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Abstract

With the transition from fossil fuels as a primary energy source to renewable energy
sources, power grids worldwide face drastic changes. Centralized and controllable
energy generation with traditional power plants is gradually replaced with decentral-
ized and volatile generation from renewable sources. Additionally, the electrification
of various sectors, such as transportation and heating, significantly changes the
demand for electric energy. These changes pose significant challenges to all voltage
levels of the electric power grid, from high-voltage transmission grids to low-voltage
distribution grids, and require innovative solutions. Developing these solutions
requires a wide variety of simulations of the relevant power systems. Therefore, this
thesis proposes methods to create the necessary power system models for distribution
grids as well as transmission grids.

For the simulation of distribution grids, this thesis introduces an imputation method
to fill missing values in energy time series and a method to automatically generate
distribution grid models from openly available data sources. The imputation method
exploits periodicities often found in demand and generation time series and copy-
pastes matching chunks of data into the gaps considering energy quantities. Filling
these gaps helps with using previously incomplete time series for grid analysis
and modeling. The method to automatically generate distribution grid models
utilizes open map data to estimate the demands of buildings and creates power grids
based on street layouts in a two-stage optimization process for medium-voltage and
underlying low-voltage grids.

To tackle the computational burden of dynamic simulations of large transmission
grids, this thesis presents two new model reduction methods. The first method
performs a static reduction that, in contrast to conventional methods, preserves the
basic topology of the grid and allows the tracing of power system components from
the detailed model to the reduced model. This traceability allows, for example, to
handle the geographic information of the system components adequately, which is
crucial for modern power systems with a high share of renewable energy generation.
To also replicate the dynamic behavior of detailed models in a simplified way, the
second method uses a genetic algorithm to optimize the controllers of synchronous
machines in the reduced system.
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Kurzfassung

Mit dem Umstieg von fossilen Brennstoffen auf erneuerbare Energien stehen die
Stromnetze weltweit vor groBen Verdnderungen. Die zentrale und kontrollierbare
Energieerzeugung mit traditionellen Kraftwerken wird durch eine dezentrale und
volatile Erzeugung aus erneuerbaren Quellen ersetzt. Die Elektrifizierung unter-
schiedlicher Sektoren wie Verkehr und Warme hat einen erheblichen Einfluss auf
die Nachfrage nach elektrischer Energie. Diese Verdnderungen stellen alle Span-
nungsebenen des Stromnetzes vor grof3e Herausforderungen und erfordern innova-
tive Losungen, wofiir umfangreiche Simulationen der relevanten Energiesysteme
notig sind. In dieser Arbeit werden die dazu notwendigen Methoden zur Erstellung
der erforderlichen Modelle fiir Verteil- und Ubertragungsnetze vorgestellt.

Zur Simulation von Verteilnetzen fiihrt diese Arbeit eine Imputationsmethode fiir
Energiezeitreihen ein, sowie eine Methode zur automatischen Generierung von
Verteilnetzmodellen aus offentlichen Datenquellen. Die Imputationsmethode nutzt
Regelmalligkeiten in Last- und Erzeugungszeitreihen und fiigt passende Datenblocke
unter Berticksichtigung der tatsdchlichen Energiemengen in die Liicken ein. Dadurch
wird die Verwendung urspriinglich unvollstindiger Zeitreihen fiir die Netzanalyse
und -modellierung ermoéglicht. Die Methode zur automatischen Generierung von
Verteilnetzmodellen nutzt freie Kartendaten, um den Energieverbrauch von Gebéau-
den zu schétzen, und erstellt Stromnetze auf der Grundlage von Stralenverldufen in
einem zweistufigen Optimierungsprozess fiir Mittel- und Niederspannungsnetze.

Zur Bewiltigung des Rechenaufwands fiir dynamische Simulationen groRer Uber-
tragungsnetze stellt diese Arbeit zwei neue Methoden zur Modellreduktion vor.
Die erste Methode fiihrt eine statische Reduktion durch, die—im Gegensatz zu
herkommlichen Methoden—die grundlegende Topologie des Netzes erhilt und die
Zuordnung von Stromsystemkomponenten aus dem detaillierten Modell in das re-
duzierte Modell ermoglicht. Diese Zuordnung ermoglicht es beispielsweise, die
geografischen Informationen der Systemkomponenten angemessen zu verarbeiten,
was fiir Stromsysteme mit einem hohen Anteil an erneuerbarer Energieerzeugung
von entscheidend ist. Um auch das dynamische Verhalten detaillierter Modelle
vereinfacht nachzubilden, optimiert die zweite Methode mithilfe eines genetischen
Algorithmus die Regler von Synchronmaschinen im reduzierten System.
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1.1

Motivation

To combat climate change on a global level, the United Nations adopted the Paris
Agreement in 2015 with the goal to “limit the temperature increase to 1.5 °C above
pre-industrial levels” [1]. Reducing the emission of greenhouse gases is a key to
limiting the increase of the global average temperature. Consequently, the transition
from fossil fuel-based to carbon-neutral energy generation is a cornerstone of limiting
global warming. The transition to renewable energy sources, however, results in
massive changes to the world’s power grids. The German power grid is no exception
to this: Germany’s last nuclear power plants were shut down in 2023, coal-based
energy generation is planned to phase out until 2038, and the installed capacity
of wind parks and photovoltaics (PV) systems—in large PV farms, but also on
rooftops and balconies—increases constantly. Simultaneously, other sectors become
increasingly electrified, such as the transport sector with the adoption of electric
vehicles (EVs) and the heating sector with an increasing number of installed heat
pumps replacing gas and oil heating. These developments change the shape of
the power grid dramatically: from a few large, centralized, and controllable power
plants that supply the grid from the high-voltage transmission grid to the lower
voltage levels, to numerous, decentralized, and volatile generation units, located on
all voltage levels of the grid. Electrical distribution grids now include an increasing
amount of energy generation themselves and have to integrate new consumers due
to the electrification of various energy-consuming sectors. As sufficient renewable
energy generation might not be available in regions with a high energy demand,
this energy might need to be transported over long distances, potentially requiring
changes in the transmission grids [2].

Challenges in Distribution Grids

The distribution grid faces several challenges due to the changes on the road to car-
bon neutrality. Traditionally designed to supply consumers with energy, distribution
grids nowadays contain an increasing share of prosumers, which not only consume
energy, but also produce energy, injecting any surplus into the grid. This energy
is largely generated by wind turbines and PV systems—in low-voltage (ILV) grids
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Fig. 1.1.: The installed electricity generation capacity in Germany shows a decline of
conventional generation from 98 GW in the year 2002 to 76 GW in 2024. In the same time,
the installed wind and solar generation capacity increased from 12 GW to 166 GW [3].

especially rooftop PV. In some scenarios, these new generation units might lead to
an inversion of power flow: more power can be generated in distribution grids than
is consumed. This leads to entirely new considerations regarding the adherence to
voltage limits and the loading of lines and transformers.

On the other hand, new consumers are installed in distribution grids constantly;,
e.g., due to the electrification of energy-intensive sectors, such as heating and
transportation. The increasing number of installed heat pumps puts a strain on
distribution grids, especially in seasons with less generation through PV. The
increasing adoption of electric vehicles poses a further challenge for distribution
grids. With potentially high charging power, uncontrolled simultaneous charging
of EVs can overload distribution grids [4, 5]. However, with the potential of
bidirectional power flow, the batteries of EVs can also act as a source for flexibility in
the grid and thus be part of a solution [6, 7]. Considering the size of the distribution
grids, these challenges lead to the estimation that the largest part of required grid
expansions lies in the medium-voltage (MV) and LV distribution grids [8].

Due to the challenges and subsequently high cost of adapting the distribution grids, it
is imperative to have a good understanding of these grids, e.g., to evaluate potential
solutions and identify arising problems. Relevant questions include: How much
renewable generation can be integrated into the grid [9]? Analogous questions

1.1 Challenges in Distribution Grids
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arise, e.g., for EV charging stations and heat pumps. Are there scenarios and grid
configurations that lead to voltage band violations or overloading of grid components,
such as transformers [10, 11, 12]? If so, how can these problems be mitigated? How
can the grid operation be optimized, e.g., by developing improved algorithms [13,
14]?

Answering such questions requires realistic models of distribution grids. However,
detailed models of real distribution grids are not readily available. Furthermore,
distribution system operators (DSOs) are often reluctant to share datasets about
their grids, as they often pose a security threat or at least a trade secret [10, 11, 14].
For research purposes, there are reference models available that mitigate the lack of
models of real systems to some extent [9, 15, 16]. These reference models, however,
have two considerable downsides: first, they have only limited significance when
trying to answer questions about a specific real network, as the results achieved
with a reference network might not be valid for a real network [10]. Second, the
available reference networks are typically not large and complex enough to test new
algorithms and solutions thoroughly enough [13].

Given this, there is a need for realistic distribution grid models that are based on real
infrastructure. It is logical to use publicly available data, such as the widely available
open map data of the OpenStreetMap (OSM) project, to create such models and to
automate the modeling process, as manual modeling is tedious and error-prone.

Challenges in Transmission Grids

The transition from conventional power plants to renewable energy generation poses
several challenges for transmission grids. Traditionally, power plants are located
close to regions with high consumption, such as large cities and energy-intensive
industries. Renewable energy sources, however, might not be as available in these
regions and thus require the energy transmission over long distances [2]. Without
adapting the transmission grids to these new circumstances, transmission capac-
ities can easily be reached. In Germany, this is often the case on days with high
wind energy generation, which is intensified when combined with high solar genera-
tion [17]. When transmission capacities are fully utilized, countermeasures to ensure
grid stability have to be taken, such as redispatch and feed-in management [18].
These measures can become costly, and calculating adequate pricing for the involved
market participants is not trivial [19]. To avoid deploying these countermeasures,
usually two approaches can be applied: optimization of the grid operation and,

Chapter 1 Motivation



if necessary, grid expansion. Both of these approaches require accurate models
of transmission grids to identify the potentials for optimization, to develop and
improve algorithms, and to plan adequate expansion strategies. Long-term grid
studies are crucial to cover the different seasons and weather conditions, as they
have a strong influence on the grids, especially in systems with a large share of
renewable energy generation [20]. These long-term studies usually require many
power flow calculations. Using a fully detailed model of a country’s transmission
grid is often infeasible and would result in extremely long computation times. To
gather insights for the detailed system, it is thus common to utilize models with a
reduced complexity for these studies.

In addition to long-term studies, the development of new solutions to optimize or
expand the grid often requires dynamic grid simulations of shorter time periods.
One of these solutions to optimize the operation of the transmission grids includes
so-called grid boosters. These grid boosters incorporate some form of energy storage,
e.g., battery- or hydrogen-based, and allow a higher capacity utilization of existing
lines as they can support the grid in the case of a failing transmission line [21]. A
common solution for grid expansions is building additional transmission lines. Espe-
cially to transport large amounts of energy over long distances, typically high-voltage
direct current (HVDC) transmission lines are used. Transporting direct current (DC),
these lines are connected to the alternating current (AC) grid via converter stations.
To ensure the stability of the grid, the different solutions for optimization and ex-
pansion need to be carefully evaluated before integrating them into the grid. This
is especially important for grids without the inertia of classic rotating machines,
such as large thermal power plants [2], as is the case for many grids around the
globe with the transition to converter-based generation from renewable sources.
The evaluations for these solutions include dynamic simulations of different fault
scenarios. As dynamic grid simulations are computationally expensive, the size
and complexity of the simulated grid become a deciding factor. For simulations
that incorporate real hardware components, so-called hardware-in-the-loop (HiL)
simulations, the computation times of individual time steps are crucial. Converter-
based units often undergo so-called control hardware-in-the-loop (CHiL) testing
to validate the controllers that determine the behavior of the system. These tests
require electromagnetic transient (EMT) simulations with a resolution in the range
of usually 10 us to 50 us in real time and are performed on specialized simulation
hardware. Utilizing fully detailed transmission grid models for this type of dynamic
simulation is often infeasible due to limitations of the computational capacity of
current simulation hardware. One solution is expanding the available computa-
tional capacity by cooperating with other research teams in so-called distributed

1.2 Challenges in Transmission Grids
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real-time co-simulations [22, 23, 24]. While these collaborations help to concentrate
knowledge and resources to tackle large projects, these long-distance connections
do not have the same fidelity as local simulator couplings and might not always be a
suitable solution for the problem at hand [25].

In conclusion, solving the challenges faced in transmission grids requires comprehen-
sive grid studies and dynamic simulations with a high temporal resolution, in some
cases combined with real-time requirements. The sheer size of transmission grids,
however, makes a detailed simulation of the systems infeasible and thus requires the
reduction of complexity in modeling these systems. The reduction of transmission
grid models is thus a cornerstone in the evaluation of new solutions for the transition
to renewable energy sources, with applications in various grid study types.

Research Questions and Contributions

As outlined in the previous section, solving the challenges of the renewable energy
transition in distribution and transmission grids requires models to, e.g., gather
insights, optimize algorithms, and evaluate hardware solutions. With the high
demand for these grid models, the modeling of these systems is an active research
topic with a history of multiple decades. However, this thesis addresses open
research questions regarding the data-driven modeling of distribution grids and the
reduction of transmission grid models that have not been answered satisfactorily in
the literature.

Data-Driven Distribution Grid Modeling

There is a clear demand to understand current developments in distribution grids
as well as potential future scenarios. However, due to the lack of accurate models
created by the grid operators, new methods for investigating distribution grids need
to be found. Data-driven approaches seem to offer solutions to mitigate these issues
using available data sources, such as open geographic data or time series describing
the demand and generation of grid participants. Using these data-driven approaches
to gain insights into distribution grids raises several questions that shall be answered
in this thesis.

Chapter 1 Motivation



Research Question 1: How to handle missing values in energy time series? Time
series of measured demand and generation can be an important source to generate
insights into distribution grids, e.g., in forecasting, simulation, modeling or analysis
of the time series directly. In the automated grid modeling, for example, actual
energy time series could significantly improve the modeling accuracy of load and
generation, which is a crucial part for most approaches. With a widespread rollout of
new metering devices, these time series also become increasingly available. However,
the infrastructure collecting these measurements—from sensors to communication
networks—is prone to errors, which might result in the loss of data. Handling these
missing values is a crucial preprocessing step for many applications.

While there are existing methods for the imputation of missing values in time series,
none of the existing methods focus on energy time series. This thesis contributes to
the research area by introducing an imputation method specifically for energy time
series, with the goal to fill gaps in time series with realistic data while preserving
the overall measured energy.

Research Question 2: How can realistic grid models be generated with minimal avail-
able data sources? The lack of distribution grid models is a well-known problem,
and the utilization of data-driven methods to create such models is an active research
topic. However, existing approaches for the data-driven generation of power grid
models often require multiple data sources that might be proprietary or are only
available for very limited areas or regions. These requirements often limit the applica-
bility of existing approaches to certain regions. Through the OpenStreetMap (OSM)
project, open map data is widely available and, thus, provides a good basis for a
generic model creation approach—even though it does not contain the exact routes
for underground cables.

To overcome these limitations, this thesis proposes a method to create distribution
grid models with minimal data requirements applicable for large-scale power system
modeling. Our approach aims to provide a basis for distribution grid modeling
that can be extended with further input to improve the resulting model accuracy if
additional data sources are available for the area of interest.

Research Question 3: How does the availability of data influence the accuracy of
the generated grid models? While utilizing various data sources to automatically
create power grid models is an ongoing research topic, little research has been
done to assess how the availability and quality of the input data affect the resulting
grid models. As the availability and quality likely vary from region to region, it is

1.3 Research Questions and Contributions
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essential to examine their effect on the accuracy of the generated models to gauge
the reliability of the results and insights derived from these models.

Any attempt to quantify the accuracy and realism of grid models raises the question
of finding appropriate measures to compare grid models [26, 27]. As the existing
literature does not provide a clear answer to this question, this thesis contributes by
introducing several key measures to compare the topological and electrical properties
of grid models. Furthermore, we use these measures to compare models created
using various data sources in order to assess minimal data requirements for the
creation of realistic distribution grid models.

Transmission Grid Model Reduction

Solving the challenges that transmission grids are facing, requires thorough grid
studies and simulations to identify weaknesses and evaluate potential solutions.
However, detailed transmission grid models are often prohibitively complex for the
required studies, considering the realistically available computing capacity. Thus,
simplified models of the expansive transmission systems are required to enable
gaining relevant insights. Nevertheless, the reduction of detailed grid models is not
trivial and raises questions that this thesis addresses.

Research Question 4: How can transmission grid models with considerable amounts
of renewable generation be reduced, while retaining crucial geographic information?
With their increasing share in the total energy generation, renewable energy sources
play a crucial role in the simulation of power systems. As these renewable sources
depend heavily on the weather, their geographic locations are vital for an accu-
rate model of the system. This importance is recognized in some model reduction
techniques, focusing mostly on the market aspects of the power grid [28]. Existing
model reduction techniques with a focus on electrical properties, however, ignore
these aspects of the system and lose this valuable information.

Considering the importance of geographic information in power system models, this
thesis introduces a new model reduction method with a focus on static network
simulations that preserves relevant geographic and structural information in the
reduced models.

Chapter 1 Motivation
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Research Question 5: How can computationally expensive transmission grid models
be simplified to support dynamic simulations, enabling hardware-in-the-loop (HiL)
testing for crucial new grid components? The reduction of power system models
is not an ongoing effort, as these models have been pushing the boundaries of
computational viability for decades. Thus, a multitude of methods to perform such
model reductions exist for various applications, including the dynamic simulations
required for HiL setups. As stated in the previous research question, existing
methods with a focus on electrical properties—especially dynamic simulations—
do not consider relevant information, such as the geographic locations of loads and
generation.

Geographic information and topological properties have so far only been consid-
ered in static model reduction methods. This thesis introduces a new network
reduction method for dynamic simulations that considers these crucial properties of
transmission grids.

Thesis Outline

The introduction is concluded by Chapter 2, which introduces some basic concepts
that are used throughout the rest of this thesis. Following the introduction, the
identified challenges and research questions form the frame for this thesis, dividing
it into parts and chapters. Part II focuses on the challenges in distribution grids
and answers the corresponding research questions. In this part, Chapter 3 answers
research question RQ1, addressing the issue of handling missing values in energy
time series by introducing a new imputation method. Chapter 4 follows with answer-
ing research questions RQ2 and RQ3, addressing the generation and assessment of
distribution grid models. To answer these questions, we introduce a new two-stage
optimization-based model generation method and compare the models generated
using this method from various data sources. Part III addresses the challenges
regarding the transmission grid. As the corresponding research questions revolve
around reduced network models, Chapter 5 starts this part with general background
information and an overview of the state of the art for network equivalencing meth-
ods. Chapter 6 follows with answering research question RQ4 by introducing a new
topology-preserving network reduction method for static calculations and comparing
it to existing network reduction methods. Extending on this work, Chapter 7 answers
research question RQ5 and presents an optimization-based method for approximat-
ing the dynamic behavior of the reduced system. Finally, Part IV concludes this thesis
with a summary and an outlook for future developments.

1.4 Thesis Outline
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Preliminaries

Parts of this chapter are reproduced from

Moritz Weber, Alexander Kocher, Hiiseyin K. Cakmak, and Veit Hagen-
meyer. “ePowCoRe: A Novel Generic Representation of Power Grids En-
abling Open-Source Model Conversion Modules”. In: 2024 Open Source
Modelling and Simulation of Energy Systems (OSMSES). Sept. 2024. DOI:
10.1109/0SMSES62085.2024.10668981.

Moritz Weber, Jona Enzinger, Hiiseyin K. Cakmak, Uwe Kithnapfel, and Veit
Hagenmeyer. “PyAPI-RTS: A Python-API for RSCAD Modeling”. In: 2023 Open
Source Modelling and Simulation of Energy Systems (OSMSES). Mar. 2023.
DOI: 10.1109/0SMSES58477.2023.10089671.

In this chapter, we briefly describe background information that is used and ref-
erenced in multiple chapters in the rest of this thesis. This information includes
basics on power system simulation types in Section 2.1. The literature uses a wide
range of software and hardware solutions to model power systems and perform
these different types of simulations. In Section 2.2, we provide a brief overview of
these solutions. Many of these solutions maintain their own unique data formats to
represent their models, which often hinders collaboration between research teams.
To mitigate this issue, we briefly introduce two supporting works on the topic of
model representation and conversion in Section 2.3. Lastly, we provide central
definitions for error measures used for the evaluations of multiple solutions in the

main parts of this thesis.

Power System Simulation Types

Power system simulations are used for a multitude tasks, including planning, design,
development, operation, and control [29]. These simulations serve to answer a
wide range of questions: from short-term system responses to events, such as short
circuits or load changes, to long-term scenario exploration spanning multiple years
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Fig. 2.1.: An overview of power system modeling and simulation types divided into steady-
state and dynamic approaches. The wide range of simulation time scales and mathematical
representations for the models highlights the diversity of methods that is required to perform
the different types of grid studies. Adapted from [30].

of simulated time. Figure 2.1 provides an overview of common use cases, represen-
tations, and timescales of energy system models and the phenomena examined with
these models. In general, these simulations can be divided into steady-state, most
commonly power flow (PF), and dynamic simulations, root mean square (RMS) and
electromagnetic transient (EMT). This section aims to provide a brief overview of
these types of power system simulations that are relevant throughout this thesis.

The power flow calculation is the most basic of the three simulation types and yields
an overview of the distribution of power flowing from generators to consumers and
the resulting voltage profiles [31]. It can be used, for example, to identify grid
congestions, component overloading, and violations of voltage level standards. In
combination with time series that describe system properties, such as load, gen-
eration, and switch states, PF calculations can be used as sequential steady-state
simulations for long-term studies. In common simulation tools, this type of simula-
tion is referred to as “quasi-dynamic” (PowerFactory) and “quasi-static” (OpenDSS).
However, power grids are in constant change: loads change, renewable generation
is volatile, errors, and faults might occur in every system component. Therefore,
dynamic simulations are required to examine the system behavior between those
stationary system states and ensure a stable operation.

2.1 Power System Simulation Types
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Dynamic simulations can be most significantly distinguished by their temporal
resolutions. While RMS simulations usually have a time step size around 10 ms, EMT
simulations usually operate in the range of 10 us to 50 us. With their lower temporal
resolution, RMS simulations are used to examine the electromechanical dynamics of
the system that are dominated by rotating machines, such as turbines and generators
in thermal power plants. RMS simulations make the assumption that voltages and
currents are sinusoidal variables with a basically constant frequency, which allows
representing them as so-called phasors, that consist of the magnitude and the phase
angle. EMT simulations, on the other hand, perform their calculations with the
instantaneous values of voltages and currents. This becomes important, when these
variables deviate from the assumed sinusiodal form, as is the case with inverters,
and power electronics in general, that are commonly used for renewable energy
generation and HVDC links. With an increasing presence of these components in
modern power grids, EMT simulations play an increasingly important role in an
accurate system representation. On one hand, the use of instantaneous values and
the high temporal resolution allow the integration of real hardware into systems
simulated with EMT, if these simulations run in real-time. This HiL testing of
equipment under extreme conditions is not possible with real grids and marks a
crucial step in the development of new power system components. On the other
hand, these properties make EMT simulations very computationally expensive and,
in contrast to the other simulation types, unsuitable for long-term studies.

Common Solutions for Modeling and Simulation

With the different simulation types and the wide range of use cases from planning
to operation, naturally there are many software and hardware solutions to meet
the modeling and simulation needs of the power system industry. While some tools
specialize on a specific use case or simulation type, others offer more general purpose
solutions. In the following, we present a brief overview of commonly used modeling
and simulation tools. This list is by no means complete and only aims to provide
a sense of the landscape of modeling and simulation tools as well as a common
reference point for tools that are mentioned throughout this thesis.

DIgSILENT PowerFactory [32] is a very versatile tool for power system modeling
and simulation. It supports a variety of simulation types, such as PF and optimal
power flow (OPF), short-circuit calculations (SC), and RMS and EMT simulations.
In addition to comprehensive modeling capabilities, PowerFactory also provides

Chapter 2 Preliminaries



extensive visualization and organization tools, including geographic information, op-
erators, and the definition of zones. This allows, for example, using the coordinates
of PV systems to calculate the irradiation and resulting power output with common
formulas if no irradiation data is available.

PSCAD [33] is an example for a highly specialized software tool that solely focuses
on EMT simulations. While offering extensive modeling and simulation capabilities,
it does not support real-time EMT simulation, which is often desired in order to
integrate actual hardware into simulated systems for Hil. simulations.

One solution that offers such real-time EMT simulations is RSCAD FX [34], which
is the modeling software for real-time simulators by RTDS Technologies Inc. These
simulators are highly specialized on EMT simulations and are equipped with various
digital and analog interfaces, enabling the integration of hardware into the simu-
lation. This is a highly integrated software and hardware solution that results in a
seamless usability but also a fairly closed ecosystem.

Another solution for real-time simulations is offered by OPAL-RT [35], providing
specialized simulation hardware that can be combined with various software tools
covering different use cases. These use cases range from RMS simulations with a
temporal resolution of about 10 ms and tens of thousands of nodes (ePHASORsim)
to EMT simulations with down to 10 us time steps and ten to hundreds of nodes
(eMEGAsim / eFPGAsim). Additionally, these systems also offer a multi-domain
software solution, RT-LAB, that is fully integrated with MATLAB/Simulink and thus
more flexible in its application.

Simscape Electrical [36] with the Specialized Power Systems library for the dy-
namic simulation of power systems is another MATLAB/Simulink-based solution.
It supports simulations with phasors (RMS) and instantaneous values (EMT) with
varying temporal resolutions. Through its tight integration with MATLAB/Simulink
and the independence from specialized simulation hardware, Simscape is a very
flexible tool for all sorts of simulations.

All solutions introduced so far are proprietary, commercial products. However,
there are also open-source solutions available for power system simulation. MAT-
POWER [37] is an open-source project, that is widely used by industry and academia
for steady-state power flow and optimization problems. MATPOWER itself does not
offer a graphical user interface (GUI) or visualization features. Its basic model
structure is based on MATLAB and results in a minimalistic data format consisting of
matrices.

2.2 Common Solutions for Modeling and Simulation
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OpenDSS [38] open-source solution that focuses on the simulation of electric
distribution grids. In contrast to MATPOWER, it supports dynamic RMS simulations
and offers a basic GUI and visualization features. Similar to PowerFactory, it offers
so-called “quasi-static” simulations, which are basically a series of steady-state
simulations using time-series.

Generic Model Representation and Conversion

The wide variety of proprietary and open-source tools for power system modeling
and simulation comes with one major downside: all tools have their own unique data
format to represent the power system models. This results in a significant problem
when cooperating with partners that use other tools or trying to reuse existing
models for use cases better supported by another modeling and simulation tool. To
mitigate this issue to some extent, many tools include import and less often export
methods for third-party data formats. For example, PowerFactory includes several
import and export options to formats, including Common Information Model (CIM)
and various proprietary formats that are widely used in the industry. While these
options are very useful in many cases, the configuration options are limited and the
conversion process is not transparent, hindering understanding the resulting models
in other tools. Similarly, RSCAD FX supports importing various widely used power
system model formats. However, these imports often require manual corrections,
as the positioning of components on the model canvas is error-prone, and relevant
details might get lost in the conversion process.

Recognizing this issue and to support the wide range of simulation types and studies
that are required to solve the challenges identified in Chapter 1, we developed
ePowCoRe!. It is an open-source generic model representation with conversion
methods to and from several common modeling tools. In this thesis, ePowCoRe plays
a supporting role. It ties in with the main contributions when converting the models
generated in Chapter 4 to MATPOWER, opening the models to more researchers, and
converting transmission grid models reduced in Part III from PowerFactory to RSCAD
FX, enabling real-time EMT simulations with the potential for HiL setups.

ePowCoRe consists of a generic data format (GDF) for power system components
and their relations to each other and various import and export methods to convert
between this GDF and third-party formats. Table 2.1 provides a brief overview
of the tools supported by ePowCoRe: It implements the import of PowerFactory

"https://github.com/KIT-IAI/ePowCoRe
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Tab. 2.1.: An overview of the capabilities of modeling and simulation tools for which
ePowCoRe implements conversion methods.

Power Optimal Short RMS EMT HiL ePowCoRe

Flow PF Circuit Import Export
PowerFactory v v 4 v v 4
MATPOWER v 4 v
Simscape v v v v v
RSCAD FX 4 4 4 4 v

models to its GDF, utilizing PowerFactory’s Python API to create GDF components
for the supported PowerFactory objects and building the graph, which describes the
relations between the components, in the process. ePowCoRe also implements the
export from its generic model representation to MATPOWER. The main challenge
of the conversion to this minimalistic format is breaking down the more complex
component models of other formats to basic models supported by MATPOWER. For
Simscape, ePowCoRe implements the export function using the MATLAB Engine
API for Python. While this API enables creating and modifying Simulink models
programmatically, positioning and connecting the component blocks that comprise
the system is a challenging task. For real-time simulations, ePowCoRe implements
an export method from its GDF to RSCAD FX, utilizing the PyAPI-RTS? package,
which is another supporting development for this thesis and enables creating and
modifying RSCAD FX models. Lastly, ePowCoRe includes an export to GeoJSON [39],
which is a data format for shapes with geographic coordinates and can be useful for
visualizations of the grid models.

Common Error Measures

In this section, we define common error measures that are used throughout the
rest of this thesis in order to quantitatively evaluate solutions. The mean absolute
error (MAE) describes the average of the absolute errors between two sets of values
and is defined as .

MAE = %Zm—m, (2.1)

i=1

where z; represents the true value, 7; the corresponding value of the solution
achieved by the method under test, and n is the number of total values. In order to

*https://github.com/KIT-IAI/PyAPI-RTS

2.4 Common Error Measures
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represent extreme error values, we utilize the maximum error (MXE), that is defined
as
MXE = argmax |e;|, withe; =2; — ;. (2.2)
e

This measure returns the error with its corresponding sign that has the highest
absolute value. In this case, positive error values mean that the evaluated result is an
overestimate, while negative error values indicate underestimates. While these two
error measures provide valuable insights into the quality of the evaluated results, it
is often easier to assess errors relative to the correct values. Therefore, we consider
the mean absolute percentage error (MAPE) and maximum percentage error (MXPE)
that are defined analogous to Equations (2.1) and (2.2) with a percentage error
instead of the absolute error, which results in

1 ™05 — s
MAPE = = 3~ |25 100%, (2.3)
=11 Ti
MXPE = argmax |e?|, withe? = =" . 100%. 2.4)
eP 7

k3

While these percentage errors are often more intuitive than the absolute errors,
they are impractical in cases where the true values z; are close to zero, resulting in
unreasonably large error values. In these cases, it is useful to consider the absolute
error values for more context. For x; = 0, the error value for index 7 is undefined
and thus ignored in the calculation of the mean or maximum error.

In addition to the error definitions above, there is an alternative indexing approach
for the evaluated values that is used in some parts of this thesis. The previous
definitions evaluate all values from indices 1 to n. However, it is sometimes more
suitable to only evaluate certain indices, such as defined by a set S. As an example,
the corresponding definition of the MAPE is

1 i‘i — Xy
MAPE = — _—
>

- 100%, (2.5)
1513

where |S| is the number of indices compared.
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Overview Part Il

Distribution grids face significant changes in their energy consumption and gen-
eration behavior. These changes are driven by newly installed renewable energy
generation units in the form of wind turbines and PV systems and new consumers,
such as heat pumps and EV charging stations. These new consumers pose challenges
to distribution grids, such as grid stability concerns and inversion of power flow.
Overcoming these challenges calls for a more profound understanding of demand,
generation, and the resulting equipment loading and voltages in existing distribution
grids and in possible future scenarios to identify problems and evaluate potential
solutions. This understanding requires reliable data input and accurate models of
distribution grids.

In this part, we address the research questions regarding the previously identified
challenges in distribution grids. Time series of measured demand and generation
are an important source for gaining insights into distribution grids. However, the
infrastructure that generates these time series, from sensors to communication
networks, is error-prone, which often causes missing values in such time series.
In answering research question RQ1, we address this issue. We contribute to this
question by proposing a new data-driven imputation method for energy time series
in Chapter 3.

Gaining the required understanding of current distribution grids alone, however, can-
not solve the identified challenges. Simulations of potential future grid conditions
are required to identify possible future issues and to develop and evaluate solutions
to overcome these challenges. These simulations require realistic models of distri-
bution grids that are generally not readily available. Thus, we answer the research
questions RQ2 and RQ3 that address the automated modeling of distribution grids.
To answer RQ2, in Chapter 4, we propose a new two-stage optimization-based grid
modeling method with minimal data requirements, solely relying on openly available
map data. This is followed by answering research question RQ3, addressing the
accuracy of generated models, by proposing metrics to compare distribution grid
models and using these metrics to compare models generated using various data
sources.



