380 | povisso | Neiso | Neord- 20() | 9000 (1350) | 450 (450)
_NH]. 50_2 Holland
Trafo_MVL380 Zuid-
s MVL380 | ZHI150 | ;700 12 (2) 5400 (900) | 450 (450)
Trafo_WL380 Zuid-
50 WL380 | ZH150 | ;o 6 (3) 3000 (1500) | 500 (500)
Trafo_SMH380 | svpsso | ziiso | 2wid- 5(2) 2500 (1000) | 500 (500)
_ZHlSO Holland
Trafo_WTR380 | wTR3g0 | zH150 | 24id- 6 (4) 3000 (2000) | 500 (500)
_ZH150 Holland
Trafo_TNZ380 | TNZ380 | Z150 Zeeland 8(3) 4000 (1500) | 500 (500)
_Z150_Future
Trafoilf%%o BSL380 | Z150 Zeeland 10 (4) 5000 (2000) | 500 (500)
Trafo_GT380 | Graso | Biso | Noord- 6(3) 2700 (1350) | 450 (450)
_Bl 50 Brabant
Trafo_DOD380 | pOD380 | GFU150 | Utrecht 20 (1) 10000 (500) | 500 (500)
_GFU150_1
Trafo_DOD380 | pOp380 | GFU150 | Utrecht 22(2) 9900 (900) | 450 (450)
_GFU150_2
Trafo_DTC380 | pTC380 | GFU150 | Utrecht 30 (1) 15000 (500) | 500 (500)
_GFU150_1
Trafo_DTC380 | pTC380 | GFU150 | Utrecht 34 (1) 15300 (450) | 450 (450)
_GFU150_2
Trafoil311\5/{)R380 BMR380 | 1150 Limburg 5(1) 2500 (500) | 500 (500)
Trafo BKK380 | BKK380 | GFU150 | Utrecht 14 (1) 7000 (500) | 500 (500)
_GFU150
Trafo_LLS380 | 115380 | GFU150 | Utrecht 6(2) 3000 (1000) | 500 (500)
_GFU150
Trafo_ENS380 | ENS380 | ENS220 | Overijssel 16 (1) 12000 (750) | 750 (750)
_ENS220_1
Trafo_ENS380 | ENS380 | ENS220 | Overijssel 24 (1) 12000 (750) | 500 (500)
_ENS220_2

Continued on next page
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Table 6.16 — continued from previous page
Name HV Ter- | LV Ter-| , Eirr;gzlr of | S-total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_ENS380 | ENS380 | ENS220 | Overijssel 16 (1) 12000 (750) | 750 (750)
_ENS220_3
TrafOF_SSHTZZO OHK220 | F110 Friesland 8(2) 1600 (400) | 200 (200)
TrafoF_SgH;zZO OHK220 | F110 Friesland 5(2) 1850 (740) | 740 (740)
Trafogﬁlgfmo LSM220 | F110 Friesland 8(3) 1600 (600) | 200 (200)
Trafo_Fli(fg’IZZO BGM220 | F110 Friesland 8(2) 1600 (400) | 200 (200)
Trafo_VVL380 | yy1.380 | VVL220 | Friesland 26 (2) 19500 (1500) | 750 (750)
_VVL220
Traf%gﬁ%%o HGL380 | ON110 | Overijssel 50 (3) 17500 (1050) | 350 (350)
Trafo_ENS380 | ENS380 | ON110 | Overijssel 40 (3) 14800 (1110) | 370 (370)
_NO110
Trafo_TIL380 | TIL380 | B150 Noord- 8 (4) 4000 (2000) | 500 (500)
_B150_N Brabant
Trafo_GT380 | graso | Biso | NNoord- 9 (6) 4050 (2700) | 450 (450)
_B]. 50 Brabant
Trafo_MEE380 | MEE380 | MEE220 | Groningen 16 (2) 12000 (1500) | 750 (750)
_MEE220
Trafo_VHZ380 | vHz3so | zH150 | 2Wid- 24 (3) 12000 (1500) | 500 (500)
_ZHlSO Holland
Trafg_ljl\gflfg% MSK380 | GD0110 | Groningen 40 (7) 14800 (3150) | 370 (370)

Table 6.17: Transmission lines upgraded to account for the load flow analysis on the 2050 power system, red numbers in
parenthesis highlight the original values

Name Terminali | Terminalj | Zone i’?;zilel 3;?:;1 (I}::;d
MBT380_EHV380_Z | MBT380 EHV380 Noord-Brabant 6(1) 24 (4) 4(4)
MBT380_EHV380_W | MBT380 EHV380 Noord-Brabant 6(1) 24 (4) 4(4)
MBT3§0—tEHV380 MBT380 | EHV380 | Noord-Brabant 6 (1) 24 (4) 4(4)
uture
RLL380_TIL380_N1 | RLL380 TIL380 Noord-Brabant 5(1) 20 (4) 4(4)
RLL380_TIL380_N1 | RLL380 TIL380 Noord-Brabant 5(1) 20 (4) 4(4)
HSW220_ENS20_Z | HSW220 | ENS220 Friesland 6(1) 24 (2.5) | 4(25)
HSW220_ENS20_W | HSW220 | ENS220 Friesland 6 (1) 24 (2.5) | 4(25)
HSW220_ZYV220_W | HSW220 | ZYV220 Friesland 2(1) 8(2.5) 4 (2.5)
HSW220_7ZYV220_Z | HSW220 | ZYV220 Friesland 2(1) 8(2.5) 4 (2.5)
RBB220_WEW220_B | RBB220 WEW220 | Groningen 3(1) 12 (2.3) | 4(2.3)
RBB220_WEW220_G | RBB220 WEW220 | Groningen 3(1) 12 (2.3) | 4(2.3)
EEM220_RBB220_B | EEM220 RBB220 Groningen 5(1) 20(2.3) | 4(2.3)
EEM220_RBB220_G | EEM220 RBB220 Groningen 5(1) 20(2.3) | 4(2.3)
EEM220_EHA220 W | EEM220 EHA220 Groningen 2(1) 8(2.3) 4(2.3)
EEM220_EHA220_7Z | EEM220 EHA220 Groningen 2(1) 8(2.3) 4 (2.3)

Continued on next page
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Table 6.17 — continued from previous page
.. T Parallel | Total Rated
Name Terminali | Terminalj | Zone Lines (KA) (KA)
EEM380_EOS380_ W | EEM380 | EOS380 | Groningen 2(1) 8@ 4(4)
EEM380_EOS380_Z | EEM380 | EOS380 | Groningen 2(1) 8 (4 4(4)
EEM380_EOS380 | EEM380 | EOS380 | Groningen 2(1) 8 (4) 4(4)
_Future_3
MEE220_FSO220 | MEE220 | FSO220 | Groningen 1(1) | 4(23) | 4(23)
_Future_1
MEE220_FSO220 | MEE220 | FSO220 | Groningen 1(1) | 423) | 4(23)
_Future_2
DOD380_DTC380_W | DOD380 | DTC380 | Utrecht 10(0) | 40@ | 48
DOD380_DTC380_Z | DOD380 | DIC380 | Utrecht 10(1) | 40(4) | 4(4)
DOD380_BMR380_Z | DOD380 | BMR380 | Utrecht 6(1) | 24(8) | 4
MBT380_DOD380_W | MBT380 | DOD380 | Limburg 8(1) | 32(d) | 4
L1S380_ENS380_ W | 115380 | ENS380 | Overijssel 7(0) | 28(4) | 4(4)
LLS380_ENS380_Z | LLS380 | ENS380 | Overijssel 7(0) | 28(4) | 4@
LLS380_ENS380 | 115380 | ENS380 | Overijssel 7() | 28(4) | 4@
_Future_3
LLS380_ENS380 | 115380 | ENS380 | Owerijssel 7(1) | 28(4) | 4@
_Future_4
LLS380_ALR380 | 115380 | ALR380 | Overijssel 9(1) | 36(4) | 4
_Future_1
LLS380_ALR380 | 115380 | ALR380 | Overijssel 9(1) 36 (4) | 4(4)
_Future_2
DIM380_ALR380 | pIM380 | ALR380 | Noord-Holland 9 (1) 36(4) | 44
_Future_1
DIM380_ALR380 | DIM380 | ALR380 | Noord-Holland 9(1) | 36(4) | 44
_Future_2
OZN380_DIM380_G | OZN380 | DIM380 | Noord-Holland 7() | 28(4) | 4@
OZN380_DIM380_W | OZN380 | DIM380 | Noord-Holland 7() | 28(4) | 4@
DIM380_LLS380 | pIM380 | LLS380 | Utrecht 5(1) 20(4) | 44
_Future_3
DIM380_LLS380 | prm3go | LLS380 | Utrecht 51) | 2014 | 4
_Future_4
OZN380_BVW380_W | OZN380 | BVW380 | Noord-Holland 3(1) 2@ | 403
OZN380_BVW380_Z | OZN380 | BVW380 | Noord-Holland 3(1) 2@ | 403
OZN380_BVW380 | OzN380 | BVW380 | Noord-Holland 3(1) 124) | 4@
_Future_3
BKK380_DIM380_W | BKK380 | DIM380 | Utrecht 51) | 2004 | 4
BKK380_DIM380_Z | BKK380 | DIM380 | Utrecht 51) | 204 | 4(d
MEE380_DIL380_ W | MEE380 | DIL380 | Groningen 2(1) 800 4(2)
MEE380_DIL380_Z | MEE380 | DIL380 | Groningen 2(1) 800 402)
ENS380_VVL380 | ENS380 | VVL380 | Overijssel 3(1) 124) | 4@
_Future_1
ENS380_VVL380 | ENS380 | VVL380 | Overijssel 3(1) 124) | 4@
_Future_2
ENS380_VVL380 | ENS380 | VVL380 | Overijssel 3(1) 124) | 4@
_Future_3
ENS380_VVL380 | ENS380 | VVL380 | Overijssel 3(1) 124) | 4@
_Future_4
ENS380_ZL380_ W | ENS380 | ZL380 Overijssel 3(1) 2@ | 44
ENS380_ZL380_Z | ENS380 | ZL380 Overijssel 3(1) 2@ | 404

Continued on next page
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Table 6.17 — continued from previous page

Parallel | Total Rated

Name Terminali | Terminalj | Zone Lines (kA) (KA)
ENS380_ZL380 ENS380 | ZL380 Overijssel 3(1) 12 (4) 4(4)
_Future_3
ENS380_ZL380 ENS380 71380 Overijssel 3(1) 12 (4) 4(4)
_Future_4

6.7. Contingency Analysis

Finally, a contingency analysis was performed for all the different scenarios to ensure the power system
remains functional in the event of outages at any location. A contingency analysis consisting of an
N —2 analysis was done for all system components and scenarios. As before, all components heavily
loaded (now above 90 %) for these scenarios were also upgraded to maintain system operation during
different outages. The selection of an N — 2 contingency was chosen as this is the same stipulation that
the current 380 kV ring was designed after, thus maintaining a similar level of robustness in the future
power systems as for current systems [170].

While this type of contingency analysis, defined as a deterministic analysis, has been the typical
approach for planning and building power systems, new methods have been discussed as alternatives
for future systems due to deterministic planning often leading to over-designed power systems while
simultaneously neglecting risk and economics [170]. Some of these new methods include probabilistic
methods that take into account the probability of certain failures in the analysis, methods that combine
deterministic and probabilistic approaches, and also new deterministic methods that include economic
factors [171, 172, 173, 174]. Thus, using a traditional deterministic n — 2 contingency analysis might not
be the ideal representation of the future system. However, because this is the method used to build the
current 380 kV network, it is the best current approach to accurately represent how the future power
system could look. This could be altered for future work if the design characteristic is changed from the
traditional one.

The necessary upgrades of the system can be seen in Table 6.18 and Table 6.19. Similar to the
load flow, the necessary transformers and transmission lines. The original values are highlighted in
parentheses, and where the "Rated (kA)" is changed, the transmission line type was also upgraded.

Table 6.18: Transformers upgraded to account for the contingency analysis on the 2050 power system, red numbers in parenthesis
highlight the original values

Namme HV Ter- | LV Ter-| , Ei’:llézlr of | S_total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_LBll\S/{)R%O BMR380 | L150 Limburg 25 (5) 1250 (2500) | 500 (500)
Trafo_BVW380 | pywsgo | NH150 | hoord- 35 (8) 12500 (5000) | 500 (500)
_NH150 Holland
Trafo_OZN380 | ozN380 | NH150 | hoord- 20 (8) 17500 (5000) | 500 (500)
_NH150 Holland
Trafo_Flﬁl)\/IZZO BGM220 | F110 Friesland 20 (8) 4000 (1600) | 200 (200)
Trafogfl'l(\)ﬂzo BGM220 | F110 Friesland 20 (8) 4000 (1600) | 200 (200)
Tl‘afOF_SEHTZZO OHK220 | F110 Friesland 20 (8) 4000 (1600) | 200 (200)
TrafoF_loll(fI;ZZO OHK220 | F110 Friesland 10 (5) 3700 (1850) | 370 (370)

Continued on next page
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Table 6.18 — continued from previous page
Name HV Ter- | LV Ter-| , Eirr;gzlr of | S-total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_DIM380 | povisso | Niso | Neord- 25(5 | 12500 (2500) | 500 (500)
_NH150_1 Holland
Trafo_DIM380 | pivago | NH150 | Noord- 26 (6) 11700 (2700) | 250 (250)
_NHl 50_2 Holland
Trafo_VVL220 | yv1220 | GDO110 | Groningen 10 (1) 3700 (370) | 370 (370)
_GDO110_1
Trafo_VVL220 | yy1220 | GDO110 | Groningen 18 (1) 3600 (200) | 200 (200)
_GDO110_2
Trafo_RBB220 | RBB220 | GDO110 | Groningen 16 (2) 5920 (740) | 370 (370)
_GD110_new
Traf%gﬁ%%() HGL380 | ON110 | Overijssel 25 (8) 8750 (2800) | 350 (350)
Trafo_LLS380 | 115380 | GFU150 | Utrecht 30 (6) 15000 (3000) | 500 (500)
_GFU150
Trafo WEW220 | RBB220 | GDO110 | Groningen 15 (2) 5550 (740) | 370 (370)
_GDO110
Trafo EHV380 | EHvago | Biso | Noord- 6(1) 3000 (500) | 500 (500)
B150_1 Braabant
Trafo EHV380 | EHv3so | B150 | Noord” 7 (3) 3150 (1350) | 450 (450)
B150 2 Braabant
Trafo_TIL380 | Tyr3g0 | Biso | Noord- 10(8) | 5000 (4000) | 500 (500)
_B150_N Braabant
Trafo_GT380 | gr3so | Biso | NNeord- 12(10) | 5400 (4500) | 450 (450)
_B150 Braabant
Trafo_HST380 | pst3so | B1so | Neord- 12(10) | 5400 (4500) | 450 (450)
_B150 Braabant
Trafo_BKK380 | BKK380 | GFU150 | Utrecht 40 (7) 20000 (3500) | 500 (500)
_GFU150
Trafci_lhé[(?Tfso MBT380 | 1150 Limburg 7 (5) 3500 (2500) | 500 (500)
TraﬁI)\?gIl\TlSO%O ENS380 | NO110 | Overijssel 27 (6) 9990 (2220) | 370 (370)
Trafo_ZYV220 | 7yy220 | GDO110 | Groningen 4(2) 800 (400) | 200 (200)
_GD110
Trafo KIJ380 | kpjaso | zriso | 24id- 3(1) 1500 (500) | 500 (500)
_ZH150_1 Holland
Trafo_EEM380 | EEM380 | EEM220 | Groningen 12 (3) 9000 (2250) | 750 (750)
_EEM220
Trafo_MSK380 | \sK380 | GDO110 | Groningen 27 (6) 9990 (2220) | 370 (370)
_GDO110_Future
Trafo_MEE220 | MEE220 | GDO110 | Groningen 15 (3) 5550 (1110) | 370 (370)
_GDO110
Trafo_ GRTH380 | GRTH380| L150 Limburg 11 (10) 5500 (5000) | 500 (500)
_L150_Future
Trafo_TNZ380 | TNZ380 | ZH150 | Zeeland 10(8) | 5000 (4000) | 500 (500)
_I:uture

Continued on next page
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Table 6.18 — continued from previous page
Name HV Ter- | LV Ter-| , Eirr;gzlr of | S-total S_rated
minal minal (MVA) (MVA)
Trafos
Trafo_HSW220 | Hsw220 | GDO110 | Groningen 20 (1) 7400 (370) | 370 (370)
_GDO110_1
Trafo_HSW220 | Hsw220 | GDO110 | Groningen 20 (2) 7000 (700) | 350 (350)
_GDO110_2
Traf%gl‘(’)m ZYV220 | GDO110 | Groningen 25 (2) 5000 (400) | 200 (200)
Trafo_VVL220 | yy1220 | GDO110 | Groningen 5(1) 1850 (370) | 370 (370)
_GDO110_1
Trafo_VVL220 | yy1220 | GDO110 | Groningen 9(2) 1800 (370) | 200 (200)
_GDO110_2
Trafo BWK380 | pwkaso | zH150 | 209 12 (4) 6000 (2000) | 500 (500)
_ZH150 Holland
Trafo_KIJ380 Zuid-
i KIJ380 | ZHI50 | ;00 6 (3) 3000 (1500) | 500 (500)
Trafo_KIJ380 Zuid-
S0 5 KIJ380 | ZHI50 | ;i 7 (3) 3150 (1350) | 450 (450)
Trafo BEEM380 | EEM380 | EEM220 | Groningen 16 (8) 12000 (6000) | 750 (750)
_EEM?220_1
Trafo_EEM380 | EEM380 | EEM220 | Groningen 16 (8) 12000 (6000) | 750 (750)
_EEM?220_2

Table 6.19: Transmission lines upgraded to account for the contingency analysis on the 2050 power system, red numbers in
parenthesis highlight the original values

Name Terminali | Terminalj | Zone {ia;:lslel 3;2:31 {l{;tjd
OHK220_ENS220_W | OHK220 | ENS220 | Friesland 7() | 28(25) | 4(25)
OHK220_ENS220_Z | OHK220 | ENS220 | Friesland 7(1) | 28(25) | 4(25)
VVL220_EEM220 | VVL220 | EEM220 | Groningen 4(1) | 16(23) | 4(23)
MBT380_BMR380_Z | MBT380 | BMR380 | Limburg 10(1) | 40() 1(4)
KIJ380_GT380_W | K1J380 GT380 Noord-Brabant | 3 (1) 12 (4) 4(4)
KIJ380_GT380_Z | K1J380 GT380 Noord-Brabant | 3 (1) 12 (4) 14
KIJ380_GT380 KIJ380 GT380 Noord-Brabant | 3 (1) 12 (4) 4(4)
_Future_3
KIJ380_GT380 KIJ380 GT380 Noord-Brabant | 3 (1) 12 (4) 4(4)
_Future_4
KIJ380_BKK380 KIJ380 BKK380 | Noord-Brabant | 7 (1) 28 (4) 4(4)
_Future_2
KIJ380_BKK380_W | K1J380 BKK380 | Noord-Brabant | 7 (1) 28 (4) 4(4)
EOS380_VVL380_1 | EOS380 | VVL380 | Groningen (1) 16 (4) 14
EOS380_VVL380_2 | EOS380 | VVL380 | Groningen (1) 16 (4) 1(4)
LSM220_OHK220_W | LSM220 | OHK220 | Friesland 4(1) | 16(25) | 4(25)
LSM220_OHK220_Z | LSM220 | OHK220 | Friesland 4(1) | 16(25) | 4(25)
LSM220_BGM220_W | LSM220 | BGM220 | Friesland 2(1) 8(25) | 4(25)
LSM220_BGM220_Z | LSM220 | BGM220 | Friesland 2(1) 8(25) | 4(25)
LSM220_BGM220_a | LSM220 | BGM220 | Friesland 2(1) 8(25) | 4(25)
MSK380_MEE380 | MSK380 | MEE380 | Groningen 5(1) | 2004) | 4
_Future_1

Continued on next page
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Table 6.19 — continued from previous page
.. . . Parallel | Total Rated
Name Terminali | Terminalj | Zone Lines (KA) (KA)

MSK380_MEE380 | MSK380 | MEE380 | Groningen 5(1) 20 (4) 4(4)
_Future_2

GT380_MDK380 GT380 MDK380 | Zeeland 2(1) 8 (4) 4 (4)
_Future_1

GT380_MDK380 GT380 MDK380 | Zeeland 2(1) 8 (4) 4(4)
_Future_2

GT380_MDK380 GT380 MDK380 | Zeeland 2(1) 8 (4) 4(4)

_Future_3
EEM380_MEE380_W | EEM380 | MEE380 | Groningen 5(1) 20 (4) 4 (4)
EEMB380_MEE380_Z | EEM380 | MEE380 | Groningen 5 (1) 20 (4) 4(4)
DTC380_HGL380_W | DTC380 | HGL380 | Utrecht 10(1) | 40(3) 4(4)
DTC380_HGL380_Z | DIC380 | HGL380 | Utrecht 10(1) | 40(@3) 4(4)

ZL.380_VOB380 Z1.380 VOB380 | Overijssel 7 (1) 28(4) | 44

_Future_1

Z1.380_VOB380 ZL380 VOB380 | Overijssel 7 (1) 28 (4) 4 (4)
_Future_2
VOB380_MSK380 | yvOB380 | MSK380 | Groningen 7 (1) 28 (4) 4(4)
_Future_1
VOB380_MSK380 | yvOB380 | MSK380 | Groningen 7 (1) 28(4) | 44
_Future_2
FSO220_WEW220 | pso220 WEW220 | Groningen 2(1) 8(2.3) | 4(23)
_Future_1
FSO220_WEW220 | F50220 | WEW220 | Groningen 2(1) 8(2.3) | 4(23)
_Future_2
ZL380_HGL380_W | ZL380 HGL380 | Overijssel 5(1) 20 (4) 44
ZL380_HGL380_Z | ZL380 HGL380 | Overijssel 5(1) 20 (4) 4(4)
Z1.380_HGL380 Z1.380 HGL380 | Overijssel 5(1) 20(4) | 44
_Future_3
Z1.380_HGL380 71380 HGL380 | Overijssel 5(1) 20 (4) 4 (4)
_Future_ 4
Noord-
KIJ380_OZN380_Z | KIJ380 OZN380 | 71 4(1) 16 (4) 4(4)
KIJ380_OZN380 Noord-
o KIJ380 OZN380 | 1yon—y 4(1) 16 (4) 4 (4)
MEE220_FSO220 | MEE220 | FSO220 Groningen 4(1) 16 (4) 4(4)
_Future_1
MEE220_FSO220 | MEE220 | FSO220 Groningen 4(1) 16 (4) 4(4)

_Future_2
BWK380_VHZ380_O | BWK380 | VHZ380 | Zuid-Holland 3(1) 12 3) 4(3)
BWK380_VHZ380_P | BWK380 | VHZ380 | Zuid-Holland 3(1) 12 (3) 4(3)

Noord-
BVW380_VHZ380_W | BVW380 | VHZ380 | °pr 3(1) 12 (4) 4 (4)
BVW380_VHZ380 Z | BYW380 | vizaso | heord- 3(1) 12¢4) | 4@
- - Holland
BVW380_VHZ380 Noord-

[ BVW380 | VHZ380 | op- 3(1) 12 (4) 4 (4)
TIL380_EHV380_N1 | TIL380 EHV380 | Noord-Brabant | 3 (1) 12 (4) 4(4)
TIL380_EHV380_N2 | TIL380 EHV380 | Noord-Brabant | 3 (1) 12 (4) 4(4)
TIL380_EHV380_N3 | TIL380 EHV380 | Noord-Brabant | 3 (1) 12 (4 4(4)

Continued on next page
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Table 6.19 — continued from previous page
.. T Parallel | Total Rated
Name Terminali | Terminalj | Zone Lines (KA) (KA)
TIL380_EHV380 | T11.380 EHV380 | Noord-Brabant | 3 (1) 124) | 4@
_Future_4
TIL380_EHV380 | 111380 EHV380 | Noord-Brabant | 3 (1) 124) | 4@
_Future_5
EEM380_EOS380_W | EEM380 | EOS380 | Groningen 3(D) 2@ | 40
EEM380_EOS380_Z | EEM380 | BOS380 | Groningen 3 (1) 2@ | 40
EEMB380_EOS380 | EEM380 | EOS380 | Groningen 3(1) 124) | 4@
_Future_3
KIJ380_BWK380_Z | KIJ380 BWK380 | Zuid-Holland 3 (1) 124 | 49
K1J380_BWK380_W | KIJ380 BWK380 | Zuid-Holland 3(1) 2@ | 40
BSL380_RLL380_G | BSL380 | RLL380 | Zeeland 3(D) 2@ | 40
BSL380_RLL380_Z | BSL380 | RLL380 | Zeeland 3 (1) 2@ | 40
BSL380_RLL380_N1 | BSL380 | RLI380 | Zeeland 3 (1) 2@ | 4@
BSL380_RLL380_ N2 | BSL380 | RLL380 | Zeeland 3(1) 124 | 4@
BSL380_RLL380 | BSL380 | RLL380 | Zeeland 3(1) 124) | 4@
_Future_5
BGM220_VVL220 Z | BGM220 | VVI220 | Friesland 4(0) 164 | 4()
BGM220_VVL220_ W | BGM220 | VVL220 | Friesland 4 (1) 164 | 49
VVI220_ZYV220 W | VVI220 | ZYV220 | Groningen 3 (1) 84 4(4)
VVI220 ZYV220_Z | VVI220 | ZYV220 | Groningen 3 (1) 8 (4) 4(4)
MBT380_SDF380_Z | MBT380 | SDF380 | Limburg 2(1) | 8(26) | 4(26)
MBT380_OBZ380_ W | MBT380 | SDF380 | Limburg 2(1) | 8(26) | 4(26)
GT380_TIL380_N1 | GT380 TIL380 Noord-Brabant | 2 (1) 8 (4) 4(4)
GT380_TIL380_ N2 | GT380 TIL380 Noord-Brabant | 2 (1) 8 (4 4(4)
GT380_TIL380_N3 | GT380 TIL380 Noord-Brabant | 2 (1) 8 (4) 4 (4)
GT380_TIL380 GT380 TIL380 Noord-Brabant | 2 (1) 8 (4) 4(4)
_Future_4
GT380_TIL380 GT380 TIL380 Noord-Brabant | 2 (1) 8 (4) 4(4)
_Future_5
TIL380_MDK380 | T11.380 MDK380 | Zeeland 2(1) 8 (4) 4 (4)
_Future_1
TIL380_MDK380 | TI1.380 MDK380 | Zeeland 2(1) 8 (4) 4(4)
_Future_2
CST380_KIJ380_ W | CST380 | KIJ380 Zuid-Holland 2(1) 8 (4) 4(4)
CST380_KIJ380_Z | CST380 | KIJ380 Zuid-Holland 2(1) 8 (4) 4(4)
CST380_KIJ380 CST380 | KIJ380 Zuid-Holland 2 (1) 8 (4) 4 (4)
_Future_3
MBT380_VYK380_ W | MBT380 | VYK380 | Limburg T(1) | 425 | 425
MBT380_VYK380_Z | MBT380 | VYK380 | Limburg T(1) | 425 | 425
RLL380_GI380_Z | RLL380 | GI380 Noord-Brabant | 3 (1) 2@ | 40
RLL380_GT380_W | RLL380 | GT380 Noord-Brabant | 3 (1) 2@ | 40
RLL380_GT380 RLL380 | GT380 Noord-Brabant | 3 (1) 124) | 4@
_Future_3
EOS380_OOP380 | E0S380 | OOP380 | Groningen 2(1) 8 (4) 4 (4)
_Future_1
EOS380_OOP380 | EOs380 | OOP380 | Groningen 2(1) 8 (4) 4(4)
_Future_2
EOS380_OOP380 | E0OS380 | OOP380 | Groningen 2(1) 8 (4) 4 (4)
_Future_3

Continued on next page
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Table 6.19 — continued from previous page

. . Parallel | Total Rated

Name Terminali | Terminalj | Zone Lines (KA) (KA)
EOS380_O0P380 | EOS380 | OOP380 | Groningen 2(1) 8 (4) 4 (4)

_Future_4

WTR380_BWK380_W | WTR380 BWK380 | Zuid-Holland 2(1) 8 (4) 4 (4)
WTR380_BWK380_Z | WTR380 BWK380 | Zuid-Holland 2(1) 8(4) 4 (4)
DOD380_BMR380_W | DOD380 | BMR380 Limburg 12 (1) 48 (4) 4 (4)

The resulting Synthethic model, fully updated and utilized for future studies, can be seen in Figure 6.2.



6.7. Contingency Analysis 111

Voltage Levels

B 380 kV
220 kV
B 150 kV
110KV
[ 66 kV
B 33KV
15k
10k
B 0,69 kV
B 04KV

Figure 6.2: Overview of the complete Synthetic model highlighting the different voltage levels.



Case Studies

This chapter discusses the three case studies done utilizing the synthetic dynamic model. Each case study
follows a traditional research structure, including an introduction, methodology, results, and discus-
sion. This approach facilitates easier adaptation for publication in international journals and conferences.

First, the results of the case studies are discussed to address the specific contributions to the re-
search questions derived from the literature review. Then, the complete details of the different case
studies are provided.

7.1. Discussion of Research Questions

The research scope of the thesis included three different research questions. These questions were based
on the literature review, highlighting areas that needed further research. Here, they will be discussed
directly in relation to the results found in the different case studies.

1. Under what operating conditions and disturbances can the stability of fast-active power balancing
be compromised in theoretical future power systems? The different renewable generation shares of
onshore wind, offshore wind, and solar PV were analyzed in Case Study A, yielding several interesting
insights regarding power system stability. Overall, it was evident that the power flows resulting from
the different generation topologies due to the various renewable resources did not significantly impact
system stability. The synthetic model’s adherence to an N-2 contingency analysis ensured minimal
impact due to system loading. Almost no differentiation was found concerning the large shares of
different renewable resources. Generally, the different flexibility resources were distributed throughout
the system based on their relevance and compatibility with the various renewable generation units,
resulting in an efficiently allocated system.

However, there were small deviations in system response among the different cases for the vari-
ous events. The different events demonstrated varied responses depending on the renewable generation
shares, indicating some impact from the differing load flow patterns. Nonetheless, these impacts
were minimal due to the system’s effective contingency planning. If a different contingency planning
approach is used in future systems, this could potentially have a larger impact.

The largest frequency deviations among the different generation shares were identified in cases
with the maximum levels of solar PV, similar results were found for the ROCOF values. In these cases,
offshore wind generation was set to 0 %, indicating no ancillary service provision from these resources.
This differed from other cases, which had generation from all three resources. It was evident that system
performance regarding frequency stability was worse when ancillary services from these generation
units were unavailable. While somewhat self-explanatory, this highlights the importance of accounting
for the variability in renewable generation sources. If there are times in the system with low or no
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input from some of the resources, dynamic stability can be severely impacted. This underscores the
importance of proper forecasting for these resources and leveraging them so that ancillary services are
available when needed, even with the variability of these resources as a limiting factor. This can, for
example, be achieved through flexible storage systems in combination with these resources, especially
in systems with a high penetration of variable renewable generation sources.

It is worth noting that these case studies were conducted using scenario estimations accounting
for the highest degree of electrification. This results in a larger share of generation and flexibility
resources, which could reduce the impact of variability on system performance as the likelihood
of insufficient generation is reduced. The system also depends on various synchronous generation
resources, such as hydrogen and nuclear power plants, as well as multiple interconnections, leveraging
possibilities and ancillary services in certain cases.

Overall, due to the system’s strength, different renewable generation shares did not dramatically
impact frequency stability, and the system performed well in all cases. However, the study still
highlights the importance of ancillary services and the intrinsic nature of these resources due to their
variability.

2. What are the implications of varying penetration levels, structures, and parameterizations
of grid-forming converters on the fast-active power balancing in power systems? The impact of
different grid-forming controller types on the frequency stability of the system was dependent on the
perturbations, as investigated in Case Study B. Overall, the three controllers—Virtual Synchronous
Machine (VSM), Synchroverter, and Droop controller—exhibited almost identical responses for the load
and outage events. While results from [76] comparing these controllers for a two-area, four-generator
system indicated performance differences for load increases, these differences were negligible in both
outage and load increase scenarios in this large-scale system study. This suggests that the overall
differences among grid-forming controllers are minimized during such perturbations in large-scale
systems. This was consistent for the different controllers’ maximum deviation and the ROCOF values,
with only minimal deviations between cases. These minor deviations slightly favored the VSM and
Droop controllers. This conclusion held true for the controller comparison across all three grid-forming
penetration levels of 25 %, 50 %, and 85 %.

However, comparing controller performance during a short circuit yielded different results. The
Synchroverter demonstrated the poorest overall performance, showing the largest frequency devia-
tions and ROCOF values across all three penetration levels. Additionally, with an 85 % grid-forming
penetration level, the system could not converge simulations during the short-circuit event when
using the Synchroverter, indicating an inability to handle the short-circuit event effectively. This issue
was not observed with either the VSM or Droop controller. To make the simulations converge for
the 85 % Synchroverter case, the maximum allowed current had to be increased from 1.2 to 1.3 pu.
Despite this adjustment, the Synchroverter still exhibited the highest frequency deviations and ROCOF
values, indicating inferior short-circuit performance. This short-circuit performance issue with the
Synchroverter warrants further study to improve its current layout. The Droop and VSM controllers
generally had similar maximum deviation and ROCOF values, with slight differences in settling time
and oscillatory response, favoring the VSM.

Comparing the controllers regarding oscillatory performance and the damping of the system’s most
critical modes yielded results similar to the outage and load event analysis for frequency stability. No
significant differences were found in the damping capabilities of the different controllers, consistent
across all three grid-forming penetration levels. Although performance differences in damping were
identified in [76], these differences did not significantly impact large-scale system performance.

Overall, the different grid-forming controller types exhibited similar performance for both frequency
and damping capabilities. Differences were evident for the short-circuit perturbations, with the Syn-
chroverter showing a poorer overall short-circuit capability than the VSM and Droop controllers. This
was consistent across all three grid-forming penetration levels.
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Furthermore, the different grid-forming converter penetration levels of 25 %, 50 %, and 85 %, an-
alyzed in Case Study B, were assessed for all three controllers. Here, similar results between controllers
were observed across all perturbations and penetration levels, except for the short-circuit event at the
highest penetration level for the Synchroverter.

Overall, higher grid-forming penetration levels showed improved stability in terms of both frequency
and damping performance. The results demonstrated lower overall frequency deviations and ROCOF
values for higher penetration levels, with the worst performance observed at the lowest penetration
level. This was consistent across all three perturbation events, except for the Synchroverter at the highest
penetration level. The higher penetration levels exhibited better frequency performance, with lower
maximum deviations, reduced ROCOF values, and better settling times. This indicates that, in terms
of frequency stability, greater grid-forming penetration levels result in better performance due to the
ancillary services provided by grid-forming converters, especially their fast-active power response
capabilities. This was true for all three grid-forming controllers.

A similar trend was observed for the system’s damping performance, particularly for inter-area
oscillations. Higher penetration levels resulted in increased damping ratios for the inter-area modes.
One inter-area mode exhibited a slightly lower damping ratio, approximately 0.18 %, while the highest
improved damping ratio was around 3.5 %. Four of the five identified inter-area modes showed
improved damping ratios, indicating overall enhanced damping performance for higher penetration
levels. The damping improvement was evident for both higher penetration levels compared to the
lowest. However, a local mode experienced a significant reduction in damping ratio at the highest
penetration level. This mode had a damping ratio of around 14 % for the 25 % and 50 % penetration
levels, which reduced to approximately 6 % for the 85 % level. This occurred for all three controllers.
The reduced damping was linked to one of the grid-following onshore wind converters. When this
converter was set out of service, the lowered damping did not appear in any other grid-following
converters, suggesting that the local mode was influenced by the grid-following converter’s location
and the system’s oscillatory behavior. Although the mode did not propagate to other system areas, it
highlights that high grid-forming penetration levels can cause oscillatory damping issues in large-scale
power systems, depending on factors such as topology and resource location. While no definitive
conclusions can be drawn from this mode’s analysis, it is an interesting finding that should be considered
in future research to better understand the intrinsic nature of high grid-forming penetrated power
systems.

Overall, higher grid-forming penetration levels showed increased damping and frequency stabil-
ity performance in the system. However, while the highest penetration levels exhibited enhanced
performance in most metrics, they also revealed some inherent weaknesses. This was evident through
the occurrence of reduced damping in one local mode and the lack of short-circuit capability at the 85 %
penetration level combined with the Synchroverter controller. Thus, while the overall positive impact
of high grid-forming converter penetration is significant, some challenges arise that warrant further study.

The main controller parameters of the three grid-forming controllers underwent a sensitivity analysis to
determine the parameterization impact on system stability, both for frequency and damping performance.
Two parameters were analyzed for the VSM (Dy, T;), two for the Droop (mp, m;), and four for the
Synchroverter (D,,, T;, Ky, Dq). These parameters were increased and decreased relative to their base
values and simulated for all three levels. This was done in Case Study B with a 50 % grid-forming
penetration level, done for a load increase, analyzing the frequency stability and damping of the system.

A similar impact was found for the D, of the VSM and Synchroverter as the mp for the Droop
controller. In PowerFactory, the mp parameter is modeled as an inverse droop, thus having a direct
opposite response to an increase or decrease. An increase in D, and a decrease in mp significantly
improved the allowed maximum frequency deviation and ROCOF. This resulted in an approximately
fivefold decrease in the maximum allowed frequency between the original and new levels, with improved
ROCOF values as well. The results showed an improved initial frequency deviation, quicker settling, and
lower oscillatory behavior during the simulation window. Conversely, the lowered D, and increased
mp resulted in worse oscillatory performance, showing the worst performance in all calculation metrics.
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The damping performance also showed improvement with increased D, and decreased mp val-
ues. Four out of the five inter-area modes had improved damping ratios, ranging up to an increase
of 8 %, with a decrease in one mode of around 0.2 %. Overall, the inter-area damping in the system
significantly improved with new parameter values. Conversely, reduced D, and increased mp values led
to decreased system performance. Interestingly, the decreased D, levels resulted in multiple controller
interaction modes with reduced damping ratios for the grid-forming controllers, which were not found
in the original or increased parameter values, showing critical damping levels. This was not true for
the Droop controller’s decreased mp values. No similar modes were found, although the full range of
possible mp values was not conducted, and thus, the study cannot guarantee similar results for lower
levels. The results indicate that controller parameter tuning can positively and negatively impact system
stability, highlighting the potential for dynamic controller parameter methods and the risks of poorly
adjusted parameters.

No significant deviation in system performance was found for the T, parameter value analysis for
the VSM and Synchroverter. Some small differences were observed for the damping of higher-speed
oscillatory modes, favoring higher T, values.

Finally, the K; and D, parameters of the Synchroverter and the m, of the Droop controller had
no impact on system performance, indicating a successfully divided active and reactive power control
loop in the controllers. This highlights the potential for further studies without concerns that these
parameters will impact these aspects of power system performance.

Overall, the different parameter analyses showed significant variation in system performance. Some
parameters had a major impact on both frequency and system damping, while others had a negligible
effect. Parameters with a high impact on system performance highlight the possibilities for future control
systems with the potential to adjust controller performance dynamically, allowing for adaptable control
schemes. Conversely, parameters with negligible impact allow for further research with confidence that
these parameters do not affect this section of power system performance.

3. How do theoretical projections of future inertia constants and kinetic energy levels impact
the fast-active power balancing stability of future systems? To analyze the impact of future inertia
levels on system stability, Case Study C utilized the AC synchronous machine representations in the
synthetic model to represent different kinetic energy and inertia constant levels representing intercon-
nected continental Europe. Three values of inertia constants (4.1 s, 2.25 s, 0.5 s) and three different
values of kinetic energy (1800 GVAs, 1025 GVAs, 250 GVAs) were utilized for the study. This represented
future predictions for continental Europe towards 2040 and covered both values’ predicted range. This
analysis was conducted for both frequency and damping performance, using a load increase perturbation.

The results showed that higher inertia constants (4.1 s, 2.25 s) provided a more stable system re-
sponse with better damping. This generally resulted in slower responses but reduced oscillatory
behavior, as indicated by the better settling of the frequency after the perturbation. High inertia
constants combined with high kinetic energy levels improved system stability. There was minimal
difference in the maximum frequency deviation across the different levels. For the damping of the
different modes, the high inertia constants allowed the inter-area modes to have a damping ratio within
their respective limits, with no significant impact found for the other modes in the system.

A faster system response was evident for the low inertia constant (0.5 s) but with reduced damp-
ing. This generally resulted in increased oscillatory behavior, exhibiting critical stability issues. The
system was capable of faster frequency changes, but the response typically resulted in more sustained,
quicker oscillations. The damping of the different modes became critical for the low inertia constant
simulations. In one simulation, combining the 0.5 s inertia constant with the 1025 GVAs kinetic energy,
one of the inter-area modes had a negative real eigenvalue, indicating system instability. The inter-area
modes had positive real eigenvalues for the other kinetic energy values, but the damping ratios were
well below the stability limits, indicating a critical stability limit.
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The highest kinetic energy value showed the overall best system performance. These levels ex-
hibited better maximum allowed frequency deviation and ROCOF values, with slower settling times
due to the larger rotational forces in the system. The middle kinetic energy levels showed slightly
reduced stability compared to the higher levels, with a similar response pattern but increased oscillatory
behavior. The lowest kinetic energy levels resulted in faster-acting oscillations in the system response,
leading to larger ROCOF and maximum deviation levels.

Interestingly, the lowest kinetic energy levels had the best system damping. Here, the inter-area
modes’ oscillatory speed increased, rendering them outside the traditional definition of inter-area
modes but with similar participation factors. The overall oscillatory modes of the system changed
significantly, allowing the fast-acting grid-forming controllers to dampen the system more effectively
due to their compatible fast-acting nature. This indicates that system damping improved for the lower
kinetic energy levels, suggesting an intrinsic relationship between frequency stability and damping for
these projected levels.

Overall, the different inertia levels projected for continental Europe towards 2040 indicate a com-
plex impact on system stability for the future power system. While the frequency analysis favored
the high kinetic energy levels, the damping performance was better for the low kinetic energy levels.
At the same time, the middle kinetic energy levels exhibited an unstable system for the lowest inertia
constant level and poorly dampened modes for the other inertia constants compared to the other kinetic
energy levels. This suggests that future kinetic energy and inertia constant levels will significantly
impact power system stability, necessitating further research and policy guidance to ensure safe levels
for system operation. The good damping performance of the lowest kinetic energy levels indicates that a
fast-acting natured system can thrive under the right circumstances. Future research should investigate
the impact of grid-forming penetration and controller parameter values on these different projections.
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7.2. Case Study A

7.2.1. Introduction

Case Study A investigates the upgraded dynamic model developed in DIgSILENT PowerFactory, tailored
for dynamic studies of the Dutch power system projected for 2050. The model’s enhancement enables
the evaluation of the national scenario as outlined in [106], which is also envisioned in TenneT’s Target
Grid for 2045 [114]. Detailed descriptions of the scenario setup are provided in chapter 4, with specific
model modifications documented in chapter 5 and 6. This study assesses the system’s response to three
disturbances: an outage, short-circuit, and load event across six renewable generation and demand cases.

The primary objective of this case study is to validate the synthetic Dutch model created and to
showcase its applicability for various analyses. The model’s robustness is tested using the extensive
functionalities available in DIgSILENT PowerFactory, complemented by tools in Python and Excel. Each
of the six generation and demand cases is subjected to three types of disturbances, which are used to
scrutinize and delineate the impact of these configurations on system performance. System performance
is examined by analyzing the frequency response to each disturbance, supplemented by an eigenvalue
analysis for a deeper understanding of the system’s oscillatory performance during a load event.

A significant focus of the study is the role of grid-forming converters in enhancing system stabil-
ity and performance. These converters are critical for maintaining stability in future power systems
with high levels of renewable integration. Their performance is critically evaluated in the context
of large-scale systems under varied disturbances, providing essential insights into their potential
contributions. The efficacy of these converters in damping different inter-area modes is also highlighted,
pointing to promising avenues for future enhancements. Further details on grid-forming converters
control and their implementation in PowerFactory are presented in section 2.2.

This case study sets the stage for a comprehensive evaluation that serves as a regulatory bench-
mark concerning stability and the regulatory framework for future systems. The cases explored offer
varied generation and demand levels, different sources of generation, and the impact of grid-forming
converters on system dynamics. Given the evolving nature of system characteristics, which will be
shaped by future research and regulatory assessments, this case study provides a solid foundation for
ongoing and future analyses enabled by the synthetic model and its extensive ancillary services.
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7.2.2. Methodology

In Case Study A, the dynamic model of the Dutch power system, projected for the year 2050, was
employed to simulate and analyze the stability under various cases characterized by distinct levels
of generation, demand, and flexibility. The comprehensive flowchart illustrating the system setup
is presented in Figure 7.1. The system configuration relied heavily on Python scripts and Excel
configurations, detailed in Appendix C, which collectively orchestrated the operational system. These
tools were utilized to integrate a diverse array of system characteristics, including the proportion of
various renewable energy resources, flexibility options, and the penetration levels of grid-forming
converters.

Scenario identification

System parameters

calculations Grid-Forming selection

—

Calculation of

generation shares

> Load calculation

—— T/ J

Scenario Implementatlon: Flexibility calculation
Excel J

Implementation to Simulations
PowerFactory

h,

Stability Criteria [« Signal Analysis

Y

Conclusion
Further Work

Figure 7.1: Detailed flowchart of the system setup for assessing the stability of the Dutch power system in 2050 under various
generation, demand, and flexibility cases. The pink color indicates operation performed by PowerFactory, green by Excel, and
blue by Python.

The foundational scenario for the simulations is detailed in chapter 4, incorporating the 113050-2 National
scenario and TenneT’s Target Grid as a proxy for future system configurations. Additionally, six distinct
cases were formulated for this analysis. These cases encompass varied onshore wind, offshore wind,
and solar PV levels, each with peak or minimum load conditions. A brief overview of these cases is
provided below:

1. Case A: High offshore wind with peak demand
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Case B: High onshore wind with peak demand

Case C: High solar PV with peak demand

Case D: High offshore wind with minimum demand
Case E: High onshore wind with minimum demand

A

Case F: High solar PV with minimum demand

The various cases investigated how high levels of generation from renewable energy resources affect
the dynamic stability of the system. These high levels can result in large power flows across large
distances. ENTSO-E recognizes such extensive power transfers as critical factors that can compromise sys-
tem stability during certain outages and faults due to significant generation loss at specific locations [175].

Cases A and D focused on analyzing the effects of high offshore wind penetration under both peak and
minimum demand conditions. Cases B and E assess the impact of high onshore wind, while cases C
and F explored the consequences of high solar PV penetration. The distribution of generation among
the three main renewable energy sources—offshore wind (WOZ), onshore wind (WOL), and solar PV
(PV)—as well as the system load, is presented in Table 7.1. These proportions were selected to represent
a range of potential future cases for the Dutch power system, reflecting periods of significantly high
contributions from each resource to examine how such dynamics influence system stability under peak
and minimum load conditions.

Table 7.1: Distribution of renewable energy sources and demand levels across cases, illustrating diverse configurations of offshore
wind (WOZ), onshore wind (WOL), solar PV (PV), and corresponding demand percentages to assess their impacts on system

stability.
Case | WOZ (%) | WOL (%) | PV (%) | Demand (%)
A 90 10 5 100
B 5 90 5 100
C 0 10 65 100
D 90 10 5 45
E 5 90 5 45
F 0 10 65 45

An overview of the dispatched generation and demand levels corresponding to the different percentage
shares is presented in Table 7.2. In all cases, conventional generation was provided by nuclear power
plants at MVL380 and BSL380, each operating at a constant dispatch of 1 GW. Due to these uniform
generation levels, the BSL380 plant was utilized for frequency signal analysis unless otherwise speci-
fied. The generation distribution from various renewable energy sources was evenly allocated across
grid-forming and grid-following converters for all three converter types, achieving a 50 % grid-forming
penetration level. This distribution was facilitated by a Python script designed to allocate generation
based on specified percentages and grid-forming penetration levels, ensuring adaptability to varying
configurations of the renewable mix and grid-forming levels within system constraints.

While the script ensured even distribution across converters, utilizing randomized functions from
Python libraries means that a perfectly localized generation distribution among the different renewable
resources could not be guaranteed. Instead, it ensured an equitable distribution system-wide, which may
result in zones with varying degrees of grid-forming penetration. Despite this, the overall distribution
aligns with a 50 % grid-forming target for the entire system. Future enhancements to this model could
improve the precision of resource distribution. However, a system-wide approach remains effective
for a broad study such as this. The developed code offers a robust foundation for further studies and
projects aiming to refine grid-forming penetration level calculations and implementations. The codes
can be found in Appendix C.
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Table 7.2: Generation distribution across cases, detailing the allocation of renewable and conventional energy sources in
megawatts (MW).

Cases | WOZ WOL PV Flexibility | Conv. Generation | Demand
A 47272.5 | 2068.5 8649.5 | 12020.29256 2000 47979.9
B 262625 | 18616.5 | 8649.5 | 11754.41622 2000 47979.9
C 0 2068.5 | 112443.5 67800 2000 47979.9
D 472725 | 2068.5 8649.5 | 38519.6922 2000 21591.0
E 2626.25 | 18616.5 | 8649.5 10550 2000 21591.0
F 0 2068.5 | 112443.5 75950 2000 21591.0

Flexibility levels were tailored to balance the excess or deficit in generation and load for each case,
aiding in maintaining system stability. These settings are dynamically adjustable in the Excel model,
facilitating modifications and comparisons for future analysis cases (Appendix C). This flexibility in
adjustment supports easier integration and evaluation of different future system cases and allows for a
systematic analysis of how varying flexibility resources impact system stability and system operation.
The flexibility allocations for the different cases can be seen in Table 7.3. Here, a negative BESS value
indicates charging, while a positive value indicates discharging.

The interconnection, typically a critical flexibility resource, was strategically underutilized and reserved
instead as a last resource to emphasize national resource management over-reliance on cross-border
interconnections. However, cases B and F required active utilization of interconnections to ensure
operational stability due to insufficient domestic flexibility resources. In case B, where generation was
notably less than demand, additional resources such as fuel cells and hydrogen power plants were
employed. Conversely, case F had an excess of generation requiring interconnection capabilities to
manage the surplus effectively. In the other cases, while interconnections remained operational, they
did not engage in active power dispatch, thus providing only inertia and active and reactive power
support.

All cases incorporated load response and power-to-heat dynamics, set to their maximum capaci-
ties to represent the dynamic capabilities of future system loads (section 6.5). The flexibility resources
were configured with a wideband of 0.15 and 0.1 Hz, respectively, triggering load shedding after
deviations from these frequency thresholds, employing a standard dynamic Droop response similar
to that used for electrolysers. For further details on the deployment and implications of the flexibility
resources, see section 6.4. Despite the comprehensive setup, the primary focus of this case study remains
on examining the impact of grid-forming converters and the diversity of generation shares, with a less
extensive analysis of flexibility resource impact.

Table 7.3: Detailed allocation of flexibility resources across cases, expressed in megawatts (MW)

Case | Total | Hydrogen Plants | electrolysers | BESS | Fuel-Cell | Interconnections
A 6020.3 0 6020.3 -6000 0 0
B 11754.4 5300 0 4454 4 2000 4454
C 67800 0 24800 -43000 0 0
D | 38519.7 0 12900 -25619.7 0 0
E 10550 0 2300 -8000 0 0
F 75950 0 23420 -52200 0 -18799

Moving on, a flowchart representing the various simulation setups for Case Study A is displayed in
Figure 7.1. This flowchart delineates two principal investigative pathways within the case study. Initially,
the pathway on the left examined the six different cases, simulating their response to three distinct
disturbances: a load event, an outage event, and a short circuit. These disturbances include an outage at
the 2 GW nuclear power plant in Maasvlakte (MVL380), a short circuit on a tie-line to the 150 kV power
system of Noord-Brabant (B150), and variations in load—specifically, a 5.6 GW increase for peak load
cases and a 10 GW decrease for minimum load cases. The frequency responses from these disturbances
were analyzed using Python to assess the system frequency stability.
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Subsequently, case A was specifically chosen to examine the system’s oscillatory behavior in-depth.
In this instance, the load event serves as the initiating disturbance, leading to an eigenvalue analysis
conducted via PowerFactory, which facilitated the exploration of oscillatory modes and participation
factor analysis. Utilizing a combination of frequency response and eigenvalue analysis allowed for a
comprehensive stability assessment concerning frequency, rotor angle, and converter-driven stability,
providing a detailed evaluation of these parameters across varying system characteristics and operational
conditions.

Case
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Case AB,CD,EF Case A
Y Y
SILEN
Load, outage and Y}
Short-circuit Event Load Event
A 4 \ 4
Simulation Simulation
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Frequency Response Eigenvalues

-
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Figure 7.2: Detailed flowchart of simulation methodologies used in Case Study A, with components involving PowerFactory
distinctly highlighted for clarity. The pink color indicates operation performed by PowerFactory, green by Excel, and blue by
Python.

