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Abstract

Energy systems are in transition. Sustainable and reliable energy systems are
cornerstones of human societies. Renewable energy sources (e.g. wind power
plants and photovoltaic power plants) and innovative consumer technologies (e.g.
electric vehicles and heat pumps) as well as necessary energy storage devices are
connected via power electronic components to the electrical grid. The penetration
of the grid by voltage source converters (VSCs) as one type of power electronic
components will increase. 100% VSC-based power systems will arise. Protective
systems against grid faults are a substantial part of electrical grids. They prevent
danger to living beings and damage to technical equipment.

VSCs and protection must collaborate in future grids. Otherwise, the reliability
of energy supply is at risk. The characteristics of VSCs differ from the char-
acteristics of synchronous machines used in conventional power plants. Today,
protection algorithms are often not adapted to the characteristics of VSCs. At the
same time, the flexibility options of VSCs to increase the reliability of the energy
supply are not fully utilized today. VSCs and protection algorithms are typically
regarded separately from each other. State-of-the-art approaches are often uni-
lateral. One approach is to control VSCs in a way to adopt the characteristics
of synchronous machines. Here, the possibilities of VSCs to increase the system
resilience against grid faults are restricted. Another approach is to use adaptive
distance protection algorithms. Here, the settings depend on the situation and
represent only a selective solution.

In this thesis, an alternative approach is presented. VSCs and protection algo-
rithms are not regarded independently of each other. A holistic principle is



Vi Abstract

developed. The key aspects of this thesis to realize sustainable and reliable energy
systems are:

e Post-fault characteristics of VSCs
e Neutral point treatment and resonant grounding via VSCs
e Model-based protection algorithm

All control and protection algorithms in this thesis are developed analyti-
cally. They are validated in software simulations. In addition, the model-based
protection algorithm is validated in real hardware laboratory tests.

The developed control algorithms of VSCs and protection algorithms for 100%
VSC-based power systems show significant advantages over existing approaches.
Realizing desired properties of frequency and active power in the positive
sequence after a grid fault leads to a stable grid behaviour with defined power
flows. The realized characteristics in the zero sequence reduce fault currents
and allow continuing the grid operation after single-phase-to-ground faults. The
model-based protection algorithm is suitable for VSC characteristics and does not
restrict flexibility options of VSCs to increase the system resilience against grid
faults. Overall, this thesis contributes to the realization of sustainable and reliable
energy systems.



Zusammenfassung

Unsere Energiesysteme befinden sich im Wandel. Dabei sind nachhaltige und
zuverl dssige Energiesysteme Grundpfeiler unserer Gesellschaft. Regenerative
Energiesysteme (z. B. Windkraftanlagen und Photovoltaikanlagen), innovative
Verbrauchertechnologien (z. B. Elektrofahrzeuge und Wéirmepumpen) sowie
Energiespeicher sind iiber leistungselektronische Komponenten als Bindeglieder
an das Stromnetz angeschlossen. Stromrichter mit Gleichspannungszwischenkreis
stellen eine Klasse leistungselektronischer Komponenten dar. IThre Anzahl im
Stromnetz wird zunehmen und 100%-stromrichterbasierte Energiesysteme wer-
den entstehen. Ferner sind Schutzsysteme ein wesentlicher Bestandteil elek-
trischer Netze. Sie reduzieren die Gefahr fiir Lebewesen und Schiden an
technischen Anlagen infolge von Netzfehlern.

Sicherlich miissen Stromrichter und Schutzsysteme in zukiinftigen Strom-
netzen miteinander funktionieren — andernfalls kann die Zuverldssigkeit der
Energieversorgung nicht aufrechterhalten werden. Die Eigenschaften von Strom-
richtern und Synchronmaschinen unterscheiden sich signifikant voneinander,
wobei letztere in konventionellen Kraftwerken eingesetzt werden. Heutzutage
sind Schutzalgorithmen an Synchronmaschinen und oft nicht an Stromrichter
angepasst. Gleichzeitig warden deren Flexibilititsmoglichkeiten zur Erhohung
der Zuverléssigkeit der Energieversorgung bislang nicht vollstindig ausgeschopft.
Stromrichter und Schutzsysteme werden oft getrennt voneinander betrachtet und
Losungsansitze entstehen hdufig aus einer einseitigen Perspektive. Ein Ansatz
beinhaltet die Nachbildung der Eigenschaften von Synchronmaschinen mittels
Stromrichtern. Gleichwohl sind hierbei die Mdglichkeiten von Stromrichtern,
die die Resilienz des Systems gegeniiber Netzfehlern erhohen, eingeschrénkt.

Vii
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Der Einsatz adaptiver Distanzschutzalgorithmen stellt einen anderen bekan-
nten Ansatz dar. Aufgrund der situationsabhédngigen Schutzeinstellungen werden
lediglich punktuelle Losungen gefunden.

In dieser Arbeit wird ein alternativer Losungsansatz vorgestellt, wobei Strom-
richter und Schutzalgorithmen nicht getrennt voneinander betrachtet werden.
Dadurch wird ein ganzheitliches Prinzip etabliert. Die Schliisselaspekte dieser
Arbeit zur Realisierung nachhaltiger und zuverlédssiger Energiesysteme sind:

e Charakteristiken von Stromrichtern nach Netzfehlern
e Sternpunktbehandlung und Resonanzsternpunkterdung mittels Stromrichtern
e Modellbasierter Schutzalgorithmus

Sowohl die entwickelten Regelungsalgorithmen von Stromrichtern als auch
die Schutzalgorithmen in dieser Arbeit wurden analytisch entwickelt sowie
in Softwaresimulationen getestet. Dariiber hinaus wurde der modellbasierte
Schutzalgorithmus in realen Hardware-Labortests validiert.

Das Zusammenwirken der entwickelten Regelungs- und Schutzalgorith-
men fiihrt zu erheblichen Vorteilen gegeniiber bestehenden Losungsansitzen
in 100%-strom-richterbasierten Energiesystemen. Die Realisierung gewiinschter
Charakteristika von Frequenz und Wirkleistung im Mitsystem nach einem Net-
zfehler fiihrt zu einem stabilen Netzverhalten mit definierten Leistungsfliissen.
Die Eigenschaften des Nullsystems fithren zu reduzierten Fehlerstromen und
ermoglichen daher die Fortfilhrung des Netzbetriebs nach einphasigen Leiter-
Erde-Fehlern. Der modellbasierte Schutzalgorithmus ist fiir den Einsatz in 100%-
stromrichterbasierten Energiesystemen ausgezeichnet geeignet und schrinkt die
Flexibilitdtsmoglichkeiten von Stromrichtern zur Erhohung der Resilienz des
Systems gegeniiber Netzfehlern nicht ein. Insgesamt trigt diese Arbeit zur
Realisierung nachhaltiger und zuverldssiger Energiesysteme bei.



Reading guide

Depending on available time, this thesis opens various doors to gain informa-
tion. Away from reading the complete thesis, three different ways for time-saving
information gathering are provided.

The abstract gives a brief summary of the background, challenge, approach
and results of this thesis. The research context reveals.

Combining Sect. 1.2 and Sect. 11.1 provides an extended summary. Research
questions are formulated. An overview of the state of the art and the research
objectives as well as the discussion of results as the fulfilment of these objectives
is given.

Key aspects of this thesis and technical interconnections are provided by com-
bining the introduction in Chap. 1, the conclusion and the research perspectives
in Chap. 11 and the summaries of all chapters starting with Sect. 1.4. The back-
ground, motivation and discussion of the interaction of voltage source converters
and grid protection are continued along the central theme of this thesis.

A deep dive into the control and protection of 100% inverter-based power
systems and understanding details is possible by reading the complete thesis.
The table of contents and the outline in Fig. 1.2 help to navigate along this way.

The visualization of this reading guide is provided in Fig. 1. In this figure, all
chapters and sections are linked, providing the possibility for quick navigation in
the digital document.
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tion in the digital document
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Introduction

This chapter opens the thesis. In Sect. 1.1, the background and the motivation of this
thesis regarding energy systems in transition and the role of power electronics as
the key technology is presented. Grid architectures for the integration of renewable
energy sources (RES) and future grid operation strategies are explained. Sect. 1.2
introduces the main topic of this thesis: The interaction between voltage source
converters (VSCs) and grid protection. Open research questions concerning this
topic are formulated as the technical challenge. State-of-the-art solutions and their
drawbacks are summarized. Based on this perspective, the research objectives of
this thesis are formulated. In Sect. 1.3, a visual outline of this thesis is given.

1.1 Background and Motivation

1.1.1 Energy Systems in Transition

The imperative of the reduction of CO;-emissions requires the use of renewable
energy sources (RES) and innovative consumer technologies.

Fundamental properties of RES are summarized in [1]. RES are inexhaustible on
a human timescale and represent distributed energy resources (DERs). The available
power is location-dependent and volatile over time. In this context, the availability
of wind power plants (WPPs) and photovoltaic (PV) power plants can complement
each other in time. For the time-independent power consumption, the use of energy
storage systems (ESS) is essential.

There are different energy storage technologies [2]. ESS can decouple the power
flow between the electrical power grid and the RES or the consumer. The use of
distributed ESS near the RES and consumers is preferable to keep their power
volatility and power peaks out of the grid.

© The Author(s) 2025 1
F. Mabhr, Control and Protection of 100% Inverter-based Power Systems,
https://doi.org/10.1007/978-3-658-47217-7_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-658-47217-7_1&domain=pdf
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1
https://doi.org/10.1007/978-3-658-47217-7_1

2 1 Introduction

Electric vehicles (EVs) and heat pumps (HPs) are levers to reduce the primary en-
ergy consumption at the consumer side. The efficiency of EVs regarding the primary
energy consumption is increased by a factor of approximately 3 to 4 compared to
conventional vehicles based on combustion technologies [3]. The efficiency of HPs
regarding the primary energy consumption indicated by the coefficient of perfor-
mance is also increased by a factor of approximately 3 to 4 compared to conventional
heating systems [4].

In the past, the energy transport of the mobility sector and the heating sector was
realized via chemical energy carriers. In the future, the energy transport of these
sectors will be realized via the electrical power grid. The coupling of the electricity
sector, the mobility sector and the heating sector will be a reality.

1.1.2 Power Electronics as Key Technology

Power electronic components are converters of electrical power without energy
storage capability based on power semiconductor devices [143]. Power electronic
converters, which connect an alternating current (AC) system and a direct current
(DC) system, are categorized into self-commutated and line-commutated converters
[5]. Subsequently, these converters are called AC/DC-converters.

Voltage source converters (VSCs) are self-commutated converters based on an
approximately constant voltage DC-link. They allow defined power flows from the
AC-system to the DC-system and vice versa. Consequently, VSCs are operated
in the rectifier mode or the inverter mode [5]. The V/I-characteristics depend on
their control algorithm and thus they represent software-defined components. In
this thesis, VSCs are regarded exclusively, because of their technical advantages
over alternative converter technologies and their wide application range.

There is a wide application range of VSCs connected to the AC power grid,
see Fig. 1.1. These grid-connected (GC) VSCs integrate RES to the grid [6]. They
are used as inverters in PV power plants [7]. Furthermore, DC/DC-converters are
applied to realize maximum power point (MPP) tracking [8]. GC VSCs are also
used in WPPs (see [9]) and hydro power plants (see [10, 11]) to allow an optimal
operation by decoupling the rotation speed of electrical machines from the electrical
grid frequency.

Beyond that, different ESS are integrated by GC VSCs into the grid. The appli-
cation range of VSCs extends from battery energy storage systems (BESS) (see [6])
to pumped hydroelectric energy storage (see [12]), fuel cell applications (see [13])
and hydrogen production via water electrolysis (see [14]).
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On the consumer side, VSCs allow bidirectional charging of EVs (see [3, 15]).
Moreover, VSCs are used in inverter HPs to adjust power via rotation speed control.

Future VSC technologies will profit from material developments. Wide-bandgap
(WBG) semiconductors, such as silicon carbide (SiC) and gallium nitride (GaN),
allow power semiconductor devices with higher voltage ratings and higher switch-
ing frequency. The beneficial properties of SiC materials and the applications of
SiC devices are presented in [16]. Zero voltage switching (ZVS) and zero current
switching (ZCS) methods can reduce or even avoid switching losses [5, 17].

Further trends involve hardware topologies of VSCs. Switch-based multilevel
topologies (see [18, 19]) and modular multilevel topologies enable the application
of VSCs in medium and high voltage grids. Different categories of modular multi-
level AC/DC topologies are presented in [20, 21]. Energy balancing in the modular
multilevel converter (MMC) under unbalanced grid conditions is presented in [144].
The multidirectional energy flow control via a MMC with integrated battery energy
storage systems (BESS) is presented in [22] and applied to a multiport device in
[23]. The model-based predictive control of a MMC is shown in [145]. A modular
multilevel matrix AC/AC-converter (see [24]) and a modular multilevel DC/DC-
converter (see [25]) are presented in the literature. A hybrid energy storage system
(HESS) using a modular VSC approach is presented in [146]. The application of
interleaved VSC topologies increases the current ratings of the system and reduces
the current ripple [26].

On the system level, solid-state transformers (SSTs, see [5]) and smart trans-
formers (see [27]) based on VSC technology arise. They often use the dual active
bridge (DAB) as an isolated DC/DC-converter. The DAB (see [28, 29]) can be ap-
plied in a modular concept, e.g. in series on the high voltage side and in parallel on
the low voltage side.



4 1 Introduction

Fig. 1.1 Application range of voltage source converters (VSCs) including renewable energy
sources (RES), battery energy storage systems (BESS), hydrogen systems and innovative
consumer technologies such as electric vehicles (EVs) and heat pumps (HPs)

1.1.3 Grid Architectures for the Integration of RES

From the considerations in Sect. 1.1.1 and Sect. 1.1.2 it becomes clear, that the
penetration of VSCs in the electrical power grid will increase significantly in the
future. At the same time, the share of electrical machines as the connecting link
to the grid will decrease. Pure and nearly pure power electronic grids will arise in
the future. In this thesis, the term “100 % inverter-based power systems (IBPS)”
is used. A future with inverter-based resources (IBRs) (see [30]) and the operation
paradigm of an all-converter interfaced generation (CIG) power system (see [31])
are discussed in the literature.
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In contrast to conventional thermal power plants, RES are often integrated into
medium or low voltage grids due to lower nominal power of the plant. Different
grid architectures for the integration of RES are possible.