Imputation of Energy
Time-Series

Parts of this chapter are reproduced from

Moritz Weber, Marian Turowski, Hiiseyin K. Cakmak, Ralf Mikut, Uwe Kiih-
napfel, and Veit Hagenmeyer. “Data-Driven Copy-Paste Imputation for Energy
Time Series”. In: IEEE Transactions on Smart Grid 12.6 (Nov. 2021), pp.
5409-5419. poIl: 10.1109/TSG.2021.3101831.

Distribution grids face several challenges in the wake of the transition to renewable
energy sources. Overcoming these challenges requires more profound insights into
distribution grids, in order to identify potential problems and solutions. In the
form of data, these insights can be gathered from smart meters that are installed
in increasing numbers in distribution grids worldwide. They record and transmit
a variety of data, such as voltage, reactive power, or the electricity consumption
of consumers [40]. The collected data is an essential input to various applications
supporting and enabling the transition to renewable energy sources. For example,
the collected consumption and generation data enables grid operators to perform
grid simulations [41] for stability analysis, grid expansion and digitalization, fault
detection, and efficiency improvements. The collected data is also needed for load
forecasting [42], load analysis, and load management [43]. Moreover, the collected
data allows research facilities to develop new technologies and solutions for the grid
of the future.

The results of these applications highly depend on the quality of the input data.
The data quality, in turn, is highly influenced by two key challenges in the smart
grid infrastructure: the accuracy of data acquisition and the reliability of data
transmission and data storage [44]. The accuracy of data acquisition refers to the
correctness of the recorded data. It is reduced by problems causing, for example,
noise and outliers in the data [45, 46]. For further processing, outliers in particular
are often detected and labeled as missing values as a first step, e.g., in [40, 47].
The reliability of data transmission and data storage, however, mainly relates to the
completeness of the recorded data. In implemented smart meter systems, recorded
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data contains between 3 and 4 % of missing values, for example, because of outages,
maintenance, and software updates [44, 48]. With accuracy and reliability as two
key challenges of smart grids, missing values in recorded data are a common issue.
Although some applications can handle incomplete data [49], most applications
require that missing values are handled by data preprocessing.

Thus, in this chapter, we introduce the copy-paste imputation (CPI) method for
univariate energy time series. It uses an energy time series as input and copies
blocks of data with similar characteristics into gaps, exploiting the periodicity in the
data. By copying blocks of matching data, the inherent patterns of the time series
are preserved, even in time series with pattern changes. For this purpose, the CPI
method utilizes the information about the total energy of each gap that energy time
series contain in contrast to power time series. It can, therefore, guarantee that the
total recorded energy remains unchanged during the imputation. To the best of
our knowledge, no other method in literature has used this property of energy time
series for imputation before. By this imputation, the CPI method achieves complete
energy time series, which also allows deriving a complete power time series. Both
energy and power time series can then serve as input for all the aforementioned
applications that support and enable the transition to renewable energy sources.

With this proposed CPI method, we answer research question RQ1 that addresses the
problem of missing values in energy time series. By answering this research question,
the proposed imputation method contributes to the understanding of distribution
grids, by providing better data for subsequent applications and thus enabling, e.g.,
more accurate analyses, modeling, and forecasting.

The remainder of this chapter is structured as follows: Section 3.1 presents the state
of the art for time series imputation. The proposed method is explained in detail in
Section 3.2 and evaluated against three benchmark methods on a real-world dataset
in Section 3.3. Section 3.4 summarizes the contributions of this chapter and outlines
potential directions for future development.

State of the Art

Imputation is a common method to handle missing data. It replaces missing values
with values that should resemble the actual data [50]. Since missing values are a
common problem in real-world datasets, many imputation methods exist for time
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series: They range from very basic methods such as linear interpolation and last ob-
servation carried forward (LOCF) [50] over time series analysis-based methods [47,
51] to learning-based methods [52, 53].

To further improve the imputation, it is a common approach to focus on time
series from a particular domain and to consider their characteristics as additional
information. In the context of smart meters, the recorded time series of electricity
consumption or generation are typically influenced by factors such as weather,
human routines, social norms (e.g., weekends or holidays) and many others [54,
55]. These factors often lead to characteristic patterns with daily, weekly, and
yearly periodicities, which can be utilized by imputation methods. For example,
daily and weekly patterns are exploited in [56]. The pattern frequency of a power
time series is determined with the auto-correlation function and the mean values
of the estimated pattern frequency are used to impute missing values. In another
work [57], the similarity between days is used by filling larger gaps in a power time
series with the average values of validated reference days. Very short gaps with a
length of two hours or less are imputed with a linear interpolation, as this often
fits the very short-term characteristics of smart meter time series. The optimally
weighted average (OWA) approach in [54] utilizes daily and weekly patterns as well
as seasonality to select appropriate historical values. With these values, the historical
averages of a power time series are calculated, before they are combined with a
linear interpolation for smooth transitions between actual and imputed values.

Other methods utilize even more additional data or information to impute missing
values in smart meter time series. An example is the method for imputation, de-
noising, and outlier removal based on principal component pursuit in [58]. It utilizes
the spatial correlations in the power load profiles of adjacent substations. In [59],
the time series measured by smart meters in a factory are used to impute missing
values in other time series from smart meters located in the same factory with
clustering and k-nearest neighbors. In [60], the imputation of substation data is
formulated as a forecasting problem. The forecast uses the collected power data of
nearby substations as well as weather data, which often has an impact on power
consumption and generation.

While all of these imputation approaches are specifically designed for smart meter
time series, all of them except [59] are limited to the imputation of power time series
and none of the approaches utilizes the inherent properties of energy time series.
In a power time series P, every entry p; contains the average power consumption
or generation between two time steps ¢ — 1 and ¢. However, smart meters typically
provide energy time series by default. In an energy time series E, every entry e;

3.1 State of the Art
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contains the meter reading, i.e., the energy that has been consumed or generated
up to time step ¢. Therefore,—unlike in power time series—if, for example, entries
between the entries e; to e;, 3 are missing in an energy time series, the next existing
entry e;4 still contains the information about the total energy, which was consumed
or produced between ¢t — 1 and ¢ + 4. As a consequence, a power time series can be
derived from an energy time series with missing values but not vice versa.

Method: Data-Driven Copy-Paste Imputation for
Energy Time-Series

In this section, we describe the proposed copy-paste imputation (CPI) method®. As
illustrated in the simplified process overview in Figure 3.1, the CPI method uses an
energy time series with gaps, i.e., one or multiple consecutive missing values, as
input and imputes the missing values by filling them with the best matching days of
the same time series. In the following, we describe each step of the CPI method in
detail and reference the corresponding lines in Algorithm 1.

Linear Interpolation of Single Missing Values

In the first step of the CPI method, single missing values, i.e., individual meter
readings, are imputed in the given energy time series (Line 2). For this imputation, a
linear interpolation is used because, assuming a sufficiently high temporal resolution,
it provides reasonably accurate estimates for individual missing values. We consider
only single missing values in this step to limit the number of consecutively linearly
interpolated values and thus potentially unrealistic imputations while still benefiting
from these easily imputable values. Indeed, the resulting imputed values are consid-
ered correct in the subsequent steps to increase the number of days without missing
values that are available for copying.

!A Python implementation of the CPI method is available on https://github.com/KIT-TIAI/
CopyPasteImputation.
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Fig. 3.1.: A simplified illustration of the proposed imputation procedure: An energy time
series F is the input for the copy-paste imputation (CPI) method. The first step of the process
is the imputation of individual missing values via linear interpolation. This is followed by
the energy estimation of the remaining days with missing values. The complete days,
i.e., those without missing values, are then compiled into a list that includes the defining
characteristics of the days. These characteristics are the weekday, day of the year, and the
total energy. Using these characteristics, for every day with missing values, the dissimilarity
to the complete days is calculated to determine the most similar day. Finally, from a derived
power time series P, the values of the most similar days are pasted into the gaps of the
incomplete time series.

3.2 Method: Data-Driven Copy-Paste Imputation for Energy
Time-Series
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Algorithm 1 Copy-Paste Imputation (CPI)

1: procedure CPI(
ets > energy time series with missing values (i.e. NaNs)

)
2: | ets + SINGLE_VALUE_LINEAR_INTERPOLATION(ets)
3: energy per day <— CALCULATE_ENERGY_PER_DAY(ets)
4: > each entry in this list describes whether a day of ets has missing values
5: non_complete_days <— DETERMINE_DAYS_WITH_MISSING_VALUES(ets)
6: > only consider the daily energy consumption of the days without missing values

7: weekly_pattern <— ESTIMATE_WEEKLY PATTERN_WITH_PROPHET(
energy per _day, non_complete_days

)
8: missing_energy per day < ESTIMATE_MISSING_ENERGY_PER_DAY(ets, weekly pattern)
9: estimated_energy per day < energy per day+missing energy per day
10: complete_days <— COMPILE_LIST_OF_COMPLETE_DAYS(

ets.time, energy per day, non_complete_days

)
11: pts <— DERIVE_POWER_TS_FROM_ENERGY_TS(ets)
12: for all day € days with missing values do
13: best_matching day < FIND_DAY WITH_MIN_DISSIMILARITY(day, complete_days)
14: L pts[day] «+ pts[best_matching day]

15: for all gap in ets do
16: L scaling factor + actual_energy of gap / imputed_energy of gap

17: pts[gap] < pts[gap] - scaling factor
18: ets <— CALCULATE_ENERGY_TS_FROM_POWER_TS(pts)
19:| return ets without missing values, optionally power time series pts

Energy Consumption Estimation

The second step of the CPI method is the energy consumption estimation for days
with gaps (Lines 3 to 9). The total energy consumption® during gaps can be
determined because the CPI method uses an energy time series as input. In energy
time series, the first entry after a gap still contains the information about the total
energy consumed during the gap (as illustrated by the strictly increasing energy
time series in Figure 3.1). For this reason, to obtain the total energy consumption F;
of the gap 7 from time step ¢ to time step t + k, we calculate the energy difference,

ie.,

Ei =eyp11 — e, (3.1)

2In the following, we refer to consumption data only, but the same principles apply to generation
data.
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where e;, 11 and e;_; are the energy consumption at the time steps ¢ + k£ + 1 and
t — 1 respectively. This equation is the basis of the estimation of the missing energy
in Algorithm 1 of the CPI algorithm.

However, for gaps longer than one day, the calculated energy consumption must be
allocated to the respective days appropriately. For this purpose, firstly, the calculated
energy consumption of the gap is distributed to the respective days according to
their share of missing values. Secondly, we consider a weekly pattern in the daily
energy consumption. For this pattern, we use the weekly pattern of the input energy
time series estimated by the Prophet method [49]. It models the weekly pattern
such that the values of all weekdays add up to zero. If some of these values are
positive, others need to be negative. For the estimation of these values, the Prophet
method only considers the daily energy consumption of the days without missing
values, i.e., one value per day. Lastly, the estimated weekly pattern is added to all
days of the gap. When adding the weekly pattern, the added energy is summed up.
The sum of the added energy is then divided by the number of days in the gap to
obtain the average. This average is subtracted from each day of the gap to preserve
the total energy consumption of the gap.

Compilation of Available Complete Days

In the third step of the CPI method, a list of the available complete days (i.e.,
days without missing values) is compiled (Line 10). Assuming daily patterns,
a weekly cycle, and a yearly seasonality in the energy consumption, each day
is listed with its following characteristics: its total energy consumption (d.), its
weekday (d,, € {1..7}), and its seasonal position (d;). Under the assumption of a
yearly seasonality, i.e., 365 days or 366 days for leap years, it follows that d is in
{1..366}.

Calculation of Dissimilarity Between Days

In the fourth step, the CPI method calculates a dissimilarity criterion between each
day with gaps and all complete days (Line 13), which is used to select the best
matching days for filling gaps in the next step. For the dissimilarity criterion, the CPI
method uses the three previously introduced characteristics of days: total energy,
weekday, and seasonal position. Since these characteristics are already computed
for all complete days, they only have to be determined for the days with missing
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values in this step. More specifically, three distance measures, i.e., D., D, and Dy,
are calculated for each day with gaps d; and each available complete day d;.

The first distance measure D, describes the distance between the total energy con-
sumption of a day with gaps d; and a complete day d;. The total energy consumption
can serve as a distance measure because the CPI method uses an energy time series
as input and thus can calculate the energy consumed during a gap. D, is defined
as

D.(d;, d;) = di = djel (3.2)

€max — €min

where ¢;,,4, and e,,;, are the maximum and minimum energy consumption of a day
in the time series and d; . and d; . are the total energy consumption of the days d;
and d;. For the day with gaps d;, the previously estimated energy consumption is
used. Dividing by the difference between e;,,, and e,,;, ensures that the distance

measure D, is in [0, 1].

The second distance measure D,, is based on the assumption of a weekly pattern in
the time series and describes the distance between the weekday of a day with gaps
d; and a complete day d;. It is defined as

0.0, if diw = djw

0.5, if di’w S {1..5} AN dj,w S {1..5}
\/di,w € {6, 7} A dj}w S {6, 7}

1.0, else,

Dy (d;, dj) = (3.3)

where d; ., and d;,, are integer representations for the weekday of days d; and d;.
One to five represent the workdays Monday to Friday, whereas 6 and 7 represent
the weekend days Saturday and Sunday. This distance measure D,, assigns smaller
distances to days of the same weekday or days of the same class (i.e., workday or
weekend) and higher distances to days of different classes.

The third distance measure D captures the underlying seasonal patterns and de-
scribes the distance between the seasonal position of a day with gaps d; and a
complete day d;. It is defined as

ldis—djs| if |d;, —dj,| < 5]
=] ) Y 2.9l —= L2
Ds(di’ dj) - w else (34)

I

where s is the length of the seasonal cycle and d; s and d; ; are the position of days
d; and d; in this cycle. For a yearly seasonality, s can be set to 365 or 366 to reflect
the number of days in a year. This distance measure ensures that two days from the

Chapter 3 Imputation of Energy Time-Series



3.2.5

same season are considered as more similar than two days from different seasons.
For example, January 1 and December 31 of the same year are almost one year apart
but have a minimal distance D,. In contrast, January 1 and July 1 are only half a
year apart and have a maximal distance D;.

In order to determine the dissimilarity between a day with gaps and a complete day,
the three individual distance measures have to be combined into a single criterion.
The resulting dissimilarity criterion D is the weighted sum of the three individual
distance measures D,., D,,, and D;. It is defined as

D = weDe + wyDyy + ws Dy, (3.5)

where w,, w,,, and w, are the weights and D., D,,, and D, are the normalized
distance measures. The individual distance measures are normalized to the inter-
val [0, 1] for an easier interpretation of these weights. The specification of these
weights is necessary once before applying the CPI method. To find suitable weights, a
grid search can be conducted on a representative set of time series (see Section 3.3.3
for an exemplary grid search).

Copy and Paste of Matching Days

In the last step, the CPI method copies the best matching days, pastes them into gaps
(Line 14), and scales the imputed values to preserve the energy of the respective
gaps (Lines 15 to 17). In order to determine the best matching days, the previously
generated list of complete days is used. For a day with gaps d;, the day d; with the
smallest dissimilarity D(d;, d;) is chosen. Since the entire list of complete days is
used, days from the future of the day with gaps are also considered. In the process
overview in Figure 3.1, the second and last day are identified as the most similar
days to the two days with missing values.

Based on the determined best matching days, the actual copying and pasting of the
best matching days into gaps is done. For this purpose, the power time series serves
as basis. It can be derived from the input energy time series (Line 11) by calculating
the average power p; between time steps ¢t — 1 and ¢, i.e.,

€t —€t—1
= - 3.6
Dt 2t ) ( )

where At is the time between two time steps, e; and p; are the energy and power
at time step ¢, and e;_1 is the energy at time step ¢t — 1. In the derived power time
series, every missing value in each day with gaps is replaced by the corresponding
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value of the previously determined best matching complete day, as illustrated in the
last step in Figure 3.1.

Finally, the imputed power values are scaled in order to preserve the actual energy
of each gap. The scaling is based on the actual energy and the imputed energy. Both
can be determined because the CPI method uses energy time series as input and thus
can calculate the energy consumed during a gap. The actual energy E; of the gap i
is calculated according to Equation (3.1). The imputed energy FE! is calculated by
accumulating the imputed power values. To preserve the energy, the imputed power
values of gap i are multiplied with the ratio of the actual energy and the imputed
energy, i.e.,

Pe =Py - %, (3.7)

i

where pj is the power value calculated by the CPI method and p, is the scaled power
value. After this scaling, the imputed power time series can be used to calculate an
imputed energy time series by solving Equation (3.6) for e;. With the calculated
energy time series, the CPI method finally returns a complete energy time series
whose initially missing values are completely imputed.

Evaluation

In this section, the proposed CPI method is evaluated on real-world data and
its imputation accuracy and performance are compared to benchmark methods.
Therefore, the used dataset is introduced followed by the selected benchmark
methods. After describing the experimental setting, the results are presented.

Dataset

The dataset used for the evaluation is the ElectricityLoadDiagrams20112014 dataset3
from the UCI Machine Learning Repository [61]. The dataset consists of power time
series with complete consumption data from 370 different smart meters over a period
of up to four years. The time series contain quarter-hourly average power values
in kW, resulting in 35040 values per year. Of these 370 time series, 50 differently
shaped time series with a length of one year are selected as a representative sample.
The selected time series vary greatly in terms of seasonal, weekly, and daily patterns
as illustrated in Figure 3.2.

*https://archive.ics.uci.edu/ml/datasets/ElectricitylLoadDiagrams20112014
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Fig. 3.2.: Three exemplary time series from the UCI dataset, containing variations of
different seasonal, weekly, and daily patterns.

For the evaluation of the CPI method, those selected power time series, which do
not contain any missing values, are converted to energy time series by accumulating
the power values. Due to their completeness, we artificially insert missing values
in the used time series by replacing values with NaNs. In order to decide which
values are replaced, we follow four steps. Firstly, we determine the longest sequence
of the time series without missing values 7,.. Secondly, we define the number of
consecutive values to be replaced in this sequence T, by choosing uniformly between
2 and the minimum of the specified maximum number of consecutive missing values,
the length of T,, and the remaining number of values to be replaced. Thirdly, we
randomly select a starting index for the determined number of consecutive values
to be replaced such that all values to be replaced are contained in 7.. Lastly, we
replace each selected value with NaN. These four steps are repeated until the total
number of values to be replaced is reached.

For the evaluation, we consider the number of values to be replaced in the form of
shares of missing values for each time series. Six shares of missing values are used,
ie, 1%, 2%, 5%, 10%, 20 % and 30 %. In order to consider both larger gaps and
single missing values, 5 % of each share of missing values are single missing values.
The indices for the single missing values are determined randomly after creating the
larger gaps.
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Benchmark Methods

In order to compare the performance of the proposed CPI method, we apply bench-
mark methods to the dataset. As suitable benchmark methods, we generally consider
all imputation methods for energy time series that utilize the time series and its
characteristics only. Due to the lack of imputation methods for energy time series—to
the best of our knowledge—, we include imputation methods for power time series
and time series in general despite their disadvantage of not utilizing energy data.
Methods requiring additional data or information such as weather data [47, 51] or
validated reference days [57] and methods designed for multivariate time series
only [52, 58, 60] are discarded due to their lack of comparability. Furthermore, for
the evaluation, the method in [53] is excluded due to its excessive run-time.

In this context, we select three methods as benchmarks in view of comparison
complexity and fairness. We derive these methods from literature [49, 50, 54, 56]
and adapt them where necessary. To establish a fair comparison, the evaluated
benchmark methods receive their data input in the same way as the CPI method.
They sequentially get the 50 time series and can use each time series completely but
independently of the others.

The first benchmark method is a commonly applied linear interpolation [50, 54].
This method represents a lower baseline and should be outperformed in any case. It
imputes missing values p; by linearly interpolating the first and last known power
value before and after a gap, i.e.,

t—t

= (P —pu) +pu, (3.8)
2 —t1

D
where t; and ¢ are the time steps before and after the gap. The linear interpolation
is thus the only evaluated method that uses two values for imputing a gap.

The second benchmark method is the optimally weighted average (OWA) [54].
Assuming a weekly pattern, this method calculates a historical average

1
A = S 3.9

pt |_H| ’Ler’H ( )
where H contains all values of the hour before and after ¢ as well as of the same two
hours of the previous and of the next week. As long as H is empty, the considered
weeks are iteratively extended by one in each direction to consider additional values
from the same two hours in more weeks. To ensure smooth transitions between
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actual and imputed values, this average is combined with a linear interpolation p}!
(3.8). The combination results in

P = wippt + (1 — we)pp, (3.10)

where w; weighs the influence of the two imputation methods. The weight w; is
designed to decrease with increasing distance to the actual values, i.e.,

wy = e, (3.11)

where d; describes the distance from ¢ to the nearest actual value in time steps and
« determines the rate of decay for w;. Since a has a negligible influence on the
imputation results in the present evaluation, we use a global « = 0.1387 for the
evaluation as determined in [54].

The third benchmark method is based on the Prophet method for time series fore-
casting [49]. Prophet uses a modular regression model that can be described as

y(t) = g(t) + s(t) + h(t) + e, (3.12)

where ¢ is a model for the trend, s for seasonality, i for holidays, and ¢, for changes
that are not represented in the model. The imputation method based on this model
exploits Prophet’s capability to estimate a time series model on irregularly spaced
data [49] and imputes missing values with the corresponding values of the model.
The model is learned on all values available in the time series to be imputed. In
contrast to its application in the CPI method, the benchmark imputation method
based on Prophet receives, like all other benchmark methods, the aforementioned
quarter-hourly values as input, i.e., 96 values per day.

Experimental Setting

This subsection describes the used hard- and software platform, introduces the error
measures to evaluate the imputation methods, and explains the calculation of the
weights in the dissimilarity measure of the evaluated CPI method.

Hard- and Software Platform For the evaluation of the CPI and the benchmark
methods, we compare the quality of the imputation and the required run-time. For
a better comparability of the results, all methods are implemented in Python and
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evaluated on the same hardware. The evaluation hardware is a desktop PC running
Ubuntu 20.04 with an AMD Ryzen 5 3600 processor and 16 GB of memory.

Error Measures In order to evaluate the quality of an imputation in energy time
series, we examine both the usage of matching patterns to fill gaps and the conser-
vation of the total energy in the gaps. To evaluate the usage of matching patterns,
we determine how well imputed patterns match the actual patterns. For this pur-
pose, we measure the deviation between every single actual power value and the
corresponding imputed power value using the MAPE as defined in Equation (2.5),
only comparing the imputed indices.

To evaluate the conservation of the total energy in gaps, we measure the difference
between the actual and imputed energy while ignoring the fine granular patterns
that are used for the imputation. The difference is determined using the weighted
absolute percentage error (WAPE), which is defined as

N B - By

WAPE = ¢
Zi:l E;

-100%, (3.13)

where E; and F; are the actual and imputed energy of gap 7 in a time series with
N gaps. In contrast to the MAPE, (2.3), the weighting of the individual absolute
errors is necessary in the WAPEg (3.13) to account for gaps of different sizes.

Weights in the CPI Dissimilarity Measure Before copying and pasting matching
days, the CPI method calculates the dissimilarity measure between two days (3.5).
For this calculation, it is necessary that the weights of the three distance measures
regarding total energy consumption, weekday, and seasonal position are specified
beforehand. To determine these weights for the CPI method applied in the evaluation,
we thus perform a grid search.

This grid search is conducted before the actual evaluation on a separate dataset
that is used only for calibration. To compile the calibration dataset, we consider
the remaining 320 time series given in the aforementioned dataset. Based on a
visual inspection, we choose five time series for the calibration dataset, which are
different from each other but have similar characteristics to the 50 time series in
the evaluation. Each of the five time series from the calibration dataset is evaluated
with six different shares of missing values, ranging from 1 % to 30 %, which results
in 30 time series in total.
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Using this calibration dataset, we test 1000 combinations of the three weights
w = (wWe, Wy, ws) with each weight in the range [1..10] and 300 combinations where
one of the weights is set to zero. Each combination of weights is evaluated with
both error measures MAPE, (2.3) and WAPEg (3.13) on all time series of the
calibration dataset. Based on the results, we determine the overall minimum and
maximum of both error measures. With them, we min-max normalize the values of
both error measures. The min-max normalized MAPE,, is calculated with

MAPE,(w, i) — min MAPE,,

3.1
max MAPE, — min MAPE,,”’ (3.14)

MAPE,, ,,(w,1) =

where w is the tested weight combination and i is the identifier of the time series
from the calibration dataset. The min-max normalized WAPEg is determined
analogously to (3.14). To obtain the average sum of both normalized error measures
TE, we first add the normalized results of both error measures together for each
time series from the calibration dataset. Afterward, we sum this total over all time
series and divide it by the number of time series, i.e.,

TE(w) > i MAPE, ,,(w,i) + WAPEEg ,,(w, i)) (3.15)

n

where n is the number of time series in the calibration dataset. This approach
assumes an equal importance for both error measures. Finally, we determine the
weights with the minimum average sum of both normalized error measures, i.e.,

Wopt = arg rrgn TE(w), (3.16)

representing the optimal weights w,,; out of the 1300 tested combinations.

Results

Based on the 50 selected time series, the selected benchmark methods, and the
experimental setup described above, this section presents the evaluation results.
It first covers the grid search, before describing the usage of matching patterns
and the conservation of energy, quantified by MAPE, (2.3) and WAPEEg (3.13)
respectively. The presented values of these error measures are the truncated means
for the 50 evaluated time series, which omit the two best and worst values to obtain
less outlier-sensitive results. Afterward, the run-time of the evaluated methods
and its decomposition is addressed before the usage of matching patterns and the
run-time are put in comparison. Lastly, the output of an exemplary imputation
visually illustrates the evaluation results.
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Grid Search The grid search evaluates the aforementioned 1300 weight combina-
tions in 91 min with a total system memory usage of approximately 3.5 GB. Fig-
ure 3.3 shows the MAPE,, (2.3) and WAPEE (3.13) for the tested time series. For
each time series and each share of missing values, an orange bar depicts the result
with the best weights. Accordingly, the red bars show the worst results. The yellow
bars describe the results with the overall best weights w,,: = (5, 1,10) determined
with Equation (3.16). The grid search reveals that every time series has its own
optimal weight combination. Nevertheless, the difference between the results with
the best and the worst weights is often very small. Similarly, the difference between
the results with the best weights and the overall best weights w,,, is often negligible.
wopt 18, therefore, used for all 50 time series to be evaluated.

Usage of Matching Patterns The usage of matching patterns, as defined in Equa-
tion (2.3), by the evaluated methods is presented in Figure 3.4. For the six shares
of artificially inserted missing values, the figure shows the MAPE, of all evaluated
methods. For most of the shares of missing values, the CPI method performs better
than the OWA method as the best benchmark method. Both methods perform overall
about 10 % to 12 % better than the Prophet-based method. The linear interpolation
performs by far the worst for all shares of missing values. All methods tend to higher
errors with higher shares of missing values. This trend is most distinct for the linear
interpolation. With regard to the errors of individual time series, the benchmark
methods are more prone to extreme errors with a maximum MAPE,, of 587.8 % and
above while the CPI method has a maximum MAPE, of 237.4 %.

Conservation of Energy For the four evaluated methods, the conservation of energy
in the gaps, as defined in Equation (3.13), is shown in Figure 3.5. The figure presents
the WAPER, for the six shares of missing values. The CPI method performs best
regardless of the share of missing values. To allow a better comparability with
the benchmark methods that all do not use scaling, the dashed line indicates the
error values for the CPI method without scaling. Without scaling, the CPI method
performs on average 4.4 % better than the OWA method, which is the second best
method. We assume that this result is strongly related to using energy as a distance
measure, which is possible thanks to the use of energy time series as input. The
scaling even reduces the error to nearly zero for all shares of missing values, so the
CPI method performs even better. In view of the already good results without scaling,
the contribution of scaling is, however, relatively small. The linear interpolation
again performs worst for all shares of missing values. The Prophet-based method
and the OWA method perform very similarly with an average advantage of 1.6 % for
the OWA method.
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Fig. 3.3.: The figures show the two error measures (MAPE and WAPE) of the best, worst,
and weights with the best mean error for the five time series from the calibration dataset
used in the grid search. Every time series is evaluated with six different shares of missing
values ranging from 1 % to 30 %, resulting in a total number of 30 tested time series. The
lowest, blue-gray, bars indicate the errors of the best weights, the red bars the errors of the
worst weights, and the yellow bars the errors resulting from the determined optimal weight
combination w,,. The bars in this chart are not stacked vertically, but rather layered from
background to foreground.
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Fig. 3.4.: The MAPE, of the CPI method and the three benchmark methods with different
shares of missing values. As the scaling of imputed values does not noticeably affect the
results of the CPI method, it is omitted in this figure.
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Fig. 3.5.: The WAPEg of the CPI method and the three benchmark methods with different
shares of missing values. For better comparability with the benchmark methods that all do
not use scaling, the dashed line indicates the WAPE g, of the CPI method without scaling
the imputed values to preserve the energy of a gap.

Run-time Figure 3.6 shows the average run-times required by the evaluated meth-
ods for the imputation of the 50 selected one-year time series with 35040 values
each. The linear interpolation is by far the fastest method. The OWA method is
similarly fast for small shares of missing values but increases more drastically in
run-time than the other methods for increasing shares of missing values. The CPI
method requires about 10 to 20 times more time than the linear interpolation but is
faster than the OWA method for 20 % and 30 % of missing values. The Prophet-based
method requires much more time than all other methods and is 9 to 10 times slower
than the CPI method. Its longer run-time compared to the CPI method, wherein the
Prophet method is also used, is caused by a more time-consuming training due to its
larger input. When applied as benchmark method, the Prophet method receives 96
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values per day as input as opposed to only one value per day when used in the CPI

method.

In addition to the run-time evaluation for the one-year time series, we briefly evaluate
how the CPI method’s run-time relates to the number of input values. Figure 3.7
shows the run-time of the CPI method for time series with different lengths from
one quarter of a year (8832 values) up to three years (105120 values). The CPI
method scales approximately linearly to the number of input values with an average
run-time of 5.56 s for time series with 105 120 values.

Run-time Decomposition Figure 3.8 decomposes the run-time of the evaluated
methods for 1% and 30 % of missing values. Model estimation including training
and fitting are depicted in purple whereas the actual imputation is depicted in blue.
Figure 3.8 shows that the energy consumption estimation for gaps, that relies on
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Fig. 3.6.: The average run-times required by the CPI method and the three benchmark
methods for the imputation of the 50 selected one-year time series. Note the logarithmic
timescale, which visually compresses Prophet’s run-time decrease by 5.8 s from 1% to 30 %
of missing values.
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Fig. 3.7.: Run-time of the CPI method for time series with different lengths from three
months (8832 values) up to three years (105 120 values).
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Fig. 3.8.: Run-time decomposition of the CPI method and the three benchmark methods into
model estimation including training and fitting as well as imputation. For the CPI method,
the run-time is even further differentiated with respect to its steps. From bottom to top,
the blue colors describe the linear interpolation, the energy consumption estimation, and
the compilation of available complete days. The red color shades indicate the matching
of the most similar days, pasting the values into the gaps, scaling the imputed values, and
calculating the completed energy time series. The individual times of the steps are stacked
to make up the total run-time.

the Prophet method, is the dominating part of the CPI method’s run-time. Similarly;,
the model estimation also dominates the run-time of the Prophet-based method. In
contrast, the linear interpolation and the OWA method do not comprise any model
estimation. Their run-time thus consists entirely of the imputation itself.

Usage of Matching Patterns vs. Run-time In Figure 3.9, the obtained results re-
garding the usage of matching patterns are put in relation to the run-time needed
with a scatter plot showing the required average run-times on the x-axis and the
MAPE, on the y-axis. Smaller values indicate a better performance. While the
linear interpolation provides fast and inaccurate results, the CPI method and the
OWA method deliver the most accurate results with a reasonable run-time. The
Prophet-based method yields mediocre results while taking much longer to calculate
than the other methods.