Finally, following the initial two analyses, an additional part focused on the damping of specific modes
using grid-forming converters. This analysis involved modifying the damping parameter, Dy, of a
strategically positioned grid-forming converter to evaluate its influence on each mode’s eigenvalues and
damping ratios. Three different values of D, were tested to assess their impact: 100, 10, and 1000, with
100 being the original value.
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The integration of system simulations and calculations, utilizing Python and Excel, enhanced the
ease with which the model can be adapted to future cases, including various estimations and policy-
dependent changes. This case study demonstrates the synthetic model’s capability to integrate seamlessly
with different configurations, providing a comprehensive system stability assessment tool. This tool
facilitates a deeper understanding of the inherent dynamics of future power systems and establishes a
benchmark for future policy formulation and system operations.
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7.2.3. Results
7.2.3.1. Outage Event
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Figure 7.3: Frequency responses of the 2 GW Gen Nuclear BSL380 following a 5-second post-outage event at Gen Nuclear
MVL380, across various cases.

7.2.3.2. Short-Circuit Event

50.0050

50.0000; %WAWA‘-—-'J—N

49.9950+

49,9900
= Case A

= Case B

49,9850 — Case C
== = CaseD
== = CaseE
Case F

Frequency [Hz]

B B

49.9800

49.97501

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time [s]

Figure 7.4: Frequency responses of the 2 GW Gen Nuclear BSL380 following a short-circuit at 5 seconds across various cases.
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Figure 7.5: Detailed frequency response of the 2 GW Gen Nuclear BSL380 post-short-circuit at 5 seconds, illustrated for different

cases with a zoomed view.
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Figure 7.6: Frequency responses of the 2 GW Gen Nuclear BSL380 following a load increase event, specifically illustrated for cases
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7.2.3.3. Load Events
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Figure 7.7: Frequency responses of the 2 GW Gen Nuclear BSL380 following a load decrease, specifically depicted for cases D, E,
and F with reduced load conditions.
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Table 7.4: Rate of Change of Frequency (ROCOF), frequency deviation, and frequency nadir values for each of the three
disturbance events analyzed in the study.

Outage Event
Case Index | Frequency Nadir (Hz) 11{(%(;105 (II;I(;BZI/;S) Frequency Deviation (mHz)
A 49.9973 1.5 1.0 2.7
B 49.9974 1.1 0.9 2.6
C 49.9969 1.2 1.0 3.1
D 49.9973 1.4 1.0 2.7
E 49.9974 1.5 0.9 2.6
F 49.9969 1.3 1.0 31
Short-Circuit Event
Case Index | Frequency Nadir (Hz) If(%Cn?SF (rrgl(;{)zr/nss) Frequency Deviation (mHz)
A 49.9961 16 6.3 39
B 49.9941 48.7 12 5.9
C 49.9819 237.7 35.9 18.1
D 49.9937 47.6 11.6 6.3
E 49.9896 97.4 19.5 10.4
F 49.9757 289.5 48.1 24.3
Load Event
Case Index | Frequency Nadir (Hz) i{(%CH?SF (rrgl(;{)zéfs) Frequency Deviation (mHz)
A 49.9836 6.6 4.8 16.4
B 49.984 5.6 42 16
C 49.9811 6.3 4.8 18.9
D 49.9635 89.4 22 36.5
E 49.9694 81.7 20.9 30.6
F 49.9665 96.9 22.3 335
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7.2.3.4. Oscillatory Analysis
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Figure 7.8: Extended frequency response of the 2 GW Gen Nuclear BSL380 following a 5-second post-load increase across
different cases over a 50-second simulation period.
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Figure 7.9: Extended frequency response of AC interconnections following a 5-second post-load increase, depicted across various
cases over a 50-second simulation window.
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Figure 7.10: Cosine of the reference angle for grid-following converters at L150 and NH150 following a load increase, presented
over an extended simulation period.
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Figure 7.11: Active power flow dynamics in selected transmission lines following a load increase, visualized over a 50-second
extended simulation window.
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Figure 7.12: Active power dynamics in AC interconnections following a 5-second post-outage event at Gen Nuclear MVL380,

analyzed across various cases during a load increase over an extended 50-second simulation window.
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Figure 7.13: Eigenvalue analysis from Case Study A’s load event case, highlighting eigenvalues with less than 50 % damping ratio
over a 50-second analysis period.
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Figure 7.14: Detailed view of the most critical eigenvalues from Case Study A’s load event, emphasizing those with the highest

impact on system stability.

Table 7.5: Comprehensive Table of Mode Indices, detailing Eigenvalues, Frequencies, and Damping Ratios for Case Study A’s

eigenvalue analysis.

Mode Index Eigenvalue Frequency | Damping Ratio
62 —0.1024 — 3.9989i 0.6364 2.5610
121 —0.1197 + 3.9996i 0.6366 2.9906
122 -0.1312 - 2.5709i 0.4092 5.0978
86 —0.1108 — 2.0332i 0.3236 5.4405
124 —0.1390 — 2.4449i 0.3891 5.6740
192 —-0.2271 — 3.2098i 0.5109 7.0568
129 —0.1658 — 2.1029i 0.3347 7.8621
254 —1.0850 — 7.6626i 1.2195 14.0198
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Figure 7.15: Analysis of the most critical eigenvalues during the load event in Case Study A, for the parameter analysis of the
VSM converter
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7.2.4. Discussion

7.2.4.1. Fast Active Power Response

A comparative plot of the frequency response for the nuclear power plant at Borselle (BSL380) after
an outage is illustrated in Figure 7.3. This plot aggregates the responses of the generator across all six
cases. BSL380 was chosen as the single comparison point due to its consistent dispatch level of 1 GW
across all cases, simplifying the comparison by focusing on one machine. The plot reveals that while
all cases exhibit similar response patterns, they differ in their levels of frequency deviation. Cases A,
B, D, and E show comparable frequency deviations, whereas cases C and F display higher deviations.
The differences are about 0.15 mHz, with overall frequency deviations ranging from 2.6 to 3.1 mHz.
This indicates that the system’s frequency remains within regulatory bounds during the outage of the
1 GW generator across all cases. However, cases dominated by Solar PV (C and F), which feature no
offshore wind, show greater deviations. This is attributed to the lack of available power from offshore
wind converters to assist with fast-active power balancing, resulting in a lower overall contribution from
solar-dominant cases. Nonetheless, the permitted deviation remains low across all cases, supported
by the high levels of kinetic energy and high inertia constants provided by the interconnections with
continental Europe, set to maximum estimations for these cases.

The frequency responses, though minor across all cases are notably fast. The initial response to
the frequency drop is almost instantaneous, followed by a slight increase before further decline. This
rapid response is characteristic of the converter-based resources in the system, contrasting with the
traditional sinusoidal response typical of synchronous dominant power systems. Instead, the initial
response appears more erratic, a common outcome when inverter resources react quickly compared
to slower traditional synchronous machines. While this enables quicker response times, it may also
introduce issues such as increased harmonics and additional strain on older, slower components. These
aspects are not explored in this study but present valuable directions for future research. Notably, at
around 13 seconds, the overall frequency stabilizes, demonstrating good system damping despite minor
oscillations as the simulation concludes. The overall system stability remains robust with respect to
frequency deviations, and the dynamic response effectively minimizes the impact of the outage event
on stability limits. However, the higher inertia of the system, which typically leads to slower response
times, results in more prolonged oscillatory responses due to the larger system time constant.

The frequency response due to a short-circuit at the line connecting the 380 kV power system to
the 150 kV power system at B150 is depicted in Figure 7.4 and Figure 7.5. While voltage levels are
generally critical in assessing the impact of short circuits on system stability, the increasing contribution
of power electronic inverter (PEI) generation makes the analysis of short-circuit impacts increasingly
essential. This is due to the limited short-circuit current that converters can provide, constrained by the
thermal limits of power electronic components. Typically, these are in the range of about 1.1-1.2 pu,
compared to 3-6 pu for low impedance short-circuits from synchronous generators [176]. Consequently,
short circuits have a pronounced effect on various system components. When a short-circuit occurs, the
local voltage drop prompts generators to increase their output current to supply short-circuit current,
reducing synchronous speed. This deceleration affects the entire interconnected power system, with
its severity influenced by factors such as power system loading, short-circuit current levels, and the
system’s protection schemes. Consequently, the overall system frequency deviates, with the inertia
and kinetic energy of the system playing significant roles. Lower total inertia and kinetic energy
under short-circuit conditions result in a more substantial initial frequency drop due to the more
significant impact of localized generator deviations on system variables. This is particularly crucial
when synchronous machines are replaced with PEI generation, with reduced inherent short-circuit
capabilities. The lower short-circuit current contributions from PEI generation significantly affect overall
system stability concerning short-circuits.

Comparing different cases, it is evident that the lowest permissible frequency deviations occur in
cases with high solar PV levels and no offshore wind penetration. Even though converter-based
resources provide lower short-circuit current compared to synchronous generators, they still offer more
current than disconnected converters. However, in cases C and F, where no offshore wind plants are
available to contribute to the power system, the overall short-circuit current contribution is significantly
reduced, highlighting the impact of short-circuits on system stability. This difference is most pronounced
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during the initial swing of the frequency response, leading to poorer system stability performance in
restoring the system to steady state. The responses in onshore and offshore wind-dominated cases (A, D,
B, and E) initially show lower allowable frequencies for the onshore wind cases during the short-circuit,
which stabilize to nearly identical amplitudes once the short-circuit is cleared, indicating that the same
resources are contributing during the event. This initial variation is likely due to the short-circuit
location—B150 being inland, closer to areas with high onshore wind penetration but limited offshore
wind. Therefore, when a short-circuit occurs at B150, the local converter voltage levels drop, reducing
power levels in the power system and thus significantly impacting system stability. This is also relevant
for cases C and E, where high levels of solar PV are also inland, closer to the short circuit. These cases
exhibit much larger peak-to-peak amplitude responses compared to other cases, as detailed in Table 7.4.
A difference of 14.2 mHz is observed between the two extreme cases among the high load cases (A-C),
compared to an 18 mHz deviation for the low load cases (D-F). The most considerable frequency devia-
tions and overall permissible variations occur in the low load cases, attributed to higher stress levels on
flexibility resources due to the greater generation levels in the system, resulting in a more strained system.

Further analysis of the lack of short-circuit strength provided by offshore wind farms shows that
in case C, no offshore wind was engaged to provide ancillary support during the short-circuit. The
comparative response between cases with and without additional converter support is illustrated in Fig-
ure B.1. This analysis indicates that including additional converters significantly improves the response,
with deviations much lower and now comparable to other cases with better outcomes. While expected,
as the short-circuit current potential increases along with the ancillary services from grid-forming con-
verters, this finding underscores the variability associated with renewable resources. In cases where the
wind is absent, or the sun is not shining, converters connected to the power system can become ineffective.
This variability suggests that including as many converters as possible for ancillary support could be
beneficial, potentially supported by battery storage systems to ensure power availability for ancillary
services. This concept requires further research but could be viable for enhancing overall system stability.

In summary, the impact of a short-circuit depends significantly on the location of the event, the
impedance at the fault, the available short-circuit currents, and the system’s load conditions. Systems
that are highly loaded with lower short-circuit current capabilities tend to respond worse to short-circuits.
A more extensive short-circuit analysis is necessary to fully validate the system’s performance under
various short-circuit conditions. While not conducted in this project due to data simulation limitations,
this remains a promising area for future research. The findings from the short-circuit analysis are crucial,
demonstrating that short-circuits can substantially affect fast-active power and frequency balancing and
thus are critical with regard to stability analysis.

The system’s frequency response to a 5.6 GW load increase occurring 5 seconds post-event is de-
picted in Figure 7.6. This response shows that the largest deviations occur in case C, while cases A and
B exhibit similar responses. The absence of WOZ converters in these cases, and thus the lack of ancillary
services from these resources, is apparent in the frequency response. Although cases A and B show
slight differences, these do not significantly affect system stability, and responses are nearly identical
across these cases. However, some oscillations are still evident in all cases at the end of the simulation
window.

A load decrease was also introduced in the low-load cases to analyze a similar impact to that ob-
served during the load increase. Here, a 10 GW load decrease was introduced. The results are displayed
in Figure 7.7, showing that case D experiences the highest permissible frequency deviation, while case E
shows the lowest. The objective after the perturbation is to reduce power generation or increase power
demand in the system, thus decreasing system frequency, which means the implementation of WOZ
grid-forming converters and their ancillary services plays a less critical role. All results eventually settle
around a similar level by the end of the simulation window, but it is clear that the response varies
across different cases. Comparing the overall frequency deviation levels to the A-C cases in Table 7.4, it
is evident that the load decrease has a more significant impact than the load decrease. Naturally, the
load decrease had a higher magnitude than the load increase. The most significant deviations among
all three events are observed for the load decrease. However, all responses remain within acceptable
limits as defined in subsection 2.3.2. Although deviations exist between respective load increase and
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decrease cases, these are likely due to differences in topologies and their respective loading, proximity
to flexibility resources, and load characteristics.

Overall, the system exhibits adequate stability concerning frequency stability for all three highlighted
events: the outage, short-circuit, and load events. The most significant deviations are observed for
the load decrease in cases D-F. The highest median deviations occur during the load event, with
greater disparities between cases during the short-circuit event. On the other hand, the outage event
shows excellent response characteristics, with only minor deviations across different cases. This study
underscores various important perturbations concerning frequency stability and further highlights
the intrinsic nature of stability concerning future systems, the penetration of grid-forming converters,
and different levels of PEI-generation resources. It is clear that the various cases do not create extreme
differences concerning the overall loading of the system. This is largely due to the extensive infrastructure
requirements associated with the N-2 contingency design phase of the system as discussed in section 6.7.
If a different approach is taken regarding the future development of the Dutch power system, this should
be considered in future research as it could play a more significant role than currently modeled. The
future of these systems will depend on various policies concerning the implementation of renewable
energy resources and the selection of controllers based on studies and research into future systems.
This analysis highlights that the implementation of grid-forming converters can play a significant
role in ensuring the frequency stability of future systems, and the scenario and case implementation
demonstrate excellent stability performance.

7.2.4.2. Oscillatory Analysis

To comprehensively assess the oscillatory performance of the system, an eigenvalue and extended
frequency response analysis was conducted for Case A during a load increase event. The simulation
window was extended to 50 seconds to identify any sustained oscillations over longer periods. A
similar pattern was observed for all cases and events; thus, only the results from Case A and the load
event are presented for clarity. The frequency response for the nuclear generator at BSL380 is depicted
in Figure 7.8, with all synchronous machines in the system shown in Figure B.2. These figures il-
lustrate that oscillations persist beyond the initial 20-second window, settling around the 30-second mark.

An eigenvalue analysis was also performed, with the results displayed in Figure 7.13. The eigen-
values with a damping ratio below 50 % are given for further analysis, representing the lowest damped
modes in the system. Most modes exhibit a damping ratio at or above 5 %, as indicated. A closer examina-
tion of modes with lower damping ratios is provided in Figure 7.14, revealing some modes with damping
ratios around or below 3 %. These modes’ frequency and damping ratios are detailed in Table 7.5. For
clarity, only one mode associated with each frequency is mentioned despite the presence of multiple sim-
ilar modes. Notably, modes 62 and 121 have damping ratios at or below 3 %, with a frequency of 0.636 Hz.

Following the definition provided in Table 2.2, the first two modes are identified as intra-area modes,
involving either a subgroup of generators swinging against each other or generators swinging within the
same area. A participation factor analysis for mode 62 is shown in Figure B.3, indicating that this mode
is dominated by the onshore wind grid-following converters of VHZ380 and OZN380, with the highest
contributions from OZN380. These oscillations are influenced by grid-following converters, particularly
the two-mass control block, which mimics the dynamic performance of the wind turbine’s drive train
(rotor and stator) [177] and conforms to the IEC61400-27-1:2020 standard [178]. This mode includes
various sub-modes with identical frequencies and varying damping ratios from modes 62 to 121, all
impacted by different grid-following wind converters, both onshore and offshore. The close proximity of
VHZ380 and OZN380 confirms that these oscillations arise from grid-following converters connected in
close proximity swinging against each other. While the term "swinging" typically describes synchronous
machines, a similar assessment applies to grid-following converters, which inherently "follow" the
power system. Power system oscillations can affect these converters” performance, causing further
instability. This is corroborated by analyzing the cosine reference angle for the two grid-following
converters associated with mode 121 in Figure 7.10, which shows sustained oscillations post-event. The
oscillations in the reference angle, crucial for converter output, highlight the influence of inter-area
oscillations. Consequently, oscillations in the power system can destabilize grid-following converters,
potentially leading to cascading effects where converters exacerbate system instability.
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Literature has documented oscillations due to grid-following converter interactions, often linked
to phase-locked loops (PLLs) under weak-grid conditions [179, 180, 181, 182]. Such oscillations have
been observed in real power systems, including the ERCOT system in the U.S. [183]. Mitigation
strategies include parameter adjustments to converter control, adding damping units, strengthening the
transmission network, implementing control strategies for Battery Energy Storage Systems (BESS), using
grid-forming converters, and eliminating alternative oscillations [184, 185, 186, 187]. These oscillations
will not be further analyzed in this case study as they are outside the scope of this thesis. However, the
impact of grid-forming converters will be examined in Case Study B.

Mode 86, categorized as an inter-area oscillation (typically below 0.4 Hz), was also analyzed. A
participation factor analysis for mode 86 is provided in Figure B.7, showing that the majority of
oscillations originate from Amprion NDR380, an AC interconnection to Germany in the Utrecht region.
Contributions from other AC interconnections suggest this is primarily an inter-area oscillation between
AC interconnections, with a damping ratio of 5.4405 %. Inter-area oscillations are well-documented
in literature and, if not properly damped, can significantly impact power systems [188, 189]. Such
oscillations are prevalent in the interconnected power system of continental Europe, causing large power
flow and voltage deviations [190, 191, 192]. The frequency response for the AC interconnections, shown
in Figure 7.9, reveals sustained oscillations post-20 seconds, with some interconnections swinging
against each other. The active power transfer for the AC interconnections, depicted in Figure 7.12,
shows oscillations similar to the frequency response, indicating power flow oscillations. The initial
response to the load event causes substantial power transfers, with significant deviations observed in
the connection to Belgium (ZVL380). Here, oscillations ranging between 1200 to 150 MW are evident in
the initial response, indicating large power transfer variations. Oscillations after the 20-second mark
are also evident, with oscillations of around 60 MW for the MBT380 interconnection to Belgium after
the 20-second simulation window. Overall, it is evident that there are oscillations with large power
transfers for the system during and after the load increase. These oscillations can disrupt protection
schemes and cause cascading outages.

Further analysis of the Dutch power system’s impact is shown by the active power response for
three transmission lines in Figure B.11. Oscillations are evident but less pronounced than in the
interconnections, particularly on the transmission line between ENS380 and ZL380 and between BSL380
and RLL380. Larger oscillations are observed on the MBT380 to DOD380 line due to its proximity to
interconnections OBZ380 and NDR380 to Germany. Here, oscillations ranging from active power values
of 775 to 580 MW are evident in the first two swings, and oscillations ranging from 790 to 760 MW
after the 20-second simulation window. The majority of generation in Case A comes from the western
Dutch power system, while the AC interconnections are in the east, creating significant dispatches and
increasing inter-area oscillation risks.

Modes 122, 124, 192, and 129 are also influenced by interconnections, as shown from Figure B.5
to B.9. Though above the 3 % and 5 % damping ratio thresholds, they pose no immediate threat to
system stability. Mode 192, dominated by interconnections, falls above the typical 0.4 Hz inter-area
oscillation range yet is identified as an inter-area mode due to its participators, highlighting the evolving
system stability challenges with fast-acting control types and the changing nature of power system
modes as a result.

Mode 254, with a frequency of 1.2195 Hz and a 14 % damping ratio, is identified as an intra-area
mode involving nuclear power plants primarily at BSL380 and MVL380, with contributions from a
hydrogen plant at BSL380. Despite being well-damped, it indicates localized events in the system. The
participation factors can be seen in Figure B.10.

In summary, sustained oscillations due to fast-acting power balancing are primarily due to inter-
connections, which, despite providing increased inertia and kinetic energy, pose oscillatory risks.
Accurate interconnection estimations are crucial for understanding oscillations, which may vary based
on the connected grid’s operational characteristics and control systems. Further research should incor-
porate more precise interconnected system characteristics. Research on damping inter-area oscillations
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has been extensive [188, 193, 194], with methods including FACTS devices, HVDC links, and wide-area
monitoring control, alongside power system stabilizer improvements [195].

Low-damping intra-area modes between grid-forming converters, with dampings as low as 2.56 %,
present stability risks, necessitating further analysis to fully understand their impact under various
operational conditions.

Next, the potential for damping these inter-area modes using grid-forming converters was analyzed,
focusing specifically on the Virtual Synchronous Machine (VSM) controller. For this analysis, the
second PV converter located at ZL380 was chosen due to its proximity to the interconnection GNA380,
which shows the highest participation in the inter-area mode 122. This converter is the closest to the
interconnection, though it is not directly connected to the same bus, with one bus separating them.

The damping coefficient D, of the VSM was initially set to 100. Simulations were subsequently
conducted with D, values of 1000 and 10 to evaluate the impact of different damping levels. The results,
showing the most critical eigenvalues for the three levels of grid-forming damping, are presented
in Figure 7.15. A comparison of the most critical modes for different damping levels is provided in
Figure 7.16. The mode index in PowerFactory is sorted based on the real eigenvalue level, allowing modes
to change the index between different simulations. The mode index was kept consistent with the original
scenario to facilitate easier identification and analysis, with results identified using the frequency instead.

The results indicate that increasing the damping of the grid-forming converter generally has a positive
impact on most inter-area modes, with no impact observed on the intra-area grid-following oscillation
modes. A slightly improved damping is noted for the intra-area mode at 1.2195 Hz. For inter-area
oscillations, a slight decrease in the damping ratio is observed for the mode at 0.326 Hz (mode 86),
with the best damping ratio found at the original D), level and the worst at D, = 1000. The differences
between the damping changes range around 0.45 %, indicating a minor variation, yet critical as it
approaches the 5 % threshold discussed earlier, thus requiring careful observation.

However, while a small deviation is noted in the damping ratios for mode 86, larger differences
are evident for modes 124 and 129. The differences between the best and worst damping ratios range
from 9 % to 10.5 % for the respective modes. For mode 122, which is closest to the converter with the
parameter change, a small difference of 1.05 % is observed, favoring the highest D), value. Overall, the
total damping of the inter-area oscillations improved with an increased damping parameter in one of
the grid-forming values and decreased with a reduced D, . Differences ranging from -0.45 % to 10.5 % in
the damping ratios were found, with only the lowest difference favoring the lower D, value. All values
remained within the 3 % limit mark of the damping ratios. However, the lowest D, value resulted in
some modes beneath the 5 % limit.

This variability suggests that these grid-forming converters do not immediately induce inter-area
oscillations but can effectively mitigate dangerously low damping modes. Interestingly, the lowest D,
value resulted in a newly created poorly damped local mode. This was attributed to the grid-forming
converter undergoing the sensitivity analysis, which highlighted controller issues for low D, values and
warranted further research. This is more explicitly highlighted in case study B.

The analysis demonstrates the significant potential for improving damping ratios with grid-forming
converters and their controller parameters concerning inter-area oscillations. While one mode saw a
minor reduction of 0.45 %, increases of up to 10 % were observed, indicating substantial impacts from
controller adjustments. These possibilities should be investigated further, with a deeper analysis of the
different controller parameters of grid-forming converters undertaken in Case Study B.
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7.2.5. Results and Findings

The initial analysis compared six cases characterized by varying levels of onshore and offshore wind
and solar PV integration under different system load conditions. Three different perturbations were
implemented and analyzed: a generator outage, a short-circuit on a tie line between different voltage
levels, and an approximate 5.6 and 10 GW load increase and decrease, respectively. The analysis revealed
that all cases exhibited good fast-active power balancing responses, with the inclusion of grid-forming
converters contributing significantly to the overall response.

The frequency response comparison for the six cases showed that the two PV cases without any
offshore wind converter penetration resulted in worse responses for all three events, leading to higher
overall allowed frequency deviations when not all converters were included for ancillary services.
The overall frequency response was similar across all cases relative to their respective system load
levels. Lower system loading and subsequent load decreases led to higher frequency deviations
compared to highly loaded systems with load increases. This indicates the system’s dependence on
flexibility resources, particularly in low-loaded scenarios. The analysis also demonstrated relatively
good damping for the different cases, although small oscillations were evident after the 20-second
simulation window. Overall, the system fulfilled the margins associated with frequency deviations
in fast-active power balancing scenarios, indicating a well-adjusted system even with lower overall inertia.

An oscillatory behavior analysis was also conducted, identifying different oscillatory modes through
eigenvalue analysis in PowerFactory. The modes associated with grid-following converters and their
control system representations of the stator and rotor showed relatively poor damping ratios below 3 %.
Intra-area oscillations were identified with damping ratios ranging from approximately 2.56 % to 2.99 %
and a frequency of around 0.636 Hz, highlighting potential stability issues if grid-following converters
are not properly analyzed and integrated.

Five inter-area oscillations were identified for the associated interconnections, with frequencies ranging
from 0.3236 to 0.5109 Hz and damping ratios between 5.0978 % and 7.8621 %. These inter-area modes
are typically associated with large interconnected power systems and are likely to be present in future
power systems if interconnections continue to increase. An analysis was performed to assess the impact
of varying the VSM controller’s damping parameter on the associated modes” damping. The results
showed significant potential for grid-forming converter damping, with simple control adjustments
leading to substantial improvements in damping ratios. Conversely, lowering the parameter resulted in
a minor decrease in damping ratios for most modes. The benefits of increasing the damping parameter
far outweighed the negative impacts of reducing it.

Overall, the potential to enhance system damping using grid-forming converters is substantial and
will be further explored in Case Study B. With advancements in power system technology, such as
wide-area monitoring, protection, control, real-time data analysis from PMUs, and integration with
artificial intelligence and deep learning, the implementation of smart, dynamic controls using flexible
grid-forming converters could play a crucial role in the evolving power system environment. Therefore,
the impact of grid-forming converter controllers warrants further exploration, given their significant
potential advantages over traditional slow-acting controllers. Continued research is essential to fully
explore this potential.
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7.3. Case Study B

7.3.1. Introduction

As the share of PEI generation in the power system increases, large-scale stability studies of future
systems are vital to ensuring safe operation. Grid-forming converters have been identified as key
components in bridging the stability gap with an increased share of PEI generation. This case study
serves as an important part of research into grid-forming converters for future systems, analyzing
different aspects of these converters and their characteristics in system operation.

Case study B utilizes the synthetic model of the Dutch power system towards 2050, as documented in
chapter 5 and chapter 6. This study emphasizes the critical role of these converters in enhancing future
stability as power systems increasingly integrate renewable energy sources. The use of this model
allows for extensive analysis concerning frequency and eigenvalue analysis, as well as a multitude of
other studies facilitated through the use of PowerFactory, Python, and Excel.

The first part of the study compares three grid-forming technologies: Virtual Synchronous Ma-
chines (VSMs), Synchroverters, and Droop controllers. It evaluates their responses to three disturbances:
an outage, a load change, and a short circuit, at three levels of grid-forming penetration. As the share of
the grid-forming penetration levels increases, identifying differences between different grid-forming
converter controller technologies is vital to better understand the intrinsic nature of controller selection
and identifying each respective controller’s positive and negative impacts. A similar study was done
for the three controllers in [76]; however, this study is extended here with respect to the large-scale
system nature of the synthetic model, while the research was done on a two-area four-generator
model, representing a smaller system. Insights from [76] enrich this comparative analysis, offering a
deeper understanding of the impacts on system stability and a comparative analysis with respect to the
difference in these controllers on large- and small-scale system stability studies.

Building upon foundational research, such as [196], which examined the balance between grid-forming
and grid-following converters in wind farms and their respective stability criteria, this study extends
the analysis to broader system scales, specifically the Dutch power system. It analyzes penetration levels
ranging from 25 %, 50 %, and 85 %, assessing their effects on system robustness and stability. As the
reduction of traditional synchronous generation decreases in the system, the impact of different levels
of grid-forming penetration in large-scale studies is vital to guarantee stability and safe operation in
future systems. By analyzing three different grid-forming penetration levels, a better understanding of
how these levels impact power system stability in large-scale systems is achieved, allowing for a better
understanding of future systems.

Additionally, the study examines the intrinsic impact of grid-forming converters through a detailed anal-
ysis of their main controller parameters. The study highlights potential benefits and uncertainties that
could influence future stability enhancements by assessing these parameters across all three controllers.
Given the estimated growth of grid-forming converters in future systems, a better understanding of
their critical parameters and how these influence system characteristics is crucial for fully optimizing
these converters. A small-scale analysis conducted for Case Study A highlighted interesting findings
regarding the damping of inter-area modes by tuning one converter, underscoring the impact these
converters can have. Extending this to a large-scale system model and comparing the most important
parameters for all three controllers, a thorough and significant analysis is conducted, again extending
the research done in [76] and case study A.

Both frequency and eigenvalue analyses were conducted to evaluate stability, with frequency analysis
applied to all three event types and eigenvalue analysis focused on the load event. This dual-method

approach provides comprehensive insights into these systems’ fast-active power-balancing capabilities.

Detailed system and simulation setup models are provided in the methodology for easier reen-
actment and an overview of the study at hand.

Overall, the detailed examination of grid-forming parameters in this large-scale setting offers valuable
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insights into future stability scenarios for the Dutch power system and illustrates broader implications
for grid-forming converter parameters on system performance. This study serves as a benchmark in
future large-scale grid-forming converter analysis and the synthetic power system model, with its
valuable resources utilized through PowerFactory, Python, and Excel, allowing for a model that can be
utilized for important research across various system characteristics.
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7.3.2. Methodology

This section outlines the methodologies and setups utilized to investigate the dynamic stability of power
systems influenced by different penetration levels, controllers, and controller parameter sensitivities.
The focus was particularly on scenarios integrating high levels of renewable energy sources controlled
by different controllers, including offshore and onshore wind as well as solar PV. The study leveraged
the "Dutch power system towards 2050 model," as detailed in chapter 5 and chapter 6, which is essential
for understanding the dynamic stability under different operational characteristics. This dynamic model
utilizes the extensive dynamic properties enabled by PowerFactory, combined with automated tasks
through Python and Excel, facilitating easy adjustments of varying system parameters. This setup
allows for easy recreation of the system simulations conducted in this case study and provides a solid
foundation for future work.

A flowchart depicting the simulation setup for the different analyses conducted in this case study is
presented in Figure 7.17. The setup begins by selecting the case utilized for the studies. Due to the high
relevance of offshore wind and its role in the transition towards more renewable energy resources, Case
A, as identified in Case Study A, was utilized. This case comprises large-scale offshore wind generation
levels and includes a peak demand scenario, further used for all simulations conducted.

Next, the grid-forming penetration levels were selected, with three different levels under scrutiny: 25 %,
50 %, and 85 % penetration. Following this, one of the three grid-forming converters (VSM, Droop, and
Synchroverter) were selected. Subsequently, two options were available: either a controller parameter
adjustment or the base values for the controller were selected and implemented from the Python and
Excel scripts to the synthetic model, which was used to execute the simulations. Three alternate routes
were possible from the simulations: a new selection of grid-forming penetration level, a new controller
selection, or a controller parameter selection change. Each of these options was then implemented
again before new simulations were run. By following this procedure, the overall impact of various
grid-forming operational characteristics was simulated and analyzed.
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Figure 7.17: Flowchart illustrating the comprehensive simulation setup process for evaluating the impact of different
grid-forming technologies, penetration levels, and controller parameters on power system stability in Case Study B.
The pink color indicates operation performed by PowerFactory, green by Excel, and blue by Python.

The first analysis compared the three different controllers: the VSM, Synchroverter, and Droop controller.
These were implemented and evaluated for the three disturbances, with results analyzed through
frequency and eigenvalue analysis. This study further explored the impact of different grid-forming
converters on system stability. A similar comparison was made in [76], but this research extends to
a large-scale model, representing an advancement in the analysis. The implementation of different
controllers to allow for easy comparison was facilitated through the Python code associated with
the synthetic model. More information regarding this can be found in Appendix C. This controller
comparison was done for all three events and for the three respective grid-forming penetration levels of
25 %, 50 %, and 85 %.

The second analysis explored the effects of varying penetration levels of grid-forming converters,
specifically 25 %, 50 %, and 85 %, representing low, medium, and high penetration levels. This analysis
compared the three different penetration levels for all three controller types. The distinction between
the first and second parts of the study lies in the comparative nature. In the first part, the controllers
themselves were compared with varying levels of grid-forming penetration. The second part compared
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the grid-forming penetration levels for the respective controllers. A Python script automated the
differentiation of grid-forming percentages, controllers, and parameters, enabling rapid and efficient
analysis. This script is documented and accessible in Appendix C, ensuring reproducibility and further
exploration of the methodologies employed.

The third analysis examined the different main controller parameters of the grid-forming converters
identified in section 2.2. These parameters were analyzed using a sensitivity analysis approach, compar-
ing increased and decreased values of these parameters on overall system stability. The parameters
were changed for all the grid-forming converters in the system, highlighting the systematic impact these
converters can have. The different parameter values under scrutiny are highlighted in Table 7.6. These
parameter values were selected randomly, with a representative increase and decrease from the baseline
values utilized to accurately depict the differences associated with parameter changes. Another part of
the Python script was utilized to automate the integration of different controller parameters for the
three controllers, as highlighted in Appendix C. A similar analysis was also done in [76], comparing
important parameters of the three controllers. However, this study stands out by allowing a large-scale
system impact analysis of these parameters. For the parameter sensitivity analysis, a grid-forming
penetration level of 50 % was used for simplicity.

Table 7.6: Controller Parameters for the three Grid-forming converters, new values highlighted in parentheses

Controller Ta Dy Ky Dy mp my
VSM 3(1,10) | 100 (10, 1000) - - - -
Synchroverter | 3 (1,10) | 100 (10, 1000) | 1000 (500, 2000) | 20 (10, 40) - -
Droop - - - - 0.01 (0.001, 0.1) | 0.05(0.01,0.1)

A flowchart depicting the simulation process for the three different analyses is given in Figure 7.18.
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Figure 7.18: Detailed flowchart of simulation process used in Case Study B. The pink color indicates operation performed by
PowerFactory, green by Excel, and blue by Python.

The dynamic simulations were conducted using the synthetic model created in DIgSILENT PowerFactory,
as outlined in chapter 5 and chapter 6, with Python and Excel integrated to adjust various system
characteristics such as grid-forming penetration levels and controller selection and settings. This
integration facilitated the manipulation and analysis of data exported from Python and Excel into
PowerFactory, which aids in adjusting stability parameters easily.

Frequency and eigenvalue analyses were employed to assess system stability. For frequency re-
sponse analysis, metrics such as maximum frequency deviation, Rate of Change of Frequency (ROCOF),
and settling time were considered, alongside damping ratios and oscillatory performance of critical
modes for the eigenvalue analysis. The handling and presentation of results and the setup of different sys-
tem parameters were primarily done through Python, utilizing PowerFactory’s advanced export features.

This study included simulations of three distinct disturbance events—an outage, a short-circuit,
and a load increase—each designed to test the system’s resilience under different stress conditions. Here,
the same disturbance configurations used in Case Study A were implemented: an outage event consisting
of the disconnection of the 2 GW nuclear power plant at MVL380, a short-circuit on the tie-line of
the connection between the 380 kV and 150 kV grid in Noord-Brabant (B150), and a load increase of 5.6 GW.
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Insights into the implementation of various grid-forming converters and their control systems are
provided in section 2.2, discussing the operational characteristics and settings for each converter type.
This enhances the understanding of their differential impacts on system stability.

Extensive cross-referencing was performed between original data from PowerFactory and processed
results in Python to ensure data integrity and the validity of simulation results. Measures are imple-
mented to maintain consistent system parameters across different simulation scenarios, enhancing the
reliability of the study’s findings.

This comprehensive approach seamlessly integrated each aspect of the methodology, facilitating
a clear understanding of how the study was conducted and ensuring the reproducibility of the results.
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7.3.3. Results
7.3.3.1. Comparative Analysis of Grid-Forming Controllers
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Figure 7.19: Frequency response for different grid-forming controllers with 50 % grid-forming penetration following a load event
occurring at 5 seconds.
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Figure 7.20: Frequency response for different grid-forming controllers with 50 % grid-forming penetration following an outage
event occurring at 5 seconds.
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Figure 7.21: Frequency response for different grid-forming controllers with 50 % grid-forming penetration following a
short-circuit event occurring at 5 seconds.
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Figure 7.22: Frequency response for different grid-forming controllers with 50 % grid-forming penetration following a
short-circuit event occurring at 5 seconds (zoomed view).
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Table 7.7: ROCOF, Frequency deviation, and Frequency Nadir for the three controller comparisons with 50 % grid-forming
penetration.

Outage Event

Case Index Frequency Nadir (Hz) lfé?)ﬁlj (Igl(;ézr/nss) Frequency Deviation (mHz)
VSM (50 %) 49.9973 1.4 1.0 2.7
Droop (50 %) 49.9973 1.4 1.0 2.7
Synchroverter (50 %) 49.9973 1.2 1.0 2.7

Short-Circuit Event
ROCOF (mHz/s)

Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (50 %) 49.9961 16.1 6.3 3.9
Droop (50 %) 49.9970 26.6 5.5 3.0
Synchroverter (50 %) 49.9949 33.1 9.8 5.1
Load Event
. ROCOF (mHz/s) .
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (50 %) 49.9836 6.6 4.9 16.4
Droop (50 %) 49.9836 5.8 47 16.4
Synchroverter (50 %) 49.9836 6.2 4.8 16.4

12 \

w0 By g =
8

Imaginary
(0)]

al X VSM50 %
Droop 50 %
Syncroverter 50 %

21 2 5% Damping Ratio
......... 3% Damping Ratio
0 | | | | |
-2.5 -2.0 —15 -1.0 —02
Real

Figure 7.23: Eigenvalue plot comparing the three different controllers at a 50 % grid-forming penetration level, including all
modes under a 50 % damping ratio.
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Figure 7.24: Eigenvalue plot comparing the three different controllers at a 50 % grid-forming penetration level, zoomed in on the

most critical modes.

Table 7.8: Comparison of Eigenvalues, Frequencies, and Damping Ratios for VSM, Droop, and synchroverter with 50 %

grid-forming penetration.

Mode index Eigenvalue Frequency (Hz) Vsﬁampgi;ol;;ﬁo (/Sogfnc
62 —0.1024 — 3.9989i 0.6364 2.5610 | 2.5610 | 2.5610
121 —0.1197 + 3.9996i 0.6366 2.9906 | 2.9906 | 2.9906
122 —-0.1312 - 2.5709i 0.4092 5.0978 | 5.0969 | 5.0967
86 —0.1108 — 2.0332i 0.3236 54405 | 5.4198 | 5.4402
124 —0.1390 — 2.4449i 0.3891 5.6739 | 5.6742 | 5.6618
192 —-0.2271 — 3.2098i 0.5109 7.0568 | 7.0554 | 7.0563
129 —0.1658 — 2.1029i 0.3347 7.8622 | 7.8632 | 7.8587
254 —1.0850 — 7.6626i 1.2195 14.0196 | 14.0160 | 14.0176
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Figure 7.25: Damping ratio and frequency for the most critical modes for the three different controllers comparison.

7.3.3.2. Comparison of Grid-Forming Penetration Levels
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Figure 7.26: Frequency response for different grid-forming penetration levels with the VSM controller following a load event
occurring at 5 seconds, The VSM frequency control loop is highlighted in pink.
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Figure 7.27: Frequency response for different grid-forming penetration levels with the VSM controller following an outage event
occurring at 5 seconds. The VSM frequency control loop is highlighted in pink.
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Figure 7.28: Frequency response for different grid-forming penetration levels with the VSM controller following a short-circuit
event occurring at 5 seconds. The VSM frequency control loop is highlighted in pink.
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Figure 7.29: Frequency response for different grid-forming penetration levels with the VSM controller following a short-circuit
event occurring at 5 seconds (zoomed view).

Table 7.9: ROCOF, Frequency Deviation, and Frequency Nadir for different levels of grid-forming penetration with the VSM

controller.
Outage Event
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85 % 49.9981 1.0 0.7 1.9
50 % 49.9973 14 1.0 2.7
25 % 49.9964 1.6 1.1 3.6
Short-Circuit Event
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85 % 49.9968 18.8 5.3 3.2
50 % 49.9961 16.1 6.3 3.9
25 % 49.9911 68 17.5 8.9
Load Event
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85 % 49.9887 44 3.7 11.3
50 % 49.9836 6.6 49 16.4
25 % 49.9770 7.2 5.8 23.0
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Figure 7.30: Eigenvalue plot comparing the three grid-forming penetration levels with the VSM controller, including all modes
under a 50 % damping ratio. The VSM frequency control loop is highlighted in pink.
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Figure 7.31: Eigenvalue plot comparing the three grid-forming penetration levels with the VSM controller, zoomed in on the most
critical modes.
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Table 7.10: Comparison of Eigenvalues, Frequencies, and Damping Ratios for different grid-forming penetration levels with the

VSM controller.
. . Damping Ratio (%)
Mode index Eigenvalue Frequency (Hz) 5% p 5%0 % 259
62 —0.1024 — 3.99891 0.6364 2.5485 | 25610 | 2.5565
121 —0.1197 + 3.9996i 0.6366 29125 | 29906 | 3.0190
122 —-0.1312 — 2.5709i 0.4092 5.6146 | 5.0978 | 5.1421
86 —0.1108 — 2.0332i 0.3236 5.2854 | 5.4405 | 5.3907
124 —0.1390 — 2.4449i 0.3891 79148 | 5.6739 | 4.4667
192 -0.2271 - 3.2098i 0.5109 7.1388 | 7.0568 | 7.0878
129 —0.1658 — 2.1029{ 0.3347 10.3876 | 7.8622 | 7.6904
128 —0.5097 — 8.9315i 1.4215 5.6974 | 20.1386 | 20.1386
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Figure 7.32: Damping ratio and related frequency for the most critical modes for the three levels of grid-forming penetration with

the VSM controller.
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7.3.3.3. Controller Parameter Sensitivity Analysis
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Figure 7.33: Frequency response for different D, values for the VSM controller following a load event occurring at 5 seconds. The
VSM frequency control loop is highlighted in pink.

Table 7.11: ROCOF, Frequency deviation, and Frequency Nadir for different D, values for the VSM controller.

D, (VSM)
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
D, =100 49.9836 6.6 49 16.4
D, = 1000 49.9967 7.4 2.2 3.3
D, =10 49.9652 17.6 7.4 34.8
35
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G 201 ‘
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£ 15/ — =
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Figure 7.34: Eigenvalues for different D), values for the VSM controller.
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Figure 7.35: Eigenvalues for different D), values for the VSM controller, zoomed in on the most critical modes. The VSM

frequency control loop is highlighted in pink.
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Figure 7.36: Damping ratio and corresponding frequency for different D), values for the VSM controller.
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Figure 7.37: Frequency response for different T, values for the VSM controller following a load event occurring at 5 seconds. The

VSM frequency control loop is highlighted in pink.

Table 7.12: ROCOF, Frequency deviation, and Frequency Nadir for different T, values for the VSM controller.

Figure 7.38: Eigenvalues for different T, values for the VSM controller.
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Figure 7.39: Eigenvalues for different T, values for the VSM controller, zoomed in on the most critical modes.
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Mode 300: Participation
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Figure 7.41: Overview of participation factors for mode 300 with D), = 10 for the VSM controller.
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Figure 7.42: Frequency response for different D), values for the Synchroverter controller following a load event occurring at 5
seconds. The Synchroverter frequency control loop is highlighted in pink.
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Table 7.13: ROCOF, Frequency deviation, and Frequency Nadir for different D, values for the Synchroverter controller.

D, (Synchroverter)
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
D, =100 49.9836 6.2 4.8 16.4
D, = 1000 49.9967 74 22 3.3
D, =10 49.9653 16.9 7.3 34.7
43T Synchroverter h y
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Figure 7.43: Eigenvalues for different D), values for the Synchroverter controller. The Synchroverter frequency control loop is
highlighted in pink.
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Figure 7.44: Eigenvalues for different D), values for the Synchroverter controller, zoomed in on the most critical modes.
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Figure 7.45: Damping ratio and corresponding frequency for different D), values for the Synchroverter controller.
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Figure 7.46: Frequency response for different mp values for the Droop controller following a load event occurring at 5 seconds.
The Droop frequency control loop is highlighted in pink.

Table 7.14: ROCOF, Frequency deviation, and Frequency Nadir for different mp values for the Droop controller.

mp (Droop)
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
mp = 0.01 49.9836 5.8 4.7 16.4
mp =0.1 49.965 25.7 7.9 35
mp = 0.001 49.9967 7.3 2.1 3.3
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Figure 7.48: Eigenvalues for different mp values for the Droop controller, zoomed in on the most critical modes.
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Figure 7.49: Damping ratio and corresponding frequency for different mp values for the Droop controller.

7.3.4. Discussion

7.3.4.1. Comparative Analysis of Grid-Forming Controllers

The first part of the study focused on comparing the three controllers, VSM, Droop, and Synchroverter,
across three events: a load increase, an outage, and a short circuit. The results for scenarios with a 50 %
grid-forming penetration are shown in Figure 7.19 to Figure 7.22, with ROCOF, frequency nadir, and
maximum frequency deviation provided in Table 7.7. Similar analyses for grid-forming penetration
levels of 25 % and 85 % are shown in Figure B.12 to Figure B.14 and Figure B.15 to Figure B.17, with
corresponding metrics in Table B.1 and Table B.2.

All three controllers exhibit nearly identical frequency responses for both the load and outage events.
This is evidenced by overlapping curves and minimal differences in frequency nadir, ROCOF, and
maximum deviation across all penetration levels. These findings align with [76], which noted minor
differences in frequency responses for load increases, suggesting that controller differences” impact
is minimized in larger systems. The study found slightly lower allowed frequency deviations for
the Droop controller and Synchroverter compared to the VSM, but these differences were negligible.
Furthermore, the level of grid-forming penetration does not significantly affect the differentiation of
frequency responses comparing the different controllers. This indicates that in large systems, the choice
of controller type has minimal impact on the frequency response for load increases and outage events
for all three analyzed grid-forming penetration levels.

The analysis extends to the system-wide performance, as shown in Figure B.18, indicating consistent
performance across all machines at a 50 % penetration level. However, local phenomena and influences
on other variables cannot be ruled out, necessitating further analysis of specific key elements to fully
understand the system impact of each respective controller.

In contrast, the frequency response to a short-circuit event, illustrated in Figure 7.21 and Figure 7.22,
shows notable differences. All three controllers produce similar oscillatory responses with varying
magnitudes of deviation. The VSM controller exhibits the lowest allowed frequency deviation during
the first swing, followed by the Droop controller, with the Synchroverter having the highest deviation.
When the fault is cleared, the second swing shows smaller differences, with the Synchroverter having the
highest allowed deviation. After these initial swings, the VSM and Synchroverter responses align more
closely, while the Droop controller shows larger deviations with regard to amplitude and phase shift in
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the frequency response. The Synchroverter consistently has the highest frequency deviation and ROCOF.

A similar pattern is observed for 25 % and 85 % grid-forming penetration, as shown in Figure B.14 and
Figure B.17. For the 85 % penetration, the Synchroverter initially failed to provide enough short-circuit
power for simulation convergence, requiring an increase in the maximum short-circuit current from 1.2
pu to 1.3 pu. Even with this adjustment, the Synchroverter exhibited the highest frequency deviation al-
lowed. This indicates a lower overall short-circuit capability compared to the VSM and Droop controllers.

Opverall, the analysis shows minimal differences among controller types concerning large-scale systems’
outages and load increase events. However, differences are significant in their short-circuit capabilities.
The VSM and Droop controllers perform better in short-circuit scenarios, with the Synchroverter
showing the worst performance. The VSM and Droop controllers demonstrate similar and superior
frequency responses for short circuits, with the lowest allowed frequency deviations for all penetration
levels. Conversely, the Synchroverter shows the highest deviations and the poorest performance,
especially at the 85 % level, which required increasing the short-circuit current limit for simulation. This
highlights the Synchroverter’s lower short-circuit capability compared to the VSM and Droop controllers.

In conclusion, while the frequency responses of all three controllers are similar, with similar os-
cillations and allowed deviations, differences in short-circuit performance warrant a thorough analysis
to guide controller selection. The system exhibits a quick response to disturbances, akin to the
response in Case Study A. However, the evident differences, particularly in short-circuit scenarios, ne-
cessitate further research to optimize controller selection for varying system configurations and scenarios.

Next, the load response was analyzed using an eigenvalue analysis to understand the impact of
different controllers on the system’s small-signal stability and oscillatory performance. The eigenvalues
for the three controllers, considering all modes with a damping ratio below 50 %, at a 50 % grid-forming
penetration level, are presented in Figure 7.23, with the most critical modes highlighted in Figure 7.24.
These eigenvalues indicate that the overall oscillatory performance is nearly identical for all three
controllers. Minor deviations are observed in some modes, but the majority remain consistent across
scenarios, reflecting similar frequency responses for all three controllers.

Detailed information on the eigenvalues, their respective frequencies, and damping ratios can be
found in Table 7.8 and Figure 7.25. It is important to note that mode indexes and minor changes in
eigenvalues and frequencies could change with each controller simulation. However, for simplicity and
clear comparison, VSM values were used as the benchmark, and modes were found in other simulations
by associated frequencies. The analysis reveals that all modes exhibit almost identical damping ratios,
with deviations smaller than 0.1 %, indicating negligible differences.

The modes consist of inter-area and intra-area modes, similar to those identified in Case Study
A. Modes 122, 86, 124, 192, and 129 represent inter-area modes, while modes 62 and 121 are intra-area
modes, akin to mode 254. These are identified according to the definitions given in Table 2.2. Inter-area
modes are primarily dominated by AC interconnections, and intra-area modes by grid-following
converters, with an additional intra-area mode dominated by hydrogen and nuclear power plants within
the system. Participation factors for these modes are shown in Figure B.3 to Figure B.8. These modes are
similar to those found in case study A, and a more detailed analysis is found in subsubsection 7.2.4.2.

Similar patterns are observed at a 25 % grid-penetration level, as seen in Figure B.19 and Figure B.20,
along with Table B.3. Small differences in damping ratios, mostly within very small ranges, represent
minor system impact. At the 85 % level, while the overall damping remains similar across different
modes, slightly larger differences are evident. These differences are still relatively small and have
minimal impact on the system’s overall damping ratio. The overall differences balance out as each
controller has different modes with the best damping ratio. For instance, VSM shows the best damping
ratio for mode 192 with a frequency of 0.5109 Hz but also exhibits lower values in other modes. Similar
patterns are seen for Droop and Synchroverter controllers.

Comparing these findings with those in [76], which found larger differences in oscillatory responses
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across controllers, this analysis shows that in large-scale systems, controller differences are once more
minimized, maintaining overall system stability across all grid-forming penetration levels for the three
individual controllers.

The different converters exhibit varying impacts on system stability under different perturbations.
Frequency responses were nearly identical for load and outage events across all three controller types.
However, differences were evident for short-circuit perturbations, with the Synchroverter showing
the highest frequency deviation and ROCOF values. The Droop performed the best, followed by
the VSM controller. ROCOF values were similar across controllers, with the Synchroverter slightly
underperforming.

The eigenvalue analysis showed almost identical performance across different controllers, with minor
deviations in damping ratios not significantly impacting overall stability. Thus, while theoretical
differences exist, the practical impact of these controllers on system stability is minimal for load increases
and outage events. However, the Synchroverter’s performance is inferior for short-circuits, especially at
higher penetration levels where dynamic simulation issues arose, requiring an increased maximum
short-circuit current.

These findings emphasize the need for thorough analysis when selecting controllers for future systems.
More research is necessary to fully understand the advantages and drawbacks of each controller type,
ensuring optimal system stability and performance.

7.3.4.2. Comparison of Grid-Forming Penetration Levels

Next, the impact of different levels of grid-forming penetration is analyzed and discussed. Previously,
the three controllers (VSM, Droop, and Synchroverter) were compared for various simulations with
different penetration levels. Here, the penetration levels themselves are the focus of the analysis.

The results for the VSM are shown in Figure 7.26 to Figure 7.29, with ROCOF, frequency nadir,
and maximum deviation presented in Table 7.9. These figures provide frequency responses for out-
age, load increase, and short-circuit events, comparing the three penetration levels for the VSM controller.

For the outage event, the level of grid-forming penetration significantly impacts the allowed fre-
quency deviation and system response. Higher grid-forming penetration results in a better frequency
response with a lower frequency deviation. The most significant difference is observed when the
frequency starts increasing after reaching its lowest value. Although all signals have a similar oscillatory
response, the magnitude of frequency differences is much larger, favoring higher grid-forming levels.
After this increase, the frequency responses converge around the 15-second mark. The 85 % and 50 %
grid-forming penetration levels exhibit a more settled response, while the 25 % level shows another
deviation and a decrease towards the end of the 20-second simulation window. Small oscillations are
also evident for the 85 % and 50 % levels but with much lower magnitudes.

The ROCOF, frequency nadir, and maximum deviation for the outage event show differences; however,
these are minimal. Frequency deviations are in the low mHz ranges, with the 25 % penetration level
having a maximum deviation of 3.6 mHz and the 85 % level at 1.9 mHz. Thus, while higher grid-forming
penetration levels improve the response and settling of outage events, the overall system response is
excellent for all scenarios.

A similar pattern is observed for the load response. Higher grid-forming penetration levels re-
sult in better frequency response with lower frequency deviations. The same oscillatory pattern is seen
with the outage event, with minor deviations in the first two swings and larger ones in the secondary
response. The responses converge around the 15-second mark, with the 85 % and 50 % penetration levels
settling, while the 25 % level shows another deviation. The load response analysis, including frequency
nadir, ROCOF, and maximum allowed deviation, shows that higher penetration levels perform better.
The difference between the load event penetration levels is larger than the outage event, with a deviation
range between 11.3 and 23 mHz, once more favoring the higher penetration levels. The load event has
the largest impact on frequency stability, with higher grid-forming percentages handling disturbances
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more effectively.