Legal requirements and time pressure often lead to the operational integration of
RES into an existing grid [32]. The complexity of the grid increases and its structure
becomes unclear. Bidirectional power flows are caused by RES and voltage problems
arise. Overload situations can occur and the reliability of electrical energy supply
is threatened [32].

To overcome these problems, collector grids can be used. Often, collector grids
are based on ESS. The concept of aggregating the capacity of RES to make them
more accessible and manageable to create a single operating profile is called “virtual
power plant (VPP)” [33, 34]. VPPs can have one or more connection points to the
grid [32]. Using only one connection point carries the risk, that a fault event at the
connection point can lead to the disconnection of the entire collector grid. Since
power plants based on RES are distributed locally, the use of collectors grids with
only one connection point unnecessarily threatens the reliability of electrical energy

supply.

1.1.4 Future Grid Operation Strategies

There are different grid operation strategies for strategically planned grids with a
clear structure. These grids can represent a combination of a utility grid and VPPs,
see Sect. 1.1.3.

The strategy of the cellular approach is to balance energy production and con-
sumption at the lowest possible level [35-37]. This grid operation strategy includes
the consideration of consumers by definition. The objective of the cellular approach
is to reduce the transport distance of energy and ideally the direct consumption at
the place of production. The transmission grid serves as the connection between
different energy cells to balance energy among these cells. Long distances between
non-autonomous cells or semi-autonomous cells can be overcome by an overlay
grid [38]. Here, the advantages of DC transmission are substantial, especially if
cables instead of overhead lines are used.

The load-following concept represents the conventional grid operation philos-
ophy. Here, the electrical power production is adjusted to the power consumption
to allow maximum flexibility of use. Since power flows inside the grid are not ad-
justed and not actively regulated, the limits of the transport capacity of lines can be
exceeded.
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The strategy of the energy management concept using energy packages is to
decouple the power profiles of production and consumption. One BESS at the pro-
duction side and one BESS at the consumption side enable adjusted and actively
regulated power flows inside the grid realized by power electronic energy routers.
Consequently, effects caused by the volatility of RES and time-dependant power
demand do not affect the grid and thus overload situations are avoided. This grid
operation strategy is presented in [147-149]. The use of energy packages during a
grid blackout is discussed in [150].

Using the energy packages concept, the entire available energy transport capac-
ity of lines is used [149]. The grid frequency and the grid voltage as grid operation
parameters are decoupled from power production and power consumption profiles.
Besides, instantaneous power and reactive power of loads are decoupled from the
grid. Furthermore, alternative energy carriers (e.g. liquid organic hydrogen carriers
(LOHC)) with complementary physical properties to the electrical energy transport
path can be integrated in this holistic energy management concept [148]. Addi-
tional energy transport paths increase the reliability of energy supply and the energy
transportation flexibility. Moreover, the prioritisation of energy supply of critical
infrastructures is possible.

Different grid operation strategies are reported in the literature. In [39], the
“Intergrid” as a hybrid mix of AC and DC architectures comprising subgrids of
different sizes that are dynamically decoupled and hierarchically interconnected.
The “Energy Internet” is an internet-type network of all the components of a power
system, which closely interacts with others by sharing both energy and information
[40]. The Energy Internet extends the smart grid concept. In contrast to the smart grid
concept, all agents, including prosumers and consumers, are able to sell/generate and
buy/consume energy [40]. Furthermore, a plug-and-play interface is a fundamental
requirement of the Energy Internet.

1.2 Interaction of VSCs and Grid Protection

1.2.1 Research Questions

Sustainability and reliability are two essential aspects of electrical energy systems.
They must be ensured when designing future energy systems.

Sustainable solutions for energy production, storage and consumption are based
on power electronic technology, see Sect. 1.1.2. The penetration of the electrical
power grid by voltage source converters (VSCs) will increase significantly in the
future and 100 % inverter-based power systems (IBPS) will arise. The characteristics
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of grid-connected VSCs depend on their control algorithm. Especially, frequency
characteristics can be designed.

Research questions 1

What are the requirements on the frequency characteristics of VSCs in 100 %
IBPS and how do VSCs synchronize in 100 % IBPS? How does the resulting
dynamic behaviour look like and what are the impacts on the grid stability—
especially after a grid fault?

Grid faults lead to changes in the topology of overhead lines and cables. After the
fault is cleared, the grid topology is changed. The fault current depends on the
current grid topology, the current line topology and the fault current sources. VSCs
are fault current sources and open new flexibility options, especially in the negative
and the zero sequence during grid faults. The reliability of energy supply is closely
linked to the resilience of the system against grid faults.

Research questions 2

What are the flexibility options of VSCs during grid faults? How can selected
flexibility options of VSCs increase the resilience of the grid and VSCs against
grid faults?

In addition, an appropriate protection principle must be used to prevent danger to
living beings and damage to technical components.

Research questions 3

How must the protection principle be designed in order to not restrict flexibil-
ity options of VSCs during grid faults and at the same time to reliably detect
grid faults fed by VSCs?
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1.2.2 State of the Art

Distance protection algorithms are frequently used in medium voltage grids, see [41,
143]. These algorithms are also adapted to the characteristics of synchronous ma-
chines (see [143]), which represent sources of fault currents. The power flows during
normal operating conditions inside the grid are often assumed to be unidirectional
from higher voltage levels to lower voltage levels.

The physics of VSCs differ fundamentally from the physics of synchronous
machines, see Sect. 2.1 and [42]. In the past, positive sequence current controllers
were used to define the grid characteristics of VSCs [43, 44]. Today, the share of
voltage controllers (see [45]) increases. Often, proportional-integral (PI) controllers
are used [46]. The injection of reactive current in the negative sequence of medium
voltage grids is standardized in [47].

An obvious approach to preserve existing distance protection algorithms in fu-
ture grids is to control VSCs in a way to adopt the characteristics of synchronous
machines. For this imitating approach on different detail levels, the terms “syn-
chronverter” (see [48]) or “virtual synchronous machine” (see [49]) are used for
example. Further variants are found in [50, 51].

But, the physics of VSCs differ fundamentally from the physics of synchronous
machines and cannot be manipulated. The approaches in the literature do not exploit
all possibilities of VSC, since they are restricted by the imitating approach. For
example, the possibility of VSCs to define the characteristics of the zero sequence
is not used. Neutral point treatment is realized via the VSC transformer today. On
the other side, four-leg converters draw more and more attention [52].

Numerous problems regarding the interaction between VSCs and distance pro-
tection algorithms are reported in the literature.

The results of hardware-in-the-loop (HIL) tests in [53] reveal, that the impedance
measuring error caused by the fault resistance can be enlarged and unpredictable with
the presence of VSCs. Furthermore, the measuring error is affected by the current
limit of the VSC [53]. The injection of reactive power in the negative sequence also
leads to problems. The associated indeterminacy aggravates, since the measuring
errors are also affected by the relative relationship between positive- and negative-
sequence reactive power and pre-fault power flow conditions [53].

In [54] it is reported, that the reliability and the speed of distance protection can
be adversely affected due to a lower short circuit current level and unconventional
short circuit current characteristics. The authors propose to avoid the use of constant
reactive power control together with a distance relay because it can cause the relay
to be unable to calculate the impedance accurately [54].
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The authors of [55] report, that the limitation in fault current magnitude along
with phase angle modulation in the presence of VSCs affects the performance of
a conventional distance relay. Especially in case of faults with significant fault
resistance, conventional distance relaying algorithms fail to identify the faults in the
prescribed zones [55].

The effects of a VSC-based high voltage direct current (HVDC) system on the
distance protection of transmission lines are investigated in [56]. It is concluded, that
the limited reactive positive sequence and suppressed negative sequence fault current
from the VSC impact the distance relay heavily [56]. Wrong tripping actions due to
relay under-reach are observed, if reactive current injection to support the network
voltage along with the active current blocking limitation strategy is activated [56].
The saturation limits of the converter affect the distance relay in a way, that the
smaller the saturation limit is, the higher the under-reach is [56]. It is determined,
that “an effective solution to update the protection system is the need of the hour”
to accommodate VSC-based HVDC connection into the network [56].

The common assumption regarding the phase difference between the line-end
currents during a zone-one fault is not valid for a line that emanates from a VSC-
interfaced RES plant is reported in [57].

Problems of state-of-the-art distance protection in electricity grids fed by VSCs
are emphasized in [58]. It is summarized, that three fault current injection strategies
stated in current grid codes made distance protection on the VSC side ineffective
[58]. The authors demand, that the control system needs to be optimized to bring
the fault currents quicker into the steady state [58].

Distance protection of AC grids with HVDC-connected offshore wind generators
are investigated in [59]. The impact of the reactive power control of VSCs on distance
relays has become an important subject [59]. The authors summarize, that the issue
of miscoordination of zone 2 protection caused by the control of the HVDC systems
needs to be addressed [59].

Further issues with HVDC systems are addressed in [60]. It is stated, that the
VSC-based HVDC system has a significant influence on the zone 2 and zone 3 relay
performance due to the active and reactive power source connected in-between the
relay location and the fault point [60]. It is obtained, that the malfunction of the
zone 2 relay and the zone 3 relay can be mitigated by altering the reactive power
injected into the system using AC voltage reference input variations [60].

Some solutions to solve the problems regarding the interaction between VSCs
and distance protection algorithms are found in the literature.

A control-based solution is provided in [61]. The prime objective of this method
is to imitate certain features of the symmetrical components of the fault currents of
synchronous machines that affect distance relays [61]. The fault current angle of the



10 1 Introduction

VSC is controlled in a way to imitate the characteristics of a synchronous machine
[61].

In [62] an adaptive distance protection algorithm for lines connected to VSC-
interfaced renewable power plants is proposed. Following structural and operational
changes in the power system, an adaptive zone 1 setting is presented in [63].

The interaction between VSCs and distance protection algorithms causes differ-
ent problems. Solutions from the literature can be organized into two categories.
Solutions of the first category are based on the obvious approach of controlling
VSCs in a way to adopt the characteristics of synchronous machines. Here, the pos-
sibilities of VSCs to increase the system resilience against grid faults are restricted.
Solutions of the second category are based on the use of adaptive distance protec-
tion algorithms. Here, the settings depend on the situation and represent a selective
solution, but not a holistic solution.

The interaction between VSCs and distance protection algorithms is a crucial
research gap and sophisticated solutions are missing up to now.

1.2.3 Research Objectives

The superordinate research objective of this thesis is to point out a perspective of
future energy systems based on renewable energy sources (RES). Following on the
research questions in Sect. 1.2.1, a holistic control and protection concept for 100 %
inverter-based power systems (IBPS) based on voltage source converters (VSCs) is
developed. The aim is to contribute closing the research gap described in Sect. 1.2.2
by meeting the following research objectives.

Research objective 1

Evaluating the synchronization principles of VSCs as a fundamental require-
ment for the operation of 100 % IBPS and determining the connection to grid
dynamics and grid stability—especially after a grid fault.

Research objective 2
Identifying the flexibility options of VSCs during grid faults to increase the
system resilience and realizing them by using a suitable control algorithm.
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Research objective 3
Developing an appropriate protection algorithm for 100 % IBPS without re-
stricting the flexibility options of VSCs during grid faults.

To define an approach to meet these research objectives, the physical constraints of
VSCs and the frequency characteristics of 100 % IBPS described in Chap. 2 have
to be considered.

1.3 Outline of this Thesis

In Chap. 1, the current situation of electrical energy supply is reflected in partic-
ular based on ecological aspects. Research questions are identified and the state
of the art is presented. The research objectives of this thesis are formulated. The
fundamentals of voltage source converters (VSCs) and frequency characteristics of
100 % inverter-based power system (IBPS) are presented in Chap. 2. Furthermore,
constraints meeting the research objectives are derived and the research approach
is described.

Chap. 3 contains the description of electrical quantities, state-space modelling
and the analysis of system properties. This chapter forms the common basis for the
control algorithms and the protection algorithms in this thesis. Chap. 4 describes
the synchronization of VSCs to the grid and the frequency and active power char-
acteristics after a grid fault. In Chap. 5, the characteristics and the V/I-control of
VSCs are presented. This chapter gives an overview of flexibility options in the pos-
itive sequence and the negative sequence. The enhanced grid fault characteristics of
VSCs and the options in the zero sequence are the content of Chap. 6.

The grid fault modelling is introduced in Chap. 7. These models are the basic
prerequisite of the model-based protection principle. In Chap. 8, the model-based
protection (MBP) principle is presented. The MBP is validated by laboratory tests in
Chap. 9. In Chap. 10, the MBP is tested based on the enhanced grid fault character-
istics of VSCsin a 100 % IBPS. Chap. 11 presents the results of this thesis and gives
an overall conclusion. The results are evaluated regarding the research subjects and
the research objectives. Besides, future research perspectives are pointed out.

Figure 1.2 illustrates the relations between all the chapters of this thesis and helps
to define an individual chronology of reading. It also opens the possibility for quick
navigation in the digital document.
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1.4  Summary

This chapter opens this thesis entitled “Control and Protection of 100 % Inverter-
based Power Systems”. The background and the motivation of this thesis are pre-
sented and regarded in a broader context. Research questions are identified as the
challenges to be addressed in this thesis. Approaches from the literature to fill the
gap between power electronics and grid protection are summarized. Their draw-
backs are also pointed out. The research objectives are defined and the outline of
this thesis is visualized.