Exemplary Imputation Results For all evaluated imputation methods, Figure 3.10
illustrates an exemplary imputation of a time series with 20 % of artificially inserted
missing values, resulting in large gaps. The imputation of the linear interpolation
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Fig. 3.9.: Comparison of the usage of matching patterns and the average run-time needed
of the CPI method and the three benchmark methods for the imputation of 50 one-year time
series. The x-axis shows the required average run-times on a logarithmic scale and the y-axis
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Fig. 3.10.: The upper figure shows an exemplary one-year time series with 20 % of missing
values. For a multi-day excerpt of a gap in November, the lower figure presents the resulting
imputations by the CPI method and the three benchmark methods in comparison to the
actual values. Metrics of the CPI method and the best benchmark method for this example:
MAPE,: 19.4% (OWA: 21.1%), WAPEg: 0.3% (OWA: 6.5 %), run-time: 2.89s (Linear:
0.35s).

fails to capture the patterns of the time series. The imputations by the OWA method
and the Prophet-based method capture the essential patterns but lack details. The
imputation by the CPI method mostly fits the actual values, but it shifts and increases
some peaks. Despite not explicitly addressing the transitions between existing and
imputed values, the CPI method also provides smooth transitions on both ends of
gaps in this case. Compared to the three benchmark methods, the imputation by the
novel CPI method thus comes closest to the actual values.
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In the present chapter we answer research question RQ1, addressing the handling of
missing values in energy time series. In order to answer this question, we evaluate
imputation methods found in the literature using a real-world dataset. We compare
these methods to our proposed CPI method with a quantitative evaluation of the
imputation results based on the insertion of matching patterns into gaps and the
conservation of energy throughout the time series. Finally, we log the runtimes and
include exemplary imputation results for visual comparisons.

In conclusion, this chapter provides the following contributions:

* We introduce a new copy-paste imputation (CPI) method for energy time
series. To the best of our knowledge, it is the first method that specifically uses
an energy time series as input data. Using this data, it copies blocks of data
with similar characteristics and pastes them into the gaps of the time series.

* We demonstrate that utilizing the information inherent in energy time series
enables a robust selection of matching blocks of data and ensures that the
overall energy per gap remains unchanged while imputing the missing values
with realistic patterns.

* We compare the proposed CPI method to three benchmark methods and
confirm that it outperforms these methods, using matching patterns for the
imputations and conserving the overall energy of every imputed gap. This is
achieved with a moderate run-time that scales well with increasing shares of
missing values and length of input time series.

* We conclude that the introduced CPI method enables realistic imputations
even for large gaps with several weeks of consecutively missing values.

Based on these results, future work could follow three directions. First, the robust-
ness of the CPI method could be analyzed and improved regarding aperiodic events
or time series with other temporal resolutions and periodicities such as residential
solar power generation or fast charging of electrical vehicles. Similarly, time series
containing both power consumption and generation from renewable energy sources
could be of interest for further investigation. A robustness analysis could further
include the selection of the weights in the dissimilarity measure—for example in
dynamic environments—and the compilation of the calibration data set used for
determining the weights. Furthermore, the transitions between existing and im-
puted values on both ends of gaps could be further investigated. Second, a trend
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analysis could enhance the CPI method’s selection of matching days especially for
longer gaps. Similarly, additional information such as voltage magnitude [62] and
spatial temporal correlations [63] could be used to improve the matching days’
selection. Third, the CPI method could be integrated in applications that rely on
complete input data such as grid simulation, load forecasting, and load management.
Anomaly or error detection functions could also be included in the CPI method itself
to repair implausible values. Moreover, a reporting and analysis tool could use the
CPI method to estimate the imputation quality based on artificially inserted missing
values.

3.4 Contribution and Future Work
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Automated Distribution Grid
Modeling Using Open Data

Parts of this chapter are reproduced from

Moritz Weber, Luc Janecke, Hiiseyin K. Cakmak, and Veit Hagenmeyer. “Open
Data-Driven Automation of Residential Distribution Grid Modeling with Min-
imal Data Requirements”. In: IEEE Transactions on Smart Grid 15.6 (Now.
2024), pp. 5721-5732. DOI: 10.1109/TSG.2024.3406765.

Distribution grids face several challenges due to the transition from traditional fossil-
fueled to carbon-neutral energy generation. This transition leads to more generation
from renewable energy sources, such as wind farms and photovoltaic systems, in
the electricity grid [64, 65]. These renewable energy sources are often distributed
throughout the grid, instead of the traditionally centralized energy generation by
fossil fuels or nuclear power. As such, these decentralized energy sources are
typically located in the lower grid levels, which leads to an increased generation
in distribution grids, especially through rooftop photovoltaics. As described in
Chapter 3, measurements of load and generation, can help to gain insights into
the grid. However, they are not sufficient to solve the identified challenges as they
only portray current and past states of the grid. Solving the challenges distribution
grids are facing, requires examining potential future scenarios, identifying problems
and evaluating solutions. These tasks require realistic simulations of future grid
situations. However, the required grid data and models are often not readily available
due to data privacy concerns, necessitating labor-intensive modeling processes before
the actual simulations can be performed.

Thus, the goal of this chapter is to further develop methods for the automated
creation of grid models, building on our previous work [66], using readily available
open data sources. The generated models aim to be realistic enough that they could
describe the real grid, while not necessarily creating exact models of existing grids.
These grid models are intended to support various use cases, e.g., machine learning
applications and realistic simulations on a wide range of simulation software, such
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4.1

as load flow calculations, time series-based long-term simulations, RMS and EMT
simulations.

The main contribution of this chapter is answering research question RQ2 which
addresses the need for realistic distribution grid models, ideally with minimal data
requirements. To this extent, we introduce a new two-stage optimization method for
the automated generation of LV grids relying solely on openly available data sources,
such as OSM [67] and OSM Buildings [68] that further enables the automated model
generation of the 20kV MV grid. This significantly reduces the data requirements
compared to previous approaches [66, 10, 11, 13, 16, 69, 70, 71, 72, 73, 74], which
are described in more detail in Section 4.1. In order to assess the accuracy of the
generated models and answer research question RQ3, we present a comprehensive
comparison of various data sources—open and proprietary—for the automated
generation of distribution grid models. This comparison considers the topological,
geographical, and electrical properties of the generated grid models.

The remainder of this chapter is structured as follows: Section 4.1 describes existing
works on data-driven model generation. In Section 4.2, we describe the methodology
behind our proposed model generation method, including the building load estima-
tion with various data sources, and our optimization-based transformer placement
method. We then evaluate the proposed method and compare the results using the
different data sources in Section 4.3 before discussing the results in Section 4.5.
Finally, we conclude with our findings and give a brief outlook on potential directions
for further development in Section 4.6.

State of the Art

Since the demand for distribution grid models is apparent for many use cases
centering around grid simulations and studies, the data-driven generation of such
models is a well-researched topic.

The process for creating so-called reference network models (RNMs) described
in [69] marks a fundamental work in the field of automated power grid modeling.
This approach utilizes data on the location and demand of customers, locations and
capacity of distributed generation (DG) and transmission substations, and economic
and technical parameters to generate European-style power grid models from the
high-voltage (HV) level down to individual IV customers. The grid models are
created by a heuristic branch-exchange method to minimize the cost of the grid
using a pre-defined catalog of standard equipment. Building on this, [16] creates
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and publishes several models of selected test areas in the MATPOWER! format and
compares key indicators of these models with real-world data provided by European
DSOs. A further development of this process is described in [10], which focuses on
the development of an online tool for the automated model generation from OSM
data, area parameters (e.g., consumer density, power factor, and MV/LV transformer
locations), and DSO indicators.

More enhancements to [69] are described in [13, 70, 71] with the adaption to
US-style distribution grids and an appropriate validation approach for this grid
type. The approach introduced in [13] is capable of creating complex US-style
power grids with their typical single phase connections and voltage regulators on
the LV level. While the previously mentioned methods expect the location and
demand of customers as a direct input, [13] describes a method for estimating this
demand based on land use data (usually from commercial vendors) and a library of
reference buildings. Considering the complex nature of US-style distribution grids,
this approach creates detailed models in the OpenDSS! and CYME format.

Other approaches, such as [11] focus on the German power grid. This approach
utilizes OSM data and the known total number of IV networks in Germany to
generate a total of 500 000 LV distribution grid topologies. The generated topologies
are validated on a statistical basis with real grid data, such as the number of nodes
and edges per LV grid and the total line length. Other approaches in the same
research context focus on the generation of transmission grid [72] and MV grid [73]
models instead of the lower voltage levels. The method described in [74] is focused
on regional distribution grid structures as found in Germany and utilizes nine
different data sources to classify buildings for load estimation and for generating
the MV and LV grid topologies. The method generates MATPOWER models and is
validated on a high-level basis against real networks.

Despite all of these approaches, the research in this domain is still open in a few key
areas: Most of the methods available in the literature utilize some kind of proprietary
data or very specific knowledge that prohibits a wider applicability. Furthermore, to
the best of our knowledge, there has not been a comparison of models generated
using different available data sources. Lastly, many available methods create models
in very basic formats, such as MATPOWER. In this thesis, we address those three areas
by presenting a method that requires minimal data input and generates versatile
DIgSILENT PowerFactory! models. Furthermore, we compare the generated models
under different input data circumstances.

See Section 2.2 for information on common modeling and simulation tools.
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4.2.1

Grid layout
Data sources ...
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2D OSM data = &g
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Fig. 4.1.: The two-stage optimization method for the automated distribution grid generation
comprises the 20kV and 400V grid generation. Both stages rely on a prior load estimation
that can be based on various alternative data sources.

Method: Two-Stage Optimization-based Generation
of Residential Distribution Grid Models

In this section, we first describe the building load estimation for low-voltage grids
before describing the two optimization stages of the grid model generation as shown
in Figure 4.1. The load estimation process uses three open and proprietary data
sources to estimate the load per building that is a required input of the two-stage grid
layout optimization. These data sources are OSM data (Ozp), 3D OSM Buildings
data (Osp) and finally—provided by a local DSO—the number and location of
electricity meters (EM). In the first stage of this optimization, the 20kV grid
topology with its 20/0.4kV substations is generated using a k-means clustering
approach for the substation placement and a travelling salesman problem (TSP)
optimization for the line routing between the stations. In the second stage, the
underlying 400 V grid is generated by solving a variation of the minimum cost flow
linear optimization problem. Since the methodology described in this thesis focuses
on areas dominated by underground cables instead of overhead lines, whose routes
might be available in map data, we make the common assumption that cables are
laid out along roads and paths.

Building Load Estimation Based on Variable Data Sources

Most existing distribution grids evolved over many years and traditionally only
loads were considered in the planning of low-voltage distribution grids and the

4.2 Method: Two-Stage Optimization-based Generation of
Residential Distribution Grid Models

45



46

dimensioning of equipment. Thus, we disregard PV generation in our methodology
for estimating the required capacities of equipment, such as transformers and
cables. The impact of renewables in the low-voltage grid is rather part of studies
that can be carried out with the generated grid models, see e.g., [75]. Since the
network topology is generated using an optimization algorithm based on load data,
the building load estimation has significant influence on the resulting network
topology. The load estimation methods described in the following are, however,
used for residential buildings only. Non-residential buildings are identified via tags
included in OSM data and require a special treatment, for example, as described in
Section 4.3.1.

In order to estimate the load of a residential building b € 5, we utilize the household
standard load profile HO [76] that is multiplied by an estimated yearly energy
consumption Fj:

Py(t) = HO(t) - Zgg(t) 4.1)
The estimation of the yearly consumption of a building starts with estimating the
energy consumption for a single residential unit Fy,

EU(A) :nR'ER+A~EA+nLA-ELA, (42)

where nR is the average the number of residents in a household according to [77],
A is the floor area of the residential unit, and nL A is the statistical number of large
electrical appliances per household for the selected test area [78]. Er and E 4 are
the corresponding energy demands per resident and large appliance, respectively.
Specific values used for the application of this method can be found in Table 4.1.
With this formula for the energy demand estimation of a single residential unit, the
next step is the estimation of the number and floor area of residential units in a
building. These calculations differ depending on the utilized data source.

OSM data to determine the base area of buildings The OSM data source, O2p,
includes the buildings shapes, which are used to calculate the floor area A, of each
building b. If only this floor area is considered, the number of residential units in a
building nUZP, is estimated as

nuy =

Ay/ Ay, if Ay/Ay < 1
U2P { b/ o (4.3)

1, else,
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where A4,, is the median floor area of a residential unit. This median value A,,
is determined over all floor areas of the buildings B in the target region which
geographically defines an area:

Ay, = median {A, : b € B}. (4.4)

To model the energy consumption of individual buildings Ej, which is based on the
consumption per unit Ey;, the base areas of the buildings are decisive and may vary
greatly depending on the data basis.

Using the building floor area, the energy consumption per building E£? is obtained
by multiplying Fy; with the number of residential units nUZ”, see Equation (4.3),
and a scaling factor Sy,

EFP =nUEP - Sy - By (Am). (4.5)

The scaling factor Sy can be approximated by the average number of stories per
building and can be adjusted downward to accommodate for a larger proportion of
single-family homes.

OSM data and height information from OSM Buildings In this estimation, the build-
ing height H, is considered to approximate the number of floors of a building using
data provided by OSM Buildings [68], i.e., data source Osp. According to [79],
the typical floor height in Baden-Wiirttemberg is 2.5 m to 3m. In this range, an
average floor height h¢ is chosen for the further calculation. The corresponding
energy consumption EJ” is calculated as

E}P = nUZP - Hy/hy - Ey(Ap), (4.6)

where the additional factor H;/h replaces the previously introduced scaling factor
Sy and is individual for each building b.

Electricity meter data supplied by public utilities The information about the num-
ber of electricity meters (EMs) for each building nUF" provided by the public
utilities (DSO) is used for the direct calculation of the year-round load data. In this
data source, EM, an electricity meter for general electricity is given for buildings
with multiple households. This additional meter is considered in this context with
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the fictitious electricity consumption of 0.1 households. The load for a building EY
can be estimated as follows,

EEM

b

- {nUbEM - Ey(Ayy), if nUEM < 3 @

(TZUEM - 09) . EU(AUJ,), else,

where Ay, is the average floor area of a residential unit in the building b. This
formula assumes that buildings with less than three EMs have one EM per residential
unit, while buildings with more EMs also have one EM for general electricity, e.g.,
for hallways and the basement. A, is calculated as

Ayp = Ay - Hy/hy | nUFM, (4.8)

which effectively divides the total floor area over all stories by the number of EMs.
The generated load time series, as described in Equation (4.1), can then be utilized
to perform time series-based static simulations to evaluate the models under a wide
range of conditions.

Stage 1: Automated Generation of the 20 kV Grid

In this section, we introduce the first stage of the optimization-based grid generation
that creates a 20 kV distribution grid. This stage is based on map data and the load
estimation introduced in the previous section, and consists of two consecutive steps:
First, the estimation of the number and locations of the 20/0.4 kV substations and
second, the grid topology generation connecting these substations.

Calculation of the Number and Locations of Substations The results of the load
estimation described in Section 4.2.1 are used to estimate the adequate number of
transformers for the grid. This estimation is based on the peak load per building
P,car,» which is calculated as

Ppeak,b = Ppeak,U : nUba (49)

where nUj, is the estimated number of residential units of building b, which depends
on the utilized data source. In accordance with [8], each household accounts for a
peak load of 2kW. While each individual household likely has a higher peak load,
this estimation considers a certain simultaneity factor when estimating the peak for
a number of households.
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Tab. 4.1.: The constants used for the load and transformer estimation with their respective
values and sources.

Symbol Description Value Source
nR Average number of residents per unit 1.7 [77]
Er Yearly consumption per resident 200 kWh [78]
Ea Yearly area-dependent consumption 9kWhm™2 [78]
nLA Number of large appliances per unit 8.4 [78]
Epa Yearly consumption per large appliance 200 kWh [78]
hy Average floor height 2.6m [79]
Pyear,y  Simultaneous peak load per residential unit 2kW [8]
A Power factor 0.95

Rr Transformer rating 630 kVA

Ly Target transformer loading 50 %

Assuming a power factor )\ for the household loads and a maximum loading Lp
for each of the 20/0.4kV substations with a rating of Ry, the required number of
transformers nT is determined as

>_veB Ppeak,p
nT = “I’F}’%Tf_’ L W : (4.10)
In order to then compute the locations of the stations, a k-means clustering algo-
rithm is used [80]. Each of the nT returned clusters is based on each building’s
geographical coordinates, uses the case-specific number of households per building
nUy, as the weight for the computation, and has a cluster center that is used for the
transformer location. Once this is done, a graph representation of the street layout
is obtained, that includes the closest HV/MV substation and the area where the grid
is to be generated. Then the calculated station positions are added as nodes to this
graph structure in the same way that each building is appended.

Optimization-based 20kV Grid Topology Generation The basic requirement for the
20kV grid is connecting all MV/IV substation to the supplying HV/MYV station in a
ring topology. To find a suitable topology, an optimization approach is applied that
minimizes the length of the cables required for the grid creation. This minimiza-
tion of cable lengths is modeled as a travelling salesman problem [81], with the
starting and ending point being the HV/MYV station. The places to visit are the 20 kV
substations and the distances are the shortest paths on the corresponding graph
that is weighted with the actual, geographical length of each road. This problem
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is approximated using the Christofides algorithm [82] and can be formalized as
follows:

min Y i i 4.11)
(3,5)€P
Tij =i V(i,j) €P (4.12)
Y wij=2 VieS (4.13)
(¢,9)€P
Z zi; <|s|]-1 VsCS. (4.14)
(i#j)€s

The MV/HV substation together with the 20kV stations form the set of nodes,
S, while P is the set of the shortest paths (7, j) between each of the nodes in S.
Furthermore, /; ; is the length of the shortest path between node i and node j. The
decision variable z; ; equals 1 if the path between node ¢ and node j is part of the
solution, and 0 otherwise. Equation (4.12) ensures symmetry while Equation (4.13)
makes sure that each station is connected to exactly two other stations. The last
constraint Equation (4.14) ensures that the solution is indeed a single 20kV ring
and not just a union of other, smaller rings.

Stage 2: Automated Generation of the Low-Voltage Grid

After creating the MV grid topology in the previous stage, the goal of the second
stage is creating the underlying IV subgrids. These IV grid models are derived
from the street layouts available in OSM as possible cable routes. These layouts
are converted to a graph representation G = (V, E') with edges E representing the
streets and nodes V' representing the crossings between the streets. The buildings
of the area found in OSM are added as additional nodes to V' and connected to the
streets via additional edges. For each of these buildings, the load is estimated using
one of the datasets described in Section 4.2.1. In order to obtain the grid topology,
a variation of the minimum cost flow optimization problem modifies the graph
to comply with electrical low-voltage grid topology standards. This optimization
is carried out with specified 20 kV substation locations—either from stage one or
from prior knowledge. The optimization problem is formulated as a mixed integer
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linear program (MILP) with binary decision variables and is stated in the following

equations:
min Z cost; ; - install; ; (4.15)
(i,5)EFE
Z flow;; — Z flow;; = residual; Vie V (4.16)
J:(i.j)EE VHVRISI D)

> install;; <1 VjeV (4.17)

i:(i,j)€E
0 < flow; ; < capglfx -install; ;  V(i,j) € E (4.18)

install; ; € {0,1} V(i,j) € E. (4.19)

Generally speaking, the program decides which of the edges of the graph will
be used as cables for power delivery by choosing the cheapest way to supply all
demand. Therefore, the objective function (4.15) minimizes the cost cost; ; to install
a cable from node ¢ to node j that is proportional to the potential cable route
length. A binary decision variable install; ; is introduced in order to only account for
potential routes hat are actually used or, in other words, where a cable is installed,
and the route used to supply buildings with power: install; ; is 1 if the cable is
installed between nodes 7 and j, and 0 in all other cases. The first flow conservation
constraints (4.16) ensure that for all nodes i that are not a source, the power flowing
in flow;; equals the consumption residual; of the node itself or is flowing out again.
For sources that represent the secondary substations, the power flowing out equals
the externally provided power that is also denoted residual;. A positive residual;
indicates an external source, while a negative residual; indicates consumption. For
this consumption, possible PV injection is not considered in the optimization out of
the aforementioned historical reasons, only the load data computed in the previous
steps is used. The second constraints (4.17) ensure radiality in the obtained grid, as
LV distribution grids are usually operated in a radial mode. Hence, only one cable
can be used to supply a node with power. Lastly, the constraints (4.18) make sure
that a certain loading limit cap;’* for the cables is not exceeded and that power can
only flow over a cable that is also installed. The algorithm repeats this optimization
while lowering the maximum cable loading limit permitted in the optimization for a
cable that is installed alongside a public way, in order to obtain a topology that uses
all the secondary substations equally. This approach requires a method to determine
a low and still feasible cable loading limit—or cable capacity. While our previous
work [66] describes a cable capacity estimation (CCE) method using the Newton
bisection method (NB-CCE), we find that this method is ineffective in finding a
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suitable capacity, which results in long run-times. To mitigate this issue, we propose
the new inverse proportional estimation (IP-CCE):

cap;y; = round (cap?‘ax (1 ~3 +1 N>> , (4.20)
where cap*®* describes the maximum cable capacity in the i-th iteration of the
optimization and N is an adjustable parameter for the step size of the estimation pro-
cess. Once the capacity restriction of an iteration makes the problem infeasible, the
capacity of the last feasible iteration is selected and the results of that optimization
are used for the rest of the workflow.

This new approximation allows for fast progress at the start of the optimization
method and finer steps towards the end. This ensures that the found final capacity
is actually close to the theoretical optimum that is the lowest integer capacity value
with which the model remains feasible and that the obtained solution is still balanced
regarding secondary substation use. Nonetheless, the application still finds good
results much faster because, in contrast to the Newton bisection method, very
time-consuming optimization steps around the theoretical optimum are avoided.
Experiments with this formula have shown that N = 4 yields an especially favorable
balance between runtime and quality of the results.

PowerFactory Model Generation

In the last step, the obtained grid data structure is converted to a DIgSILENT
PowerFactory model. Since system parameters such as line impedances cannot be
estimated from the utilized data sources, this approach uses a library of system
components that are widely used in the target area. This library can, of course, be
adapted to reflect component choices of the local DSO if these are known. This also
includes the automated creation of grid diagrams and an initial load flow calculation.
For each individual building, a busbar system as shown in Figure 4.2 can be created.
Although the present chapter only describes the methodology to estimate the loads
for these house models, this approach offers the flexibility required for the analysis of
future scenarios with various PV, battery and electric vehicle settings. The developed
Python tool chain is fully automated, relies solely on a good OSM data coverage of
the target area, and the obtained grids can be readily used for power grid analysis
studies. However, due to varying grid design approaches around the world, its usage
is limited to regions with European-style distribution grids.
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4.3 Evaluation

In this section, we describe the study area and the evaluation criteria before present-
ing the results. A meaningful comparison between the proposed method and the
methods found in literature is infeasible due to several factors, e.g., different voltage
levels [72, 73], different grid styles [13], and missing implementation details [10,
11, 74]. Thus, we focus on the evaluation of the impact of various available data
sources and the comparison with real grid topology data provided by the DSO.

For this evaluation, we consider the three data sources introduced in Section 4.2 and
generate the distribution grid model either with a priori knowledge of the 20/0.4 kV
transformer locations together with the 20 kV grid topology Tk or with a calculation
of the transformer locations and the 20 kV network topology T'c. This altogether
results in six combinations of (d, t) tuples for data source and transformer data, as
given below:

(d,t) = {O2p, O3p, EM} x {Tk,Tc} (4.21)

With this wide variety of data source combinations, we aim to investigate the impact
of data source quality on the quality of the resulting grid models. In addition to the
six models generated by these combinations, we validate the generated models with
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Fig. 4.2.: Detailed view of the automatically generated components in each house model
as displayed by PowerFactory. Note that for the analysis in this study, only the residential
load is considered. However, this approach offers the flexibility required to study various
potential future scenarios.
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a topological model, DSO, based on GIS data provided by the DSO of the target
area. This model is not generated by the method described in this chapter, and
has two significant differences compared to the generated models: First, it includes
switching devices that allow the reconfiguration of the grid topology, and second, it
contains two separate cables for most of the streets, one on each side.

For the analysis of the generated models, graph metrics are applied to the auto-
matically generated topologies, and the results of network calculations based on
voltage drops and line loadings are compared. While the DSO model is considered
as the reference model for the topological comparison of the models, we consider
the (EM, Tk) as a reference model for evaluation of the electrical properties. This
is because the DSO model lacks information regarding the demand, whereas the
(EM, Tk) is the generated model based on the most accurate available data, i.e.,
electricity meter data and known transformer positions. From these comparisons,
statements are made regarding the quality of the automatically generated networks.
In particular, an answer is given to the question which data are sufficient for an
automated modeling of the power grid for reliable statements.

Study Area

The selected study area spans over roughly half a square kilometer and contains 241
buildings, including single houses, duplex houses, town houses as well as apartment
towers. It is almost completely surrounded by forest, which simplifies the definition
of a clear boundary. The selected study area is the same as in a previous work,
i.e., [66], where detailed information was collected through an on-site inspection.
This allows a direct comparison of the grid topologies generated in this thesis with
previous results.

Even though the area is mostly residential, it also encompasses non-residential
buildings such as a school, a community center and some shops. As the few shops
in the area are in buildings that also encompass residential units, for this analysis
they are treated as residential units for the sake of simplicity. The consumption
of buildings with a purely non-residential use is calculated using the overall area
available in the building multiplied by the yearly demand per floor area for the
building type. For the present school and kindergarten, this value is 20 and 22 kWh
per m? per year respectively, and for the community center it is 9kWh per m? per
year [83, 84]. For the overall area, the number of levels of a building is obtained
either from the level tag within the OSM dataset or assumed to be two, thus Sy = 2
in this case.
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4.3.3

Tab. 4.2.: Deviation of OSM-based load estimations compared to the load estimation based
on DSO-supplied electricity meter data for the study area.

O2p Osp

Total deviation -58% 3%
Greatest negative building deviation —-95% —69%
Greatest positive building deviation +65% +85%

Load Estimation Comparison

Comparing the load estimations based on available 2D and 3D OSM data to the
reference estimation based on DSO supplied EM data results in the deviations shown
in Table 4.2. The table shows that the 2D-based estimations result in a significantly
lower load overall, while still containing buildings with significantly higher load
estimations. Thus, a simple adjustment of the scaling factor Sy would not be
sufficient, as a higher value would also increase the positive deviations. On the other
hand, the 3D-based estimations, while also containing some buildings with large
deviations, match the overall load estimate very closely and perform better than a
scaled 2D-based estimate would.

Topological Comparison

In this section, we perform a topological comparison of the models generated using
the different data sources and generation methods. First, we describe our findings
on the geographic representations of the models before quantizing them using two
graph metrics, i.e., the number of nodes per transformer and the eccentricity of the
transformers.

Geographic representation The model in Figure 4.3a, generated by (O2p, Tk ),
shows six 400 V subgrids with similar sizes that are not very compact and in two
cases (green and brown) spread across the whole study area. Especially notable are
the two cables at the right edge of the area. Figure 4.3c shows the model created by
(O3p, Tk ), which includes much more compact subgrids with larger size differences.
Notably, the brown and green subgrids are significantly smaller compared to the
previous case. Figure 4.3e shows the (EM, Tk ) model with even smaller subgrids
in the lower part of the study area. Consequently, the remaining subgrids are
significantly larger. This model also includes an unrealistic connection via a footpath
in the brown subgrid. Examining the models with calculated transformer positions,

4.3 Evaluation

55



56

. S \
|(C) OpenStreetMap contributors

(a) Case (Oz2p, Tk): Grid model using the OSM

dataset for given number and location of trans-

formers.

AN \ N
}Q)\(\)pen%reetMa\p contributors

(c) Case (Osp, Tk): Grid model using the OSM
Buildings dataset with included height data of
buildings for given number and location of trans-
formers.

N \ 9
(© Dperﬁ,‘_’c\reetMa\p‘gontributors

(e) Case (EM, Tk): Grid model using the DSO
data on the number of electricity meters at each
building for a given number and location of
transformers.

vnza i

,2:@4 wq“
-
211020, 4\”43.‘ 3
e e
|(C) OpenStreetMap contributors

(b) Case (O2p, T¢): Grid model using the OSM
dataset for a calculated number and location of
transformers.

) N N \ A \
© Ogens‘treetMap\contributors
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Buildings dataset with included height data of
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(f) Case (EM, T'c): Grid model using the DSO
data on the number of electricity meters at each

building. The number and location of transform-
ers are calculated.

Fig. 4.3.: The three figures on the left show the grid models with a priori known number
and location of substations using different data sources for the load modeling, indicate with
Txk. The color of the nodes, i.e., buildings, and lines indicates the affiliation to a specific
transformer, with a consistent coloring between the three variants. Analogously, the right
side shows the grid models with a calculated number and position of substations using
a k-means approach, indicated with T¢. As there is no one-to-one relation between the
transformers of the different variants, the coloring of the nodes is not consistent.
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Fig. 4.4.: A simplified representation of the DSO model, showing the areas supplied by the
six different transformers. The coloring is equivalent to Figure 4.3.

it is noticeable that the (O2p, Tc) case, as shown in Figure 4.3b, contains only
two transformers compared to the usual six transformers in all other models. The
(Osp, Tc) model in Figure 4.3d presents a realistic partitioning into subgrids, with
two smaller subgrids in the lower part and four evenly distributed larger subgrids
in the upper part of the study area. The (EM, T¢) in Figure 4.3f contains very
unevenly distributed subgrids with a high variance in size. Compared to the six
generated models, the DSO model offers flexibility in its topology, as it contains
switchgear at 15 different locations with a variety of switching options, resulting
in a very high number of interconnection variants. Since the data provided by the
DSO does not include details about the switching states of the switchgear, some
assumptions are required to obtain a valid configuration. The configuration that
results in the partitioning shown in Figure 4.4 is based on the transformer positions
and aims to balance the consumption in each area while keeping each area compact.
Overall, the DSO model shows the closest similarity to the (Osp, T¢) version of the
generated models, which requires the least a priori knowledge of sensitive data.

Number of nodes per transformer In this metric, a node represents a busbar in the
generated PowerFactory model. For each building, our generation methods create
two busbars: One for the building itself and one at the connection of the main
cable and the house cable. The number of nodes per transformer is calculated by
determining the supplying transformer for each 400 V busbar. Figure 4.5 shows the
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Fig. 4.5.: The number of nodes per transformer shows a very even distribution for both
O,p cases and a wider distribution for the other cases. The colors refer to the subnetworks
in Figure 4.3.

number of nodes per transformer for the six generated models. The two models using
only the 2D OSM data reveal a very even distribution of nodes between the different
transformers, due to the homogeneity of the estimated loads. Furthermore, it is
noteworthy that the (O2p, T¢) case consists of only two transformers with around
250 connected nodes each, which is highly unrealistic. According to DSO data,
one 630 kVA transformer, which is the installed transformer type in the study area,
serves on average 79 residential units. The other cases show a more heterogeneous
distribution of nodes due to the large differences in building load estimations, that
are far more realistic for some multi-story buildings. While containing more nodes
overall due to some implementation details, the DSO model located in between the
(O3p, Tk) and (EM, Tk) variants with a good matching to (Osp, Tc).

Eccentricity per transformer The eccentricity of a node is defined as the maximum
distance to all other nodes in a graph. Thus, when determining the eccentricity of a
transformer T}, we calculate

ece(T;) = o (d(T;,n)), (4.22)
where N, is the set of 400 V nodes that are supplied by 7;, and d is the cable
distance between two nodes. Essentially, the eccentricity of a transformer describes
the maximum cable length between the transformer and the buildings supplied by it.
The comparison of eccentricities in the generated models is illustrated in Figure 4.6.
This plot reveals two outliers in the (O2p, T¢) case with an eccentricity of 2.1 and
1.2 km respectively, while all other transformers have an eccentricity below 0.75 km.
The DSO model features very similar eccentricity values to the (Osp, T¢) variant
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Fig. 4.6.: The eccentricity per transformer shows the maximum distance between a trans-
former and the connected 400 V nodes. This metric reveals two very large distances for the
first case, while the other cases show more evenly distributed eccentricities. In general, the
EM-based cases show a wider distribution than the 3D-data-based cases. The colors refer
to the subnetworks in Figure 4.3.

with a small range of values, because of the configuration criterion to keep the
individual partitions compact. In general, the EM-based models exhibit a wider
distribution of eccentricities than their Ogp-based counterparts, whereas the Tc-
based models have overall lower eccentricities than their Tk-based equivalents.