For the short-circuit event, the highest frequency deviation occurs with the lowest grid-forming
penetration. While the oscillatory response is similar, larger differences are observed. For the first
swing, the 50 % penetration level has the highest deviation, followed by the 25 % level. After clearing
the short circuit at 5.1 seconds, the 25 % penetration level allows the highest frequency deviation and
worst performance. The 85 % level has the smoothest response and best-settled state at the end of the
20-second simulation. The 50 % level performs slightly worse, with more oscillations post-short-circuit.
Overall, higher grid-forming penetration levels result in better frequency performance. Here, the
maximum frequency deviation ranges from 3.2 to 8.9 mHz.

The grid-forming penetration levels impact the frequency nadir, ROCOF, and maximum frequency
deviation. Higher penetration levels consistently provide the best frequency response. Compared to the
outage and short-circuit events, the load event shows the largest impact on these parameters, followed
by the short-circuit and outage events.

The Synchroverter and Droop controllers exhibit similar responses. Results for the Synchroverter are
shown in Figure B.23 to Figure B.26, and for the Droop controller in Figure B.30 to Figure B.33. ROCOF,
frequency nadir, and maximum deviation are detailed in Table B.5 and Table B.7. All three grid-forming
converters show similar impacts on system stability, with small deviations across penetration levels.
A higher share of grid-forming penetration is beneficial for all controllers, except for the necessary
adjustment of short-circuit current limits for the Synchroverter at high penetration levels.

Next, the oscillatory response of the three converters was further analyzed using an eigenvalue
analysis for different levels of grid-forming penetration. The results for the VSM controller are presented
in Figure 7.30 and Figure 7.31, as well as Table 7.10, with a chart comparing the damping ratios for
different modes in Figure 7.32.

The analysis reveals that while the overall modes and damping ratios are relatively similar across the
three penetration levels, larger differences are observed compared to the controller comparisons. The
damping ratios vary based on the mode and penetration level. Modes 62, 121, 86, and 192, which include
inter-area modes dominated by AC interconnections and intra-area modes dominated by grid-following
wind converters, show minimal differences across the penetration levels. However, significant improve-
ments in damping ratios are evident for modes 124 and 129 at the 85 % penetration level compared to the
50 % and 25 % levels, indicating better damping of these inter-area oscillations at higher penetration levels.

Despite the improved damping in some modes, all penetration levels exhibit well-damped inter-
area oscillatory modes above the 5 % mark. Controller parameters, as seen in Case Study A, also
influence these damping levels and will be further investigated. Overall, higher grid-forming penetration
levels enhance the damping ratio of most oscillatory modes, but some modes remain below the required
level, mainly the grid-following converter modes. This indicates that further analysis of controller
parameters and locations is necessary to ensure proper damping on large-scale system implementation
of grid-forming and following converters.

An additional vulnerability is observed at the highest grid-forming penetration level in mode 128, which
has a frequency of 1.4215 Hz. Here, the 85 % penetration level shows a damping ratio of 5.69742 %,
significantly lower than the 20.1386 % for the 50 % and 25 % levels. A participation factor analysis,
shown in Figure B.37, indicates that this mode is dominated by grid-following wind turbines and
associated H-mass control units. Due to only one converter evident in the participation analysis, a local
mode is indicated. This local mode, identified as such due to its frequency and participation factor,
suggests that higher grid-forming penetration may cause grid-following converters to struggle to keep
up with the fast-acting power-balancing operations. While not confirmed, this hypothesis highlights the
need for a detailed examination of this phenomenon.

Similar results are found for the Droop and Synchroverter controllers, as shown in Figure B.34,
Figure B.35, Figure B.36, and Table B.8 for the Droop controller, and Figure B.27, Figure B.28, Figure B.29,
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and Table B.6 for the Synchroverter. This indicates that the observed phenomena are not specific to any
one controller type.

A hypothesis is that higher grid-forming penetration increases fast-acting power balancing, mak-
ing it challenging for grid-following converters to keep up due to their dependence on an external signal
through the PLL. This time delay can cause oscillations between the stator and rotor of wind turbines.
The converter found in the participation analysis, the onshore wind converter at ENS380, was removed
from the system, and the simulation was run again. Here, the mode was removed from the system
and did not exist elsewhere. This indicates that the mode might be dependent upon the topology and
placement of the grid-following converters. However, the findings still indicate that these modes can
occur in highly penetrated grid-forming systems and should be grounds for further analysis of this
phenomenon.

Overall, while higher grid-forming penetration levels improve the damping of various modes, chal-
lenges remain, particularly with local modes in grid-following converters. This finding is consistent
with stability issues associated with high PEI generation levels and suggests that high grid-forming
penetration can cause local mode oscillations in grid-following converters, highlighting the need for
careful planning and analysis.

A thorough analysis should be conducted for projects regarding grid-forming penetration levels.
Although the damping ratio for the local mode was above 5 %, indicating adequate damping, the
findings suggest the need for scenario analysis to identify potential oscillatory modes early.

The comparative analysis of grid-forming penetration levels highlights mixed results regarding system
damping and stability. Higher grid-forming penetration levels result in better frequency responses for
all events and parameters across all controller types, including frequency nadir, ROCOF, and frequency
deviation. However, the Synchroverter showed the lowest short-circuit capability, requiring an increase
in maximum output current for simulations at the 85 % penetration level.

The oscillatory analysis showed mixed results. Increased penetration levels improved damping
for inter-area modes, but the 85 % level showed a drastic reduction in damping for one local mode,
indicating that higher penetration levels can impact the damping of other converter types. This finding
underscores the importance of strategic planning and further research into grid-forming converter
implementation.

Consistent with the findings in [196], this analysis shows that while higher grid-forming penetra-
tion levels improve overall stability, high penetration can also lead to issues. Here, with local modes in
grid-following converters, emphasizing the need for detailed stability analysis in large-scale systems.

7.3.4.3. Controller Parameter Sensitivity Analysis

Finally, the impact of different controller parameters will be discussed. This analysis was conducted
through frequency and eigenvalue analysis, similar to the two previous analyses, but focused on
comparing different values of the most important controller parameters and their impact on stability.
As grid-forming converters become more prominent in future power systems, it is crucial to fully
understand how different controller parameters affect system stability in large-scale systems. This
understanding is essential for regulatory assessments concerning grid-forming controller settings and
the importance of tuning these parameters. In this analysis, a load increase was used as the disturbance
to evaluate both the frequency response and eigenvalues in the system.

The parameters of interest, identified in section 2.2, vary for the three different controllers. For
the VSM, the primary parameters of interest were the acceleration time constant (1;) and the damping
coefficient (D). The active and reactive power coefficients (mp and mgq) were identified for the Droop
controller. For the Synchroverter, four parameters were considered: the acceleration time constant
(T;), damping coefficient (D,), voltage control gain (K;), and reactive power droop coefficient (D).
The controller parameters for the different simulations are detailed in Table 7.6, where the parameter
changes for the simulations are highlighted in parentheses. The load response was used to compare
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frequency and eigenvalue simulations. For a more detailed section regarding these parameters, refer to
section 2.2. All these simulations were done with a grid-forming penetration level of 50 %; future work
should analyze the impact of different levels of penetration as well.

VSM Controller Analyzing the results from the VSM controller, the impact of the two controller
parameter adjustments shows significant deviations in system stability. First, considering the impact of
the D, parameter on the system’s frequency response, the results are shown in Figure 7.33. Here, the 10,
100, and 1000 values substantially affect the overall system response. The highest D, levels show the
best frequency response, characterized by extremely fast power balancing. The highest level has the
lowest initial frequency deviation during the first swing and does not allow large oscillations afterward,
demonstrating good damping within the 20-second time window. In contrast, the lowest D, value
shows the largest initial frequency deviation. For the two lower D, values, an additional oscillatory
response occurs after the initial swing, with the lowest frequencies evident in the 10 D, value around
the 11-second mark, indicating a slower and overall worse frequency response.

The 100 D, value settles around the 15-second mark, whereas the 10 D, value does not properly
settle until the end of the simulation window. Overall, the two lower D), values exhibit similar responses
in terms of oscillatory behavior but with significant differences in frequency deviations, with the lowest
D, values showing the worst values. Compared to the highest D), values, the system responds extremely
quickly, with fast damping, allowing only one oscillatory response before settling. This is also confirmed
by the ROCOF, frequency deviation, and frequency nadir for the different values, as seen in Table 7.11.
The highest D, values result in the lowest ROCOF values and the lowest overall frequency deviation
compared to the other values, with significant differences. These differences range from a maximum
deviation of 3.3 mHz for the 1000 D, value, while the 10 D, value shows a maximum deviation of 34.8
mHz, over a 10-fold increase.

Comparing these results with the eigenvalue analysis depicted in Figure 7.34 and Figure 7.35, similar
conclusions can be drawn. The three levels” lowest damped modes and their respective damping
ratios are shown in Figure 7.36. The highest values of D, result in better overall damping of the most
critical modes. This improvement is evident for most inter-area oscillatory modes, with some modes
experiencing significantly increased damping ratios. For instance, the damping ratio improvements
can be up to 3.3 times better between the highest and lowest D, levels. All inter-area modes have a
damping ratio of at least 5 % for the D), values of 1000 and 100, while the value of 10 exhibited a damping
ratio below 5 % for modes 122 and 124, indicating overall lower damping of critical inter-area modes.
However, all of these inter-area modes have a damping ratio above the 3 % margin, indicating adequate
damping for all parameter values for these modes.

A new mode with a frequency of 5.1025 Hz and a damping ratio of around 5.2 % was also dis-
covered. A participation factor analysis was conducted, and the results from mode 300, representing a
similar mode, can be seen in Figure 7.41. The analysis show that the x4, < and Xy, parameters
of the VSM controller create a new and low-damped mode, impacting the overall slow-interaction
converter-driven stability of the system. Similar slow-interaction modes have been observed in literature
for VSC-HVDC connected systems, primarily affected by tuning the outer-loop parameters [79]. This
highlights that similar results are found for high grid-forming penetration levels with a low damping
parameter D,, emphasizing that controller parameters significantly impact system stability. This mode
does have a damping ratio above 5 %; however, due to the difference with respect to the other parameter
values, the suddenly lowered damping is of interest and highlights that converter-driven stability issues
can arise for grid-forming integrated systems.

The different levels of D, show no significant impact on the intra-area and local modes associated with
the grid-following converters.

The analysis of the D, parameter underscores the importance of parameter tuning in future systems
with high grid-forming penetration levels, as these parameters significantly affect system performance.
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The analysis shows that damping levels too low, results in low inter-area damping that approaches
stability margins. Conversely, high D, levels ensured that all inter-area modes had a damping ratio
above 5 %, reinforcing the grid-forming potential regarding inter-area oscillations and general damping
studies, as discussed in Case Study A. The lowest damping settings also result in local modes associated
with the grid-forming converters, exhibiting fast oscillations and low damping. Although above the 5 %
mark, this still indicates generalized instability across all grid-forming converters, underscoring that
controller tuning impacts both the grid-forming converter itself and large-scale system stability.

Analyzing the results for the T, parameter, seen in Figure 7.37, the frequency analysis shows an
almost identical response for all three parameter levels. Small differentiations are observed, with higher
T, values resulting in a slightly slower response and higher frequency deviation in the first and second
swings. However, these differences are minimal, and the overall impact is low. This is also evident in
Table 7.12, highlighting the frequency nadir, ROCOF, and maximum frequency deviation for all three
controller parameters. The overall levels are nearly identical, with slight improvements evident for the
lower and increased T, values.

A similar pattern is found in the eigenvalue analysis, with the eigenvalues shown in Figure 7.38
and Figure 7.39, and the damping ratios of the most critical modes in Figure 7.40. There is a clear
similarity among the three controller parameter values for all critical modes, with small deviations.
The highest T, values show slightly improved damping for inter-area modes, supporting the frequency
response findings. Slight differences are also evident in higher-speed modes, with higher T, values
indicating slightly better damping. However, these modes already have high damping ratios that do not
significantly impact system stability. Nonetheless, this could differ in systems with poor damping or
different topologies, warranting further consideration of T, in stability analyses for future projects using
the VSM controller.

Overall, the T, parameter analysis results show minimal differential impacts across different pa-
rameter values. Small differences in frequency response and critical system modes are observed but
within sub-1 % ranges. Differences in higher-speed oscillations favor higher T, values, though these
are highly damped and do not raise immediate concerns. However, this could vary for cases with
poor damping or different topologies, suggesting further research on these controller parameters is
warranted, as they can impact system stability.

Synchroverter Controller Four parameters were examined for the Synchroverter: D), Ty, K4, and D,.
First, analyzing the results from the D, parameter, the frequency response shown in Figure 7.42 is very
similar to that of the VSM controller. Small deviations between the two responses are evident when
comparing the frequency nadir, ROCOF, and maximum deviation as seen in Table 7.13. However, these
differences are minimal, and the overall impact of D, on the Synchroverter is similar to its impact on
the VSM controller. As before, the highest damping leads to the best frequency response and quicker
settling of the signal, while the two lower levels exhibit more oscillatory behavior, slower signal settling,
and worse maximum frequency deviations and ROCOF values. The eigenvalue analysis in Figure 7.43
and Figure 7.44, with the most critical mode differences shown in Figure 7.45, supports these findings.

Similar to the VSM controller, a new mode was discovered for the lowest rated D), parameter, with a
frequency of 5.103 Hz. This mode has a damping ratio above 5 %, still indicating stability, but due to its
emergence, it warrants close observation and further research to fully understand its potential impact
on stability in future systems. This mode was not evident with a damping ratio below 50 % for the other
D, levels. As before, the inter-area oscillations are significantly better damped for higher D, levels, with
improvements up to 3.3 times for individual inter-area modes. The D, parameter findings are almost
identical to those of the VSM controller, highlighting the similarities in controller structures and the
impact of parameter changes on system performance.

The similarity between the Synchroverter and the VSM controller structures is also evident when
analyzing the T, parameter. The frequency response and calculations show similar values to the VSM,
as seen in Figure B.38 and Table B.9. There are slight differences in the response between different T,
levels. The highest parameter value shows a slightly delayed response in the first and second swings
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but with minimal impact on overall system stability. The eigenvalue analysis, shown in Figure B.39 and
Figure B.40, indicates that the most critical modes are nearly identical across T, levels, with a slight
advantage for the highest value in inter-area oscillations, similar to the VSM. Slightly larger differences
are found in modes with higher oscillatory speed, indicated by the imaginary axis, where higher T,
values improve damping. These modes are well-damped and do not pose immediate threats to system
stability but could be impacted by factors like system topology and strength. This change is noteworthy
as it could negatively impact stability under certain operational characteristics. Overall, T, is not the
most critical parameter for the Synchroverter, but it does cause some changes and could be important in
future system tuning and analysis.

Next, the results for the frequency and eigenvalue analysis of K,; are shown in Figure B.41 to Figure B.43,
and Table B.10. The findings for D, are in Figure B.44 to Figure B.46 and Table B.11. No significant
differences are found in these analyses, indicating that K; and D, do not impact the system’s oscillatory
performance with changes in their values. These parameters primarily handle reactive power control,
which is less critical in these studies focused on active power control. Similar conclusions were drawn
from a smaller test system analysis in [76]. The results suggest that K; and D; do not affect system
oscillatory performance, implying that further studies can explore their potential to improve system
performance without compromising oscillatory stability.

The Synchroverter results mirror the performance patterns of the VSM. The two main parameters
affecting system stability, D, and T, have a similar impact on both controllers. The additional parameters
in the Synchroverter, K; and D;, show no impact on the system’s oscillatory performance and should
be further examined for their potential to enhance other system parameters as they can be adjusted
without affecting oscillatory stability.

Droop Controller Moving on to the Droop controller, two parameters of interest were analyzed: mp
and mq. These are the primary variables concerning the Droop controller’s active and reactive power
droop control functions. This is an inverse droop function, meaning lower values result in a larger
power increase.

A similar analysis to the other controllers was performed, and the results for the frequency re-
sponse of the different mp values can be seen in Figure 7.46, with the frequency nadir, ROCOF, and
maximum frequency deviation provided in Table 7.14. It is evident that the lowest values of mp result
in the best system performance in terms of frequency response, impacting the system similarly to
the high D, parameter values of the VSM and Synchroverter. The lowest level results in a system
that is dampened after the initial swing, with only minor oscillations during the remaining 20-second
simulation window. In contrast, the higher levels allow more oscillations after the load increase, with
the highest value not fully settling until the end of the 20-second window and the medium value settling
around 15 seconds. The performance metrics—frequency nadir, ROCOF, and maximum frequency
deviation—are significantly worse for higher mp values, with maximum frequency deviations ranging
from 3.3 mHz to 35 mHz, a tenfold difference between the best and worst performance levels. Overall, it
is evident that reducing the mp values increases the performance of the frequency response of the system

Comparing this with the eigenvalues, seen in Figure 7.47 and 7.48, with the most critical modes
and their respective damping ratios highlighted in Figure 7.49, shows that the lowest mp values once
again exhibit the best performance, particularly in inter-area oscillatory modes. All inter-area modes
have a damping ratio above 3 %, but the mp value of 0.1 shows two modes with damping below 5 %.
The differences in these modes range up to a 3.37-fold damping ratio improvement from the worst to
the best parameter values, similar to findings for the D), parameter for the VSM and Synchroverter. The
higher mp levels show slightly lower damping in higher oscillatory speed modes, but these modes are
already well-damped and do not pose a risk to system stability. The mp parameter does not significantly
impact intra-area and local modes associated with the grid-following converters. Notably, unlike the
other VSM and Synchroverter controllers, none of the parameter values resulted in a low damping
grid-forming dominant mode in the 5 Hz frequency range, suggesting that the Droop controller may be
less prone to negative impacts from parameter tuning compared to the VSM and Synchroverter.
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Opverall, the response of the mp parameter in the Droop controller is very similar to the D, vari-
able in the VSM and Synchroverter controllers, with similar impacts on frequency oscillatory response
and system stability. Higher values of D, correspond to higher active power levels for the same signal,
compared to the inverse nature of mp. The Droop controller shows similar damping performance to
both the VSM and Synchroverter and exhibits better performance by not creating a poorly damped
grid-forming controller interaction mode associated with the lowest D), levels in the VSM and Syn-
chroverter, indicating a higher margin of error in the Droop controller with regards to system stability
limits concerning the primary active power parameter.

Next, the findings regarding the frequency response and oscillatory performance of the mg parameter
adjustment are discussed. The results are shown in Figure B.47 to Figure B.49, as well as in Table B.12.
Similar to the reactive power control loop main parameters of the Synchroverter, no major differences in
system performance are observed based on different mg values. This confirms that the reactive power
control parameters do not significantly impact the system’s frequency and oscillatory performance,
highlighting that this parameter is well-separated from the active power loop. Further studies can
focus on the impact of g on other system parameters, knowing it does not affect oscillatory performance.

The controller parameter analysis demonstrates significant controllability with respect to the fre-
quency response, associated parameters, and oscillatory analysis. Different parameter values lead to
considerable variations in performance indexes across controllers. The main active-power controller
loop parameters, D), and mp, significantly impact system damping. Slight differences are evident for
the acceleration time constant T, in the VSM and Synchroverter controllers, with lower values resulting
in quicker responses, but overall performance is similar. Higher T, values perform better in higher
oscillatory speed modes related to controller interactions but do not pose immediate risks to system
stability. Reactive power control loop parameters K; and D, in the Synchroverter and mq in the Droop
controller do not impact frequency and oscillatory performance, indicating they can be adjusted to
enhance other system performance aspects without affecting oscillatory stability.

The comparative analysis was facilitated by using Python and Excel functions to automate tasks
and significantly reduce system configuration setup time. These tools automated controller selections,
grid-forming penetration level calculations, and necessary controller parameter changes, enabling
comprehensive system-wide analyses. With minor adjustments, these tools can be further utilized to
analyze other characteristics of grid-forming converters and components in PowerFactory, providing a
highly functional model for large-scale system studies.
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7.3.5. Results and Findings

This case study comprehensively analyzed the impact of different grid-forming converters based on
controller comparisons, varying levels of grid-forming penetration, and the influence of grid-forming
converter parameters on system stability. Each part of the study offers an in-depth examination rooted
in frequency and oscillatory behavior, utilizing key metrics for comparison.

The controller parameter study found that the performance of VSM, Droop, and Synchroverter
controllers on system stability is nearly identical for frequency and oscillatory behavior for a load and
outage event. Negligible differences were observed in Frequency Nadir, ROCOF, maximum allowed
frequency deviations, and damping ratios for the respective modes. However, significant differences
emerged in the short-circuit analysis, with larger deviations evident in the frequency response for all
three controllers across different levels of grid-forming penetration. The Droop controller exhibited
the best performance, with the VSM controller close behind, but the Synchroverter showed the worst
performance, particularly at the 85 % penetration level, where short-circuit strength was non-viable
without increasing the maximum current. These findings suggest that while controller performance is
similar for load response and outage events, short-circuit events could serve as a critical differentiator in
selecting grid-forming controllers.

The comparison of different levels of grid-forming penetration (25 %, 50 %, and 85 %) revealed
that higher penetration levels generally lead to better frequency response and oscillatory performance
for all three controllers. Higher penetration levels allowed for lower maximum frequency deviations
and ROCOF values across all perturbation events, with the most significant differences observed in
short-circuit events. However, the Synchroverter’s limitations with increased short-circuit current levels
should be noted once more. In terms of oscillatory performance, higher penetration levels improved
the damping ratios of inter-area modes, although a local mode in a grid-following converter exhibited
low damping at the highest penetration level, highlighting potential stability issues. These findings
underscore the need for further research to understand the dynamics of high grid-forming penetration
levels and their impact on system stability.

The controller parameter analysis demonstrated significant variations in results based on different
controllers and their respective parameters. The main active power parameters (D, for VSM and
Synchroverter and mp for Droop) were identified as the most critical for frequency and oscillatory
performance. Increasing these parameters improved inter-area modes’ damping ratios, with all modes
achieving damping ratios above 5 % for the highest parameter values. Conversely, poor parameter
values led to lower damping ratios and the emergence of low-damped modes associated with the
grid-forming converters, highlighting the importance of proper parameter tuning. The acceleration time
constant T, had minimal impact, though slightly better damping in high-speed oscillatory modes was
observed for higher T, values. Reactive power control parameters (K; and D, for Synchroverter and
mgq for Droop) showed no significant impact on system stability, indicating that the active and reactive
power control loops are well separated.

The case study offers valuable insights into the grid-forming converters, their respective controller
selection, penetration levels, and parameter adjustments. Grid-forming converters demonstrate sig-
nificant potential in enhancing system stability for large-scale applications. However, certain issues,
particularly related to high penetration levels and specific controller parameters, indicate that the
full potential of grid-forming converters in large-scale systems is not yet fully understood. Future
research will be crucial for the successful integration of large-scale PEI generation in future power systems.

The study bridges the gap between research questions and practical implementation, providing
guidelines for further analysis of the three controllers, various penetration levels, and important
controller parameters. These findings will be instrumental in guiding the development and deployment
of grid-forming converters in future power systems.
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7.4. Case Study C

7.4.1. Introduction

As power systems increasingly integrate Power Electronic Interfaced (PEI) generation sources, the levels
of inertia and kinetic energy within these systems undergo significant changes. Inertia and kinetic
energy have traditionally been critical parameters for system stability and control mechanisms. As these
parameters evolve, it is imperative to develop new control methods to maintain the security and stability
previously ensured by conventional systems. The previous case studies highlighted the potential of
grid-forming converter technologies in enhancing system stability. However, these simulations were
conducted using the highest estimated inertia and kinetic energy values projected for 2040, as discussed
in subsection 6.4.3 for simplicity. These projections vary considerably throughout the year and exhibit
significant uncertainty, reflecting the unpredictable nature of the energy transition and associated policy
and technological advancements.

This case study aims to investigate how different projections for 2040 will impact system stability,
focusing on the estimated levels of inertia constants and kinetic energy. This study is crucial for
informing future power system planning and policymaking, particularly regarding the potential decline
in inertia and kinetic energy and its implications for system stability. The analysis will help identify
realistic opportunities for future stability or highlight the need for alternative measures.

The analysis is based on the synthetic model of the future Dutch power system and its intercon-
nections with Continental Europe. These interconnections serve as reference points for determining the
system’s inertia and kinetic energy.

Case A from Case Study A, representing a system predominantly powered by offshore wind, will be
utilized. The perturbation used for system analysis is a load increase of 5.6 GW, consistent with previous
studies. The results will be evaluated based on frequency and oscillatory analysis, similar to those
conducted in Case Studies A and B.

7.4.2. Methodology

This section outlines the methodology used to simulate and analyze the impact of different inertia
constants and kinetic energy values on a large-scale interconnected system. The system under scrutiny
is the Dutch power system, using a synthetic model created based on scenarios for 2050. More detailed
information can be found in chapter 5 and chapter 6. By analyzing this, future policy-making and
directions can be informed with respect to the differentiating stability characteristics.

A flowchart highlighting the main steps taken for the system setup with respect to the case study can be
seen in Figure 7.50.

The first step involved selecting the case for analysis. Different cases have distinct dispatch lev-
els regarding load and generation. Case Study A provides a detailed analysis of these cases. For this
analysis, Case A was chosen. Case A represents a scenario with high levels of offshore wind, low levels
of onshore wind and solar PV, and the maximum load possible in the system.

The analysis was conducted with a grid-penetration level set at 50 %, serving as a baseline sce-
nario. Further research can explore various scenarios involving generation demand, grid-forming
controllers, and grid-forming penetration levels. The VSM controller was selected as the grid-forming
converter controller.

subsection 6.4.3 identified different levels of inertia and kinetic energy estimated for Continental
Europe in 2040 by ENTSO-E in [158] and [159]. Based on various estimations, the kinetic energy levels
were projected to range from 1800 to 250 GVAs, with inertia constants estimated from 4.1 to 0.4 seconds.
The study was conducted by simulating different ranges for both values and analyzing system metrics
accordingly.

The inertia constants were directly implemented into a Python code that automatically calculated



7.4. Case Study C 173

the necessary conversions and inputs for later use in the PowerFactory model. These levels were
represented using the AC interconnections as the source, reflecting the interconnections to Continental
Europe, which are the dominant inertia constant characteristics in the system. Detailed structuring
of these interconnections and their relevance can be found in subsection 6.4.3. The inertia constants
were set by adjusting the inertia constants of the synchronous machines representing the different AC
interconnections. Simulations were conducted for three levels: 4.1, 2.25, and 0.5 seconds.

Next, three different levels of kinetic energy—1800, 1025, and 250 GVAs—were selected and im-
plemented to capture the full range of estimations. Since the interconnections are represented as
synchronous machines, the kinetic energy was translated into an estimated rated power of the machine
using Equation 6.1 for the three different cases. This resulted in levels of 439,025 MVA, 250,000 MVA,
and 60,976 MVA. MVA values are used due to their similar output index in PowerFactory. These values
were automatically calculated using the associated Python script, allowing for direct input in GVAs for
future analyses and streamlining the process. Detailed information regarding the Python script utilized
is found in Appendix C.

These values were then implemented in PowerFactory, and simulations were run. This included
a combination of different values for inertia constants and kinetic energy levels, representing an analysis
that studies best and worst-case estimations.

By following these steps, the methodology ensured a comprehensive analysis of the impact of varying
inertia constants and kinetic energy values on the stability of large-scale interconnected systems.
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Figure 7.50: Detailed flowchart of the system setup for assessing the stability of the Dutch power system in 2050 under various
inertia constants and kinetic energy values. The pink color indicates operation performed by PowerFactory, green by Excel, and
blue by Python.

After this, a flowchart of the simulations and analysis can be seen in Figure 7.51. As discussed, Case
A was selected as the simulation’s base case. Two different simulations were conducted, comparing
different results of the inertia constant and the kinetic energy. The levels used and analyzed can be
seen in Table 7.15. All the different values and parameters were simulated for the other corresponding
parameter values, resulting in a total of 9 main simulations with varying kinetic energy and inertia
constant values. All simulations were conducted with a load increase of 5.6 GW, similar to previous
studies. These simulations were then analyzed using a frequency response and eigenvalue analysis
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for all the different cases. The overall structure here is similar to previous case studies, as the model
and associated Python tools allow for a streamlined analysis of important system characteristics. More

information about the model can be found in Appendix C.

Table 7.15: Simulation Values for Inertia Constant and Kinetic Energy

Simulation Type

Levels

Fixed Parameter

Inertia Constant [s]

4.1,225,05

Kinetic Energy [GVA]

Kinetic Energy [GVA] | 1800, 1025, 250

Inertia Constant [s]

A

Inertia Constant
Comparison

SILEN,

CaseA

A

Frequency Response

l—l

Stability Criteria

v
Kinetic Energy
Comparison
Load Increase <
v
Simulation
v
Eigenvalues
Signal Processing [«
Conclusion
g Further Work

Figure 7.51: Detailed flowchart of the simulation process used in Case Study C. The pink color indicates operation performed by
PowerFactory, green by Excel, and blue by Python.
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7.4.3. Results
7.4.3.1. Inertia Constant Analysis
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Figure 7.52: Frequency response for different levels of inertia constant H with a kinetic energy level of 1800 GVAs
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Figure 7.53: Eigenvalues for different levels of inertia constant H with a kinetic energy level of 1800 GVAs
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Figure 7.54: Eigenvalues for different levels of inertia constant H with a kinetic energy level of 1800 GVAs, zoomed on the most
critical modes
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Figure 7.56: Frequency response for different levels of inertia constant H with a kinetic energy level of 1025 GVAs
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Figure 7.57: Eigenvalues for different levels of inertia constant H with a kinetic energy level of 1025 GVAs
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Figure 7.58: Eigenvalues for different levels of inertia constant H with a kinetic energy level of 1025 GVAs, zoomed on the most
critical modes
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Figure 7.59: Damping ratio versus frequency for different levels of inertia constant H with a kinetic energy level of 1025 GVAs
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Figure 7.61: Eigenvalues for different levels of inertia constant H with a kinetic energy level of 250 GVAs
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Figure 7.62: Eigenvalues for different levels of inertia constant H with a kinetic energy level of 250 GVAs, zoomed on the most
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Table 7.16: ROCOF, Frequency Deviation, and Frequency Nadir for Different Levels of Kinetic Energy and Respective Inertia
Constants
KE = 1800
Case Index | Frequency Nadir (Hz) lf(()%(i)s}: (n;l(;{)zr/nss) Maximum Deviation (mHz)
H=41 49.9836 6.6 49 16.4
H=225 49.9839 8.3 6.4 16.1
H=05 49.9841 9.7 8.1 15.9
KE =1025
Case Index | Frequency Nadir (Hz) lf(%(inosF (ngg)zr/nss) Maximum Deviation (mHz)
H=41 49.9804 6.1 5.4 19.6
H=225 49.9805 8.2 7.5 19.5
H=05 49.9804 13.3 10.7 19.6
KE =250
Case Index | Frequency Nadir (Hz) ?(S())CISSF (n;IO_BZr/nSg Maximum Deviation (mHz)
H=41 49.9764 7.5 6.2 23.6
H=225 49.9760 14.1 10.6 24.0
H=05 49.9754 23.1 17.3 24.6

7.4.3.2. Kinetic Energy Analysis
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Figure 7.64: Frequency response for different levels of kinetic energy, with a fixed inertia constant Hat 4.1's
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Figure 7.65: Eigenvalues for different levels of kinetic energy, with a fixed inertia constant Hat 4.1 s
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Figure 7.67: Damping ratio versus frequency for different levels of kinetic energy (KE), with a fixed inertia constant Hat 4.1 s
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Figure 7.68: Frequency response for different levels of kinetic energy, with a fixed inertia constant Hat 2.25 s
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Figure 7.69: Eigenvalues for different levels of kinetic energy, with a fixed inertia constant H at 2.25 s
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modes



7.4. Case Study C 186

161 T T
I KE = 1800
141+ mmm KE = 1025
B KE = 250
=121
X
210
+—
&
o 8]
£
Q
£ 6]
©
0 4
2_
o ™ © 0 © S S) 2
Q\ Q\ Q\ Q\ Q\ Q\ x\

Frequency (Hz)

Figure 7.71: Damping ratio versus frequency for different levels of kinetic energy (KE), with a fixed inertia constant Hat 2.25 s
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Figure 7.72: Frequency response for different levels of kinetic energy, with a fixed inertia constant Hat 0.5 s
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Figure 7.75: Damping ratio versus frequency for different levels of kinetic energy (KE), with a fixed inertia constant Hat 0.5 s

Table 7.17: ROCOF, Frequency Deviation, and Frequency Nadir for Different Levels of Inertia Constant, and Respective Kinetic

Energy Levels
H=41
. ROCOF (mHz/s) .y
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
KE = 1800 49.9836 6.6 49 l16.4
KE =1025 49.9804 6.1 5.4 19.6
KE =250 49.9764 7.5 6.2 23.6
H=225
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
KE = 1800 49.9839 8.3 6.4 16.1
KE = 1025 49.9805 8.2 7.5 19.5
KE =250 49.9760 14.1 10.6 24.0
H=05
. ROCOF (mHz/s) ..
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
KE = 1800 49.9841 9.7 8.1 15.9
KE =1025 49.9804 13.3 10.7 19.6
KE =250 49.9754 23.1 17.3 24.6
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7.4.4. Discussion

7.4.4.1. Inertia Constant Analysis

First, the results from the changing inertia constant levels are discussed. The results were analyzed
with respect to dynamic changes in the system’s inertia constant and constant kinetic energy. To
comprehensively understand the potential changes, the impact of varying the inertia constant was
examined through both frequency and eigenvalue analyses for all three kinetic energy levels.

First, the frequency response for the highest level of kinetic energy is depicted in Figure 7.52. It
is evident that all three levels of inertia constant exhibit a similar downward slope from the start of the
load increase until around the 8-second mark when the frequency starts to rise again. Small differences
are observed, with higher inertia constants leading to a slightly slower response, resulting in higher
allowed frequency deviations for each oscillatory response. However, this difference is minuscule, as
shown in Table 7.17, with a difference of around 0.5 mHz between the 4.1 and 0.5 s inertia constants.
The largest difference appears when the frequency starts to increase after the load increases. Lower
inertia constant values result in a much faster-acting response compared to higher values. However,
this faster response is not as well-damped, causing the frequency to exceed pre-disturbance levels and
not properly settle within the 20-second time window. In contrast, the 2.25 and 4.1 s values show a
slower response once the frequency rises but settles better, with only small oscillations evident by the
end of the 20-second window. Overall, the frequency response for different inertia constants for the
highest kinetic energy levels shows a similar maximum frequency deviation but a significant difference
in the system’s damping and settling time, favoring higher inertia constants.

Analyzing the results for the two lower levels of kinetic energy, seen in Figure 7.56 and Figure 7.60,
similar patterns emerge. All three kinetic energy levels exhibit a similar maximum deviation for all
inertia constants, but differences appear in the response where the frequency starts to rise. At an inertia
constant of 0.5 s, the kinetic energy level of 1025 GVAs shows an overshoot above the initial steady-state
frequency and does not settle within the 20-second simulation window. In contrast, the 250 GVAs
level does not reach above the original steady-state frequency and settles within the 20-second period,
although with more pronounced local oscillations. These oscillations persist almost until the end of the
20-second window for the 0.5 s inertia constant but stop around 12.5 seconds for the 2.25 s and around
10 seconds for the 4.1 s constants, indicating that higher inertia constants provide a more stable settling
signal. Lower inertia constants allow for faster frequency changes, which, combined with the fast-acting
nature of future systems, can cause more sustained local oscillations. This behavior is both positive and
negative: while lower inertia constant values result in a primary frequency restoration closer to the
pre-disturbance value, they also exhibit more oscillatory behavior.

The analysis shows that only small maximum deviation changes occur with different inertia con-
stants, while larger deviations are evident between kinetic energy levels, which is expected since kinetic
energy levels are the first line of defense against changes to the frequency. Lowering the inertia constant
allows for a faster overall system response due to the lower time constant, but the fast-acting nature
of converters combined with this rapid response can cause more oscillations. This could lead to fast
damping and a better overall response for a perfectly tuned system. However, given the various changes
in system characteristics and operations, combined with the unknown features of future systems,
achieving such a system is still under investigation. It is clear that reducing the inertia constant generally
leads to a more oscillatory, poorly damped frequency response, evident across all three kinetic energy
levels.

Moving on to the eigenvalue analysis for dynamic inertia constants and set kinetic energy levels,
the results for 1800 GVAs are presented in Figure 7.53 to Figure 7.55. It is observed that well-damped
modes have nearly identical damping ratios across all inertia values, but significant differences are
found in the most critical modes. Higher inertia constant values exhibit better damping. The 0.5 s inertia
constant results in multiple modes with damping ratios below 3 %, while the 4.1 s inertia constant has
all inter-area modes damped above 5 %. The lowest damped mode at 0.4092 Hz has a damping ratio
below 1 % for the 0.5 s constant, compared to around 5 % for the 4.1 s constant. This pattern is consistent
across all inter-area modes, significantly improving damping ratios with increased inertia constants. No
significant changes is observed in intra-area modes associated with grid-following converters.
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Analyzing the 1025 GVAs kinetic energy levels in Figure 7.57 to Figure 7.59, similar findings are
noted. The higher inertia constant levels significantly enhance the stability of the most critical modes.
For 0.5 s levels, positive real parts of the eigenvalues indicate system instability, with damping ratios
below 3 % for several modes. The 2.25 s and 4.1 s constants provide much better damping, with all
inter-area modes having damping ratios above 3 %. No differences were found for the intra-area modes
of the grid-following converters.

Moving on to the kinetic energy levels of 250 GVAs, a similar pattern is again observed, where
the lower H values result in decreased damping. However, it is interesting to note that the overall
damping of the higher inertia constants is better than that of the previous levels. Here, it is seen that
most of the modes of the 4.1 and 2.25 s values have damping ratios well within the 5 % range, with an
exception for the inter-area grid-following modes. This overall favors the higher inertia constant values
with respect to damping. Comparing the modes to the two previous levels, it is also evident that the
overall oscillations have a higher oscillatory speed, which is to be expected as the kinetic energy in the
system decreases and a more fast-acting system comes through.

When analyzing the most critical modes, it is seen that the 0.5 s value has some modes beneath
the 3 % damping ratio limit, and one of them is as low as 0.59 %, indicating that system stability is in
critical limits and cannot be guaranteed at this level. When examining the frequencies of the different
modes, due to the faster-acting nature of the system now, new modes are created, which are different
from those for the 1800 and 1025 GVAs levels. Instead, new poorly damped, faster-acting modes are
evident. While these new modes now have an increased oscillatory speed, they still primarily involve
interconnections. The participation factors for the newly discovered modes can be seen in Figure B.50 to
Figure B.53.

Mode 131, with a frequency of 0.973 Hz, is still primarily dominated by the interconnections, but there
is now some participation by the nuclear and hydrogen power plants at BSL380 as well, although small
compared to the two primary interconnections. A similar story is true for mode 124; here again, the
main participation factors are the interconnections, with a small participation from the BSL380 hydrogen
power plant, but primarily dominated by the interconnections, same as for mode 193. For mode 13, only
the interconnections participate. This mode also exhibits the same modes as previously with regard to the
intra-area modes for the grid-following converters with a frequency of around 0.6366 Hz. As before, the
kinetic energy and inertia constant do not play a part in damping these modes. Interestingly, none of the
modes exhibit a low damping of any of the other intra-area modes associated with this, with a frequency
of around 1.2 Hz. This indicates that this single phenomenon did not translate to lower kinetic energy
levels and is most likely due to the lower damped inter-area oscillations found in the original simulations.

Interestingly, while the interconnection modes include all the different interconnections, it is seen that
for all the modes, the interconnection at MBT380 is the first or second largest participation factor for all
modes except for mode 124. The location of the MBT380 interconnection is of interest. While the other
AC interconnections are all lined up on the far east side of the power system, in a line, the MBT380 is
placed more inland and southern towards Belgium. Because of this, it has a slightly different placement
than the other interconnections, contributing to the different modes. A similar pattern was evident in the
original eigenvalue analysis regarding the modes, but here, the frequencies and participations largely
suggest inter-area modes influenced by all the different interconnections. Analyzing the frequency of
the three modes with heavy participation by MBT380, the frequencies of interest are 0.878, 0.973, and
1.404 Hz, respectively. According to the earlier definition with regards to mode identification, these fall
into local modes with ranges from 0.7 to 2 Hz or intra-area oscillations with frequencies between 0.4 to 1
Hz. However, as inter-area oscillations typically stop at around 0.7 Hz, due to the changing system
dynamics associated with these low kinetic energy and inertia constant system parameters, it could
be true that the inter-area oscillatory mode definition has changed as well, representing faster-acting
inter-area oscillations.

Based on this, it is assumed that modes 13 and 131 are still evident as inter-area modes but with increased
oscillatory speed. This is due to the nature of the different areas represented in the participation modes,
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indicating an oscillatory dynamic between different areas. For mode 121, with a frequency of 1.111 Hz,
only the interconnections on the eastern side of the country are part of the participation for this mode.
Due to the nature of the oscillations within the same "area" part of the power system, this is classified as
an intra-area mode. As before, while the intra-area mode typically falls within frequencies between 0.4
to 1 Hz, due to the faster-acting nature of the system now, it is assumed that even frequencies up to
1.111 Hz can exhibit intra-area oscillatory modes. Finally, mode 193, with a frequency of 1.404 Hz, is
identified. Here, the main participation comes from the interconnection at OBZ380, with the secondary
coming from the MBT380 interconnection. These generators are closely located, suggesting an intra-area
oscillation with an even higher frequency.

As seen in this analysis, the definition of these modes is expected to change as the overall dynamics
of future power systems change. As the kinetic energy drops in combination with different inertia
constants, new faster-acting modes are observed in the system, impacting the system differently than
the original inter-area modes found for higher kinetic energy levels. The frequency response findings
also discussed the faster-acting oscillations, which showed a quick settling time but with high amounts
of smaller, faster oscillatory modes in the response.

It is evident that the combination of low inertia constant and kinetic energy levels shifts the fre-
quencies of the different modes, complicating their identification with respect to oscillatory behavior.
While some of these modes were evident for different inertia constants, others were not. Analyzing the
different inertia constants, it is evident that even with low kinetic energy levels, there are well-damped
modes for these system characteristics. For example, with an inertia constant of 2.25 s, modes with
frequencies of 0.8785 and 0.9728 Hz were found, ignoring the grid-following modes that did not change.
These two modes are the lowest damped for the system, with damping ratios of 7.35 % and 9.75
% respectively. Thus, with these two being the lowest damped modes in the system (ignoring the
grid-following modes), it can be concluded that this combination actually has a well-damped oscillatory
behavior, which was also evident in the frequency response analysis. A similar analysis was found
for the 4.1 s inertia constant. Here, only the mode with a frequency of 0.8785 was identified, which
is similar to the two other lower-level inertia constant modes. However, all the modes with this sys-
tem characteristic had excellent damping, with none of the modes exhibiting a damping ratio below 10 %.

Once again, the worst damping performance occurs for the system with the lowest inertia con-
stant. However, unlike the 1025 GVAs simulation results, it can be seen here that while the system
has very low and poor damping, no unstable modes are observed in the analysis. This indicates that
the smaller inertia constant has improved damping for the lowest levels of kinetic energy compared
to the medium levels. This is likely due to the new fast-acting nature of both the kinetic energy and
inertia constant levels working closer in harmony, compared to medium responsiveness for medium
kinetic energy levels and fast responsiveness for the low inertia constant. While the low inertia constant
did not show any unstable modes for the highest level of kinetic energy either, the kinetic energy
levels were probably high enough to keep the system stable alone, maintaining its limit even with
the slow-acting nature of the system. Thus, while there are new interesting mode behaviors for the
lowest level of kinetic energy and with a properly tuned control system, it is possible to combine lower
inertia constants with lower kinetic energy values to create a fast-acting, properly balanced power system.

In conclusion, the analysis shows that different kinetic energy and inertia constant values signifi-
cantly impact the system’s stability, both in terms of frequency stability and rotor angle oscillatory
stability. Lower inertia constants had worse performance for all three kinetic energy levels, indicating a
preference for higher inertia constants. However, comparing different inertia constants across different
kinetic energy levels revealed a more complex analysis. This will be further analyzed in the next
section. Overall, the future interconnected power system and internal inertia constant and kinetic
energy levels will play a vital role in future system stability, and further research with respect to the
tuning of controller parameters should be conducted to address the stability issues associated with
these system characteristics.
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7.4.4.2. Kinetic Energy Analysis

Next, the simulations performed for a dynamic change in the kinetic energy levels with respect to a
constant inertia constant will be discussed. These simulations were conducted with a constant inertia
constant and varying kinetic energy levels, providing an inverse analysis compared to the inertia
constant study.

Starting with the inertia constant of 4.1 s, the frequency response analysis results for the differ-
ent kinetic energy levels can be seen in Figure 7.64, with the frequency nadir, ROCOF, and maximum
deviation provided in Table 7.16. It is evident that the highest kinetic energy levels result in the
best system performance. The highest kinetic energy level shows a frequency deviation of 16.4 mHz
compared to 23.6 mHz for the lowest kinetic energy level, a difference of 30.5 %. The higher kinetic
energy levels also display the best ROCOF values for the 500 ms simulation window, while the 1025
GVAs level performs best for the 100 ms window. The lowest kinetic energy levels perform the worst in
both cases.

When the initial load response occurs, the lower kinetic energy levels exhibit a faster and larger
initial deviation before the response occurs. This results in a larger maximum deviation but allows
the response of the signal to occur faster. The maximum deviation for the 1800 GVAs occurs around
the 8-second mark, at approximately 7.5 seconds for the 1025 GVAs, and around 6-6.5 seconds for the
250 GVAs. It is known that kinetic energy levels serve as the "first line of defense" in the system, and
thus, the initial frequency deviation is largely dependent on the kinetic energy levels, as highlighted here.

After the initial deviation, the frequency increases for all responses. The order is similar to the
frequency deviation, with higher kinetic energy levels allowing for a higher frequency when the
simulation window is up compared to the lower values. The difference between the minimum frequency
nadir and the new settling time is small for all three responses, but it is evident that higher kinetic
energy levels result in a better frequency nadir and a better new settled frequency level after the initial
event. However, the oscillatory nature of the lower kinetic energy levels dampens quickly, and the
overall oscillatory nature stops around the 10-second mark. For the 1025 GVAs, this is not properly
dampened until the 20-second window is up, but it starts to become a smooth signal, while the 1800
GVA still has the largest oscillations occurring. Although these oscillations are not large, they indicate
the damping characteristics of the different levels. Typically, while higher kinetic energy levels provide
better system defense against initial frequency deviation, they are known to have a slower settling time
due to the large amounts of rotational forces necessary to reach new steady-state operation, potentially
causing oscillatory performance issues, often influenced by larger inter-area oscillations as highlighted
in Case Study A.

Moving on to the eigenvalue analysis, as seen in Figure 7.65 to 7.67, a similar pattern is observed. Major
deviations in the system’s overall damping and oscillatory performance favor lower kinetic energy
levels. The lower kinetic energy levels shift the modes to have a faster oscillatory response and improved
damping. Analyzing the most critical modes, the same grid-following inter-area converter modes
are still evident and unchanged. For the other critical modes, the 1800 GVAs kinetic energy levels
have modes closer to the critical limit. There are no modes, except for the grid-following modes, with
damping ratios below 5 % and overall worse damping ratios than the 1025 and 250 GVAs levels.

Comparing the damping ratios for these critical modes, it is seen that all three levels have the
same damping ratio for the 0.63 Hz intra-area grid-following converter modes. However, the lower
kinetic energy levels have increased damping for all the inter-area modes associated with the system.
The comparisons are based on the results from the 1800 GVAs scenario, as these have the lowest damping
ratios. The same inter-area oscillations are not found for the 250 GVAs kinetic energy levels; results
similar to the low kinetic energy levels with varying inertia constants are found. Importantly, even
though these modes were found for the low kinetic energy levels, none had damping ratios below 10
%, indicating greatly improved damping compared to the other levels. Therefore, it can be concluded
that for a higher inertia constant, lower kinetic energy levels improve system damping but allow larger
frequency deviations, ROCOF values, and a lower steady-state frequency value after the disturbance.
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Next, the results for an inertia constant of 2.25 s are discussed, with the frequency response shown in
Figure 7.68 and the calculation indices in Table 7.16. Similar to the 4.1 s inertia constant, the overall
frequency deviation is higher for lower kinetic energy levels, ranging from 16.1 to 24 mHz. The settling
times of the signal are also different but decreased for all kinetic energy levels as the inertia constant is
reduced. The maximum frequency deviation occurs at 8, 7.5, and 6 seconds for the highest to lowest
kinetic energy levels. The higher kinetic energy levels also result in higher settled frequency levels after
the disturbance. However, it is clear that the settling of the frequency is worse for the lower inertia
constant. The higher kinetic energy levels also exhibit sustained oscillations compared to the lowest
kinetic energy value, highlighting a similar analysis to the higher inertia constant but with slightly more
oscillations evident. For the lowest kinetic energy levels, the oscillations settle around the 14-second
mark compared to the 10-second mark identified in the higher inertia constant simulations. The ROCOF
values are higher than those of the 4.1 s inertia constant results, even though the frequency deviations
are relatively similar for all scenarios. The largest difference is seen in the 100 ms simulation window
for the lowest kinetic energy values, with an 88 % difference favoring higher inertia values. A similar
difference is true for the other results but on a smaller scale. Overall, the frequency response is similar
to the higher inertia constant analysis, still exhibiting both positive and negative impacts with increased
and decreased inertia constant levels, not providing a clear performance enhancement between the
different values.

Finally, the results for the inertia constant of 0.5 s are discussed. The frequency response and
frequency calculation parameters are shown in Figure 7.72 and 7.16. A similar pattern is observed
when comparing the three different levels of kinetic energy, with a later maximum frequency de-
viation time and a better maximum deviation. However, the overall oscillations in the frequency
response are different. The maximum deviations occur after 8, 7.5, and 6 seconds for 1800, 1025,
and 250 GVAs, respectively, similar to the 2.25 s inertia constant, with maximum frequency devia-
tions ranging from 15.9 to 24.6 mHz. The ROCOF values are higher than the other inertia constant
values for the three levels of kinetic energy, generally worse for the low kinetic energy values, as expected.

The higher kinetic energy levels reach new heights compared to the low kinetic energy levels, going
above the original steady-state frequency before decreasing again, indicating a poorly damped response
with an overshoot. The previously high levels of kinetic energy had some sustained oscillations, now
increased with the 0.5 s inertia constant, and the overall oscillatory response is much higher. The
two levels of 1800 and 1025 GVAs still experience oscillations and do not reach steady state until the
20-second simulation window is up. The 250 GVAs kinetic energy levels now exhibit a higher frequency
value at the end of the 20-second simulation window but with multiple smaller oscillations, indicating
that the fast-acting nature of the system still causes oscillations, indicating poor damping for certain
modes. None of the different kinetic energy levels exhibit a well-damped frequency response, indicating
general instability for the 0.5 s inertia constant.

Analyzing the eigenvalue results for similar values, seen in Figure 7.73 to 7.75, many modes for
all three kinetic energy levels are beneath the 5 % and 3 % markers, with one mode for the 1025 GVAs
level having a positive real eigenvalue, indicating a negatively damped mode. This is seen for the mode
with a 0.5109 Hz frequency, one of the inter-area modes. A similar pattern is seen with the change
in oscillatory speed for the modes related to the 250 GVAs kinetic energy levels, and they cannot be
directly compared. The most critical modes of the 250 GVAs kinetic energy levels are also included
in the damping ratio comparison for simplicity. As before, the modes related to the grid-following
converters remain unchanged for the different kinetic energy values, but the damping of the different
inter-area modes varies. Two modes have improved damping for the 1025 GVAs level, while three
modes have improved damping for the 1800 GVAs level. Poor damping is also evident for the kinetic
energy levels of 250 GVAs, with four modes having damping ratios beneath 5 % and two modes below
3 %. Only the kinetic energy levels of 1025 GVAs have a negatively damped mode. Overall, all three
levels of kinetic energy show poorly damped systems for the 0.5 s inertia constant, with one being unstable.

The unstable mode associated with 1025 GVAs, not the higher or lower values, probably results
from a bad combination of kinetic energy and inertia constant. The reduced inertia constant causes
fast-acting changes in the system, and the kinetic energy levels are not strong enough to provide proper
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damping, nor are they small enough to benefit from the fast-acting nature of the grid-forming converters.
This results in a poorly damped combination. However, it is worth noting that both the higher and
lower kinetic energy values result in almost unstable systems. Thus, the only real conclusion from this
analysis is that none of the systems are stable with the current operational characteristics and an inertia
constant as low as 0.5 s.

Overall, the analysis shows complex results with respect to changes in the different kinetic energy
levels and the corresponding damping and frequency response of the system. Kinetic energy is a major
component in determining the maximum initial frequency deviation, which results in a slower initial
decrease. However, the lower kinetic energy levels generally result in better system damping. Thus,
the different kinetic energy and inertia constant levels are a double-edged sword in their current state.
Decreasing the kinetic energy levels results in higher maximum frequency deviations and higher new
frequency levels after the disturbance, while the lower kinetic energy levels result in a quicker damped
system with well-damped modes. The largest issues arose in the analysis for the low inertia constant
value of 0.5 s, resulting in one of the modes with negative damping for one of the kinetic energy levels
and very poorly damped oscillatory modes for all three kinetic energy levels, with each having at least
one mode below a 1 % damping ratio.