Energy systems are in transition due to the imperative of the reduction of CO»-
emissions. Today, the momentum of power electronics is considerable. Different
energy sectors converge. Power electronic components are the link between renew-
able energy sources (RES), energy storage systems (ESS), innovative consumer
technologies and the electrical power grid. Power electronics are a key technology
with various flexibility options. Sustainable 100 % inverter-based power systems
(IBPS) will arise in the future. Because of the properties of RES and the increasing
transport of electrical energy due to energy sector-coupling, new grid architectures
and grid operation strategies have to be considered.

The interaction between voltage source converters (VSCs) and grid protection is
crucial for the operation of 100 % IBPS. Existing approaches in the literature to fill
the gap between VSCs and grid protection show different drawbacks. Adopting the
characteristics of synchronous machines to VSCs restricts the possibilities of VSCs
to increase the system resilience against grid faults. Adaptive distance protection
algorithms represent a selective but not a holistic solution. Sophisticated solutions
are missing up to now. New solutions regarding the interaction between VSCs and
grid protection have to be developed. A holistic control and protection concept for
100 % IBPS is indispensable.

To define the approach to meet the research objectives, the physical constraints
of VSCs and frequency characteristics of 100 % IBPS have to be considered. There-
fore, the physical and technical fundamentals of VSCs as well as the frequency
characteristics of 100 % IBPS are presented in Chap. 2. To follow the key aspects
of the central theme of this thesis on a shortcut: The conclusion of the next chapter
is provided in Sect. 2.5.
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This chapter presents the electrical energy supply in 100% inverter-based power
systems (IBPS). In Sect. 2.1, the physical and technical fundamentals of voltage
source converters (VSCs) are presented. The frequency characteristics of 100%
IBPS are described in Sect. 2.2. It contains the remastered interpretation of frequency
in 100% IBPS and the requirements on the frequency characteristics of VSCs.
Furthermore, the frequency characteristics in the steady state are explained based
on an illustrative example in the context of grid control after a contingency. Section
2.3 points out the requirements on VSC control and grid protection of a 100% IBPS.
Based on the identified physical and technical constraints, the research approach of
this thesis is presented in Sect. 2.4.

2.1 Fundamentals of VSCs

The fundamentals of voltage source converters (VSCs) are explained based on a
three-level neutral point clamped (NPC) VSC [64]. A three-level NPC VSC offers
the possibility to be connected to the medium voltage grid without a transformer
(see Sect. 6.2.1.2).

The main advantages of the NPC VSC compared to a two-level VSC using the
identical carrier frequency are lower switching losses per semiconductor power
device [19]. Furthermore, the power quality and the electromagnetic compatibility
are superior [19]. The drawbacks of the NPC VSC are higher overall conduction
losses and the additional need for balancing of the direct current (DC) link voltages.
Moreover, more power semiconductor devices are required.
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2.1.1 Half-bridge Topology

The half-bridge topology as a part of a VSC is an electrical switching circuit, that
connects the DC-link to another circuit. The half-bridge topology consists of a
number of active switching semiconductor power devices. For example, insulated-
gate bipolar transistors (IGBTs) based on silicon or metal-oxide-semiconductor
field-effect transistor (MOSFETSs) based on silicon carbide (SiC) are used for grid-
connected (GC) VSCs. The allowed blocking voltage and the current of a semicon-
ductor power device are limited. For example, the current limit must not exceed its
nominal value approximately by the factor 1.2.

The three-level half-bridge consists of four switching cells (see [143]). Each
switching cell is built from one semiconductor power device and one antiparallel
diode. The midpoint of the DC-link is connected via two additional diodes. The
equivalent circuit of a three-level half-bridge using four IGBT power devices (S1;
to S14) is shown in Fig. 2.1. The first index is used to indicate the number of the
phase, to which the half-bridge is connected. The DC-link voltage is named vpc
and the converter (index: c) output voltage of phase 1 is named v..

Sy

Sz o

Si3 o]

514°J

Fig. 2.1 Equivalent circuit of a three-level NPC VSC half-bridge used in phase 1

To evoke current flows, one of three electrical potentials of the DC-link is con-
nected to the alternating current (AC) side by selecting an appropriate combination
of switching states of Syj to Sy4. The output voltages v take values from a finite
set. In this way, currents with positive and negative sign from and to each DC-link
potential can flow. Electrical energy is transferred from the DC-side to the AC-side
or vice versa while being converted from one form to another.

During normal operating conditions, three different switching states Syp; of
the half-bridge are used. Each switching state of the half-bridge is defined by the
combination of switching states of Syj to Si4 and leads to a certain value of v as
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a fraction of the DC-link voltage vpc. Table 2.1 summarizes the combinations of
SHB1, S11 to S14 and v;.

Table 2.1 Switching states Syg; of a NPC VSC half-bridge in phase 1 during normal oper-
ating conditions neglecting the blocking state.

SuB1 Sii Si2 NE Sia Vel

1 on on off off e

2 off on on off ov

3 off off on on — 5

Applying Kirchhoff’s voltage law (KVL) in Fig. 2.1 and considering Table 2.1,
it becomes obvious, that vpc should be balanced regarding the midpoint of the DC-
link. In addition, the current value of vpc must be greater than twice the amplitude of
the grid voltage on the AC-side. Since the current value of vpc represents the current
energy inside the DC-link, it is calculated from the difference of the instantaneous
power on the DC-side and on the AC-side. Therefore, vpc is controlled via the active
power on the AC-side by the NPC VSC or via a DC/DC-converter connecting for
example a battery energy storage system (BESS) to the DC-link.

By an appropriate temporal distribution of two switching states Syp; (see Table
2.1) of a half-bridge within a carrier period T¢qy, the pulse width of v, is adjusted.
Using this concept, the short-term mean value of v.; named v (¢) (see Eq. (2.1))
is adjusted as desired within 7¢,r representing a value from a continuous set. In this
way, an arbitrary reference signal v¢j rer is approximately synthesized on the AC-
side of the NPC VSC half-bridge via v.;. The carrier frequency of silicon-based
IGBTs is in the range of a few kHz, whereas the carrier frequency of SiC-based
MOSFETS is in the range of a few ten or hundred kHz. This concept is called pulse-
width modulation (PWM) [65]. The current value of v, (¢) is calculated according
to Eq. (2.1).

g
el (1) = / ver (v)dz 2.1)
t

_ Tear
2

Tcar

Often, a carrier-based PWM is applied. By comparing the reference signal vej ref
with two carrier signals (vci car1 and vei car2) showing the period duration Ty, the
current switching state Syp; of the half-bridge is determined according to a defined
switching logic, see Table 2.2.
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Table 2.2 Switching logic of a NPC VSC half-bridge in phase 1 during normal operating
conditions neglecting the blocking state

Comparison of signals SHB1
Vcl,ref > VUcl,carl 1
VUcl,carl = Vcl,ref > VUcl,car2 2
VUcl,car2 = Vcl,ref 3

Fig. 2.2 exemplary shows the synthesis of a sinusoidal 50 Hz-reference signal
Vel ref Via the three-level output voltage vc1. Here, two triangular carrier signals
(Vel,cart and Ve car2) in phase opposition with a carrier frequency of 800 Hz are
used. From Fig. 2.2 it becomes obvious, that the amplitude of vy ref is limited by
the maximum and minimum value of v¢|. These values are dependant on the current
value of vpc (see Table 2.1).

T
vbC
2 = Vcl,carl
e V1, car2
m——— Vel,ref
Vel
ov /
A /v
_ e
2 ‘ ‘:
0 Tear 5 10 15 20

Time in ms

Fig. 2.2 Synthesis of a sinusoidal 50 Hz-reference signal v rr via the three-level output
voltage v using the PWM concept with a carrier frequency of 800 Hz

The switching characteristics of VSCs cause harmonic frequency components of
voltages and currents regarding the switching frequency. These undesired frequency
components reduce the power quality in the AC-grid. To attenuate these frequency
components, a filter between the VSC and the grid is commonly used, see [143] and
Sect. 3.2.2.
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2.1.2 Three-phase Bridge Topology

The three-phase bridge topology represents the fundamental circuit of a VSC. It
consists of the parallel connection of three half-bridges (see Fig. 2.1) at the same
DC-link. The equivalent circuit of a three-level NPC VSC connected via LC L-filter
(see Sect. 3.2.2.3) to the grid is shown in Fig. 2.3.

Sy o

Vol

g

<— | RaLgiy ;. L R

Siz o

Fig. 2.3 Equivalent circuit of a three-level NPC VSC connected to the grid via a LC L-filter

According to the operating principle of a half-bridge connecting different DC-
link potentials to the AC-side (see Table 2.1 and Fig. 2.2), each half-bridge is mod-
elled in a simplified manner by a voltage source. Consequently, the three-phase
bridge is modelled by three voltage sources connected in parallel, see Fig. 2.4.

B Rei Lgi La R el
— Rg Lgt 1 R | —
N\ N
Cq1 ::i Vfl

Fig. 2.4 Simplified model of a three-level NPC VSC connected to the grid via a LC L-filter

The model from Fig. 2.4 is valid for different VSC topologies (see [143]) and
is used for the design process of the controller of the VSC, see Sect. 5.1. It has
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to be considered, that the voltage sources of each phase x with x € {1, 2, 3}
represent values vc, from a finite set, see Sect. 2.1.1. Furthermore, the currents
flowing through the semiconductor power devices i., are limited, see Sect. 2.1.1.
The three half-bridges of the VSC can synthesize output voltages v.y independently
of each other.

2.2  Frequency Characteristics of 100% IBPS

2.2.1 Interpretation of Frequency

The interpretation of frequency inside a 100% inverter-based power system (IBPS)
differs from the interpretation of frequency inside a system based on synchronous
machines. Due to the functional principle of VSCs (see Sect. 2.1.1), there is no
physical link between the frequency of the VSC voltages ve, with x € {1, 2, 3}
and a variable describing the energy of an energy storage component. Regarding a
synchronous machine, the frequency of its output voltages is linked to the rotation
speed [42]. In contrast, VSCs can operate at any frequency (depending on the carrier
frequency, see Sect. 2.1.1) and a jump discontinuity of the frequency of v¢y is
possible. The decoupling of frequency and energy allows defining minimum and
maximum values of the frequency deviation from its nominal value (see Awp, in
Eq. (2.2¢)) to limit the rate of change of power.

To enable effective methods for the limitation of VSC currents (see also Sect.
6.3), the filter capacitor voltages vr, (see Fig. 2.3 and Fig. 2.4) are controlled and
their angular frequency wy, is adjusted, see Sect. 4.4.1 and Sect. 5.2.2. The filter
capacitor voltages vr, are described by continuous functions.

The angle y, equals the positive sequence angle of the filter capacitor voltages
vy (see also Eq. (3.16)). This angle is calculated from wy, in accordance with Eq.
(2.2).

t
Yo (1) = / wm(T)dT + ¢ (@) (2.2a)
0
t
= /0 (w0 + Ao (1))dT + (¢1).0 + Agm(1)) (2.2b)
t
= wot + @1y + / Awon(T)dT + Apn(1) (2.2¢)
0

— vt + Ay () (2.2d)
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In Eq. (2.2), the index O represents the nominal operating point and the A-variables
represent the deviations from the nominal value. The variable w( represents the
nominal operating angular frequency and ¢(1)o represents the nominal positive se-
quence angle given by the load flow calculation as a part of the tertiary control, see
Sect. 2.2.3.

Regarding Eq. (2.2¢) as a calculation rule for the reference value of y,, the
third addend and the fourth addend reveal as degrees of freedom to be adjusted by
the VSC. Here, Agn, is often set to zero to decelerate the system response and to
avoid a jump discontinuity. In this way, the active power of the VSC is adjusted
indirectly via the voltage angle difference, see Sect. 4.1.2.2. More details about the
power-based synchronization is presented in Sect. 4.4.

There is a predefined correlation between wy, and the active power according to
the primary grid control principle (see Sect. 2.2.3 and Eq. (4.58)). Regarding this
correlation and neglecting the secondary and tertiary grid control, the grid frequency
in a 100% IBPS in the steady state is an indicator of the deviations of the active
powers of VSCs from their nominal active powers inside the 100% IBPS, see also
Sect. 4.4.5.

In contrast to a grid based on synchronous machines, returning the grid frequency
of a 100% IBPS to the nominal frequency does not require any additional positive
or negative energy flow into or from the grid. The reason is, that no rotating masses
have to be accelerated or decelerated during the secondary control, see Sect. 2.2.3.

The frequency deviation from its nominal value is a possibility to share active
power according to a predefined ratio between different VSCs after changing load
conditions or grid faults by using different droop constants to adjust the voltage
angle difference, see Sect. 4.4.5.

Since a VSC is a component without energy storage capability, the power and
energy on the DC-side have always to be considered. If the DC-link voltage falls
below a certain value, the necessary amplitude of the AC-voltage cannot be reached,
see Sect. 2.1.1.

A variable describing the energy on the DC-side (e.g. the state of charge (SOC)
of a BESS) can be reflected to the frequency of v, via an additional droop addend
in Awy, [66]. If each VSC connected to the 100% IBPS uses this principle, the
grid frequency becomes an indicator of the total energy connected to the grid.
This concept is similar to the total energy of rotating masses connected to a grid
based on synchronous machines. It can be used to balance energy between different
components connected to the 100% IBPS.
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2.2.2 Requirements on the Properties of VSCs

Basically, a VSC is operated in the grid-forming (GFM) mode or in the grid-
following (GFL) mode. Both modes refer to the type of synchronization of the
VSC to the grid regarding the active power transfer in the positive sequence, see
Sect. 4.2. They distinguish from each other regarding the calculation of the reference
angle ¥+ to which the VSC-controller is adapted, see Sect. 4.4 and Sect. 4.3.