Electrical Comparison

In this section, we perform a comparison of the electrical properties of the generated
distribution grid models. In a first step, we analyze the voltage profiles of all
cases and verify that the voltage profiles are within the valid voltage range. In
particular, we compare the voltage profiles of the reference model (EM, Tk ) shown
in Figure 4.7a with the proposed method (Osp, T¢) shown in Figure 4.7b. The
proposed method based on public data and transformer estimation outperforms
regarding the voltage range. Both are in a valid range, but the case (Ogp, Tc) has a
significantly narrower voltage band of [0.989,0.999] p.u. compared to the reference
model, with [0.967,0.998] p.u. This also correlates with the shorter radial feeder
length of 0.461 km compared to 0.726 km in the reference model. In both diagrams,
the voltage profile with the steepest drop is associated with a transformer with high
loads in multi-story buildings supplied with short length cables. Thus, this is another
indicator of the appropriate choice of methodology for approximating the location
and number of transformers, based on load estimation from building data, which
itself also seems promising.
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(a) The voltage profiles for case (EM, Tk ) show steep decreases for the brown and green feeders,
which contain multifamily buildings with around 70 electricity meters each. Counting one meter per
residential unit yields an unrealistically high number of units for these buildings, which causes the
voltage to drop below 0.97 p.u.
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(b) The voltage profiles for case (Osp, Tc) also show a steep decline for the feeder containing the
multifamily buildings (pink). In this case, however, the overall voltage band is much more narrow.

Fig. 4.7.: The voltage profiles show the gradient of the bus voltages from the transformer to
each building supplied by the transformer. As most of the buildings consume more power
than they produce, the voltages decline from the transformers to the buildings.
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Further, we analyze the statistical distribution of line loadings of the 0.4 kV cables
as shown in Figure 4.8. First, it is noticeable that the distributions for the two Osp
cases differ seriously from the others. This is due to the weak load estimation based
on 2D OSM data that leads to overall lower line loadings. To further analyze the
similarities of the line loading distributions, a similarity index is defined based on
the Euclidean distance of the histogram distributions. For two models x and y with
their respective histogram of line loading histograms £, the similarity between the
two histograms is, thus, calculated as

Ny

sim(Ly, £y) = J > (Lai— Ly4) (4.23)

i=1
Ny, is the number of bins—>50 in this case—and L, ; is the number of lines in bin i
of histogram £,. The full table of similarity indices in pairs of the cases is given in
Figure 4.9. The highest similarity, i.e., smallest distance, with the reference case
(EM, Tk) (shown in red in Figure 4.9) is observable for case (EM, Tc) with 15.68,
where both share the same smart meter data distribution over the buildings. The
second-best match with the reference is the case (Osp, Tk ) with 57.48, where the
transformer number and positions are identical and a priori known. The very close
third-best option is (Osp, T¢) with 59.7, which does not need any additional input
data for network topology generation at all and seems a promising approach for
future use. The second finding from the similarity index table concerns the quality
of the approximation of the number and location of the transformer stations. For
this purpose, we compare given (Tk) and calculated (T¢) transformer properties,
for each case. The values shown in yellow in Figure 4.9 indicate a high accordance
between the T'¢ and corresponding Tk models. Note that this is only a statistical
comparison without consideration of the real spatial distribution, which is handled
in Section 4.3.5.

GIS-based Comparison

To be able to evaluate the approach for the automatic 20 kV network generation,
the calculated transformer positions T'¢ are compared to the known positions Tk
for selected cases. This includes the comparison of cases (EM, T¢) and (Osp, Tc)
to case (EM, Tk ). In particular, each calculated position is mapped to the closest
known transformer. If this mapping is not unambiguous, the closest calculated
position is chosen to be mapped to the known transformer location in question.

4.3 Evaluation
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Fig. 4.8.: The histograms of line loadings at 0.4kV show a high accordance between the
Osp and EM-based models. Furthermore, the line loadings in these models appear to be
only slightly affected by the transformer placement method. The histograms are created
with 50 bins from zero to 28.7 %, resulting in a bin width of 0.574 %.

(O2p,Tk) | (Osp,Tk) | (EM,Tk) | (O2p,Tc) | (Osp,Tc) | (EM, Tc)

(O2p, Tk) 118.3

(Osp, Tk) 116.7 — 125.7 14.14
(EM, Tk) 87.43 57.48 “ 87.59 59.7
(O2p, Tc) - 125.7 87.59 — 128.5 88.51

(Osp, Tc) 118.3 14.14 59.7 128.5 _ 58.96
(EM, Tc¢) 87.07 56.57 15.68 88.51 58.96 “

Fig. 4.9.: The similarity indices of the cases based on histograms of line loadings show a
high accordance between models with the same load estimation and different transformer
placements (smaller values indicate high similarity). Furthermore, they confirm the similarity
of the O3p and EM models.
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Tab. 4.3.: The results of the location-based comparison show very similar distances between
known and calculated transformer positions for the Ozp and EM model.

Transformer Distances from DSO case

No. to (O3D,Tc) to (EM,Tc)
1 150 m 148 m
2 83m 72m
3 37m 42m
4 116 m 105m
5 50m 37m
6 127m 123 m

That way, there is a one-to-one comparison, the results of which are depicted in
Table 4.3.

Given that the study area measures 582 m from the most northern to most southern
point and 766 m from east to west, the rather low distances mean that the methodol-
ogy is working well. The fact that the values change not much from the EM to the
O3p case means that the OSM data with height information of buildings is sufficient
for good results for transformer placement.

Runtime Evaluation

The runtime of the introduced Inverse Proportional Cable Capacity Estimation (IP-
CCE) method (4.20) as part of the optimization method in the course of low voltage
grid topology generation (see Section 4.2.3) is evaluated with a comparison to the
Newton bisection method in [66].

To obtain the runtimes, the application was timed on a Windows machine with 32 GB
of RAM storage and an Intel® Core™ i7-10700K CPU with 8 physical cores running
at 3.8 GHz. As can be seen in Figure 4.10, the runtime of the optimization was
significantly reduced by 1307 s, reducing the total runtime of the model generation
from 1618 to 311s. This results in an overall speedup factor of 5.2. While most of
the programs steps do not differ and therefore stay roughly the same, the difference
in the optimization process can be clearly seen. This improvement is especially
important because with bigger models to be created, the optimization time is
expected to grow exponentially.

4.3 Evaluation
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Fig. 4.10.: Runtime comparison of the introduced Inverse Proportional estimation (IP-CCE)
to the Newton Bisection method (NB-CCE) from [66] in seconds. A speedup by a factor of
8.6 is achieved for the optimization with the new method for cable capacity estimation. The
20kV graph generation includes the steps described in Section 4.2.2, while the 400 V graph
generation comprises Section 4.2.3. The last step includes the generation of a PowerFactory
model as described in Section 4.2.4.

Large-Scale Demonstration

To give an outlook on the large-scale applicability of the presented model generation
approach, we apply it to the whole city of Karlsruhe in Baden-Wiirttemberg, Germany.
This area contains a total of 44917 buildings. The only additional information
used to generate this large-scale model is the position of the eleven 110/20 kV
transformers and the cables connecting them, and for load estimation the total
number of inhabitants in the area.

Based on the positions of the 110/20 kV transformers, Voronoi cells are calculated on
the OSM graph, assigning every building that is represented as an OSM graph node
in the area to one of the transformers. Approximations of the resulting cells can be
seen as semi-transparent areas in Figure 4.11a. For every Voronoi cell, the number of
20/0.4kV transformers is estimated as described in Section 4.2.2. However, instead
of connecting all transformers in one ring, the number of rings is estimated based on
the statistical number of 18 transformers per ring, which is derived from available
grid data. Thus, the ny 20/0.4kV transformers of every cell are clustered using
k-means with [np/18] clusters and connected in a ring topology for each of these
clusters as previously described. For the IV grid generation, the process is exactly as
described in Section 4.2.3.
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(a) Cluster of buildings around 20kV trans-
formers within the 110kV high-voltage grid
partitions obtained with Voronoi-partitioning
based on the street graph. Since the Voronoi
cells are not convex and have some frayed
edges, approximations are depicted for more
clarity.

(b) The geographic representation of the gen-
erated PowerFactory model. The colors indi-
cate the affiliation of buildings to the different
110/20kV transformers.

(c) The load flow results based on 2D building
and calculated transformer data (Ozp, Tc)
with artificial PV installations based on 25 % of
the building floor areas. The coloring indicates
the bus voltages with values between 1.0 p.u.
(green) and 1.11 p.u. (red) for a single time
step around noon on a summer day with high
irradiation.

Fig. 4.11.: The three figures show different stages of the large-scale modeling of a city with
almost 45 000 buildings. From a purely geographical representation on the left to a working
PowerFactory model and a load flow calculation.

4.4 Large-Scale Demonstration
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Based on the O2p dataset, the resulting PowerFactory model can be seen in Fig-
ure 4.11b. In this figure, the colors indicate the final affiliation of buildings and
MV/1V transformers to the corresponding HV/MV transformers, as approximated by
the semi-transparent cells in the previous figure. Finally, Figure 4.11c visualizes the
load flow results for the case study. There, the background color indicates the bus
voltages resulting from a load flow calculation with values between 1.0 p.u. (green)
and 1.11 p.u. (red). In this model, every building is equipped with a PV system that
covers 25 % of the building’s base area. In this scenario with relatively low loads,
due to the estimation based on 2D data, this results in a relatively well balanced
system, with an average bus voltage of 1.02 p.u., which is well inside the tolerated
limits. Only 26 of the roughly 631 000 buses are outside the valid voltage band of
+10 %. However, since the estimated loads are not realistic for some of the diverse
consumers in the whole region, these results should be interpreted qualitatively. The
results indicate that, while the load flow in generally not critical, the generated grid
model might require more optimization in future work.

While the 400 V grid generation works as expected in most cases and demonstrates
the scalability of the presented approach, the introduced method displays three
clear shortcomings at this scale. First, the Voronoi partitioning does not necessarily
lead to sensible supply areas, as the cell in Figure 4.11c demonstrates, with its
natural division by a large forest area. Second, the load estimation for industrial
buildings likely does not yield sensible results often, and in some cases it might
not be appropriate to connect these loads on the 400V level. Third, the method
creating the MV rings follows the OSM street graph, which might not be appropriate
in rural areas and should also be extended to consider overhead power lines instead
of cables.

Discussion

The presented new model generation approach enables the automated generation
of distribution grid models from minimal open data sources. The evaluation of
the models generated using various data sources, from open 2D and 3D data to
proprietary electricity meter data and GIS data including transformer positions,
demonstrates the viability of open data sources for the automated generation of
realistic distribution grid models. However, the evaluation also shows that the 2D
data alone, as available in OSM, does not yield realistic models with the presented
approach. On the other hand, combined with the height information found in OSM
Buildings, the generated models closely resemble the models utilizing proprietary
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electricity meter data supplied by a local DSO, which confirms the viability of the
household estimation method.

While the load estimation is shown to be crucial for the subsequent estimation of
the transformer number and positions and the cabling, the transformer placement
itself is less important for the evaluated metrics. Especially for the loadings of the
400V lines, the transformer placement is nearly negligible, as Figure 4.9 shows. In
general, however, the transformers placed by the deployed optimization algorithm
lead to more efficient cable layouts (see Figure 4.6).

Overall, the evaluation shows the viability of our new method to generate realistic
distribution grid models from openly available building data. In some instances,
the estimated household numbers might even be more accurate than the DSO data,
since some buildings contain an unrealistic high number of meters.

The proposed method can be used to create new open test cases that can be shared
between research partners. Compared to existing, manually created test cases, they
are likely less accurate, but the automated generation enables more comprehensive
testing than with existing test cases. The generated models lack details, such as
PV systems, batteries, electric vehicles, which drastically impact the consumption
and generation in the LV grids. As such, the generated models should be viewed
as a basis that can be enhanced with artificial or estimated data to fit the needs of
specific use cases.

However, a thorough comparison to a real model under various load scenarios
still needs to be performed. Furthermore, the load estimation method proposed in
the present work is limited to residential buildings and needs to be expanded to
nonresidential and mixed buildings.

Contribution and Future Work

In this chapter, we answer two research questions. Research question RQ2 addresses
the generation of distribution grid models with minimal data requirements. As
the methods found in the literature often require very specific, or even proprietary,
data source, we propose a new methodology that relies solely on map data and
load estimation. Having the load estimation decoupled from the grid generation,
this approach can be adjusted to the given data sources and works with minimal
data requirements. The second research question, RQ3, addresses the effect of the
available data sources on the accuracy of the generated models. To answer this

4.6 Contribution and Future Work
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question, we generate models from 2D map data, 3D data including the height of
buildings, and data regarding the number of electricity meters per building. We
compare the generated models using several metrics that quantify the topological
and electrical properties of the grids.

In conclusion, this chapter provides the following contributions:

* We introduce a new distribution grid model generation method, that enables
the automated generation of grid models relying solely on openly available
data sources, i.e., OpenStreetMap (OSM) and OSM Buildings. It introduces a
building load estimation method that is based on the estimation of households
that utilizes open 2D and 3D building data.

* We show that the 3D-based estimation performs similarly to proprietary elec-
tricity meter data supplied by the distribution system operator (DSO) of the
study area, while the household estimation based on 2D data results in a poor
model accuracy. The evaluation also shows the relatively small importance
of the actual 20/0.4kV transformer placement for the generation of realistic
models.

* We demonstrate the scalability of our approach by combining the grid opti-
mization with clustering and Voronoi-partitioning to handle model regions
with almost 45 000 buildings.

Given the results of this chapter, there are several areas that future work can improve
on. As the evaluations shows, the load estimation is crucial for the model accuracy.
To improve the accuracy for non-residential areas, future work should include a way
of incorporating commercial and industrial areas and buildings into the model, as
well as a way to automatically detect the kind of area that is present, e.g. residential,
commercial, mixed. Furthermore, our approach has to be further developed in order
to be able to accommodate more varying and challenging network topologies such
as inner-city blocks with buildings inside the inner courtyard or overhead lines that
are still present around our study area and thus in Germany. Moreover, as seen in
the DSO model, real grids contain switchgear that allows the reconfiguration of
the network topology to react to certain grid events. Incorporating these switching
capabilities into the model generation process, and to find realistic configurations
for the switchgear is important to enable evaluating grid flexibilities.
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Summary Part Il

In this part, we answer the three research questions motivated by challenges in dis-

tribution grids that are identified in the introduction to this thesis. The contributions

of this part to answering these questions and helping to overcome the challenges

can be summarized as follows:

RQ1

RQ2

RQ3

How to handle missing values in energy time series?

We introduce a new data-driven imputation method for energy time series
and compare it with common benchmark methods on a real-world dataset,
confirming the imputation quality and real-world applicability of the method.

How can realistic grid models be generated with minimal available data
sources?

We introduce a new automated two-stage optimization-based distribution grid
modeling method that relies solely on openly available map data. Its modular
design, consisting of a load estimation process and the subsequent grid layout
optimization, allows adapting the method to the available data sources.

How does the availability of data influence the accuracy of the generated
grid models?

To assess the effect of available data sources on automated grid modeling,
we first propose metrics to quantitatively compare distribution grid models.
We compare models generated from different data sources and demonstrate
that widely available 3D building and map data is an adequate source to
automatically generate grid models of residential areas.

69



Part III

Network Equivalencing



Overview Part Il

Changes in the consumption and especially in the generation of electric energy pose
challenges to the transmission grid. Regions with a high availability of renewable
energy sources might not be close to regions with high demand, such as large
cities and energy-intensive industry, requiring the transmission of energy over large
distances. Furthermore, the volatility of renewable energy sources can lead to grid
stability and supply issues. Identifying these issues and developing solutions requires
simulations of the transmission grid. However, simulating detailed models of these
large systems is often too computationally expensive, requiring simplified equivalent
models. Chapter 5 provides an overview of model equivalencing techniques and
identifies the research gap to address the aforementioned challenges.

Static grid simulations are important for finding congestions and possible solutions,
and for optimizing grid operation. With an increasing share of renewable energy
sources in the generation mix, weather conditions become increasingly influential
for the calculation of power flows. Weather conditions, in turn, heavily depend on
geography, making geographic information of energy sources an essential factor for
simulations. Established power grid reduction methods, however, do not consider
this type of information. Thus, in Chapter 6, we answer research question RQ4 that
addresses retaining geographic information in reduced equivalent models for power
systems.

While static grid simulations are important, they are not sufficient to investigate and
solve all issues in transmission grids. Developing and implementing solutions for
the identified weaknesses in the grid demands dynamic simulations. Implementing
new HVDC transmission lines, for example, requires the development of converter
controls, that need to be evaluated using dynamic simulations, often in HiL setups.
Therefore, in Chapter 7, we focus on RQ5 that addresses the creation of reduced
equivalent models for dynamic power system simulations.
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Background on Power System
Equivalents

Models of systems are used in all kinds of domains, from various energy domains,
such as electrical, mechanical, and thermal [85], to chemical and biological sys-
tems [86], and communication networks. When these systems reach a certain
complexity, it might still be possible to model them accurately, but these accurate
models might be too complicated and thus too computationally expensive for practi-
cal use cases [87]. Thus, it is always preferable to reduce the model complexity to a
practical point at which the model still represents the behavior of the system that is
crucial for the specific use case. Electrical transmission grids are one such domain of
highly complex dynamic systems. Model equivalents with a reduced complexity are
needed to enable the necessary simulations of transmission grids to overcome the
challenges caused by the transition to carbon-neutral energy generation.

This chapter provides the background on power system equivalents and the methods
and concepts to create such equivalent models. It starts by introducing general
information on equivalent models in Section 5.1 before summarizing the literature
and categorizing the vast research field of methods for power system equivalencing
in Section 5.2. The insights of this summary are used to filter the relevant methods
for the state of the art in Section 5.3. Lastly, this chapter identifies the research gap
in Section 5.4, that is addressed in the subsequent chapters of this part.

Configurations of Reduced Power System Models

Two fundamental configurations for equivalents can be found in the literature [88,
28]. The first configuration divides the model into an internal and an external
subsystem as shown in Figure 5.1b. This configuration is the standard for simulations
that focus on the electrical properties of the system. The internal subsystem is defined
by the area of interest (Aol) and contains the components that are most relevant
for the research questions. While the external system plays a minor role in the
simulation setup, it still influences the Aol and can not be omitted entirely. Available
system information is often an important factor for using this configuration, as the
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external subsystem of a model might be operated by a third party not wanting to
disclose details important for the model. Thus, a simplified version of these parts
of the system is often used instead. A variation of this configuration contains a
buffer or boundary subsystem between the internal and external subsystems with
a medium level of detail. The second fundamental configuration only consists of
one system that is reduced as a whole, see Figure 5.1c. This configuration is more
prominent in optimization problems for systems that do not have a particular Aol,
but are prohibitively large to be optimized in detail [28].

Categories of Model Equivalencing Methods

The divers landscape of power system model types and use cases, as introduced in
Chapter 2, and configurations for equivalent models results in a variety of different
views on reduction techniques. In this section, we briefly summarize the categories
for model equivalencing described in five literature sources with varying modeling
and simulation focuses [88, 87, 89, 90, 28]. From this literature overview, we derive
properties of equivalencing approaches for a common classification before describing
general benefits and drawbacks of equivalencing methods.

In the first literature source, Machowski et al. [88], view model equivalents from
a perspective of stability and control, and thus focuses on the dynamic electrical
properties of the modeled systems. On the highest level, they distinguish the
equivalencing techniques by their requirement for system knowledge. While methods
requiring no system knowledge are usually data-driven and utilize measurements to
create an equivalent model, Machowski et al. focus on techniques that do require
system knowledge. They use this criterion to define these techniques as model
reduction techniques, dividing them further into three categories: first, physical
reduction, which involves selecting appropriate models for the system components,
such as generators and loads. Second, topological reduction, which involves
eliminating and aggregating nodes to reduce the complexity of the network and
the number of system components. Third, modal reduction, which linearizes the
external subsystem model to ignore the unexcited modes.

In the second source, Buki¢ and Sari¢ [87], give an overview of dynamic model
reduction as a whole, not limited to power systems, before diving deeper into
the specific application on power systems. In general, they distinguish the model
reduction methods by their applicability on linear or nonlinear systems. For the
reduction of dynamic power system models, they identify five common concepts.

5.2 Categories of Model Equivalencing Methods
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(a) Full system model

Internal subsystem Bounda Reduced ext.
Area of interest (Aol) y subsystem

-
o4

(b) Focus on the Aol with a reduced external system

(c) Reduction of the whole system

Fig. 5.1.: The two basic configurations to create reduced equivalents of a fully detailed
power system model Figure 5.1a. With the focus on an Aol that is kept at full detail,
Figure 5.1b, reduces the external system that is less interesting for the problem at hand.
An explicit definition of a boundary or buffer subsystem is optional. Figure 5.1c does not
distinguish between different parts of the system. The whole system is simplified with the
same reduction method.
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The first concept is generator coherency, which describes how similar multiple
generators respond to disturbances. Multiple generators are coherent under a given
disturbance if they oscillate with the same angular speed, and terminal voltages in
a constant complex ratio [87]. The second concept, synchrony, is a less restrictive
extension coherency defined on a subset of modes v. Instead of demanding state
variables to oscillate together identically, as is the case for coherency, v-synchrony
only demands that the variables swing perfectly in-phase or perfectly out-of-phase
with a known constant of proportionality, whenever only v is excited [91]. The third
concept, singular perturbations analysis (SPA), in the context of power system
modeling, exploits the different time scales of events in a power system by creating
a fast and slow subsystem. These subsystems can then be analyzed in separate
time scales. The fourth concept, modal analysis, reduces the complex nonlinear
power system model to a linear form of state equation representation [88]. The fifth
concept, identification methods, assume a structure for equivalent model that aims
to represent the power system and are based on data, such as measurements usually
in the internal system or at the boundary of the two subsystems.

Chow [89] has a similar scope as the previous source, focusing on power system
dynamics, but proposes other categories to differentiate the model reduction tech-
niques. The first category, coherency and aggregation, combines the previously
introduced concept of coherency with the aggregation of generators and nodes, as
introduced in the topological reduction in [88]. The second category views the re-
duced system as an equivalent input-output model that can be further divided into
linear and nonlinear models. This category contains methods, such as modal analysis
and SPA as introduced in [87]. The last category contains phasor measurement-
based methods that utilize these measurements to estimate the mode shapes of the
system to be equivalenced.

In the fourth source, Sistermanns et al. [90] view model reduction from a perspec-
tive of applying it to speed-up OPF calculations, thus focusing on power flows and
congestions in the whole system and ignoring any dynamic behavior. They identify
two categories of equivalents. The first category, termed electrical equivalencing,
is characterized by using the internal-external subsystem configuration (see Fig-
ure 5.1b) and aiming to reproduce the electrical behavior of the external subsystem.
The second category, market-based reduction, applies aggregation based on the
OPF results with the goal of preserving the power flows at the retained buses.

In the fifth source, Frysztacki et al. [28] focus on large-scale power system models
for the optimization of renewable energy sources on the scale of countries and
continents. They are interested in power flows and congestions in the whole modeled
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area without defining any specific areas of interest. As spatial properties are crucial
for the accurate modeling of renewables, they consider methods that reduce high-
resolution models spatially to smaller equivalent models. They distinguish these
reduction methods by the features they focus on. The first category focuses on
the network representation and utilizes the spatial or electrical distance between
nodes for aggregation. The second category focuses on renewable variability and
applies clustering methods on databases of energy generation and demand while
often using a synthetic or very simplified transmission grid model. As the present
thesis focuses on the reduction of transmission grid models, this second category
will not be addressed further.

With this wide range of approaches to model equivalencing and the diverse views
on categorizing and classifying the methods utilizing these approaches, Table 5.1
provides an overview of methods and concepts found in the literature. The table
groups specific methods by indenting them under more general methods or concepts,
e.g., presenting modal truncation as a specific method of modal analysis. For a quick
assessment of the methods, Table 5.1 provides three general properties:

* Requirement of system knowledge: Proposed by [88], this category describes
whether a method requires system knowledge, i.e., a model of the system,
or is data-driven, usually utilizing measurements of relevant variables in the
system. Only methods requiring system knowledge are considered as model
reduction.

e Static or dynamic modeling: An important factor in distinguishing equiva-
lencing techniques is whether they are applied to static or dynamic models
as these models often serve to answer completely different questions. Use
cases such as system stability require dynamic models and need reduced model
complexity because dynamic simulations are computationally expensive. Other
use cases, such as power system optimization, perform static power flow cal-
culation, but require reduced models as they need to compute many possible
system configurations.

* Features of interest: Depending on the use case, equivalent models aim to
represent different features of the system they replace. For dynamic simula-
tions, these are usually electrical properties, such as bus voltages and current
flows. Other use cases might focus more on market-relevant properties, such
as generator dispatch, power flow, or congestions.

Naturally, the methods and concepts presented in Table 5.1 all have their benefits
and drawback, that are more or less important depending on the use case. Methods
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based on coherency and aggregation have several advantages that make them the
most commonly used methods in practice [89]. These methods preserve the data
structure of the model [89], as aggregated components are represented by standard
models of physical components [87]. This leads to a high compatibility of the
method and does not require specialized interfacing methods between the retained
and reduced subsystem [87]. However, these methods are purely empirical and lack
a rigorous mathematical foundation [87]. Furthermore, the coherency of generators
depends on the condition of the system and might be invalid for conditions that
were not considered during the reduction process [87].

Modal analysis-based methods have several drawbacks that result in their rare use
in practice. These methods create equivalent models as a set of equations that might
not be representable with standard models of power system components, requiring
changes to the modeling software [88]. Furthermore, these equations are hard to
interpret as they do not represent physical units in general [87]. These drawbacks
are also shared by surrogate models, e.g., ANN-based equivalents, that might be
difficult to integrate into common modeling software, requiring a special interface
or co-simulation, and are generally not easy to interpret.

Tab. 5.1.: A review of power system equivalencing methods.

Method / Concept System Static / Features References
knowledge Dynamic of interest
required?
Coherency Yes Dynamic  Electrical [92, 93, 94]
Synchrony Yes Dynamic  Electrical [95, 96]
Singular perturbations analysis (SPA) Yes Dynamic  Electrical [97, 98]
Modal Analysis Yes Dynamic  Electrical
Modal Truncation Yes Dynamic  Electrical [99]
Selective Modal Analysis Yes Dynamic  Electrical [100]
Identification No Dynamic  Electrical [101]
Krylov / Moment Matching Yes Dynamic  Electrical [102]
Topological Reduction Yes Static Electrical
Node elimination by Ward Yes Static Electrical [103]
Node aggregation by Dimo (REI) Yes Static Electrical [104, 93, 94]
Node aggregation by Zhukov Yes Static Electrical [88]
Kron reduction Yes Static Electrical [105, 106]
PTDF-based reduction Yes Static Market [107]
LMP-based reduction Yes Static Market [90]
Graph clustering Yes Static Various [28, 90]
Surrogate Models No Both Various
Artificial neural network (ANN) No Dynamic  Electrical [108]
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A similar drawback is also present for SPA-based models. Simulating different subsys-
tems in various time scales is not uncommon for power system simulation, especially
when EMT simulations are required for very detailed analysis of specific parts of
the system. Other parts can then be represented as a much less computationally
expensive RMS simulation at a lower time resolution [109]. This is, however, mostly
done in co-simulation setups and is rarely supported by a monolithic simulation of a
power system.

Identification-based methods have the advantage of not requiring detailed system
knowledge [87]. However, selecting an adequate model structure for the equivalent
might be challenging. In the scope of this thesis, these methods are not examined
further, as the thesis focuses on the reduction of available power system models.

Topological reduction methods, by default, create equivalent models for steady-
state analysis [88]. However, the methods based on electrical features, such as
Ward [103], radial, equivalent, and independent (REI) [104], and Zhukov [110],
are often combined with coherency-based methods for dynamic equivalents. These
methods are also often readily available in common modeling software, as e.g., in
DIgSILENT PowerFactory. Nonetheless, all these methods come with their individual
strengths and weaknesses. The branches created by the Ward reduction might have a
poor X/R ratio that can cause convergence problems for load flow calculations [88].
The REI method introduces a large number of fictitious branches between the
retained nodes that can also take negative admittance values, which might be
problematic for some simulation tools [88]. While Zukov’s reduction method avoids
creating fictitious branches between retained nodes, the resulting admittance matrix
is not necessarily symmetric, which can also be problematic for the simulation [88].
Other topological reduction methods, such as the market-based reductions and
clustering-based methods, might result in very different electrical properties of the
reduced models, depending on the features the methods focus on and the clustering
algorithm applied [28]. While these methods can be beneficiary to preserve some
aspects of the reduced models, such as renewable generation [28],—to the best of
the author’s knowledge—these market- or clustering-based methods have not been
used for dynamic simulations.

Finally, the practical applicability of model equivalencing methods needs to be con-
sidered. While most methods based on control theory have a rigorous mathematical
foundation, in practice, the empirical methods based on coherency and aggregation
are generally preferred as they represent physical models and are thus easier to
handle [87]. Table 5.1 distinguishes methods that do or do not require system knowl-
edge. More in-depth considerations, however, reveal that, these requirements can be
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vastly different. While some methods only require the overall model structure and
parameters, others might require access to the underlying equations. For example,
the Ward, REI, and Zhukov reduction methods operate directly on the admittance
matrix of the system which is not easily available in many common modeling tools.
Thus, might be impractical to develop on top of such a tool.

Previous Works on Power System Equivalencing

This section describes previous works and the state of the art for power system
equivalencing. The methods described in this section extend, advance, specialize
or combine the fundamental approaches introduced in Section 5.2 to improve the
resulting equivalent models or adapt them to specific use cases.

Traditional network reduction techniques, such as the (extended) Ward reduc-
tion [103, 111] or the REI method [104], are commonly used in the industry for
the generation of static network equivalents. These methods are tested thoroughly
and are available in many common modeling and simulation suites. Being the
industry standard for static network equivalents, these methods are also adapted
for specific use cases. For example, [112], combines two Ward reductions with
different sets of retained buses: one with only the internal system retained, another
with retained generator buses. The second one is used to move the external genera-
tors to boundary buses of the first—more reduced—equivalent using the shortest
path of electrical distance. The goal of this approach is to prevent fractioning
the external generators. These traditional methods for static equivalents can be
combined with other methods to create equivalents for dynamic simulations. For
example, [92] introduces methods to aggregate generators and the corresponding
controls based on aggregated transfer functions of coherent generator groups. In
a newer development, [93, 94] combine the static REI reduction as provided by
DIgSILENT PowerFactory! with coherency-based generator grouping and parameter
estimation with genetic algorithms. This results in dynamic equivalents that can
be used for real-time simulations, once converted to the RSCAD! model format for
RTDS! real-time simulators.

In [113], a reduction method based on matrix reduction is introduced, that is fast
enough to create and deploy equivalents for power flow calculations on the fly.
Integrating this method in the power flow calculation algorithm, it could be viewed
as a speed-up of the calculation algorithm itself.

!See Section 2.2 for information on common modeling and simulation tools.
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Other methods focus more on specific types of power systems, for example dis-
tribution grids. The method introduced in [114] is focused on the reduction of
distribution feeders and uses a ruin and reconstruct approach with Monte Carlo
simulations in OpenDSS?. In [115], a method used for active distribution networks
is presented, utilizing ANNs and identification for dynamic equivalents. After cluster-
ing the system states, an ANN is trained on recorded or simulated events for every
cluster to estimate robust parameters for a variable-order dynamic equivalent model.
An recurrent neural network (RNN) architecture representing the active components
in a distribution grid while the passive components are aggregated at the boundary
of the subsystems is proposed in [108]. The method uses the last NV voltage values
at the boundary as input and returns the corresponding current value. In [116],
an RNN is combined with an autoencoder for obfuscation to enhance the privacy
protection and facilitate model sharing. The method creates a static equivalent and
is compared against the REI reduction integrated in PowerFactory, where it shows
better results for changing system conditions.

A dynamic reduction method is proposed in [117], which yields a purely synthetic
equivalent by placing a given number of generators in a reduced network and
performing a parameter optimization to match the equivalent system behavior to
the original. Another identification method for dynamic equivalents is presented
in [118], which estimates the system’s transfer function directly.

Other methods focus more on market-relevant system properties, such as conges-
tions and generator dispatch. A method for static network equivalents that aims at
preserving the congestion profiles of the grid based on power transfer distribution
factors (PTDFs) is presented in [119]. Market-based information, in this case local
marginal prices (LMPs), are also considered for network reduction in [90]. Addi-
tionally, this method utilizes the topological grid structure and electrical distance as
criteria to reduce network models for comprehensive power flow studies, specifically
avoiding the creation of fictitious branches between the retained nodes.