The results suggest that there is no ideal level of kinetic energy and inertia constant, and com-
plex response and damping of these modes are evident with respect to changes in the different values.
As these future estimations depend on technological advancements and policies, it is clear that further
research is needed to maintain system stability during all future kinetic energy and inertia constants
predictions, especially focusing on low inertia constant scenarios. Future research should build upon
this study and the studies on grid-forming penetration, controller, and controller parameter analysis to
further explore the potential of grid-forming converters in addressing these challenges.



7.4. Case Study C 195

7.4.5. Results and Findings

This study delved into the dynamic interplay between kinetic energy, inertia constants, and system
stability within a power system. Examining the frequency response and eigenvalue analysis across
varying inertia constants and kinetic energy levels revealed several critical insights.

Firstly, it was evident that higher inertia constants (e.g., 4.1 s and 2.25 s) consistently provide a
more stable system response. These higher values enhance the damping of oscillations, ensuring the
frequency settles more smoothly after disturbances. Conversely, lower inertia constants (e.g., 0.5 s)
lead to a system that reacts more quickly but suffers from increased oscillatory behavior and poorer
damping, potentially compromising stability.

Secondly, kinetic energy levels play a pivotal role in determining the system’s initial frequency
deviation and overall stability. Higher kinetic energy levels (e.g., 1800 GVAs) offer the best performance,
minimizing frequency deviations and enhancing system resilience. Medium kinetic energy levels (e.g.,
1025 GVAs) show similar patterns but with slightly reduced stability. Lower kinetic energy levels (e.g.,
250 GVAs), while settling within acceptable time frames, tend to exhibit more localized oscillations,
indicating less stable behavior.

The eigenvalue analysis further corroborates these findings, revealing that systems with higher
inertia constants possess significantly better damping ratios for critical modes. Lower inertia constants,
particularly when combined with medium kinetic energy levels, often result in modes with critically
low or even negative damping ratios, signaling potential instability.

Overall, the study underscores the intricate balance required between kinetic energy and inertia
constants to maintain system stability. While higher inertia constants and kinetic energy levels generally
foster a more stable environment, they do so at the cost of slower response times. Conversely, lower
values promote quicker responses but at the expense of increased oscillatory behavior and potential
instability.

Ongoing research is essential to ensure future power systems remain robust. This includes tun-
ing control systems for low inertia scenarios and leveraging technologies like grid-forming converters.
These efforts are crucial for achieving a well-balanced, stable power system capable of handling the
dynamic demands of future energy landscapes.

In summary, while there is no one-size-fits-all solution, this study highlights the need for a nu-
anced approach to managing kinetic energy and inertia constants. The stability and resilience of power
systems in an evolving energy landscape can be ensured by striking the right balance and continuing to
innovate in control strategies and technologies.



Conclusion

This thesis work presents extensive research and analysis on future power systems, including scenario
analysis, synthetic model development, and case studies. A brief summary of the work, reflections on
the research questions, and suggestions for future work are further detailed.

The scenario analysis highlighted deviations and uncertainties, underscoring the importance of
understanding various scenarios for future policy guidance. Using the national scenario from the
I13050-2 project as a baseline, the study integrated renewable generation capacity, flexibility resources,
and demand estimations. The upgraded synthetic model of the future Dutch power system, based
on the work of De Roos and Midhuna [72, 105], incorporated new infrastructure, generation, and
demand components informed by Dutch TSO 10-year investment plans, governmental plans, and
I13050-2 projections. Furthermore, more dynamic characteristics were implemented, and a load flow
and contingency analysis to meet N-2 criteria was done. Python scripts and Excel sheets were integrated,
enabling semi-automated processing. Conducting analyses in PowerFactory allowed for extensive
examinations, while Python and Excel improved efficiency. Three case studies demonstrated the model’s
capabilities, examining the impact of different shares of renewable generation units, grid-forming
converter controller parameters, and future projections of kinetic energy and inertia constants on
stability. The findings highlight the model’s potential for future research and policy adaptation.

8.1. Reflections of the Research Questions

The research addressed three critical questions concerning the stability of future power systems with
high renewable penetration and varying grid-forming converter configurations. Firstly, the analysis
revealed that while different renewable generation shares had minimal impact on overall system stability
due to robust contingency planning, the absence of ancillary services from certain renewable sources,
particularly solar PV, could compromise frequency stability. This highlights the necessity for accurate
forecasting and the strategic use of flexibility storage systems to ensure stability despite the variability
of renewable resources.

Secondly, the study found that different grid-forming converter types (VSM, Synchroverter, Droop)
exhibited similar performance in frequency stability and damping capabilities under most conditions.
However, the Synchroverter showed inferior performance during short-circuit events, especially at
high penetration levels, indicating a need for further refinement. Higher grid-forming converter
penetration generally improved system stability, although it also introduced specific challenges, such as
reduced damping in certain local modes. The sensitivity analysis of controller parameters revealed
that adjustments in key parameters, such as the damping coefficient, significantly affected system
performance. Improved frequency stability and damping were observed with optimized parameter
settings, suggesting the potential for dynamic control strategies to enhance stability. This underscores
the importance of both the penetration levels and precise tuning of controller parameters in achieving
optimal system performance.
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Lastly, future projections of inertia levels showed that higher inertia constants and kinetic energy
levels enhanced frequency stability but could lead to more oscillatory behavior. Conversely, lower
kinetic energy levels improved system damping but posed risks for frequency stability. These findings
suggest a complex interplay between inertia and stability, emphasizing the need for adaptive control
strategies and further research to optimize future power system configurations.

Overall, the study bridges the gap between theoretical developments and future trends in power
systems by building and improving a large-scale synthetic model representation of the future Dutch
power system and performing state-of-the-art case studies. This research enhances the understanding
of grid-forming converters, focusing on rotor angle and frequency stability, and evaluates system
performance through eigenvalue and frequency analysis. The project’s emphasis on fast-active power
balancing operations and system damping provides valuable insights into future power electronics
interfaced (PEI) systems and their impact on system characteristics. These contributions advance
scientific knowledge, offering significant value for future research efforts and policy development, and
are expected to influence international journals and conferences.

8.2. Future Work

The work done in the thesis opens various areas for future research utilizing the vast potential of the
synthetic dynamic model. Leveraging PowerFactory allows for multiple different types of studies and
research. Integrated with Python and Excel, the research opportunities are extensive.

Future research should focus on:

¢ Developing and validating smart control strategies for grid-forming converters.
¢ Exploring dynamic control settings to optimize stability under varying conditions.

¢ Further investigating the impact of different kinetic energy and inertia constant levels on stability
and control tactics.

¢ Enhancing the synthetic dynamic model with additional features and scenarios for broader
applicability.

¢ Assessing the impact of different flexibility resources in future scenarios.
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Grid-forming Converters
Implementation in PowerFactory

A.l. Additional Material
A11. Virtual Synchronous Machine

Grid-forming Converter Frame: Frame for grid-forming control of a converter

p_set speed

0 0
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u_ref
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u_set

1 Voltage control
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Figure A.1: VSM converter frame composite model.
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gfc_virtual synchronous machine: Virtual Synchronous Machine implementation for EMT and balanced RMS simulation
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Figure A.2: VSM block DSL frame.
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vco_P Voltage Controller: Basic AVR with proportional controller
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Figure A.3: Proportionate voltage controller DSL frame.
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A1.2. Synchroverter

Synchronverter Frame: Frame for synchronverter control of a converter
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Figure A.4: Synchroverter converter frame composite model.
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scv_synchronverter: Synchronverter implementation for EMT and balanced RMS simulation
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Figure A.5: Synchroverter block DSL frame.
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A.1.3. Droop Control

Grid-forming Converter Frame: Frame for grid-forming control of a converter
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Figure A.6: Droop converter frame composite model.
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gfc_droop control: Grid-forming droop control implementation for EMT and balanced RMS simulation
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Figure A.7: Droop control block DSL frame.



Case Studies Results

B.1. Case Study A
B.1.1. Short-Circuit event
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Figure B.1: Frequency response of 2 GW generator Gen Nuclear BSL380 after a short circuit occurring after 5 seconds for Case C,
with comparison of WOZ converters implemented.
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B.1.2. Load Event
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Figure B.2: Frequency response of all synchronous machines after a load event occurring after 5 seconds for Case A.

Mode 62: Participation
IEC_WOL_VVL380; Two Masses; x: 0.01/16.1 deg }
IEC_WOL_VHZ380; Two Masses; xHgen: -0.06 / -178.7 deg

IEC_WOL_VHZ380; Two Masses; xHWTR: -0.06 / -178.7 deg

IEC_WOL_VHZ380; Two Masses; x: 0.13/ 1.3 deg

IEC_WOL_OZN380; Two Masses; xHgen: -0.50 / 180.0 deg
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IEC_WOL_OZN380; Two Masses; xHWTR: -0.50 / 180.0 deg

IEC_WOL_OZN380; Two Masses; x: 1.00/-0.0 deg

-1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1
Eigenvalue of mode: -0,102 +3,999%j Period: 1,571 s, Frequency: 0,636 Hz Min. contribution: 0,010
Magnitude: 4,000 1/s, Angle: 91,468 deg Damping: 0,102 1/s, Ratio of Amplitudes: 1,175

Figure B.3: Overview of participation factors for mode 62.
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Mode 121: Participation

IEC_WOZ_NH150; Two Masses; xHgen: -0.50 / 180.0 deg

IEC_WOZ_NH150; Two Masses; xHWTR: -0.50 / 180.0 deg
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IEC_WOZ_NH150; Two Masses; x: 1.00/ 0.0 deg

-1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1
Eigenvalue of mode: -0,120 -4,000%j Period: 1,571 s, Frequency: 0,637 Hz Min. contribution: 0,010
Magnitude: 4,001 1/s, Angle: -91,714 deg Damping: 0,120 1/s, Ratio of Amplitudes: 1,207

Figure B.4: Overview of participation factors for mode 121.
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Mode 122: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: -0.21/ 172.6 deg

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.07 / -164.7 deg

Grid_HVNL; IC_AMPRION_NDR380_1; speed: -0.04 / -174.4 deg
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Grid_HVNL; IC_AMPRION_GNA380_1; speed: -0.87 / -172.2 deg

-0,8 -0,6 -0,4 -0,2 0 0,2 04 0,6 08
Eigenvalue of mode: -0,131 +2,571% Period: 2,444 s, Frequency: 0,409 Hz Min. contribution: 0,010
Magnitude: 2,574 1/s, Angle: 92,922 deg Damping: 0,131 1/s, Ratio of Amplitudes: 1,378

Figure B.5: Overview of participation factors for mode 122.



B.1. Case Study A 222

Mode 192: Participation

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.10 / 176.2 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: -0.19/-170.4 deg
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Grid_HVNL; IC_AMPRION_OBZ380; speed: -0.88 / -170.2 deg

-0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8
Eigenvalue of mode: -0,227 +3,210% Period: 1,958 s, Frequency: 0,511 Hz Min. contribution: 0,010
Magnitude: 3,218 1/s, Angle: 94,047 deg Damping: 0,227 1/s, Ratio of Amplitudes: 1,560

Figure B.6: Overview of participation factors for mode 192.
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Mode 86: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: -0.23 / 163.3 deg

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.06 / -164.6 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: -0.46 / 171.1 deg

Grid_HVNL; IC_AMPRION_OBZ380; speed: -0.10/ 171.4 deg

Grid_HVNL; IC_AMPRION_NDR380_1; speed: -0.90 / -166.9 deg

20us0l sisay | Alojoeq1emod INF IS uim pajesin

Grid_HVNL; IC_AMPRION_GNA380_1; speed: -0.08 / -179.0 deg

-0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8
Eigenvalue of mode: -0,111 +2,033*j Period: 3,090 s, Frequency: 0,324 Hz Min. contribution: 0,010
Magnitude: 2,036 1/s, Angle: 93,119 deg Damping: 0,111 1/s, Ratio of Amplitudes: 1,408

Figure B.7: Overview of participation factors for mode 86.
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Mode 124: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: 0.14 / 46.2 deg

Grid_HVNL; IC_ELIA_ZVL380_1; speed: 1.00 /0.0 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: 0.50 / 3.1 deg

Grid_HVNL; IC_AMPRION_NDR380_1; speed: 0.01 / -46.8 deg

Grid_HVNL; IC_AMPRION_GNA380_1; speed: 0.02 / -51.9 deg

20us0l sisay | Alojoeq1emod INF IS uim pajesin

Grid_HVNL; Gen_Hydrogen_BSL380; speed: 0.01 /-39.8 deg

-1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1
Eigenvalue of mode: -0,139 +2,445% Period: 2,570 s, Frequency: 0,389 Hz Min. contribution: 0,010
Magnitude: 2,449 1/s, Angle: 93,253 deg Damping: 0,139 1/s, Ratio of Amplitudes: 1,429

Figure B.8: Overview of participation factors for mode 124.
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Mode 129: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: 1.00 /0.0 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: 0.31/-22.7 deg

Grid_HVNL; IC_AMPRION_OBZ380; speed: 0.05 / -21.9 deg

Grid_HVNL; IC_AMPRION_NDR380_1; speed: 0.68 / 14.4 deg

20us0l sisay | Alojoeq1emod INF IS uim pajesin

Grid_HVNL; IC_AMPRION_GNA380_1; speed: 0.16 / 4.3 deg

-1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1
Eigenvalue of mode: -0,166 +2,103*j Period: 2,988 s, Frequency: 0,335 Hz Min. contribution: 0,010
Magnitude: 2,109 1/s, Angle: 94,509 deg Damping: 0,166 1/s, Ratio of Amplitudes: 1,641

Figure B.9: Overview of participation factors for mode 129.
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Mode 254: Participation

Grid_HVNL; Gen_Nuclear_MVL380; speed: 0.05/67.1 deg

Grid_HVNL; Gen_Nuclear_BSL380; speed: 1.00 /0.0 deg

20us0r sisay | Aiojoeq1emod INF TSI uim pajesin

Grid_HVNL; Gen_Hydrogen_BSL380; speed: 0.02 / -34.9 deg

-1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1
Eigenvalue of mode: -1,085 +7,663"j Period: 0,820 s, Frequency: 1,220 Hz Min. contribution: 0,010
Magnitude: 7,739 1/s, Angle: 98,058 deg Damping: 1,085 1/s, Ratio of Amplitudes: 2,434

Figure B.10: Overview of participation factors for mode 254
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Figure B.11: Active power transfer for different transmission lines for a load increase, extended simulation window.
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B.2. Case Study B

B.2.1. Comparative Analysis of Grid-Forming Controllers

50.0000
49,9950+
N
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49.98001 4 >5 % (Droop)
=ill= 25 % (Synchroverter)
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Figure B.12: Frequency response for different grid-forming controls at 25 % penetration after a load response occurring at 5

seconds.
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Figure B.13: Frequency response for different grid-forming controls at 25 % penetration after an outage event occurring at 5
seconds.
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Figure B.14: Frequency response for different grid-forming controls at 25 % penetration after a short circuit occurring at 5 seconds.

Table B.1: ROCOF, Frequency deviation, and Frequency Nadir for the three controllers compared at 25 % grid-forming

penetration.
Outage Event
. ROCOF (mHz/s) o
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (25%) 49.9964 1.6 1.1 3.6
Droop (25%) 49.9965 1.5 1.1 3.5
Synchroverter (25%) 49.9965 15 1.1 3.5
Short-Circuit Event
. ROCOF (mHz/s) .y
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (25%) 49.9911 68.0 17.5 8.9
Droop (25%) 49.9912 68.4 17.3 8.8
Synchroverter (25%) 49.9912 68.4 17.3 8.8
Load Event
. ROCOF (mHz/s) .
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (25%) 49.9770 7.2 5.8 23.0
Droop (25%) 49.9769 7.3 5.9 23.1
Synchroverter (25%) 49.9769 7.3 5.9 23.1
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Table B.2: ROCOF, Frequency deviation, and Frequency Nadir for the three controllers compared at 85 % grid-forming

penetration.
Outage Event
. ROCOF (mHz/s) o
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (85%) 49.9981 1.0 0.7 1.9
Droop (85%) 49.9981 0.9 0.7 1.9
Synchroverter (85%) 49.9981 1.0 0.8 1.9
Short-Circuit Event
. ROCOF (mHz/s) .
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (85%) 49.9968 18.8 5.3 3.2
Droop (85%) 49.9967 13.8 4.6 3.3
Synchroverter (85%) 49.9958 29.3 7.9 4.2
Load Event
. ROCOF (mHz/s) .
Case Index Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
VSM (85%) 49.9887 4.4 3.7 11.3
Droop (85%) 49.9886 5.1 3.8 114
Synchroverter (85%) 49.9886 5.3 3.9 11.4
50.0000 =@= 385 % (VSM)
=f= 85 % (Droop)
49,9980 == 85 % (Synchroverter)
T 49.99601
>
(@)
$ 49.9940
=)
o
g
L 49,9920+
49.9900+
0 2 4 6 8 10 12 14 16 18 20
Time [s]

Figure B.15: Frequency response for different grid-forming controls at 85 % penetration after a load response occurring at 5
seconds.
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49.9998 =fll= 85 % (Synchroverter)

_49.9995/
T
= 49.9993/
>

O

S 49.9990 |
3
© 49.9988
L

49.9985

49.9983

49,9980 i j ! | i i i i !
0 2 4 6 8 10 12 14 16 18 20
Time [s]

Figure B.16: Frequency response for different grid-forming controls at 85 % penetration after an outage event occurring at 5

seconds.
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Figure B.17: Frequency response for different grid-forming controls at 85 % penetration after a short circuit occurring at 5 seconds.
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Figure B.18: Frequency response for all synchronous machines for different grid-forming controls at 50 % penetration after a load

response occurring at 5 seconds.
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Figure B.19: Eigenvalue plot comparing the three different controllers at 25 % grid-forming penetration, all modes under 50 %
damping ratio included.
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Figure B.20: Eigenvalue plot comparing the three different controllers at 25 % grid-forming penetration, zoomed in on the most

critical modes.

Table B.3: Comparison of Eigenvalues, Frequencies, and Damping Ratios for VSM, Droop, and Synchroverter at 25 %
grid-forming penetration.

Mode index Eigenvalue Frequency (Hz) Vsﬁampgi;ol;;ﬁo (/Sogfnc
92 —0.1023 — 3.9989i 0.6364 2.5565 | 2.5565 | 2.5565
183 —0.1208 + 3.9996i 0.6366 3.0190 | 3.0190 | 3.0190
128 —0.1094 — 2.4459i 0.3893 44667 | 4.4625 | 4.4625
184 —0.1325 — 2.5725i 0.4094 51421 | 5.1348 | 5.1348
130 —0.1099 — 2.0365i 0.3241 5.3907 | 5.3877 | 5.3877
252 —0.2283 — 3.2132i 0.5114 7.0878 | 7.0852 | 7.0852
189 —-0.1623 — 2.1045i 0.3349 7.6904 | 7.6049 | 7.6049
313 -1.0861 — 7.6667i 1.2202 14.0266 | 14.0188 | 14.0188
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Figure B.21: Eigenvalue plot comparing the three different controllers at 85 % grid-forming penetration, all modes under 50 %
damping ratio included.
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Figure B.22: Eigenvalue plot comparing the three different controllers at 85 % grid-forming penetration, zoomed in on the most
critical modes.
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Table B.4: Comparison of Eigenvalues, Frequencies, and Damping Ratios for VSM, Droop, and Synchroverter at 85 %
grid-forming penetration.

Mode index Eigenvalue Frequency (Hz) Vsﬁampgfol({);tlo (/gifnc
24 -0.1019 - 3.9989i 0.6364 2.5485 | 2.5485 | 2.5485
43 —0.1165 + 3.9995i 0.6365 29125 | 29125 | 29125
30 -0.1078 — 2.0358i 0.3240 5.2854 | 5.2768 | 5.2858
44 —0.1445 — 2.5693i 0.4089 5.6146 | 5.6103 | 5.6125
128 —0.5097 — 8.9315i 1.4215 5.6974 | 5.6974 | 5.6974
114 —0.2297 — 3.2095i 0.5108 7.1388 | 7.1360 | 7.1380
58 —0.1938 — 2.4406i 0.3884 79148 | 79045 | 7.8969
94 —0.2194 — 2.1005i 0.3343 10.3876 | 10.2634 | 10.3748

B.2.11. Comparison of Grid-Forming Penetration Levels
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Figure B.23: Frequency response for different grid-forming penetration levels for the Synchroverter controller during an outage
event occurring at 5 seconds. The Synchroverter frequency control loop is highlighted in pink.
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Figure B.24: Frequency response for different grid-forming penetration levels for the Synchroverter controller during a load event
occurring at 5 seconds, Synchroverter frequency control loop highlighted in red.
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Figure B.25: Frequency response for different grid-forming penetration levels for the Synchroverter controller during a
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short-circuit event occurring at 5 seconds. The Synchroverter frequency control loop is highlighted in pink.
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short-circuit event occurring at 5 seconds (zoomed).

Synchroverter controller.

Table B.5: ROCOF, Frequency deviation, and Frequency Nadir for different grid-forming penetration levels with the

Outage Event

. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85 % 49.9981 1.0 0.8 1.9
50 % 49.9973 1.2 1.0 2.7
25 % 49.9965 15 1.1 3.5
Short-Circuit Event
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85 % 49.9958 29.3 7.9 4.2
50 % 49.9949 33.1 9.8 5.1
25 % 49.9912 68.4 17.3 8.8
Load Event
. ROCOF (mHz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85 % 49.9886 5.3 3.9 11.4
50 % 49.9836 6.2 4.8 16.4
25 % 49.9769 7.3 5.9 23.1

7.00

Figure B.26: Frequency response for different grid-forming penetration levels for the Synchroverter controller during a
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Figure B.27: Eigenvalue plot comparing the three grid-forming penetration levels for the Synchroverter controller, all modes
under 50% damping ratio included. The Synchroverter frequency control loop is highlighted in pink.
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Figure B.28: Eigenvalue plot comparing the three grid-forming penetration levels for the Synchroverter controller, zoomed on the
most critical modes.
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Table B.6: Comparison of Eigenvalues, Frequencies, and Damping Ratios for different grid-forming penetration levels with the
Synchroverter controller.

. . Damping Ratio (%)
Mode index Eigenvalue Frequency (Hz) 5% p 5%0 % 259
113 —0.1024 — 3.99891 0.6364 2.5485 | 25610 | 2.5565
172 —0.1197 + 3.9996i 0.6366 29124 | 29906 | 3.0190
173 —-0.1312 — 2.5708i 0.4092 5.6125 | 5.0967 | 5.1348
137 —0.1108 — 2.0331i 0.3236 5.2858 | 5.4402 | 5.3877
175 —0.1386 — 2.4448i 0.3891 7.8969 | 5.6618 | 4.4625
243 —-0.2271 - 3.2097i 0.5108 7.1380 | 7.0563 | 7.0852
182 —0.1658 — 2.1029{ 0.3347 10.3748 | 7.8587 | 7.6049
130 —0.5097 — 8.9315i 1.4215 5.6974 | 14.6317 | 14.5388
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Figure B.29: Damping ratio for each individual mode-related frequency for the three levels of grid-forming penetration with the
Synchroverter controller.
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Figure B.30: Frequency response for different grid-forming penetration levels with the Droop controller during an outage event
occurring at 5 seconds. The Droop frequency control loop is highlighted in pink.
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Figure B.31: Frequency response for different grid-forming penetration levels with the Droop controller during a load event
occurring at 5 seconds. The Droop frequency control loop is highlighted in pink.
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Figure B.32: Frequency response for different grid-forming penetration levels with the Droop controller during a short-circuit
event occurring at 5 seconds. The Droop frequency control loop is highlighted in pink.
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Figure B.33: Frequency response for different grid-forming penetration levels with the Droop controller during a short-circuit
event occurring at 5 seconds (zoomed).
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Table B.7: ROCOF, Frequency deviation, and Frequency Nadir for different levels of grid-forming penetration with the Droop

controller.
Outage Event
. ROCOF (Hz/s) .y
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85% 49.9981 0.0009 | 0.0007 1.9
50% 49.9973 0.0014 0.001 2.7
25% 49.9965 0.0015 | 0.0011 3.5

Short-Circuit Event

. ROCOF (Hz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 s Frequency Deviation (mHz)
85% 49.9967 0.0138 | 0.0046 3.3
50% 49.9970 0.0266 | 0.0055 3.0
25% 49.9912 0.0684 | 0.0173 8.8
Load Event
. ROCOF (Hz/s) .
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
85% 49.9886 0.0051 | 0.0038 11.4
50% 49.9836 0.0058 | 0.0047 16.4
25% 49.9769 0.0073 | 0.0059 23.1
12 T

10< !“ \a “\\
- o ,
\‘\\\

Fsetpoint

Imaginary
(@)}

] Droop 85 %
a1 X e Droop
Droop 50 %
Droop 25 %

2 . . Papoin
————— 5% Damping Ratio ;=" p @@

.......... 3% Damping Ratio

Phmeasurement
~3.0 2.5 -2.0 -1.5 ~-1.0 —-0.5
Real

Figure B.34: Eigenvalue plot comparing the three grid-forming penetration levels for the Droop controller, all modes under 50%
damping ratio included. The Droop frequency control loop is highlighted in pink.
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Figure B.35: Eigenvalue plot comparing the three grid-forming penetration levels for the Droop controller, zoomed on the most

critical modes.

Table B.8: Comparison of Eigenvalues, Frequencies, and Damping Ratios for different grid-forming penetration levels with the

Droop controller.

Mode index Eigenvalue Frequency (Hz) Damping Ratio (%)
85% 50% 25%
62 —0.1024 — 3.9989i 0.6364 2.5485 | 2.5610 | 2.5565
121 -0.1197 + 3.9996i 0.6366 29125 | 29906 | 3.0190
122 —0.1312 — 2.5710i 0.4092 5.6103 | 5.0969 | 5.1348
86 -0.1104 — 2.0331i 0.3236 5.2768 | 5.4198 | 5.3877
124 —0.1390 — 2.4458i 0.3893 7.9045 | 5.6742 | 4.4625
192 -0.2270 - 3.2100i 0.5109 7.1360 | 7.0554 | 7.0852
129 —0.1660 — 2.1042i 0.3349 10.2634 | 7.8632 | 7.6049
130 -0.5097 — 8.9315i 1.4215 5.6974 | 14.4747 | 14.5388
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Figure B.36: Damping ratio for each individual mode-related frequency for the three levels of grid-forming penetration with the

Droop controller.

Mode 128: Participation

IEC_WOL_ENS380; Two Masses; xHgen: -0.50 / 180.0 deg

IEC_WOL_ENS380; Two Masses; xHWTR: -0.50 / 180.0 deg

IEC_WOL_ENS380; Two Masses; x: 1.00/ 0.0 deg

90ue0 sisay | Alojoe1amod INFTISBIQ uim paresin

-0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8
Eigenvalue of mode: -0,510 +8,931%j Period: 0,703 s, Frequency: 1,421 Hz Min. contribution: 0,010
Magnitude: 8,946 1/s, Angle: 93,266 deg Damping: 0,510 1/s, Ratio of Amplitudes: 1,431

Figure B.37: Overview of participation factors for mode 128.



B.2. Case Study B

244

B.2.1.2. Controller Parameter Sensitivity Analysis
B.2.1.3. Synchroverter Results
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0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Time [s]

20.0

Figure B.38: Frequency response for different T, values for the Synchroverter controller. The Synchroverter frequency control

loop is highlighted in pink.

Table B.9: ROCOF, Frequency deviation, and Frequency Nadir for different values of T, for the Synchroverter controller.

T, (Synchroverter)
. ROCOF (mHz/s) L
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
T,=3 49.9836 6.2 4.8 16.4
T, =10 49.9837 6.4 47 16.3
T, =1 49.9837 6.4 47 16.3
14/
12 1 \\\\
199 == | 4 e
> \
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Figure B.39: Eigenvalues for different T, values for the Synchroverter controller. The Synchroverter frequency control loop is
highlighted in pink.
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Figure B.40: Eigenvalues for different T, values for the Synchroverter controller, zoomed on the most critical modes.
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Figure B.41: Frequency response for different K, values for the Synchroverter controller. Synchroverter voltage control loop

highlighted in blue.

Table B.10: ROCOF, Frequency deviation, and Frequency Nadir for different values of K4 for the Synchroverter controller.

Ky (Synchroverter)
. ROCOF (mHz/s) ..
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
K, =1000 49.9836 6.2 4.8 16.4
K, =2000 49.9836 5.8 45 16.4
Ky =500 49.9836 59 4.5 16.4




B.2. Case Study B

246

141 *
12 7] \\\\
10 | !,- i \\\\
> % |
g 8 | e S \‘\ :
E 6] o
X Sync-Kg-1000 Synchroverter ¢ T
4 ] Sync_Kq_zooo Qsetpoint =/YV(/‘\-=MUIIA,} > X 2
SynC-Kq-SOO Unmeasurement U \ /% Kq :
214 - 5% Damping Ratio = —ll 3 d
.......... 3% Damping Ratio Usetpoint § \\\
0 ‘ ! : ‘ | \
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
Real

Figure B.42: Eigenvalues for different K, values for the Synchroverter controller. Synchroverter voltage control loop highlighted

in blue.
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Figure B.43: Eigenvalues for different K; values for the Synchroverter controller, zoomed on the most critical modes.
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Figure B.44: Frequency response for different D, values for the Synchroverter controller. Synchroverter voltage control loop

highlighted in blue.

Table B.11: ROCOF, Frequency deviation, and Frequency Nadir for different values of D, for the Synchroverter controller.

D, (Synchroverter)
. ROCOF (mHz/s L.
Case Index | Frequency Nadir (Hz) 100 ms ( =00 rns) Frequency Deviation (mHz)
Dy =20 49.9836 6.2 4.8 16.4
D, =40 49.9836 59 45 16.4
D, =10 49.9836 5.7 4.6 16.4
14/
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Figure B.45: Eigenvalues for different D, values for the Synchroverter controller.
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Figure B.46: Eigenvalues for different Dy values for the Synchroverter controller, zoomed on the most critical modes.
B.2.1.4. Droop Controller
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Figure B.47: Frequency response for different m, values for the Droop controller. Droop voltage control loop highlighted in blue.

Table B.12: ROCOF, Frequency deviation, and Frequency Nadir for differe

nt values of m; for the Droop controller.

my (Droop)
. ROCOF (mHz/s) ..
Case Index | Frequency Nadir (Hz) 100 ms | 500 ms Frequency Deviation (mHz)
mg = 0.05 49.9836 5.8 4.7 16.4
mg =0.1 49.9836 5.8 47 16.4
my =0.01 49.9836 59 47 16.4
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Figure B.48: Eigenvalues for different 1, values for the Droop controller. Droop voltage control loop highlighted in blue.
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Figure B.49: Eigenvalues for different m; values for the Droop controller, zoomed on the most critical modes.
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B.3. Case Study C

Mode 13: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: -0.01 / 105.1 deg

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.03 / 179.0 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: -0.10 / -167.3 deg

Grid_HVNL; IC_AMPRION_OBZ380; speed: -0.02 / -168.5 deg

Grid_HVNL; IC_AMPRION_NDR380_1; speed: -0.88 / -171.0 deg

Grid_HVNL; IC_AMPRION_GNA380_1; speed: -0.02 / -166.6 deg

Grid_HVNL; Gen_Hydrogen_BSL380; speed: 0.00 / 87.0 deg

90u90l sisay | Aloyoeiamod INITISBIQ unm pereasn

-0,6 -0,4 -0,2 0 0,2 0,4 0,6
Eigenvalue of mode: -0,033 +5,520% Period: 1,138 s, Frequency: 0,878 Hz Min. contribution: 0,010
Magnitude: 5,520 1/s, Angle: 90,340 deg Damping: 0,033 1/s, Ratio of Amplitudes: 1,038

Figure B.50: Overview of participation factors for mode 13
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Mode 124: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: -0.21/ 176.7 deg

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.01/-148.0 deg

Grid_HVNL; IC_AMPRION_NDR380_1; speed: -0.05 / -174.3 deg

20us0l sisay | Alojoeq1emod INF IS uim pajesin

Grid_HVNL; IC_AMPRION_GNA380_1; speed: -0.96 / -172.0 deg

-1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1
Eigenvalue of mode: -0,164 +6,978% Period: 0,900 s, Frequency: 1,111 Hz Min. contribution: 0,010
Magnitude: 6,980 1/s, Angle: 91,349 deg Damping: 0,164 1/s, Ratio of Amplitudes: 1,160

Figure B.51: Overview of participation factors for mode 124.
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Mode 131: Participation

Grid_HVNL; IC_TenneT_DIL380_1; speed: -0.05/-105.2 deg

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.36 / 177.5 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: -0.61/-172.6 deg

Grid_HVNL; IC_AMPRION_OBZ380; speed: -0.03 / -170.4 deg
Grid_HVNL; IC_AMPRION_NDR380_1; speed: 0.01 / -46.9 deg ]

[ Grid_HVNL; IC_AMPRION_GNA380_1; speed: -0.03 / -136.6 deg

Grid_HVNL; Gen_Nuclear_BSL380; speed: -0.05 / 172.0 deg

Grid_HVNL; Gen_Hydrogen_BSL380; speed: -0.10 / 142.2 deg

-0,6 -0,4 -0,2 0 0,2 04
Eigenvalue of mode: -0,188 +6,112% Period: 1,028 s, Frequency: 0,973 Hz Min. contribution: 0,010
Magnitude: 6,115 1/s, Angle: 91,761 deg Damping: 0,188 1/s, Ratio of Amplitudes: 1,213

Figure B.52: Overview of participation factors for mode 131

0,6

20us0l sisay | Alojoeq1emod INF IS uim pajesin
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Mode 193: Participation

Grid_HVNL; IC_ELIA_ZVL380_1; speed: -0.07 / -179.5 deg

Grid_HVNL; IC_ELIA_MBT380_1; speed: -0.17 / -166.5 deg

Grid_HVNL; IC_AMPRION_OBZ380; speed: -0.88 / -166.4 deg

20us0l sisay | Alojoeq1emod INF IS uim pajesin

Grid_HVNL; Gen_Hydrogen_MBT380; speed: -0.02 / -166.3 deg

-0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8
Eigenvalue of mode: -0,322 +8,823%j Period: 0,712 s, Frequency: 1,404 Hz Min. contribution: 0,010
Magnitude: 8,829 1/s, Angle: 92,093 deg Damping: 0,322 1/s, Ratio of Amplitudes: 1,258

Figure B.53: Overview of participation factors for mode 193.
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C.1. Introduction

This appendix provides a comprehensive explanation of the Python and Excel resources utilized as
ancillary services for the Synthetic Dynamic power system Model, which has been upgraded in chapter 5
and 6. The integration involves two primary Python scripts that work in conjunction with two Excel
spreadsheets. The Python scripts are responsible for calculating and distributing the dispatches of
various sources and implementing these calculations into PowerFactory. The Excel spreadsheets offer a
clear overview of the installed capacities, facilitate the placement of various dispatches, and summarize
system parameters for further integration into Python.

Initially, the setup process for these resources will be outlined, followed by a detailed explanation of the
codes and their functionalities. This structure aims to ensure seamless integration into complementary
work, thus making the codes and model a vital resource for advancing related projects.

Some aspects of the work in Excel, Python, and PowerFactory are based on prior research and
have been extended to better suit this assignment. This foundational work is primarily documented in
[72], hereafter referred to as "Midhuna." The relevant sections will detail the contributions from this
source and the modifications made.

All models used within the PowerFactory model are based on generic representations provided
as templates within PowerFactory. For more detailed information on these models, please refer to the
PowerFactory technical reference.

Case A should already be implemented with the proper operational characteristics in the synthetic
model. However, the updates highlighted in the following sections must be made if the different cases
are to be used.

A flowchart depicting the general process of integrating Python, Excel, and PowerFactory resources in
the synthetic model can be seen in Figure C.1.
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Figure C.1: Flowchart highlighting the Python and Excel setup and integration with PowerFactory.
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C.2. Model Setup

This section provides the necessary information to set up the model in PowerFactory, Python, and Excel.

C.2.1. PowerFactory

Starting with the PowerFactory model, several important implementations are made to enable the use of
the model and its ancillary scripts and Excel files. Here, the PowerFactory version "2023 SP6" is utilized.
The same version should be used to ensure the smooth operation of the model.

The first step in the PowerFactory setup is importing the dynamic model from the zip file attached to
the thesis. Navigate to file — import — .PFD file, as highlighted in the red square in Figure C.2. Then,
select the PowerFactory PFD file from the thesis’s zip folder.

PF DIgSILENT PowerFactory 2023 - "DynamicStability_EHVnetwork_test(2)"

File Edit View Insert Data Calculation Output Tools Window Help

00 New "B b [ B

Examples...
- | £ CGlI P v Can

Import 4 I Data (*.pfd;*.dz*.dzs)... I
Export 4 DGS Format...
Offline ANAREDE / ANAFAS...
[3 Activate Project... Elektra...
Deactivate Project PSS/ADEPT...
EE] Activate Study Case... Y-
Deactivate Study Case R
Neplan...
29 Activate Operation Scenario... e
Deactivate Operation Scenario |
ntegral...
Save Operation Scenario RS
[22 Save Operation Scenario as... 1SU
Print... Ctrl+P Sincal...

Printer Setup...

v 1 ..tability_EHVnetwork_test(2)
2 ..tability_EHVnetwork_test(3)
3 ..tability_EHVnetwork_test(1)
4\Sander\DynamicStability_EHVnetwork_test
5 \Sander\DynamicStability_EHVnetwork

Exit Alt+F4

Figure C.2: Snapshot PowerFactory model import.

The second part of the setup involves ensuring that PowerFactory utilizes the correct Python version
for external scripting. Begin by selecting Tools and Configuration, as indicated by the blue and pink
squares in Figure C.3. This action will open the window shown in Figure C.4, where the external
application option should be selected, as highlighted in the yellow square. Next, choose the appropriate
Python version, indicated by the red square. For this work, Python version 3.11 is recommended. While
different versions may be used, this can affect the functionality of certain features. Therefore, it is
advisable to use Python version 3.11 or ensure that the necessary adjustments for other versions are
made.
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Window Help

(3 Network Data Assessment...
Check Network Topology...

CGMES Tools >

K2

Execute Script...

Report Manager...
Compare and Merge Tool...
Diagram Layout Tool...
Update Database...

0 X

Tl
)

Text Editor... Ctrl+E
Symbol Editor...

Scenario Configuration...

Data Extensions >

1 Workspace »
Commands ¢
Profiles »

| 4 User Settings...
Switch User...

I Configuration... l
Licence D

Figure C.3: Snapshot PowerFactory External Python Version setup.

O PowerFactory Configuration - aSetConfig.SetConfig X

General

Database

Workspace

External Applications
Network

Geographic Maps
Advanced

-

Interpreter selected by version v

Cancel
Version 3.11 v
Used editor system default &4

Custom editor

C/C++ Compiler

Version MinGW v

PDF Viewer

Used viewer system viewer v

Executable

PyTorch

Directory

Figure C.4: Snapshot PowerFactory External Python Version setup.
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C.2.2. Python Setup

As mentioned in the previous subsection, Python version 3.11 is recommended to ensure the model’s
proper operation.

The first part of the Python setup is to ensure the correct packages are installed. The primary
package required is the "win32" package. The installation process for this package will depend on the
environment in which Python is used. For a detailed installation guide, please refer to: Tutorial.

The overall setup changes necessary in Python are minimal. They involve primarily adapting folder
paths and the name of the PowerFactory model.

The initialization of the two Python scripts, "Scenario-2050" and "Calculations," is depicted in Figure C.5
and Figure C.6, respectively. The initialization of the "Scenario-2050" script consists of two parts:
integration with Excel and integration with PowerFactory. The setup for integration with Excel is shown
in the red square. Three different Excel sheets are initialized: the input, installed capacities, and output
files. The input file contains the dispatches, the installed capacities file includes the installed capacities
and the output file is used for output purposes. Although no output is printed to the output file, it is
included to ensure consistency with previous work by De Roos. All three Excel sheets must have the
correct folder paths, which must be updated for the specific computer used.

A similar initialization for the dispatches file in Excel is required for the "Calculations" script, as
shown in Figure C.6. This setup needs to be adjusted similarly.

In the blue square in Figure C.5, the integration with PowerFactory is shown. Line 31, highlighted in
yellow, indicates the PowerFactory module and the respective version of Python for scripting. This must
be updated to match the Python version used, as detailed in subsection C.2.1. Line 35, highlighted in the
green square, represents the specific project in PowerFactory to be activated and used for simulations.
This should correspond to the name of the ".PFD" file found in the zip file and should be adjusted
accordingly. This setup facilitates easy integration with test systems for specific model work, as shown
in the example.

input_excel = r'G.

installedcap_exce

output_excel = '

EnsureDispatch( ‘Excel.Applici

Workbooks . Open (input_excel)
workbooks .Open (output_excel)
Open(installedcap_excel)

excel.Visible

studycasefolder = app.GetProjectFolder('study"’)
studycases = studycasefolder.GetContents()

Genstatmax = 1

Figure C.5: Snapshot Python Initialization (Scenario-2050).


https://www.youtube.com/watch?v=pLp6ZYLnnXo
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excel = win32.gencache.EnsureDispatch( 'Excel.Application’)
excel.Visible = True

input_excel = r"G:\Andre datamaskiner\Min bzrbare datamaskin\Master\Thesis\Documentation\Phyton\Simulation\Scenario-Input-2-with-dispatched-case-b

wbin = excel.Workbooks.Open(input_excel)

sheet_II30502 = wbin.Worksheets("II3650")

Figure C.6: Snapshot Python Initialization (Calclations).

C.2.3. Excel

No specific setup is required to use the Excel sheets. The key consideration is ensuring that the Excel
sheets’ correct names and locations are accurately referenced in the Python codes. Additionally, avoid
making changes in Excel without verifying their impact on the various Python scripts, as these scripts
rely on specific cells in Excel. The Excel version used for this work is 2404.

C.3. Python and Excel Functions

This section explains the different functions of the Excel and Python resources. There are primarily two
Excel sheets and two Python scripts of interest.

The two Excel sheets are used to determine the system capacities and dispatches of different generation
and load sources for various cases.

The two Python scripts include one for the main calculation of dispatches in the system, consid-
ering grid-forming penetration levels and the generation percentages of different sources, as well as
flexibility calculations and load determination. The other script is used with PowerFactory to integrate
the Excel sheets into PowerFactory, containing various functions for easy integration and adaptation of
dynamic models in PowerFactory.

C.3.1. Setting Capacities of the Model

First, the Excel sheet used to set the different capacities of the system, called "Installed-Capacities,"
is highlighted. This sheet determines the capacities for the static and synchronous machines in the
system. The capacities are set manually, and new resources added to the dynamic model should also be
implemented in this Excel sheet.

An overview of the Excel setup can be seen in Figure C.7. The red circle highlights the columns
and the structure of the setup, the blue circle displays the different sheets available in the Excel structure,
and the green square highlights the new implementations done for this project. This general overview
shows that multiple characteristics are available for selection.

As previously mentioned, this Excel file is largely based on the work from Midhuna. The work
has been adjusted to fit the newly implemented resources while maintaining a similar overall structure
for easier integration.

It can be seen that the synchronous machines are chosen based on the "1) SymGen list" Excel sheet. New
additions like hydrogen and nuclear power plants and the interconnections represented as synchronous
machines are highlighted in the green square. New synchronous machines should be included here if
they are added to the system. The corresponding transformers connected to the synchronous machines
for the hydrogen and nuclear power plants are also implemented, enabling easy adjustment based on
necessary increases or decreases of these sources for different projections. The AC interconnections are
directly connected to the 380 kV level and do not require any transformer. It is important to note that the
interconnection ratings are properly determined in one of the Python codes by using the synchronous
machine’s capacity to represent the kinetic energy and inertia levels in the AC interconnections. There-
fore, they can remain as is in the Excel sheet, but it is essential to run the exact Python function to
properly integrate the AC interconnections. This specific Python function will be explained later.
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Additionally, it can be seen that the installed capacities are easily integrated into different scenar-
ios, making it easy to control and compare various scenarios. It is also possible to change the number of
parallel machines if necessary.

en names: Zone _|nitial Capacitq 113050-2]10-2050 |10-2050{01d Par.no. |New Par.No of |trafo name ‘Srat|Init Amount {trafo_li3050 trafo_0-2050 |trafo_I0-2050-
i i i 1
GAS B15 1 B 1743 [ [ [ T T Trafo_BISONST 255 3 1 1 1
GAS FI5 F 73 0 0 0 1 1 Trafo FiONS 255 1 1 1 1
GAS GOOB GO 356 0 0 0 1 1 Trafo_GOONOS 255 2 1 1 1
GAS GFUIS GFU 170 0 0 0 1 1 Trafo GFUISONS 255 8 1 1 1
GAS Li5 L 672 0 0 0 1 1 Trafo L1505 255 4 1 1 1
GAS NHI5 NH 3231 0 0 0 1 1 Trafo NHISOHS 255 1 1 1 1
GAS ONI5 oN 222 0 0 0 1 1 Trafo_ONIONS 255 2 1 1 1
GAS 215 2 2z 767 0 0 0 1 1 Trafo 2150152 255 4 1 1 1
GAS ZHT5 2H 3781 0 0 0 1 1 Trafo_ZHIS0N5 255 19 1 1 1
NUCL 216 1 K 543 0 0 0 1 1 Trafo_2150/15.1 255 3 1 1 1
Gen COAL EOSTS GD 878 0 0 0 2 1 Trafo EOS380/5 255 10 1 1 1
Gen COAL MVLI5 1 2H 13 0 0 0 1 1 Tafo MVLISONSI 255 [ 1 1 1
Gen COAL MVLIS 3 2H 812 0 0 0 1 1 Trafo_MVLISONS3 255 5 1 1 1
Gen GAS BGMIS F 0 0 0 2 1 Trsfo_BGMR20MS 255 1 1 1 1
Gen GAS BSLI5 4 434 0 0 0 2 1 Trafo_BSLISONS 255 6 1 1 1
Gen GAS DIMI5 NH 483 0 [ 0 1 1 Trafo_DIM380/S 255 3 1 1 1
Gen GAS DKGI5 GD 522 0 0 0 3 1 Trafo OKG3305 255 8 1 1 1
Gen GAS EEMI5 1 GD 401 0 0 0 1 1 Trafo EEM220/151 255 3 1 1 1
Gen GAS EEMI5 2 GO 333 0 0 0 2 1 Trafo EEM220152 255 5 1 1 1
20 _|Gen GAS EEMI5 3 GD 333 0 0 0 1 1 Trafo EEM22053 255 3 1 1 1
21 _[Gen GAS EEMIS 4 o] 400 0 0 0 1 1 Trafo EEM220/154 255 2 1 1 1
22_[Gen GAS LLSI5 GFU 473 0 [ 0 1 1 Trafo LLS380/15 255 3 1 1 1
23 |Gen GAS MBTS L 1449 0 0 0 1 1 Trafo_MBT380MS 255 10 1 1 1
24 [Gen GAS MVLI5 2 2H 469 0 0 0 2 1 Trafo_MVLIS0NS2 255 5 1 1 1
25_|Gen GAS REES GD 16 0 [ 0 1 1 Tralo_REB220/15 255 1 1 1 1
26 T Gan 305 SMHIE 25 473 0 0 0 1 1 Trafo SIHIENNS 258, 2 1 1 1
drogen BSL30 GD [ [] 1 1 [Tisfo BSLIBONS 1| 255 2 7 T 1
drogen DIM380 GD [ 0 1 1 2 7 1 1
lydrogen EEM380 GD 0 0 1 1 2 7 1 1
diogen E0S330 GO [l 0 1 1 2 7 1 1
lydrogen GFUIE0 2H [ 1 1 2 7 1 1
lydrogen MET380 GD 0 0 1 1 2 7 1 1
diogen MVL330 G0 [ 0 1 1 2 7 1 1
tydrogen NHI50 2H 0 0 1 1 2 7 1 1
lydrogen ZHI50 2H 0 0 1 1 2 7 1 1
Hydiogen ZHI50 2 2H 0 0 1 1 2 7 1 1
Juclear_BSL380 GD 0 0 1 1 2 7 1 1
luclear MVL3S0 GD 0 0 1 1 2 7 1 1
connection:
IPRION GNAJE0 1 on 767742 157677 0 0
IPEION NOR330 1 GFU 15767742 1576.77 0 0
IPRION 082380 Limburg 15767742 167677 0 0
14 MBT380 | Limburg 1638084516 169806 0 0
1A 2VL380 1 H 1693064516 1638.06. 0 0
enneT DIL380 1 GO 4351612904 485161 0 0
Total Conv Cap 41595” [ o 0
TotalL¥ Conw Cap 7 13738" 0 0 0
Total HY Conu Cap r 6178” 0 [ilg 0

1) StatGen list 1) StatGen list BM 2) SymGen list 2) StatGen list 1) 2030 HV scaled prop 2) 2030 HV

Figure C.7: Snapshot Installed-Capacities Excel.

Next, a snapshot of the static generator sheet in the installed-capacities Excel file is provided in Figure C.8.
Here, a similar setup to that of the synchronous generator list is evident. The grid-following converters
are represented in this figure. Further down, the BESS (Battery Energy Storage Systems), fuel cell, and
interconnection capacities are also implemented.

Following these initializations, an overview of the different sources can be seen in Figure C.9. This
overview presents the total ratings for various resources, including a comparison of renewable capacities
representing grid-forming and grid-following converter integration. This comparison is useful for an
easy overview and ensures that the total installed capacities in the system match.

After this, the grid-forming converters are initialized in the same manner as the grid-following.
Overall, this setup provides an easy overview, facilitates comparisons, and ensures smooth integration
into the model.
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D

1 [ gen names type Initial Capacity 10-2050 10-2050-2
2 W_WOL_ALR380 Wind 1150 1150
3 W_WOL _B150 wind 260) 260)
4 |W_WOL BKK380 Wind 1150 1150
s W_WOL_DOD380 Wind 1150 1150
6 |W_WOL ENS380 Wind 1150 1150
7 W_WOL F110 Wind 700| 700)
8 |W_WOL GDO110 Wind 700) 700)
9 |w_woL GDo110_2 Wind 800) 800)
10 |W_WOL GFU150 wind 2400 2400
11 |W_WOL GFU150_2 Wind 800) 800)
12 |W_WOL Hsw220 Wind 800) 800)
13 |w_woL L150 Wind 800) 800)
14 |W_woL LSM220 Wind 800) 800)
15 |W_WOL_NH150 Wind 800) 800)
16 |W_WOL NH150_2 Wind 800) 800)
17 |W_WOL ON110 wind 540 540
18 |W_WOL ON110_2 wind 800) 800)
19 |w_woL 0zN380 Wind 1150 1150

20 |w_woL_VHz380 Wind 1150 1150
21 |w_WoOL Wi380 Wind 1150 1150
22 |w_wol 2150 Wind 700| 700)
23 |w_WoL_zH150 Wind 1150 1150
24 |W_WOL zH150_2 Wind 800) 800)
25 |w_woL zvv220 wind 800) 800)
26 |w_woz BSL3&4 Wind 794.9913 794.9913
27 |w_woz BsL380 Wind 797.1113 797.1113
28 |w_woz DDW_1 Wind 2119.977 2119.977
29 |w_woz pow_2 Wind 2119.977 2119.977
30 |w_woz _FOS380_1 Wind 317.9965 317.9965
31 |W_WOz_FOS380_2 Wind 317.9965 317.9965
32 |w_Woz GT380_1 wind 2119.977 2119977
33 |w_woz GT380_2 Wind 2119.977 2119.977
34 |W_WOZ HKN Wind 7419918 7419918
35 |W_Woz HKW Wind 1483.984 1483.984
36 |W_WOZ_HKW-2 Wind 7419918 7419918
37 |w_woz Hkz Wind 1483.984 1483.984
38 |W_WOZ _HST380_1 Wind 2119.977 2119.977

W_WOZ_HST380_2 1350 1350

1) StatGen list

1) StatGen list BM 2) StatGen list 1) 2030 HV scaled prop 2) 2030 HV

1) SymGen list 2) SymGen list

Figure C.8: Snapshot Installed-Capacities Excel, statgen sheet.

iEE] Following:

iEE) Check Total WOZ 55879.5295
W& Check Total WOL 22500
WESY Check Total PV 174850
iE¥Y Check Total BESS 63000
sEY Check Total Fuel Cell 14950
Check |Tota| Interconnection 5821.935485
Forming:
Check Total PV 174850
Check Total WOL 22500
Check Total WOZ 55879.533
135 gen names type Initial Capacity 113050-2 10-2050 10-2050-2
136 Converter_PV_B150 Solar PV 2550 2550
137 Converter_PV_B150_2 Solar PV 3850 3850
138 Converter_PV_BGM220 Solar PV 3850 3850
139 Converter_PV_BKK380 Solar PV 3850 3850
140 Converter_PV_BMR380 Solar PV 5000 5000
141 Converter_PV_DIM380 Solar PV 3850 3850
142 Converter_PV_DOD380 Solar PV 5000 5000
143 Converter_PV_DTC380 Solar PV 5000 5000
Converter_PV_EEM220 Solar PV

1) SymGen list 1) StatGen list 1) StatGen list BM 2) SymGen list 2) StatGen list 1) 2030 HV scaled prop 2) 2030 HV

Figure C.9: Snapshot Installed-Capacities Excel, Overview of different capacities.