GFM-VSCs and GFL-VSCs show different properties. In contrast to GFL-VSCs,
GFM-VSCs show the capability to form an island grid and define the grid frequency
(see Sect. 2.2.1) without any other reference despite the active power. The grid
restoration process after a blackout is linked to this context. Detailed information
including also renewable energy sources (RES) connected via VSCs and high volt-
age direct current (HVDC) systems into the grid restoration process is given in
[67]. Further investigations of GFM HVDC systems are presented in [151, 152].
Since 100% IBPS are operated without synchronous machines and the previously
describes properties are crucial, the GFM-mode in the positive sequence is selected
and investigated subsequently.

Beyond the capability of island operation, GFM-VSCs must provide further
properties regarding power and frequency for a satisfactory grid operation. These
properties are summarized in Fig. 2.5 and discussed below.

Frequency
inertia

Fig. 2.5 Essential properties of grid-forming (GFM) VSCs inside a 100% inverter-based
power system (IBPS)



2.2 Frequency Characteristics of 100% IBPS 23

The provision of instantaneous power is essential after changing load conditions
and grid faults. Power balance after contingencies is always ensured due to thermo-
dynamic laws. Power imbalances should not be balanced by parasitic inductive and
capacitive elements of overhead lines and cables due to their low-energy capacity.
Instead, GFM-VSCs ensure power balance through the energy from the DC-link and
energy storage systems (ESS) with higher energy capacity. Therefore, instantaneous
power must be provided. In contrast to GFL-VSCs depending on the measurement
of the frequency at the point of interconnection, GFM-VSCs inherently provide
instantaneous power.

Frequency inertia provides time immediately after changing load conditions and
grid faults to balance power in the desired way in the first instants, see Sect. 4.4.4.
It slows down the natural reaction of the system and buys the controllers and the
operator time to take actions [68]. Frequency inertia can be quantified by the rate
of change of frequency (RoCoF) [68]. GFM-VSCs do not realize frequency iner-
tia inherently, but using appropriate controllers, such as the configurable natural
droop (CND)-controller (see Sect. 4.4.1.2), allows its realization. In contrast to syn-
chronous machines, instantaneous power and frequency inertia are not necessarily
linked to each other [143].

After the time interval dominated by instantaneous power and frequency inertia
after a contingency, the power imbalance is distributed among different VSCs inside
the grid representing an oscillatory system. Due to stability aspects, it is favourable to
damp power oscillations, see Sect. 4.4.5. Power damping is not realized by GFM-
VSCs inherently. Appropriate controllers, such as the CND-controller (see Sect.
4.4.1.2), allow its realization.

Droop characteristics allow the distribution of active power after a contingency
among different VSCs in the desired way, see Sect. 4.4.5. The shares of active
power are often calculated from the nominal active power of the VSCs. Creating a
correlation (see Eq. (4.58)) between the measured active power and the controlled
frequency of the filter capacitor voltages vty (see Fig. 2.3 and Fig. 2.4) adjusts the
voltage angle (see Eq. (2.2c) and Eq. (4.28b)) and consequently the active power
share appropriately, see Eq. (4.24). GFM-VSCs do not realize droop characteristics
inherently. CND-controllers allow its realization, see Sect. 4.4.1.2.

It is presented in Sect. 4.4.1.2, that frequency inertia, power damping and droop
characteristics are set independently of each other using three individual parameters
of the CND-controller. These parameters are adjusted via software and realized to
grid via the VSC as an actuator, see Sect. 5.1. For practical applications, the voltage
and current limits of semiconductor power devices have to be considered (see Sect.
2.1.1) and power and energy have to be provided by the DC-side on a sufficient
level.
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2.2.3 Grid Control

The grid control strategy defines the frequency and voltage characteristics after a
grid fault and after the fault clearance. It influences the dynamics and the stability
of the grid. The basic objective is to maintain the grid operation. The grid control of
100% IBPS is based on the grid control of grids based on synchronous machines, but
the interpretation of frequency of 100% IBPS from Sect. 2.2.1 has to be considered.
The grid control strategy is based on the physical relations between active power
and angle/frequency (see Eq. (2.2¢), Eq. (4.28b) and Eq. (4.24)) and reactive power
and voltage (see Eq. (4.25)) assuming dominant inductive grid characteristics.

Subsequently, the steady state after the provision of instantaneous power is ob-
served. The power inside the positive sequence is regarded. Active power is trans-
formed into other forms of energy (e.g. mechanical energy or chemical energy).
Reactive power is needed to increase and decrease the strength of electrical and
magnetic fields in overhead lines and cables periodically.

Two system parameters are relevant regarding grid control. The grid frequency
is a system-wide parameter, whereas the grid voltage is a local system parameter
according to Kirchhoff’s voltage law (KVL). The grid frequency is identified as an
indicator of the deviations of the active powers of VSCs from their nominal active
powers inside the 100% IBPS, see Sect. 2.2.1. In general, VSCs can operate at any
frequency (depending on the carrier frequency, see Sect. 2.1.1). The grid voltage
has to be limited so that the maximum field strength of components is not exceeded.
The following considerations are related to the grid frequency.

The fundamental principle of the grid control regarding frequency and active
power represents a hierarchical structure based on three layers with individual ob-
jectives: Primary control, secondary control and tertiary control. These layers are
separated in time after a contingency, see Fig. 2.6.

Primary Secondary Tertiary
control control control

Time

Fig. 2.6 Fundamental principle of the grid control represented as a hierarchical structure
based on three layers separated in time with individual objectives

The three layers are activated and deactivated at different points in time after a
contingency. Since they are not yet standardised for 100% IBPS, no time values are
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given in Fig. 2.6. This standardisation is crucial and has to be put into practice in
the future.

Subsequently, the interactions of the primary control, the secondary control and
the tertiary control are explained in Fig. 2.7. A GFM-VSC connected to a BESS on
the DC-side is regarded using the active sign convention. Here, the angular frequency
wm (see also Sect. 2.2.1, Eq. (2.2c) and Sect. 4.4.1) represents the reference value
of the angular frequency of the filter capacitor voltages vr, (see Fig. 2.3 and Fig.
2.4). The reference value has to be realized by the controller as the actual value. In
contrast to the actual value of wp,, its reference value can show a jump discontinuity.
The actual value and the reference value can differ from each other. In the steady
state, it is assumed that they equal each other. For reasons of clarity, the index ref is
omitted.

The nominal operating point (OP 1) is defined by the nominal angular frequency
wo and the nominal active power Py of the VSC, see Fig. 2.7. The active power
balance between power production and power consumption inside the 100% IBPS
is assumed.

A contingency (e.g. grid fault or changing load conditions) is assumed in a way,
that the power consumption inside the 100% IBPS exceeds the power production.
The instantaneous powers of all GFM-VSCs (see Sect. 2.2.2) ensure the power
balance inside the 100% IBPS. The active power of the regarded VSC increases.

The objective of the primary control (PC) is to distribute active power among
different VSCs in the desired way (see also Sect. 4.4.5). Doing without communica-
tion between different VSCs, it is expedient to establish an artificial linear relation
between the measured active power deviation from Py and the reference value of
wm. Using these droop characteristics as a proportional controller, the active power
is adjusted using the integral of Awp pc in Eq. (2.2¢), see also Sect. 2.2.1 and Sect.
2.2.2. The active power contribution of each VSC to balance the active power de-
pends on its droop constant kppc as the slope of the linear function, see Eq. (2.3)
[69]. In the steady state, a new grid operating point is reached. Here, the angular
frequencies of each VSC are identical and deviate from the nominal angular fre-
quency. The active power of each VSC contributing to the PC deviates from its
nominal value in general.

1
Awmpc(t) = A (Po— P() (2.3)

P.PC
The angular frequency wp, of the regarded VSC contributing to the PC is reduced
and P increases according to an increased voltage angle difference. The OP2 is
reached, see Fig. 2.7.
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Initial state Primary control

Tertiary control Secondary control

Fig. 2.7 Primary control, secondary control and tertiary control and their interactions ex-
plained based on an exemplary contingency grid scenario

The secondary control (SC) is activated after the PC. The objective of the SC
is to return the grid frequency to its nominal value. A proportional-integral (PI)
controller is used to calculate Awp sc (see Eq. (2.4)) from the frequency deviation
in Eq. (2.2¢) [70]. In this way, the droop is shifted vertically. In the steady state, the
angular frequencies of each VSC are constant and equal their nominal value.

1 1
Awmsc(t) = k})?(wo — on(1) + Trsc / (w0 — om(1))dt (2.4)
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It is assumed, that not each VSC contributes to the SC in the investigated scenario.
That means that the overall additional active power shared during the PC is shared
among the VSCs contributing to the SC. The VSCs, that do not contribute to the
SC, return to their initial state. The angular frequency wy, of the regarded VSC
contributing to the SC is returned to the nominal frequency after a step-up (due to
the proportional gain, see Eq. (2.4)) and P increases. The OP 3 is reached, see Fig.
2.7.

If all VSCs contribute to the SC using identical angular frequency deviations
Awn,sc, their active power does not change and the nominal frequency is reached
in the steady state. These characteristics are exclusive for 100% IBPS, since no
rotating masses have to be accelerated or decelerated. The frequency is not linked to
a variable describing the energy of a component. The angular frequency deviation
Awnp, is solely used to adjust the active power.

The tertiary control (TC) is activated after the SC. The objective of the TC is
to define the active power P} of new operating points at the nominal frequency
depending on the current grid situation based on power flow calculations [71]. A
PI-controller is used to calculate Awny1c (see Eq. (2.5)) from the active power
deviation from Py in Eq. (2.2¢) [70]. In this way, the droop is also shifted vertically.
In the steady state, the angular frequencies of each VSC are constant and equal their
nominal value.

1, 1 ,
Awm1c(t) = kP,—TC(PO - P(1) + firc / (Py— P(1))dt (2.5)

Assuming in the investigated scenario, that additional power production is realized,
the angular frequency wy, of the regarded VSC is returned to the nominal frequency
after a step-down (due to the proportional gain, see Eq. (2.5)) and P is reduced. A
new active power balance situation is realized and the OP4 is reached, see Fig. 2.7.

The design of Awp, in Eq. (2.2¢) applying PC, SC and TC add as follows, see
Eq. (2.6).

Awn(t) = Awompc(t) + Aomsc(t) + AomTc(r) (2.6)

In this context, the energy management concept using energy packages (see Sect.
1.1.4 and [147-149]) is interpreted as an alternative way to define new operating
points during TC. Designing energy packages and their distribution are a particular
form of power flow calculation using P/Q-nodes (see also [71]) to define energy
sender and receiver. Furthermore, additional energy transport paths using comple-
mentary energy carriers are opened. Since the current SOCs of BESS and load
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predictions are considered, this concept is predestined for future grids, see Sect.
1.1.1.

2.3 Requirements on VSC Control and Grid Protection

Analysing the frequency characteristics of 100% IBPS (see Sect. 2.2), different
requirements on the VSC control appear. Several physical and technical constraints
(see Sect. 2.1) realizing these requirements have to be considered.

The capability of island operation and the properties discussed in Sect. 2.2.2
(instantaneous power, frequency inertia, power damping and droop characteristics)
are essential for electrical energy supply in 100% IBPS. Furthermore, VSCs must
operate in strong grids and especially in weak grids (see Sect. 4.1.1.2). Renewable
energy sources (RES) are often located in remote sites and the line impedance tends
to be high. The control accuracy of currents or voltages has to be ensured to reach
operation points exactly regarding grid control, see Sect. 2.2.3. Intuitive tuning of
parameters of the VSC controller is advantageous for the usability by technical staff.
The tuning of parameters of commonly used PI-controller is not a straightforward
process [143].

During grid faults, flexibility options of the negative and the zero sequence open
new ways to increase the resilience of the system during grid faults. State-of-the-art
VSCs are connected as a three-phase three-wire system to the grid and represent
an open circuit in the zero sequence. Current and voltage limits of semiconductor
power devices must not be exceeded in the transient state and the steady state to
prevent the destruction of these devices, see Sect. 2.1.1. Today, especially the current
limiting in the transient state is insufficient. VSC-controllers provide fast response
after contingencies, since the available time interval to provide instantaneous power
is limited due to energy reasons. Today, PI-controllers do not exploit the full potential
of GFM-VSCs, because of slow cascaded control structures [143].

Grid protection algorithms must ensure the requirements on the properties se-
lectivity, sensitivity and speed. Characteristics of voltages and currents during grid
faults induced by VSCs distinguish from the characteristics induced by synchronous
machines. Today, some assumptions of distance protection algorithms designed for
grids based on synchronous machines no longer apply or only apply to a limited
extent. These assumptions refer for example to dynamic phase angles between volt-
ages and currents and a higher voltage drop at the relay location based on the source
impedance ratio using VSCs [143].

Protection algorithms must operate independently of signal characteristics. VSCs
cause harmonic frequency components of voltages and currents regarding the
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switching frequency due to their operating principle, see Sect. 2.1.1. Moreover,
VSC currents are limited due to the ratings of semiconductor power devices. De-
viations from sinusoidal characteristics during transient current limiting occur, see
Sect. 6.3.1.5. Beyond that, the half-bridges of VSCs can be controlled independently
of each other (see Sect. 2.1.2) and asymmetrical three-phase systems including the
positive sequence, the negative sequence and the zero sequence appear.

Protection algorithms must apply for new methods of neutral point treatment
(NPT) realized by VSCs causing specific characteristics of voltages and currents,
see [153] and Sect. 6.2.2.2. The type of NPT is realized by VSC controllers. Thus,
NPT will be more dynamic in the future and changing the type of NPT will be
realized at high speed. Today, NPT is based on a static and low speed philosophy.

Furthermore, protection algorithms must apply for new grid architectures (see
Sect. 1.1.3) and grid operation strategies (see Sect. 1.1.4). The integration of renew-
able energy sources (RES) will lead to intermediate infeed (see Sect. 7.2.2.3) due
to their local distribution. Parallel lines (see Sect. 7.2.2.1) will be used to increase
the transport capacity needed for innovative CO,-friendly consumer technologies
such as electric vehicles (EVs) and heat pumps (HPs), see Sect. 1.1.1. The direction
of power flows will not be predetermined any more, e.g. due to the integration of
energy storage systems (ESS).