For EMT simulations, the frequency-dependent network equivalent (FDNE) is a
common approach to create wideband multi-port equivalent models, implemented,
e.g., in PSCAD? and RSCAD [120]. The FDNE is a multi-port admittance matrix
whose elements are rational polynomials that can be determined by fitting the
frequency response of the FDNE to the original model [121]. These FDNE blocks
are used to represent the high-frequency characteristics of the system and can
be combined with phasor-based (RMS) models for the slower electromechanical
behavior [121].

2See Section 2.2 for information on common modeling and simulation tools.
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A reduction method commonly used in circuit theory is the Kron reduction [106].
It eliminates nodes by adjusting the row and column in the admittance matrix
corresponding to the connections of the node to eliminate. In [106], this method is
viewed from the perspective of algebraic graph theory and applied to power flow
calculations and transient stability assessment (TSA).

Lastly, [28] compares several graph clustering and aggregation methods with an
application on continent-scale power flow calculations. It is motivated by unsatis-
fying results of the classic Ward reduction method for systems with large shares of
renewable generation. The compared methods include clustering based on political
borders, capacity factors, time series of capacity factors, electrical distance, and
geospatial k-means.

Research Gap

Reviewing the literature on power system equivalents reveals four desirable proper-
ties of equivalents that are crucial for solving the challenges of modern transmission
grids. The need for these properties mostly comes from the requirement of an ade-
quate representation of renewable energy sources in modern grids, which are heavily
influenced by the weather and, thus, geography. In the following, we describe these
four properties and why they are needed in modern power system equivalents.

Physical Model Having an equivalent consisting of models of physical units, e.g.,
generators, controllers, lines, has several advantages compared to equations that
do not represent physical units, as is often the case with modal analysis-based
equivalents [87]. Firstly, in a simulation scenario that aims to retrieve insights from
the equivalent model—as is usually the case for configurations without a specific
area of interest—the interpretability of variables in the equivalent is crucial. Without
the representation of physical units, this interpretability is significantly deteriorated.
Secondly, most available modeling and simulation tools are based on physical models.
An equivalent representation compatible to the prevailing data structures of common
tools is important for the practical feasibility of a model reduction method.

Mapping Between Components in the Original and in the Reduced Model In ad-
dition to a representation of the equivalent with physical models, a mapping of
components between the original model and the reduced model is important to gain
insights from simulations involving the equivalent. While some methods purpose-
fully obfuscate the equivalent in order to hide sensitive information when sharing
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the model with other entities [116], a clear relation between components in the
detailed and reduced model is often desired [90]. Such a relation is often unclear
in traditional reduction methods, such as the Ward and REI reduction, that tend to
introduce fictitious branches between the retained nodes without a specific relation
to branches in the detailed model [88].

Preservation of Geographic Information While geographic information on power
system components has no direct effect on the simulation results, they can become
a deciding factor in studies of systems with large shares of renewable energy gen-
eration [28]. These studies often determine the energy generation of PV systems
and wind turbines depending on weather data or general formulas depending on
the plant location. Geographic properties are traditionally not considered in model
reduction methods that focus on the electrical properties of the equivalent. Meth-
ods that do consider geographic properties, however, so far only focus on static
simulations, such as OPF calculations and long-term power flow studies.

Support for Static and Dynamic Simulations The traditional view for dynamic
equivalents is that of an external system that is either not interesting for the use
case—except for its influence on the Aol—or not known in detail. In both cases,
these simulations usually do not aim to gain insights into the external system and fo-
cus only on the Aol. Without this goal, the previously described equivalent properties
become less important to some extent. Some reduction methods that focus on static
simulations, such as [90, 28], partly do consider the previous properties. However,
dynamic simulations are a crucial part in the integration of new grid components,
such as HVDC lines and grid boosters, especially considering the volatile nature of
renewable generation.

A review of existing model equivalencing methods shows that currently no method
meets the requirements to have all four properties. This largely stems from the fact
that geographic information is traditionally not considered in methods for creating
equivalents that are suitable for dynamic simulations. As the combination of the
described properties has significant potential for new grid simulations, the fulfillment
of all four properties describes the research gap and goal for the next chapters in
this part. Chapter 6 focuses on the first three properties, by creating an equivalent
for static simulations of physical units, considering geographic information for the
reduction process, and enabling a mapping between components by using explicit
aggregation operations. Chapter 7 builds on this static reduction by introducing a
method to also approximate the dynamic behavior of the original system.
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Static Network Reduction

Parts of this chapter are reproduced from

Moritz Weber, Hiiseyin K. Cakmak, Uwe Kiihnapfel, and Veit Hagenmeyer. ‘A
Novel Method for Topology Preserving Static Network Reduction”. In: 2023
IEEE 11th International Conference on Smart Energy Grid Engineering (SEGE).
Aug. 2023, pp. 58-63. DOI: 10.1109/SEGE59172.2023.10274576.

The transmission grid faces several challenges that require a wide range of different
simulation types to solve them. However, the complexity of country- or even
continent-sized transmission grids can be prohibitive for many studies relying on
simulations. Thus, models with reduced complexity are required. As the issue of
computational limitations for power system models is an active research topic, the
previous chapter provides an overview of common approaches and the state of
the art of creating reduced-size model equivalents. The research gap identified in
Section 5.4 describes the requirements for model reduction methods that can be used
to tackle the challenges of modern transmission grids with high shares of renewable
energy systems. Besides the main requirement of reducing the computational
demands of the model simulation, the reduced model has to meet various other
criteria depending on the planned use cases. In this chapter, we focus on three of
the four identified criteria:

* The reduced model has to be a physical model. Additionally, the model shall
consist of standard components to ensure compatibility between different
modeling formats.

* A mapping between components in the original model and the reduced model
has to be possible.

* Relevant geographic information has to be preserved. This includes the preser-
vation of the distance between boundary buses and the basic topology of the
network.
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While the proposed approach does aims to preserve load flow and short circuit
properties at the boundary buses, i.e., the electrical properties for static simulations,
it does not consider the dynamic system behavior.

In this chapter, we introduce a novel network reduction method that focuses on the
preservation of the topology of the power grid. In doing so, we answer research
question RQ4 that addresses the importance of preserving geographic information
in network equivalents with considerable amounts of renewable generation. Fur-
thermore, the proposed topology-preserving network reduction (TPNR) method
yields network equivalents that only consist of standard component models. These
two properties result in the following benefits: The geography of the resulting
models is more interpretable compared to traditional methods and can be visualized
meaningfully. This interpretability enables manually editing the reduced models
intuitively, which is not possible with established reduction methods. Hence, the
TPNR equivalents are much more versatile, combining the benefits of a detailed
Aol and a reduced external system. Preserving the structure also avoids densely
connected equivalent networks that are often the result of Ward and REI reduc-
tions. Furthermore, roughly preserving the distances between nodes in the grid
also preserves the line propagation times, which can become important for EMT
studies.

The remainder of this chapter is structured as follows: In the next section, we
describe our methodology and implementation. In Section 6.2, we evaluate the
proposed method by comparing it to established reduction methods. We discuss the
results of the evaluation in Section 6.3. Lastly, Section 6.4 concludes this chapter
and describes possible directions for future work.

Method: Graph-based Topology Preserving
Network Reduction

In this section, we start by describing the fundamental ideas behind the proposed
topology-preserving network reduction method. Then we provide a more detailed
look into the reduction operations, which are the core of the proposed method, and
finish with the description of the resulting reduction algorithm and implementation
details.

The fundamental idea behind the TPNR method is representing the power grid as
an undirected multigraph G = (V, E) and focusing the reduction operations on the
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topology of this graph. In the network graph G, the nodes V' represent the buses of
the power grid, while the edges F represent the branches, e.g., overhead lines, cables,
and transformers. In the power grid model, each bus can be connected with various
power system components, such as loads, generators, or shunts. These components
are not represented in the simplified graph model, as they are not considered
relevant to the structure of the system. When referring to the components of a node
n, in the following, we refer to the power system components that are connected to
the bus represented by n.

Based on this simplified graph representation of the power grid, e.g., as shown
in Figure 6.1, we make three observations for potential reductions of the graph
complexity. From these observations, we derive operations O to reduce the graph
while keeping its structural integrity:

* Observation 1: Parallel edges between two nodes do not contain significantly
more information than a single edge between these nodes. Parallel transmis-
sion lines or cables are common in power systems. They likely have very similar
properties, e.g., length and transmission capacity, and could be approximated
with a single edge component. This leads to operation O;: replace multiple
parallel edges between the same nodes with one equivalent edge.

* Observation 2: A node n; with only one neighbor n; affects the network at a
single point—the node it is connected to. Therefore, if the buses of both nodes
have the same voltage, node n; likely does not provide significant structural
information. This leads to operation O2: incorporate nodes n; with only
one neighbor n; into this neighbor, i.e., remove n;, and move the connected
components from n; to n;.

* Observation 3: Similar to the previous observation, a node n with two neigh-
bors does not provide much significant structural information and influences
the system at only two points. This leads to the idea for operation Og: connect
the two neighboring nodes directly and move the components from n to its
neighbors appropriately.

From a graph theory perspective, operation O can be viewed as an edge elimination,
as all but one of the parallel lines are removed from the graph. Operations O» and
O3 can be viewed as edge contractions, i.e., merging two adjacent nodes and
deleting their connecting edges. In the case of Og, this contraction would be applied
to the node with two neighbors (n5 in Figure 6.1) and one of its neighbors. With
these graph-theoretic operations, the reduced graph is essentially a minor of the
original graph.

6.1 Method: Graph-based Topology Preserving Network Reduction
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Fig. 6.1.: An example for a reduction of a simple network graph. The gray nodes represent
the boundary buses, while the green nodes are internal buses. The node size indicates
the number of components connected to a bus, and thicker edges indicate multiple edges
between two nodes. The arrows and crosses indicate the actions performed by the reduction
operations.

Grid Manipulation Operations

The graph representation of the power grid is a significant simplification of the whole
system. Thus, we need to find equivalents of the three graph reduction operations
introduced in the previous section to adapt the actual power grid model. In order to
transfer the graph changes to the power grid, we identify five necessary operations:
aggregation of parallel lines, removing buses and lines, moving components from
one bus to its neighbors, lengthwise concatenation of lines, and aggregation of
components connected to the same bus. We describe these five operations in more
detail in the following paragraphs.

Aggregation of parallel lines This grid manipulation operation is a direct imple-
mentation of O;. Assuming a typical modeling of transmission lines with 7-sections
(see Figure 6.2), the electrical parameters of a transmission line are given by the

following equations,

Z =R+ jwL 6.1)
Y =G+ jwC, (6.2)
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where (6.1) describes the series impedance of the line, and (6.2) describes the shunt
admittance. To aggregate those line parameters, we use the following equations,

-1

-1
Ttotal = Z xz; (63)
[€Lines
Tiotal = P, T (6.4)
[€Lines

where z; is the line parameter to be aggregated. While (6.3) is used for the

impedance values, R and L, (6.4) is used for the admittance values, G and C.

For the length of the aggregated line, we use the mean length of all parallel lines.

Removing buses and lines In order to implement operation O in the underlying
power grid model, buses and lines need to be removed from the system. When
removing a bus with only one neighbor, we assume that it is not connected to any
more components, which is achieved by moving the components to this neighbor
first. We perform a power flow calculation to detect any flows over the transmission
lines to the empty bus that is to be removed. In the case of any power flows, we
place a shunt element on the neighboring bus with an equivalent power flow. In
the last step, the bus and the connecting lines are removed from the system. The
adjustment for power flows to or from the eliminated bus are likely not exact for all
load and generation scenarios. Thus, they might introduce errors when simulating
different situations.

Moving components from one bus to its neighbors In order to apply O3 to the grid
model, grid components need to be moved from one bus to its neighbors. To move
components, such as loads and generators, from a bus b; to its neighbors N;, we need
to determine, how to split up those components. The basic idea is that neighbors
connected via a higher admittance (and thus often over a shorter distance) are

Z

o~
o~

Fig. 6.2.: A so-called w-section model, which is often used to model transmission lines and
cables. For simplicity, this figure shows a single-phase model, but the same aggregation
principles apply to three-phase models.
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affected more by the components than those connected via a lower admittance, i.e.,
longer distance. Therefore, we first determine the pairwise admittance values, Y;; for
b; € N;, between the buses. In order to set these pairwise admittances into relation,
we first sum up those individual admittance values to the total admittance,

Yiotat = Y, Yij. (6.5)
bjENi

Next, we calculate the relative admittance values,

Yij = Y;j/y;fotala (66)

and use these to scale the properties of the moved components accordingly. For
example, the active and reactive power set points, P and @, of a load or generator
are multiplied with the relative admittance to split the component accordingly
between the neighboring buses. This adjustment is generally applied to parameters
that determine the scale of a component. Other parameters, such as the voltage set
point of a generator, may need a different treatment. In that case, the voltage set
point is changed to that of the neighboring buses. Further parameters do not need
to be adjusted at all.

This operation might introduce errors into the simulation when significant line losses
between bus b; and its neighbors are present in the original model. Moving the
components to the neighboring buses effectively skips the lossy transmission. This
can have an effect on the power flows at those neighboring buses.

Lengthwise concatenation of lines The lengthwise concatenation of lines is essen-
tial for the incorporation of nodes with two neighbors, i.e., operation O3. Assuming
the same line model as for the parallel aggregation, Equations (6.1) and (6.2), we
use the summation (6.4) for all parameters in this case, i.e., R, L, G, and C'. We sum
up the individual line lengths and place the new equivalent line directly between the
two neighboring buses. The bus between the two neighbors can then be removed
together with the connecting original lines. While not yielding exact equivalent lines,
this method is adequate in most cases with similarly parameterized lines. However,
the concatenation of overhead lines and cables might lead to unwanted deviations
and is therefore disabled by default.

Aggregation of components connected to the same bus While the aggregation of
components does not affect the topology of the network, it reduces the overall
complexity of the model. In this operation, we replace all components of the same
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type that are connected to the same bus with one equivalent, e.g., all loads are
aggregated to one component and all synchronous machines are aggregated to
another component. In the case of loads, for example, we sum up the individual
active and reactive power values and create a new equivalent load with these values.
Detailed information on the aggregation procedure of multiple components of the
same type are provided in Appendix A.1.

One notable exception that does change the topology is the aggregation of syn-
chronous machines with transformers, which are considered as one entity for this
aggregation. In order to consider a transformer and a synchronous machine as a
single entity, there must be no other components connected to the secondary bus of
the transformer. Additionally, to aggregate multiple instances of these entities, the
transformers connected to the same bus need to have same voltages. The identified
transformers are aggregated as well as the connected generators.

For applications that require an even lower number of components in the model,
we implement a more drastic reduction, which we call TPNR+. This TPNR+
variant performs all the same structural reduction operations as the standard TPNR
method. However, as a final step, the TPNR+ variant aggregates all consumption
and generation components, e.g., loads, generators, and shunts, connected to the
same bus into a single component.

Boundary Equivalencing The goal of the boundary equivalencing is matching the
load flows between the reduced system and the retained system as closely as possible
and is inspired by [93]. For each transmission line connecting the internal system
with the external system, the active (P) and reactive power () are determined
for the fully detailed model on the side of the internal system. These are the target
values for the equivalencing process. To achieve these target values, additional loads
are placed at the corresponding buses of the external system. Iteratively, the load
flow results of the reduced system (P and Q) are determined and the difference
between the target values and these results are added to the newly created loads.
This process is repeated until the maximum number of iterations is reached, or the
specified deviation is met.

Implementation

The graph and power grid manipulation operations described above are implemented
in Python, utilizing the NetworkX package [122] for the graph operations and
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Algorithm 2 Topology-preserving network reduction (TPNR) algorithm.

1: procedure TPNR_REDUCTION(

model, > original model of the power system
drastic > whether to drastically aggregate components
)
2: AGGREGATE_ALL_BUSES_INDIVIDUALLY (model)
3: repeat
4: changed < AGGREGATE_PARALLEL_LINES(model)
5: changed < changed V REMOVE_NODES_WITH_DEGREE_1(model)
6: changed « changed V REMOVE_NODES_WITH_DEGREE_2(model)
7: until - changed
8: BOUNDARY_EQUIVALENCING(model)
9: if drastic then
10: L AGGREGATE_BUSES_DRASTICALLY(model)

DIgSILENT PowerFactory! for the power system modeling. The individual operations
are combined into an iterative algorithm that is described in Algorithm 2 on a high
level. After aggregating the components at all buses (Line 2), the three basic
graph operations O; to Og are executed iteratively as long as there are still any
changes possible (Lines 3 to 7). Following this iterative reduction, the boundary
equivalencing is performed to match the load flow results at the boundary buses
more closely. Lastly, the optional drastic aggregation of loads and generators for the
TPNR+ variant is performed.

Evaluation

We evaluate our method using a PowerFactory model of the German transmission
grid and perform a reduction of zone 23 of said grid, which is shown in Figure 6.3.
The model consists of the 380 kV and 220 kV levels and contains 78 buses, 129 edges
(lines and transformers), and 369 components in zone 23. We compare our novel
TPNR method with established reduction methods that are available in DIgSILENT
PowerFactory. These methods include the reduction with extended Ward [103]
elements, the REI reduction [104], and PowerFactory’s “regional equivalent”. First,
we compare the sizes of the resulting models, then perform an electrical comparison
with the original model and other reduction methods, and finally a topological
evaluation of the reduced model in the following section.

See Section 2.2 for information on common modeling and simulation tools.
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Fig. 6.3.: Geographic representation of control zone 23 of the German transmission grid,
showing the substations and connecting transmission lines. It is important to note that
substations can contain any number of buses and that parallel lines can be displayed as one
single line. The HVDC line (pink) in the center of the grid is not connected to any of the
buses in this part of the transmission grid.

Tab. 6.1.: The size comparison of the reduced models shows similar values for the regional
equivalent and our TPNR method. Ward and REI result in a higher reduction of nodes and
components while producing a larger number of edges.

Original Ward REI Regional Eq. TPNR TPNR+

Nodes 78 4 9 19 23 23
Edges 129 74 179 36 45 45
Components 369 16 19 30 88 29
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Size Comparison

For the size comparison, we consider the number of nodes, edges, and components
in the resulting models, which are shown in Table 6.1. While the Ward and REI
reduction result in a very small number of nodes and fewer components compared to
the other methods, they produce many edges between those nodes and the boundary.
The regional equivalent and our TPNR method result in more nodes and fewer edges.
The model reduced with TPNR includes 8 loads from the boundary equivalencing
step that could also be aggregated with existing loads at the cost of potentially losing
some transparency. In contrast to the TPNR method that retains many components,
the TPNR+ variant reduced most of the consumption and generation at the same
bus to one component—including the boundary equivalencing loads.

Electrical Comparison

To evaluate the electrical properties of the reduced models, we simulate the reduced
models in PowerFactory and compare the results to the detailed original model.
We examine the load flow results and three-phase short circuits according to IEC
60909 [123] at the boundary between the reduced portion of the grid and the
surrounding retained model. These results include the active and reactive power
flows, P and (), over transmission lines connecting the boundary buses with the
rest of the system, and the voltage magnitude and angle, U and ¢, at the boundary
buses. For the comparison of these results with the original values, we calculate the
MAE and MXE (see Equations (2.1) and (2.2)). Additionally, to express the power
flows and short circuit currents in relation to the absolute values, we consider the
MAPE and MXPE as defined in Equations (2.3) and (2.4), respectively.

The results of these calculations are presented in Table 6.2, which shows the most
accurate results for the Ward reduction. The load flow accuracy of the proposed
TPNR method is right between the Ward and REI method for most metrics. However,
the regional equivalent reveals a poor fit of the reduced model. Interestingly, the
highly aggregated TPNR + variation outperforms the more detailed default variation
slightly for load flow accuracy. The analysis of the initial (I, ) and peak (I,,) short
circuit current shows that the TPNR method performs best for most metrics, only
being outperformed by the Ward reduction for the MAPE I value. The main
difference to the load flow results is the TPNR+ method performing worse due to
the drastic aggregation, and thus the replacement of generators with loads.
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Tab. 6.2.: The errors of the equivalents at their boundaries to the rest of the transmission
grid model. For most metrics, TPNR achieves results between Ward and REI, whereas the
regional equivalent clearly shows the worst performance.

Ward REI Regional Eq. TPNR  TPNR+
MAEp [MW] 0.0006 0.1822 83.9005 0.0205 0.0081
MXEp [MW] 0.0020 0.3993 —394.5742  —0.0605 0.0167
MAEg [Mvar] 0.0001 0.7394 69.9561 0.1887 0.0727
MXEq [Mvar] 0.0003 3.2114 —254.2329  —0.7453 0.3960
MAPEp [%] 0.0009 0.2505 150.7026 0.0574 0.0118
MXPEp [%] —0.0046  —0.9387 —794.0514 0.3950  —0.0617
MAPEq [%] 0.0018 5.9296 937.0254 2.6589 2.5401
MXPEq [%] 0.0405 106.0705 22379.7566 —40.9370 —63.7034
MAEy [p.-u.] 0.0000 0.0002 0.0167 0.0000 0.0000
MXEy [p.u.] 0.0000  —0.0004 0.0365  —0.0001 0.0001
MAE,, [°] 0.0000 0.0023 2.6627 0.0006 0.0006
MXE,, [°] 0.0001 0.0051 5.2392  —0.0013 0.0010
MAPE,~ [%] 0.4311 1.0443 172.3591 0.5484 7.2034
k
MXPE,~ [%] 1.6571 1.5192 845.0421 1.2228  —12.7764
k
MAPE;, [%] 0.8586 1.4491 177.9390 0.6367 7.3920
MXPE;, [%] —2.6900 5.2465 785.0565 [.3797  —13.3329

The loads created by the boundary equivalencing have a maximum active power of
1 MW, showing the good active power approximation of the reduction operations
performed by the TPNR method. For the reactive power, the loads have a maximum
of 7.25 Mvar, revealing a slight weakness of the reduction methods in handling reac-
tive power. However, omitting the boundary equivalencing would not significantly
alter the results overall.

Topological Comparison

The visual graph representation of the original and the TPNR-reduced model in
Figure 6.4b shows the overall similar but highly simplified structure of the reduced
model. On the other hand, the bottom row of Figure 6.4 shows the resulting
graphs of the traditional methods that entirely change the topology of the network.
Figure 6.5 shows the corresponding geographic representation of the five models. It
illustrates that not only the structure is preserved by TPNR, but also the geographic
information. The nodes and lines in the reduced system clearly resemble their
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® 330kV @ 220kV @ 30kV @ Boundary ~ Line/Cable
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(a) Original network

(b) TPNR-reduced network

(c) Ward

(d) REI

(e) Regional

Fig. 6.4.: The top row shows the original and TPNR-reduced graph representation of
the previously introduced control zone 23. Although highly reduced in the number of
nodes and edges, the equivalent on the right still clearly resembles the topology of the
original model. The resulting topologies of conventional reduction methods as provided by
DIgSILENT PowerFactory are shown in the bottom row. In contrast to TPNR, the Ward and
REI equivalents show an extremely high interconnection between the boundary nodes, and
all three methods change the topology of the network graph significantly.
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Fig. 6.5.: The figures show the geographic representations of control zone 23 for the original
network and the four reduced networks. In contrast to Figure 6.4, these figures do not
show every node individually. Instead, they show the geographic locations, where one
location might contain several nodes, which is evident for locations with multiple voltage
levels. Transparent nodes don’t have real coordinates and are placed using NetworkX’s
spring_layout method. The visual similarity between the original (a) and TPNR-reduced

(b) model is obvious and allows an intuitive geographic interpretation of the reduced model.

With the traditional reduction methods, (c), (d), and (e), this visual interpretation is nearly
impossible.
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counterparts in the detailed model. This geographic similarity is almost lost entirely
with the traditional reduction methods shown in the bottom row of Figure 6.5.

To perform a quantified topological comparison of the original and reduced graph,
we examine the distance between each pair of boundary buses via the connecting
line lengths. Since the traditional methods utilize coupling impedances without a
specified length, this can only be performed for the TPNR equivalent. We calculate
the relative difference A, of the distance between a pair of buses,

A (dy, di) = 3 (6.7)

where d; is the original distance and d;, is the distance in the reduced graph. Since
there are often multiple different paths between two boundary buses, we evaluate
the minimum, maximum, and mean distance between buses. The results of this
evaluation are visualized in Figure 6.6. It shows that the minimum distance is
generally a little too high for the reduced graph, and the maximum and mean
distance a little too low. Additionally, we calculate the mean relative error (MRE)
for the different distances, marked by crosses in Figure 6.6. The many pairs of
buses without a change in distance and the generally low MRE with absolute values
between 1.2 % and 2.7 % indicate a good preservation of the spacial properties of
the TPNR-reduced grid model.
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Fig. 6.6.: The figure shows the error values for distances between pairs of boundary nodes
in the TPNR-reduced network compared to the original model. The crosses mark the mean
relative errors for each distance. The high number of errors around zero indicate that for
many pairs of nodes, the distances are preserved. However, the overall distribution of error
values indicates that some minimum distances are too long, whereas the maximum and
mean distances tend to be too short in the reduced model.
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6.3 Discussion

In this section, we discuss the benefits and limitations of the novel TPNR method.
TPNR provides a flexible usage that lets the user choose between highly reduced
models (TPNR+) and more detailed versions. The evaluation shows that while
TPNR and TPNR+ perform similarly well as the established Ward and REI reduc-
tion methods for load flow calculations, the standard TPNR method without the
drastic component aggregation should be preferred for short circuit studies. By
the preservation of the network structure and optionally of the components, TPNR
yields geographically interpretable network equivalents in contrast to established
methods. The individual grid manipulation operations allow tracing the components
of the original model through the different aggregation steps to the reduced model.
This allows, for example, calculating an average location for aggregated components
or propagating property changes of detailed components to the aggregated ones.
Additionally, the developed method approximately preserves the distances between
boundary buses, which can be important for studies where line propagation times
become relevant.

On the other hand, regarding limitations, most grid manipulation operations of the
TPNR method are of a heuristic nature. They generally yield satisfying results, but
are not grounded on a rigorous mathematical basis. This heuristic approach can
lead to larger errors in the reactive power flow values, as observed in the evaluation,
and requires further investigations. Furthermore, the aggregation and moving of
components can lead to a high implementation effort, since these methods need to
be implemented for all supported component types. Lastly, since the algorithm only
reduces nodes with less than three neighbors, it has a limited usability for tightly
meshed grids. However, the reduction of nodes by 71 % in the presented example
shows that TPNR can effectively reduce moderately meshed networks.

The proposed TPNR method is a viable alternative to established reduction methods,
such as Ward and REI. While the established methods yield higher reduction rates
and, thus, might be preferable, in cases of very strict computational limitations, the
TPNR method yields models advantageous properties: its reduced models consist
of physical models, allow a mapping between components in the original and the
reduced model, and preserve relevant geographic information.
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In this chapter we answer research question RQ4 that addresses the preservation
of geographical information in reduced transmission grid models. To answer this
question, we propose a new topology-preserving network reduction (TPNR) method
and compare it to reduction methods found in literature and industry-leading
software. This comparison includes the widely used Ward and REI methods, as
well as PowerFactory’s regional equivalencing method. The evaluation is performed
on a real-life transmission grid model of a part of Germany and encompasses size,
electrical, and topological comparisons.

In summary, this chapter provides the following contributions:

* We introduce TPNR, a reduction method for static network equivalents that
preserves the overall structure of the original grid, compared to existing
methods. This is accomplished by three basic graph manipulation operations,
that are transferred to the underlying power grid model.

* We confirm that our proposed method has a similar, and in some cases bet-
ter, accuracy as commonly used reduction methods considering steady-state
electrical properties, such as load flow and short-circuit calculation.

* We demonstrate that, in contrast to existing methods, the TPNR method
preserves the overall structure and important geographic information of the
reduced system. This allows an easier visual interpretation of the models,
helping users to understand simulation results and even adapt the reduced
model to new use cases.

Considering the results of evaluating the TPNR method, further development could
improve the approach in several areas. Further investigation and improvement of the
heuristic grid manipulation operations, such as the length calculation for the parallel
line aggregation, could lead to even better approximation results. Adding reduction
operations for higher degree nodes could improve the reduction factor for more
densely connected networks. Deeper investigations of the effects on renewables
in the equivalent and the development methods to work with reduced models,
e.g., using a mapping from original to reduced components to alter the renewable
generation in the reduced model according to weather conditions, could improve
the overall usefulness of the equivalents.
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Dynamic Network
Equivalencing

Solving the identified challenges the transmission grid faces—due to changes in the
generation and consumption of electric energy—requires the static and dynamic
simulation of these vast systems. The sheer size and complexity of transmission
grids, however, is often a limiting factor especially for dynamic simulations. The
topology-preserving network reduction (TPNR) method introduced in Chapter 6
fulfills all requirements identified in Section 5.4, except for the support of dynamic
simulations. Being a static reduction method, TPNR does not consider the dynamic
behavior of the reduced models it creates. This leaves research question RQ5
open, that addresses supporting dynamic simulations for reduced transmission grid
models, which is crucial, e.g., for HiL testing. Hence, the goal for this chapter is
adapting statically equivalent reduced models to approximate the dynamic behavior
of their detailed counterparts. The dynamic behavior of a transmission grid model
is highly influenced by the generator controllers, e.g., exciters, governors, and
power system stabilizers (PSSs). Therefore, the fundamental idea in this chapter
is finding a suitable controller configuration for the generators in the reduced
model to approximate the dynamic behavior of the detailed model. We describe
the dynamic behavior of the model by dynamically simulating one or more events,
e.g., short-circuits and load changes, and recording a selection of variables, such
as bus voltages and frequencies. Thus, the goal for the reduced model is to match
the curves produced by these recorded variables when simulating the same events.
In order to find a controller configuration that yields similar curves, we propose
a new method based on a genetic algorithm to select suitable controller models
and their parameters. In addition to the physical model criterion identified in the
research gap (Section 5.4), this method aims to approximate the dynamic behavior
by only using standard controller models for maximum compatibility with common

modeling software.

The remainder of this chapter is structured as follows: In Section 7.2, we introduce
our new methodology in detail. Section 7.3 follows with an evaluation of the method,
using a benchmark system and a real-world example. In Section 7.4, we discuss the
results of the evaluation before concluding this chapter in Section 7.5.
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Problem Definition and Existing Approaches

We define the original, detailed power system model as M and the reduced model
as M. To describe the dynamic behavior of the two systems, we define a set of
events £ and variables V in both models. Typical events might include short-circuits,
load changes, and switch openings or closings, to represent a variety of planned
and unplanned changes in the grid. Variables of interest could include voltages at
the boundary buses or significant buses throughout the grid, power generation of
important generators, frequencies in different areas of the grid, and power flows
over crucial transmission lines. The defined events £ are simulated and the resulting
values of the variables V are recorded as time series. The results for all events and
all variables are stored in matrices X and X for the two models, respectively. For
the sake of clarity, we define the combination of an event e € £ and a variable v € V
as an objective o = (e,v) € O. With T time steps in each dynamic simulation, this
leads to a size of |O] x T for X, where X|o, t] contains the ¢-th value of objective o.
Therefore, according to [124], the problem at hand is a modeling problem: Finding
a suitable model to produce the known outputs, X, for the known inputs, i.e., the
defined events £. However, this modeling problem can be transformed into an
optimization problem by trying to find a suitable controller configuration in the
reduced model M to minimize the difference between X and X.

Eiben and Smith [124] make a clear “distinction between (search) problems—which
define search spaces—and problem solvers—which are methods that tell us how
to move through search spaces.” For the problem at hand, the search space is the
set of all possible generator control configurations, which includes the selection of
controller models as well as their parameterization. Due to the size and complexity
of transmission grid models, the relation between the adjustable model parameters,
i.e., the controller configuration, and the model output X is prohibitively complex.
It is therefore natural to view the problem of optimizing the controller configuration
of the reduced model M to approximate the output X of the detailed model M
as a search problem. A common method to solve this kind of problem are genetic
algorithms [125].