It can be seen that multiple other sheets are available in the Excel file. These sheets were brought over
from previous projects and were left uninterrupted in the current project to allow for future integration
if necessary. Thus, only the first two sheets are relevant for this project. Refer to [72] for further details
on these sheets.

To integrate these capacities into the PowerFactory model, a script was updated in Python. A snapshot
of this function can be seen in Figure C.10. This function was originally available in previous work by
De Roos and has been extended to integrate the newly implemented resources and capacities. It can
be seen that the first two Excel sheets for synchronous and static generators are utilized. The different
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inputs are classified into ranges for the various resources, allowing for easy implementation and further
extension in future work.

The resources are split into separate lists and then implemented into the PowerFactory model. Each list
containing the different resources is processed in a for loop, facilitating easy integration into Power-
Factory. The implementation depends on the resource type in PowerFactory, such as a synchronous
generator for the first list, represented as a ".EImSym" type. The number of parallel units is determined
by row 7. The for loop sets the nominal apparent power of the generator based on row 3 if the power
rating is above zero and implements the active and reactive power limits. If row 3 is zero, the generators
are set out of service. For different scenarios, the rows must be adjusted to fit accordingly based on
their placement in the Excel sheet. This adjustment can be done within the specified function, or a
new capacities function can be created similarly, with different rows representing the capacities. This
implementation approach continues for all resources in the Excel sheets, including transformers, as
shown in the figure. The entire code and function are provided in section C.5. Each resource type has
slight differences in logical implementation, but the overall structure is similar, with special differences
noted as comments in the code.

To utilize the function, the function call "capacities2050()" must be uncommented in the overall
function call structure, as highlighted in subsubsection C.3.4.8. This should be done for all cases where
the capacities are necessary, and it only needs to be done during the model initialization. The model
speed is significantly enhanced if this is not implemented each time the script is run.

After this, the system’s installed capacities should be set. The overall structure allows for easy
adaptation and implementation of different resources, using Python and Excel in combination to
facilitate quick integration with PowerFactory.

capacities2050():
wbcapl=wbcap.Worksheets("1) SymG
wbcap2 = wbcap.Worksheets(”

symgenlist = wbcapl.Range(”

trafolist = wbcapl.Range
statgenlistfollowing = wbcap2.Range("B.
statgenPVlistfollowing = wbcap2.Range(
statgenforming = wbcap2.Range( "B156:G2
statgenflexibility = wbcap2.Rang
interconnectionDC = wbcap2.Range
interconnectionAC = wbcapl.Range("B:

row in symgenlist:

name = row[@]+ '.Elmsym’
iable = app.GetCalcRelevantObjects(name)[0]
iable.ngnum = int(row[7])
float(row[3])>0:
riable.typ_id.sgn = float(row[3])
variable.Pmax_ucPU = 1
variable.P PU = 0
float(row[3])==0:
variable.outserv = 1

T orn
row trafolist:

name = row[@]+'.ELmTr2’

variable = app.GetCalcRelevantObjects(name)[0]
variable.ntnum = math.ceil(row[3])

Figure C.10: Snapshot of installed capacities function in Python code (Scenario-2050).

C.3.2. Setting Dispatches of the System

Next, the structure for setting the dispatches for various scenarios and cases is discussed. This is accom-
plished using Excel and Python in combination with scripting through PowerFactory. The Excel sheet
used is the "Scenario-input" sheet, and the corresponding PowerFactory functions are called "dispatches."

As before, De Roos had already established much of the structure of the Excel sheets, and the
implementation of the new sources was incorporated here. This includes different grid-following and
grid-forming resources, new fuel cells, hydrogen and nuclear power plants, and BESS systems.

An overview of the Excel sheet is provided in Figure C.11. The snapshot shows the start of the
Excel sheet, highlighting the synchronous machines in the system. Note that the AC interconnections are
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located further down in the sheet. The newly implemented synchronous machines, such as hydrogen
and nuclear power plants, are highlighted in the blue square. While the older synchronous power
plants above are not used in any of the cases for this scenario, they are still included in the Excel sheet to
facilitate easy implementation if necessary. Additionally, the totals of each dispatch are given at the
bottom, providing a simple overview of the total synchronous generation in the system. The figure
also highlights the active, reactive, and apparent power for Case 1 and Case 2. This extends to Case 6,
covering the different cases made and implemented for Case Study A.

3 en nam T Zone [ Sbase model [New Pmax__|PF dispatch [P_Case-1 [S_Case-1 Q Case-1 [P _Case-2 [5 Case-2 |0 Case-2 T
[(W OG_6I0MIC0AL_B15_2 B ] 0 036 000 000 000 0,00 0,00 0.00
[ 0G_GAS_B15_1 B 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
[F 0G_GAs_F1s F 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
[E 0G_GAs_Goo™s G0 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
L OG_GAS_GFU1S GFU 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
Ll OG_GAS_L1S L 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
[Tl 0G_GAS_NHTS NH 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
[l 0G_GAS_ONTS onN 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
[ 0G_Gas_215_2 z 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
[Cl 0G_GAs_2) ZH 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
EUl OG_NUCL_215_1 Z 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
[l Gen_COAL_EOS1S GD 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
P28 Ger COAL_MULTS_1 ZH 0 0 036 0.00 0.00 0.00 0.00 0,00 0.00
Gen COAL_MVL1S_3 ZH 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
Gen_GAS_BGMIS F 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
Gen_GAS_BSL1S z 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
Gen_GAS_DIMIS NH 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
Gen_GAS_DKGTS GD 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
Gen_GAS_EEM1S_1 GD 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
£l Gen_GAS_EEMIS_2 GD 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
Ul Gen_GAS_EEM15_3 GD 0 0 0.96 0.00 0.00 0.00 0.00 0.00 0.00
T Gen_GAS_EEMIS_4 GD 0 0 036 0.00 0.00 0.00 0.00 0,00 0.00
2l Gen_GAS_LLSTS GFU 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
3 Gen_GAS_MBTIS L 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
B0 Gen GAS_MVL1S_2 ZH 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
Gl Gen_GAS_REBTS GO 0 0 036 0.00 0.00 0.00 0.00 0.00 0.00
. - 1 0 0 038 200 200 200 200 200 200
en_Hydrogen_BSL380 GD 1500 0.96 0 0 0 530 552.0833333 154.5833333
en_Hydrogen_DIM380 GD 1500 0.96 0 0 0 530 552.0833333 154.5833333
el rogen_EEM330 GD 1500 0.96 0 0 0 530 552.0833333 154.5833333
en_Hydiogen_E0S380 GD 1500 036 0 0 0 530 5520833333 154.5833333
en_Hydroger_GFUTSO 2H 1500 036 0 0 0 530 5520833333 154.5833333
en_Hydiogen_MBT380 GD 1500 036 0 0 0 530 5520833333 154.5833333
en_Hydiogen_MVL380 ] 1500 036 0 0 0 530 5520833333 154.5833333
en_Hydiogen_NH150 2H 1500 036 0 0 0 530 5520833333 154.5833333
en_Hydiogen_ZHIS0 2H 1500 036 0 0 0 530 5520833333 154.5833333
en_Hydrogen_ZH150_2 2H 1500 0.96 0 0 0 530 552.0833333 154.5833333
N, lear_BSL380 GD 1500 0.96 1000 1041666667 2916666667 1000 1041666667 2916666667
N, lear_MVL380 GD 1500 0.96 1000 1041666667 2916666667 1000 1041666667 2916666667
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
) Totals r 0" 0 2000.00 2083.33 $83.33 7300.00 7604.17 2129.17

Figure C.11: Snapshot Scenario-input Excel, Overview of dispatches of synchronous machine.

Further, a similar structure is observed for the implementation of the grid-following converters, as
shown in Figure C.12. The main difference is that the type of converter is highlighted instead of the
zone of the generator, as in the synchronous dispatches. However, the overall S base of the model, the
maximum active power, and the power factor (PF) are similar and easily adjustable. Once again, the
different dispatches span across the six different cases, similar to the synchronous generator section.

This grid-following section implements the three different grid-following converters for offshore
and onshore wind, solar PV, BESS, and fuel cells, all following a similar structure. The same structure is
applied to the grid-forming converters, which are implemented beneath these sections. An overview of
each source’s totals is provided for both the grid-following and grid-forming sections, allowing for easy
comparison between the different dispatches.

R Input for Loads total 26430 16000 i} 0 0 0 0
load names }_ type [ Max Capacity | [PF dispatch [P_Case-1 S_Case-1 [Q Case-1 [P_Case-2 [S_Case-2 [Q Case-2 |

wolyser BSL380 Electiolyser 2500 i 6020232562 6020292562 ] ] ] 0
wolyser_BVW3B0 2500 1 6020232562  602.0292562 0 0 0 0
trolyser_DIM380 2500 1 602.0292562 602.0232562 0 0 0 0
yser_EEM350 2500 1 6020232562 602.0292562 0 0 0 0
2500 1 6020232562  602.0292562 0 0 0 0

2500 1 6020232562  602.0292562 0 0 0 0

2500 1 6020232562  602.0292562 0 0 0 0

2500 1 6020232562  602.0292562 0 0 0 0

2500 1 6020232562 602.0292562 0 0 0 0

Electrolyser 2500 1 6020232562  602.0292562 0 0 0

Load 413166856 0385 413166856 4194587371 723.7942522 413166856 4194.587371 723.7942522

Load Response 1m0 0.985 Mo 1126.903553 194.4520981 1M0.0 1126.903553 194.4520981

Power ToHeat 1110 0985 0.0 1126.903553 134.4520981 0.0 1126.903553 134.4520981

Load 7346 0385 7346 806.6514173 139.1312023 7346 806.6514173 1391912023

LoadResponse 1110 0385 110.0 1126.903553 134.4520981 110.0 1126.903553 134.4520981

Power ToHeat 1110 0385 110.0 1126.903553 134.4520981 110.0 1126.903553 134.4520981

Load 1695.0 0.985 16395.0 1720.856355 296.9412314 1695.04351 1720.856355 296.9412314

LoadResponse 1110 0385 0.0 1126.903553 134.4520981 0.0 1126.903553 134.4520981

Power ToHeat 1110 0385 110.0 1126.903553 134.4520981 1110.0 1126,903553 134.4520981

Load 4555.4 0385 45554 d624.80WE2  738.0295605 45554 d624.80ME2 798.0235605

LoadResponse 1110 0385 0.0 1126.903553 134.4520981 0.0 1126.903553 134.4520981

Power ToHeat 1110 0.985 1110 1126.903553 134.4520381 1110 1126.903553 134.4520381

Load 233068483 0385 233068483 2366177432 4082341338 233068483 2366177492 4082341938

Load Response 1110 0385 1110 1126.903553 134.4520981 110 1126.903553 134.4520981

Power ToHeat 1110 0385 1110 1126.903553 134.4520981 1110 1126.903553 134.4520981

Load 5826.71207 0385 582671207 5915443726 1020.735484 582671207  S915.443726 1020.735484

Load Response 1110 0.985 1110 1126.903553 134.4520381 1110 1126.903553 134.4520381

Power ToHeat 1110 0385 1110 1126.903553 134.4520981 1110 1126.903553 134.4520981

Load 1800.983731 0385 1800.983731 1828409879 315.5000586 1800.983731  1628.403879 315,5000586

LoadResponse 1110 0385 1110 1126.903553 134.4520981 1110 1126.903553 134.4520981

Power ToHeat 1110 0385 1110 1126.903553 134.4520981 1110 1126.903553 134.4520981

Load 1250.009459 0985 1250.009459 1269045136 218.9792443 1250.003459 1269.045136 218.9792443

Load Response 1110 0385 1110 1126.903553 134.4520981 1110 1126,903553 134.4520981

Power ToHeat 1110 0385 1110 1126.903553 134.4520981 1110 1126.903553 134.4520981

Load 5614.83163 0385 5614.83163 570033668 9836178235 5614.83163 570033668 9836178295

LoadResponse 110 0.985 110 1126.903553 134.4520381 1110 1126.903553 134.4520981

Power ToHeat 1110 0385 1110 1126.903553 134.4520981 1110 1126.903553 134.4520981

47979.91488 r 47979.91488 !

Figure C.12: Snapshot Scenario-input Excel, Overview of dispatches of grid-following converter.
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Moving on, a similar structure is observed for the implementation of the different load resources, as
shown in Figure C.13. Here, all the loads in the system are represented, including electrolyzers, regular
loads, power to heat, and load response. The type, maximum capacity, and power factor (PF) dispatch
are set, along with the active, reactive, and apparent powers for all six different cases.

It is important to note that the electrolyzers, load response, and power to heat are also implemented by a
dynamic model that requires manual setting of the dispatches to respond during dynamic simulations.
This process is further elaborated on in subsubsection C.3.4.4 and is accomplished using Python scripts.

Grid-following 0 0 0 1] 1]
n. type PF dispatch P_Case-1 [S_Case-1 [ Q Case-1 [P_Case-2 [S_Case-2 [Q Case-2 ]

0 Wind 0 ] 0 0 1] 0
Wind 0 0 0 0 260 0

wind 0 0 0 924 0 0

Wind 0 0 0 924 1000 0

W, Wind 0 0 924 1000 0
WS Wind 78.84863124 78.84863124 0 847 0 0
W, Wind 0 0 0 0 700 0
W, wind 80.53524477 80.53824477 0 0 75 0
WS Wind 0 0 0 0 0 0
£l Wind 0 0 0 661 75 0
WS Wind 0 0 0 661 0 0
W ‘Wind 80.53624477 80.53824477 0 0 0 0
W, Wind 8053824477 80.53824477 0 0 0 0
WS Wind 90.11272142 901272142 0 733 800 0
WS Wind 80.53824477 80.53824477 0 661 75 0
W\ Wind 60.82608636 50.52608696 0 0 540 0
W wind 0 0 0 0 0 )
WS Wind 112.6403018 112.6403018 0 924 1000 0
WS Wind 112.6403018 112.6403018 0 924 1) 0
WS wind 112.6403018 112.6403018 0 0 0 0
WS Wind 78.84863124 78.84863124 0 0 700 0
WS Wind 0 0 0 0 0 0
WS Wind 80.53824477 80.53824477 0 661 ) 0
WS Wind 0 661 75 0
W\ Wind 584.6422261 584.6422261 0 33 0 0
5 Wind 0 0 0 0 42.31012658 0

Figure C.13: Snapshot Scenario-input Excel, Overview of dispatches of different load resources.

Further, the overview of the interconnections and STATCOM dispatches can be seen in Figure C.14.
Here, the AC and DC interconnections are grouped together. However, similar to the installed capacities,
the AC interconnections are set dynamically based on the kinetic energy and inertia constant values
as a representation of the apparent power. These are calculated and implemented using another part
of the Python setup, as detailed in subsubsection C.3.4.7. A similar setup is used for the STATCOMs,
where the reactive power is the critical factor. For both interconnections and STATCOM:s, it is possible
to adjust the dispatches for all six cases.

ions S base model |New Pmax__|PF dispatch |P_Case-1 |S_Case-1 |Q_Case-1 |P_Case-2 S_Case-2 Q_Case-2

jithled_MVL380 i 2500] 24258 038 [ ] 0 574.8016014  586.5322463 716, 7184433

OBRA_EOS350 i 1750) 1698.45 038 0 0 0 402.4535328 4106668702 8172167534

athlet_EEM30 i 1750 1698.45 038 0 0 0 402.4535328 4106668702 8172167534

IPRION_GNA3B0_1 i 1650 1576 038 0 0 0 373.4385868 3810597824 7582993926

PRION_NDR380_1 i 1650 1576 098 0 0 0 373.4385868 3810597824 7562993926

Interconnection 1650 1576 038 0 0 0 373.4385868 3810597824 7562993326

Interconnection 1750 1698 038 0 0 0 402.3463038 4105580651 8170002333

i 1750 1698 038 0 0 0 4023463038 4105580651 8170002339

5000 4852 098 0 0 0 1149697384 1173161208 233.4561328

Compensation [ type [ Max Capacity | [PF dispatch [P_Case-1 [S_Case-1 Q_Case-1 P_Case-2 [S_Case-2 Q Case-2 I

A ALR380_gen Feactive Power Compensa 2500 ] [ 0 0

A B150_gen Reactive Power Compensal 0 0 0
A BKK380_gen Reactive Power Compensal 0 0 0
A BSL380_gen Reactive Power Compensal 0 0 0
A BVW380_gen Reactive Power Compensal 0 0 0
A OIfM380_gen Reactive Power Compensal 0 0 0
A DOD380_gen Reactive Power Compensal 0 0 0
A DTC380_gen Reactive Power Compensal 0 0 0
A EEM380_gen Reactive Power Compensal 0 0 0
A EN5220_gen Reactive Power Compensal 0 0 0
A ENS380_gen Reactive Power Compensal 0 0 0
A EO3380_gen(1) Reactive Power Compensal 0 0 0
A F1I0_gen Reactive Power Compensal 0 0 0
A GDOTI0_gen Reactive Power Compensal 0 0 0
A GFUTS0_gen Reactive Power Compensal 0 0 0
A KIJ380_gen Reactive Power Compensal 0 0 0
A L1150_gen Reactive Power Compensal 0 0 0
A LL5380_gen Reactive Power Compensal 0 0 0
A IET380_gen Reactive Power Compensal 0 0 0
A H150_gen Reactive Power Compensal 0 0 0
A ONTIO_gen Reactive Power Compensal 0 0 0
A OOP380_gen Reactive Power Compensa 251 0 0 0
A RLL380_gen Reactive Power Compensal 1] 0 1]
A NZ380_gen Reactive Power Compensa 251 0 0 0
A 2150_gen |Reactive Power Compensa| —2000] 0 0 0
A 2ZH150_gen | Reactive Power Compensa| 0 0 0

Figure C.14: Snapshot Scenario-input Excel, Overview of dispatches of interconnections and STATCOMs.

The Excel sheet also contains an overview of the system’s different active, reactive, and apparent power
levels, as seen in Figure C.15. The different rows represent power levels for various resources in the
system, including renewable and conventional generation, total demand, and the different levels of
demand and flexibility resources. These rows also include various calculations to help identify gaps in
the power levels within the system, such as the amount of flexibility needed. These calculations are
performed using Python codes, as detailed in subsubsection C.3.3.1.
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[l Totals [P_Case-1 S_Case-1 Q_Case-1 P_Case-2 S_Case-2 Q _Case-2

2 Total Conv Generation 2000.00 2083.33 583.33 2000.00 2083.33 583.33
UEll Total VRES Generation - 580205 580205 00" 29892.3" 234515" 0.0
Total Demand - 47979.9"7 487106" 8405.2" 47979.9" 48710.6" 8405.2

[ Total Load Response Demand 3330.0 10142.1 1750.1 3330.0 10142.1 1750.1

q Total Pover to heat demand 9330.0 0142.1 1750.1 3330.0 101421 1750.1
1 Total IC 0 0 0 4454 4545 305
12040.59 11393.26 -7821.89 -16087.66 -17175.74 -7821.89

Total STATCOM -3429 -5630

i Total Hydrogen Plant: 0" 0" 0" 5300" 5520.833333" 1545.833333
Total Electrolyzers . " . [

6020.292562" 6020.292562 "
-6000" -6000"

2 Total BESS 07 4454.4162197  4454.416219" 0
g Total Fuel-Cell 0 0 I 2000" 2000" 0
Gen-Demand including flexibilit 2023 -627.037 -4332.89 2117 -655.17" 318.45

BESS: Negative = load, positive = generation
Electiolyzer: Positive = load

Hydrogen: Positive = generation

Fuel cell: Positive = generation

Intercannection: Positive = generation, negative = load

Figure C.15: Snapshot Scenario-input Excel, Overview of different active, reactive, and apparent power levels in the system.

The Excel sheet also contains an overview of the different dispatches separated based on the regions
of the system, as seen in Figure C.16. However, this section was not updated to reflect the newly
implemented changes; it was retained to facilitate easy implementation for future work. Therefore, if
these regional dispatches are to be used, they need to be updated with the appropriate cell ranges in
Excel.

[P Totals [Load [LVGas +WwKK__ [HVGas [TotGas [WOLWOZ LY | [Left Cap
B 10.0 0.00 ] 0.00” #REF! 4 #REF!
F 734.6 0.00 0 0.00” #REF! 4 H#REF!
GD " #REF! 0.00 0 0.00” #REF! 4 H#REF!
GFU 1110.0 0.00 0 0.00” #REF! r #REF!
L 1635.0 0.00 i 0.00" #REF! 4 #REF!
NH 1M0.0 0.00 0 0.00” #REF! 4 H#REF!
on 1110.0 0.00 0 0.00 #REF! #REF!
z 4555.4" 0.00 0 0.00" #REF! 4 #REF!
ZH 1110.0 0.00 0 0.00" #REF! 4 #REF!
Totals d #REF! 0.0 0.0 0.00” #REF! d HREF!
Regional Dispatches [Load [GastwKK [Pv [WOLIWOZ [Export (+)import (-) [Trafo Cap [Trafo Left Cap
B 1110.0 0.00 000 75 605.00 4250 3645.00
o 3 734.6 0.00 260 715 180.45 1570 1389.55
GD 1M10.0, 0.00 1000 715 £05.00 4260 3655.00
GFU 1110.0 0.00] 1000 715 £05.00 3850 3245.00
L 1635.0 0.00 1000 800 104.96 2350 2245.04
NH 1M0.0 0.00 700" 1715 1305.00 4350 3045.00
5 full 1M10.0 0.00 700 540 130.00 2160 2030.00
5 4 4555.4" 0.00 715 715 -3125.43 1500 -1625.43
7 1110.0 0.00 2400 2000 3230.00 11800 8510.00
& Totals 13705.0 0.0 8775.0 8630.0 3700.0 36090.0 26133.2
2Y Regional Dispatches [Load [GasiWKK [PV [wOLWOZ [Export (+)limport (-] [Trafo Cap [Trafo Left Cap
B 1110.0 0.00 i 660.5854833 -443.41 4250 3800.59
52 |3 1M10.0 0.00 0 6605854833 -443.41 1570 1120.59
3 ] 734.6 000  923.8957816 i 129.34 4260 4130.66
GFU 1110.0 000 923.8957816 0 -186.10 3850 3663.90
55 [ 1110.0 000 923.8357816 739.1166253 553.01 2350 1736.93
3 NH 1M0.0 000 646.72704717 1584.451266 1121.21 4350 3228.79
on 1110.0 0.00 0 0 -1110.00 2160 1050.00
z 4555.4" 0.00 0 0 -4555.43 1500 -3055.43
ZH 1110.0 0.00 0 923.8957816 -186.10 11800 11613.90
i Totals 13120.0 0.0 3418.4 4568.7 -5132.9 36090.0 27350.0
Regional Dispatches [Load [GastWwKK PV [wOLMWOZ [Export (+)limport (=) [Trafo Cap [Trafo Left Cap
B 1110.0 000  109.1263651 78 -322.85 4250 3327.15
F 1M10.0 0.00 0 8 -1031.97 1570 538.03
GD 734.6 000  109.1263651 8 -607.40 4260 3652.60
GFU 1110.0 000  109.1263651 0 -1000.57 3850 2843.13
L 1M10.0 0.00 0 87 -1022.70 2350 1327.30
HH 1M10.0 0.00 76.38845554 " 103 -324.43 4350 3425.51
on 1110.0 0.00 0 59 -1051.07 2160 1108.93
= 4555.4" 000 7802535101 0 -4477.40 1500 -2377.40
ZH 1M10.0 0.00 0 0 -1110.00 11800 10630.00
7 Totals 13120.0 0.0 4818 483.4 -12148.8 36030.0 233412

Figure C.16: Snapshot Scenario-input Excel, Overview of regional dispatches.

At the bottom of the Excel sheet are lists containing dispatches for the different grid-forming and
grid-following converters and the STATCOM levels used for the grid-forming penetration comparison
conducted in Case Study B. This is shown in Figure C.17. Due to the Python code calculating the different
dispatches based on a random function, these values will vary each time the code is run. Therefore, the
levels for the three different penetration levels were stored in the Excel sheet to allow replication of the
results found in Case Study B. This is also important to remember for the different dispatches across the
six cases. Thus, they should not be altered if a reenactment of the study is intended.

Figure C.17: Snapshot Scenario-input Excel, dispatches used for grid-forming penetration case study.
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Finally, the Excel sheet contains a section representing different characteristics of the system as percent-
ages, shown in Figure C.18. The first table provides information on the six different cases and their
respective levels of various resources, such as renewable generation and demand levels. The second
table contains information regarding the different flexibility resources, which depend on whether there
is an excess or lack of generation in the system. These two tables are also accompanied by a grid-forming
penetration level percentage. All of these tables represent different operational characteristics of the
system’s dispatches and allow for significant customizability concerning different dispatches for various
systems. By adjusting these tables, it is possible to quickly adapt the system to different levels of
generation and/or flexibility resources, among other factors, enabling easy analysis of the impact
of certain resources. More information on how these calculations are performed can be found in
subsection C.3.3 and subsubsection C.3.3.1.

Finally, there is a table representing the different levels of the various resources for the six differ-
ent cases. This table was used in the report to explain the operational characteristics of the different
cases and is provided here for an easy overview of the given setup.

Pl |\WOZ WOL PV Demand LR Power 2 Heat (%)

21 90 10 5 100 100 100

22 5 90 5 100 100 100

PE] 0 10 65 100 100 100

24 90 10 5 45 100 100

25 5 90 5 45 100 100

26 0 10 65 45 100 100

27

pLl | Flexibility: IC BESS Electrolyzer Hydrogen PP Fuel Cell Total

PEN |Surplus generation 25 25 50 0 0 100
B} [Surplus Load 25 25 0 25 25 100
31

32

BEll Grid forming % 50

34

B5

36

37

Bl [Scenario WOz WOL PV Flexibility Conv. Generation |Demand
39 By 47272.5 2068.5 8649.5 12020.29256 2000| 47979.9
40 W3 2626.25 18616.5 8649.5 11754.41622 2000] 47979.9
41 M9 0 2068.5 112443.5 67800 2000| 47979.9
42 A 47272.5 2068.5 8649.5 38519.6922 2000| 21591.0
43 B3 2626.25 18616.5 8649.5 10300 2000] 21591.0
44 W3 0 2068.5 112443.5 75620 2000| 21591.0
45

Figure C.18: Snapshot Scenario-input Excel, tables for different calculations, and table for different system characteristics.

All the different rows and columns are referenced in various parts of the Excel sheet, as well as the
Python scripts in this Excel sheet. Therefore, if any cells are moved, it is crucial to cross-reference
to ensure that the relocated cells are not connected to other factors. Failing to do so could result in
incomplete implementation of resources or miscalculations based on the Python codes.

Next, the implementation of the dispatches to PowerFactory using Python is explained. The function
utilized is shown in Figure C.19. This function is largely based on a pre-existing similar function made
by De Roos and has been upgraded to better fit the additions made to the Excel sheet and the different
Python functions that utilize the dispatch levels. Similar to the installed-capacities function, this function
first defines the different ranges for the various resources in Excel before calling them through for
loops. These for loops are further classified and implemented using the type of the different resources,
as before. The active and reactive power dispatches are then transferred from the Excel sheet to the
different resources in PowerFactory. It can be seen that rows 5 and 7 are used for the dispatches and
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need to be changed for the different cases due to the Excel structure. This has already been done, and six
different dispatch functions are available in the Python script. Each of these functions has already been
adjusted to fit the correct rows of dispatches. In Python, these are classified as rows because of the float
structure; however, in Excel, these are technically columns representing the different case dispatches
found in the Excel sheet. It is also possible to set the maximum and minimum active power limits based
on either a number or the Genstatmax, which can be dynamically set at the beginning of the Python script.

Additionally, it is possible to set the different resources out of service by changing the "variable.outserv"
to a value of 1. The for loops cover all the different resources implemented. The different values for the
loads are also found and then called using a function to set the dispatched load levels for the different
load dynamic models, seen in the function "update dynamic model parameters," which utilizes the
variable (Load 1).

Similar to the installed-capacities, this function is called by uncommenting the different "dispatches"
functions seen in the different cases from the function call part of the script, as shown in subsubsec-
tion C.3.4.8. The different dispatches, ranging from 1-6, account for the cases ranging from A-F.

If new models are added to the Excel sheet or existing ones are moved, adjusting the cell ranges
for the different variables representing the various resources in the Python function is important.
Otherwise, there will not be an accurate translation between the different calculations and dispatches in
the Excel sheet and the PowerFactory model. The same applies if new additional resources are added,
such as different types, in which case a new for loop needs to be created to implement them and a new
variable representing the range in Excel.

dispatchesl():

wl = wbin.Worksheets("II.

SymG_1 = wl.Range("A37

StatG_following = wl.Range(“A60:7117").Value
StatG_PV_following = wil.Range("All ") .Value
StatG_battery = wl.Range("A163:7182").Value
StatG_fuelcell

StatG_forming = wl.Range

Load_1 = wl.Range("

StatG_interconnection

SymG_interconnection = wl.Range
Reactive_compensation = wl.Range("A367:
update_dynamic_model_parameters(Load_1)

row SymG_1:

name = row[@]+ '.Elmsym’

variable = app.GetCalcRelevantObjects(name)[0]
variable.pgi at(row[5])

variable.qgi (row[7])
variable.Pmax_ucPU = 1

variable.Pmin_ucPU = 0

variable.outserv = @

row StatG_following:

name = row[@]+'.ElmGenstat’

variable = ap CalcRelevantObjects(name)[0]
variable.pgin (row[5])

variable.qgin (row[7])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0

variable.outserv = @

row StatG_PV_following:

name = row[@]+'.ELmPvsys’

variable = app.GetCalcRelevantObjects(name)[0]
variable.pg: at(row[5])

variable.qgin at(row[7])

Figure C.19: Snapshot of dispatches function in Python code (Scenario-2050).

Itis worth noting that small changes are typically made between the different cases regarding overlapping
control of busbar voltage and voltage values in the system. This usually results in minor adjustments
being necessary for the STATCOM values presented in the system to achieve the desired voltage levels
and proper initialization. The STATCOMs are set manually, and minor changes can have a significant
impact. It is recommended to analyze whether the different dynamic loads in the system have the same
active power levels for the dynamic model initialization in PowerFactory. If not, the STATCOM values at
the specific busbar need to be adjusted, or a change in the voltage control is necessary.
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C.3.3. Dispatch Calculation and Grid-forming Distribution

Next, the Python script used to calculate the different dispatches and grid-forming distribution is
highlighted. The entire code can be seen in section C.4, and it is part of the Python script named
"Grid-Forming-Flexibility-implementation.” The most important parts of the code, the lines necessary
to change certain calculation parameters, and the calculation steps will be presented. For easier
identification of which Python script is represented in the figures, snapshots from this script will be
labeled with (Calculations) in the figure captions.

The overview of the first function in the setup can be seen in Figure C.20. Here, a few key as-
pects are important. First, the different generation forms based on forming and following are split into
three separate parts; the PV following is split by itself because of the usage of the PV system component
for the grid-following PV units instead of a static generator representation.

For these codes, three similar codes are created representing calculations for cases A, B, and C. These
were not extended toward cases D, E, and F because they have the same dispatch percentages as the first
three cases. However, if this is to be extended, this structural difference between these different case rep-
resentations can be followed for extension with respect to changing columns and cells in the Excel file, etc.

Next, it can be seen that the different resources undergo scaling, utilizing a float from Excel. These Excel
cells correspond to those shown in Figure C.18, which decide the percentage of generation for each
of the three renewable sources. Thus, this Python script depends on the Excel sheet "Scenario-input."
After scaling, the total installed capacities of the sources are found and summed for each of the different
initialized sources. This extends to all the grid-following and grid-forming resources.

After these resources are added together for the overall system capacity, the system utilizes the
grid-forming percentage, once more found in Figure C.18, to distribute the generation from the different
resources concerning the share of grid-forming and grid-following percentage. This can be seen in
Figure C.21, highlighted in blue. This is the "Grid-forming %" highlighted in Figure C.18. This then
scales the different resources based on the grid-forming and capacity percentages. It can also be seen
that row 3 here is used as the maximum capacity, and thus, these scenario-input Excel values need to be
updated if the maximum capacity values of the system change.
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forming integr

calculate_and_set_capacities_with_scaling_CaseA(sheet, case_row):

# Re id-forming and gr following ities from Excel r
statgen_forming = sheet.Range("A199:E£301").Value
statgen_following = sheet.Range("A60:E117").Value
statgen_PV_following = sheet.Range("A118:E162").Value

4 itialize total + FrRearE N TECRETE
total_Converter_PV = 0

total_Converter_WOL = ©

total_Converter_WOZ = @

total W WOZ = ©

total W_WOL = @

total_PV_following =

# R t > tor from X >] for t > yecified >
scaling_factors_WOZ = float(sheet.Range("AH21").Value) / 100
scaling_factors_WOL = float(sheet.Range("AI21").Value) / 100
scaling_factors_PV = float(sheet.Range("AJ21").Value) / 100

row

DUl 1T1 or ria rming rters
r row in statgen_forming:
row[@] row[@].startswith("Converter PV"):
total_Converter_PV += row[3]
row[0] row[0@].startswith("Converter WOL"):
nverter_WOL += row[3]
row[@].startswith("Converter WOZ"):
total_Converter_WOZ += row[3]

DUl F 1TC1es TOr Ir1d-To110wl
r row in statgen_following:
row[0] row[0].startswith( "W _W0Z"):
total_W_WOZ += row[3]
row[0] row[@].startswith("W _WOL"):
total_W_WOL += row[3]

Figure C.20: Snapshot of dispatches and grid-forming distribution (Calculations).

id-forming pe tage from Excel cell

grid_forminé_percentagé = float(;heet.Range(”AI 3").Value) / 100
ly scaling factors to the total capacities
scaled_WOL_total = total_Converter_WOL * scaling_factors_WOL

scaled WOZ_total = total Converter WOZ * scaling factors_WOZ
scaled_solar_total = total Converter PV * scaling_factors_ PV

# C + srid-forming an T

grid_forming WOL = scaled WOL_total * grid_forming_percentage
grid_following WOL = scaled WOL_total * (1 - grid_forming_percentage)
grid_forming WOZ = scaled WOZ_ total * grid_forming_percentage
grid_following WOZ = scaled WOZ total * (1 - grid_forming_percentage)
grid_forming_solar = scaled_solar_total * grid_forming_percentage

grid following solar = scaled _solar_total * (1 - grid_forming_percentage)

Figure C.21: Snapshot of dispatches and grid-forming distribution, slide 2 (Calculations).

Next, the distribution of the aforementioned dispatch calculations is transferred to the Excel sheet. The
four functions utilized are shown in Figure C.22. In blue, the first function is highlighted. This is the
main function, with the other functions compiled within it. First, the maximum load percentage and
the column to update are chosen. This maximum load percentage is based on the maximum capacity
columns in Excel, previously represented as "row 3" in Python. This can be adjusted based on the
maximum allowable load percentage of the different resources. Next, the column update is selected as
column 5 because this corresponds to the calculations for Case A.

The pink square highlights the zero-out function. This function simply zeros out the ranges for
the different resources to avoid any overlap when running the script with earlier cases.
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The green and yellow squares represent the remaining functions that distribute and update the
Excel file with the newly calculated dispatches. This is done concerning the grid-forming and grid-
following capacity distribution and the maximum loading percentage. Here, the maximum capacity
column in Excel is used. Nothing needs to be changed between the different case calculations.

A snapshot representing the function calls of the aforementioned functions is seen in Figure C.23. Here,
all the distributions and calculations of the aforementioned functions are performed. The only new
and informative part comes from the randomized distribution. This allows for a random distribution
concerning which converters are allocated as grid-following and grid-forming. This ensures there
is no overlap. However, it is important to remember that since this distribution is randomized, the
allocations of the different resources will vary each time the script is run. Therefore, it is crucial to
save the dispatches if you want to maintain an accurate representation of the calculations for later
analysis. This is the reason for the storage of the three different grid-forming penetration levels, as seen
in Figure C.17.

Various print statements are also included throughout the code to facilitate easier understanding
and comparison of different levels during system calculations.

max_load_percentag
update_column = 5

heet, grid_forming WOL, grid_following WOL, grid_forming W0Z, grid_following WOZ, grid forming_solar, grid_following_solar, grid_forming_percentage):

cell_range in ranges:
cell in sheet.Range(cell range):
cell.value = @

zero_out_ranges()

distribute_and_update(forming_converters, following converters, forming capacity, following capacity, converter_type):

num_forming = int(len(forming_converters) * grid_forming_percentage)

forming_subset = forming_converters[:num_forming]

unused_forming_names = {conv[1][@].replace("Co conv in forming_converters[num_forming:]}

eligible_following_subset = [conv conv in following_converters if conv[1][@].split("_“, 1)[1] in unused_forming_names]

distribute_capacity(forming_subset, forming_capacity, "f« g”, converter_type)

distribute_capacity(eligible following subset, following capacity, “j ng”, converter_type)

distribut. acity(converters_subset, total_capacity, mode, converter_type):

total_ratin, um(row[1][3] row in converters_subset)

index, row in converters_subset:

max_capacity = row[3] * max_load_percentage

proportion = row[3] / total rating if total rating > @

Figure C.22: Snapshot of dispatches and grid-forming distribution, slide 3 (Calculations).

forming_WOL_convert [ (index + 1 index, ! alue) row[@]]
i [ (index + 1 for index, m ' 5 alue) if row[e]]
9 row[@]]

wing W e on sheet. 9 alue) wie]]
followin -_conve i 3 .Value C row[0]]

i random
random. shuf: ing WOL_converters)
random. shuf: ,_WOZ_converters)
random. shuf:

random. shuf:

random. shuffle(follc

random. shuffle(followi

stribute_and_update (forming_W0Z_

converte 1lowis
ibute_and_update(forming_solar_

g
converters, follow olar_converters,| grid_forming_solar, grid_following_solar, “So

grid_forming WOL, grid_following WOL, grid_forming WOZ, grid_following_W0Z, grid_forming solar, grid_following_solar = calculate_and_set_capacities_with_scaling CaseA(sheet_II30562, 20)
et

grid_forming_percentage Value) / 100
distrib city_based_on_percentage(sheet_II3 grid_forming WOL, grid following WOL, grid_forming WOZ, grid_following WOZ, grid forming solar, grid_following solar, grid_forming percentage)
print( A"y

Figure C.23: Snapshot of dispatches and grid-forming distribution, slide 4 (Calculations).
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Opverall, the code highlighted here calculates the total installed capacities of the three different renewable
energy sources: offshore wind (WOZ), onshore wind (WOL), and solar PV (PV). It then calculates the
allocated dispatches for these resources based on the percentages given in the Excel sheet, representing
the different cases. After this, the grid-forming penetration level is determined and implemented into
the calculations, as the Excel sheet indicates. These newly calculated overall dispatches for the system
are then divided into grid-following or grid-forming representations based on the aforementioned
grid-forming percentage levels. These resources are then randomly distributed across the different
grid-forming and grid-following converters without overlap to account for the total generation dispatch
percentage and grid-forming percentage of the system. This straightforward approach allows for
easy customization and comparison concerning different levels of these resources while respecting the
various capacities and overlaps.

It should be noted that the randomized function can be improved to better represent the converter
controller type distribution. This could also be extended to serve as a control system for different
grid-forming penetration levels and distributions. Thus, while this is a simple implementation, a more
complex extension of the code can be made to allow for further research and innovation.

C.3.3.1. Flexibility Calculation and Implementation

Next, the codes for the flexibility calculation and allocation will be discussed. An overview of the
function can be seen in Figure C.24. This function calculates and distributes the flexibility resources
based on the set parameters.

This calculation is based on the remaining demand left in the system after the distribution of the
generation sources and is calculated as a percentage of each flexibility resource. This allows for easy
implementation of the necessary flexibility in the system while also enabling customization regarding
the use of different resources.

In the figure, the blue square represents the function and the allocation of different flexibility re-
sources based on their location in Excel. These are then distributed according to certain percentages,
as seen in Figure C.18. This allows for customization of the different distributions of the flexibility
resources, making it easier to compare the impact of the various resources. These percentages can be
adjusted in Excel for easy modifications.

In the green square, more information is extracted from the Excel sheet, including the amount
of demand or generation excess in the system, as seen in Figure C.15. This provides an easy estimation
of the necessary level of flexibility in the system for the set operational characteristics. It is important to
note that this is just an estimation, as the calculations do not account for the locations of the resources or
power system losses. Therefore, adjustments might be necessary after the initial calculations. This can
be done manually by adjusting the set ranges in the Excel sheet. Thus, despite the imperfect Python
codes, their complementary nature with Excel allows for a simple and customizable model.

Then, as before, there is a zeroing sequence to avoid overlap between different scenario dispatches.

The purple square also relies on the Excel sheet, realigning the setup of the flexibility resources
with respect to different parameters found in the Excel sheet. This makes it easier to utilize and read the
flexibility resources in Python.

Furthermore, a similar maximum rating calculation is done for the different flexibility resources,
as was done for the different renewable generation resources.

The final part of the code can be seen in Figure C.25. Here, the different resources are once again
distributed based on their maximum rating. A condition regarding the available resources is determined
depending on whether there is excess generation or demand in the system. This depends on certain
resources that are only available for one of the scenarios, such as the fuel cells or batteries that are
available for both but need an inversion to serve the correct operational characteristics.
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After this determination, the different amounts of flexibility calculated as necessary are spread
across the different available resources. This is based on the previously mentioned scaling factors of the
different resources. Most of the resources are distributed evenly across all the locations, except for the
interconnections, which are set independently. This is because a similar rating approach was used for
all the other flexibility resources to streamline system efficiency, except for the interconnections, where a
more accurate representation was necessary to better capture the related dynamics.

( )-Value / 100},
.value / 100, L ad* : ).Value / 100},
29").value / surp era elevant
100},
)-Value / 100}, # Onl

dispatch_ranges_to_clear
dispatch_range in dispatch_ranges_to_clea
num_instances = len(sheet.Range(dispatch_range).value)
sheet.Range(dispatch_range).Value = [[0] _inr

for resource, details in resource_info_columns.items():
info_range, dispatch_range, column_index = details
resource_info = sheet.Range(info_range).Value
column_in, djusted = column_index - 1
total_max = sum(row[column_index_adjusted] row in resource_info if row[column_index_adjusted]
total_max_rating
dispatch_range:

eration_left > @ | Load"
[resource][condition] for resource in scaling factors if condition in scaling_factors[resource])

» ‘'hydrogen’] if condition == ‘surpl L " [‘electrol ‘, "int i ‘, 'batteries’]
total_generation_left > @ 8

)

Figure C.24: Snapshot of flexibility calculation and distribution function (Calculations).
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resource available_resources:
f resource not in total _max_ratings:

scaling_factor = scaling_factors[resource].get(condition, @)
max_rating = total_max_ratings[resource]
allocation = (total_generation_left * (scaling_factor / total_scaling factor) total_scaling factor > @ = @)

generation’ resource resources_needing_inversion:
allocation i allocation), max_rating)

allocation = min(abs(allocation), max_rating)

ranges_to_update = dispatch_ranges[resource]

dispatch_range ranges_to_update:

resource_instances = sheet.Range(dispatch_range).Vvalue

num_instances = len(resource_instances)

allocation_per_instance = allocation / num_instances num_instances > @

resource = interconnections":
interconnection_ratings = [row[3] f row sheet.Range( “A355:£363").Value if row[3]
total_rating = sum(interconnection_ratings)

i ction rating interconnection_ratin
base_row t f te ect
f i, rating te(interconnection_ratings):

min((allocation * rating) / total rating, rating) if total_rating > @

cell_address = j w + i} + + the 1
ge(cell_address).Value = individual_allocation
Updated interconnection {i+1} dispatch with allocation: {individual_allocation}")

[[allocation_per_instance] for _
sheet.Range(dispatch_range).Value = updated_dispatch_values
print(f“Updated { ce} dispatches in range {dispatch_range} with allocation: {allocation_per_instance}")

range(num_instances)]

print(“Allocation process completed. Updated Excel with new dispatch values.")

manage_grid_flexibility CaseA(sheet_II30502)

Figure C.25: Snapshot of flexibility calculation and distribution function, slide 2 (Calculations).

Overall, the code is very straightforward. However, due to the different allocation percentages directly
implemented in the calculations, the code offers various services for different operational scenarios
under investigation. This accounts for the desired percentages for the different flexibility resources,
ensuring they do not overlap and are calculated individually to avoid errors. This can also be easily
extended to investigate future control modes concerning smart-grid control of the different flexibility
resources and the diverse impacts this can have on system stability and operation.

The overall function is easily replicated across different scenarios and cases. However, six differ-
ent functions were implemented for the six cases in this study to allow for quick and easy adjustments.
Simple adjustments, such as selecting different columns in the Excel sheet, were necessary to adapt to
different cases. This can be further extended if necessary.

As before, the script depends on the Excel sheet "scenario-input,” any changes made to either re-
source should be double-checked to confirm they do not impact the other.

C.3.3.2. Load Calculation and Implementation Code

Next, the function for calculating the system’s loads is highlighted. The function utilized can be seen in
Figure C.26 and Figure C.27, and it is part of the larger Grid-Forming-Flexibility-Implementation script,
found in section C.4.

This code is very simple. It once again takes the loading distribution percentages as seen in Fig-
ure C.18. Here, they are represented by the "Demand,” "Lr," and "Power 2 Heat" columns. All of these
are given in percentages, allowing for easy scaling concerning the desired percentages for the different
resources. This facilitates easy implementation for the analysis of different resources and load demands
in the system.

The main connection between the load calculation and the determination of the load percentages
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on the Excel sheet is seen in the blue square. They are directly intercepted from the Excel sheet before
further calculations, and any necessary changes should be made here. The different resources are scaled
based on their value, so if differentiation between the resources is desired while maintaining the same
load percentage of the system, this needs to be manually accounted for in the other sources. The pink
square, and the rest of the code seen in Figure C.27, represents the remaining implementation of the
system. These are dependent on the different maximum ratings taken from row 2 instead of row 3 for
the renewable resources due to the setup in Excel.

It should be noted that if the work involves analyzing different resources and their impacts, set-
ting the loading above the maximum capacity in percentage might intervene with this part of the code.
If this occurs, it can be easily adjusted by setting the maximum load of the different resources.

The overall load calculations are simple yet effective and very scalable concerning different demand
levels and resource allocation. This allows for easier integration of different demand scenarios in the
system and analysis of the impact of said resources.

calculate_and_set_loads(sheet, case
1 t fron 11
original load_ratings = sheet.Range 1").Value

original load_ratings = [list(row) row in original load_ratings]

# t ling factors f fror K21 to AK t tag

general_scaling_factors = [float(sheet.Range(j - i in pange(21, 27)]
1

1r_scaling_factors = t(sheet.Range( i in PERge(21, 27)]
pth_scaling_factors = sheet.Range .Value) / 100 for i in pange(21, 27)]

total_loads = [@] * len(general_scaling_factors)

scenario_index, (general scaling factor, lr_scaling factor, pth_scaling factor) in enumerate(zip(general scaling factors, lr_scaling factors, pth_scaling factors)):

# tiali i c < *

total_lr_capacity = @
total_pth_capacity

Calculate the scals capacities
row in original load_ratings:
load_name = row[]
load_capaci row[2]

load_capacity
Joad_name. endswitl :
total_lr_capacity += load_capacity * lr_scaling_factor
if load_name.endswith("_PTH"):
total_pth_capacity += load_capacity * pth_scaling_factor
1

total_capacity = sum(row[2] row in original_load_ratings if row[2] None) * general_scaling_factor
TR G . — 5 H .
remaining_capacity = total_capacity - (total_lr_capacity + total_pth_capacity)

Figure C.26: Snapshot of load calculation and implementation, (Calculations).
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le lar 1

sum_unscaled_loads m(row[2] row original_load_ratings row[0@].endswith(("_LR", "_PTH")) row[2] i None)

rs ol o o
output_column_letter = chr(70 + scenario_index * 3)

# o out t output col 1
sheet.Range(f"{output_column_Letter) :{output_column_Letter}351").Value = [[0]] * 27

r index, row enumerate(original_load_ratings, start=325):
load_name = row[0]
load_capacity = row[2]
load_capacity None:
scaled_capacity = load_capacity
load_name.endswith(”_LR"):
scaled_capacity *= 1lr_scaling_factor
load_name.endswith("”_PTH"
scaled_capacity *= pth_scaling_factor

indi t 1 i d f 1 1
load_proportional_scale = (load_capacity / sum_unscaled_loads) * remaining_capacity
scaled_capacity = load_proportional_scale

ity to t iate 1 i

sheet.Cells(index, ord(output_column_letter) - 64).Value = scaled_capacity
# ‘ i i ‘ €
total_loads[scenario_index] = remaining_capacity + total_lr_capacity + total_pth_capacity
total_loads
1 r re

total_loads = calculate_and_set_loads(sheet_II30502, 20)
print(“Total Loads for all scenarios:”, total_loads)

Figure C.27: Snapshot of load calculation and implementation, slide 2 (Calculations).

C.3.3.3. Reactive and Apparent Power Calculations

Finally, different reactive and apparent power values are calculated and distributed for the various
resources. The code can be seen in Figure C.28. This script calculates the reactive and apparent power
based on the different cases and resources’ active power and power factor. While this currently does not
have further implementation in the PowerFactory model, it serves as a structuring tool for the Excel
sheet and allows for easy integration if these levels are needed in future work.



C.3. Python and Excel Functions 276

calculate multiple scenarios(sheet):

initial active_power_column = 6
initial_apparent_power_column
initial_reactive_power_column
power_factor_column = 5

scenario y=
active_power_column = initial active_power_column + 3 * scenario

apparent_power_column = initial apparent_power_column + 3 * scenario
reactive_power_column = initial_reactive_power_column + 3 * scenario

active_power_dispatch_range = sheet.Range(sheet.Cells(1@, active_power_column), sheet.Cells(363, active_power_column))
active_power_dispatch_values = active_power_dispatch_range.Value

power_factor_range = sheet.Range(sheet.Cells(1@, power_factor_column), sheet.Cells(363, power_factor_column))
power_factor_values = power_factor_range.Value

row_index, (active_power_dispatch, power_factor) enum ctive_power_dispatch_values, power_factor_values), start=10)
nce(active_power_dispatch[@], (int, float)) nce(power_factor[@], (int, float)):
active_power_dispatch = float(active_power_dispatch[@])
power_factor = oat(power_factor[@])
apparent_power = active_power_dispatch / power_factor
apparent_power ** 2 - active_power_dispatch ** 2 >= 0:
reactive_power = (apparent_power ** 2 - active_power_dispatch ** 2) ** @.5
reactive_power = 0
sheet.Cells(row_index, apparent_power_column).Value = apparent_power
sheet.Cells(row_index, reactive_power_column).Value = reactive_power

print(f“Scenario {scenario + 1}: Calculations completed.")

calculate_multiple_scenarios(sheet_II30502)

Figure C.28: Snapshot of apparent and reactive power (Calculations).

C.3.4. PowerFactory Implementation Codes
Next, the codes utilized to implement and change different resources in PowerFactory are discussed.
This is part of the two different functions presented in the Excel sheet presentation regarding the

installed capacities and the dispatch integration into PowerFactory, as discussed in subsection C.3.1 and
C3.2.

These parts of the codes will not be represented again, as the necessary information regarding
this structure is found in the respective sections. However, the remaining codes vary from different
control system implementations in the model to various dynamic model changes. The code includes
many ancillary services that were utilized to make the case studies possible. Most of these are easily
changed to adapt to the parameters and characteristics required for certain analyses.

The full code can be found in section C.5.

The overall script is based on the work of Midhuna, with the addition of multiple new functions
to allow for customizable options for the Dynamic models.

In the figure captions, snapshots from this Python script will be labeled with (Calculations) for
easier identification of which Python script is represented in the figures.

C.3.4.1. Reactive Power Control

The first function in the Scenario-2050 script after the capacities and dispatches function is the reactive
power control function, seen in Figure C.29. This was primarily taken from Midhunas’ previous work.
However, ranges in Excel and the setup of the different resources implemented in the work were also
adapted for the control modes, making it more flexible with respect to the updated model.

Here, the different control modes of the system are selected. This is mainly separated by which
generation units in the system will control voltage and which will have a constant reactive power control,
known as "Constant V" or "Constant Q" in PowerFactory.
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It is possible to select either PV or Wind as a control mode. The PV control mode sets the grid-
forming PV converters to operate with a constant V, while all other static generators are set to have a
constant Q, except for a few PV-following units.

The same is true for the Wind control mode. Here, the grid-forming onshore and offshore wind
converter units are set with a constant V and some singular grid-following converters. The rest are set
to constant Q.

For both control modes, the synchronous machines represented as nuclear and hydrogen power
plants are not included in the control modes and are set as constant V. This can simply be integrated
into the script if desired. Overall, the script is designed so that the specific controls of the different
machines can be switched easily. The control modes are not fine-tuned, and based on the different
dispatches in the system, some overlap in voltage control at certain busbars is possible. This can be
manually changed, utilizing the code as a generalized setup, or further work could ensure no overlap
occurs, making it a more flexible code.

In the figure, the parameters setup with respect to the information in Excel is seen in the pink
square. Once again, if changes are made in the function or the Excel sheet, necessary adjustments
must be made in the other program. Here, the different resources included in the control mode for
the decision of control parameters are listed. Similar components can be included in future work if
necessary, allowing for the easy inclusion of new resources.