2.4  Research Approach

In this chapter, the approach for the control and protection of 100% inverter-based
power systems (IBPS) meeting the research objectives from Sect. 1.2.3 and fulfilling
the requirements from Sect. 2.3 is defined. The overarching objective is to contribute
to a sustainable and reliable energy system.

This thesis focuses on three-phase AC-systems. However, many principles pre-
sented in this thesis can also be adopted for DC-systems in future research activities.

A holistic approach for the control and protection of 100% IBPS is chosen.
The control of voltage source converters (VSCs) and the grid protection algorithm
are not regarded separately from each other. These research areas are connected
to each other and dependencies from each other exist. The developed VSC control
algorithms as well as the developed grid protection algorithm are based on state-
space models. Dual system theory properties are used for their design.

A grid-forming (GFM) controller enabling island operation, instantaneous power,
frequency inertia, power damping and frequency droop characteristics in the pos-
itive sequence is designed. To realize constant active power or the control of the
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DC-link voltage from the AC-side for selected VSCs, this concept is combined with
an advanced phase-locked loop (PLL) to a hybrid synchronization mode.

A state-space controller is developed to control the positive sequence, the nega-
tive sequence and the zero sequence of an extended three-phase four-wire VSC. The
flexibility options of VSCs are used to increase the resilience of 100% IBPS. State-
space controllers enable improved dynamic performance of GFM-VSCs compared
to proportional-integral (PI) controllers. Additional system properties (asymptotic
stability, controllability and observability) are identified in the state-space. The
parameters of the presented state-space controllers are adjusted intuitively using
weighting matrices.

A model-based protection algorithm is designed. This algorithm meets the re-
quirements on the properties selectivity, sensitivity and speed. The flexibility options
of VSCs are not restricted by the protection algorithm. Due to the model-based ap-
proach, a universal protection principle regarding voltage and current characteristics
induced by VSCs, dynamic neutral point treatment, grid architectures and grid op-
eration is developed.

2.5 Summary

In this chapter, the electrical energy supply in 100% inverter-based power systems
(IBPS) is presented. The fundamentals of voltage source converters (VSCs) and the
grid control define the physical and technical constraints in this thesis.

This chapter describes the technical correlations between the research areas dis-
cussed in Chap. 1. A research approach to meet the research objectives formulated
in Sect. 1.2.3 is defined.

VSCs are power electronic converters of electrical power without energy storage
capability. Reference voltage signals are synthesized by realizing different switching
states and connecting different electrical potentials of the DC-link to the AC-side.
Therefore, the value of the DC-link voltage must not fall below a limit given by the
AC-voltage. The current limit of semiconductor power devices must not exceed a
certain value, which is indicated by its nominal value. The voltage/current charac-
teristics of VSCs depend on their control algorithm. The half-bridges representing
basic elements of VSCs can be operated independently of each other. Multiple
flexibility options of VSCs appear.

Due to the functional principle of VSCs, there is no physical link between the
frequency of their output voltages and a variable describing the energy of an en-
ergy storage component. The frequency is a measure to adjust the active power via
the voltage angle. Instantaneous power, frequency inertia, power damping and fre-
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quency droop characteristics are essential properties of grid-connected VSCs inside
a 100% IBPS. These properties and the capability of island operation are realized
applying the grid-forming (GFM) control mode of VSCs in the positive sequence.

The grid control of 100% IBPS after changing load conditions or grid faults is
similar to grids based on synchronous machines. Frequency droop characteristics,
which are based on three layers (primary control, secondary control and tertiary
control) separated in time, are used. Regarding secondary control, no additional
positive or negative energy flow into or from the grid is required. In contrast to
grids based on synchronous machines, no rotating masses have to be accelerated or
decelerated.

The physical and technical constraints imposed by the hardware of the VSC
have to be considered during the control design. In addition, the grid control defines
requirements for the VSC controller.

The grid protection algorithm has to be universal regarding the characteristics
of the VSC. Furthermore, the grid protection algorithm has to match suitable grid
architectures and grid operation strategies for the integration of renewable energy
sources.

A holistic research approach for the control and protection of 100% IBPS is
chosen. This research approach is pursued consequently throughout this thesis. In the
following chapters, the constraints and requirements of this chapter are considered.
To follow the key aspects of the central theme of this thesis on a shortcut: The
conclusion of the next chapter is provided in Sect. 3.4.
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Electrical quantities, state-space modelling 3
and system properties

This chapter presents the mathematical description of electrical quantities, the state-
space modelling of electrical systems and the analysis of system properties. After
a fundamental classification of types of description of electrical quantities, phasors
and space vectors are presented in Sect. 3.1. Furthermore, a general representation of
athree-phase four-wire system is given. State-space models are clear representations
of physical laws of comprehensive systems. In Sect. 3.2, the concept of the state-
space representation is introduced and models for L-, LC- and LC L-structures are
developed. Discretization methods for state-space models are presented to enable
control and protection algorithms to be executed on digital computers. In Sect.
3.3, the asymptotic stability, the controllability and the observability are introduced
as system properties. Moreover, the duality of controllability and observability is
shown.

3.1 Description of Electrical Quantities

3.1.1 Classification of Types of Description

Voltages and currents are time-dependent electrical quantities. Their time curves
represent numerical sequences of real instantaneous values. The shape of their time
curve is categorized into direct signals, alternating signals and mixed signals.
Physical laws (e.g. Kirchhoff’s voltage law (KVL) and Kirchhoff’s current law
(KCL)) and voltage/current-characteristics (V/I-characteristics) describing electri-
cal properties of components represent relations between voltages and currents [72].
These relations are often formulated as ordinary differential equations. So, the un-
known quantities consist of functions and derivatives of one variable [73]. Analysing
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locally limited electrical circuits, voltages and currents are partly unknown quanti-
ties which are only dependent on time.

The analysis of electrical circuits often leads to heterogeneous, linear differential
equations. The solution of a heterogeneous, linear differential equation is composed
by a homogeneous and a particular solution [73]. The homogeneous solution de-
scribes the transient state and disappears after the transient state. The particular
solution describes the steady state. The background and the aim of the investigation
defines, whether the transient state behaviour or the steady state behaviour or both
are of interest. For example, a steady state analysis is expedient for normal grid
operation or steady state fault behaviour. In contrast, a transient state analysis is
necessary for the investigation of control and protection algorithms. The transient
behaviour caused by step changes (e.g. changes of the reference value or the grid
topology) is crucial.

Voltages and currents are described by real or complex numbers. Complex num-
bers allow simpler mathematical handling of equations compared to equations based
on real numbers. Here, complex algebraic equations instead of differential equations
have to be solved. [72]

The types of description of voltages and currents can further be classified accord-
ing to their calculation basis. The steady state of periodic signals is characterized
by repeating time sequences. Therefore, a time interval is investigated. The length
of this time interval is mostly chosen to the period duration. Mean- and root-mean-
square- (RMS-) values are integral values of one time interval [72]. In the transient
state, single points in time are relevant.

The Tab. 3.1 provides a classification of types of description for voltages and
currents. They are distinguished by the number system and the calculation basis.
Subsequently, the complex description of voltages and currents is used. These types
of description simplify developing control and protection algorithms.

Table 3.1 Classification of types of description of voltages and currents

number system

real complex

calculation basis point in time | instantaneous value space vector

time interval | mean/RMS-value RMS/amplitude-phasor
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3.1.2 Description as Complex Numbers

3.1.2.1 Phasors
Electrical alternating current (AC) power grids are operated based on sinusoidal
voltages and currents. An electromagnetic transformer can be used and the basic
time curve is preserved after the time derivation according to the electromagnetic
induction law [74]. Furthermore, reactive power can be used to adjust the voltage
independent of active power [143]. Moreover, the tripping of circuit breakers is
facilitated due to zero crossings of voltages and currents. The following descriptions
are based on voltages, but they are identical for currents in general.

Sinusoidal time curves are represented as follows, see Eq. (3.1).

v(t) = Veos(yy(1)) 3.1)

It is assumed, that only the steady state of an electrical circuit with monofrequency
sources and linear elements is investigated. The argument yy (¢) is a linear function
of time and wy is assumed to be independent of time, see Eq. (3.2).

w(t) = ovt + @y (3.2)

To simplify the calculation of the particular solution of the differential equations, a
complex algebraic system of equations in the frequency domain based on phasors
is formulated. The term phasor is a portmanteau of phase vector. The variable v(¢)
is transformed from the time domain to the frequency domain, see Eq. (3.3).

v(t) ooV (3.3)

The variable ﬁ (see Eq. (3.4)) is named the amplitude phasor.
V = Vel (3.4)

The solution of the system of equations is based on a time-independent consider-
ation. That means that the calculation in the frequency domain is independent of
the frequency, since time variance is expressed by the product wyt in Eq. (3.2). As
a consequence, the amplitude and the phase angle determine the solution of the
system of equations. They are regarded as time-independent in this case.

Phasors can be interpreted as stationary vectors in the complex plane. The for-
mulations of phasors are based on Euler’s formula, which is seen in the inverse
transformation, see Eq. (3.5) [75].

(t) = Re{ ﬁeiwvf} 3.5)



36 3 Electrical quantities, state-space modelling and system properties

3.1.2.2 Symmetrical Components

Electrical AC power grids are generally operated as three-phase four-wire systems.
One benefit over single-phase systems is, that electrical energy is transferred at
constant instantaneous power [76].

The steady state of the according quantities are calculated using phasors (see Sect.
3.1.2.1) of each phase (index 1, 2, 3). Often, phase-to-neutral voltages and phase
currents are used. In this way, the active power during normal operation conditions
is calculated.

The calculation of three-phase four-wire systems in the steady state is simplified
by using symmetrical components to describe voltages and currents by transformed
phasors. The transformation rule is shown in Eq. (3.6) [71].

v, Yy
Vy | =Ts 2(2) 3.6)
Vs Yo

The symmetrical components are composed of three components. The index (1)
represents the positive sequence, the index (2) represents the negative sequence and
the index (0) represents the zero sequence. The transformation matrix from Eq. (3.7)
and the complex number a from Eq. (3.8) is used.

111
Ts=]a%a 1 (3.7
a a’l
2
a=el3™ (3.8)

Symmetrical components are a special case of modal transformations. The basic
idea of modal transformations is to diagonalize a symmetric diagonal-cyclic ma-
trix. These matrices often appear describing three-phase systems. In this way, three
single-phase electrical circuits appear. They are decoupled from each other during
normal operation conditions and are calculated independently. If a grid fault occurs,
the three single-phase circuits can be coupled. Symmetrical components are used
to decouple complex algebraic equations for each phase and represent transformed
phasors. [71]
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3.1.2.3 Space Vectors

To describe transient states in three-phase four-wire systems, symmetrical compo-
nents (see Sect. 3.1.2.2) are not suitable. Due to the integral behaviour of phasors,
crucial effects of control and protection, e.g. changes of disturbance variables and
transient grid fault characteristics, are not represented in detail.

Applying the principle of the time-variant space vector and the time-dependent
Zero sequence component, instantaneous values are decoupled from each other. The
calculation basis is a point in time. In contrast, symmetrical components decouple
time-independent phasors from each other and the calculation basis is a time interval.

The following transformation from the complex space vector v, the complex
conjugate space vector v* and the double real zero sequence component vy, to phase
quantities is shown in Eq. (3.9) [71]:

V] v
1

v | =5Ts | v (3.9)
2 —_

v3 Uh

As well as symmetrical components, this transformation is a special case of modal
transformations and the transformation matrix Tq from Eq. (3.7) is used. Apart
from the constant factor 0.5, the transformation matrix of space vector/zero se-
quence component and symmetrical components is identical. This fact leads to the
advantage, that the fault conditions and the calculation algorithm using symmetrical
components can be adopted to calculate grid fault conditions using space vectors
and zero sequence components [71].

The real part of the space vector v in a stationary reference frame is called
the alpha-component v,. The imaginary part of the space vector v in a stationary
reference frame is called the beta-component vg. The zero sequence component is
described as vg. The relations are given in Eq. (3.10).

v 1 j0 Vg
o =120 ] v (3.10)
Uh 0 02 )
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It is seen, that vy, vg and vy contain the information about the phase quantities
v1, v2 and v3. So, the complex conjugate space vector v* contains no additional
information compared to the complex space vector v. It is only introduced for
mathematical reasons.

Using Eq. (3.9) and Eq. (3.10), the following direct transformation from of0-
quantities to 123-quantities is gained, see Eq. (3.11).

1] 2 02 Va

1
wm =51 V32| [w (3.11)
V3 —1-432 )

Here, the following transformation matrix according to Eq. (3.12) is used.

2 02
1
Ta60—>123:§ -1 /32 (3.12)
-1 -v32

From Eq. (3.11) is seen, that the zero sequence component effects all phase quantities
in the same way. So, the zero sequence component of phase-to-neutral voltage can
be interpreted as a shift of the neutral point.

Using Eq. (3.10) and Eq. (3.11), the following calculation rules for the space
vector and the zero sequence component from the phase quantities are gained, see
Eq. (3.13) and Eq. (3.14).

2
v=2 +avy + a%v3) (3.13)

1
vy = g(Ul + v +v3) (3.14)

Itis obvious, that the space vector and the zero sequence component are independent
of each other.

Applying Eq. (3.14) to phase currents, this equation can be interpreted as a
KCL with a constant factor. That means that the zero sequence component of phase
currents can be interpreted as a scaled current in the neutral line.
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3.1.2.4 Synchronous Reference Frame

Subsequently, the steady state of a monofrequency three-phase system is investi-
gated. The system is described by a positive sequence phasor, see Eq. (3.15). The
negative and the zero sequence phasors are zero.

Vi = Vaye#o (3.15)
This steady state leads to a special case of a space vector (see Sect. 3.1.2.3) and is
of great importance for the normal grid operation.