The fundamental ideas behind genetic algorithms (GAs) are that “good solutions
tend to be made up of good ‘building blocks™ and that GAs “work by discovering,
emphasizing, and recombining good ‘building blocks’ of solutions” [125]. GAs are
inspired by natural evolution processes and lend many terms for their key concepts
from them. According to Mitchell [125], there is no strict definition of genetic
algorithms, but four key elements that most genetic algorithms have in common.
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The first element is the so-called chromosome which describes a single solution of
the genetic algorithm. Traditionally, these chromosomes are bit strings, but other
representations using integer or real values are also common. A set of these solutions
is called population. The genetic algorithm processes one population after another
in so-called generations. The other three elements are the genetic operators that
determine the processing of the populations. The first genetic operator is a fitness-
based selection, which is used to choose chromosomes that yield good solutions to
the problem as the basis for the next population. These selected chromosomes are
often called parents. The second genetic operator, crossover, combines these parents
to create the offspring which forms the next population. The third genetic operator—
and last crucial element of GAs—is the mutation, which is used to randomly alter
the offspring created by the crossover operator.

The potential to solve the problem of approximating the dynamic behavior of a
reduced power grid model using genetic algorithms has been recognized in the
literature. Kuri et al. [93, 94] combine the common REI reduction with a coherency-
based generator aggregation and subsequent parameter tuning with a GA. They
view the problem at hand as a multi-objective optimization problem, thus trying to
minimize the difference between X[o] and X [o] for every objective o € O. As such,
they choose to optimize their model using the improved non-dominated sorting
genetic algorithm (NSGA-II) that is specialized on multi-objective optimization [126].
They apply the NSGA-II optimization at two stages of the model equivalencing
process: first to optimize the parameters of aggregated generators and then to
optimize the parameters of the corresponding controllers. While the approach is
described by using the NSGA-II as a framework, and the parameters of generators
and controllers as a chromosome, the genetic operators used in those works are
unclear.

With the formal description of the problem at hand and the recognition of GAs as an
approach to solve it, as it has been applied to this problem in the literature before,
we describe our solution in detail the next section.

Method: Genetic Algorithm-based Controller
Optimization

This section describes our new methodology of using a genetic algorithm to optimize
the generator controls of a statically reduced power system model to approximate the
dynamic behavior of its detailed counterpart. As demonstrated by Kuri et al. [93, 94],

7.2 Method: Genetic Algorithm-based Controller Optimization
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the NSGA-II is a viable option for the optimization of generator control parameters
to approximate the dynamic behavior of a detailed model with a reduced-complexity
equivalent. However, we identify several weaknesses in their approach that we
address in our proposed method:

* Support for PSSs: While the referenced works are limited to the optimiza-
tion of governors and exciters, our proposed method includes PSSs in the
optimization.

* Usage of standard models only: The referenced works use a custom control
structure in the form of weighted sums of transfer functions to represent the
controllers. Our method uses standard controller models only for maximum
compatibility with simulation software.

* Optimized selection of controller models: While the referenced works only
optimize the parameters of the previously mentioned weighted transfer func-
tions, our proposed method also includes the selection of controller models in
the optimization process.

* Specialized crossover and mutation operators: The referenced works do
not specify the utilized genetic operators. Our proposed method introduces
crossover and mutation operators specifically designed for the optimization of
generator controllers, including model selection and parameter optimization.

In the following, we introduce in detail, how our proposed method addresses these
points. A brief overview of the building blocks of the proposed method and the cycle
of the genetic algorithm is shown in Figure 7.1. The optimization process starts
with setting up the detailed model M and the reduced model M for simulations to
describe the dynamic behavior of the two models in Section 7.2.1. Section 7.2.2
follows with the genetic representation of the solution space and the creation of an
initial population using this representation. In Section 7.2.3, we introduce the fitness
function that is used to determine the performance of the individual solutions. Based
on these fitness values, Section 7.2.4 describes the selection process for solutions
to pass on their genes, i.e., parameters, and the procedure to compile the next
generation of solutions. Section 7.2.5 and Section 7.2.6 describe the crossover and
mutation operators, respectively, that are used to create offspring from the previously
selected parent solutions. Finally, Section 7.2.7 describes the method to select a
single best solution to parameterize the synchronous machine controllers of the
reduced power system model.
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Fig. 7.1.: The procedure of optimizing the synchronous machine controllers of a reduced
power system model: Starting with the setup of dynamic simulations to determine the
objectives of the optimization, followed by the creation of an initial population, and the
fitness calculation for this initial population. Then a loop is started with selecting individuals
for mating and creating offspring through crossover and mutation. This offspring is then used
to form the next generation for which the fitness is then calculated. If the completion criteria

are not met, this loop is repeated, starting with the selection of new parent individuals.

Otherwise, the single best solution is determined and the process terminates.
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Tab. 7.1.: Parameters for tuning the optimization process with the proposed genetic algo-
rithm.

Symbol Description

Np Population size

Ng Number of generations

Pc Crossover probability € [0.0, 1.0]

Pm Mutation probability € [0.0, 1.0]

Ptm Type mutation probability € [0.0,1.0]
Sm Mutation strength € [0.0,1.0]

The parameters in Table 7.1 are used throughout the optimization process and can
be tuned to fit the problem at hand. An exemplary selection of these parameters is
given in Section 7.3.2.

Simulation Setup: Simulated Events and Variables

As introduced in the problem definition (see Section 7.1), we describe the dynamic
behavior of the detailed model M and M by simulating a number of events £ and
recording a selection of system variables V. The optimization process starts with
setting up these events and variables. The first step in the process to optimize the
controllers in M to approximate the behavior of M is setting up the simulations by
selecting the duration and temporal resolution. Then, a set of events £ is defined in
the retained parts of the model, i.e., in the area of interest (Aol), to simulate in both
models in order to evaluate the system behavior under different situations. These
simulation events usually include short-circuits, switching events dis-/connecting
grid components, and changes in load or generation. The next step is the selection
of system variables V to record. These variables can include the voltages and
frequencies at the boundary buses, as in [93], generator variables, such as frequency,
active and reactive power output, or any other variables of system components that
are of particular interest for the specific use case. Simulating the defined events £
with the detailed model M yields the matrix X which contains the recorded values
for all variables V and describes the dynamic behavior of M. Approximating this
matrix X with the reduced model M is the goal for the subsequent optimization
procedure.
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Tab. 7.2.: The optimization method utilizes controller models commonly found in literature
and modeling software. The table lists all implemented controller models for the three
controller types with their respective name and number of parameters in parentheses. The
variance in the number of parameters per model results in the requirement for padding
in the chromosome. An additional selector parameter determines the model used for the
represented controller.

Selector Exciter Governor PSS

0 SEXS (6) IEEE G1 (16) PSS1A (12)
1 IEEE AC1A (19) TGOV1 (9) PSS2A (23)
2 IEEE ST1A (20) GAST (10) No PSS (0)
3 HYGOV (12)

Genetic Representation of Individual Solutions

A central part of every genetic algorithm is the representation of the solution space
as a chromosome. This section describes the general structure of this representation
and the methods to create valid chromosomes of individual solutions and an initial
population at the start of the optimization procedure.

In order to optimize the controllers, i.e., exciter, governor, and PSS, of the aggregated
generators, the chromosome needs to include two kinds of information: the specific
controller model used to control the corresponding generator, and the parameters of
this controller model. The genetic representation proposed in this method comprises
an ordered list of all aggregated generators and a chromosome as illustrated in
Figure 7.2 (simplified). This chromosome describes the controller model using
a selector parameter and all relevant model parameters for the specific exciter,
governor, and PSS model for every aggregated generator in the reduced power
system model M. Table 7.2 shows the different controller models implemented
for the three controller types. These models are a selection of controller models
commonly found in literature and available in common modeling software. The table
also shows that not all controller models require the same number of parameters.
Thus, padding with zero values is used to ensure a consistent chromosome length
for all variations. This padding also ensures that each individual controller is always
described by the same entries in the chromosome. The IEEE ST1A, IEEE G1, and
PSS2A have the most model parameters for their controller type, respectively, and
thus determine the chromosome length. Their 20, 16, and 23 parameters in addition
to three type selectors result in a chromosome length of 62 genes per generator. In
combination with the ordered list of generators, this enables the mapping of the
parameter values in the chromosome to the corresponding controllers in the reduced

system model M.

7.2 Method: Genetic Algorithm-based Controller Optimization

105



106

Controller 1 Controller 2

(Exciter) (Governor)
83 144121174196 17 42 | 6.8 1 3.5 0
—— ~ ~——
Model Model Optional
selector parameters padding

Fig. 7.2.: A simplified illustration of the genetic representation, or chromosome, used to
define a solution. For every aggregated generator, it describes the model and parameter
values for its exciter, governor, and PSS. As not all models for one controller have the same
number of parameters, some controller descriptions include a padding with zero values to
ensure a consistent chromosome length.

Generating Valid Controller Configurations

In order to gain valid configurations of controllers, the values that can be applied to
the model parameters need to meet certain requirements. The controllers utilized
for this optimization exhibit three types of parameter restrictions: upper and lower
bounds, constraints depending on other parameters, and integer constraints.’

Upper and lower bounds apply to all model parameters. When generating a new
individual, parameters with only this constraint are simply set to a random value
selected uniformly from the valid range. For example, Table A.7 shows the valid
ranges for the simplified excitation system (SEXS) whose parameters do not have
any other constraint types.

Constraints depending on other parameters often describe the requirement that one
parameter value is greater than another. This can be implemented by selecting the
first parameter and using the resulting value as a limit for the second parameter.
However, other dependencies between parameters are possible. For example, for
the IEEE G1 governor the parameters K1, K3, K5, and K7 need to add up to 1. This
example is implemented by randomly selecting all four parameters and dividing
them by their sum afterward.

The last type of constraint are integer constraints. These constraints typically
describe structural options of the controllers, such as the selection of inputs, as is
the case for the Ipp parameter of the two PSS models. There are, however, more
complex cases for integer constraints. For example, the M and N parameters of

A full description of the model parameters including their constraints is included in Appendix A.2.
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the PSS2A model describe exponent values in the models and exhibit all types of
constraints with the following requirements:

0<M<8cZ (7.1)
N=0,iff M =0 (7.2)
NeZANN-M<S,else. (7.3)

These constraints can be implemented by first selecting M from the valid range and
then setting NV accordingly depending on the relevant case.

Generating the Initial Population

For the generation of an initial population P, the proposed optimization method
has two options depending on the available system information. By default, if
no information about the generator controls of the detailed model is available,
randomly generated control configurations are assigned to the generators in the
reduced system. For each of these generators, one valid controller configuration per
type is generated at random and combined with the model selectors and padding to
fit the required chromosome structure.

As a second option, however, it might be beneficial to consider the controllers used
in the detailed model for the initialization of the population P, if this information is
available. While using the same controller models and parameters as the detailed
model does not necessarily lead to a similar behavior of the reduced model, it can be
a good starting point for the optimization process. In the following, we describe, how
such information can be utilized when combining this genetic optimization approach
for dynamic equivalents with the static TPNR method, as introduced in Chapter 6.
One advantage of the TPNR method is the rule-based and discrete reduction process
that describes all modifications that are applied to network components. This
approach enables keeping track of how the components in the reduced model are
created by moving and combining the components of the original model. Thus, for
every generator in the reduced system that is created by combining generators from
the detailed system, TPNR records the controls of the original generators involved
in its creation. For each of the three types of controllers a list of tuples is maintained
consisting of the rating of the original generator and the corresponding controller
model and parameters. As an example for an aggregated generator that is created
by combining three generators, the record of the used PSS controllers could look
like Listing 7.1. In this case, the three original generators all have different control
configurations: no PSS at all, PSS2A, and PSS1A. To generate the initial population

7.2 Method: Genetic Algorithm-based Controller Optimization
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(50.0, None),

(100.0, {
"type": "PSS2A",
"Twl": 2.0,
"Tw2": 2.0,

B,

(50.0, {
"type": "PSS1A",
"Ks": 4.0,
"Tr": 0.5,

B,

]

Listing 7.1: An example record of PSS instances of the original generators. For each PSS,
the list contains the rating of the corresponding generator and the type and parameters
describing the controller.

P, the ratings in these records are used to perform a weighted random selection
of the original controller configurations. For this random selection, the cumulative
sum of ratings is calculated (50, 150, and 200 for the example in Listing 7.1). For
each controller, a random value is selected in the range from zero to the total rating
sum. The entry with the lowest cumulative rating greater than the random value is
selected to be used to parameterize the controller for the current individual. This
approach can be used to completely or partly generate the initial population P in
combination with the purely random approach described above.

Fitness Function

A crucial part of the optimization is the fitness function F’ which describes the perfor-
mance of an individual solution p € P. The proposed optimization method performs
a multi-objective optimization, meaning that it considers multiple objectives o € O to
determine the overall fitness of a solution. As defined in Section 7.1, these objectives
are a combination of the simulated event e¢ and the recorded system variable v,
thus O C £ x V. While X contains the values resulting from the simulations of all
events £ with the detailed model M, X, describes these values from simulating the
reduced model M using the parameters of individual p. To describe the difference
between the target values and the achieved values, we use the MAE as defined in
Equation (2.1). The error for objective o of solution p is thus defined as

T
MAE,(X,) = % [ l0, 61 - Ky lo,11] 7.4)
t=1

Chapter 7 Dynamic Network Equivalencing



7.2.4

The goal of the genetic algorithm is to find solutions with a high fitness. Since the
defined error value increases with poorer results of an individual, it cannot be used
directly as a fitness function. Instead, the fitness function for objective o of individual
p is defined as

F,(p) = —1-MAE,(X,) (7.5)

in order to produce higher fitness values with decreasing errors. The overall fitness
of p, F(p), is a vector consisting of the fitness values of all objective variables, F,(p),
and is defined as

Fi(p)
Fy(p) if simulation complete

F(p) = o (7.6)

—1015| else,

where simulation completeness can be determined with output flags or the number
of missing values in Xp. In order to qualify for overall completeness, all simulations
need to be completed, which is not necessarily the case if multiple events are
simulated. The value of —10' is chosen as an arbitrarily small number that should
be several orders of magnitude smaller than even the worst completing simulations.
Mapping all failing individuals to the same vector with such a low fitness aims to
ensure a fast exclusion of these individuals from further generations.

Selection for Mating and Compilation of the Next Population

The first genetic operator is the selection of individuals for the mating process and
creation of the next generation through crossover (see Section 7.2.5) and mutation
(see Section 7.2.6). The proposed method adopts parts of the NSGA-II algorithm,
as this algorithm is designed for fast multi-objective optimization [126], which is
well-suited for the potentially large number of objectives when optimizing, e.g.,
the voltages and frequencies of the boundary buses in a reduced model. A key
mechanism in NSGA-II is elitism, meaning that the individuals with the highest
fitness are guaranteed to move forward to the next generation. The proposed
method applies elitism with 50 % of the population, i.e., with Np as the population
size, Np /2 individuals are directly used to form the next generation, and the other
half is formed by selection, crossover, and mutation.

7.2 Method: Genetic Algorithm-based Controller Optimization
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In order to determine the individuals with the highest fitness, NSGA-II introduced
the crowded-comparison operator (<) that is based on the non-dominated rank
Prank (see Algorithm 3) and crowding distance pgis; (see Algorithm 4). The operator
is defined as follows:

P <nq:= (prank < Qrank) Vv ((prank = Qrank) A (pdist > Qdist))‘ (77)

Selecting individuals based on this crowded-comparison operator thus prefers indi-
viduals with a lower rank and individuals with a larger crowding distance, i.e., more
distance to comparable solutions regarding their fitness. This aims at selecting a
well-performing set of solutions with a high diversity.

One half of the next generation is created by sorting all solutions using this crowded-
comparison operator and selecting the first Np/2 individuals. The other half is
created through crossover and mutation. For this purpose, Np individuals are
selected from the current population P for mating, as every crossover operation
combines two parent individuals to form one offspring individual. The mating
individuals are selected with a tournament selection method. Two individuals are
selected randomly and compared with the crowded-comparison operator and the
individual with the lower value according to Equation (7.7) is selected for the
mating pool. This process is repeated until Np individuals are selected. Using the
tournament-based selection method allows individuals from all ranks to get selected
for mating, resulting in a larger diversity without risking the loss of well-performing
individual because of the elitism.

Crossover

The crossover is the second genetic operator and a central part of every genetic
algorithm, expanding the search space and creating the next generation from in-
dividuals of the current one, usually by combining two parent individuals to one
offspring individual. As such, there exists a wide variety of crossover operators for
general optimization problems [127]. However, it is often beneficial to adapt the
crossover operator to the problem at hand. As the controller parameters and, thus,
the chromosome describing each individual have very specific requirements, we pro-
pose a crossover operator specifically for this problem, as described in Algorithm 5.
This crossover operator is performed piecewise for every controller encoded in the
chromosome with a certain crossover probability p.. If a random variable is not

Chapter 7 Dynamic Network Equivalencing



Algorithm 3 Fast non-dominated sorting. Recreated from [126].

: procedure NON_DOMINATED SORTING(P 1> population)

1
2 JF1+ 0 > the first non-dominated front
3 for allp € P do
4 Sp < 0 > set of solutions dominated by p
5: np < 0 > counter of solutions dominating p
6 forall ¢ € P do
7 if p < gthen > pdominates
8 S, S,u{q}
9: else if ¢ < p then
10: o mp e+l
11: if n, =0then © pis not dominated by any other solution
12: Prank < 1 > p gets rank 1
13: | F <+ FU{p} »>pisadded to the first front
14: > determine the remaining fronts JF;
15: 141
16: while F; # () do
17: Q + 0 > temporary set to become the next front
18: for all p € F; do
19: > iterate over all solutions dominated by those in the current front
20: forallq € S, do
21: ng < ng — 1 > eliminate p from domination counter of q
22: if ng = 0then > there are no further solutions dominating g
23: Grank < 3+ 1 > g gets the next higher rank
24: | L Q+ QU{q} > qisadded to the next front
25: > assign the next front
26: 14— 1+1
27: | Fi+Q

Algorithm 4 Crowding distance calculation. Recreated from [126].

1: procedure CROWDING DISTANCE(P > population, O 1> objectives)

2: for all p € P do

3: | paist < 0 > initialize distance

4: [+ |P|

5: for all o € O do

6: P < SORT(P, o) > sort ascending regarding each objective

7: P[1]gist < P[l]qist < oo > to ensure that boundary points are selected
8: foric {2.01—1}do

9: - Pliaist  Plilaise + (Fo(i + 1) — Fo(i = 1)) /(F5™ — F3™™)

7.2 Method: Genetic Algorithm-based Controller Optimization
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Algorithm 5 Controller-aware arithmetic crossover.

1: procedure CROSSOVER (parentA, parentB)

2: offspring +— randomly selected parent

3: for i < NUM(controllers in chromosome) do

4: if RANDOM(0, 1) < p. then

5 if parentA.ctrl[i].model = parentB.ctrl[i].model then

6 offspring.ctrl[i] < ARITHMETIC_CROSSOVER(
parentA.ctrl[i], parentB.ctrl[i]

) > see Equation (7.8)

else
8: | offspring.ctrl[i] + randomly select i-th controller from A or B
9: | return offspring

greater than pc, the controller models of both parents are compared and, if they
have the same model type, are combined via arithmetic crossover, defined as

Ci=A;+r(B;—A;), 0<r <1, (7.8)

where A; and B; are the i-th controller of the parents and C; is the resulting offspring
controller. The variable r; is selected randomly for every application of the operator
and determines where the offspring lies between both parents. If the controller
types do not match, one parent controller is selected randomly to form the offspring
controller. Figure 7.3 shows a simplified application of this procedure for both
cases.

One concern of the crossover as well as the mutation operator is producing valid
configurations for the controllers. The arithmetic crossover that is used in both
operations produces valid results regarding parameter limits and linear parameter
constraints, such as the requirement of one parameter value being smaller than
another one. However, it does not necessarily yield valid configurations regarding in-
teger constraints or more complex conditional constraints, such as in Equations (7.1)
to (7.3). For this reason, it might be necessary for some controller models to check
and potentially correct the created configurations, e.g., by rounding parameters with
integer constraints.
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Same controller models Different controller models

N A
- ~

A8.3 441217496 |17 B 42 68| 1 | 35| 0

B 7415219809515 (0] 251931047811

| Arithmetic crossover | Random selection |

C 7.9 48 | 20 | 7.7 | 9.6 1.64.2 6.8 1 3.5 0

Fig. 7.3.: An exemplary application of the controller-aware crossover that performs an
arithmetic crossover, as given in Equation (7.8), with » = 0.5 to yield the first offspring
controller (with rounded values for visual clarity). As the types of the second controllers do
not match, one controller is selected at random for the offspring.

Mutation

The mutation is the third type of genetic operator that is central to all genetic
algorithms. Instead of combining two parent individuals to create offspring, this

operator randomly alters only one individual to create one offspring individual [124].

For the creation of offspring via mutation, the same restrictions apply as for the
crossover, mentioned in Section 7.2.5. Thus, we propose a mutation operator
specifically for the problem at hand that is described in Algorithm 6. Analogous to
the crossover operator, the mutation is performed by iterating over the controllers
defined in the parent. With a probability of p,, a controller is mutated using one
of two methods: With a probability of pi,, a completely new controller instance is
created and used for the offspring. In the other cases, a new controller instance B;
is created, and a scaled arithmetic crossover is calculated between B; and the single
parent A;, as follows

Ci=Ai+7ri-sm(Bi—4), 0<r; <1, 0< sy <1, (7.9)

where r; is selected randomly for every application of the operator and s, is a
global parameter that defines the strength of the mutation. Lower values of sy,
generally lead to the offspring being closer to the parent while higher values result
in stronger mutations. Both mutation cases are presented in Figure 7.4 with a
simplified example.
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Algorithm 6 Controller-aware mutation.

1: procedure MUTATION (parent)

2: offspring «+— parent

3 for i < NUM(controllers in chromosome) do

4: if RANDOM(0, 1) < pn, then

5: if RANDOM(0, 1) < ptm then

6 offspring.ctrl[i] <~ CREATE_RANDOM _INSTANCE()

7 else

8 mutant_ctrl <~ CREATE_RANDOM_INSTANCE (parent.ctrl[i].model)

9 offspring.ctrl[i] < SCALED_ARITHMETIC_CROSSOVER (
parent.ctrl[i], mutant_ctrl

| ) > see Equation (7.9)

10: | return offspring

A 8.3 44 121 74| 96 1.74.2 6.8 1 3.5 0

~ - _
~~ ~

RANDOM(0, 1) > ptm RANDOM(0, 1) < ptm

Create same-model
controller instance

Insert random

B 74 152]119]80]95] 15 controller instance

| Arithmetic crossover |

C 8.1 46 | 21| 75| 9.6 1.7“2.5 93104 ]78]1]11

Fig. 7.4.: Both cases of the controller-aware mutation: the first controller is mutated with
the scaled arithmetic crossover, as given in Equation (7.9), with r - s,, = 0.2 (with rounded
values for visual clarity). For the second controller, a type mutation is performed by selecting
a completely random controller instance.
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7.2.7 Selecting the Best Individual

7.2.8

The final step of the parameter optimization is the selection of the best individual,
i.e., the set of parameters with the best results. However, the potentially high
dimensionality of the fitness vectors, F'(p), likely results in non-dominating solutions,
where no single solution has the highest fitness for all objectives. This is not an issue
for the optimization with the genetic algorithm, because multiple solutions can be
selected to move to the next generation (see Section 7.2.4). Still, in the end, one
solution has to be selected as the parameterization of the reduced model. Thus, we
define f(p) to describe the fitness of an individual p with a one-dimensional value

as follows:
Fmt = }1;1611]% Fy(p) (7.10)
fo(p) = Folp)/F™ (7.11)
fo)=>" folp), (7.12)
0O

where P. is the population of individuals that complete the simulations successfully.
Dividing the fitness values of each objective by the minimum fitness achieved for
this objective as in Equation (7.11), effectively normalizes the values to the interval
[0, 1], resulting in a better comparability of the different objectives. Failing solutions
are explicitly excluded for the normalization, as these would defeat the purpose of
normalization by dividing all fitness by the fixed value of —10'®. With this normalized
fitness f,(p), originally small fitness values F,(p), i.e., large errors, result in larger
normalized values. Thus, the individual with the minimal summarized fitness f(p)
is selected as the best solution. Depending on the use case for the reduced model, a
weighted summation of the individual objectives might be beneficial. The proposed
single fitness value f, however, assigns the same weight to all objectives.

Implementation

The genetic algorithm for optimizing the synchronous machine controls in reduced
power system models described above is implemented in Python for DIgSILENT
PowerFactory? models. For the genetic algorithm framework, the implementation
uses the PyGAD package [128] that includes the basic workflow of the algorithm as
well as implementations of the fast non-dominated sorting and crowding distance
calculation (see Section 7.2.4).

2See Section 2.2 for information on common modeling and simulation tools.
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Evaluation

In this section, we evaluate the proposed GA-based method to optimize controller
parameters in reduced power systems M to approximate their detailed counterparts
M. This evaluation is performed with the IEEE 39 Bus System as a benchmark
case and a more detailed, realistic transmission grid model. These two models are
described in Section 7.3.1. Since the GA requires a number of parameters (see
Table 7.1) to specify its behavior, we perform a systematic evaluation of parameter
sets in Section 7.3.2. Finally, the results of optimizing the reduced versions of the two
models are presented in Section 7.3.3. For the IEEE benchmark case, the evaluation
examines the effects of the defined objective variables and events. The resulting
optimized models are compared against a controller parameterization based on
expert knowledge of the detailed system model. For the more realistic use case with
the large transmission grid models, we compare several approaches to perform the
parameter optimization to gain insights on the practical usability of our method.

Validation Models

For the evaluation of the proposed optimization method, two models are utilized:
The IEEE 39 Bus System is used as a benchmark model as it is widely known and
used in the literature. A much larger and more detailed transmission grid model of
the German state of Baden-Wiirttemberg (BW) is used to provide insights on a more
realistic use case.

IEEE 39 Bus System

The IEEE 39 Bus System, also known as the New England System, is a commonly
used model of a high-voltage transmission grid and serves as a benchmark model for
the method proposed in this chapter as it is also used in comparable methods [93,
94]. Specifically, this evaluation uses the model supplied by DIgSILENT PowerFactory
2022 with an adapted controller configuration as shown in Figure 7.5a. The original
model contains the same controller setup for each of the ten synchronous machines
in the system, consisting of an IEEE G1 governor, an IEEE ST1A exciter, and an [EEE
PSS1A PSS. In order to create a more divers benchmark model, these controllers
are complemented with GAST governors, IEEE AC1A exciters, and IEEE PSS2A PSSs
as well as deactivated PSS. Details of the controller configuration are provided in
Appendix A.3.1.
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A reduced version of the IEEE 39 Bus System is obtained by reducing the red area in
Figure 7.5a with the REI reduction method as provided by PowerFactory. This static
reduction method is used instead of the TPNR method introduced in Chapter 6 for
two reasons: First, the IEEE 39 Bus System already is a simplified model judging by

its topology. Applying the TPNR method would only result in very minor reductions.

Second, combining the proposed optimization method with a widely used static
reduction method demonstrates its wide applicability. The resulting equivalent
model is shown in Figure 7.5b. The 29 buses in the original red zone are reduced
to 5 equivalent buses, and the 6 generators are reduced to 2. Apparent is the large
number of coupling impedances between the newly created equivalent buses and
the boundary buses, i.e., Bus 02, Bus 26, and Bus 39.

For evaluating the system behavior and optimizing the reduced model, we define
four typical simulation events. The first event is also used in [93] and aims to
provide a basic comparability between the two approaches. The other three events
aim to cover typical events that could be of interest when simulating a transmission
grid model. The following four events are used for the evaluation:

1. A three-phase short-circuit at Bus 26 after 5s with 02 impedance, that is
cleared after 0.1s.

2. Opening the switch at Bus 01, that connects it to Bus 02 via a transmission line
after 0.2s.

3. A step load increase at Bus 25 by 50 % after 0.2s, increasing the load from
224 MW and 47.2 Mvar to 336 MW and 70.8 Mvar.

4. Ramping up the load at Bus 28 by 50 %, starting at 1s over a duration of 5s,
increasing the load from 206 MW and 27.6 Mvar to 309 MW and 41.4 Mvar.

Baden-Wiirttemberg Transmission Grid

The second model for evaluating the proposed synchronous machine controller
optimization is a transmission grid model of the German state of Baden-Wiirttemberg
(BW), comprising the 380kV and 220kV level. A geographic representation of the
model is shown in Figure 7.6. This region consists of the two control zones D41
(blue) and D42 (red) that form the Aol and the external system for this evaluation,
respectively. For this evaluation, the reduced model equivalent is obtained by
applying the TPNR method to control zone D42. This static reduction reduces
the number of synchronous machines in the external area from 42 to 22 without
considering the dynamic behavior of the system. An overview of the main system
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Fig. 7.5.: The original and reduced version of the IEEE 39 Bus System used for the evaluation
depicted as a single line diagram in PowerFactory. The reduced model is obtained by applying
PowerFactory’s REI reduction on the red area of the original model, resulting in a reduction
by 24 buses and 4 synchronous machines.
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Tab. 7.3.: An overview of the numbers of system components of the BW model contained in
the area of interest (Aol), the external system of the original model (red area in Figure 7.6),
and the reduced equivalent of this external area. The synchronous machines relevant for
this optimization are reduced by 47.6 %.

Aol External Reduced Reduction [%]

Buses 128 177 104 41.2
Synch. machines 30 42 22 47.6
Static generators 166 268 83 69.0
Loads 96 131 45 65.6
Transformers 50 90 69 23.3
Transmission lines 68 85 46 45.9

components in the Aol as well as the original and reduced external area is provided in
Table 7.3. The original model uses varying governor models, depending on the type
of synchronous machine, i.e., GAST for gas turbines, HYGOV for hydropower plants,
and IEEE G1 for others. Otherwise, the generators all use the same SEXS exciter and
IEEE PSS2A PSS. As described in Section 7.2.2, this information on the controllers
used in the original model is used to partly initialize the first generation of the
genetic algorithm. For the evaluation of the system behavior and the optimization of
the reduced model, we define the following four simulations to cover a variety of
use cases:

1. An RMS simulation without any events, i.e., a dynamic simulation of a steady
system. This scenario is used because the experience with this particular model
shows that a controller configuration that results in a stable simulation is not
trivial to find.

2. A three-phase short-circuit from 1sto 1.1 s with 0.01 §2 at a bus in the substation
marked with the lightning symbol in Figure 7.6.

3. A load step increase at 0.2s by 200 % at the substation marked with “L”,
increasing the load from 202 MW and 37 Mvar to 606 MW and 111 Mvar.

4. A switching event of the line marked with “S”, disconnecting the line at 0.2s
and reconnecting it at 1.2s.

7.3.2 Parameter Selection
In order to perform the synchronous machine control optimization with the genetic

algorithm proposed in Section 7.2, at least the six parameters defined in Table 7.1
need to be set. For this purpose, a systematic evaluation of these parameters is
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Fig. 7.6.: A geographic representation of the BW transmission grid model with the two
control zones D41 (blue) and D42 (red). The reduced equivalent model is obtained by
applying the TPNR method (see Chapter 6) to the red area of the system. The red symbols
indicate the locations of the events used to describe the system behavior.

performed by optimizing the IEEE 39 Bus System with various parameter combina-
tions. With an initial testing, a population size Np of 50 and a number of generations
Ng of 50 were determined to strike a good balance between runtime, diversity per
generation, and improvement of generations over time. However, these parameters
likely need to be adjusted for other models. Larger models with more controllers
that need to be optimized likely require a larger population to achieve a suitable
coverage of the solution space.

With the first two parameters set, the remaining four parameters were determined
with a grid search, repeating the optimization with each combination five times. For

the four parameters, the following values were evaluated:

* pc € {0.2,0.5,0.8}. To evaluate a low, moderate, and high crossover rate.
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* pm € {0.2,0.5,0.8}. To evaluate a low, moderate, and high mutation rate.

* ptm € {0,0.2}. As this is a drastic mutation operation, only a low probability
was compared to no type mutation at all.

* spm € {0.1,0.3}. The mutation operator is based on a crossover with completely
random controller parameters. Thus, it is assumed that this operation should
lean more toward the parent controller rather than the random controller.

From the resulting 36 parameter sets, (0.2, 0.5,0.2,0.1) was found to produce the best
results on average, regarding the one-dimensional fitness f (see Equation (7.12)),
with a small variance between the different optimization runs. It was also found
that the 10 best combinations have type mutation probability of pt,, = 0.2, while
the 14 worst combinations have py» = 0. The worst combination overall was
(0.2,0.2,0,0.1), i.e., the combination with the smallest probability of change.

Results

In this section, we present the results of the dynamic equivalent optimizations
with the previously described models. While the IEEE 39 Bus System is used as
a benchmark to perform an in-depth quantitative evaluation of the optimization
method, providing an indirect comparison to the literature, the BW transmission
grid model is used for a more qualitative evaluation, representing a realistic use case
for the proposed methodology.