Similar to the previous dispatches and capacities functions, the control mode is also called in the same
function call setup. The "reactivepowercontrol()" is uncommented, and the control mode is selected
inside the parentheses, either "Wind"" or ""PV"." The setup can be seen in subsubsection C.3.4.8.

reactivepowercontrol(Controlmode) :

wl = wbin.Worksheets("II3050")

SymG_1 = wl.Range("A10:748") .Value
StatG_following = wl.Range(
StatG_PV_following = wl.Range("A118
StatG_battery "A163:7182").
StatG_fuelcell g 9
StatG_forming

Load_1 = wl.Range("A
StatG_interconnection

if Controlmode == 'PV':

5 For ( rter
for row in StatG_forming:
name = row[@]+'.ElmGenstat’
variable = app.GetCalcRelevantObjects(name)[0]
if variable.loc_name.startswith(“Converter PV"):
variable.av_mode = ‘constv’

variable.av_mode = ‘constq’

Figure C.29: Snapshot of reactive power control function, (Scenario-2050).

C.3.4.2. Grid-forming Controller Selection

Next, the script includes a function to select the grid-forming controllers for the system. This function
selects the grid-forming controllers for the entire system, creating a uniform controller structure across
the different grid-forming controllers. For future work, the impact of different shares of each controller
could be explored to see if it has any significant effects. Currently, the function simply decides which of
the three types of grid-forming controllers is selected and utilized for the system. The function can be
seen in Figure C.30. The blue square highlights the different control options, and the rest of the code sets
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each dynamic controller representation either in or out of service, depending on the controller selection.

Similar to the other functions, the controller selection is specified in the function call part of the
script, as seen in subsubsection C.3.4.8. Here, the "gridformingcontrol()" function is uncommented, and
one of the three controllers is specified inside the parentheses: ("VSM’), ('Synchroverter’), or ('Droop’).
This allows for easy implementation of the different controllers, which was crucial for this study.

However, not all grid-forming converters should be in service simultaneously due to the distribution
concerning different grid-forming and grid-following converter representations. This is managed with
a separate function that also handles the grid-following converters. These two functions need to be
executed in conjunction with each other to ensure successful integration of the different grid-forming
and grid-following converters. This is further elaborated in the coming subsection.

f grid_forming_control(control_mode):
Control the selection of the grid-forming control type for composite models.

Parameters:
control_mode (str): The desired control mode (°'VSM', ‘Droop‘, ‘Synchroverter®, or ‘none’).

# Get all composite models (.ElmComp*) in t pr
composite_models = app.GetCalcRelevantObjects( "*.EL

Define the ava trol s
control_modes = ! ‘Droop*, ‘Synchroverter’]

# Check if the provided cont X in the list of trol
control_mode not in control_i
app.PrintInfo(f"Invalid control : {control_mode}. Please choose from 'VSM', 'Droop’, 'Synchroverter'.")

r r ea site model
model composite_models:
model_name = model.loc_name

model_name.startswith(control_mode):
€ trol mode service

model.outserv = @
app.PrintInfo(f"“Control enabled for model: {model_name}")
any(model_name.startswith(other_mode) for other_mode in control_modes if other_mode != control_mode):

model.outser 1
app.PrintInfo(f“Control disabled for model: {model_name}")

Figure C.30: Snapshot of grid-forming controller selection function, (Scenario-2050).

C.3.4.3. Controller Operation Selection

Next, the controller operation selection function is explained. The goal is to ensure that the correct
converters in the system are in operation and that converter controllers with a dispatch of 0 MW are
set out of service to avoid incorrect interactions with the dynamic models. While the static generator
representation of the converters is set to be out of service when the active power is zero, the dynamic
models require a different approach. This function addresses that need.

The function can be seen in Figure C.31 and Figure C.32. The blue square represents the first
operation of the function, which involves setting all the different grid-following converters in operation.
This step ensures there is no overlap between previous scenarios, allowing for an accurate function each
time. This is done for the grid-following WOZ and WOL units, where the controller starts with "IEC,"
and for the grid-following solar PV units.

Then, the different ranges representing the different converters in the Excel sheet are given. This
allows for easy identification of the converters with zero dispatch. The three squares in Figure C.32
show this identification and subsequent controller operation selection. A representation is provided
for all the grid-forming and grid-following converters. The selection is based on the dispatch levels of
Case A, represented as "row" 5 in Python or column 5 in Excel. If the controller operation selection
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is to be performed for different cases or scenarios, this variable needs to change to the corresponding
dispatches, typically located by a 3-step increase. This is highlighted in the yellow square.

Similar to the previous functions, this function is called in the function call part of the script, as
seen in subsubsection C.3.4.8. The function "setconvertercontrolsoutofservice()" is uncommented in the
correct case calling. It is important to uncomment the previous function that selects the grid-forming
controller as well to avoid overlap between different dispatches.

converter_controls_out_of_service():
based on if they have a dispa not.

trol type” Cell. (Right above). Thus, these dont need to be set in

Gl owing
composite_models bjects
model in composite_models:
model. loc_name. startswith( "IEC_"):

model.loc_name.startswith(
model.outserv
app.PrintPlain(

wl = wbin.Worksheets(“II3050")
i
StatG_following = wl.Range("
. i "
StatG_forming = wl.Range("AL 01") .Value

StatG_PV_following = wl.Range("A118:7162").Value

composite_models = app.GetCalcRelevantObjects(“*.ELm

Figure C.31: Snapshot of controller operation selection function, (Scenario-2050).
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# Fi conve in S Formi with zero o ut
app.PrintPlain( “Checking converters in StatG_forming...")
for row in StatG_forming:

name = row[©@

with zero output.™)
# Set associated controllers ou
control_name_prefix = name.split(” # Extract the name after "Conve
control_type in [“VSM"”, "Synchroverter Control”, "Droop Control| System"]:
control_name = f“{control_type} {control_name_prefix}"
control = [c f c in composite_models if c.loc_name == control_name]
if control:
control[@].outserv = 1 # Set control mode out of service
app.PrintPlain(f"Control mode ‘{control_name}' set out of service.")

# Find converters in StatG_followi iith zero outpu
app.PrintPlain( “Checking converters in StatG_following...")
r row in StatG_following:
name = row[0]
if name.startswith("W_") and float(row[5]) == @: #
converter_name = name.split(”_", 1)[1] # Extract the name after "l
app.PrintPlain(f"Converter ‘{converter name}' identified with zero putput."”)
control_name = f"IEC {converter name}"
control = [c for ¢ in composite_models if c.loc_name == control_name]
if control:
control[@].outserv = 1 # Set control mode out of service
app.PrintPlain(f"Control mode '{control_name}' set out of service.")

R e B — s

Check PV conve rs in StatG_PV_following wit o output a
app.PrintPlain(“Checking PV converters in StatG_PV_following. ..
row in StatG_PV_following:

name = row[@]

if name.startswith(”L_PV_") i float(row[5]) == @:

unique_name = name.replace(”L_PV_", "") R ves the prefi L_PV
app.PrintPlain(f"PV Converter '{unique_name}' identified with zero putput.”)
i + t N rol name using the unigue pa

ECC Large-scale PV Plant_{unique_name}"

control = [c for in composite_models if c.loc_name == control_name]

if control:
control[@].outserv = 1 # Set trol e out of service
app.PrintPlain(f"Control mode '{control_name}' set out of service.")

Figure C.32: Snapshot of controller operation selection function, slide 2 (Scenario-2050).

When using the function, it is important to remember the specifics of setting some of the controllers
in service. This applies to certain grid-following PV units. At the start of the work, there were issues
with the dynamic models of some solar PV representations. This was resolved by creating a new
representation of the controller, typically indexed with an additional (1) at the end of the controller
names. Because of this indexing, there are slight issues when these controllers are set in service.
Therefore, only the controllers with an indexed (1) should be set in operation for certain scenarios. An
example of this is given in Figure C.33.

In the figure, the yellow square represents a controller where an additional controller had to be
made. During the selection process of the controllers to be set in service, this needs to be double-checked.
Either only the one with a (1) needs to be set in service, or both need to be set out of service. However,
for the controllers indicated with a "2", this is not relevant. These represent an actual second converter
at the specific location and do not correlate to the controller issues. These are seen in the blue square
and can be left untouched.
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9 WECC Large-scale PV Plant_Z150 Grid_HVNL Grid_HVNL Frame WECC Large-sc... Generator ...
28 WECC Large-scale PV Plant_Z150_1 Grid_HVNL Grid_HVNL Frame WECC Large-sc... O Generator ..
29 WECC Large-scale PV Plant_Z150_2 Grid_HVNL Grid_HVNL Frame WECC Large-sc... O Generator ..
29 WECC Large-scale PV Plant_ZH150 Grid_HVNL Grid_HVNL Frame WECC Large-sc... Generator ...
9 WECC Large-scale PV Plant_ZH150_1 Grid_HVNL Grid_HVNL Frame WECC Large-sc... Generator ...

@ WECC Large-scale PV Plant_ZL380 Grid_HVNL Grid_HVNL Frame WECC Large-sc... Generator ..
29 WECC Large-scale PV Plant_ZL380_2 Grid_HVNL Grid_HVNL Frame WECC Large-sc... Generator ..
9 WECC Large-scale PV Plant_ZYV220 Grid_HVNL Grid_HVNL Frame WECC Large-sc... [J Generator ...

Figure C.33: Snapshot of the list of grid-following PV controllers in PowerFactory.

Overall, the function allows for a straightforward setup of the correct controllers” operational selection.
However, it is important to remember the small adjustments necessary when running the grid-forming
converter selection function simultaneously and being aware of the correct PV grid-following controllers
to be set out of service. This structure could benefit from a simpler and more dynamic setup, and the
different controllers in PowerFactory could be cleared properly.

C.3.4.4. Dynamic Load Model Update

Next, the function used to update the dynamic model representation of the different demand units is
discussed. This includes load response, power to heat, and electrolysers utilizing a dynamic droop
control controller.

The function can be seen in Figure C.34 and Figure C.35.

The goal is to update the dynamic models of the loads to allow for dynamic interplay with the
model. Since these are not directly taken from the dispatches in PowerFactory, they are manually
scripted through Python. The various parameters are given in the blue square, where values can be
set directly. For more information regarding the different parameters, refer to subsection 6.4.4. These
values can be changed easily, allowing for quick adaptation to different scenarios, enabling analysis
of the impact of different parameters, and facilitating adjustments for future developments and new
respective values.

The yellow square indicates where the dynamic update takes its values from, once again, the dispatches’
Excel sheet. It takes the maximum capacity from row 2 and the active power levels from the dispatches
and one of the rows in the cases, specifically case A, represented by row 5 in Python or column 5 in
Excel. This needs to be changed for different case implementations of the dynamic models, moving
three columns to the right between each case.

This function is called similarly to the others in this script in the function call section. The func-
tion "update dynamic model parameters()" is uncommented, and the script can be run. If this is altered,
it is important to remember to change the dispatch column of the respective case.
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ow[5])
(row[2])

model_type

name_base = name_bas
dynamic_model_name
dynamic_mode pp.GetCalcRelevanto namic_model_name)
dynamic_mode:

dynamic_model = dynamic_models[e]

update_parameter (dynamic_model, , plini_value, model_type, p_max_from_excel, dynamic_model_name)

update_parameter (dynamic_model, plis ue, model p_max node]_name)
update_parameter (dynamic_model,

)

model_name)

y del_name)

update_parameter (dynamic_model, R b H x , dynamic_model_name)
update_parameter (dynamic_model, i_value, H dynamic_nodel_name)

app.Printuarn(f

Figure C.34: Snapshot of dynamic load model implementation function(Scenario-2050).

def update_parameter(dynamic_model, parameter_name, plini_value, model_type, p_max_from_excel, dynamic_model_name):

Update a specific parameter of a dynamic model.

The dynamic model object to be updated.
of the par er to be updated.

", "LR", "PTH").
e Excel sheet|.

parameter_name ‘FCR _db":
value = @.1 if model_type in

f parameter_name Ci

value =

if parameter_nami g

value = plini_value
parameter_name == ‘Bid min':
value = -plini_vali
parameter_name ==
value = @

if parameter_name == 'Bi
value = plini_value
parameter_name == ‘P i
value = p_max_from_excel

value = plini_value

ttr(dynamic_model, parameter_name, value)
app.PrintInfo(f"Updated { ameter_name} to {value} for model 1amic_model . lLoc_name} ({model_type})™)

Figure C.35: Snapshot of dynamic load model implementation function, slide 2 (Scenario-2050).

C.3.4.5. Grid-forming Current Limitation Function

Next, the grid-forming current limitation function is presented. The function can be seen in Figure C.36.
This function allows for the adjustment of the maximum current limitation of the virtual impedance
and output voltage controllers, enabling the analysis of the impact of changing the maximum current
limit of the converters.

The virtual impedance and output voltage controllers are the main components used to limit the
maximum current of the converters in the event of a disturbance. While the current limits are low
for the existing brand of converters, this could change with future technology, making it important to
analyze the impact. This function allows for easy integration of different characteristics for future systems.

Two different options are available for both functions, determining the mode in which the current
limitation should operate.

The two options for the virtual impedance shown in the blue square are a constant impedance
mode or a proportional impedance mode. For a more detailed explanation of these modes, refer to
subsection 2.2.4. A value of 1 represents proportional impedance, while 0 represents constant impedance.
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For the output voltage calculation, the two modes consist of the current limitation being enabled,
represented by a value of 1, or disabled, represented by a value of 0.

The two models also allow for a change in the maximum current, seen right below the mode se-
lection. This allows the script to easily adapt and modify the models with direct values selected in
Python. The function is structured simply and can be extended easily to change other parameters in the
respective controls.

Similar to the other functions, this function is called in the function call section, seen in subsub-
section C.3.4.8. The function "update all virtual impedance modes" is uncommented, and the script is
run. The only important thing to remember is to change the values as desired and to change them back
after usage.

update_all_virtual_impedance_modes():

Update parameters for all Virtual Impedance and Output Voltage Calculation models in the project.
The primary f here is the maximum short-circuit current, and the current Limitation mode of the controllers
It is also possible to test for different impedance values etc, but this needs to be implemented. This can be done in the same manner.

Ret DSI ) ) t t ) 5
all _dsl_models = app.GetCalcRelevantObjects("*.ELmDsL™)

model all_dsl_models:

"Virtual Impedance" model.loc_name:
. tAtLr t ms:r', 0.0
model.SetAttribute( 'e:params:Mode’, 1)
model.SetAttribute( 'e:params:i_Lim', 1.1) rig
app.PrintInfo(f"Virtual Impedance model updated: {model.loc_name}")

arar rs for "Out Volt tion"
"Output Voltage Calculatioi model.loc_name:

model.SetAttribute( 'e:param

model.SetAttribute( 'e:params:i_max', 1. .2 orig
app.PrintInfo(f"Output Voltage Calculation model updated: {model.loc_name}")

AttributeE 2=
app.PrintWarn uld not update model {model.loc_name}: {e}")

Figure C.36: Snapshot of current limitation function for grid-forming converters (Scenario-2050).

C.3.4.6. Grid-forming Controller Parameter Selection Function

Next, the three functions used to change the different parameters for the three grid-forming converters
are explained. The first function, representing the changes for the VSM controller, can be seen in
Figure C.37. The same functions are available for the Synchroverter and the Droop controller, with their
respective parameters available for selection.

For the VSM controller update, two different values can be changed: the T; and the D,, as seen
in the pink square. These are the two most vital parameters for the operation of the VSM controller.
Similar parameters are selected for the Synchroverter and the Droop controller, with the different
parameters better explained in section 2.2. These different parameter values can be changed as needed
depending on the necessary simulation characteristics. These functions were critical in Case Study B to
allow for easy integration of different parameters for the parameter sensitivity analysis. This can be
extended to other parameters for the three different controllers.

The parameters for all the different grid-forming controllers are changed, even if they are set in
service or not. This allows for easy integration if some of these controllers are to be set in service, as
they do not pose any threat to different system characteristics when set out of service.

Similar to the previous functions, these three functions are also available to call in the system function
call section seen in subsubsection C.3.4.8. The three different functions (updateallVSMcontrolsettings()),
(updateallSynchrovertercontrolsettings()), and (updateallDroopcontrolsettings()) are uncommented,
and the script can be run depending on which controller parameters are to be changed.
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Here, the main parameters of the controllers are selected and are able to be adjusted to what value is wanted.
Here, all the parameters of the controllers can be added easily, by doing it in the same manner as done here.
The original values are also given, to easier allow for a reset.

update_all_VSM_control_settings():

Update parameters for all Virtual Synchronous Machine control models in the project.

all_dsl_models = app.GetCalcRelevantObjects("*.ELmDsL")

# Retrieve all DSL model objects in the e

for model all_dsl_models:

# - arar r r uroc "J ie

f rtual Synchronous Machine” model.loc_name:
model.SetAttribute( 'e:par a', 3)
model.SetAttribute( ‘e:params:Dp*, 100) g 1: 100
app.PrintInfo(f"VSM Control model updated: {model.loc_name}")

t AttributeError -H
app.PrintWarn(f“Could not update model {model.loc_name}: {e}")

Figure C.37: Snapshot of VSM parameter update function (Scenario-2050).

C.3.4.7. Kinetic Energy and Inertia Constant Update Function

Next, the function utilized to determine the inertia constants and kinetic energy levels represented by
the AC interconnections in the system is explained. Having this represented in a Python script allows
for quick and easy integration of different characteristics, facilitating efficient research on the projected
levels of kinetic energy and inertia constants in future systems.

Starting off, the first part of the function is seen in Figure C.38. The interconnections and their
respective ratings are initialized here, as shown in the pink square. Furthermore, the different kinetic
energy levels given in GVA and inertia constants given in seconds, which are desired for system
representation, are provided in the blue square. These values are easy to change, and the rest of
the script handles the necessary integration and calculations. The new apparent power rating of the
synchronous machine for the different interconnections is found by dividing the kinetic energy by the
inertia constant.

The first function that updates the values is shown in Figure C.39. The green square represents
the values changed in the different interconnections: the rated apparent power and the inertia constant.
This is done for the synchronous machine representing the different interconnections, with the parame-
ters being those of the synchronous machine.

Next, the calculations and implementation of the synchronous machine controller are seen in Fig-
ure C.40. Here, the different interconnections’ limitations are managed, as the synchronous machines
are now represented with a large apparent power rating. This is controlled in the dynamic model. The
interconnections and their capacities are listed in the red square. Based on these values, the various
parameters of the synchronous machine controllers are calculated and implemented into the dynamic
models, as seen in the yellow square. These updated values represent the active power dispatches of
the synchronous machine controllers, determining the maximum valve opening time constant of the
synchronous machine controller dispatch. This is based on the ratings of the machines instead of the
kinetic energy representation, allowing for a more accurate estimation. The maximum active power
dispatch is based on the active power ratings of the interconnections, while the maximum valve opening
time constant was set to 0.25 of that value. This was the standard value found for the controller and was
thus kept for the study. It can be changed if necessary.

For more information on the interconnection representations, refer to subsection 6.4.3.

These functions are called in the function call section, as seen in subsubsection C.3.4.8. The two
functions called "updateselectedsynchronousmachines()" and "updateieeegldslmodels()" are uncom-
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mented in the function call, and the parameters will be updated accordingly.

Having this easy integration of different kinetic energy and inertia constant levels in the system
allows for a good analysis of these parameters’ different values. This can be used to analyze the system
performance under different operational characteristics and their impact on system performance. This
was done in Case Study B, but the work can be extended further by simply defining the different values
in the blue square in Figure C.38.

Here, the inertia constant and kinetic energy levels of the AC interconnections can be
Select the kinetic energy and inertia constant wanted for the system, and this will be
The dynamic models of the AC interconnections also needs to be updated, to be responsif

it ze known intercc
interconnection_levels = {
"IC_AMPRION_GNA386 1": 1650,
"IC_AMPRION_NDR386 1": 1650,
"IC_AMPRION 0BZ386": 1650,
"IC ELTA MBT380 _1": 1750,
"IC_ELIA ZvL380 1": 1750,
"IC TenneT _DIL386 1": 5000

kinetic_energy = 1800000 # F
inertia_constant = 4.1 # Replace with lesi
new_sgn_value = kinetic_energy / inertia_constant

Figure C.38: Snapshot of Kinetic energy and inertia constant function, (Scenario-2050).

f update_selected_synchronous_machines():
Update selected synchronous machine parameters.

# Retrieve all re : Sym models in the project
all_typ sym = app.GetCalcRelevantObjects( “*.TypSym™)

Nar f interest for filteri
target_names = [
“Gen_Interconnection_1650",
"Gen_Interconnection_1750",
"Gen_Interconnection_56000"

typ_sym in all_typ_sym:

typ_sym.loc_name in target_names:

typ_sym.SetAttribute('sgn', new_sgn_value)

# te t ttribute (inerti

typ_sym.SetAttribute(‘'h’, inertia_constant)

app.PrintInfo(f“Updated {typ_sym.loc_name} with sgn={new_sgn_value} and h={inertia_constant}")
AttributeErnr e:
app.PrintWarn(f“Could not update {typ_sym.loc_name}: {e}")

Figure C.39: Snapshot of Kinetic energy and inertia constant function, slide 2 (Scenario-2050).
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update_ieeegl dsl_models():

Update parameters for all IEEEGI models in the project

interconnection_level
"Plant_Gen_Inte

all_elmcomp. app.GetCalcRelevantObjects("“*. ELmComp™)

app.PrintInfo(f“Total ElmComp components found: {len(all_elmcom

comp all_elmcomps:

comp.loc_name interconnection_levels.keys():
app.PrintInfo(f"“Processing IEEEGI models in {c
base_value = interconnection_leve

app.PrintInfo(f“Using base value: {base_value} for calculations."”

-((@.25 * base_value) / new_sgn_value)

ieeegl models = comp.GetContents("*.ELmDsL", recursive=True)

f ieeegl_models:
app.PrintInfo(f“Found {len(ieeegl models)} IEEEGI1 models in {comp.loc_name}")
model in ieeegl models:
f "IEEEG1"™ in model.loc_name:

model.SetAttribute("e ", uc)
model.SetAttribute( ms :Pmin®, pmin)
model.SetAttribute( m uo)
model.SetAttribute(” r m , pmax)
app.PrintInfo(f“Updated IEE del: {model.loc_name} with Uc={uc}, Pmi

app.PrintInfo(f“No IEEEGI models found in {comp.loc name}")

Figure C.40: Snapshot of Kinetic energy and inertia constant function, slide 3 (Scenario-2050).

C.3.4.8. Function Call
Next, the function call section of the script is highlighted and explained. This section allows for the
selection and operation of different functions.

An overview of the function call for Case A can be seen in Figure C.41. Similar function calls
exist for all six cases with the same possible function calls. Some function calls are case-dependent,
such as the different dispatches with six different functions, while other functions are standardized
across all the different cases. Some functions require specific changes within the functions themselves,
such as choosing the correct column in Excel to utilize. For specific instructions regarding this, refer to
the descriptions of the respective functions.

To run the different functions, they are simply uncommented in the specific case, and the script
is ready to be run. It is possible to initialize all the different cases simultaneously; however, it is
recommended to do this individually to allow for better control of the different system characteristics
and initialization. Four different rows are uncommented for Case A in the function call section seen
in Figure C.41. The first uncommented line is the activation of the specific case, ensuring that all the
functions are only called for that specific case in PowerFactory. Next, the capacities2050() function and
the two functions used to initialize the kinetic energy and inertia constant levels of the interconnections
are uncommented. If this script is run, it will activate Case A, set the system capacities, and update the
interconnections to the specified kinetic energy and inertia constant levels.

If the "simulations()" function is uncommented, it will simply perform a load flow at the end of the
function call.

A similar approach can be used for the different cases. To avoid any overlap in the script, it is



C.3. Python and Excel Functions 287

recommended to comment out the activation of the case studies not in use. After this, it is simply a
matter of uncommenting the functions to be used, and the script is ready to run.

The function call section allows for an easy overview of the specific functions utilized each time
the script is run and facilitates easy extension with the addition of new functions.

onal scenario folders
ProjectFolder('scen”)
0S = OSfolder.GetContents()

# Lo throug erational
for opscenfold in 0S:
app.PrintPlain(opscenfold)

opscenfold.loc_nam
sheetname = “II305602" fi
opscen = opscenfold.GetContents()

00 oug ac arlio 1
scen opscen

f scen.loc_name == 'CaseA’:
scen.Activate()
capacities2050()

B 11 _virtual_in e_mode
update_selected_synchronous_machines()
updat eegl_dsl_models()

# simulatio

Figure C.41: Snapshot of function call section (Scenario-2050).

C.3.4.9. Running the Script

Finally, a quick guide on how to utilize the script in PowerFactory is provided. The first step in running
the script involves correctly utilizing the system function call as previously described. The next part
involves running the script in PowerFactory, as shown here.

The first step is selecting the script execution function in PowerFactory, marked in the pink square
in Figure C.42. After this is selected, the menu shown in Figure C.43 should appear. The "Scenario
2050" script is identified and selected here, as seen in the blue square. After this, the menu shown in
Figure C.44 should appear. Note that the correct settings should be selected as the "Script," shown
in the yellow square. Additionally, selecting the correct path for the Python script is important, as
this automatically changes for different computers with different script locations. This is changed by
selecting the three dots in the green square and selecting the correct script. After this is done, the script
is ready to be executed, as indicated in the red square.

It is important to remember that all of the different resources of Excel, Python, and PowerFactory should
be in the same model as given in section C.2. Otherwise, problems can occur.

m ) N rkac 1)

B B8R OO BTV OB @D A AT

Figure C.42: Snapshot of execute script location in PowerFactory.
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Q70 LDBEoBB YYNYHL Q@
*

v & 5 P L Alscripts

Cancel
> B3 Al scripts Name Type Object modified
> Bf 2050 Scenarios e h e
> [l Project Library » [} Scenario 2050 08.05.2024 14:43:48 | Filter
> [l Scripts [} Result export 09.04.2024 21:21:19

D, Simulations 09.04.2024 20:12:48
[} Python Script(3) 09.04.2024 17:28:26
l?, Scripting_input_for_slots_composite_mode 13.03.2024 22:13:58
D, Python Script(2) 09.03.2024 20:36:30
[} Element-creation 08.03.2024 14:51:48
l?, Simulations 06.03.2024 13:21:47
D, Scenarios 2030 05.03.2024 21:55:23
py  Scenarios-2030 05.03.2024 20:08:35
l?;',; Efficiency ratio calculation 06.02.2024 15:55:32
l—;}l EvaluateTececoCalcForStudyCases 06.02.2024 15:55:32
r;}; HermanBeta 06.02.2024 15:55:32
DP| Impedance Loci 06.02.2024 15:55:32
l?,',; RadialFeedersReport 06.02.2024 15:55:32
l?}l RunRelForStudyCases 06.02.2024 15:55:32
I—J}; Stochastic Switching 06.02.2024 15:55:32
[3  DPLscriptt 16.01.2024 12:48:40
I-Q csvreading 19.11.2023 15:36:47
[} lines 16.11.2023 15:34:29

Ln1 27 object(s) of 27 1 object(s) selected Drag & Drop

Figure C.43: Snapshot of specific script location in PowerFactory.

B Python Script - Study Cases\2050 Scenarios\Scenario 2050.ComPython

Basic Options Selecting a remote script destroys all current settings
Results Remote script vi->
i Close
Sl Interface Version 2 v
Description
Python Script Cancel
Version
O External Contents
O Embedded
Script file 2r\Thesis\Documentation\Phyton\Simulation\Scenario-2050.py ... Open in editor

Figure C.44: Snapshot of running the script in PowerFactory.
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C.4. Grid-forming and Flexibility Calculation Codes

Listing C.1: Grid-forming and Flexibility implementation codes
# -*- coding: utf-8 -*-

nun

Created on Tue Feb 25 19:37:42 2024

@author: Sander

import win32com.client as win32
import math

import random

# %% Initialization
excel = win32.gencache.EnsureDispatch(’Excel.Application’)
excel.Visible = True

# Define paths to your Excel files
input_excel = r"G:\Andre.datamaskiner\Min. berbare._.datamaskin\Master\Thesis\Documentation\
Phyton\Simulation\Scenario-Input-2-with-dispatched-case-b.xlsx"

# input_excel = r"G:\Andre datamaskiner\Min berbare datamaskin\Master\Thesis\Documentation\
Phyton\Simulation\Scenario-Input-2-with-dispatched-case-b-test.xlsx"
# Add paths for output_excel and installedcap_excel as necessary

# Open the Excel workbooks
wbin = excel.Workbooks.Open(input_excel)

sheet_II30502 = wbin.Worksheets("II3050")

# %% Case A Grid-forming integration

def calculate_and_set_capacities_with_scaling_CaseA(sheet, case_row):
# Read grid-forming and grid-following capacities from Excel ranges
statgen_forming = sheet.Range("A199:E301").Value
statgen_following = sheet.Range("A60:E117").Value
statgen_PV_following = sheet.Range("Al118:E162").Value

# Initialize total capacities for different converter types
total_Converter_PV = 0
total_Converter_WOL =
total_Converter_WOZ =
total_W_WOZ = 0

total_W_WOL = O

total_PV_following = 0

0
0

# Read the scaling factors from Excel for the specified case row and convert percentages
to decimals

scaling_factors_WOZ = float(sheet.Range("AH21").Value) / 100

scaling_factors_WOL = float(sheet.Range("AI21").Value) / 100

scaling_factors_PV = float(sheet.Range("AJ21").Value) / 100

# Sum capacities for grid-forming converters based on their type
for row in statgen_forming:
if row[0] and row[0®].startswith("Converter_PV"):
total_Converter_PV += row[3]
elif row[0®] and row[0®].startswith("Converter_WOL"):
total_Converter_WOL += rowl[3]
elif row[0®] and row[0®].startswith("Converter_WO0OZ"):
total_Converter_WOZ += rowl[3]

# Sum capacities for grid-following converters based on their type
for row in statgen_following:
if row[0] and row[0].startswith("W_W0OZ"):
total_W_WOZ += row[3]
elif row[0®] and row[®].startswith("W_WOL"):
total_W_WOL += row[3]
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65 # Sum capacities for PV grid-following converters

66 for row in statgen_PV_following:

67 if row[0]: # Check if the identifier is not None

68 total_PV_following += row[3]

69

70 # Ensure totals are numerical values (floats)

71 total_Converter_PV = float(total_Converter_PV)

72 total_Converter_WOL = float(total_Converter_WOL)

73 total_Converter_WOZ = float(total_Converter_WO0Z)

74 total_W_WOZ = float(total_W_WOZ)

75 total_W_WOL = float(total_W_WOL)

76 total_PV_following = float(total _PV_following)

77

78 # Read the grid-forming percentage from Excel cell AI33 and convert to decimal

79 grid_forming_percentage = float(sheet.Range("AI33").Value) / 100

80

81 # Apply scaling factors to the total capacities

82 scaled_WOL_total = total_Converter_WOL * scaling_factors_WOL

83 scaled_WOZ_total = total_Converter_WOZ * scaling_factors_W0Z

84 scaled_solar_total = total_Converter_PV * scaling_factors_PV

85

86 # Calculate new levels of grid-forming and following capacities

87 grid_forming_WOL = scaled_WOL_total * grid_forming_percentage

88 grid_following_WOL = scaled_WOL_total * (1 - grid_forming_percentage)

89 grid_forming_WOZ = scaled_WOZ_total * grid_forming_percentage

90 grid_following_WOZ = scaled_WOZ_total * (1 - grid_forming_percentage)

91 grid_forming_solar = scaled_solar_total * grid_forming_percentage

3 grid_following_solar = scaled_solar_total * (1 - grid_forming_percentage)

93

94 # Print the original and scaled totals for verification

95 print("Case_A")

9% print("Original_and.Scaled._.Totals.for. Wind_.and._.Solar_PV:")

97 print(£f"Total _WOL_(Grid_.Forming):.{total_Converter_WOL}")

98 print(f"Total _WOL._.(Grid_.Following):_.{total_W_WOL}")

99 print(f"Total _WOZ_(Grid_.Forming):.{total_Converter_WOZ}")

100 print(£f"Total WOZ._.(Grid_.Following):_.{total_W_WOZ}")

101 print("-" * 20) # Separator for clarity in the output

102 print (£f"WOL_.scale:.{scaling_factors_WOL}")

103 print (£"W0Z_scale:_{scaling_factors_W0Z}")

104 print(£f"Scaled_ WOL_Total:._.{scaled_WOL_totall}")

105 print(£f"Scaled_.WOZ_Total: _ .{scaled_WOZ_totall}")

106 print("-" * 20) # Separator for clarity in the output

107 print(f"Total.Solar. .PV.(Grid_Forming):_.{total_Converter_PV}")

108 print(f"Total.Solar PV.(Grid_.Following):.{total_PV_following}")

109 print(£f"PV.scale:._.{scaling_factors_PV}")

110 print(£f"Scaled.Solar_PV_Total:_.{scaled_solar_total}")

111 print("-" * 20) # Separator for clarity in the output

112 print("Original.and.Scaled.Totals.for.Wind.and.Solar PV_.with, Grid_.Forming/Following.
Distribution:")

113 print(f"Grid_forming.percentage:._.{grid_forming_percentage*100}.%."

114 print (£f"Grid_.Forming . WOL:_.{grid_forming_WOL}")

115 print(f"Grid_.Following. .WOL:_.{grid_following_WOL3}")

116 print (£f"Grid_.Forming . .WOZ:_.{grid_forming_WOZ}")

117 print(f"Grid_.Following.WOZ:_ .{grid_following_WOZ}")

118 print(f"Grid_Forming.Solar_PV:_.{grid_forming_solar}")

119 print (f"Grid._.Following.Solar PV:_{grid_following_solar}")

120

121 # Return the distributed totals if needed for further processing

122 return grid_forming_WOL, grid_following_WOL, grid_forming _WOZ, grid_following_WOZ,

grid_forming_solar, grid_following_solar
123
124 def distribute_capacity_based_on_percentage(sheet, grid_forming_WOL, grid_following_WOL,
grid_forming_WOZ, grid_following_WOZ, grid_forming_solar, grid_following_solar,
grid_forming_percentage):

125 max_load_percentage = 1

126 update_column = 5 # Column "F" in Excel, adjusted for Python indexing
127

128 # Zero out the grid-forming and grid-following capacities in Excel

129 def zero_out_ranges():

130 ranges = [

131 "F244:F267", # grid_forming_range_WOL
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132 "F60:F83", # grid_following_range_WOL

133 "F268:F301", # grid_forming_range_WOZ

134 "F84:F117", # grid_following_range_WOZ

135 "F199:F301", # grid_forming_range_solar

136 "F118:F162" # grid_following_range_solar

137 ]

138 for cell_range in ranges:

139 for cell in sheet.Range(cell_range):

140 cell.Value = 0

141

142 zero_out_ranges ()

143

144 # Function to manage and update the distribution of capacities

145 def distribute_and_update(forming_converters, following_converters, forming_capacity,
following_capacity, converter_type):

146 # Determine the number of grid-forming converters based on a predefined percentage

147 num_forming = int(len(forming_converters) * grid_forming_percentage)

148 # Select the subset of grid-forming converters

149 forming_subset = forming_converters[:num_forming]

150

151 # Identify names of unused grid-forming converters

152 unused_forming_names = {conv[1][0].replace("Converter_", "") for conv in

forming_converters[num_forming:]}
153

154 # Select eligible grid-following converters that are not used in forming

155 eligible_following_subset = [conv for conv in following_converters if conv[1][0].
split("_", 1)[1] in unused_forming_names]

156

157 # Distribute the grid-forming capacity among the forming subset

158 distribute_capacity(forming_subset, forming_capacity, "forming", converter_type)

159

160 # Distribute the grid-following capacity among the eligible following subset

161 distribute_capacity(eligible_following_subset, following_capacity, "following",

converter_type)
162

163 # Function to distribute a specified capacity among a subset of converters
164 def distribute_capacity(converters_subset, total_capacity, mode, converter_type):
165 # Calculate the total rating by summing the fourth element (index 3) of each
converter’s row in the subset
166 total_rating = sum(row[1][3] for row in converters_subset)
167
168 # Iterate over each converter in the subset along with its index
169 for index, row in converters_subset:
170 # Calculate the maximum capacity for the current converter based on its rating
and a predefined max load percentage
171 max_capacity = row[3] * max_load_percentage
172
173 # Calculate the proportion of the total rating this converter contributes
174 proportion = row[3] / total_rating if total_rating > 0 else 0
175
176 # Determine the desired load for this converter based on its proportion of the
total capacity
177 desired_load = total_capacity * proportion
178
179 # Set the cell value to the smaller of the desired load or the maximum capacity
for the converter
180 sheet.Cells(index, update_column + 1).Value = min(desired_load, max_capacity)
181
182 # Print the total capacity distributed for the given converter type and mode
183 print(f"Total_{converter_type}.{mode}_Capacity._.Distributed:._{total_capacity}")
184
185 # Prepare lists of converters and shuffle them to randomize distribution
186 forming_WOL_converters = [(index + 199, row) for index, row in enumerate (sheet.Range("
A199:E301").Value) if "Converter_WOL" in row([0]]
187 forming_WOZ_converters = [(index + 199, row) for index, row in enumerate(sheet.Range("
A199:E301").Value) if "Converter_WOZ" in row([0]]
188 forming_solar_converters = [(index + 199, row) for index, row in enumerate(sheet.Range("
A199:E301").Value) if "Converter_PV" in row[0]]
189 following_WOL_converters = [(index + 60, row) for index, row in enumerate(sheet.Range("

A60:E117").Value) if "W_WOL" in row[0]]
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190 following_WOZ_converters = [(index + 60, row) for index, row in enumerate(sheet.Range("
A60:E117").Value) if "W_WOZ" in row[0]]
191 following_solar_converters = [(index + 118, row) for index, row in enumerate(sheet.Range(

"A118:E162").Value) if "L_PV" in row[0]]
192

193 import random

194 random. shuffle(forming_WOL_converters)

195 random. shuffle(forming_WOZ_converters)

196 random. shuffle(forming_solar_converters)

197 random. shuffle(following_WOL_converters)

198 random. shuffle(following_WOZ_converters)

199 random. shuffle(following_solar_converters)

200

201 # Distribute capacities according to the adjusted strategy

202 distribute_and_update(forming_WOL_converters, following _WOL_converters, grid_forming_WOL,
grid_following_WOL, "WOL")

203 distribute_and_update (forming_WOZ_converters, following _WOZ_converters, grid_forming_WOZ,
grid_following_WO0Z, "WOZ")

204 distribute_and_update(forming_solar_converters, following_solar_converters,
grid_forming_solar, grid_following_solar, "Solar")

205

206 # Main execution logic for Case A

207 grid_forming_WOL, grid_following _WOL, grid_forming_WOZ, grid_following_WOZ,
grid_forming_solar, grid_following_solar =
calculate_and_set_capacities_with_scaling_CaseA(sheet_II30502, 20)

208 grid_forming_percentage = float(sheet_II30502.Range("AI33").Value) / 100

200 distribute_capacity_based_on_percentage (sheet_II30502, grid_forming WOL, grid_following_WOL,
grid_forming _WOZ, grid_following _WOZ, grid_forming_solar, grid_following_solar,
grid_forming_percentage)

210 print ("END_.CASE_A")

211

212

213 # %% Case B Grid-forming integration

214

215 def calculate_and_set_capacities_with_scaling_CaseB(sheet, case_row):

216 # Read grid-forming and grid-following capacities from Excel ranges

217 statgen_forming = sheet.Range("A199:E301").Value # Adjusted range for forming converters

218 statgen_following = sheet.Range("A60:E117").Value

219 statgen_PV_following = sheet.Range("A118:E162").Value

220

21 # Initialize total capacities for different converter types

22 total_Converter_PV = 0

223 total_Converter_WOL = 0

224 total_Converter_WOZ = 0

25 total_W_WOZ = 0

26 total_W_WOL = O

227 total_PV_following = 0

28

229 # Read the scaling factors from Excel for the specified case row and convert percentages
to decimals

230 scaling_factors_WOZ = float(sheet.Range("AH22").Value) / 100 # Moved one row down

231 scaling_factors_WOL = float(sheet.Range("AI22").Value) / 100 # Moved one row down

232 scaling_factors_PV = float(sheet.Range("AJ22").Value) / 100 # Same row

233

234 # Sum capacities for grid-forming converters based on their type

235 for row in statgen_forming:

236 if row[0®] and row[0®].startswith("Converter_PV"):

237 total_Converter_PV += rowl[3]

238 elif row[0®] and row[0].startswith("Converter_WOL"):

239 total_Converter_WOL += rowl[3]

240 elif row[0] and row[0®].startswith("Converter_WOZ"):

241 total_Converter_WOZ += rowl[3]

242

243 # Sum capacities for grid-following converters based on their type

244 for row in statgen_following:

245 if row[0] and row[®].startswith("W_W0zZ"):

246 total_W_WOZ += rowl[3]

247 elif row[0] and row[0].startswith("W_WOL"):

248 total_W_WOL += row[3]

249
250 # Sum capacities for PV grid-following converters
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Grid-forming and Flexibility Calculation Codes

293

def

for row in statgen_PV_following:
if row[0®]: # Check if the identifier is not None
total_PV_following += row[3]

# Ensure totals are numerical values (floats)
total_Converter_PV = float(total_Converter_PV)
total_Converter_WOL = float(total_Converter_WOL)
total_Converter_WOZ = float(total_Converter_WOZ)
total_W_WOZ = float(total_W_WOZ)

total_W_WOL = float(total_W_WOL)
total_PV_following = float(total_PV_following)

# Read the grid-forming percentage from Excel cell AI33 and convert to decimal
grid_forming_percentage = float(sheet.Range("AI33").Value) / 100

# Apply scaling factors to the total capacities

scaled_WOL_total = total_Converter_WOL * scaling_factors_WOL
scaled_WOZ_total = total_Converter_WOZ * scaling_factors_WO0Z
scaled_solar_total = total_Converter_PV * scaling_factors_PV

# Calculate new levels of grid-forming and following capacities
grid_forming_WOL = scaled_WOL_total * grid_forming_percentage
grid_following_WOL = scaled_WOL_total * (1 - grid_forming_percentage)
grid_forming_WOZ = scaled_WOZ_total * grid_forming_percentage
grid_following_WOZ = scaled_WOZ_total * (1 - grid_forming_percentage)
grid_forming_solar = scaled_solar_total * grid_forming_percentage
grid_following_solar = scaled_solar_total * (1 - grid_forming_percentage)

# Print the original and scaled totals for verification
print("Case.B")
print("Original_and.Scaled.Totals.for_.Wind_.and.Solar_PV:")
print(£f"Total _WOL._.(Grid_Forming):.{total_Converter_WOL}")
print (£f"Total _WOL_(Grid_.Following):.{total_W_WOL}")
print(£f"Total _WOZ._.(Grid_Forming):.{total_Converter_WOZ}")
print(£f"Total WOZ_(Grid_.Following):.{total_W_WOZ}")
print("-" * 20) # Separator for clarity in the output
print (£f"WOL_.scale:._.{scaling_factors_WOL}")
print (£"W0Z_.scale:_.{scaling_factors_W0Z}")
print(£f"Scaled_WOL_Total: _.{scaled_WOL_totall}")
print(£f"Scaled_.WOZ_Total:._.{scaled_WOZ_totall}")
print("-" * 20) # Separator for clarity in the output
print(f"Total.Solar_ PV.(Grid_Forming):.{total_Converter_PV}")
print(f"Total.Solar. .PV.(Grid_.Following):_.{total_PV_following}")
print (f"PV.scale:_ {scaling_factors_PV}")
print(f"Scaled.Solar_PV_.Total:.{scaled_solar_total}")
print("-" * 20) # Separator for clarity in the output
print("Original_and.Scaled_.Totals.for_.Wind.and.Solar_ PV_.with_ Grid_.Forming/Following.
Distribution:")
print (f"Grid.forming.percentage:._ {grid_forming_percentage*100}.%.")
print(£f"Grid_.Forming .WOL:_.{grid_forming_WOL}")
print(f"Grid_.Following . .WOL:_.{grid_following_WOL}")
print(f"Grid_Forming. .WOZ: _.{grid_forming_WOZ3}")
print(£f"Grid_.Following . .WOZ:_.{grid_following_WOZ}")
print(f"Grid_Forming.Solar PV:_.{grid_forming_solar}")
print(£f"Grid_Following.Solar PV:_{grid_following_solar}")

# Return the distributed totals if needed for further processing
return grid_forming_WOL, grid_following_WOL, grid_forming WOZ, grid_following_WOZ,
grid_forming_solar, grid_following_solar

distribute_capacity_based_on_percentage_CaseB(sheet, grid_forming _WOL, grid_following_WOL

, grid_forming_WO0Z, grid_following_WOZ, grid_forming_solar, grid_following_solar,
grid_forming_percentage):

max_load_percentage = 1
update_column = 8 # Adjusted to column 8 (Column "I" in Excel, adjusted for Python
indexing)

# Zero out the grid-forming and grid-following capacities in Excel
def zero_out_ranges():
ranges = [
"1244:1267", # Adjusted ranges for Case B



C.4. Grid-forming and Flexibility Calculation Codes 294

317 "160:183", # Adjusted ranges for Case B
318 "I1268:1I301", # Adjusted ranges for Case B
319 "184:1117", # Adjusted ranges for Case B
320 "1199:1301", # Adjusted ranges for Case B
321 "I1118:I162" # Adjusted ranges for Case B
322 ]
323 for cell_range in ranges:
324 for cell in sheet.Range(cell_range):
325 cell.Value = 0
326
327 zero_out_ranges ()
328
329 # Function to manage and update the distribution of capacities
330 def distribute_and_update(forming_converters, following_converters, forming_capacity,
following_capacity, converter_type):
331 # Determine the number of grid-forming converters based on a predefined percentage
332 num_forming = int(len(forming_converters) * grid_forming_percentage)
333 # Select the subset of grid-forming converters
334 forming_subset = forming_converters[:num_forming]
335
336 # Identify names of unused grid-forming converters
337 unused_forming_names = {conv[1][0].split("_", 1)[1] for conv in forming_converters[
num_forming:]}
338 eligible_following_subset = [conv for conv in following_converters if conv[1][0].
split("_", 1)[1] in unused_forming_names]
339
340 # Distribute the grid-forming capacity among the forming subset
341 distribute_capacity(forming_subset, forming_capacity, "forming", converter_type)
342
343 # Distribute the grid-following capacity among the eligible following subset
344 distribute_capacity(eligible_following_subset, following_capacity, "following",
converter_type)
345
346 def distribute_capacity(converters_subset, total_capacity, mode, converter_type):
347 # Calculate the total rating by summing the fourth element (index 3) of each
converter’s row in the subset
348 total_rating = sum(row[1][3] for row in converters_subset)
349 # Iterate over each converter in the subset along with its index
350 for index, row in converters_subset:
351 # Calculate the maximum capacity for the current converter based on its rating
and a predefined max load percentage
352 max_capacity = row[3] * max_load_percentage
353 # Calculate the proportion of the total rating this converter contributes
354 proportion = row[3] / total_rating if total_rating > 0 else 0
355 # Determine the desired load for this converter based on its proportion of the
total capacity
356 desired_load = total_capacity * proportion
357 # Set the cell value to the smaller of the desired load or the maximum capacity
for the converter
358 sheet.Cells(index, update_column + 1).Value = min(desired_load, max_capacity)
359 # Print the total capacity distributed for the given converter type and mode
360 print(f"Total.{converter_type}.{mode}_ Capacity.Distributed:_ {total_capacity}")
361
362 # Prepare lists of converters and shuffle them to randomize distribution
363 forming_WOL_converters = [(index + 200, row) for index, row in enumerate(sheet.Range("
A200:E301").Value) if "Converter_WOL" in row[0]] # Adjusted range
364 forming_WOZ_converters = [(index + 200, row) for index, row in enumerate(sheet.Range("
A200:E301").Value) if "Converter_WOZ" in row[0]] # Adjusted range
365 forming_solar_converters = [(index + 200, row) for index, row in enumerate(sheet.Range("
A200:E301").Value) if "Converter_PV" in row[®]] # Adjusted range
366 following_WOL_converters = [(index + 60, row) for index, row in enumerate(sheet.Range("
A60:E117").Value) if "W_WOL" in row[0]]
367 following_WOZ_converters = [(index + 60, row) for index, row in enumerate(sheet.Range("
A60:E117").Value) if "W_WOZ" in row[0]]
368 following_solar_converters = [(index + 118, row) for index, row in enumerate(sheet.Range(

"A118:E162") .Value) if "L_PV" in row[0]]
369

370 import random
371 random. shuffle(forming_WOL_converters)
372 random. shuffle(forming_WOZ_converters)

373 random. shuffle(forming_solar_converters)



C.4. Grid-forming and Flexibility Calculation Codes 295

374 random. shuffle(following_WOL_converters)

375 random. shuffle(following_WOZ_converters)

376 random. shuffle(following_solar_converters)

377

378 # Distribute capacities according to the adjusted strategy

379 distribute_and_update(forming_WOL_converters, following WOL_converters, grid_forming_WOL,
grid_following_WOL, "WOL")

380 distribute_and_update(forming_WOZ_converters, following_WOZ_converters, grid_forming _WOZ,
grid_following_WOZ, "WOZ")

381 distribute_and_update(forming_solar_converters, following_solar_converters,
grid_forming_solar, grid_following_solar, "Solar")

382

383 # Main execution logic for Case B

384 grid_forming_WOL, grid_following _WOL, grid_forming_WOZ, grid_following_WOZ,
grid_forming_solar, grid_following_solar =
calculate_and_set_capacities_with_scaling_CaseB(sheet_II30502, 20)

385 grid_forming_percentage = float(sheet_II30502.Range("AI33").Value) / 100

386 distribute_capacity_based_on_percentage_CaseB(sheet_II30502, grid_forming_WOL,
grid_following_WOL, grid_forming WOZ, grid_following_WOZ, grid_forming_solar,
grid_following_solar, grid_forming_percentage)

387 print ("END_.CASE_B")

388

389

390

391 # %% Case C Grid-forming integration

32 def calculate_and_set_capacities_with_scaling_CaseC(sheet, case_row):

393 # Read grid-forming and grid-following capacities from Excel ranges

394 statgen_forming = sheet.Range("A199:E301").Value # Adjusted range for forming converters

395 statgen_following = sheet.Range("A60:E117").Value

39 statgen_PV_following = sheet.Range("A118:E162").Value

397

398 # Initialize total capacities for different converter types

399 total_Converter_PV = 0

400 total_Converter_WOL = 0

401 total_Converter_WOZ = 0

402 total_W_WOZ = 0

403 total_W_WOL = 0

404 total_PV_following = 0

405

406 # Read the scaling factors from Excel for the specified case row and convert percentages
to decimals

407 scaling_factors_WOZ = float(sheet.Range("AH23").Value) / 100 # Moved one row down

408 scaling_factors_WOL = float(sheet.Range("AI23").Value) / 100 # Moved one row down

409 scaling_factors_PV = float(sheet.Range("AJ23").Value) / 100 # Same row

410

411 # Sum capacities for grid-forming converters based on their type

412 for row in statgen_forming:

413 if row[0®] and row[0®].startswith("Converter_PV"):

414 total_Converter_PV += rowl[3]

415 elif row[0] and row[0].startswith("Converter_WOL"):

416 total_Converter_WOL += row[3]

417 elif row[0®] and row[0®].startswith("Converter_WO0Z"):

418 total_Converter_WOZ += rowl[3]

419

420 # Sum capacities for grid-following converters based on their type

41 for row in statgen_following:

4 if row[0] and row[®].startswith("W_W0zZ"):

423 total_W_WOZ += row[3]

424 elif row[0] and row[0].startswith("W_WOL"):

425 total_W_WOL += row[3]

426

427 # Sum capacities for PV grid-following converters

428 for row in statgen_PV_following:

429 if row[0®]: # Check if the identifier is not None

430 total_PV_following += row[3]

431

432 # Ensure totals are numerical values (floats)

433 total_Converter_PV = float(total_Converter_PV)

434 total_Converter_WOL = float(total_Converter_WOL)

435 total_Converter_WOZ = float(total_Converter_WO0Z)

436 total_W_WOZ = float(total_W_WOZ)
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437 total_W_WOL = float(total_W_WOL)

438 total_PV_following = float(total_PV_following)

439

440 # Read the grid-forming percentage from Excel cell AI33 and convert to decimal

441 grid_forming_percentage = float(sheet.Range("AI33").Value) / 100

442

443 # Apply scaling factors to the total capacities

444 scaled_WOL_total = total_Converter_WOL * scaling_factors_WOL

445 scaled_WOZ_total = total_Converter_WOZ * scaling_factors_W0Z

446 scaled_solar_total = total_Converter_PV * scaling_factors_PV

447

448 # Calculate new levels of grid-forming and following capacities

449 grid_forming_WOL = scaled_WOL_total * grid_forming_percentage

450 grid_following_WOL = scaled_WOL_total * (1 - grid_forming_percentage)

451 grid_forming_WOZ = scaled_WOZ_total * grid_forming_percentage

452 grid_following_WOZ = scaled_WOZ_total * (1 - grid_forming_percentage)

453 grid_forming_solar = scaled_solar_total * grid_forming_percentage

454 grid_following_solar = scaled_solar_total * (1 - grid_forming_percentage)

455

456 # Print the original and scaled totals for verification

457 print("Case.C")

458 print("Original_and.Scaled.Totals.for_.Wind_.and.Solar._PV:")

459 print(f"Total .WOL_(Grid._.Forming):.{total_Converter_WOL}")

460 print(£f"Total _WOL_(Grid_.Following):.{total_W_WOL}")

461 print(£f"Total _WOZ._.(Grid_Forming):.{total_Converter_WOZ}")

162 print(£f"Total WOZ_.(Grid_.Following):.{total_W_WOZ}")

463 print("-" * 20) # Separator for clarity in the output

464 print (£f"WOL_scale:.{scaling_factors_WOL}")

465 print (£"W0Z._scale:_.{scaling_factors_W0Z}")

466 print(£f"Scaled_WOL_Total: _.{scaled_WOL_totall}")

467 print(£f"Scaled_WOZ_Total: .{scaled_WOZ_total}")

468 print("-" * 20) # Separator for clarity in the output

469 print(f"Total_.Solar_ PV.(Grid_Forming):.{total_Converter_PV}")

470 print(f"Total.Solar. .PV.(Grid_.Following):_.{total_PV_following}")

471 print (f"PV.scale:_.{scaling_factors_PV}")

472 print(f"Scaled.Solar. .PV_.Total: .{scaled_solar_total}")

473 print("-" * 20) # Separator for clarity in the output

474 print("Original.and.Scaled.Totals.for.Wind.and.Solar PV._.with._ .Grid.Forming/Following.
Distribution:")

475 print(f"Grid._forming.percentage:._.{grid_forming_percentage*100}.%.")