Assuming o to be independent of time and using Eq. (3.6) and Eq. (3.5), the
phase quantities appear according to Eq. (3.16).

cos(a)t + (0(1))

V1
v | =V cos(a)t + o) — %n) (3.16)
v3

cos(wt +oa) + %n)
Applying Eq. (3.13), the space vector is described as follows, see Eq. (3.17).
v=Ve (3.17)

Regarding one period, the space vector draws a circular path in the complex plane.
The Eq. (3.17) shows the relation between the positive sequence phasor and the
space vector in this special case.

If the space vector v is regarded in a reference system, which is rotated by the
angle yr mathematically positive, the new components vq and vq appear. This trans-
formation leads to benefits regarding the properties of the space vector according
to Eq. (3.17). The components in the rotated reference frame are calculated by Eq.
(3.18) using the transformation matrix in Eq. (3.19).

va ) _ [ costyr) sin(yr) | [ va (3.18)

Vg —sin(yT) cos(yr) vp

T(yr) = costyr) sin(rr) (3.19)

—sin(yr) cos(yr)
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The Eq. (3.18) is equivalent to the multiplication of v from Eq. (3.17) with e 73T,
In general, the transformation angle yr is freely selectable. So, Yt can be chosen
to be linear dependent from time, see Eq. (3.20).

yr(t) := wrt + @1 (3.20)

If the angular frequency wr of the transformation angle is adjusted to the angular
frequency w of the space vector, the space vector gets time-independent regarding
the rotating reference frame, see also Eq. (3.17). In this case, the transformation
angle yr is calculated according to Eq. (3.21).

yr(t) = ot + gr (3.21)

This special reference frame is called the synchronous reference frame (SRF).
The components vq and vq represent direct current (DC) quantities and are time-
independent. It is beneficial to design control algorithms based on models using
these components. The reason is, that the operating frequency of the control loop
should be much lower than the crossover frequency of the open-loop [143].

The Fig. 3.1 illustrates the principle of a SRF and the components of a stationary
reference frame and SRF-components of the space vector v.

B4

q 14
Ve d
Vq -~ K
(2~

Vd

Fig. 3.1 Space vector v and its components in a stationary reference frame (vy and vg) and
a positive rotating synchronous reference frame (vq and vg) as projections on the respective
coordinate axis
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If additionally ¢r is selected to equal ¢(1, then the space vector is aligned to the
d-axis and vq equals to zero.

3.1.2.5 Double Synchronous Reference Frame
In this section, a monofrequency three-phase system is investigated in the steady
state. The system is described by the sum of a positive sequence phasor (see Eq.
(3.15)) and a negative sequence phasor (see Eq. (3.22)). The zero sequence phasor
is zero.

Vi = Vigel@ (3.22)

This steady state leads to a special case of a space vector (see Sect. 3.1.2.3) and
extends the considerations of Sect. 3.1.2.4. Itis of great importance for asymmetrical
grid fault conditions.

Assuming w to be independent of time and using Eq. (3.6) and Eq. (3.5), the
phase quantities appear according to Eq. (3.23).

v cos(wt + (pm) cos (wt + §0(2))

v | = V(l) cos(a)t +oa) — %T[) + V(2) COS(a)t + @) + %T[)

U3 2 2
cos(wt + @) + 3T cos{wt +@p) — 3T

(3.23)
Applying Eq. (3.13), the space vector is described as Eq. (3.24).

= V) + Ve (3.24)

|

Regarding one period, the space vector draws an elliptical path in the complex plane.
The Eq. (3.24) shows the relation between the two phasors and the space vector in
this special case.

According to Eq. (3.24) the space vector v is interpreted as the sum of a positive
sequence space vector vt and a negative sequence space vector v, see Eq. (3.25).

v=v" 4" (3.25)

In the following investigations, the space vectors v and v~ are regarded indepen-
dently of each other. Applying the principle of Sect. 3.1.2.4 individually to the space
vectors v+ and v~ to gain time-independent components, two different rotating ref-
erence frames are used.
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The positive sequence space vector v is transformed analogous to Sect. 3.1.2.4
using )/T+ CIf w}r equals to w, then v™ is time-independent and represents a sta-
tionary space vector in the positive synchronous reference frame. In this case, the
transformed components vi and v are DC-quantities. If additionally (/)}F is se-

q
lected to equal (1), then the v is aligned to the d*-axis and v;“ equals zero. The

component v('f equals the amplitude of the positive sequence ‘7(1).

The negative sequence space vector v~ is transformed using y; (see also Eq.
(3.20)). If wy equals —w, then v~ is time-independent and represents a stationary
space vector in the negative synchronous reference frame. In this case, the trans-
formed components vy and v, are DC-quantities. If additionally ¢ is selected
to equal —¢(2), then the v~ is aligned to the d™-axis and Vg equals zero. The

component vy equals the amplitude of the negative sequence \7(2).

The reference frame of the positive sequence rotates mathematically positive with
the angular frequency of the space vector v™". The reference frame of the negative
sequence rotates mathematically negative with the angular frequency of the space
vector v~ . This principle with two synchronous rotating reference frames is called
the double synchronous reference frame (DSRF) and four DC-quantities are gained.

As explained in Sect. 3.1.2.4, this fact is beneficial for the design of control
algorithms based on models using these quantities. In this way, the positive and the
negative sequence can be controlled independently of each other.

Fig. 3.2 Space vector v composed by a positive sequence space vector v and a negative
sequence space vector v~ and their components in a positive rotating synchronous refer-
ence frame (v(‘f and v(}' ) and a negative synchronous rotating reference frame (vg and v),
respectively
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The Fig. 3.2 illustrates the space vector v, the space vector v of the positive
sequence and the space vector v~ of the negative sequence. Besides, the principle
of the DSRF is shown.

This concept also shows, that regarding the positive sequence space vector v™
in the negative sequence reference frame leads to AC-components with the double
angular frequency. At the same time, regarding the negative sequence space vector
v~ in the positive sequence reference frame also leads to AC-components with the
double angular frequency. This effect is used to calculate v;' , v;' , Vg and Vg from
the space vector v (see Eq. (3.13)) using low-pass filters, see Sect. 4.3.3.

3.1.3 General Representation of a Three-phase Four-wire
System

In this section, the steady state of a polyfrequency three-phase four-wire system is
investigated. The steady state is described by arbitrary periodic signals, in general.
The Fourier analysis is applied on arbitrary periodic signals to decompose these
signals into frequency components [72]. So, a periodic signal is described as a
sum of frequency components at multiples of the fundamental frequency, which are
independent of each other. The spectral form is a certain representation of the sum
of frequency components.

According to this principle, a polyfrequency three-phase four-wire system is
described according to Eq. (3.26) [77]. The mean values vy, v and v3 are also
represented. They are separated by low-pass filters.

_ cos (nwt + wz’l))

V1 V1 o0
nwl=un|+ Z 14 cos(na)t + @)y — %n) (3.26)
n=1
U3 U3 n 2
cos(na)t + 260 + 511)
cos (na)t + ‘/’?2))
o
+ 2‘: V5 cos(nwt + ‘P?z) + %Tt)
n=

cos(nwt + ‘/’?2) — %n)
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cos (nwt + ‘PELO))

o0
+ Z V(r(l)) cos (na)t + (p?o))

n=1

cos (nwt + <p2‘0))

Generalizing and extending the principles of Sect. 3.1.2.5, the positive sequence
space vector and the negative sequence space vector are composed by sums of
positive or negative sequence space vectors for each frequency component. These
sums add to the resulting space vector, see Eq. (3.27). The separation of frequency
components of positive and negative sequence vectors is shown in Sect. 4.3.4.1.

oo o0
v=>) "4y " (3.27)
n=1 n=1

In Eq. (3.26) the zero sequence is explicitly considered. The zero sequence is also
composed as a sum of different frequency components, see Eq. (3.28). The separa-
tion of the sum of the frequency components of the zero sequence from the phase
quantities vy, vz and vs is realized by Eq. (3.14). The frequency components are
separated from each other by low-pass filters.

oo

vo = Y Vitycos(nor + ¢y (3.28)

n=1

The representation in Eq. (3.26) and the possibility to separate symmetrical compo-
nents from each other and their individual frequency components lead to subsystems.
These subsystems are handled independent of each other using, see for example the
principles of Sect. 3.1.2.4 and Sect. 3.1.2.5. The handling of the zero sequence is
shown in Sect. 6.2.2.1. That also means that each subsystem is controlled indepen-
dently. This fact is also valid for the mean values, see Sect. 6.2.1.2.
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3.2  State-space Models

3.2.1 State Variables and State-Space Representation

Differential equations are essential to describe relationships between voltages and
currents by Kirchhoff’s laws and V/I-characteristics. The order of the highest dif-
ferential coefficient is called the order of the differential equation. Each n-th order
linear differential equation can be reformulated as n first-order linear differential
equations [78].

The following assumptions are made for the subsequent investigations: The re-
garded systems are time-invariant. That means, among other things, that the proper-
ties of passive components (e.g. R, L and C) are not time-dependent. Beyond that,
linear systems are regarded, since many components of electrical power systems be-
have approximately linear or are at least linearisable at operating points. Moreover,
systems with feedthrough properties are not investigated.

For each first-order differential equation, one state variable is defined. State
variables describe voltages or currents, which are time-derived in the differential
equations. So, the number of state variables equals the order of the system. In
electrical systems, state variables reflect the energy of acomponent, e.g. the capacitor
voltage or the inductor current.

State variables are inner system variables. The entirety of all state variables of a
system describes the state of the system in the state-space. If the state of one point in
time and the time functions of all input variables are known, the state and the output
variables of other points in time can be calculated [78]. The system of differential
equations is described according to Eq. (3.29).

%x(r) = Ax(t) + Bu(r) + Ez(r) 3.29)

The system matrix A characterizes the influence of the state variables x on their
time derivatives. The input matrix B defines the influence of the actuating variables
u on the time derivative of x. Actuating variables are manipulated actively. The
disturbance matrix E specifies the influence of the disturbance variables z on the
time derivative of x. Disturbance variables cannot be manipulated actively.

A system of algebraic equations describes the relation between the state variables
x and the output variables y. These equations are called the output equations, see
Eq. (3.30). In some cases, these equations can be designed in a way, that the output
variables are a subset of the state variables.
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y(#) = Cx(1) (3.30)

The systems of state differential equations (see Eq. (3.29)) and output equations (see
Eq. (3.30)) are called the state equations. A state-space model of a system is based
on the state equations. The state-space model is visualized as a block diagram, see
Fig. 3.3.

z(t) —| E
x(0)
v ax( [ x(r)
u(t) > B ——0— C y(1)
A |«

Fig. 3.3 State-space model based on the state equations visualized as a block diagram

State-space models allow a compact and clear representation of a system. Es-
sential variables are explicitly categorized as input variables, state variables and
output variables. Input variables can further be categorized as actuating variables
and disturbance variables. Moreover, state-space models allow the easy handling
of multiple-input multiple-output (MIMO) systems with more than one input and
output variables. In addition to the input-output behaviour, the inner system is also
regarded. This is crucial for maximum values and stability in the inner system.
Moreover, important system properties like controllability (see Sect. 3.3.3) and ob-
servability (see Sect. 3.3.4) can be investigated.

The use of state-space models based on space vector components (see Sect.
3.1.2.3, Sect. 3.1.2.4 and Sect. 3.1.2.5) are beneficial, since they allow the descrip-
tion of transient states by differential equations. In general, space vector compo-
nents of a stationary or rotating reference frames are used. By transforming the
input variables, state variables and output variables, the state-space models can be
reformulated. Important system properties (e.g. asymptotic stability, controllability
and observability) are not affected [78].

Transfer functions can be derived from state-space models. The representation
of a system based on transfer functions is for example used in the tuning process
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of proportional-integral (PI) controllers [143]. In this input-output view, the inner
system properties are not regarded explicitly. By using the Laplace-variable s, the
system of differential equations in Eq. (3.29) in the time domain can be transformed
into a system of algebraic equations in the frequency domain, see Eq. (3.31) and
Eq. (3.32).

sX(s) = AX(s) + BU(s) + EZ(s) (3.31)

X(s) = (sT— A)"'BU(s) + (sT — A)"'EZ(s) (3.32)
The system of output equations is described according to Eq. (3.33).
Y(s) = C(sI — A)"'BU(s) + C(sI — A)"'EZ(s) (3.33)

Based on this representation, the matrix of the transfer functions of the actuating
variables are formulated, see Eq. (3.34).

CY()
Gu(s) U by o (3.342)
=CsI-A)"'B (3.34b)

Moreover, the matrix of the transfer functions of the disturbance variables can for-
mulated according to Eq. (3.35).

B Y(s)
G,(s) = 76l (3.35a)
=CG6I-A)'E (3.35b)

3.2.2 State-space Models of Selected Circuit Structures

In this section, the theoretical considerations from Sect. 3.2.1 are applied to essen-
tial circuit structures of electrical power systems. State-space models for monofre-
quency (angular frequency w) three-phase four-wire systems are shown. By us-
ing components of the positive and the negative sequence space vectors (see Sect.
3.1.2.5) and the zero sequence (see Sect. 3.1.2.3), transient states are described.
These models are based on KVL, KCL and V/I-characteristics. The presented mod-
els are especially relevant for the control and protection algorithms in this thesis.
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3.2.2.1 L-structures
The equivalent circuit of a lossy three-phase four-wire L-structure connecting two
voltage sources is shown in Fig. 3.4.

Vfl L R Vel
«— |/— j, La Ra |0+— — |+
S i e e g D

3,‘£0 LCO RCO

Fig. 3.4 Equivalent circuit of a lossy three-phase four-wire L-structure connecting two volt-
age sources

This equivalent circuit describes for example a simplified L-filter of a grid-
connected voltage source converter (VSC) modelled by the VSC voltages vcy. This
filter can be realized by one choke per phase.