To evaluate the optimization results quantitatively, we use the MAPE and MAE as
defined in Equation (2.3) and Equation (2.1), respectively, calculating the difference
of the response of the reduced model M to the detailed model M. The MAPE pro-
vides a comparable error measures for the different variables that vary significantly
in their typical range of values, e.g., the active power P of large generators in the
hundreds of MW and the frequency in p.u. close to one. However, the MAPE can be
misleading when the correct values get close to zero, resulting in large relative errors
even for small absolute deviations. This is often the case for the reactive power ) of
the generators that might cross zero depending on the simulated event. For these
cases, the MAE provides additional context to assess the errors. While the MAE is
also the basis for the fitness function F, there is no direct connection between its
usage in this evaluation and the fitness function. In the following, the variables
that are evaluated by an error measure are indicated with a subscript to the error
measure, e.g., MAPEp ,, is calculated for the voltage u of the boundary buses B and
MAEg, p is calculated for the active power P for the retained generators G.
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In order to interpret the results in the following sections, we define quality criteria
for the different variables. The frequency variables have the lowest margin for error
since the allowed frequency band in the European grid is narrow. For example,
starting with frequency deviations of 0.2 Hz, manual countermeasures are deployed
in the German grid [129]. With a 50 Hz base frequency, this results in deviations
of 0.4%. In order to allow statements regarding frequency violations, the errors
introduced by the model reduction should be an order of magnitude smaller than
this critical deviation. Similar criteria apply for the voltages, however with more
relaxed allowed operation ranges. The German transmission grid levels, for example,
have an allowed voltage band with a width of around 7% to 10 % for the extra
high and high voltage level, respectively [129]. Again, approximation errors should
be ten times smaller than half of this range, i.e., around 0.5 %. For the active and
reactive power of the generators, the criteria are less clear. For many applications, a
low single-digit percentage error should be fine, but there might be use cases with
stricter requirements. In order to assess the system stability, the reduced model N
should be unstable in the same conditions, e.g., events, as the original model M.

IEEE 39 Bus System

This section describes the results of the parameter optimization for the reduced IEEE
39 Bus System. It provides insights on the selection of objectives for the optimization
and the effect of the chosen events that are used to describe the system behavior.

The comparison between different equivalencing methods is very uncommon in the
literature, probably due to the lack of information on the used models and missing
details regarding the methods, significantly complicating a reimplementation of
those methods. We establish a base level of comparability with other methods by
two means:

1. We use the IEEE 39 Bus System with the same external system definition
and define the same short-circuit event as in [93]. Not all details regarding
the controllers used in that work are known, preventing a direct comparison.
However, the similarity between the two evaluation setups gives a sense of
the quality of the results in comparison to this benchmark method from the
literature.

2. We utilize knowledge about the original IEEE 39 Bus System and the reduced
model to determine a likely suitable controller configuration manually. This
configuration is based on the insight that reduced generator G 01 [R] (see
Figure 7.5b) is equal to the original generator G 02 (see Figure 7.5a), thus
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choosing the same controller setup for the reduced generator. The controllers
for the other reduced generator are selected according to the rating of the
aggregated generators. A detailed description of the resulting configuration
is provided in Appendix A.3.1. In the following, this is described as the
Expert configuration and serves as a benchmark method using the exact same
evaluation as our proposed GA-based method.

Comparison of Objective Variable Selection The goal of the following comparison
is determining the effect of the selection of objective variables V on the resulting
equivalent models. For this purpose, we define five sets of objective variables that
are used to perform the parameter optimization:

* BBus,, s: This configuration includes the voltage and frequency at the boundary
buses connecting the Aol to the external system. This configuration is used
in [93].

* BBusy: This option focuses on the frequency (f) at the boundary buses only.
* BBus,: These objectives include the voltages (u) at the boundary buses only.

* Genp,,s: This option ignores the boundary and focuses on the active power
(P), reactive power (@), and frequency (f) of the generators in the retained
system.

* Genpg, s+BBus, s: This configuration combines the objectives of the boundary
buses and generators, making it the configuration with the most objectives in
this setup.

These five sets of variables are evaluated by performing the parameter optimization
with otherwise identical settings: All optimizations in this section are performed
with a population size Np of 50 and a number of generations Ng of 50. Furthermore,
all optimizations are performed with a single event describing the system behavior,
i.e., the short-circuit with the same parameters as in [93]. In order to reduce the
effect of randomness in the optimization process and to gain more robust results, all
optimizations were repeated ten times, using the mean values of these independent
runs for the comparison.

Figures 7.7 and 7.8 show exemplary curves of the voltage and frequency at boundary
Bus 02, and the active and reactive power as well as the frequency of generator G
08. These curves represent the responses to the simulated short-circuit of individual
optimization runs, and are shown for the five objective variable sets, the Expert
solution, and the original model M. Overall, the optimized equivalents produce
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system responses very similar to each other and to the original, detailed model.
However, larger deviations from the original model can be observed during the fault
or immediately afterward for the voltage (u) and frequency (f) at boundary Bus
02 and for the active power (P) of generator G 08. On the other hand, while the
Expert solution, yields very similar results as the optimized models for the immediate
fault response and long term behavior, it deviates more drastically from the other
models in between. The quantitative evaluation of the different variable sets is
described in Table 7.4, showing the error values averaged over the ten optimization
runs and all evaluated buses and generators. The optimized models consistently
outperform the Expert solution with errors smaller by a factor of roughly 2 to 3. The
MAPE values reach a maximum of 1.25 % in the 10s after the fault for all evaluated
variables except the reactive power () of the retained generators. This variable
exhibits zero-crossings, depriving the percentage error of its significance. Except
for ), all variables are well within the range of acceptable errors, as defined at
the start of this section. For the whole simulation, the maximum MAPE drops to
0.44 %. The error values for all objective variable sets are very similar. However,
BBus,, s is preferable to BBus; and BBus,, as it results in more balanced and overall
better results. Interestingly, Genp g ; performs similarly to BBus,, y and outperforms
Genp g ;+BBus, ; consistently for every variable. The overall similarity of the results,
especially in the first second after the simulated events, suggests that the selection of
variables for the optimization objectives has a limited effect on the model accuracy.
While optimizing for more variables might result in more balanced results, the
evaluation shows that simply adding more variables to optimize does not necessarily
increase the accuracy of the reduced model M.

Comparison of Single-Event Optimization and Multiple-Event Optimization In ad-
dition to the previously evaluated variables V), the simulation events £ define the
objectives that are optimized by the GA. Therefore, the goal of this comparison is
examining the effect of the definition and selection of simulation event £ on the
resulting optimized equivalent models M. Intuitively, including a diverse set of
events in the optimization procedure should result in more accurate reduced models
M under a wider range of simulation scenarios. For this reason, we compare equiva-
lent models that are optimized with a single simulation event and models that are
optimized with multiple events. The single-event optimizations utilize the first event
described in Section 7.3.1, i.e., the short-circuit, while the multi-event optimizations
utilize all four events described in that section. In order to also evaluate the effect of
multiple events with different sets of objective variables V, we include BBus, ¢ and
Genpg s+BBus, ¢ in the evaluation. Tables 7.5 to 7.8 show the resulting errors for
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Tab. 7.4.: The mean error values for the boundary buses (B) and generators (G) when
simulating the short circuit event at 5s. The black values depict errors for the 10s after the
event is triggered, marking the most important time frame of the simulation, whereas gray
values describe the errors for the whole 30 s simulation time. The error values are in a similar
range for all objective variations of the optimization method. For the Expert solution, the
error values are roughly 2 to 3 times larger than the optimized solutions. For the optimization
method, it can be observed that the variants that focus on a single objective (f or u) yield
better results for their respective objective at the cost of the other non-optimized objectives.
The BBus,, ; variant achieves more balanced results outperforming both specialized options
on the non-optimized generator objectives. An unexpected result is that Genp g s, which
ignores the boundary, consistently outperforms the variant that includes the boundary buses
in the optimization.

BBusy BBus, BBus,; Genpg s Genpg s Expert

+BBus,, f
MAPEg,, [%] 0.3060  0.2701  0.2747 0.2768 0.2790 0.6653
MAEg, [p.u.] 0.0027  0.0023  0.0023 0.0023 0.0024 0.0064
MAPEg ;s [%] 0.0087 0.0125  0.0094 0.0094 0.0094 0.0229
MAEg ; [p.u.] 0.0001  0.0001  0.0001 0.0001 0.0001 0.0002
MAPEq p [%] 1.2486  1.2516  1.0162 0.9265 0.9760 2.3985
MAEqg p [MW] 4.1242  3.9094 3.3193 2.9991 3.1865 8.4794
MAPEq g [%] 101.9194 84.8410 90.7684  86.3693 81.6711 246.5924

MAEg, g [Mvar] 3.3343  3.4801  3.1646 3.0599 3.1655 6.9371

MAPE¢ f [%] 0.0089 0.0120  0.0089 0.0087 0.0089 0.0230

MAEq,; [p.u.] 0.0001  0.0001  0.0001 0.0001 0.0001 0.0002
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Fig. 7.7.: The voltage (u) and frequency (f) at boundary Bus 02 produced by one of the ten
optimization runs for every objective variable set compared to the Expert solution and the
original model. For the voltage (top), all optimization variants result in very similar curves
with a less drastic drop as the original model. The Expert solution differs slightly more from
the original. For the frequency (bottom), the differences are clearer. In the first second
after the fault (5s to 6s) and the last seconds of the shown simulation all solutions are very
similar. While most solutions are also quite similar in between, the Genp ¢, s +BBus,, ¢ option
exhibits greater deviations to the rest. The Expert solution shows significant differences to
the optimized equivalents.

the four events, respectively. These tables contain the error values for the first 10s
after the event averaged over ten optimization runs. For the first event (Table 7.5),
the single-event optimization consistently achieves better results than their multi-
event counterparts. The difference between the single- and multi-event optimization
results is generally larger for the Genp ;+BBus, ; variant. For the other three
events, the multi-event optimizations yield more accurate equivalent models. This
effect is less strong for the second event, however, compared to the third and fourth
event. Overall, the loss in accuracy for the first event due to multi-event optimization
is in a similar range as the accuracy gains for the third and fourth event. Therefore,
depending on the use case for the reduced model, it might be beneficial to optimize
for a specific type of event or a small set of events rather to gain more accurate
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Fig. 7.8.: The active power (P), reactive power (@) and frequency (f) of the retained
generator G 08 produced by one of the ten optimization runs for every objective variable set
compared to the Expert solution and the original model. For the active (top) and reactive
power (middle), all solutions create very similar curves that are close to the original for most
of the simulation time, with only the Expert solution showing slightly larger deviations. The
immediate response for P, however, shows a more pronounced drop and subsequent jump
for all reduced variants. For the frequency (bottom), the differences between the various
solutions are more visible. While the differences between the optimized solutions are still
very subtle with no clearly dominant solution, the Expert solution differs more significantly
from the rest.
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Tab. 7.5.: First event: three-phase short-circuit. The single variations that are optimized
using the short-circuit event, only, consistently outperform their multi-event counterparts
that are optimized for all four events. On average, the single MAE values are 15.6 % and
24.0 % smaller compared to the multi values for BBus,, s and Genp,q, s +BBus,, s, respectively.
All error values are averaged over ten optimization runs.

BBus,, f Genp,qg,f+BBus, ¢

Single Multi  Single Multi

MAPEg , [%] 0.2747 0.3326 0.2790 0.3821
MAEg,, [p.u.] 0.0023 0.0029 0.0024 0.0035
MAPEg ¢ [%] 0.0094 0.0130 0.0094 0.0140
MAEg. ¢ [p.u.] 0.0001 0.0001 0.0001 0.0001
MAPE¢q p [%] 1.0162 1.3406 0.9760 1.3135

MAE¢q p [MW] 3.3193  4.4942  3.1865 4.5085

MAPE¢g o [%] 90.7684 93.7493 81.6711 123.6288
MAE¢ g [Mvar] 3.1646  3.6795  3.1655 4.1959

MAPE¢g ¢ [%] 0.0089  0.0128  0.0089 0.0135
MAEg ¢ [p.u.] 0.0001 0.0001 0.0001 0.0001

Tab. 7.6.: Second event: switch opening. For this event—and the next two events—the
multi-event optimizations consistently outperform the single-event optimizations. Resulting
in 6.9 % and 5.9 % smaller average MAE values for this case.

BBus,, ¢ Genp . r+BBus, s

Single Multi  Single Multi

MAPEg,,, [%] 0.1740  0.1466  0.1724  0.1556
MAEg,, [p.u.] 0.0018  0.0015  0.0018 0.0016
MAPEg, s [%] 0.0061  0.0049  0.0060  0.0051
MAEp ;s [p.u.] 0.0001  0.0001  0.0001  0.0001
MAPEg,p [%] 0.2042  0.1976  0.2023  0.1846
MAEqg,p [MW] 0.8022  0.7608  0.7954 0.7249

MAPE¢ ¢ [%] 91.0065 83.3476  91.8131  86.6038
MAEg,g [Mvar] 2.5519 2.2242 2.5051 2.2675

MAPEg ; [%] 0.0061  0.0019  0.0059  0.0051
MAEq; [pw]  0.0001  0.0001  0.0001  0.0001

results compared to a more general optimization approach. However, no matter
which events are used to optimize the controller parameters, all resulting models

yield results in the range of acceptable errors.
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Tab. 7.7.: Third event: load step change. For this event, the advantage of the multi-event
optimizations is larger with 15.3 % and 23.0 % smaller average errors.

BBus,, ¢ Genp,qg,f+BBus, ¢

Single  Multi Single Multi

MAPEg,, [%] 0.0624  0.0472  0.0551 0.0427
MAEg,, [p.u.] 0.0007  0.0005 0.0006 0.0004

MAPEg s [%] 0.0130 0.0085 0.0134  0.0077
MAEp; [pu]  0.0001 0.0001 0.0001  0.0001

MAPE¢,p [%] 0.1730 0.1533 0.2232 0.1239
MAE¢ p [MW] 0.7330 0.6255 0.9441 0.4983

MAPE¢ ¢ [%] 11.6490 8.1998 9.9218 6.7764
MAEg, g [Mvar] 1.5072  1.0071 1.1588 0.7574

MAPE¢ ; [%] 0.0130  0.0085 0.0134  0.0078
MAEg [pw]  0.0001 0.0001 0.0001  0.0001

Tab. 7.8.: Fourth event: load ramp change. This event shows a similar effect as the third
event with 12.5 % and 19.4 % smaller MAE values for the multi-event optimizations.

BBus,, ¢ Genp g,;+BBus, ¢
Single Multi  Single Multi

MAPEg,, [%] 0.0569  0.0436  0.0503 0.(
MAEg , [p.u] 0.0006  0.0005  0.0005 0.0

MAPEg ¢ [%] 0.0120  0.0078  0.0123  0.0071
MAEg ¢ [p.u.] 0.0001  0.0001  0.0001  0.0001
MAPE¢ p [%] 0.1586  0.1431  0.2049 0.1204
MAEg p [MW] 0.6687  0.5854  0.8649  0.4910
MAPE¢ o [%] 38.7154 21.9385 26.7607 17.0128

MAEg g [Mvar] 1.3592  0.9071 1.0393 0.6887

MAPE¢ ; [%] 0.0120  0.0078  0.0123  0.0071
MAE¢ s [pu.] 0.0001  0.0001  0.0001  0.0001

Tab. 7.9.: The time to simulate each event in the BW model for 120 s. While the short-circuit
simulation is significantly faster with the reduced model than the original, the other two
events are slightly slower with the reduced model. The short-circuit results in oscillations
in the system for the whole simulation time for both models. For the other two events, the
original quickly reaches a steady operation point as opposed to minor oscillations in the
reduced model.

Original [s] Reduced [s] Difference [s] Rel. diff. [%]

Short-circuit 412.09 256.17 —155.92 -37.8%
Load step 42.85 49.98 +7.13 +16.6 %
Line dis-/connection 46.98 51.45 +4.47 +9.5%
Total 501.92 357.6 —144.32 —28.8%
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Baden-Wiirttemberg Transmission Grid

As opposed to the IEEE 39 Bus System, the BW transmission grid does not serve
as a benchmark system, but as a realistic case study to demonstrate the real-world
usability of the proposed controller optimization method. The first notable difference
between the systems is their size: While only two generator controls need to be
parameterized in the reduced IEEE system, the reduced BW system has 22 generators
in its external area. Working with the BW model has shown that finding controller
configurations that lead to a stable system—even without any grid events—is much
more challenging. Thus, the population size Np is increased to 100, allowing for
more stable solutions in the initial population. Utilizing the information on the
controls of the original generators helps to increase the chance of finding suitable
configurations in the initial population. Thus, we initialize half of the first population
using the controller information provided by the TPNR method and the other half
completely at random.

In the following, we describe our findings when optimizing the reduced BW model,
using different approaches to the definition of simulation events and selection of
objective variables. Due to the identified difficulty of finding controller configurations
that lead to a stable system, the following three settings demonstrate our approaches

to optimize this model:

* No event: This uses an RMS simulation without any events to optimize the
reduced model with the optimization parameters determined in Section 7.3.2
for Ng = 50 generations. Initial trial optimizations of the reduced BW model
have shown that reducing the number of objectives can be beneficial to the
optimization process. Thus, for the objective variables, only two boundary
buses (u, f) and the slack generator in the retained system (P, Q, f) are
selected.

* Multi-event: This approach uses the same objective variables and optimization
parameters as the previous approach. However, it also uses the three other
events described in Section 7.3.1 for the optimization.

* Hybrid: This approach combines the two approaches by using the final gener-
ation produced by the first approach as the initial population for a subsequent
fine-tuning with all four simulation events. For this fine-tuning, less aggressive
parameters are selected to not alter the presumably already good solutions too
drastically. Specifically, the parameter set (0.2,0.2,0,0.1) is selected to disable
the type mutation of controllers and limit all other genetic variation.
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In addition to these three optimization approaches that mainly differ in the selection
of events &, two additional variations are tested with slightly different objective
variables V. The detailed quantitative results of these five approaches are provided
in Appendix A.3.2. For the hybrid optimization approach, these results confirm
the observation that fewer objective variables might benefit the accuracy of the
resulting model. For the multi-event optimization approach, this advantage is less
clear. However, as the limited number of objective variables is no disadvantage either,
the following analysis focuses on the approaches using two buses for the objective
variables only. The hybrid optimization approach consistently outperforms the direct
multi-event optimization, often significantly. While the no-event optimization yields
even better results for many of the evaluated system variables, it shows exceptionally
poor results for the load step simulation. Being similarly accurate and more robust
makes the hybrid approach the optimization method of choice. Excluding the
MAPEg ¢ of the short-circuit simulation (15.5 %) that is skewed by zero-crossings,
all MAPE values of the hybrid approach are below 8.36 %, which is the value of
the MAPE ¢ for the load step change. The MAPE values for all other objectives
lie below 0.37 %—well in the range of acceptable errors—, indicating a very good
approximation of the detailed model.

The quantitative results are averaged over the whole simulation time of 10 s, and thus,
they do not give detailed insights into the detailed differences between the optimized
reduced models and the detailed model. Therefore, we analyze the response curves
for selected variables of the optimizations with the different approaches that are
presented in Figures 7.9 to 7.12. These plots reveal that the initial responses to
the simulated events and the last seconds of the simulations are very similar for
most optimization approaches and close to the original model. There are three
notable exceptions to this observation: First, the multi-event optimized model shows
larger deviations for the simulation without events (Figure 7.9) and, second, for the
simulated line dis-/connection, especially regarding the reactive power (Figure 7.12).
Third, Figure 7.11 confirms the finding in the quantitative results that the no-event
optimization performs poorly for the load step event. While the initial response is
similar to the other optimized models, this variant starts oscillating heavily around
the 5s mark. Further simulations reveal that this oscillation continues for at least
60 min with the frequency slowly drifting higher. The analysis of these detailed
curves confirms the hybrid optimization approach as a robust choice that handles all
evaluated events well. It approximates the original BW model almost perfectly after
6s to 7s of simulation time and exhibits only small deviations in the first seconds
after the simulated events, which should be negligible for many applications.
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Regarding the simulation times, the reduced number of components in the model
does not necessarily translate to faster calculations in PowerFactory, as shown in
Table 7.9. While the short-circuit simulation benefits massively from the reduction,
the other two simulations are actually slower with the reduced model. This is likely
due to the original model reaching a less dynamic state, which can be calculated
faster by PowerFactory. Overall, however, performing the three simulations—each
with 120 s of simulated time—is 144.32 s (28.8 %) faster with the reduced model.

Discussion

In this section, we discuss the advantages and limitations of the proposed GA-based
generator control optimization for reduced equivalent models. The proposed method
achieves a good approximation for the simple IEEE benchmark system as well as
for the complex and more detailed BW transmission grid model with hundreds of
nodes. This approximation is realized by using standard controller models only,
ensuring a wide compatibility with common modeling software. The evaluation
demonstrates that the proposed control optimization can be combined with different
static reduction methods to fit the needs of the use case at hand.

The similarity of all results for the IEEE 39 Bus System suggests that there is a
structural limitation of the reduced model that prohibits a more accurate approxima-
tion of the original system. This is especially apparent for the first second after the
short-circuit is triggered, where all solutions have virtually the same response. Tests
with a higher number of generations N¢ have shown little improvement, supporting
this assumption. This might limit the significance of the results for this benchmark
case. However, the evaluations still yield tendencies for the influence of certain
optimization settings on the resulting solutions and shows that the optimization
yields significant improvements compared to a parameterization based on expert
knowledge. Optimizing the more complex BW transmission grid model has shown
that the selection of objectives for the optimization can have a significant influence
on the results, especially the events, and that finding suitable settings is not entirely
straightforward. In general, optimizing the system behavior to fit the response to
certain selected events, does not give any guarantees for the behavior and accuracy
of the reduced equivalent model. A drastic example for this is the response of the
no-event optimized model to the load step shown in Figure 7.11. Including different
events in the optimization can mitigate this issue to some extent. In conclusion, the
large-scale demonstration with the BW system—that requires a controller config-
uration for 22 generators, resulting in 1364 parameters—shows the effectiveness
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Fig. 7.9.: The simulation of the BW model without any system events shows that the
original model is perfectly steady. When optimizing for no events only, the reduced system
comes quite close to the original. When optimizing directly for all four events, the resulting
system shows much more fluctuation. The hybrid optimization results in a much better
approximation compared to the direct multi-event optimization.

7.4 Discussion

133



—— No events Multi-event —— Hybrid —— Original

T T T T T T
E
B |
(]
80 |
g
S |
\ \ \ \ \ \
4 5 6 7 8 9 10
T T T T T T T T T
E
B 1.002 - B
&
=t
3
= 1
&
\ \ \ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8 9 10
; 1,200 -
— 1,000 -
8
£ 800 .
a,
2 600 i
Q
< 400 | | | | | | ]
0 4 5 6 7 8 9 10
E]
>
=
5 500 |- B
2
1)
a,
5]
2 ot .
2
§ | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
T T T T T T T T T
1004 i
R
g 1.002| .
()
&
5 1
=
0998 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Simulation time [s]
Fig. 7.10.: For the short-circuit simulation, all three reduced models produce results close

to the original surprisingly with a slight advantage for the no-event optimization that did
not include this event in its optimization process.
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Fig. 7.11.: The simulation of the load step change shows the main disadvantage of the
no-event optimization: Optimizing only the no-event simulation comes with the risk of very
poor performance for unseen events in the system. A continued simulation reveals that
this model keeps oscillating with a steady drift in the observed variables, e.g., reaching a
frequency of 1.004 p.u. after roughly 60 min. Additional fine-tuning with multiple events
(Hybrid) can mitigate this issue, and in this case results in a significantly better performance
than directly optimizing for multiple events.
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Fig. 7.12.: Disconnecting and reconnecting the transmission line is best approximated by the
no-event optimization, closely followed by the hybrid approach with subsequent multi-event
fine-tuning. The direct multi-event optimization performs worst for all objectives—especially
for the reactive power of the generator. The last seconds of the simulations also hint at the
system becoming unstable after the 10s of simulation time.
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7.5

of the proposed method to find control parameter combinations that adequately
approximate the behavior of the detailed system.

The parameter optimization of both models—the simple benchmark case, and the
realistic large-scale case—results in reduced models that approximate the dynamic
behavior of their detailed counterparts with high accuracy. The observed errors for
most variables are well in the acceptable range defined in Section 7.3, allowing to
gain insights about the detailed model by simulating the reduced model. However,
the proposed GA-based optimization shows difficulties approximating the reactive
power of the retained generators. Introducing weighting factors into the summariz-
ing fitness function for the selection of best solution might be able to mitigate this
issue to some extent, but further evaluations are required to find the cause for these
difficulties.

Table 7.9 shows that the reduction does not always result in faster simulation times
using PowerFactory. The reduction of a model with the size of the BW transmission
grid model can take several hours to reach satisfying results. Thus, it is not given
that the reduction saves simulation time, if the number of simulations that need to
be performed is low. However, for the three evaluated events, the reduction saves
around 29 % of simulation time. Additionally, reducing the number of components
to roughly half of the original model can be the deciding factor to enable real-time
simulation, as real-time simulators, such as RTDS, have a fixed capacity that supports
a limited number of components.

While the proposed method yields promising results, the parameter optimization
is currently limited to three controller types for synchronous machines. However,
these are not the only components that influence the dynamic behavior of a power
system. With an increasing share of generation from renewable energy sources,
inverter-based generation and the corresponding control becomes an increasingly
important factor in the dynamic system behavior.

Contribution and Future Work

In this chapter we answer research question RQ5 that addresses the reduction of
large transmission grid models for dynamic simulations. To answer this question, we
propose a new genetic algorithm (GA) for the optimization of synchronous machine
controllers in statically reduced network equivalents to approximate the behavior
of their detailed counterparts. While this optimization does not reduce the model
complexity itself, it can be combined with static reduction methods, such as REI and

7.5 Contribution and Future Work
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TPNR to created models with a reduced complexity that are capable of dynamic
simulations. We combine our proposed optimization method with both of these
static methods, and evaluate these combinations with a simple benchmark system as
well as a complex, real-world transmission grid model to also cover a realistic use
case of the method. The method is evaluated systematically with a series of varying
settings and validated against a system-knowledge-based Expert solution.

In summary, this chapter provides the following contributions:

* We introduce novel genetic operators specifically designed for synchronous
machine controls, including a flexible representation, crossover, and mutation.
These operators are integrated into a multi-objective optimization to approx-
imate the behavior of a detailed model with a statically reduced equivalent
model.

* We perform a comprehensive evaluation using the IEEE 39 Bus System as a
common benchmark model to determine the influence of several optimization
parameters and choices, such as selection of objectives and definition of
simulation events, and to provide comparability to methods found in the
literature.

* We demonstrate the real-world applicability of the method on a realistic large-
scale model of the Baden-Wiirttemberg transmission grid in combination with
the previously introduced static TPNR method.

The current optimization method is limited to a small set of synchronous machine
controller models. Including more common controller models and even extending
the method to other types of controllers, e.g., for converters, likely broadens the
applicability and accuracy of the method. Optimizing the parameters of the BW
model shows that further research on the influence of optimization settings, such
as objectives, simulation events, and parameters of the genetic operators might
be beneficial for the resulting equivalent models. Ideally, this would lead to an
automated selection of suitable settings. The heuristic nature of the proposed
method does not give any guarantees regarding the accuracy of the optimized
reduced model. Thus, an automated tool for systematic testing and reporting could
help to gain more insights into the model accuracy and limitations, leading to an
increased confidence in the model. Lastly, the optimization method itself could be
enhanced by utilizing more sophisticated techniques, such as adaptive mutation
and crossover probabilities, adaptive completion criteria, and the newer NSGA-III
genetic algorithm [130].
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Summary Part Il

In this section, we address the two research questions posed by the challenges in

transmission grids highlighted in the introduction of this thesis. The contributions

of this section to answering these questions and mitigating the challenges are

summarized as follows:

RQ4 How can transmission grid network models with considerable amounts

RQ5

of renewable generation be reduced, while retaining crucial geographic
information?

We introduce the novel static topology-preserving network reduction (TPNR)
method that uses a rule-based reduction approach on an abstract network
graph, that enables tracing the network components from the detailed model
to the reduced equivalent. The TPNR method is compared to established
reduction methods to confirm its validity.

How can computationally expensive transmission grid models be simpli-
fied to support dynamic simulations, enabling HiL testing for crucial new
grid components?

We propose a new genetic-algorithm-based optimization method for syn-
chronous machine controls to approximate the dynamic behavior of detailed
power system models with their reduced equivalents that can be obtained
by applying different static reduction methods, such as REI and TPNR. This
approach is thoroughly evaluated on a simple benchmark system as well as on
a comprehensive, real-world transmission grid model.
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Summary

The goal of mitigating climate change demands a reduction of carbon emissions.
This reduction requires a transition from fossil fuel-based to renewable energy
sources in all sectors of society, ranging from energy to industry, transportation,
agriculture, and buildings. For the energy sector, this means shutting down large
coal, oil, and gas generators and replacing them with renewable energy generation,
such as wind turbines and photovoltaics (PV) systems. This drastically changes the
production of energy since generation from renewable sources is volatile, heavily
weather-dependent, and might not be available in abundance close to large centers
of consumption. For the other sectors, decarbonization often means switching to
electric energy. This electrification significantly alters the consumption of electric
energy, posing major changes and accompanying challenges to all levels of electric
power grids, from transmission grids down to the distribution. Overcoming these
challenges requires identifying issues and developing suitable solutions, which
demands understanding the systems and testing the potential solutions. Since
supply security is of the highest priority for power grids, identifying issues by
stressing the real system and developing new solutions in the field is not an option.
Instead, comprehensive simulations of the power grids are required. While power
grids have been simulated for decades, solving the current challenges still leaves
open questions, some of which are answered in this thesis.

Distribution grids transitioning from purely supplying consumers with energy to
connecting prosumers with bidirectional power flows to the grid requires more
comprehensive studies of those grids. These new circumstances require insights
into the grid topology and operation, such as the voltage levels and equipment
loading. Measurements of energy generation, consumption, and other variables are
an important building block in understanding current distribution grids. However,
due to errors and planned outages, recorded time series of those measurements are
prone to missing values. This is problematic for many applications, leading to:

RQ1: How to handle missing values in energy time series? In Chapter 3, after
identifying a lack of imputation methods specifically for energy time series, we
introduce the new copy-paste imputation (CPI) method. This method works by
copying and pasting chunks of data into gaps by exploiting periodicities, finding
suitable data with similar properties, such as weekday, day of the year, and energy
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demand. We compare this new methodology to several benchmark methods on a
real-world dataset to confirm its effectiveness and accuracy.

Investigating current grid conditions is not sufficient to solve the challenges posed to
distribution grids. Potential future scenarios need to be examined and solutions need
to be evaluated, which requires models of the corresponding grids. However, these
models are often only kept by operators and are not available to academia and third
parties working on solutions. Thus, the need for automatically generated distribution
grid models—preferably with minimal data requirements, as the available data varies
from region to region. This leads to:

RQ2: How can realistic grid models be generated with minimal available data sour-
ces? In Chapter 4, we introduce a novel two-stage optimization-based method for
generation of residential distribution grids. This method uses OpenStreetMap (OSM)
street data as a basis for the grid layout and various data sources, from 2D and 3D
building data to electricity meter (EM) data, for the load estimation, which is crucial
for the grid configuration. We evaluate the method using a small residential area
and demonstrate the large-scale potential of the method with a city-size case study
that incorporates nearly 45 000 buildings.

When automatically generating distribution grid models from different data sources,
the quality and availability of the data likely have a high impact on the resulting
grid models, leading us to:

RQ3: How does the availability of data influence the accuracy of the generated grid
models? In Chapter 4, we perform the evaluation of our grid generation method
with six different combinations of data sources and compare the resulting models
to each other as well as the real DSO-supplied grid layout. As the comparison of
distribution grid models is not an obvious task, we propose several metrics ranging
from topological to electrical and geographic properties. We find that models created
using 3D building data as a basis are similar to models using the number of electricity
meters per building for their load estimation. Both of these approaches come close
to the actual grid layout of the evaluated area. Purely 2D building data, however,
results in poor model accuracy and is not sufficient to generate realistic models.