476 print(£f"Grid_.Forming . .WOL:_.{grid_forming_WOL}")

477 print(£f"Grid_.Following . .WOL:_.{grid_following_WOL}")

478 print(f"Grid_Forming. .WOZ: _ {grid_forming_WOZ3}")

479 print(£f"Grid_.Following.WOZ:_.{grid_following_WOZ}")

480 print(f"Grid_Forming.Solar_ PV:_.{grid_forming_solar}")

481 print(£f"Grid._.Following.Solar PV:_{grid_following_solar}")

482

483 # Return the distributed totals if needed for further processing

484 return grid_forming_WOL, grid_following_WOL, grid_forming WOZ, grid_following_WOZ,

grid_forming_solar, grid_following_solar
485
486 def distribute_capacity_based_on_percentage_CaseC(sheet, grid_forming WOL, grid_following_WOL
, grid_forming_WO0Z, grid_following_WOZ, grid_forming_solar, grid_following_solar,
grid_forming_percentage):

487 max_load_percentage = 1

488 update_column = 11 # Adjusted to column 11 (Column "L" in Excel, adjusted for Python
indexing)

489

490 # Zero out the grid-forming and grid-following capacities in Excel

491 def zero_out_ranges():

492 ranges = [

493 "L244:1L267", # Adjusted ranges for Case C

494 "L60:L83", # Adjusted ranges for Case C

495 "L268:L301", # Adjusted ranges for Case C

496 "1L84:L117", # Adjusted ranges for Case C

497 "L199:L301", # Adjusted ranges for Case C

498 "L118:L162" # Adjusted ranges for Case C

499 ]

500 for cell_range in ranges:

501 for cell in sheet.Range(cell_range):

502 cell.Value = 0
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503

504 zero_out_ranges ()

505

506 # Function to manage and update the distribution of capacities

507 def distribute_and_update(forming_converters, following_converters, forming_capacity,

following_capacity, converter_type):

508 # Determine the number of grid-forming converters based on a predefined percentage

509 num_forming = int(len(forming_converters) * grid_forming_percentage)

510 # Select the subset of grid-forming converters

511 forming_subset = forming_converters[:num_forming]

512

513 # Identify names of unused grid-forming converters

514 unused_forming_names = {conv[1][0].split("_", 1)[1] for conv in forming_converters[
num_forming:]}

515 eligible_following_subset = [conv for conv in following_converters if conv[1][0].
split("_", 1)[1] in unused_forming_names]

516

517 # Distribute the grid-forming capacity among the forming subset

518 distribute_capacity(forming_subset, forming_capacity, "forming", converter_type)

519

520 # Distribute the grid-following capacity among the eligible following subset

521 distribute_capacity(eligible_following_subset, following_capacity, "following",

converter_type)
522

523 def distribute_capacity(converters_subset, total_capacity, mode, converter_type):
524 # Calculate the total rating by summing the fourth element (index 3) of each
converter’s row in the subset
525 total_rating = sum(row[1][3] for row in converters_subset)
526 # Iterate over each converter in the subset along with its index
527 for index, row in converters_subset:
528 # Calculate the maximum capacity for the current converter based on its rating
and a predefined max load percentage
529 max_capacity = row[3] * max_load_percentage
530 # Calculate the proportion of the total rating this converter contributes
531 proportion = row[3] / total_rating if total_rating > 0 else 0
532 # Determine the desired load for this converter based on its proportion of the
total capacity
533 desired_load = total_capacity * proportion
534 # Set the cell value to the smaller of the desired load or the maximum capacity
for the converter
535 sheet.Cells(index, update_column + 1).Value = min(desired_load, max_capacity)
536 # Print the total capacity distributed for the given converter type and mode
537 print(f"Total.{converter_type}.{mode}_Capacity.Distributed:_{total_capacity}")
538
539 # Prepare lists of converters and shuffle them to randomize distribution
540 forming_WOL_converters = [(index + 200, row) for index, row in enumerate(sheet.Range("
A200:E301").Value) if "Converter_WOL" in row[0]] # Adjusted range
541 forming_WOZ_converters = [(index + 200, row) for index, row in enumerate(sheet.Range("
A200:E301").Value) if "Converter_WOZ" in row[0]] # Adjusted range
542 forming_solar_converters = [(index + 200, row) for index, row in enumerate(sheet.Range("
A200:E301").Value) if "Converter_PV" in row[®]] # Adjusted range
543 following_WOL_converters = [(index + 60, row) for index, row in enumerate(sheet.Range("
A60:E117").Value) if "W_WOL" in row[0]]
544 following_WOZ_converters = [(index + 60, row) for index, row in enumerate(sheet.Range("
A60:E117").Value) if "W_WOZ" in row[0]]
545 following_solar_converters = [(index + 118, row) for index, row in enumerate(sheet.Range(

"A118:E162") .Value) if "L_PV" in row[0]]
546

547 import random

548 random. shuffle(forming_WOL_converters)

549 random. shuffle(forming_WOZ_converters)

550 random. shuffle(forming_solar_converters)

551 random. shuffle(following_WOL_converters)

552 random.shuffle(following_WOZ_converters)

553 random. shuffle(following_solar_converters)

554

555 # Distribute capacities according to the adjusted strategy

556 distribute_and_update(forming_WOL_converters, following _WOL_converters, grid_forming_WOL,
grid_following_WOL, "WOL")

557 distribute_and_update(forming_WOZ_converters, following_WOZ_converters, grid_forming _WOZ,

grid_following_WOZ, "WOZ")
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distribute_and_update(forming_solar_converters, following_solar_converters,
grid_forming_solar, grid_following_solar, "Solar")

# Main execution logic for Case C

grid_forming WOL, grid_following WOL, grid_forming_WOZ, grid_following_WOZ,
grid_forming_solar, grid_following_solar =
calculate_and_set_capacities_with_scaling_CaseC(sheet_II30502, 20)

grid_forming_percentage = float(sheet_II30502.Range("AI33").Value) / 100

distribute_capacity_based_on_percentage_CaseC(sheet_II30502, grid_forming_WOL,
grid_following _WOL, grid_forming WOZ, grid_following_WOZ, grid_forming_solar,
grid_following_solar, grid_forming_percentage)

print ("END.CASE.C")

# %% Setting loads

def calculate_and_set_loads(sheet, case_row):
# Read load ratings from cells A325 to E351
original_load_ratings = sheet.Range("A325:E351").Value

# Convert load_ratings to a list of lists
original_load_ratings = [list(row) for row in original_load_ratings]

# Read the scaling factors for scenarios from Excel cells AK21 to AK26 and convert
percentages to decimals

general_scaling_factors = [float(sheet.Range(f"AK{i}").Value) / 100 for i in range(21,
27)1]

# Read the scaling factors for LR (Load Response) and PTH (Peak Time Handling)
lr_scaling_factors = [float(sheet.Range(f"AL{i}").Value) / 100 for i in range(21, 27)]
pth_scaling_factors = [float(sheet.Range(f"AM{i}").Value) / 100 for i in range(21, 27)]

# Initialize total loads for each scenario
total_loads = [0] * len(general_scaling_factors)

# Iterate over each scenario

for scenario_index, (general_scaling_factor, lr_scaling_factor, pth_scaling_factor) in
enumerate (zip(general_scaling_factors, lr_scaling_factors, pth_scaling_factors)):
# Initialize variables for Load_LR and Load_PTH capacities for this scenario
total_lr_capacity = 0
total_pth_capacity = 0

# Calculate the scaled capacities for Load_LR and Load_PTH
for row in original_load_ratings:
load_name = row[0]
load_capacity = rowl[2]
if load_capacity is not None:
if load_name.endswith("_LR"):
total_lr_capacity += load_capacity *
elif load_name.endswith("_PTH"):
total_pth_capacity += load_capacity

lr_scaling_factor

pth_scaling_factor

# Calculate the total capacity of all loads, scaled by the general factor
total_capacity = sum(row[2] for row in original_load_ratings if row[2] is not None)
general_scaling_factor

# Adjust total_capacity by subtracting the scaled LR and PTH capacities
remaining_capacity = total_capacity - (total_lr_capacity + total_pth_capacity)

# Calculate the sum of the unscaled regular loads for the proportional distribution
sum_unscaled_loads = sum(row[2] for row in original_load_ratings if not row[®].
endswith(("_LR", "_PTH")) and row[2] is not None)

# Determine the column letter for scaled loads (column F for the first scenario)
output_column_letter = chr(70 + scenario_index * 3)

# Zero out the output column in Excel
sheet.Range (f"{output_column_letter}325:{output_column_letter}351").Value = [[0]]
27

*

# Write the scaled load ratings to the Excel sheet
for index, row in enumerate(original_load_ratings, start=325):
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618 load_name = row[0]

619 load_capacity = rowl[2]

620 if load_capacity is not None:

621 scaled_capacity = load_capacity

622 if load_name.endswith("_LR"):

623 scaled_capacity *= lr_scaling_factor

624 elif load_name.endswith("_PTH"):

625 scaled_capacity *= pth_scaling_factor

626 else:

627 # Scale the individual load proportionally to its part of the sum of
unscaled loads

628 load_proportional_scale = (load_capacity / sum_unscaled_loads) *
remaining_capacity

629 scaled_capacity = load_proportional_scale

630

631 # Write the scaled capacity to the appropriate cell in Excel

632 sheet.Cells(index, ord(output_column_letter) - 64).Value = scaled_capacity

633

634 # Add the total scaled loads (including LR and PTH) to the total loads

635 total_loads[scenario_index] = remaining_capacity + total_lr_capacity +

total_pth_capacity
636
637 return total_loads
638
639 # Assuming sheet_II30502 is a valid reference to your Excel sheet
640 total_loads = calculate_and_set_loads(sheet_II30502, 20)
641 print("Total_.Loads.for.all_.scenarios:", total_loads)
642
643
644
645
646
647
648
649
650
651
652 # %% Case A Flexibility resources
653
654 def manage_grid_flexibility_CaseA(sheet):

655 # Fetch the scaling factors for surplus generation and surplus load directly from the
cells

656 scaling_factors = {

657 ’interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100, '’
surplus_load’: sheet.Range("AI30").Value / 100},

658 "batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:
sheet.Range("AJ30").Value / 100},

659 "electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only
surplus generation is relevant

660 "hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load
is relevant

661 "fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load
is relevant

662 }

663

664 # Get the total generation left in the system

665 total_generation_left = sheet.Range("F408").Value

666 print(f"Total_generation._left. in.the_.system: _ .{total_generation_left}")

667

668 # Null out all dispatches before starting the allocation

669 dispatch_ranges_to_clear = [’F37:F46’, ’F163:F182°, ’'F183:F192’, ’'F315:F324’, ’F306:F308"’

, 'F49:F54°, 'F355:F363°’] # Proper ranges to clear

670 for dispatch_range in dispatch_ranges_to_clear:

671 num_instances = len(sheet.Range(dispatch_range).Value)

672 sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]

673

674 # Adjust resource definitions to handle interconnections as one, with updated range

675 resource_info_columns = {

676 "hydrogen’: (’A37:E46°’, 'F37:F46’, 4),

677 "batteries’: (’Al163:E182’, ’'F163:F182°, 4),

678 ’fuel_cell’: (’A183:E192’, ’F183:F192’, 4),
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679 electrolyzers’: (’A315:E324°, 'F315:F324’, 3),

680 "interconnections’: (’A355:E363’, ’F355:F363’, 4), # Updated range

681 }

682

683 # Initialize total maximum ratings and dispatch ranges

684 total_max_ratings = {}

685 dispatch_ranges = {}

686

687 # Calculate total maximum ratings for each resource and store dispatch ranges

688 for resource, details in resource_info_columns.items():

689 info_range, dispatch_range, column_index = details

690 resource_info = sheet.Range(info_range).Value

691 column_index_adjusted = column_index - 1

692 total_max = sum(row[column_index_adjusted] for row in resource_info if row[
column_index_adjusted] is not None)

693 total_max_ratings[resource] = total_max

694 dispatch_ranges[resource] = [dispatch_range]

695

696 # Determine the condition based on total generation left

697 condition = ’'surplus_generation’ if total_generation_left > 0 else ’surplus_load’

698 total_scaling_factor = sum(scaling_factors[resource][condition] for resource in

scaling_factors if condition in scaling_factors[resource])
699

700 # Select resources based on grid condition

701 available_resources = [’interconnections’, ’'batteries’, ’fuel_cell’, ’'hydrogen’] if
condition == ’surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]

702 resources_needing_inversion = [’batteries’, ’'interconnections’] if total_generation_left
> 0 else []

703

704 print("Allocating.remaining..generation.to.flexibility.resources.and.updating_ Excel...")

705

706 # Allocate generation to each available resource

707 for resource in available_resources:

708 if resource not in total_max_ratings:

709 continue

710

711 scaling_factor = scaling_factors[resource].get(condition, )

712 max_rating = total_max_ratings[resource]

713 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if

total_scaling_factor > 0 else 0)
714

715 # Invert allocation for certain resources under surplus generation condition
716 if condition == ’surplus_generation’ and resource in resources_needing_inversion:
717 allocation = -min(abs(allocation), max_rating)
718 else:
719 allocation = min(abs(allocation), max_rating)
720
721 ranges_to_update = dispatch_ranges[resource]
722
723 # Update the Excel sheet with the calculated allocations
724 for dispatch_range in ranges_to_update:
725 resource_instances = sheet.Range(dispatch_range).Value
726 num_instances = len(resource_instances)
727 allocation_per_instance = allocation / num_instances if num_instances > 0 else 0
728
729 if resource == ’interconnections’:
730 # Handle interconnections separately
731 interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value
if row[3] is not None]
732 total_rating = sum(interconnection_ratings)
733 print(f"Interconnection.ratings:.{interconnection_ratings}")
734 base_row = 355 # Starting row for interconnections in Excel
735 for i, rating in enumerate(interconnection_ratings):
736 # Calculate individual allocation
737 individual_allocation = min((allocation * rating) / total_rating, rating)
if total_rating > 0 else 0
738 # Apply this allocation directly to the Excel cell
739 cell_address = f"F{base_row._+.i}" # Construct the cell address
dynamically

740 sheet.Range(cell_address).Value = individual_allocation
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print (f"Updated.interconnection.{i+1}.dispatch.with.allocation:.{
individual_allocation}")
else:

# Update the dispatch values for other resources

updated_dispatch_values = [[allocation_per_instance] for _ in range(
num_instances)]

sheet.Range (dispatch_range).Value = updated_dispatch_values

print (f"Updated._{resource}._dispatches._in.range.{dispatch_range}._.with.
allocation:.{allocation_per_instance}")

print("Allocation._process.completed._ Updated_ Excel_with.new._.dispatch.values.")

# Assuming sheet_II30502 is a valid reference to your Excel sheet
manage_grid_flexibility_CaseA(sheet_II30502)

# %% Case B Flexibility resources

def manage_grid_flexibility_CaseB(sheet):

# Fetch the scaling factors for surplus generation and surplus load directly from the

cells
scaling_factors = {
interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100,
surplus_load’: sheet.Range("AI30").Value / 100},

"batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:

sheet.Range("AJ30").Value / 100},

"electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only

surplus generation is relevant

"hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load

is relevant

"fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load

is relevant

}
# Get the total generation left in the system
total_generation_left = sheet.Range("i1408").Value

print(f"Total.generation.left_ in.the_.system: _ {total_generation_left}")

# Null out all dispatches before starting the allocation

dispatch_ranges_to_clear = [’I37:146’, ’I163:1182’, ’I183:I192’, ’I315:I324°, 'I306:I308’

, 'I49:1I54°, ’'I355:1363°]

for dispatch_range in dispatch_ranges_to_clear:
num_instances = len(sheet.Range(dispatch_range).Value)
sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]

# Adjust resource definitions to handle interconnections as one, with updated range

resource_info_columns = {

"hydrogen’: (’A37:E46’, ’I37:146°, 4),

’batteries’: (’A163:E182’, ’I163:1182°, 4),

"fuel_cell’: (’A183:E192’, ’I183:1192°, 4),

"electrolyzers’: (’A315:E324°’, ’'I1315:1I324’, 3),

"interconnections’: (’A355:E363°, ’'I355:I363’, 4), # Updated range
}

# Initialize total maximum ratings and dispatch ranges
total_max_ratings = {}
dispatch_ranges = {}

# Calculate total maximum ratings for each resource and store dispatch ranges
for resource, details in resource_info_columns.items():

info_range, dispatch_range, column_index = details

resource_info = sheet.Range(info_range).Value

column_index_adjusted = column_index - 1

total_max = sum(row[column_index_adjusted] for row in resource_info if row[

column_index_adjusted] is not None)
total_max_ratings[resource] = total_max
dispatch_ranges[resource] = [dispatch_range]

# Determine the condition based on total generation left

condition = ’'surplus_generation’ if total_generation_left > 0 else ’surplus_load’

total_scaling_factor = sum(scaling_factors[resource][condition] for resource in
scaling_factors if condition in scaling_factors[resource])
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800

801 # Select resources based on grid condition

802 available_resources = [’interconnections’, ’batteries’, ’fuel_cell’, ’hydrogen’] if
condition == ’'surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]

803 resources_needing_inversion = [’batteries’, ’'interconnections’] if total_generation_left
> 0 else []

804

805 print("Allocating.remaining..generation.to._flexibility.resources._and._updating_ Excel...")

806

807 # Allocate generation to each available resource

808 for resource in available_resources:

809 if resource not in total_max_ratings:

810 continue

811

812 scaling_factor = scaling_factors[resource].get(condition, 0)

813 max_rating = total_max_ratings[resource]

814 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if

total_scaling_factor > 0 else 0)
815

816 # Invert allocation for certain resources under surplus generation condition

817 if condition == ’surplus_generation’ and resource in resources_needing_inversion:

818 allocation = -min(abs(allocation), max_rating)

819 else:

820 allocation = min(abs(allocation), max_rating)

821

822 ranges_to_update = dispatch_ranges[resource]

823

824 # Update the Excel sheet with the calculated allocations

825 for dispatch_range in ranges_to_update:

826 resource_instances = sheet.Range(dispatch_range).Value

827 num_instances = len(resource_instances)

828 allocation_per_instance = allocation / num_instances if num_instances > 0 else 0

829

830 if resource == ’interconnections’:

831 # Handle interconnections separately

832 interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value
if row[3] is not None]

833 total_rating = sum(interconnection_ratings)

834 print(f"Interconnection_ratings:.{interconnection_ratings}")

835 base_row = 355 # Starting row for interconnections in Excel

836 for i, rating in enumerate(interconnection_ratings):

837 # Calculate individual allocation

838 individual_allocation = min((allocation * rating) / total_rating, rating)

if total_rating > 0 else ®
839 # Apply this allocation directly to the Excel cell
840 cell_address = f"I{base_row.+.i}" # Construct the cell address
dynamically
841 sheet.Range(cell_address).Value = individual_allocation
842 print (f"Updated.interconnection.{i+1}.dispatch.with.allocation:.{
individual_allocation}")

843 else:

844 # Update the dispatch values for other resources

845 updated_dispatch_values = [[allocation_per_instance] for _ in range(
num_instances)]

846 sheet.Range (dispatch_range).Value = updated_dispatch_values

847 print (f"Updated.{resource}._dispatches.in.range.{dispatch_range}._ with.
allocation:.{allocation_per_instance}")

848

849 print("Allocation._process.completed._ Updated_.Excel_with.new.dispatch.values.")

850
851 # Assuming sheet_II30502 is a valid reference to your Excel sheet
852 manage_grid_flexibility_CaseB(sheet_II30502)

853

854

855 # %% Case C Flexibility resources

s56 def manage_grid_flexibility_CaseC(sheet):

857 # Fetch the scaling factors for surplus generation and surplus load directly from the
cells

858 scaling_factors = {

859 ’interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100, ’

surplus_load’: sheet.Range("AI30").Value / 100},
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860 "batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:
sheet.Range("AJ30").Value / 100},
861 "electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only
surplus generation is relevant
862 "hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load
is relevant
863 "fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load
is relevant
864 }
865
866 # Get the total generation left in the system
867 total_generation_left = sheet.Range("L408").Value
868 print(f"Total_generation._left. in.the_.system:_ .{total_generation_left}")
869
870 # Null out all dispatches before starting the allocation
871 dispatch_ranges_to_clear = [’L37:L46°, ’L163:L182’, ’L183:L192", ’L315:L324°, ’'L306:L308’
, 'L49:L54°, ’'L355:L363°]
872 for dispatch_range in dispatch_ranges_to_clear:
873 num_instances = len(sheet.Range(dispatch_range).Value)
874 sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]
875
876 # Adjust resource definitions to handle interconnections as one, with updated range
877 resource_info_columns = {
878 "hydrogen’: (’A37:E46’, ’L37:L46°, 4),
879 ’batteries’: (’A163:E182°’, ’L163:L182°, 4),
880 ’fuel_cell’: (’A183:E192’, ’L183:L192’, 4),
881 electrolyzers’: (’A315:E324’, ’'L315:L324°, 3),
882 "interconnections’: (’A355:E363’, ’'L355:L363’, 4), # Updated range
883 }
884
885 # Initialize total maximum ratings and dispatch ranges
886 total_max_ratings = {}
887 dispatch_ranges = {}
888
889 # Calculate total maximum ratings for each resource and store dispatch ranges
890 for resource, details in resource_info_columns.items():
891 info_range, dispatch_range, column_index = details
892 resource_info = sheet.Range(info_range).Value
893 column_index_adjusted = column_index - 1
894 total_max = sum(row[column_index_adjusted] for row in resource_info if row[
column_index_adjusted] is not None)
895 total_max_ratings[resource] = total_max
896 dispatch_ranges[resource] = [dispatch_range]
897
898 # Determine the condition based on total generation left
899 condition = ’'surplus_generation’ if total_generation_left > 0 else ’surplus_load’
900 total_scaling_factor = sum(scaling_factors[resource][condition] for resource in
scaling_factors if condition in scaling_factors[resource])
901
902 # Select resources based on grid condition
903 available_resources = [’interconnections’, ’batteries’, ’fuel_cell’, ’hydrogen’] if
condition == ’surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]
904 resources_needing_inversion = [’batteries’, ’interconnections’] if total_generation_left
> 0 else []
905
906 print("Allocating.remaining..generation.to._flexibility.resources.and._updating_ Excel...")
907
908 # Allocate generation to each available resource
909 for resource in available_resources:
910 if resource not in total_max_ratings:
911 continue
912
913 scaling_factor = scaling_factors[resource].get(condition, )
914 max_rating = total_max_ratings[resource]
915 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if
total_scaling_factor > 0 else 0)
916
917 # Invert allocation for certain resources under surplus generation condition
918 if condition == ’surplus_generation’ and resource in resources_needing_inversion:
919 allocation = -min(abs(allocation), max_rating)

920 else:
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allocation = min(abs(allocation), max_rating)
ranges_to_update = dispatch_ranges[resource]

# Update the Excel sheet with the calculated allocations
for dispatch_range in ranges_to_update:
resource_instances = sheet.Range(dispatch_range).Value
num_instances = len(resource_instances)

allocation_per_instance = allocation / num_instances if num_instances > 0 else 0

if resource == ’interconnections’:
# Handle interconnections separately

interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value

if row[3] is not None]
total_rating = sum(interconnection_ratings)
print(f"Interconnection_ratings:.{interconnection_ratings}")
base_row = 355 # Starting row for interconnections in Excel
for i, rating in enumerate(interconnection_ratings):
# Calculate individual allocation
individual_allocation = min((allocation
if total_rating > 0 else ©
# Apply this allocation directly to the Excel cell
cell_address = f"L{base_row. +.i}" # Construct the cell address
dynamically
sheet.Range(cell_address).Value = individual_allocation
print (f"Updated.interconnection.{i+1}.dispatch.with.allocation:.{
individual_allocation}")

s

else:
# Update the dispatch values for other resources
updated_dispatch_values = [[allocation_per_instance] for _ in range(
num_instances)]
sheet.Range (dispatch_range).Value = updated_dispatch_values
print (f"Updated.{resource}._dispatches.in.range.{dispatch_range}._ with.
allocation:.{allocation_per_instance}")

print("Allocation._process.completed._ Updated_ .Excel_with.new.dispatch.values.")

# Assuming sheet_II30502 is a valid reference to your Excel sheet
manage_grid_flexibility_CaseC(sheet_II30502)

# %% Case D Flexibility resources
def manage_grid_flexibility_CaseD(sheet):
# Fetch the scaling factors for surplus generation and surplus load directly from the
cells
scaling_factors = {
"interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100, '’
surplus_load’: sheet.Range("AI30").Value / 100},

rating) / total_rating, rating)

"batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:

sheet.Range("AJ30").Value / 100},
"electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only
surplus generation is relevant

"hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load

is relevant

"fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load

is relevant

}
# Get the total generation left in the system
total_generation_left = sheet.Range("0408").Value # Changed to column O

print(f"Total.generation.left. in.the_.system: _ .{total_generation_left}")

# Null out all dispatches before starting the allocation

dispatch_ranges_to_clear = [’037:046’, ’0163:0182’, ’0183:0192’, ’0315:0324’, ’0306:0308"

, '049:054’, ’0355:0363°’] # Changed to column O

for dispatch_range in dispatch_ranges_to_clear:
num_instances = len(sheet.Range(dispatch_range).Value)
sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]

# Adjust resource definitions to handle interconnections as one, with updated range
resource_info_columns = {
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979 "hydrogen’: (’A37:E46’, ’037:046’, 4), # Changed to column O

980 "batteries’: (’A163:E182’, ’0163:0182’, 4), # Changed to column O

981 "fuel_cell’: (’A183:E192’, ’0183:0192’, 4), # Changed to column O

982 "electrolyzers’: (’A315:E324’, ’'0315:0324’, 3), # Changed to column O

983 "interconnections’: (’A355:E363’, ’'0355:0363’, 4), # Changed to column O

984 }

985

986 # Initialize total maximum ratings and dispatch ranges

987 total_max_ratings = {}

988 dispatch_ranges = {}

989

990 # Calculate total maximum ratings for each resource and store dispatch ranges

991 for resource, details in resource_info_columns.items():

992 info_range, dispatch_range, column_index = details

993 resource_info = sheet.Range(info_range).Value

994 column_index_adjusted = column_index - 1

995 total_max = sum(row[column_index_adjusted] for row in resource_info if row[
column_index_adjusted] is not None)

996 total_max_ratings[resource] = total_max

997 dispatch_ranges[resource] = [dispatch_range]

998

999 # Determine the condition based on total generation left

1000 condition = ’'surplus_generation’ if total_generation_left > 0 else ’surplus_load’

1001 total_scaling_factor = sum(scaling_factors[resource][condition] for resource in

scaling_factors if condition in scaling_factors[resource])
1002

1003 # Select resources based on grid condition

1004 available_resources = [’interconnections’, ’batteries’, ’fuel_cell’, ’hydrogen’] if
condition == ’surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]

1005 resources_needing_inversion = [’batteries’, ’interconnections’] if total_generation_left
> 0 else []

1006

1007 print("Allocating.remaining..generation.to._flexibility.resources._and._updating_ Excel...")

1008

1009 # Allocate generation to each available resource

1010 for resource in available_resources:

1011 if resource not in total_max_ratings:

1012 continue

1013

1014 scaling_factor = scaling_factors[resource].get(condition, 0)

1015 max_rating = total_max_ratings[resource]

1016 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if

total_scaling_factor > 0 else 0)
1017

1018 # Invert allocation for certain resources under surplus generation condition

1019 if condition == ’surplus_generation’ and resource in resources_needing_inversion:

1020 allocation = -min(abs(allocation), max_rating)

1021 else:

1022 allocation = min(abs(allocation), max_rating)

1023

1024 ranges_to_update = dispatch_ranges[resource]

1025

1026 # Update the Excel sheet with the calculated allocations

1027 for dispatch_range in ranges_to_update:

1028 resource_instances = sheet.Range(dispatch_range).Value

1029 num_instances = len(resource_instances)

1030 allocation_per_instance = allocation / num_instances if num_instances > 0 else 0

1031

1032 if resource == ’interconnections’:

1033 # Handle interconnections separately

1034 interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value
if row[3] is not None]

1035 total_rating = sum(interconnection_ratings)

1036 print(f"Interconnection_ratings:.{interconnection_ratings}")

1037 base_row = 355 # Starting row for interconnections in Excel

1038 for i, rating in enumerate(interconnection_ratings):

1039 # Calculate individual allocation

1040 individual_allocation = min((allocation * rating) / total_rating, rating)

if total_rating > 0 else O
1041 # Apply this allocation directly to the Excel cell

1042 cell_address = f"O{base_row_+.i}" # Changed the column to "O"
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1043 sheet.Range(cell_address).Value = individual_allocation
1044 print (f"Updated._interconnection. {i+1}_dispatch_.with_.allocation:.{
individual_allocation}")

1045 else:

1046 # Update the dispatch values for other resources

1047 updated_dispatch_values = [[allocation_per_instance] for _ in range(
num_instances)]

1048 sheet.Range (dispatch_range).Value = updated_dispatch_values

1049 print (f"Updated.{resource}._.dispatches.in.range.{dispatch_range}._.with.
allocation:.{allocation_per_instance}")

1050

1051 print("Allocation._ process.completed._Updated_Excel_with_new_dispatch.values.")

1052

1053 # Assuming sheet_II30502 is a valid reference to your Excel sheet

1054 manage_grid_flexibility_CaseD(sheet_II30502) # Call the function with the appropriate sheet
name

1055

1056 # %% Case E Flexibility resources

1057 def manage_grid_flexibility_CaseE(sheet):

1058 # Fetch the scaling factors for surplus generation and surplus load directly from the
cells

1059 scaling_factors = {

1060 "interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100, ’
surplus_load’: sheet.Range("AI30").Value / 100},

1061 "batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:
sheet.Range("AJ30").Value / 100},

1062 "electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only
surplus generation is relevant

1063 "hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load
is relevant

1064 "fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load
is relevant

1065 }

1066

1067 # Get the total generation left in the system

1068 total_generation_left = sheet.Range("R408").Value # Changed to column R

1069 print (f"Total_.generation._left. in.the_.system: _ .{total_generation_left}")

1070

1071 # Null out all dispatches before starting the allocation

1072 dispatch_ranges_to_clear = [’R37:R46’, ’'R163:R182°, ’'R183:R192’, ’'R315:R324°, ’R306:R308’

, 'R49:R54’, ’R355:R363°’] # Changed to column R

1073 for dispatch_range in dispatch_ranges_to_clear:

1074 num_instances = len(sheet.Range(dispatch_range).Value)

1075 sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]

1076

1077 # Adjust resource definitions to handle interconnections as one, with updated range

1078 resource_info_columns = {

1079 "hydrogen’: (’A37:E46°’, 'R37:R46°’, 4), # Changed to column R

1080 "batteries’: (’A163:E182’, ’R163:R182°, 4), # Changed to column R

1081 "fuel_cell’: (’A183:E192’, ’R183:R192’, 4), # Changed to column R

1082 "electrolyzers’: (’A315:E324°’, ’'R315:R324’, 3), # Changed to column R

1083 interconnections’: (’A355:E363’, ’'R355:R363’, 4), # Changed to column R

1084 }

1085

1086 # Initialize total maximum ratings and dispatch ranges

1087 total_max_ratings = {}

1088 dispatch_ranges = {}

1089

1090 # Calculate total maximum ratings for each resource and store dispatch ranges

1091 for resource, details in resource_info_columns.items():

1092 info_range, dispatch_range, column_index = details

1093 resource_info = sheet.Range(info_range).Value

1094 column_index_adjusted = column_index - 1

1095 total_max = sum(row[column_index_adjusted] for row in resource_info if row[
column_index_adjusted] is not None)

1096 total_max_ratings[resource] = total_max

1097 dispatch_ranges[resource] = [dispatch_range]

1098

1099 # Determine the condition based on total generation left

1100 condition = ’'surplus_generation’ if total_generation_left > 0 else ’surplus_load’
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1101 total_scaling_factor = sum(scaling_factors[resource][condition] for resource in
scaling_factors if condition in scaling_factors[resource])
1102

1103 # Select resources based on grid condition

1104 available_resources = [’interconnections’, ’batteries’, ’fuel_cell’, ’hydrogen’] if
condition == ’surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]

1105 resources_needing_inversion = [’batteries’, ’'interconnections’] if total_generation_left
> 0 else []

1106

1107 print("Allocating.remaining..generation.to.flexibility.resources.and._updating_ Excel...")

1108

1109 # Allocate generation to each available resource

1110 for resource in available_resources:

1111 if resource not in total_max_ratings:

1112 continue

1113

1114 scaling_factor = scaling_factors[resource].get(condition, 0)

1115 max_rating = total_max_ratings[resource]

1116 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if

total_scaling_factor > 0 else 0)
1117

1118 # Invert allocation for certain resources under surplus generation condition

1119 if condition == ’surplus_generation’ and resource in resources_needing_inversion:

1120 allocation = -min(abs(allocation), max_rating)

1121 else:

1122 allocation = min(abs(allocation), max_rating)

1123

1124 ranges_to_update = dispatch_ranges[resource]

1125

1126 # Update the Excel sheet with the calculated allocations

1127 for dispatch_range in ranges_to_update:

1128 resource_instances = sheet.Range(dispatch_range).Value

1129 num_instances = len(resource_instances)

1130 allocation_per_instance = allocation / num_instances if num_instances > 0 else 0

1131

1132 if resource == ’interconnections’:

1133 # Handle interconnections separately

1134 interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value
if row[3] is not None]

1135 total_rating = sum(interconnection_ratings)

1136 print(f"Interconnection._ratings:.{interconnection_ratings}")

1137 base_row = 355 # Starting row for interconnections in Excel

1138 for i, rating in enumerate(interconnection_ratings):

1139 # Calculate individual allocation

1140 individual_allocation = min((allocation * rating) / total_rating, rating)

if total_rating > 0 else O

1141 # Apply this allocation directly to the Excel cell

1142 cell_address = f"R{base_row.+.i}" # Changed the column to "R"

1143 sheet.Range(cell_address).Value = individual_allocation

1144 print (f"Updated.interconnection. {i+1}_dispatch.with_.allocation:.{

individual_allocation}")

1145 else:

1146 # Update the dispatch values for other resources

1147 updated_dispatch_values = [[allocation_per_instance] for _ in range(
num_instances)]

1148 sheet.Range (dispatch_range).Value = updated_dispatch_values

1149 print (f"Updated.{resource}.dispatches.in.range.{dispatch_range}.with.
allocation:_.{allocation_per_instance}")

1150

1151 print("Allocation.process.completed._ Updated_Excel_with.new_dispatch.values.")

1152

1153 # Assuming sheet_II30502 is a valid reference to your Excel sheet

1154 manage_grid_flexibility_CaseE(sheet_II30502) # Call the function with the appropriate sheet
name

1155

1156

1157

1158 # %% Case E Flexibility resources

1159 def manage_grid_flexibility_CaseE(sheet):

1160 # Fetch the scaling factors for surplus generation and surplus load directly from the

cells
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1161 scaling_factors = {
1162 interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100, ’
surplus_load’: sheet.Range("AI30").Value / 100},
1163 "batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:
sheet.Range("AJ30").Value / 100},
1164 "electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only
surplus generation is relevant
1165 "hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load
is relevant
1166 "fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load
is relevant
1167 }
1168
1169 total_generation_left = sheet.Range("R408").Value # Changed to column R
1170 print(f"Total.generation.left. in.the_.system: _.{total_generation_left}")
171
1172 # Null out all dispatches before starting the allocation
1173 dispatch_ranges_to_clear = [’R37:R46’, ’'R163:R182’, ’'R183:R192’, ’'R315:R324’, ’'R306:R308"’
, 'R49:R54’, ’R355:R363°’] # Changed to column R
1174 for dispatch_range in dispatch_ranges_to_clear:
1175 num_instances = len(sheet.Range(dispatch_range).Value)
1176 sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]
1177
1178 # Adjust resource definitions to handle interconnections as one, with updated range
1179 resource_info_columns = {
1180 "hydrogen’: (’A37:E46’, ’R37:R46’, 4), # Changed to column R
1181 "batteries’: (’A163:E182’, 'R163:R182’, 4), # Changed to column R
1182 ’fuel_cell’: (’A183:E192’, ’R183:R192’, 4), # Changed to column R
1183 "electrolyzers’: (’A315:E324’, 'R315:R324’, 3), # Changed to column R
1184 interconnections’: (’A355:E363’, 'R355:R363’, 4), # Changed to column R
1185 }
1186
1187 # Initialize total maximum ratings and dispatch ranges
1188 total_max_ratings = {}
1189 dispatch_ranges = {}
1190
1191 for resource, details in resource_info_columns.items():
1192 info_range, dispatch_range, column_index = details
1193 resource_info = sheet.Range(info_range).Value
1194 column_index_adjusted = column_index - 1
1195 total_max = sum(row[column_index_adjusted] for row in resource_info if row[
column_index_adjusted] is not None)
119 total_max_ratings[resource] = total_max
1197 dispatch_ranges[resource] = [dispatch_range]
1198
1199 # Compute total scaling factor for the available resources
1200 condition = ’surplus_generation’ if total_generation_left > 0 else ’'surplus_load’
1201 total_scaling_factor = sum(scaling_factors[resource][condition] for resource in
scaling_factors if condition in scaling_factors[resource])
1202
1203 # Select resources based on grid condition
1204 available_resources = [’interconnections’, ’'batteries’, ’fuel_cell’, ’hydrogen’] if
condition == ’'surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]
1205 resources_needing_inversion = [’batteries’, ’'interconnections’] if total_generation_left
> 0 else []
1206
1207 print("Allocating.remaining.generation.to_ flexibility.resources.and_updating_.Excel...")
1208 for resource in available_resources:
1209 if resource not in total_max_ratings:
1210 continue
1211
1212 scaling_factor = scaling_factors[resource].get(condition, )
1213 max_rating = total_max_ratings[resource]
1214
1215 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if
total_scaling_factor > 0 else 0)
1216
1217 if condition == ’surplus_generation’ and resource in resources_needing_inversion:
1218 allocation = -min(abs(allocation), max_rating)
1219 else:

1220 allocation = min(abs(allocation), max_rating)
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ranges_to_update = dispatch_ranges[resource]

for dispatch_range in ranges_to_update:
resource_instances = sheet.Range(dispatch_range).Value
num_instances = len(resource_instances)

allocation_per_instance = allocation / num_instances if num_instances > 0 else 0

if resource == ’interconnections’:

interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value

if row[3] is not None]
total_rating = sum(interconnection_ratings)
print(f"Interconnection.ratings:.{interconnection_ratings}")
base_row = 355 # Starting row for interconnections in Excel
for i, rating in enumerate(interconnection_ratings):

# Calculate individual allocation

individual_allocation = min((allocation

if total_rating > 0 else 0

o

# Apply this allocation directly to the Excel cell

cell_address = f"R{base_row._+.i}" # Changed the column to "R"

sheet.Range(cell_address).Value = individual_allocation

print (f"Updated_interconnection. {i+1}_dispatch_.with_.allocation:.{
individual_allocation}")

else:
updated_dispatch_values = [[allocation_per_instance] for _ in range(
num_instances)]
sheet.Range (dispatch_range).Value = updated_dispatch_values
print (f"Updated.{resource}._dispatches._in.range.{dispatch_range}._.with.
allocation:.{allocation_per_instance}")

print("Allocation.process.completed.. Updated_Excel_ with.new.dispatch.values.")

rating) / total_rating, rating)

manage_grid_flexibility_CaseE(sheet_II30502) # Call the function with the appropriate sheet

name

# %% Case F Flexibility resources
def manage_grid_flexibility_CaseF (sheet):
# Fetch the scaling factors for surplus generation and surplus load directly from the
cells
scaling_factors = {
interconnections’: {’surplus_generation’: sheet.Range("AI29").Value / 100, ’
surplus_load’: sheet.Range("AI30").Value / 100},

"batteries’: {’surplus_generation’: sheet.Range("AJ29").Value / 100, ’surplus_load’:

sheet.Range("AJ30").Value / 100},
"electrolyzers’: {’surplus_generation’: sheet.Range("AK29").Value / 100}, # Only
surplus generation is relevant

"hydrogen’: {’surplus_load’: sheet.Range("AL30").Value / 100}, # Only surplus load

is relevant

"fuel_cell’: {’surplus_load’: sheet.Range("AM30").Value / 100}, # Only surplus load

is relevant

}
# Get the total generation left in the system
total_generation_left = sheet.Range("U408").Value # Changed to column U

print(f"Total.generation.left_in_ the.system:_.{total_generation_left}")

# Null out all dispatches before starting the allocation

dispatch_ranges_to_clear = [’U37:U46’, ’U163:U182°, ’U183:U192’, ’U315:U324°, ’'U306:U308’

, 'U49:U54°, ’U355:U363°] # Changed to column U

for dispatch_range in dispatch_ranges_to_clear:
num_instances = len(sheet.Range(dispatch_range).Value)
sheet.Range(dispatch_range).Value = [[0] for _ in range(num_instances)]

# Adjust resource definitions to handle interconnections as one, with updated range
resource_info_columns = {
"hydrogen’: (’A37:E46’, ’U37:U46’, 4), # Changed to column U
"batteries’: (’A163:E182’, ’U163:U182’, 4), # Changed to column U
"fuel_cell’: (’A183:E192’, ’U183:U192°, 4), # Changed to column U
"electrolyzers’: (’A315:E324°, ’'U315:U324°, 3), # Changed to column U
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1279 "interconnections’: (’A355:E363°, ’'U355:U363’, 4), # Changed to column U

1280 }

1281

1282 # Initialize total maximum ratings and dispatch ranges

1283 total_max_ratings = {}

1284 dispatch_ranges = {}

1285

1286 # Calculate total maximum ratings for each resource and store dispatch ranges

1287 for resource, details in resource_info_columns.items():

1288 info_range, dispatch_range, column_index = details

1289 resource_info = sheet.Range(info_range).Value

1290 column_index_adjusted = column_index - 1

1291 total_max = sum(row[column_index_adjusted] for row in resource_info if row[
column_index_adjusted] is not None)

1292 total_max_ratings[resource] = total_max

1293 dispatch_ranges[resource] = [dispatch_range]

1294

1295 # Determine the condition based on total generation left

1296 condition = ’surplus_generation’ if total_generation_left > 0 else ’surplus_load’

1297 total_scaling_factor = sum(scaling_factors[resource][condition] for resource in

scaling_factors if condition in scaling_factors[resource])
1298

1299 # Select resources based on grid condition

1300 available_resources = [’interconnections’, ’'batteries’, ’fuel_cell’, ’hydrogen’] if
condition == ’'surplus_load’ else [’electrolyzers’, ’interconnections’, ’'batteries’]

1301 resources_needing_inversion = [’batteries’, ’interconnections’] if total_generation_left
> 0 else []

1302

1303 print("Allocating.remaining.generation.to_.flexibility.resources.and_updating._.Excel...")

1304

1305 # Allocate generation to each available resource

1306 for resource in available_resources:

1307 if resource not in total_max_ratings:

1308 continue

1309

1310 scaling_factor = scaling_factors[resource].get(condition, 0)

1311 max_rating = total_max_ratings[resource]

1312

1313 allocation = (total_generation_left * (scaling_factor / total_scaling_factor) if

total_scaling_factor > 0 else 0)
1314

1315 if condition == ’surplus_generation’ and resource in resources_needing_inversion:

1316 allocation = -min(abs(allocation), max_rating)

1317 else:

1318 allocation = min(abs(allocation), max_rating)

1319

1320 ranges_to_update = dispatch_ranges[resource]

1321

1322 for dispatch_range in ranges_to_update:

1323 resource_instances = sheet.Range(dispatch_range).Value

1324 num_instances = len(resource_instances)

1325 allocation_per_instance = allocation / num_instances if num_instances > 0 else 0

1326

1327 if resource == ’interconnections’:

1328 interconnection_ratings = [row[3] for row in sheet.Range("A355:E363").Value
if row[3] is not None]

1329 total_rating = sum(interconnection_ratings)

1330 print (f"Interconnection.ratings:.{interconnection_ratings}")

1331 base_row = 355 # Starting row for interconnections in Excel

1332 for i, rating in enumerate(interconnection_ratings):

1333 # Calculate individual allocation

1334 individual_allocation = min((allocation * rating) / total_rating, rating)

if total_rating > 0 else O
1335

1336 # Apply this allocation directly to the Excel cell

1337 cell_address = f"U{base_row._+.i}" # Changed the column to "U"
1338 sheet.Range(cell_address).Value = individual_allocation

1339 print(f"Updated.interconnection.{i+1}_dispatch.with_.allocation:.{

individual_allocation}")
1340
1341 else:
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updated_dispatch_values = [[allocation_per_instance]
num_instances)]

sheet.Range(dispatch_range).Value = updated_dispatch
allocation:_.{allocation_per_instance}")

print("Allocation.process.completed._ Updated_ Excel_ with.new._.disp

# Assuming sheet_II30502 is a valid reference to your Excel sheet

for _ in range(

_values
print (f"Updated.{resource}.dispatches.in.range.{dispatch_range}._.with.

atch.values.")

manage_grid_flexibility_CaseF(sheet_II30502) # Call the function with the appropriate sheet

name

# %% Finding apparent and reactive power

def calculate_multiple_scenarios(sheet):
# Constants for the first scenario
initial_active_power_column = 6 # Column F for active power dis
initial_apparent_power_column = 7 # Column G for apparent power
initial_reactive_power_column = 8 # Column H for reactive power
power_factor_column = 5 # Column E for power factor, remains co

# Loop through 6 scenarios

for scenario in range(6):
# Calculate column indices for current scenario
active_power_column = initial_active_power_column + 3 * scen
apparent_power_column = initial_apparent_power_column + 3 *
reactive_power_column = initial_reactive_power_column + 3 *

# Retrieve active power dispatch from the current scenario’s

patch
s
(Q

nstant

ario
scenario
scenario

column

active_power_dispatch_range = sheet.Range(sheet.Cells(10, active_power_column),

.Cells (363, active_power_column))
active_power_dispatch_values = active_power_dispatch_range.V

# Power factor range remains constant

power_factor_range = sheet.Range(sheet.Cells (10, power_facto
(363, power_factor_column))

power_factor_values = power_factor_range.Value

# Calculate and write S and Q for each row in the current sc
for row_index, (active_power_dispatch, power_factor) in enum

alue

sheet

r_column), sheet.Cells

enario
erate(zip(

active_power_dispatch_values, power_factor_values), start=10):
if isinstance(active_power_dispatch[0], (int, float)) and isinstance(power_factor

[0], (int, float)):

# Extract values from Excel as floats
active_power_dispatch = float(active_power_dispatch[
power_factor = float(power_factor[0])

# Calculate apparent power (S) using the formula S =
apparent_power = active_power_dispatch / power_facto

# Calculate reactive power (Q) using the formula Q =
if apparent_power ** 2 - active_power_dispatch ** 2
reactive_power = (apparent_power ** 2 - active_p
0.5
else:
reactive_power = 0

# Write calculated values to the scenario’s S and Q
sheet.Cells(row_index, apparent_power_column).Value
sheet.Cells(row_index, reactive_power_column).Value

print(f"Scenario.{scenario._+.1}:.Calculations.completed.")