It is assumed that the passive components are equal in each phase x: Ry =
Rc, Loy = L with x € {1, 2, 3}. The according state-space model using the space
vector components with two state variables, two actuating variables and two distur-
bance variables is described in accordance with Eq. (3.36).

d icid —% +w icid LLC 0 véﬁ
ar |\ .+ )~ R + + 1 + (3.36)
icq Fw —L—E icq 0 Ic VUeq
1 +
n _L—c 0 de
1 +
0 -z Vig

The state-space model using the space vector components in the stationary ref-
erence frame (af-components) reveals by substituting the d-components by the
a-components and the gq-components by the B-components in Eq. (3.36). More-
over, the angular frequency w has to be set to zero, since the equations of a- and
B-components are not coupled.

The state-space model of the zero sequence with one state variable, one actuating
variable and one disturbance variable is described according to Eq. (3.37).
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d, R} 1 1

_ o
alco = _L_;‘lco + L—gvco — Evfo (3.37)

C

The following abbreviations are used:

R! = R. + 3R (3.38)

LY=Lc.+3Lyo (3.39)

3.2.2.2 LC-structures
The equivalent circuit of a lossy three-phase four-wire LC-structure connecting a
voltage source and a current source is shown in Fig. 3.5.

This equivalent circuit describes for example a simplified LC-filter of a grid-
connected VSC modelled by the VSC voltages v.,. The grid is represented by the
current source in this case. The capacitive part can be realized by one capacitor
per phase. Alternatively, this structure can be used as a I'-equivalent circuit of an
overhead line section.

As in Sect. 3.2.2.1, the passive components are assumed to be equal in each
phase x. In addition to the assumptions in Sect. 3.2.2.1, the following assumptions
are made: Cr, = Cr with x € {1, 2, 3}. The according state-space model using the
space vector components with four state variables, two actuating variables and two
disturbance variables is described in accordance with Eq. (3.40).

Vel

; L . Lg Rgq |H— —» ] —

VA Lot T lep € S N\ A
4 . . +1
_@ MN_ANN, D,

Cq __:l Vf
3[g() 3ic0 Leo Reo
> N AN\———————————

Fig. 3.5 Equivalent circuit of alossy three-phase four-wire L C-structure connecting a voltage
source and a current source
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Substituting the d-components by the a-components and the g-components by the -
components in Eq. (3.40), the state-space model using the space vector components
in the stationary reference frame (af-components) appear. Furthermore, the angular
frequency w has to be set to zero.

The state-space model of the zero sequence with two state variables, two actuating
variables and two disturbance variables according to Eq. (3.41). The abbreviations
from Eq. (3.38) and Eq. (3.39) are applied.

d [ i “R N (i L 0
L¥ L¥ L 1
a = | ¢ ¢ + ¢ Vo + | lg0 (341)
Ufo C_f 0 V1o 0 _C_f

3.2.2.3 LCL-structures
The equivalent circuit of a lossy three-phase four-wire LC L-structure connecting
two voltage sources is shown in Fig. 3.6.

This equivalent circuit describes for example a simplified LC L-filter of a grid-
connected VSC modelled by the VSC voltages v.,. This filter can be realized by
two chokes and one capacitor per phase.

It is assumed that the passive components are equal in each phase x. In ad-
dition to the assumptions in Sect. 3.2.2.2, the following assumptions are made:
Rgy = Ry, Lgy = Ly withx € {1, 2, 3}. The according state-space model using
the space vector components with six state variables, two actuating variables and
two disturbance variables is described in accordance with Eq. (3.42).
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Fig. 3.6 Equivalent circuit of a lossy three-phase four-wire LC L-structure connecting two
voltage sources
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As in Sect. 3.2.2.1 and Sect. 3.2.2.2, the state-space model using the space vec-
tor components in the stationary reference frame (af-components) is derived by
substituting the d-components by the a-components and the q-components by the
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B-components in Eq. (3.42). The angular frequency w has to be set to zero because
the equations of a- and B-components are not coupled.

The state-space model of the zero sequence with three state variables, two actu-
ating variables and two disturbance variables is described according to Eq. (3.43).

. i . 1
d lc0 _L_% 0 _L_Zf 12 L_§ 0
Ry 1 1
—1i =] 0 - & = i +1 0 |Jvo+ | —75 | veo
ar | 10 oo || ‘ Iy [
1 1
) oo 0 () 0 0
(3.43)

The abbreviations from Eq. (3.38) and Eq. (3.39) are used for the zero sequence.
Additionally, the following variables are used:

R; = Ry + 3Ry (3.44)

Li=Le+3Ly (3.45)

3.2.3 Discretization of State-space Models

Control and protection algorithms are often executed on digital computers. Con-
sequently, the algorithms in this thesis are developed based on discrete-time state-
space models. In this section, it is presented how to derive time-discrete state-space
models from continuous-time state-space models, see Sect. 3.2.1.

Sampled systems are characterized by measurement data acquisition att = kTs.
The time interval between two sampling points is called the sampling time 7s. The
reciprocal value of Tg equals the sampling frequency fs.

A discrete-time state-space model (matrix index d) equivalent to Eq. (3.29) and
Eq. (3.30) is characterised according to Eq. (3.46) and Eq. (3.47) [79]. The output
equations in Eq. (3.47) do not change, since they represent algebraic equations.

x(k + 1) = Agx(k) + Bgu(k) + Eqz(k) (3.46)

y(k) = Cx(k) (3.47)

The discrete-time state-space model is visualized as a block diagram, see Fig. 3.7.
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Fig. 3.7 Discrete-time state-space model visualized as a block diagram

One option to discretize the system of state differential equations (see Eq. (3.29))
is to approximate the differential quotient by the difference quotient, see Eq. (3.48).

__ X(kTs) — x(kTs — Ts)

3.48
t=kTs Ts ( )

d
—x(t
” Q)
This approximation method is called Forward-Euler method [80]. The integral so-
lution of the system of state differential equations in Eq. (3.29) is approximated by
a sum of rectangular areas represented by a width of 7s. The Forward-Euler method
is also applicable for the discretization of non-linear state-space models.
Applying the Forward-Euler method, the discretization of Eq. (3.29) equals Eq.
(3.49). The unity matrix I is used.
x(k + 1) = (TsA + Dx(k) + TsBu(k) + TsEz(k) (3.49)

Comparing Eq. (3.49) and Eq. (3.46) leads to the calculation rules of the Forward-
Euler method in Eq. (3.50), Eq. (3.51) and Eq. (3.52).

Ag=TsA +1 (3.50)

By = 7B 3.51)

Eq = TsE (3.52)
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Itis shown, that the matrices of the discrete-time state-space model can be calculated
from the matrices of the continuous-time state-space model and the sampling time
Ts using Eq. (3.50), Eq. (3.51) and Eq. (3.52).

3.3  System Properties in the State-space

3.3.1 Solution of the System of State Differential Equations

The state trajectories represented by the vector of the state variables x(¢) provide
information about the system behaviour through the influence of the initial state
x(0) and the input variables u(z) and z(¢). The state trajectories are calculated by
solving the heterogeneous system of state differential equations, see Eq. (3.29).

First, the homogeneous solution is calculated. The homogeneous system of the
state differential equations equals Eq. (3.53).

%x(r) = Ax(1) (3.53)

Its solution describes the free motion of the system and is found via an exponential
function and a time-independent factor, see Eq. (3.54). [78].

x(t) = ®(1)x(0) (3.54)

The state-transition matrix ®(¢) is a matrix exponential function (see Eq. (3.55a)),
which can also be represented as a power series (see Eq. (3.55b)) [75].

o) = M (3.55a)
= Z AF a (3.55b)
k=0 :

Second, the particular solution is calculated. It describes the forced motion of the
system and is found via an exponential function and a time-dependent factor [78].

The solution of the system of the state differential equations equals the superpo-
sition of the homogeneous and the particular solution, see Eq. (3.56) [79].

t

t
x(t) = ®(1)x(0) +/ ®(t — v)Bu(r)dr +/ ®(t — v)Ez(r)dt (3.56)
0 0



3.3 System Properties in the State-space 55

The iterative application of the state difference equations (see Eq. (3.46)) leads to
the solution of the discrete-time system according to Eq. (3.57).

k—1 k—1
x(k) = Akx(0) + D" AL Bau() + Y AL T Eqz()) (3.57)
j=0 j=0

The solution of the system of state differential equations directly reveals an al-
ternative discretization method to the Forward-Euler method from Sect. 3.2.3. By
evaluating Eq. (3.56) att = kTs and t = (k + 1)Ts and comparing these solutions
with Eq. (3.46), the relations Eq. (3.58), Eq. (3.59) and Eq. (3.60) appear [79].

Aq = ®(Ts) (3.58)
Ts
By = / ®(a)daB (3.59)
0
Ts
Eq :/ ¢ (x)doE (3.60)
0

The input variables u(¢) and z(¢) are time-independent within one sampling interval
Ts due the sample and hold principle of digital computers.

This discretization method is called zero-order hold (ZOH) principle [80]. In
contrast to the Forward-Euler method, which is an approximate method, the ZOH
method is an exact method.

3.3.2 Asymptotic Stability

The asymptotic stability is an essential system property. It is defined as follows: A
system is asymptotic stable, if the limit of the solution of the differential equations
(see Eq. (3.54)) of the homogeneous system (see Eq. (3.53)) x( — 00) is zero from
any initial state x(0) [81].

From Eq. (3.53) it is obvious, that the homogeneous solution must contain self
reproducing functions, e.g. exponential and sinusoidal functions. It can be shown
that the homogeneous solution is described by linear combinations, where time
exponential functions of the real parts of the eigenvalues of A represent factors
[78]. The exponential functions of the imaginary parts of the eigenvalues of the
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system matrix A can be expressed as sinusoidal functions using Euler’s formula
[75].

Transferring these considerations to the definition of the asymptotic stability, the
condition of the asymptotic stability reveals: A system is asymptotically stable, if
all eigenvalues of the system matrix A have negative real parts, see Eq. (3.61) [79].

Re{Ai} <0 (3.61)

If a system is asymptotically stable, the bounded-input bounded-output (BIBO)
stability is also given [79]. The inversion of this statement is not true. That means
that the asymptotic stability is a stronger criterion than the BIBO stability. In contrast
to the BIBO stability, the asymptotic stability contains constraints on state variables.

A relation between the eigenvalues of continuous-time state-space models A; and
discrete-time state-space models A4 ; can be derived based on the relation between
A and A4 (see Eq. (3.58) and Eq. (3.55a)) according to Eq. (3.62) [79].

Aa; =ehiTs (3.62)

Discrete state-space models are asymptotically stable, if the eigenvalues of A4 are
inside the unit circle of the complex plane [79]. Merging this statement with Eq.
(3.62) and the condition for asymptotic stability of continuous-time state-space
models, it reveals, that asymptotic stability of continuous-time and discrete-time
state-space models is equivalent.

3.3.3 Controllability

The complete state controllability is a further important system property. It is es-
sential for the design of the controller of a VSC, see also Sect. 5.3.

A system is complete state controllable, if it can be moved from any initial state
x(0) to any final state in a finite time interval 7¢ [79]. The final state may especially
be zero.

To derive the condition of complete state controllability, the homogeneous system
with the actuating variables u is regarded, see Eq. (3.63).

%X(Z) = Ax(?) + Bu(?) (3.63)

The solution of this system of differential equations is given in Eq. (3.64).
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t

x(t) = ®()x(0) +/ ®(t — 7)Bu(r)dr (3.64)
0

If the final state is zero, the initial state is calculated, see Eq. (3.65) [79].

T
x(0) = — / “ ®(—1)Bu(r)dr (3.652)
0
Te Nk
- / CZA"( D Bu(e)de (3.65b)
0o =" Tk

Assuming, that the system is complete state controllable, the evaluation of the in-
tegral in Eq. (3.65b) leads to linear combinations with different sequences of the
actuating variables. The factors of the linear combinations are B, AB, A2B and so
on. [79]

Any initial state x(0) can be reached by this linear combinations, if the columns
of the matrices AB, A”B... span a space with the dimension, which equals the order
of the system n, see Sect. 3.2.1. According to the Cayley-Hamilton theorem, n
powers of A have to be regarded, since higher powers of A can be represented by
linear combinations of lower powers of A. [79]

So, the controllability matrix Q¢ is defined according to Eq. (3.66).

Qc=(BABA’B--- A" 'B) (3.66)

A system is complete state controllable, if the controllability matrix Q¢ has the rank
of n [79].
rank{Qc} =n (3.67)

If the sampling time 7 is suitably selected, a complete state controllable continuous-
time system becomes a complete state controllable time-discrete system. Suitably
selected means, that different eigenvalues of A lead to different eigenvalues of Aq.
[79]

The following examples demonstrate the complete state controllability. The
continuous-time state-space model of a L-structure using af-components is in-
vestigated, see Sect. 3.2.2.1. The state-space model is described by the following
systems of equations, see Eq. (3.68) and Eq. (3.69).



58 3 Electrical quantities, state-space modelling and system properties

Rc

4 icp 0 —L—Z icp 0 LLC Vep
—_— — e — e — e —
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—— 0 VF,
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—_—  —
E z
i 10 i
ca ) ca (3.69)
icp 01 icp
—_—— —_—— ——
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The state differential equations in Eq. (3.68) are illustrated via the two equivalent
circuits in Fig. 3.8 and Fig. 3.9.

Vfo(l i"cq

Fig. 3.8 Equivalent circuit of the a-differential equation of a L-structure

Vfﬁi lvcﬁ

Fig. 3.9 Equivalent circuit of the p-differential equation of a L-structure

Both equivalent circuits are manipulated by the according actuating variable as
a voltage source (vcq and veg). This system is complete state controllable, since the
condition for controllability in Eq. (3.67) is fulfilled.
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Assuming, that the voltage source vcg does not exist, the following equations are
valid, see Eq. (3.70).
L
Bu=| " | veq (3.70)
0

The equivalent circuit of the f-components is changed from Fig. 3.9 to Fig. 3.10 in
this case.

pri

Fig. 3.10 Equivalent circuit of the B-differential equation of a L-structure without controlla-
bility

In this case, the system is not complete state controllable, since the rank of Q¢
equals one and is smaller than the order of the system, which equals two. There is
no actuating variable in the p-circuit (see Fig. 3.10) that can be manipulated.