The previous questions focus on the challenges of distribution grids. However, the
transition to renewable energy sources also poses significant challenges on trans-
mission grids, requiring simulations of these systems to develop new solutions.
Transmission grids, however, are large, complex systems that are often too compu-
tationally expensive to be simulated in detail. As such, model equivalencing and
specifically model reduction are research topics with a long history. However, in
Chapter 5, we identify crucial issues for these topics. Traditional network reduction
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methods for power grids do not consider geographic information that becomes in-
creasingly important for the power grids transitioning to renewable energy sources.
This poses the question:

RQ4: How can transmission grid network models with considerable amounts of re-
newable generation be reduced, while retaining crucial geographic information? In
Chapter 6, we introduce the topology-preserving network reduction (TPNR) method
for static equivalents that enables tracing back all components in the reduced equiv-
alent model to their counterparts in the original detailed model. This allows, for
example, to map the locations of renewable sources in the detailed model to the
resulting sources in the reduced model. We evaluate this new method using a real-
world transmission grid model and compare it to established reduction methods.

The TPNR method introduced in this thesis enables the reduction of large transmis-
sion grid models while considering geographic and topological properties of the grid.
However, this method does not consider the dynamic behavior of the reduced system,
which is essential for testing new grid components in hardware-in-the-loop (HiL)
setups. These HiL are crucial for the development of new components and the reduc-
tion of complex power grid models can be the deciding factor if a new component
can be evaluated under realistic grid scenarios, leading to:

RQ5: How can computationally expensive transmission grid models be simplified to
support dynamic simulations, enabling HiL testing for crucial new grid components?
In Chapter 7, we introduce a novel genetic-algorithm-based method to optimize the
synchronous machine controllers in the reduced model to approximate the dynamic
behavior of the original model. We propose new genetic operators specifically for
synchronous machine controls and combine them with a variation of the common
NSGA-II genetic algorithm. The method is thoroughly evaluated using a simple
benchmark system, and its real-world applicability is confirmed with a large-scale
transmission grid model.

In conclusion, by developing new methods to answer the five research questions
discussed above, the work presented in this thesis helps researchers to better realize
the potential of their current resources: whether by making incomplete energy data
available for more applications by filling the gaps, or by creating distribution grid
models from available data. The proposed data-driven methods for distribution
grids allow researchers to make better use of current available data sources. When
it comes to transmission grid simulations, the presented reduction methods enable
researchers to simulate larger grids in less time. This potentially enables real-time
and HiL simulations for previously prohibitively large network models with the same
computational resources.

143



144

Outlook

This thesis contributes to solving the challenges in electric distribution and trans-
mission grids posed by the transition from fossil fuel-based to renewable energy
sources by answering the research questions defined in Section 1.3. However, an-
swering these questions by developing new methodologies that solve identified
issues in existing approaches and fill a research gap has also shown paths for further
improvement.

The two-stage optimization-based method for the generation of distribution grid
models yields convincing results for residential areas, that are—depending on the
available data—close to the real grid. However, there are three main aspects that
can be further improved: the range of applicability and accuracy. The current
load estimation method, which is the basis for the network generation, focuses on
residential buildings. Developing more sophisticated estimation methods, optionally
using more widely available data, is an important step to expand the applicability
beyond residential areas. This additional data could include building types defined in
OSM, or using image recognition to identify additional properties of buildings, such
as the height, age, and condition of a building, as well as its usage, i.e., residential,
commercial, or industrial. Simultaneously, the grid layout optimization likely needs
to be extended to properly handle large (industrial) consumers and producers with
potentially multiple transformers and cables with a higher transmission capacity.
For a higher accuracy and realism of the generated grids, time series of energy
demand and generation could be used directly where available, e.g., when modeling
a specific district. Furthermore, individually generated artificial load curves could
produce more realistic models than the currently used HO standard load curves.
The grid layout optimization offers several areas to improve the accuracy and
realism of the generated grids. The proposed method generates radial networks
without any switching capabilities. However, in reality, multiple grid topologies
are used depending on the area, e.g., meshed networks for densely populated city
centers. Integrating switchgear would extend the supported simulation use cases to
testing reconfigurable topologies. Another area for improvement is the generation of
medium-voltage (MV) grid models, especially in rural areas, where overhead lines
are used that often do not strictly follow any street layouts.



The methods for static and dynamic reduced equivalent models introduced in
Part III have shown to fill an important research gap identified in the existing model
reduction methods. However, the evaluation of both methods revealed various
directions for further developments. Starting with the static topology-preserving
network reduction (TPNR) method, increasing the configurability could significantly
improve the real-world applicability of the method. Such configurable options could
include the reduction of higher degree nodes and negligible lower voltage levels
to gain a higher reduction rate. TPNR relies on a specific aggregation strategy for
every type of power system component, e.g., loads, generators, and lines. Thus,
extending the set of supported component types increases the applicability to more
diverse power system models. Lastly, since most reduction operations are of heuristic
nature, their application can lead to errors in the reduced model. An automated
process to detect such destructive operations with a configurable error threshold,
rewinding the operations and avoiding them in the further reduction process, could
significantly increase accuracy and trust in the reduced models. For the optimization
of dynamic equivalents, increasing the applicability is also an important direction
for further development. This could be achieved by supporting more synchronous
machine controller models in the genetic representation, potentially also increasing
the accuracy, and supporting more controllers in general, e.g., for HVDC converters
and wind turbines. An automated and potentially adaptive selection of objectives
and definition of simulation events would reduce the required user input to perform
the reduction and might be able to increase the accuracy of the optimization. Finally,
the optimization itself offers potential for improvement, for example by using
adaptive probability parameters for the genetic operators or utilizing newer genetic
algorithms, such as NSGA-III.

The methods developed as part of this thesis demonstrate their contribution to
answering urgent research questions regarding the current challenges in electric
power grids. A direction for further development shared by all methods proposed in
this thesis is extending their applicability: bringing them from benchmark use cases
and selected real-world examples to researchers and industry working on solving
the challenges on the path toward carbon neutrality.
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A1

Appendix

Component Aggregation Methods

This section provides details on the aggregation procedure of the TPNR method de-
scribed in Section 6.1.1. These details are presented in the form of Tables A.1 to A.6.
Each of these tables includes the list of relevant parameters for one component type
which is identified by its PowerFactory class name, e.g., ElmLod for load components.
The parameters are identified by their names in PowerFactory’s Python API and a
short description. For each parameter the aggregation method is described briefly.

The following examples can be used as instructions to interpret the descriptions of
the aggregation methods:

e Table A.1, plini: )
This is a straightforward aggregation of the plini parameter by summing up
the corresponding values of all load components that are aggregated.

* Table A.2, grean: ) qrean, - ncapa;
This operation aggregates the qrean parameter by summing up the product
of grean and ncapa for each shunt component. The i subscript indicates that
the two parameters of the same component are multiplied in the summation
operator.

e Table A.4, cosn: ZPnomi/sgnagg
This aggregation operation divides the sum of the Pnom parameter of the static

generators by the aggegated sgn parameter, i.e., sgn,,.

Tab. A.1.: ElmLod: aggregation operators for load components.

Parameter Description Aggregation
plini Active power [MW] >
qlini Reactive power [Mvar] Y
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Tab. A.2.: EIlmShnt, shtype = 1: aggregation operators for inductive shunt components.

Parameter Description Aggregation

qgrean Rated reactive power [Mvar] Y grean, - ncapa,
ncapx Maximum number of steps 1

ncapa Active number of steps 1

Tab. A.3.: ElmShnt, shtype = 2: aggregation operators for capacitive shunt components.

Parameter Description Aggregation

qcapn Rated reactive power [Mvar] > qcapn, - ncapa,
ncapx Maximum number of steps 1

ncapa Active number of steps 1

Tab. A.4.: ElmGenstat: aggregation operators for static generator components.

Parameter Description Aggregation

pgini Active power [MW] > min(pgini;,P_max;,Pmax_uc;)
qgini Reactive power [Mvar] >

cQ_min Capability curve minimum [Mvar] >

cQ_max Capability curve maximum [Mvar] >

P_max Active power rating [MW] >

sgn Rated apparent power [MVA] >

Pmin_uc Active power operational min [MW]

Pmax_uc Active power operational max [MW] >

pmaxratf  Active power rating factor > P_max;/ > Pnom;
cosn Rated power factor >_Pnom; /sgn,,,
Pnom Active power nominal rating [MW] read only

Tab. A.5.: TypTr2: aggregation operators for two-winding transformers.

Parameter Description Aggregation

strn Rated power [MVA] >

utrn_h Rated voltage: HV side [kV] StINagg/ Y strn;/utrn_h;
utrn_1 Rated voltage: LV side [kV] Strn,ge/ Y strn;/utrn_1;
x1lpu Positive sequence reactance [p.u.] (3 x1pu, - strn;)/strn.gg

x0pu Zero sequence reactance [p.u.] (D_xOpu, - strn;)/strn,g

ripu Positive sequence resistance [p.u.] (3 ripu, - strn;)/strnagg

rOpu Zero sequence resistance [p.u.] (>-rOpu, - strn;)/strn.g

pfe No load losses [kW] >

curmg No load current [%] (D" curmg; - strn;)/strn.g,
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Tab. A.6.: ElmSym and TypSym: aggregation operators for synchronous machines. The first
part of the table describes the parameters of the ElmSym component class, while the part

below the horizontal line describes the parameters of the type class, TypSym.

Parameter

Description

Aggregation

pgini
qgini
cQ_min
cQ_max
P_max
Pmin_uc
Pmax_uc
pmaxratf

usetp

Active power [MW]
Reactive power [Mvar]

Capability curve minimum [Mvar]
Capability curve maximum [Mvar]
Active power rating [MW]

Active power operational min [MW]
Active power operational max [MW]
Active power rating factor

Voltage setpoint [p.u.]

> min(pgini;,P_max;,Pmax_uc;)

MMM

P_max,,,/ > Pnom;
mean

sgn
Q_min
Q_max

iturbo

rstr
x1
tags
xd
xq
xrl

xrlq
xds
xqgs
xdss
xqss
tds
tgs

tdss

tgss

Rated apparent power [MVA]
Minimum reactive power [Mvar]
Maximum reactive power [Mvar]

Rotor type

(0: salient pole, 1: round rotor)

Stator resistance [p.u.]

Stator leakage reactance [p.u.]
Acceleration time constant [s]
Synchronous reactance, d-axis [p.u.]
Synchronous reactance, g-axis [p.u.]

Coupling reactance between
field and damper winding [p.u.]

Coupling reactance between

g-axis damper windings [p.u.]
Transient reactance d-axis [p.u.]
Transient reactance g-axis [p.u.]
Subtransient reactance d-axis [p.u.]
Subtransient reactance g-axis [p.u.]

Short-circuit transient
time constant d-axis [s]
Short-circuit transient
time constant g-axis [s]
Short-circuit subtransient
time constant d-axis [s]
Short-circuit subtransient
time constant g-axis [s]

2
2
2

max(iturbo;)

(Z rstr; - Sgni)/sgnagg
(Z x1; - Sgni)/sgnagg

(Z xd; - Sgni)/sgnagg
(Z xq; - Sgni)/sgnagg
(Z xrl; - sgni)/sgnagg
(X xrlq; - sgn,)/sgh,.,
(2_xds; - sgn;)/sgn,g,
(2_xgs; - sgn,)/sgn,,,
(D_xdss; - sgn,)/sgn,,,
(Z XQss; - Sgni)/sgnagg
(Z tds; - Sgni)/sgnagg
(>_tas; - sgn,)/sgn,,,

(Z tdss; - Sgni)/sgnagg

(2_tass, - sgn;)/sgn,g,
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A.2 Synchronous Machine Controller Models

This section provides details on the synchronous machine controller models imple-
mented in the GA-based optimization method, introduced in Table 7.2. These details
are provided in the form of Tables A.7 to A.15. These tables present the parameters
of the controller models with a variable name, brief description, and the constraints
for the optimization procedure. The descriptions and constraints are based on the
PowerFactory documentation, as well as NEPLAN exciter [131], governor [132], and

PSS documentation [133].

Tab. A.7.: Simplified Excitation System (SEXS) model parameters.

Parameter Description Constraints
Ty Filter delay time [s] 0.1<T, <20
T, Filter derivative time constant [s] 01<T,<10
K Controller gain [p.u.] 0.1 < K <400
T, Exciter time constant [s] 001<T, <5
Erin Controller minimum output [p.u.] —10 < Epipn < 0.99
Ea Controller maximum output [p.u.] 1< E,q <10
Tab. A.8.: IEEE AC1A exciter model parameters.
Parameter Description Constraints
Ty Filter delay time [s] 0<T, <20
" Filter derivative time constant [s] 0<T. <20
T, Measurement delay [s] 0.001<T,. <1
K, Voltage regulator gain [p.u.] 0.001 < K, <1000
T, Voltage regulator time constant [s] 0.001 <7, <10
Ky Stabilization path gain [p.u.] 0.001 < Ky <0.3
Ty Stabilization path time constant [s] 0.02 <Ty <1.5
T. Exciter time constant [s] 0.02<T,. <2
K. Rectifier regulation constant [p.u.] 0< K. <1
K, Exciter constant [p.u.] 0001 < K.<1
Ky Armature reaction constant [p.u.] 0<K;<1
E Saturation factor 1 [p.u.] 0.002 < E; <20
SE; Saturation factor 2 [p.u.] SEy < SE; <1
FEs Saturation factor 3 [p.u.] 0.001 < By < E4
SFEy Saturation factor 4 [p.u.] 0<SEy <1
Va,min Amplifier minimum output [p.u.] —15 < Vi min < —0.001
Vo maz Amplifier maximum output [p.u.] 1.5 < Vamaz <15
Vi imin Controller minimum output [p.u.] —10 <V pin < —0.001
Vi mag Controller maximum output [p.u.]  0.001 <V, 0 < 10
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Tab. A.9.: IEEE ST1A exciter model parameters.

Parameter Description Constraints

T, Measurement delay [s] 0.001 < T, <0.1
Ty Filter 1st delay time constant [s] 0.04<T, <20

T. Filter 1st derivative time constant [s] 0001 <T,. <10
Tw Filter 2nd delay time constant [s] 0.04 <Tp <20
T., Filter 2nd derivative time constant [s] 0 <7, <10

K, Controller gain [p.u.] 50 < K, <1000
T, Controller time constant [s] 004<T,<0.5
K. Current limiter factor [p.u.] 0<K.<0.3

Ky Stabilization path gain [p.u.] 0.001 < Ky <0.3
T Stabilization path time constant [s] 03<Ty <15
K, Current input factor [p.u.] 0.001 < K. <5
I, Current input reference [p.u.] 0001 <[}, <5
Vs PSS input selector [p.u.] Vos € {1,2}

Vi U, input selector [s] Va €{1,2,3}
Vimin Controller input minimum [p.u.] —0.3 < Vimin <0
Va,min Controller minimum output [p.u.] —8 < Vamin < =3
Vi min Exciter minimum output [p.u.] —8 < Vimin < =3
Vimaz Controller input maximum [p.u.] 0.001 <V, ez <0.2
Va,maz Controller maximum output [p.u.] 3 < Vamaz <8

Vi maz Exciter maximum output [p.u.] 3 < Vemaz <8

Tab. A.10.: IEEE G1 governor model parameters.

Parameter Description Constraints

K Controller gain [p.u.] 5 <K <30

T Governor time constant [s] 0001 <T1 <5
T, Governor derivative time constant [s] 0<T5, <10

T3 Servo time constant [s] 004<T3<1
K High pressure turbine factor [p.u.] -2<K;<1
Ts Intermediate pressure turbine time constant [s] 0.001 < T5 < 10
K; Intermediate pressure turbine factor [p.u.] 0<K3<05
T Medium pressure turbine time constant [s] 0.001 <Tg <10
Ks Medium pressure turbine factor [p.u.] 0< K5<0.35
Ty High pressure turbine time constant [s] 0001 <Ty <1
T Low pressure turbine time constant [s] 0.001 <717 <10
K, Low pressure turbine factor [p.u.] 0<K;<0.3
U. Valve closing time [p.u.s™!] —-0.3< U, < —0.001
Pin Minimum gate limit [p.u.] 0< Pin <0.49
U, Valve opening time [p.u.s~ ] 0.01<U,<0.3
Pox Maximum gate limit [p.u.] 0.5 < Proe <2
Ky High pressure turbine factor [p.u.] Ko=0

Ky Intermediate pressure turbine factor [p.u.] Ky=0

K Medium pressure turbine factor [p.u.] Kg=0

Ky Low pressure turbine factor [p.u.] Ks=0

Additional constraints

Ki+K3+Ks+Kr;=1
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Tab. A.11.: TGOV1 governor model parameters.

Parameter Description Constraints

Ty Turbine delay time constant [s] 2.-T5 <T3<10

T Turbine derivative time constant [s] 0.001 < T, < 4.99

A Turbine power coefficient [p.u.] A =1

D, Frictional losses factor [p.u.] 0<D;<0.5

R Controller droop [p.u.] 0.00l < R<0.1

T Governor time constant [s] 0.001 <717 <5

Py Turbine rated power [MW] Py = 0 — Rating of generator
Vinin Minimum gate limit [p.u.] -5 < Vipin <1

Vinaz Maximum gate limit [p.u.] Viin < Vinaz <5

Tab. A.12.: GAST governor model parameters.

Parameter Description Constraints

R Speed droop [p.u.] 0.001 < R<0.1

T Controller time constant [s] 0.04<T, <05

T Actuator time constant [s] 0.04<T5,<0.5

T; Compressor time constant [s] 0.04<T3<5

Ap Ambient temperature load limit [p.u.] 0.001 < Ayr <1

K, Turbine factor [p.u.] 0001 < K; <5

Diurp Frictional losses factor [p.u.] 0 < Dyyrp <0.5

Py Turbine rated power [MW] Py = 0 — Rating of generator
Vinin Controller minimum output [p.u.] 0 < Vinin < min(Vipge, 1)
Vinaz Controller maximum output [p.u.] 0.5 < Vipas < 1.5

Tab. A.13.: HYGOV governor model parameters.

Parameter Description Constraints

r Temporary droop [p.u.] 0001 <r<2

T, Governor time constant [s] 0.04 < T, <30

Ty Filter time constant [s] 0.04 <Ty <0.1

Ty Servo time constant [s] 004<T, <1

T Water starting time [s] 004<T,<5

A Turbine gain [p.u.] 001 <A, <1

Diury Frictional losses factor [p.u.] 0 < Dyyrp < 0.5

Gnl No load flow [p.u.] 0<qgu<l1

R Permanent droop [p.u.] 0.001 < R < min(r,0.1)
Py Turbine rated power [MW] Py = 0 — Rating of generator
Gumin Minimum gate limit [p.u.] 0 < Gmin < min(Graz, 1)
Veim Gate velocity limit [p.u.] 0.001 < Vg, < 0.3

Gmaz Maximum gate limit [p.u.] 0.001 < Gppaz <1
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Tab. A.14.: PSS1A power system stabilizer model parameters.

Parameter Description Constraints

K PSS gain [p.u.] 0< K, <10

T, Transducer time constant [s] 0<T,. <1

Tw Washout time constant 0<T, <10

T Lead/lag time constant 0<T <10

T Lead/lag time constant 0<T, <1

T3 Lead/lag time constant 0<T5<10

Ty Lead/lag time constant 0<Ty<1

Ay PSS signal conditioning frequency filter constant 0 < A4; <5

Ag PSS signal conditioning frequency filter constant 0 < Ay <5

Ipgp PSS base input selector Ipp =1 — Generator MVA
Vst.min Controller minimum output —1 < Vstmin < —0.001
Vst,mag Controller maximum output 0.001 < Vitmaz <1

Tab. A.15.: PSS2A power system stabilizer model parameters.

Parameter Description Constraints

Tw1 1st washout 1st time constant [s] 1.5<T,1 <25

Tw2 1st washout 2nd time constant [s] 1.5 < Ty <25

Tk 1st signal transducer time constant [s] 0<Ts <0.001

T3 2nd washout 1st time constant [s] 1.5 <T,3 <25

Towa 2nd washout 2nd time constant [s] 0 < Tyus <0.001

Ko 2nd signal transducer factor [p.u.] 0.001 < K, <0.5

T 2nd signal transducer time constant [s] 1.5<T; <25

K3 Washouts coupling factor [p.u.] 09< K,;3<1.1

K PSS gain [p.u.] 9I< K <11

T 1st lead-lag derivative time constant [s] 0.02<T,; <0.3

Teo 1st lead-lag delay time constant [s] 0.02<T, <0.1

Tys 2nd lead-lag derivative time constant [s] 0.02 <T,3<0.2

T4 2nd lead-lag delay time constant [s] 0.002 < Ty <0.01

Ts Ramp tracking filter deriv. time constant [s] 04<T3<06

Ty Ramp tracking filter delay time constant [s] 0.1<Ty<0.15

N Ramp tracking filter N- M<8M=0—-N=0
M Ramp tracking filter M € {0..8}

I 1st input selector I.1 = 1 : Rotor speed dev.
Ieo 2nd input selector I = 3 : Gen. el. power
K, Derivator factor [p.u.] 0<Ky4<2

Ipp PSS base selector (1=Gen MVA, 0=Gen MW) Ipp = 1: Generator MVA
Vst.min Controller minimum output [p.u.] —0.3 < Vit min <0
Vst,mag Controller maximum output [p.u.] 0.001 < Vit ez < 0.2
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Details on the Evaluation of the Genetic Algorithm

IEEE 39 Bus System

This section provides detailed information on the controller configuration of the
IEEE 39 Bus System used for the evaluation of the GA-based controller optimization
described in Section 7.3.1. While the IEEE 39 Bus System is a widely used benchmark
model, there is no common configuration for the synchronous machine controllers.
Thus, this section provides the controller models of the detailed model in Table A.16
and the controller models used in the evaluated Expert solution of the reduced
model in Table A.17. The parameters used for these models are listed in Tables A.18
to A.23.

The model used for this evaluation is a modified version of the IEEE 39 Bus Sys-
tem model provided by PowerFactory. In PowerFactory, the synchronous machine
controllers are interconnected using a so-called frame. Various frames are available
in PowerFactory with different compatibilities to controller models. For many stan-
dard controller models, PowerFactory includes multiple variants that are compatible
with different frame types. The model supplied by PowerFactory uses a frame type
with a voltage transducer slot before the exciter. For the optimization process, we
use a simpler frame type which supports the PSSe-compatible controller models in
PowerFactory. For some standard controller models the implementations for the
different frames vary slightly, which can lead to varying parameters. These cases are
indicated in the tables with the concrete parameters used for the evaluation.

Tab. A.16.: The controller configuration of the detailed IEEE 39 Bus System model. The
rows in gray indicate the generators in the external subsystem which are aggregated in the
reduction process.

Generator Governor Exciter PSS

G 01 IEEE G1 IEEE ST1A IEEE PSS1A
G 07 IEEE G1 IEEE ST1IA IEEE PSS1A
G 08 IEEE G1 IEEE ST1IA IEEE PSS1A
G 09 IEEE G1 IEEE ST1A IEEE PSS1A
G 10 IEEE G1 IEEE ST1IA IEEE PSS1A
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Tab. A.17.: The controller configuration of the Expert solution for the reduced IEEE 39 Bus
System model. The PSS of generator G 02 [R] uses the same parameters as G 03 in the

detailed model.

Tab. A.18.: The parameter values for the IEEE G1 governor. The generators G 08 and G 09

Generator Governor Exciter PSS
G 01 [R] IEEE GAST IEEE AC1IA —
G 02 [R] IEEE GAST IEEE ST1A IEEE PSS2A

use the value in parentheses for P4 .

Parameter Value Parameter Value
K 20.0 T 0.0
T 0.0 K, 0.0
Ty 0.0 U, -1.0
T3 0.075 Pin 0.0
Ky 0.2 U, 0.6786
Ts 10.0 Pras 0.9 (1.0)
K, 04 Ko 0.0
Ts 0.6 Ky 0.0
K 0.4 K 0.0
Ty 0.3 Kg 0.0
Tab. A.19.: The parameter values for the GAST governor.
Parameter Value Parameter Value
R 0.05 K, 3.0
Ty 0.5 Diwrd 0.18
15 0.5 Py 0
T3 3.0 Vinin 0.0
Ar 1.0 Vi 1.0

Tab. A.20.: The parameter values for the IEEE ST1A exciter. The T,. parameter described in
Table A.9 is not present in this variant of the model. Technically, V,; and V,; are 0, but this

model is zero indexed.

Parameter Value Parameter Value
T, 100 I, 0.0
T, 1.0 Vos 1
Ty, 0.0 Vel 1
T 0.0 Vi min —0.1
K, 200.0 Va,min —-5.0
T, 0.015 Vi min —100.0
K. 00  Vimas 0.1
Ky 0.0 Va,maz 5.0
Ty 1.0 Vias 100.0
K 0.0
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Tab. A.21.: The parameter values for the IEEE AC1A exciter. The T;. parameter described in
Table A.8 is not present in this variant of the model. G 05 uses values in parentheses.

Parameter Value Parameter Value
T 10.0 Ky 0.38
T. 1.0 Ey 4.18
K, 200.0 SFE4 0.1
T, 0.015 FEs 3.14
Ky 0.0 SEs 0.03
Ty 1.0 Va,min —5.0 (—999.0)
T, 0.8 Va,maz 5.0 (999.0)
K, 0.0 (0.08) Vimin —100.0
K, 1.0 Vimas 100.0

Tab. A.22.: The parameter values for the IEEE PSS1A. The Ipp parameter is replaced
by Vi.in in this variant, which offers more input options. Vj; ;, = 1 resolves to selection
the rotor speed as input. As the different instances of the PSS1A use varying parameters,
this table is divided into two parts: one for common parameters and one for individual
parameters.

Common Parameters

Parameter Value Parameter Value
T, (Ts) 0.0 Visiin 1
Tw (T5) 10.0 Vst,m?ﬁn —0.2
Al 0.0 ‘/st,mar 0.2
Ay 0.0

Individual Parameters
Generator K, 1Ti T T3 Ty

GO01 1.0 5.0 0.6 3.0 0.5
G 05 1.0 1.5 02 1.0 0.1
G 07 75 02 002 05 0.1
G 08 2.0 1.0 0.2 1.0 0.1
G 09 2.0 1.0 0.5 2.0 0.1
G 10 1.0 1.0 0.05 3.0 0.5
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Tab. A.23.: The parameter values for the IEEE PSS2A. As opposed to the model described
in Table A.15, the second input for this model is fixed to generator power in p.u., which is
calculated as Pg/sgnn. This is equivalent to Ipp = 1 of the other model variant. The first
input is the rotor speed, which is not available in PSSe-compatible model variant. K is not

available in this model variant. The values in parentheses are used by G 06.

Parameter Value Parameter Value
Ton 1.0 (10.0) Ty 0.2 (0.05)
Towo 1.0 (10.0) Ty 0.3
Ts 0.0 Ty 0.15
Tows 100 N 4
Twa 0.0 M 2
Ko 1.54 I Rotor speed
T 10.0 I Generator power
Ky 1.0 Ky —
K 2.0 Ipp 1
T 3.0 (0.5) Vst.min -0.2
Tys 0.20.1)  Vitmas 0.2
T3 2.0 (0.5)

Tab. A.24.: The error values for the simulation without any events show that the optimization
run that specializes on this particular simulation type (first column) significantly outperforms
the other variants. While the hybrid method with two buses loses some accuracy for this
simulation through fine-tuning for all events, it still yields much better results than the other

three variants.

No events Hybrid Multi-event

2 Buses 3 Buses 2 Buses 5 Buses
MAPEg , [%] 0.0344 0.0710 0.1810 0.1440 0.1131
MAEg , [p.u.] 0.0004 0.0007 0.0019 0.0015 0.0012
MAPEg ; [%] 0.0019 0.0074 0.0095 0.0159 0.0277
MAEg ¢ [p.u] 0.0000 0.0001 0.0001 0.0002 0.0003
MAPEq p [%] 0.0565 0.1439 0.1737 0.3802 0.7341
MAE¢ p [MW] 0.5328 1.3585 1.6398 3.5887 6.9282
MAPE¢ ¢ [%] 1.0945 2.3387 14.2739 12.8747 5.9319
MAE¢g ¢ [Mvar] 0.7824 1.6718 10.2039 9.2037 4.2405
MAPE¢ ; [%] 0.0019 0.0075 0.0095 0.0161 0.0277
MAEg ¢ [p.u.] 0.0000 0.0001 0.0001 0.0002 0.0003
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A.3.2 Quantitative Results of the Reduced BW Model

This section provides the quantitative results of the reduced BW model, which
are referenced in Section 7.3.3. Tables A.24 to A.27 present the quantified errors,
i.e., MAPE and MAE, for the four evaluated simulation cases. Each table includes
the results for the three optimization approaches described in Section 7.3.3, as
well as the two additional approaches with more buses for the objective selection.
Independent of the optimization settings—and thus the definition of events and
selection of objective variables—all approaches are evaluated on the same basis:
The error values for all approaches are calculated for the same five buses and one
generator.

Tab. A.25.: The short-circuit simulation shows much closer results for all optimization runs.
While the no-event optimization still performs very well, other variants perform slightly
better for the bus voltage and the reactive power of the generator.

No events Hybrid Multi-event

2 Buses 3 Buses 2 Buses 5 Buses
MAPEg , [%] 0.2444 0.2269 0.2776 0.3317 0.2265
MAEg , [p.u.] 0.0026 0.0024 0.0029 0.0035 0.0024
MAPEg ; [%] 0.0124 0.0172 0.0153 0.0244 0.0282
MAEg ¢ [p.u.] 0.0001 0.0002 0.0002 0.0002 0.0003
MAPE¢ p [%] 0.2574 0.3678 0.3535 0.5614 0.7176
MAEqg,p [MW] 2.3889 3.4471 3.3256 5.1899 6.7435
MAPE¢ ¢ [%] 19.9918 15.5044 20.7383 31.4921 11.2297
MAEg g [Mvar] 11.6925 9.1229 14.1264 19.1898 7.4829

MAPE¢ ¢ [%] 0.0125  0.0171  0.0152  0.0242  0.0286
MAEg ¢ [p.u.] 0.0001 0.0002  0.0002  0.0002  0.0003
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Tab. A.26.: The simulation of the load step change reveals a disadvantage of the optimization
without any events. As this event was not used for its optimization, the model resulting from
the no-event optimization performs much worse than all other variants for this case. The
hybrid version with two buses mitigates this disadvantage, resulting in the best accuracy
overall.

No events Hybrid Multi-event

2 Buses 3 Buses 2 Buses 5 Buses
MAPEg , [%] 0.7715 0.0919 0.2338 0.2000 0.1142
MAEg , [p.u.] 0.0081 0.0010 0.0025 0.0021 0.0012
MAPEg ; [%] 0.0582 0.0118 0.0135 0.0552 0.0324
MAEg ¢ [p.u.] 0.0006 0.0001 0.0001 0.0006 0.0003
MAPE¢ p [%] 1.4379 0.2278 0.3140 1.4592 0.8652
MAE¢ p [MW] 14.1680 2.2470 3.0974 14.4172 8.5442
MAPE¢ ¢ [%] 48.2441 8.3567 19.9076 7.5720  11.1468
MAE¢g ¢ [Mvar] 27.2575 4.7998 11.2878 4.3333 6.3448
MAPE¢ ; [%] 0.0575 0.0119 0.0134 0.0554 0.0324
MAEg ¢ [p.u.] 0.0006 0.0001 0.0001 0.0006 0.0003

Tab. A.27.: For the line dis-/connecting simulation, the no-event optimization yields the
best results, again. However, the hybrid version with two objective buses outperforms the
remaining three variants and is a more robust choice than the no-event optimization.

No events Hybrid Multi-event

2 Buses 3 Buses 2 Buses 5 Buses
MAPEB,U [%] 0.0483 0.0880 0.1342 0.1388 0.1161
MAEB,U [p.u.] 0.0005 0.0009 0.0014 0.0015 0.0012
MAPEg ; [%] 0.0045 0.0098 0.0093 0.0153 0.0282
MAEg ¢ [p.u.] 0.0000 0.0001 0.0001 0.0002 0.0003
MAPE¢ p [%] 0.1072 0.1859 0.1875 0.3609 0.7457
MAE¢ p [MW] 1.0095 1.7491 1.7643 3.4005 7.0285
MAPE¢ ¢ [%] 3.0327 3.7019 10.7652 13.4081 6.7758
MAE¢g ¢ [Mvar] 2.1556 2.6522 7.6234 9.5782 4.8116
MAPE¢ ; [%] 0.0045 0.0098 0.0092 0.0153 0.0282
MAEG,f [p.u.] 0.0000 0.0001 0.0001 0.0002 0.0003
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