# Assuming sheet_II30502 is a valid reference to your Excel sheet
calculate_multiple_scenarios(sheet_II30502)

01>

P / pf
r

(SA2 - PA2)40.5
>= 0:
ower_dispatch

columns in Excel
= apparent_power
= reactive_power

2)
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Listing C.2: Simulation 2050 code
# # -*- coding: utf-8 -*-

# o
# Created on Mon Mar 18 15:24:08 2024
# @author: Sander

# o

# # -*- coding: utf-8 -*-

# non

# Script for automation of different scenarios in DigSilent PowerFactory
# Before running, install the win32 package (pip install win32)

g
#%% File paths for the relevant Excel files (Needs to be adjusted for other paths)

# change the following commands for the location of the excel files on your computer:
input_excel, installedcap_excel and output_excel.

input_excel = r’G:\Andre_datamaskiner\Min_berbare_datamaskin\Master\Thesis\Documentation\
Phyton\Simulation\Scenario-Input-2-with-dispatched-case-b.xlsx’ #
This is the excel file displaying multiple scenarios and their load flow configurations

# input_excel = r’G:\Andre datamaskiner\Min berbare datamaskin\Master\Thesis\Documentation\
Phyton\Simulation\Scenario-Input-2.xlsx’ # This is the excel file
displaying multiple scenarios and their load flow configurations

installedcap_excel = r’G:\Andre.datamaskiner\Min, berbare._datamaskin\Master\Thesis\
Documentation\Phyton\Simulation\Installed-Capacities.xlsx’ # This is the excel

file with an overview of the capacities of the different components

# installedcap_excel = r’G:\Andre datamaskiner\Min berbare datamaskin\Master\Thesis\
DynamicStability_thesis\Scenario Installed Cap_DynamicStability.xlsx’

output_excel = r’G:\Andre.datamaskiner\Min_berbare.datamaskin\Master\Thesis\
DynamicStability_thesis\output_excel.xlsx’

#%% Initialization of the PowerFactory scripting application and the relevant tools to
effectively use Excel applications

# #Getting the Powerfactory Application
import sys
sys.path.append(’C:\\Program_Files\\DIgSILENT\\PowerFactory.2023._.SP6\\Python\\3.11")

import powerfactory as pf # Imports the PowerFactory
module

app=pf.GetApplication() # Calls the application

app.ActivateProject(’DynamicStability_EHVnetwork_test(2)’) # Activates the correct
project, if not already activated

app.ResetCalculation() # Resets all calculations

app.ClearOutputWindow () # Clears the Output Window

in PowerFactory

import win32com.client as win32 # Imports Win32

excel=win32.gencache.EnsureDispatch(’Excel.Application’) # Checks the dispatching of
the excel application

excel.Visible=True # Makes the excel file

visible (can be turned off, however might be needed to click "don’t update" when the
excel files are opened for the first time, otherwise simulations will not start)
import math # Calculation tool

#open the needed excel files

wbin = excel.Workbooks.Open(input_excel) # Function to open the input
excel file
wbout = excel.Workbooks.Open(output_excel) # Function to open the
result excel file
wbcap = excel.Workbooks.Open(installedcap_excel) # Function to open the

installed capacity excel file
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49 excel.Visible = True # Activates application
visibility

50

51 #studycase files

52 studycasefolder = app.GetProjectFolder (’study’) # Locates the study folders
in the PowerFactory module
53 studycases = studycasefolder.GetContents () # Locates the study cases in

the PowerFactory module
54
55 #other input values
56 Genstatmax = 1 # Sets level for maximum
power dispatch [p.u]
57
58

60 #%% Definition of function that allows to set the capacities of the system in PowerFactory
based on the relevant excel file

61

62 def capacities2050():

63 wbcapl=wbcap.Worksheets("1)._.SymGen_list") # Activates the sheet with
the Synchronous generators
64 wbcap2 = wbcap.Worksheets("1)_.StatGen._.list") # Activates the sheet with
the static generators
65 symgenlist = wbcapl.Range("B2:140").Value # Finds the range of
information regarding Synchronuos generators in the sheet
66 trafolist = wbcapl.Range("K2:P12").Value # Finds the same range for
transformers
67 statgenlistfollowing = wbcap2.Range("B2:G59").Value # Finds the range for static
generators marked with a "following" control system
68 statgenPVlistfollowing = wbcap2.Range("B60:G104").Value # Finds the range for PV
systems marked with a "following" control system
69 statgenforming = wbcap2.Range("B156:G258").Value # Finds the range for static
generators marked with a "forming" control system
70 statgenflexibility = wbcap2.Range("B105:G134").Value # Finds the range for static
generators labeled as a flexibility resource (batteries etc)
71 interconnectionDC = wbcap2.Range("B264:G266").Value # Finds the range for HVDC
interconnections
72 interconnectionAC = wbcapl.Range("B43:I48").Value # Finds the range for AC
interconnections
73
74
75
76 #Synchronous generation
77 for row in symgenlist: # For loop for the rows in
the list containing synchronous generator information
78 name = row[0]+ ’.Elmsym’ # Defines the name of the
component, with the type in PowerFactory added (For the names in excel)
79 variable = app.GetCalcRelevantObjects (name) [0] # Locates the object in
PowerFactory with the same name
80 variable.ngnum = int(row[7]) # Determines the numbers of
paralell generators in PowerFactory
81 if float(row[3])>0: # For loop that activates if
the active power is higher than 0
82 variable.typ_id.sgn = float(row[3]) # Determines the nominal
apparent power of the generator
83 variable.Pmax_ucPU = 1 # Active Power limit in p.u.
84 variable.Pmin_ucPU = 0 # Reactive Power limit in p.u
85 if float(row[3])==0:
86 variable.outserv = 1 # Sets the generator out of

service if the active power = 0
87
88 # This is further done for
all the other components
89

90 # Transformers

91 for row in trafolist:

92 name = row[0]+  .ElmTr2’

93 variable = app.GetCalcRelevantObjects (name) [0]

9 variable.ntnum = math.ceil(row[3])
95
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9% # Static Generators (Following)

97 for row in statgenlistfollowing:

98 name = row[0]+’.ElmGenstat’

99 variable = app.GetCalcRelevantObjects(name) [0]
100 if float(row[3])>0:

101 variable.sgn = float(row[3])

102 variable.Pmax_ucPU = 1

103 variable.Pmin_ucPU = 0

104

105 # PV System (Following)

106 for row in statgenPVlistfollowing:

107 name = row[0]+’.ElmPvsys’

108 variable = app.GetCalcRelevantObjects (name) [0]
109 if float(row[3])>0:

110 variable.sgn = float(row[3])

111 variable.Pmax_ucPU = 1

112 variable.Pmin_ucPU = 0

113

114 # Static Generators (Forming)

115 for row in statgenforming:

116 name = row[0]+’.ElmGenstat’

17 variable = app.GetCalcRelevantObjects(name) [0]
118 if float(row[3])>0:

119 variable.sgn = float(row[3])

120 variable.Pmax_ucPU = 1

121 variable.Pmin_ucPU = 0

122

123 # Static Generators (Flexibility resources)

124 for row in statgenflexibility:

125 name = row[0]+’.ElmGenstat’

126 variable = app.GetCalcRelevantObjects (name) [0]
127 if float(row[3])>0:

128 variable.sgn = float(row[3])

129 variable.Pmax_ucPU = 1

130 variable.Pmin_ucPU = -1

131

132

133 # HVDC Interconnections

134 for row in interconnectionDC:

135 name = row[0]+’.ElmGenstat’

136 variable = app.GetCalcRelevantObjects (name) [0]
137 if float(row[3])>0:

138 variable.sgn = float(row[3])

139 variable.Pmax_ucPU = 1

140 variable.Pmin_ucPU = -1

141

142 # AC Interconnections

143 for row in interconnectionAC:

144 name = row[0]+ ’.Elmsym’

145 variable = app.GetCalcRelevantObjects (name) [0]
146 variable.ngnum = int(row[7])

147 if float(row[3])>0:

148 variable.typ_id.sgn = float(row[3])/0.9
149 variable.Pmax_ucPU = 1

150 variable.Pmin_ucPU = -1

151 if float(row[3])==0:

152 variable.outserv = 1

153
154
155 #%% define functions to set the dispatches using the excelfiles
156
157
158
159

160 def dispatchesl(): # Set dispatches for the
first Case, Case A

161 wl = wbin.Worksheets("II3050") # Name of the worksheet

162 SymG_1 = wl.Range("A37:Z48").Value # Synchronous generators

163 StatG_following = wl.Range("A60:Z117").Value # All static generators with

a "following" control mode
164 StatG_PV_following = wl.Range("A118:Z162").Value # All PV systems with a "
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following" control mode

StatG_battery = wl.Range("A163:Z182").Value # Battery systems

StatG_fuelcell = wl.Range("A183:Z192").Value # Fuel cells

StatG_forming = wl.Range("A199:Z301").Value # All converters with a "
forming" control mode

Load_1 = wl.Range("A315:Z351").Value # Loads (Includes Power to
heat and load response)

StatG_interconnection = wl.Range("A355:Z357").Value # HVDC interconnections

SymG_interconnection = wl.Range("A358:Z363").Value # AC interconnections

Reactive_compensation = wl.Range("A367:Z388").Value

update_dynamic_model_parameters(Load_1) # Updates the dynamic model

parameters for all units using electrolyser droop control.

for row in SymG_1: # Updates the list for

synchronous generators:

name = row[0]+ ’.Elmsym’ # Defines the name of the
component, with the type in PowerFactory added

variable = app.GetCalcRelevantObjects(name) [0] # Locates the object in
PowerFactory with the same name

variable.pgini = float(row[5]) # Active Power Dispatch based
on dispatch scenario in Excel sheet

variable.qgini = float(row[7]) # Reactive Power Dispatch

variable.Pmax_ucPU = 1 # Active Power limit in p.u.

variable.Pmin_ucPU = 0 # Minimum Active Power limit
in p.u.

variable.outserv = 0 # Determines the operation of

the components 1 (Sets the components out of service)

for row in StatG_following: # Similar strucutre is
followed for all components
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])

variable.Pmax_ucPU = Genstatmax # Sets the maximum Active
power based on ratings from the capacities function

variable.Pmin_ucPU = 0 # Sets the minimum Active
power

variable.outserv = 0

for row in StatG_PV_following:
name = row[0]+’ .ElmPvsys’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0

for row in StatG_battery:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = -Genstatmax
variable.outserv = 0

for row in StatG_fuelcell:
name = row[0]+’ .ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 1

for row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.Pmax_ucPU = Genstatmax
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def

variable.Pmin_ucPU = 0
variable.outserv = 0
for row in SymG_interconnection:
name = row[0]+ ’.Elmsym’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0
for row in StatG_interconnection:
name = row[0®]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0
for row in Reactive_compensation:
name = row[0]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[5])
variable.qgini = float(row[7])
variable.outserv = 0
for row in Load_1:
name = row[0]+’.ElmLod’
variable = app.GetCalcRelevantObjects (name) [0]
variable.plini = float(row[5])
variable.qlini = float(row[7])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0

dispatches2():
second Case, Case B
wl = wbin.Worksheets("II3050")
SymG_1 = wl.Range("A37:Z48").Value
StatG_following = wl.Range("A60:Z117").Value
a "following" control mode
StatG_PV_following = wl.Range("A118:Z162").Value
following" control mode
StatG_battery = wl.Range("A163:Z182").Value
StatG_fuelcell = wl.Range("A183:Z192").Value
StatG_forming = wl.Range("A199:Z301").Value
forming" control mode
Load_1 = wl.Range("A315:Z351").Value
heat and load response)
StatG_interconnection = wl.Range("A355:Z357").Value
SymG_interconnection = wl.Range("A358:Z363").Value
Reactive_compensation = wl.Range("A367:Z388").Value
update_dynamic_model_parameters(Load_1)

parameters for all units using electrolyser droop control.

for row in SymG_1:
synchronous generators:
name = row[0]+ ’.Elmsym’

component, with the type in PowerFactory added

variable = app.GetCalcRelevantObjects(name) [0]
PowerFactory with the same name
variable.pgini = float(row[8])
on dispatch scenario in Excel sheet
variable.qgini = float(row[10])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0
in p.u.
variable.outserv = 0
the components

for row in StatG_following:
followed for all components
name = row[0]+’.ElmGenstat’

#
#
#

#

#

#

#

Set dispatches for the
Name of the worksheet
Synchronous generators

All static generators with
All PV systems with a "
Battery systems

Fuel cells
All converters with a "

Loads (Includes Power to

HVDC interconnections
AC interconnections

Updates the dynamic model

Updates the list for
Defines the name of the
Finds the object in

Active Power Dispatch based
Reactive Power Dispatch
Active Power limit in p.u.

Minimum Active Power limit

Determines the operation of

1 (Sets the components out of service)

Similar strucutre is



281
282
283
284

286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

C.5. Integration and Simulation Code

317

for

for

for

for

for

for

for

for

variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[8])

variable.qgini = float(row[10])
variable.Pmax_ucPU = Genstatmax

power based on ratings from the capacities function

variable.Pmin_ucPU = 0

power based
variable.outserv = 0
row in StatG_PV_following:
name = row[0]+’.ElmPvsys’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0
row in StatG_battery:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = -Genstatmax
variable.outserv = 0
row in StatG_fuelcell:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0
row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0
row in SymG_interconnection:
name = row[0]+ ’.Elmsym’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0
row in StatG_interconnection:
name = row[0®]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0
row in Reactive_compensation:
name = row[0®]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[8])
variable.qgini = float(row[10])
variable.outserv = 0
row in Load_1:
name = row[0]+’.ElmLod’
variable = app.GetCalcRelevantObjects(name) [0]
variable.plini = float(row[8])
variable.qlini = float(row[10])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0

# Sets the maximum Active

# Sets the minimum Active
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def dispatches3():
third case, Case C
wl = wbin.Worksheets("II3050")
SymG_1 = wl.Range("A37:Z48").Value
StatG_following = wl.Range("A60:Z117").Value
a "following" control mode
StatG_PV_following = wl.Range("A118:7162").Value
following" control mode
StatG_battery = wl.Range("A163:Z182").Value
StatG_fuelcell = wl.Range("A183:Z192").Value
StatG_forming = wl.Range("A199:Z301").Value
forming" control mode
Load_1 = wl.Range("A315:Z351").Value
heat and load response)
StatG_interconnection = wl.Range("A355:Z357").Value
SymG_interconnection = wl.Range("A358:Z363").Value
Reactive_compensation = wl.Range("A367:Z388").Value
update_dynamic_model_parameters(Load_1)

parameters for all units using electrolyser droop control.

for row in SymG_1:
synchronous generators:
name = row[0]+ ’.Elmsym’
component, with the type in PowerFactory added
variable = app.GetCalcRelevantObjects(name) [0]
PowerFactory with the same name
variable.pgini = float(row[11])
on dispatch scenario in Excel sheet
variable.qgini = float(row[13])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0
in p.u.
variable.outserv = 0
the components

for row in StatG_following:
followed for all components
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.Pmax_ucPU = Genstatmax

power based on ratings from the capacities function

variable.Pmin_ucPU = 0
power based

variable.outserv = 0

for row in StatG_PV_following:
name = row[0]+’.ElmPvsys’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0

for row in StatG_battery:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[11l])
variable.qgini = float(row[13])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = -Genstatmax
variable.outserv = 0

for row in StatG_fuelcell:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 1

#
#
#

#

#

#

#

#

#

Set dispatches for the
Name of the worksheet
Synchronous generators

All static generators with
All PV systems with a "
Battery systems

Fuel cells
All converters with a

Loads (Includes Power to
HVDC interconnections

AC interconnections

Updates the dynamic model
Updates the list for
Defines the name of the
Finds the object in

Active Power Dispatch based
Reactive Power Dispatch
Active Power limit in p.u.

Minimum Active Power limit

Determines the operation of

1 (Sets the components out of service)

Similar strucutre is

Sets the maximum Active

Sets the minimum Active
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def

for row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0
for row in SymG_interconnection:
name = row[0]+ ’.Elmsym’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0
for row in StatG_interconnection:
name = row[0®]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0
for row in Load_1:
name = row[0]+’.ElmLod’
variable = app.GetCalcRelevantObjects (name) [0]
variable.plini = float(row[11])
variable.qlini = float(row[13])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0
for row in Reactive_compensation:
name = row[0®]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[11])
variable.qgini = float(row[13])
variable.outserv = 0

dispatches4 ():
fourth case, Case D
wl = wbin.Worksheets("II3050")
SymG_1 = wl.Range("A37:Z48").Value
StatG_following = wl.Range("A60:Z117").Value
a "following" control mode
StatG_PV_following = wl.Range("A118:Z162").Value
following" control mode
StatG_battery = wl.Range("A163:Z182").Value
StatG_fuelcell = wl.Range("A183:Z192").Value
StatG_forming = wl.Range("A199:Z301").Value
forming" control mode
Load_1 = wl.Range("A315:Z351").Value
heat and load response)
StatG_interconnection = wl.Range("A355:Z357").Value
SymG_interconnection = wl.Range("A358:Z363").Value
update_dynamic_model_parameters(Load_1)

parameters for all units using electrolyser droop contro

Reactive_compensation = wl.Range("A367:Z388").Value

for row in SymG_1:
synchronous generators:
name = row[0]+ ’.Elmsym’

component, with the type in PowerFactory added

variable = app.GetCalcRelevantObjects (name) [0]
PowerFactory with the same name
variable.pgini = float(row[14])
on dispatch scenario in Excel sheet
variable.qgini = float(row[16])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0
in p.u.

H* 3+

— 3 o W

3+

Set dispatches for the
Name of the worksheet
Synchronous generators

All static generators with
All PV systems with a "
Battery systems

Fuel cells
All converters with a

Loads (Includes Power to
HVDC interconnections

AC interconnections
Updates the dynamic model

Updates the list for
Defines the name of the
Finds the object in

Active Power Dispatch based
Reactive Power Dispatch

Active Power limit in p.u.
Minimum Active Power limit
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466 variable.outserv = 0 # Determines the operation of
the components 1 (Sets the components out of service)
467

468 for row in StatG_following: # Similar strucutre is
followed for all components

469 name = row[0]+’ .ElmGenstat’

470 variable = app.GetCalcRelevantObjects (name) [0]

471 variable.pgini = float(row[14])

472 variable.qgini = float(row[16])

473 variable.Pmax_ucPU = Genstatmax # Sets the maximum Active

power based on ratings from the capacities function
474 variable.Pmin_ucPU = 0 # Sets the minimum Active
power based

475 variable.outserv = 0

476 for row in StatG_PV_following:

477 name = row[0]+  .ElmPvsys’

478 variable = app.GetCalcRelevantObjects(name) [0]

479 variable.pgini = float(row[14])

480 variable.qgini = float(row[16])

481 variable.Pmax_ucPU = Genstatmax

482 variable.Pmin_ucPU = 0

483 variable.outserv = 0

484 for row in StatG_battery:

485 name = row[0]+’.ElmGenstat’

486 variable = app.GetCalcRelevantObjects (name) [0]

487 variable.pgini = float(row[14])

488 variable.qgini = float(row[16])

489 variable.Pmax_ucPU = Genstatmax

490 variable.Pmin_ucPU = -Genstatmax

491 variable.outserv = 0

492 for row in StatG_fuelcell:

493 name = row[0]+’.ElmGenstat’

194 variable = app.GetCalcRelevantObjects(name) [0]

495 variable.pgini = float(row[14])

196 variable.qgini = float(row[16])

497 variable.Pmax_ucPU = Genstatmax

498 variable.Pmin_ucPU = 0

499 variable.outserv = 1

500 for row in StatG_forming:

501 name = row[0]+’ .ElmGenstat’

502 variable = app.GetCalcRelevantObjects (name) [0]

503 variable.pgini = float(row[14])

504 variable.qgini = float(row[16])

505 variable.Pmax_ucPU = Genstatmax

506 variable.Pmin_ucPU = 0

507 variable.outserv = 0

508 for row in SymG_interconnection:

509 name = row[0]+ ’.Elmsym’

510 variable = app.GetCalcRelevantObjects(name) [0]

511 variable.pgini = float(row[14])

512 variable.qgini = float(row[16])

513 variable.Pmax_ucPU = 1

514 variable.Pmin_ucPU = -1

515 variable.outserv = 0

516 for row in StatG_interconnection:

517 name = row[0®]+ ’.ElmGenstat’

518 variable = app.GetCalcRelevantObjects(name) [0]

519 variable.pgini = float(row[14])

520 variable.qgini = float(row[16])

521 variable.Pmax_ucPU = 1

522 variable.Pmin_ucPU = -1

523 variable.outserv = 0

524 for row in Load_1:

525 name = row[0]+’.ElmLod’

526 variable = app.GetCalcRelevantObjects(name) [0]

527 variable.plini = float(row[14])

528 variable.qlini = float(row[16])

529 variable.Pmax_ucPU = 1

530 variable.Pmin_ucPU = 0

531 for row in Reactive_compensation:

532 name = row[0®]+ ’.ElmGenstat’
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variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[14])
variable.qgini = float(row[16])
variable.outserv = 0
def dispatches5():

fifth case, Case E

wl = wbin.Worksheets("II3050")

SymG_1 = wl.Range("A37:Z48") .Value

StatG_following = wl.Range("A60:Z117").Value
a "following" control mode

StatG_PV_following = wl.Range("A118:Z162").Value
following" control mode

StatG_battery = wl.Range("A163:Z182").Value

StatG_fuelcell = wl.Range("A183:Z192").Value

StatG_forming = wl.Range("A199:Z301").Value
forming" control mode

Load_1 = wl.Range("A315:Z351").Value
heat and load response)

StatG_interconnection = wl.Range("A355:Z357").Value

SymG_interconnection = wl.Range("A358:Z363").Value

update_dynamic_model_parameters(Load_1)

parameters for all units using electrolyser droop contro

Reactive_compensation = wl.Range("A367:Z388").Value
for row in SymG_1:
synchronous generators:
name = row[0]+ ’.Elmsym’
component, with the type in PowerFactory added
variable = app.GetCalcRelevantObjects (name) [0]
PowerFactory with the same name
variable.pgini = float(row[17])
on dispatch scenario in Excel sheet
variable.qgini = float(row[19])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0
in p.u.
variable.outserv = 0
the components

for row in StatG_following:
followed for all components
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = Genstatmax

power based on ratings from the capacities function

variable.Pmin_ucPU = 0
power based

variable.outserv = 0

for row in StatG_PV_following:
name = row[0]+’.ElmPvsys’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0

for row in StatG_battery:
name = row[0]+’ .ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = -Genstatmax
variable.outserv = 0

for row in StatG_fuelcell:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = Genstatmax

3+ 3+

— 3% 3 H

#

#

#

#

Set dispatches for the
Name of the worksheet
Synchronous generators

All static generators with
All PV systems with a "
Battery systems

Fuel cells
All converters with a

Loads (Includes Power to
HVDC interconnections

AC interconnections

Updates the dynamic model
Updates the list for
Defines the name of the
Finds the object in

Active Power Dispatch based
Reactive Power Dispatch
Active Power limit in p.u.

Minimum Active Power limit

Determines the operation of

1 (Sets the components out of service)

Similar strucutre is

Sets the maximum Active

Sets the minimum Active
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def

variable.Pmin_ucPU = 0
variable.outserv = 1

for row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = Genstatmax
variable.Pmin_ucPU = 0
variable.outserv = 0

for row in SymG_interconnection:
name = row[0]+ ’.Elmsym’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0

for row in StatG_interconnection:
name = row[0]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = -1
variable.outserv = 0

for row in Load_1:
name = row[0®]+’.ElmLod’
variable = app.GetCalcRelevantObjects (name) [0]
variable.plini = float(row[17])
variable.qlini = float(row[19])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0

for row in Reactive_compensation:
name = row[0®]+ ’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
variable.pgini = float(row[17])
variable.qgini = float(row[19])
variable.outserv = 0

dispatches6():
case, Case F
wl = wbin.Worksheets("II3050")
SymG_1 = wl.Range("A37:Z48").Value
StatG_following = wl.Range("A60:Z117").Value
a "following" control mode
StatG_PV_following = wl.Range("A118:7162").Value
following" control mode
StatG_battery = wl.Range("A163:Z182").Value
StatG_fuelcell = wl.Range("A183:Z192").Value
StatG_forming = wl.Range("A199:Z301").Value
forming" control mode
Load_1 = wl.Range("A315:Z351").Value
heat and load response)
StatG_interconnection = wl.Range("A355:Z357").Value
SymG_interconnection = wl.Range("A358:Z363").Value
update_dynamic_model_parameters(Load_1)

parameters for all units using electrolyser droop contro

Reactive_compensation = wl.Range("A367:Z388").Value
for row in SymG_1:

synchronous generators:

name = row[0]+ ’.Elmsym’

component, with the type in PowerFactory added

variable = app.GetCalcRelevantObjects (name) [0]
PowerFactory with the same name
variable.pgini = float(row[20])
on dispatch scenario in Excel sheet
variable.qgini = float(row[22])
variable.Pmax_ucPU = 1
variable.Pmin_ucPU = 0
in p.u.

I

I+

#
#
#
1

#

3+

Set dispatches for the sixt
Name of the worksheet
Synchronous generators

All static generators with
All PV systems with a "
Battery systems

Fuel cells
All converters with a

Loads (Includes Power to
HVDC interconnections

AC interconnections

Updates the dynamic model
Updates the list for
Defines the name of the
Finds the object in

Active Power Dispatch based
Reactive Power Dispatch

Active Power limit in p.u.
Minimum Active Power limit
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649 variable.outserv = 0 # Determines the operation of
the components 1 (Sets the components out of service)
650

651 for row in StatG_following: # Similar strucutre is
followed for all components

652 name = row[0]+’ .ElmGenstat’

653 variable = app.GetCalcRelevantObjects (name) [0]

654 variable.pgini = float(row[20])

655 variable.qgini = float(row[22])

656 variable.Pmax_ucPU = Genstatmax # Sets the maximum Active

power based on ratings from the capacities function
657 variable.Pmin_ucPU = 0 # Sets the minimum Active
power based

658 variable.outserv = 0

659 for row in StatG_PV_following:

660 name = row[0]+  .ElmPvsys’

661 variable = app.GetCalcRelevantObjects(name) [0]

662 variable.pgini = float(row[20])

663 variable.qgini = float(row[22])

664 variable.Pmax_ucPU = Genstatmax

665 variable.Pmin_ucPU = 0

666 variable.outserv = 0

667 for row in StatG_battery:

668 name = row[0]+’ .ElmGenstat’

669 variable = app.GetCalcRelevantObjects (name) [0]

670 variable.pgini = float(row[20])

671 variable.qgini = float(row[22])

672 variable.Pmax_ucPU = Genstatmax

673 variable.Pmin_ucPU = -Genstatmax

674 variable.outserv = 0

675 for row in StatG_fuelcell:

676 name = row[0]+’.ElmGenstat’

677 variable = app.GetCalcRelevantObjects(name) [0]

678 variable.pgini = float(row[20])

679 variable.qgini = float(row([22])

680 variable.Pmax_ucPU = Genstatmax

681 variable.Pmin_ucPU = 0

682 variable.outserv = 1

683 for row in StatG_forming:

684 name = row[0]+’.ElmGenstat’

685 variable = app.GetCalcRelevantObjects (name) [0]

686 variable.pgini = float(row[20])

687 variable.qgini = float(row[22])

688 variable.Pmax_ucPU = Genstatmax

689 variable.Pmin_ucPU = 0

690 variable.outserv = 0

691 for row in SymG_interconnection:

692 name = row[0]+ ’.Elmsym’

693 variable = app.GetCalcRelevantObjects(name) [0]

694 variable.pgini = float(row[20])

695 variable.qgini = float(row[22])

696 variable.Pmax_ucPU = 1

697 variable.Pmin_ucPU = -1

698 variable.outserv = 0

699 for row in StatG_interconnection:

700 name = row[0®]+ ’.ElmGenstat’

701 variable = app.GetCalcRelevantObjects(name) [0]

702 variable.pgini = float(row[20])

703 variable.qgini = float(row[22])

704 variable.Pmax_ucPU = 1

705 variable.Pmin_ucPU = -1

706 variable.outserv = 0

707 for row in Load_1:

708 name = row[0]+’.ElmLod’

709 variable = app.GetCalcRelevantObjects(name) [0]

710 variable.plini = float(row[20])

711 variable.qlini = float(row[22])

712 variable.Pmax_ucPU = 1

713 variable.Pmin_ucPU = 0

714 for row in Reactive_compensation:

715 name = row[0®]+ ’.ElmGenstat’
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variable = app.GetCalcRelevantObjects (name) [0]
variable.pgini = float(row[20])

variable.qgini = float(row[22])
variable.outserv = 0

# Add more of these if more scenarios are added

#%% function for setting reactive power controls

# Functions for setting different control modes in PowerFactory

# PV: The grid is primarily dominated by PV generation,

controlling the voltage

# Wind: Similar to PV control, but now wind is dominant

and these resources will focus on

# It is possible to change the different control modes directly in the function to alter

and try different control modes

# The control mode is selected at the end of the script,

def reactivepowercontrol (Controlmode):

wl = wbin.Worksheets("II3050")
SymG_1 = wl.Range("A10:Z48").Value
StatG_following = wl.Range("A60:Z117").Value
a "following" control mode
StatG_PV_following = wl.Range("A118:7162").Value
following" control mode
StatG_battery = wl.Range("A163:Z182").Value
StatG_fuelcell = wl.Range("A183:Z192").Value
StatG_forming = wl.Range("A199:Z301").Value
forming" control mode
Load_1 = wl.Range("A315:Z351").Value
heat and load response)
StatG_interconnection = wl.Range("A355:Z357").Value
SymG_interconnection = wl.Range("A358:Z363").Value

if Controlmode == ’'PV’:
System is dominantly PV generation)

# Grid-Forming Converters

for row in StatG_forming:
generators with "forming" control
name = row[0]+’.ElmGenstat’

variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.startswith("Converter_PV"):

converters
variable.av_mode = ’'constv’
Constant V in PowerFactory
else:
variable.av_mode = ’'constq’

# If the converter is not a

as a function call

Set the range of cells for
the different sources

Name of the worksheet

Synchronous generators

All static generators with

All PV systems with a "

Battery systems

Fuel cells
All converters with a

Loads (Includes Power to

HVDC interconnections
AC interconnections

Control mode set to: PV (

For all the static

Index to find the PV

Sets control mode to

Converter_PV", a control mode tof Constant Q is set

# Grid-forming Converters
for row in StatG_forming:
name = row[0]+’.ElmGenstat’

variable = app.GetCalcRelevantObjects (name) [0]

if variable.loc_name.endswith("2"):
variable.av_mode = ’constq’

# Grid-forming Converters
for row in StatG_forming:
name = row[0]+’.ElmGenstat’

variable = app.GetCalcRelevantObjects (name) [0]

if variable.loc_name.endswith("3"):
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775 variable.av_mode = ’constq’

776

777

778 # The same structure is used

for all the different
converters

779 # Grid-following PV Systems

780 for row in StatG_PV_following:

781 name = row[0]+’ .ElmPvsys’

782 variable = app.GetCalcRelevantObjects(name) [0]

783 if variable.loc_name.startswith("L_PV"):

784 variable.av_mode = ’constq’

785 else:

786 variable.av_mode = ’'constqg’

787

788 # Grid-following PV Systems

789 for row in StatG_PV_following:

790 name = row[0] + ’.ElmPvsys’

791 variable = app.GetCalcRelevantObjects(name)[0]

792 if variable.loc_name.endswith("2"):

793 variable.av_mode = ’constq’

794

795 for row in StatG_PV_following:

796 name = row[0] + ’.ElmPvsys’

797 variable = app.GetCalcRelevantObjects (name) [0]

798 if variable.loc_name.endswith("3"):

799 variable.av_mode = ’constq’

800

801 # Grid-following Static generators

802 for row in StatG_following:

803 name = row[0]+’  .ElmGenstat’

804 variable = app.GetCalcRelevantObjects (name) [0]

805 if variable.loc_name == "W_WOZ_HKW" or variable.loc_name == "W_WOZ_IJMA" or
variable.loc_name == "W_WOZ_IJMB" or variable.loc_name == "W_WOZ_TNW" or
variable.loc_name == "W_WOZ_EO0S380_2":

806 variable.av_mode = ’constv’ # if no wind, some WOZ only

act as STATCOMS
807

808 else:

809 variable.av_mode = ’constq’

810

811 # Grid-following Static generators

812 for row in StatG_following:

813 name = row[0]+’ .ElmGenstat’

814 variable = app.GetCalcRelevantObjects(name) [0]
815 if variable.loc_name.endswith("2"):

816 variable.av_mode = ’constq’

817

818 # Grid-following Static generators

819 for row in StatG_following:

820 name = row[0]+’ .ElmGenstat’

821 variable = app.GetCalcRelevantObjects(name) [0]
822 if variable.loc_name.endswith("3"):

823 variable.av_mode = ’constq’

824

825 # Synchronous Generators

826 for row in SymG_1:

827 name = row[0]+’.EImSym’

828 variable = app.GetCalcRelevantObjects(name)[0]
829 if variable.loc_name == "Gen_GAS_MBT15":

830 variable.av_mode = ’constv’

831

832 else:

833 variable.av_mode = ’constv’

834

835

836 # Flexibility resources

837 for row in StatG_battery:

838 name = row[0]+’.ElmGenstat’

839 variable = app.GetCalcRelevantObjects(name) [0]

840 if variable.loc_name.startswith("BESS_"):



841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910

C.5. Integration and Simulation Code

326

variable.av_mode = ’constq’
for row in StatG_fuelcell:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.startswith("FuelCell_"):
variable.av_mode = ’constq’

# HVDC Interconnections
for row in StatG_interconnection:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.startswith("IC_"):
variable.av_mode = ’constq’
# AC Interconnections
for row in SymG_interconnection:
name = row[0]+’  .ElmSym’
variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.startswith("IC_"):
variable.av_mode = ’constv’

if Controlmode == ’'Wind’:
System is dominantly Wind generation)

# Grid-forming Static generators
for row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name)[0]
if variable.loc_name.startswith("Converter_W"):
variable.av_mode = ’constv’
else:
variable.av_mode = ’'constq’
# Grid-forming Static generators
for row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name)[0]
if variable.loc_name.endswith("2"):
variable.av_mode = ’'constq’
# Grid-forming Static generators
for row in StatG_forming:
name = row[0®]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name)[0]
if variable.loc_name.endswith("3"):
variable.av_mode = ’constq’
# Grid-forming Static generators
for row in StatG_forming:
name = row[0]+’.ElmGenstat’
variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.startswith("Converter_PV"):
variable.av_mode = ’'constq’

# Grid-following PV systems
for row in StatG_PV_following:
name = row[0] + ’.ElmPvsys’
variable = app.GetCalcRelevantObjects(name)[0]
if variable.loc_name.startswith("L_PV"):
variable.av_mode = ’constq’
# Grid-following PV systems
for row in StatG_PV_following:
name = row[0] + ’.ElmPvsys’
variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.endswith("2"):
variable.av_mode = ’constq’
# Grid-following PV systems
for row in StatG_PV_following:
name = row[0®] + ’.ElmPvsys’
variable = app.GetCalcRelevantObjects(name) [0]
if variable.loc_name.endswith("3"):
variable.av_mode = ’constq’

# Control mode

# For all wind

set to: Wind (

converters
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911 # Grid-following Static generator

912 for row in StatG_following:

913 name = row[0]+’.ElmGenstat’

914 variable = app.GetCalcRelevantObjects(name) [0]

915 if variable.loc_name.startswith("W_"):

916 variable.av_mode = ’constq’ # Grid forming is primarily
set to control V.

917 else:

918 variable.av_mode = ’'constq’

919 # Grid-following Static generator

920 for row in StatG_following:

921 name = row[0]+’.ElmGenstat’

922 variable = app.GetCalcRelevantObjects(name) [0]

923 if variable.loc_name.endswith("2"):

924 variable.av_mode = ’constq’

925 # Grid-following Static generator

926 for row in StatG_following:

927 name = row[0]+’.ElmGenstat’

928 variable = app.GetCalcRelevantObjects(name)[0]

929 if variable.loc_name.endswith("3"):

930 variable.av_mode = ’constq’

931

932 # Synchronous generators

933 for row in SymG_1:

934 name = row[0]+’ .ElmSym’

935 variable = app.GetCalcRelevantObjects(name) [0]

936 if variable.loc_name == "Gen_GAS_MBT15":

937 variable.av_mode = ’'constv’

938 else:

939 variable.av_mode = ’constv’

940

941 # Static generators (Flexibility resources)

942 for row in StatG_battery:

943 name = row[0®]+’.ElmGenstat’

944 variable = app.GetCalcRelevantObjects(name) [0]

945 if variable.loc_name.startswith("W_"):

946 variable.av_mode = ’'constq’

947 else:

948 variable.av_mode = ’'constq’

949

950 for row in StatG_fuelcell:

951 name = row[0]+’.ElmGenstat’

952 variable = app.GetCalcRelevantObjects(name) [0]

953 if variable.loc_name.startswith("Fuelcell_"):

954 variable.av_mode = ’'constq’

955 else:

956 variable.av_mode = ’constq’

957

958 # HVDC Interconnections

959 for row in StatG_interconnection:

960 name = row[0]+’.ElmGenstat’

961 variable = app.GetCalcRelevantObjects(name) [0]

962 if variable.loc_name.startswith("IC_"):

963 variable.av_mode = ’constq’

964 variable.ictpg = 0

965 else:

966 variable.av_mode = ’'constq’

967

968 # AC Interconnections

969 for row in SymG_interconnection:

970 name = row[0]+  .ElmSym’

971 variable = app.GetCalcRelevantObjects(name) [0]

972 if variable.loc_name.startswith("IC_"):

973 variable.av_mode = ’constv’

974 else:

975 variable.av_mode = ’'constq’

976

977

978 # %% Control selection of Grid-forming control type

979

9g0 # This function controls the selection of the grid-forming control type for composite models



C.5. Integration and Simulation Code 328

in the power system simulation.
981 # Available control modes include VSM, Droop, and Synchroverter. Alternatively, "none" can be
selected to put all controllers in service.
982 # The desired control selection is defined at the end of the script, as a function call.
983
984 def grid_forming_control (control_mode):
985 e

986 Control the selection of the grid-forming control type for composite models.

987

988 Parameters:

989 control_mode (str): The desired control mode (’VSM’, ’Droop’, ’'Synchroverter’, or ’
none’).

990 e

991

992 # Get all composite models (.ElmComp*) in the project

993 composite_models = app.GetCalcRelevantObjects("*.ElmComp*")

994

995 # Define the available control modes

996 control_modes = [’VSM’, ’Droop’, ’'Synchroverter’]

997

998 # Check if the provided control_mode is in the list of control modes

999 if control_mode not in control_modes:

1000 app.PrintInfo(f"Invalid.control_mode:_.{control_mode}._Please.choose_from. ’VSM’,. .’
Droop’,.’Synchroverter’.")

1001 return

1002

1003 # Iterate over each composite model

1004 for model in composite_models:

1005 model_name = model.loc_name

1006

1007 # Check if the model name starts with the control mode prefix to be enabled

1008 if model_name.startswith(control_mode):

1009 # Set the chosen control mode in service

1010 model.outserv = 0

1011 app.PrintInfo(f"Control.enabled._for._.model: _{model_name}")

1012 # Check if the model name starts with another control mode’s prefix and disable it

1013 elif any(model_name.startswith(other_mode) for other_mode in control_modes if
other_mode != control_mode):

1014 # Set the other control modes out of service

1015 model.outserv = 1

1016 app.PrintInfo(f"Control.disabled.for_model: _ {model_name}")

1017

1018

1019

1020

1021 # %% Converter selection for operation

1022

1023

1024 def set_converter_controls_out_of_service():
1025 e

1026 Here, all the different converters are set out of service, based on if they have a
dispatch or not.

1027 Converters without a dispatch is set out of service.

1028 All the grid forming converters are set in service in the "Control selection of Grid-
forming control type" Cell. (Right above). Thus, these dont need to be set in service
here.

1029 e

1030 app.PrintPlain("Setting.all,.’Grid-following’.converters.in.service...")

1031 composite_models = app.GetCalcRelevantObjects("*.ElmComp*")

1032 for model in composite_models:

1033 if model.loc_name.startswith("IEC_"):

1034 model.outserv = ® # Set in service (assuming ® is in service)

1035 app.PrintPlain(f"Converter.’{model.loc_name}’ . set.in.service.")

1036 for model in composite_models:

1037 if model.loc_name.startswith("WECC_Large-scale_PV_Plant_"):

1038 model.outserv = ® # Set in service (assuming 0 is in service)

1039 app.PrintPlain(f"Converter.’ {model.loc_name}’_set._.in.service.")

1040

1041 # Name of the worksheet

1042 wl = wbin.Worksheets("II3050")
1043
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# All static generators with a "following" control mode
StatG_following = wl.Range("A60:Z117").Value

# All converters with a "forming" control mode
StatG_forming = wl.Range("A199:Z301").Value

# All converters with a "following" control mode for PV
StatG_PV_following = wl.Range("A118:7162").Value

composite_models = app.GetCalcRelevantObjects("*.ElmComp*")

# Find converters in StatG_forming with zero output
app.PrintPlain("Checking.converters._in.StatG_forming...")
for row in StatG_forming:
name = rowl[0]
if float(row[5]) == 0: # Check if dispatch is zero
app.PrintPlain(f"Converter.’{name}’ _identified_.with.zero._output.")
# Set associated controllers out of service

"

control_name_prefix = name.split("_", 1)[1] # Extract the name after "Converter_

for control_type in ["VSM", "Synchroverter.Control", "Droop.Control_.System"]:

control_name = f"{control_type}_{control_name_prefix}"
control = [c for c in composite_models if c.loc_name == control_name]
if control:

control[0].outserv = 1 # Set control mode out of service

app.PrintPlain(f"Control_mode.’{control_name}’_set._out._of_service.")
# Find converters in StatG_following with zero output
app.PrintPlain("Checking.converters._in.StatG_following...")
for row in StatG_following:
name = rowl[0]
if name.startswith("W_") and float(row[5]) == 0: # Check if dispatch is zero
converter_name = name.split("_", 1)[1] # Extract the name after "W_"
app.PrintPlain(f"Converter.’ {converter_name}’_.identified_.with.zero_ output.")
control_name = f"IEC_{converter_namel}"
control = [c for ¢ in composite_models if c.loc_name == control_name]
if control:
control [0].outserv = 1 # Set control mode out of service
app.PrintPlain(f"Control_mode.’ {control_name}’_set_out_of_service.")
# Check PV converters in StatG_PV_following with zero output and set controls out of
service
app.PrintPlain("Checking. PV.converters.in,_.StatG_PV_following...")
for row in StatG_PV_following:
name = rowl[0]
if name.startswith("L_PV_") and float(row[5]) == 0: # Check if dispatch is zero
# Extract the unique part of the converter’s name
unique_name = name.replace("L_PV_", "") # Removes the prefix "L_PV_"
app.PrintPlain(f"PV.Converter.’{unique_name}’ _ identified_with_zero_output.")

# Construct the control name using the unique part

control_name = f"WECC.Large-scale_PV.Plant_{unique_namel}"

# Find the control by name

control = [c for c in composite_models if c.loc_name == control_name]

if control:
control[0®].outserv = 1 # Set control mode out of service
app.PrintPlain(f"Control_mode.’{control_name}’_set.out.of_service.")

# %% Dynamic Load models update
102 # Updating the model parameters of the inverse droop controls (Electrolyser,

LR) and Power to heat (PTH))

Load response (

1104 # For dynamic modeling, it does not use the load flow inputs, thus this needs to be added by

1105

1106

its own. This is what the script does

parameter values, these can be changed as necessary

1107 def update_dynamic_model_parameters(Load_1):

1108
1109

Update dynamic model parameters for Electrolyser inverse droop controls based on

# The different parameters are calculated based on the same scalings as the example control
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specified load data.
Load_1 is defined in the dispatch implementation,
the dispatches of the loads in the system (including the electrolysers, regular loads
, power to heat and load response)

for row in Load_1:
name_base = row[0]
plini_value = float

Case A in excel.
float(row[2])

p_max_from_excel =

(row[5])

it is the excel range that describes

# Active power setpoint for the load. This needs
to be changed based on the case simulated. Row [5] is the active power column for

# Determine the model type

model_type = ""

if "Electrolyser" in name_base:
model_type = "Electrolyser"”

elif "_LR" in name_base:
model_type = "LR"

elif "_PTH" in name_base:
model_type = "PTH"

name_base = name_base.replace("Electrolyser_",

dynamic_model_name

dynamic_models = app.GetCalcRelevantObjects(dynamic_model_name)

if dynamic_models:
dynamic_model =

= "Electrolyser.Droop_" +

# If the model is found
dynamic_models[0]

This moves 3 columns to the right for each case.
# Fetching P_max from the third column

"") . replace("Load_", "")

name_base + ".ElmDsl"

# Correctly call update_parameter for each parameter to be updated
update_parameter (dynamic_model, ’P_ref’,

p_max_from_

excel, dynamic_model_name)

update_parameter (dynamic_model, ’FCR_db’,

p_max_from_

excel, dynamic_model_name)

update_parameter (dynamic_model, ’FCR_bid’

p_max_from_

excel, dynamic_model_name)
update_parameter (dynamic_model, ’grad’, plini_value,

, dynamic_model_name)
update_parameter (dynamic_model, ’bid_min’

p_max_from_

excel, dynamic_model_name)

update_parameter (dynamic_model, ’'P_min’,

p_max_from_

excel, dynamic_model_name)

update_parameter (dynamic_model, ’Bid_max’

p_max_from_

excel, dynamic_model_name)

update_parameter (dynamic_model, ’'P_max’,

p_max_from_

excel, dynamic_model_name)

plini_value, model_type,

plini_value, model_type,

, plini_value, model_type,

model_type, p_max_from_excel

, plini_value, model_type,

plini_value, model_type,

, plini_value, model_type,

plini_value, model_type,

# Repeat for other parameters as needed...

else:

app.PrintWarn(f"No.dynamic.model. found_ with.the_name._{dynamic_model_namel}")

def update_parameter (dynami
, dynamic_model_name):

c_model ,

parameter_name, plini_value,

Update a specific parameter of a dynamic model.

Parameters:
dynamic_model (obje
parameter_name (str
plini_value (float)

p_max_from_excel (float):

dynamic_model_name

nun

ct): The dynamic model object to be updated.

): The name of the parameter to be updated.
: The active power setpoint value.
model_type (str): The type of the model (e.g., "Electrolyser",

(str): The name of the dynamic model.

model_type, p_max_from_excel

“LR", "PTH").

The maximum active power from the Excel sheet.

# Conditional logic to handle each parameter’s specific update requirements

if parameter_name == 'F

value = 0.1 if model_type in

CR_db’:

[’Electrolyser’,

"PTH’] else 0.15

operational limits based on the type of dynamic load
>FCR_bid’:

elif parameter_name ==
value = 0.3 * plini
elif parameter_name ==
value = plini_value
elif parameter_name ==

_value
‘grad’:

’Bid_min’:

# Different
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value = -plini_value

elif parameter_name == ’P_min’:
value = 0

elif parameter_name == ’Bid_max’:
value = plini_value

elif parameter_name == ’P_max’:

value = p_max_from_excel
else:
value = plini_value
updates

setattr (dynamic_model,

# Default case,

parameter_name,

value)

for P_ref and potentially other straightforward

app.PrintInfo(f"Updated.{parameter_name}._to.{value}.for.model_ {dynamic_model.loc_name}. ({

model_type}) ™)

# %% Virtual impedance and output voltage calculation parameters adjustment

# Here,

adjusted

def update_all_virtual_impedance_modes():

the different virtual impedance and output voltage calculation parameters are

Update parameters for all Virtual Impedance and Output Voltage Calculation models in the

project.

The primary focus here is the maximum short-circuit current,

mode of the controllers
It is
implemented.

also possible to test for different impedance values etc,
This can be done in the same manner.

# Retrieve all DSL model objects in the project.

all_dsl_models =

for model in all_dsl_models:
try:

app.GetCalcRelevantObjects("*.ElmDs1")

# Update parameters for "Virtual Impedance" models

if "Virtual_.Impedance"

# model.SetAttribute(’e:params:r’,
model.SetAttribute(’e:params:Mode’,
model.SetAttribute(’e:params:i_lim’,

in model.loc_name:
0.006)
1
1.1)

and the current limitation

but this needs to be

# 1.1 originally

app.PrintInfo(f"Virtual.Impedance_model_updated:.{model.loc_name}")

# Update parameters for "Output Voltage Calculation" models

elif "Output.Voltage.Calculation"
model.SetAttribute(’e:params:Mode’,
model.SetAttribute(’e:params:i_max’,

in model.loc_name:
D)
1.2)

# 1.2 originally

app.PrintInfo(f"Output.Voltage.Calculation.model _updated:_{model.loc_name}")

except AttributeError as e:

app.PrintWarn(f"Could_.not_update_model. .{model.loc_name}:.{e}")

# %% Update grid-forming controller parameters

nun

Here,

Here,

value is wanted.

manner as done here.

The original values are also given,

all the parameters of the controllers can be added easily,

to easier allow for a reset.

def update_all_VSM_control_settings():

nun

the main parameters of the controllers are selected and are able to be adjusted to what

by doing it in the same

Update parameters for all Virtual Synchronous Machine control models in the project.

nun
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# Retrieve all DSL model objects in the project.
all_dsl_models = app.GetCalcRelevantObjects("*.ElmDsl")

for model in all_dsl_models:
try:

# Update parameters for "Droop Control" models
if "Virtual_Synchronous.Machine" in model.loc_name:

model.SetAttribute(’e:params:Ta’,
model.SetAttribute(’e:params:Dp’,

3) # Original
100) # Original

3
: 100

app.PrintInfo(£"VSM.Control.model_updated:_{model.loc_name}")

except AttributeError as e:

app.PrintWarn(f"Could.not.update_model.{model.loc_name}:_.{e}")

def update_all_Syncroverter_control_settings():

Update parameters for all Synchronverter control models in the project.

# Retrieve all DSL model objects in the project.
all_dsl_models = app.GetCalcRelevantObjects("*.ElmDsl")

for model in all_dsl_models:
try:

# Update parameters for "Droop Control" models

if "Synchronverter" in model.loc_name:
model.SetAttribute(’e:params:Ta’,
model.SetAttribute(’e:params:Dp’,
model.SetAttribute(’e:params:Kq’,

model.SetAttribute(’e:params:Dq’,

3) # Original:
100) # Original:
1000) # Original:
20) # Original:

3
100
1000
20

app.PrintInfo(£f"VSM_Control._model _updated:._.{model.loc_name}")

except AttributeError as e:

app.PrintWarn(£"Could.not.update_model.{model.loc_name}:_.{e}")

def update_all_droop_control_settings():

Update parameters for all Droop Control models in the project.

# Retrieve all DSL model objects in the project.

all_dsl_models = app.GetCalcRelevantObjects("*

for model in all_dsl_models:
try:

.EImDs1")

# Update parameters for "Droop Control" models

if "Droop.Control" in model.loc_name:
model.SetAttribute(’e:params:mp’,
model.SetAttribute(’e:params:mq’,

0.01) #Original:
0.1) # Original:

0.01
0.05

app.PrintInfo(f"Droop.Control.model_ updated:_{model.loc_namel}")

except AttributeError as e:

app.PrintWarn(f"Could_not_update_model._{model.loc_name}:_.{e}")

1287 # %% Update the inertia and kinetic energy levels

1288
1289
1290

1291

1292

1293
1294

Here,

Select the kinetic

The dynamic models

nun

changed

the inertia constant and kinetic energy levels of the AC interconnections can be

energy and inertia constant wanted for the system, and this will be

transformer to PowerFactory values. This conversion can be seen in the "interconnection"
section in the 2050 scenario implementation chapter in the thesis.

the maximum power output of the machines

of the AC interconnections also needs to be updated, to be responsible for

1295 # Initialize known interconnection levels for each specific synchronous machine
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interconnection_levels = {
"IC_AMPRION_GNA380_1": 16560,
"IC_AMPRION_NDR38O_1": 16560,
"IC_AMPRION_OBZ380": 1650,
"IC_ELIA_MBT380_1": 1750,
"IC_ELIA_ZVL380_1": 1750,
"IC_TenneT_DIL380_1": 5000

# Set the kinetic energy and inertia constant values directly
kinetic_energy = 1800000 # Replace with the desired value in GVA
inertia_constant = 4.1 # Replace with the desired value in seconds
new_sgn_value = kinetic_energy / inertia_constant

def update_selected_synchronous_machines():

Update selected synchronous machine parameters.
# Retrieve all relevant TypSym models in the project
all_typ_sym = app.GetCalcRelevantObjects("*.TypSym")

# Names of interest for filtering

target_names = [
"Gen_Interconnection_1650",
"Gen_Interconnection_1750",
"Gen_Interconnection_5000"

]

# Loop through all TypSym models and filter by name
for typ_sym in all_typ_sym:
try:
# Check if the object’s name matches any in the target list
if typ_sym.loc_name in target_names:
# Update the ’sgn’ attribute (rated apparent power)
typ_sym.SetAttribute(’sgn’, new_sgn_value)

# Update the ’h’ attribute (inertia constant)
typ_sym.SetAttribute(’h’, inertia_constant)

app.PrintInfo(f"Updated.{typ_sym.loc_name}_ with.sgn={new_sgn_value}._and_ h={
inertia_constant}")
except AttributeError as e:
app.PrintWarn(f"Could_.not_update_{typ_sym.loc_name}:_.{e}")

# Function to update the IEEEG1 DSL models within each relevant ElmComp
def update_ieeegl_dsl_models():

Update parameters for all IEEEGl models in the project.

# Base interconnection level to model name mapping

interconnection_levels = {
"Plant_Gen_Interconnection_DIL380": 5000,
"Plant_Gen_Interconnection_GNA380": 1650,
"Plant_Gen_Interconnection_MBT380_1": 1750,
"Plant_Gen_Interconnection_NDR380_1": 1650,
"Plant_Gen_Interconnection_OBZ380": 1650,
"Plant_Gen_Interconnection_ZVL380_1": 1750

}

# Gather all ElmComp objects in the project
all_elmcomps = app.GetCalcRelevantObjects("*.ElmComp")

# Log the total number of ElmComp objects found
app.PrintInfo(f"Total_ElmComp.components. found:._ .{len(all_elmcomps)}")

for comp in all_elmcomps:
# Check if component matches any relevant interconnection plant
if comp.loc_name in interconnection_levels.keys():
app.PrintInfo(f"Processing .IEEEGl_models.in.{comp.loc_name}")

# Fetch the interconnection value based on the component name



1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387

1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407

1408

1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420

1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432

C.5. Integration and Simulation Code 334

base_value = interconnection_levels[comp.loc_name]
app.PrintInfo(f"Using.base.value:_{base_value}._.for._.calculations.")

# Calculate parameters based on the given kinetic energy and inertia
uc = -((0.25 * base_value) / new_sgn_value)

pmin = -((base_value) / new_sgn_value)

uo = abs(uc)

pmax = abs(pmin)

# Find all IEEEG1 DSL models within this component
ieeegl_models = comp.GetContents("*.ElmDsl", recursive=True)

if ieeegl_models:
app.PrintInfo(f"Found.{len(ieeegl_models)} IEEEGl.models.in._ {comp.loc_name}")
for model in ieeegl_models:
if "IEEEG1" in model.loc_name:
# Update the model parameters
model.SetAttribute("e:params:Uc", uc)
model.SetAttribute("e:params:Pmin", pmin)
model.SetAttribute("e:params:Uo", uo)
model.SetAttribute("e:params:Pmax", pmax)
app.PrintInfo(f"Updated IEEEGl_model:_{model.loc_name}_ with_ Uc={uc},.
Pmin={pmin},_Uo={uo}, _Pmax={pmax}")
else:
app.PrintInfo(£f"No IEEEGl_.models._.found._.in_ {comp.loc_name}")

#%% Load flow functions for initialization and results

def loadflow():
Ldf = app.GetFromStudyCase(’ ComLdf’)
Ldf.Execute ()

#%% Define whether simulations are run from python, and which results need to be exported

def simulations():
loadflow () # execute a load flow

#%%% Simulations for 2050

# This section activates different scenarios for the year 2050, setting capacities, controls,
and dispatches accordingly.

# If a scenario needs to be commented out/in, make sure the whole relevant section is
commented out, as shown in the guidelines.

# Retrieve operational scenario folders
OSfolder = app.GetProjectFolder(’scen’)
0S = OSfolder.GetContents ()

# Loop through each operational scenario folder
for opscenfold in OS:
app.PrintPlain(opscenfold)
# Check if the folder corresponds to the desired scenario

if opscenfold.loc_name == ’'II3050-2’:
sheetname = "II30502" # Define the sheet name in the file "Scenario Input Data.xlsx"
opscen = opscenfold.GetContents() # Get the contents of the operational scenario
folder

# Loop through each scenario in the folder
for scen in opscen:
# Activate the scenario and perform relevant updates
if scen.loc_name == ’CaseA’:
scen.Activate()
capacities2050 )
# dispatchesl()
reactivepowercontrol (’Wind’)
grid_forming_control (’VSM’)
set_converter_controls_out_of_service()
update_all_droop_control_settings ()
update_all_VSM_control_settings()

FHOH W W R
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# update_all_Syncroverter_control_settings ()
# update_all_virtual_impedance_modes ()
update_selected_synchronous_machines ()
update_ieeegl_dsl_models ()

# simulations ()

# Uncomment and adapt for each scenario (B to F) as needed

#

I
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if scen.loc_name == ’CaseB’:
scen.Activate()
dispatches2()
reactivepowercontrol ('Wind’)
grid_forming_control ('VSM’)
set_converter_controls_out_of_service()
update_selected_synchronous_machines ()
update_ieeegl_dsl_models ()
update_all_VSM_control_settings ()
simulations ()

if scen.loc_name == ’CaseC’:
scen.Activate ()
dispatches3 ()
# reactivepowercontrol (’PV’)
grid_forming_control (’VSM’)
set_converter_controls_out_of_service()
update_selected_synchronous_machines ()
update_ieeegl_dsl_models ()
simulations ()

if scen.loc_name == ’CaseD’:
scen.Activate()
dispatches4 ()
# reactivepowercontrol ('Wind’)
grid_forming_control (’VSM’)
set_converter_controls_out_of_service()
update_selected_synchronous_machines ()
update_ieeegl_dsl_models ()
simulations ()

if scen.loc_name == ’CaseE’:
scen.Activate()
dispatches5()
# reactivepowercontrol ('Wind’)
grid_forming_control (’VSM’)
set_converter_controls_out_of_service()
simulations ()

if scen.loc_name == ’CaseF’:
scen.Activate ()
dispatches6 ()
update_selected_synchronous_machines ()
update_ieeegl_dsl_models ()
# reactivepowercontrol ('PV’)
grid_forming_control ('VSM’)
set_converter_controls_out_of_service()
simulations ()
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