3.3.4 Observability

In addition to the complete state controllability, the complete state observability is
another important system property. It is essential for the developed model-based
protection algorithm, see Chap. 8.

A system is complete state observable, if the initial state x(0) can be calculated
from known trajectories of input variables and output variables over a finite time
interval Tp [79].

To derive the condition of complete state observability, the homogeneous system
and its output is investigated, see Eq. (3.53) and Eq. (3.54).

Using Eq. (3.55a) and Eq. (3.55b), the output equations in accordance with Eq.
(3.71) reveal.
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y(@) = Cx() (3.71a)
= Co(1)x(0) (3.71b)
S k
- C;Ak%x(O) 3.71¢)
=0

However, since y(¢) is known for the time interval Tp, this equation can be formu-

lated for all points inside Tp. The questions to be examined are how many equations

are necessary and whether the system of equations can be uniquely solved. [79]
The formulation of Eq. (3.71b) at several points in time leads to Eq. (3.72).

y(T1) Co(T)
y(T2) Co(Tp)

T = _ x(0) (3.72)
y(T) Co(T,)

The system of equations in Eq. (3.72) is solvable for x(0), if the matrix of the
right side is invertible. Using Eq. (3.71c), each row of this matrix represents linear
combinations with the factors C, CA, CA2 and so on. This consideration shows,
that the initial state x(0) can be calculated from n measurement points of the output
variables y(¢), if the row vectors of Eq. (3.72) are linearly independent. According
to the Cayley-Hamilton theorem, n powers of A have to be regarded. [79]

So, the observability matrix Qg is defined according to Eq. (3.73).

C
CA
Qo=| CA? (3.73)

CAn—l

A system is complete state observable, if the observability matrix Qg has the rank
of n [79].
rank{Qgp} =n (3.74)
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If different eigenvalues of A lead to different eigenvalues of Aq, a complete state ob-
servable continuous-time system becomes a complete state observable time-discrete
system [79]. This condition is similar to the condition of complete state controlla-
bility, see Eq. (3.67).

The following example demonstrates the complete state observability. The
continuous-time state-space model of a L-structure using af-components is re-
garded, see Sect. 3.2.2.1. The systems of equations are given in Eq. (3.68) and Eq.
(3.69). The equivalent circuits are shown in the Fig. 3.8 and Fig. 3.9

Inboth equivalent circuits, the according output variable (icq and i) is measured.
This system is complete state observable, since the rank of the observability matrix
Qo equals the order of the system n. According to the condition for complete state
observability in Eq. (3.74), this system is complete state observable.

Assuming, that the current icg is not measured, Eq. (3.75) is valid.

i
cx=(10) (3.75)
icp
The equivalent circuit of the B-component is illustrated in Fig. 3.11.

L. R
A

Vfﬁi lvc[i

Fig. 3.11 Equivalent circuit of the B-differential equation of a L-structure without observ-
ability

In this case, the system is not complete state observable, since the rank of Qg
equals one and is smaller than the order of the system, which equals two. The initial
state x(0) cannot be calculated.
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3.3.5 Duality of Controllability and Observability

According to the investigations in Sect. 3.3.3 and Sect. 3.3.4, there are similarities
between controllability and observability. These similarities are reflected in this
section.

The state-space model according to Eq. (3.76a) and Eq. (3.76b) is considered.

%x(t) = AX(¢) + Bu(?) (3.76a)
y(@) = Cx(¥) (3.76b)

Replacing the system matrix A with its transposed matrix AT, the input matrix B
with CT and the output matrix C with BT using transformed variables (represented
by the apostrophe), the state-space model according to Eq. (3.77a) and Eq. (3.77b)
reveals.

%x’(r) =AY+ CT' (1) (3.772)

Y(® =BX( (3.77b)

The systems of Eq. (3.76) and Eq. (3.77) are dual systems. The first system is called
the primal system and the second system is called the dual system. [79]

Applying the conditions for controllability (see Eq. (3.67)) and observability
(see Eq. (3.74)) it can be shown that the dual system is complete state controllable
(observable), if the primal system is complete state observable (controllable) [79].

3.4 Summary

In this chapter, the fundamentals of the signal theory and the system theory used for
the design of the control and protection algorithms in 100 % inverter-based power
systems are presented.

Transient and steady states are described by space vectors. Space vectors are
linked to phasors of symmetrical components in the steady state. Depending on
the characteristics of a three-phase system, the space vector components in a syn-
chronous reference frame (SRF) or a double synchronous reference frame (DSRF)
reveal as time-constant quantities in the steady state. Models based on these com-
ponents are used inside the developed control algorithms. The concept of SRF and
DSRF is extended to polyfrequency three-phase four-wire systems, taking also the
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zero sequence into account. Models based on space vector components in a sta-
tionary reference frame are used inside the developed protection algorithms. The
representation of these models is simplified due to decoupled equations.

The relations between space vector components of different electrical quantities
are described by differential equations. State-space models are one possibility to
formulate these differential equations, considering also the algebraic output equa-
tions. State-space models of selected electrical circuit structures, which represent
the fundament for the development of the control as well as the protection algo-
rithms, are derived. Discrete-time state-space models based on the exact zero-order
hold (ZOH) method or the approximate Forward-Euler method allow the realization
of control and protection algorithms on digital computers.

Based on state-space models, the state controllability and the state observability
represent essential system properties. They are explained using illustrative exam-
ples, which appear in filter applications of voltage source converters. Controllability
is the basic prerequisite for the development of state control algorithms. Observabil-
ity is the basic prerequisite for the novel model-based protection concept. Control-
lability and observability are dual properties from the system theory perspective.
To follow the key aspects of the central theme of this thesis on a shortcut: The
conclusion of the next chapter is provided in Sect. 4.6.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits use,
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Synchronization of VSCs to the Grid 4

This chapter presents the synchronization of voltage source converters (VSCs) to
the grid. In Sec. 4.1, the connection of a VSC to the grid based on the grid equivalent
circuit and the energy transfer is explained. Sec. 4.2. gives an overview of differ-
ent synchronization principles. Basic and advanced voltage-based synchronization
concepts are shown and evaluated in Sec. 4.3. Power-based synchronization prin-
ciples are the subject of Sec. 4.4. Beyond that, they are evaluated in the context of
100 % inverter-based power systems (IBPS). The adoption of physical properties of
synchronous machines and the droop control are highlighted. In Sec. 4.5, the hybrid
synchronization is presented and presented in a test scenario.

4.1 Grid Connection of a Voltage Source Converter
4.1.1 Grid Equivalent Circuit

4.1.1.1 Model of the Grid Equivalent Circuit

The grid connection of a voltage source converter (VSC) is represented by the
equivalent circuit using space vectors (see Fig. 4.1) and the zero sequence component
(see Fig. 4.2). The space vector equivalent circuit is valid for the a-component and
the B-component.

The systems of equations are analogous to the ones in Sec. 3.2.2.1. The filter
topologies are described in Sec. 3.2.2 and the fundamentals of VSCs are described
in Sec. 2.1.2.

The voltage vg, with x € {1, 2, 3} at the terminals of the grid-connected (GC)
VSC represents the link between the grid and the VSC. The Tab. 4.1 shows the
correspondences of physical quantities of the grid equivalent circuits and different
filter structures.

© The Author(s) 2025 65
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Fig. 4.1 Equivalent circuit of a grid-connected VSC using space vectors
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Fig. 4.2 Equivalent circuit of a grid-connected VSC using zero sequence components

Table 4.1 orrespondences of physical quantities of the grid equivalent circuits and the filter

structures
grid equivalent (Fig. 4.1 & Fig. 4.2)
lgex Vgx
L-filter (Fig. 3.4) icx Vfy
LC-filter (Fig. 3.5) igy Vfy
LC L-ilter (Fig. 3.6) igy Vgx

The grid equivalent circuit reflects fundamental effects of the grid from the VSC
perspective. It consists of a voltage source vge, and an ohmic-inductive impedance.
Capacitive effects are not included, since the effective capacitances are small com-
pared to Rge and Lge and lead to big shunt impedances at the grid operating fre-
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quency. In general, the voltage source and the impedance are not measurable directly
since they do not appear physically.

Alternatively, the grid equivalent circuit can also represent a grid bus with the
voltage vgey and the line parameters Rge and Lge.

The monofrequency steady-state impedance Z e (see Eq. (4.1)) is valid for the
positive sequence at the grid operating frequency.

Zye = Rge +joLge (4.1)

4.1.1.2 Grid Strength Assessment
The absolute value | ;ge| of the monofrequency steady-state impedance (see Eq.
(4.1)) is an essential, but not the only, parameter of the grid strength assessment.

2
|Zgel = \/ RE + (@Lyge) (4.2)

There are different definitions of the grid strength, and this term is in transition.
Often, the ratio of the short circuit power at the infeed bus to the rated power (SCR)
is used [82].

In 100 % inverter-based power systems (IBPS), the grid strength assessment
via the SCR is not sufficient, since e.g. interactions between controllers are not
considered [82]. Therefore, new parameters to characterize the grid strength of
100 % IBPS are defined. For example, the generalized short-circuit ratio (gSCR)
interprets the grid strength as a sensitivity index of the terminal voltage of an inverter-
based resource (IBR) to variations of its current injection [83].

Applying Kirchhoff’s voltage law (KVL) to the equivalent circuits in Fig. 4.1
and Fig. 4.2 reveals, that | Z, ge| has significant influence on the terminal voltage vgy
during current injection. Consequently, |Z,.| also influences the dimensioning of
the DC-link voltage, see also Sec. 2.1.1.

Moreover, the synchronization of a VSC to the grid incorporates physical and
controller laws, see Sec. 4.4. Since |Z ge| is an important parameter of the physical
equations, it also influences the synchronization of a VSC to the grid.

Regarding photovoltaic (PV) power plants and wind power plants (WPPs), the
line impedance tends to be high, since they are often located in remote sites [50]. In
these weak grids with high-impedance, problems of phase-locked loop (PLL)-based
synchronization (see Sec. 4.3) are reported [84]. Power-based synchronization (see
Sec. 4.4) is a promising solution for synchronizing VSCs to weak grids [50].
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4.1.1.3 Grid Characteristics Assessment
The grid characteristics assessment is influenced by the angle of the monofrequency
steady-state impedance (see Eq. (4.1)) according to Eq. (4.3).

arg{Z,} = atan2(wLge, Rge) (4.3)

Often, the term X/R-ratio is used for grid characteristics assessment. The X/R-ratio
depends on the voltage level and the grid size. Especially low-voltage microgrids
tend to a low X/R-ratio [46].

The X/R-ratio defines the ratio of the active and the reactive power as parts of
the apparent power between two voltage nodes, see Eq. (4.18) and Eq. (4.19) in
Sec. 4.1.2.2. For grids with a low X/R-ratio, the active and reactive power can be
decoupled mathematically by introducing the modified active and reactive power, see
Eq. (4.20) and [85]. Beyond that, the X/R-ratio can be adjusted from the perspective
of the VSC by using the principle of the virtual impedance, see Sec. 5.2.4.2 and
[46].

4.1.2 Energy Transfer between the Grid and the VSC

4.1.2.1 The p-q Theory
The p-q theory is a fundamental power theory, that is presented in [86]. It is used to
calculate parts of the instantaneous power from voltages and currents in three-phase
four-wire systems with a neutral conductor. In this section, the main aspects are
summarized.

The p-q theory is based on the instantaneous complex power s, see Eq. (4.4).

3,
$ = 5 Vaplap (4.4a)
=p+iq (4.4b)

It equals the product of the space vector of the phase-to-neutral voltages and the
complex conjugate space vector of the phase currents using af-components. For
consistency reasons, the definitions of the space vector and the zero sequence com-
ponent from Eq. (3.13) and Eq. (3.14) are applied. Therefore, the factor 3/2 is used
in Eq. (4.4a)—in contrast to [86]. This factor does not influence the p-q theory in
general.

The real part of the instantaneous complex power s equals the instantaneous real
power p, see Eq. (4.5).
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3
p= E(vaia + vpip) 4.5)

The imaginary part of the instantaneous complex power s equals the instantaneous
imaginary power ¢, see Eq. (4.6).

3
= E(uﬁiu — Vgip) (4.6)

The instantaneous zero-sequence power pg equals the product of the zero sequence
of the voltage and the current multiplied by 3, see Eq. (4.7).

po = 3vpio 4.7)

The three-phase instantaneous real power p3¢ equals the sum of the instantaneous
real power and the instantaneous zero-sequence, see Eq. (4.8).

P3o =P+ po (4.8)

The instantaneous real power p, the instantaneous imaginary power g and the in-
stantaneous zero-sequence power pg contain average parts and oscillating parts.
The mean values of p and ¢ are given in Eq. (4.9) and Eq. (4.10) [86]. The notation
from Eq. (3.26) is applied.

_ 3 . 3 .
p= QZ i) (1>C°S<‘/’v(1> 9"in<1)) EZV(Z)IEE)°°S<‘P3(2) _‘Pﬁz)) 4.9)

&M%ﬂ

_ 3 A 3 A
q= 22 Vi (1>S"‘(‘Pv<1> %)—EZ ) (2>sm(¢’v(2> g"i"<2>) (4.10)

From that point of view, the well-known three-phase fundamental frequency active
and reactive power of the positive sequence as the real part and the imaginary part
of the complex power are special cases of Eq. (4.9) and Eq. (4.10), respectively.
They are given in Eq. (4.11) and Eq. (4.12).

P = (I)I(I)COS(‘/’v(l) - %(1)) 4.11)

l\)lw
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34 4
0 = SV wsin(evn) = #i) (4.12)
The apparent power S equals the absolute value of the complex power, see Eq.
(4.13).

RIPSEEN
S = EV(])[(I) 4.13)

4.1.2.2 Energy Transfer between two Voltage Sources

The energy transfer between two voltage sources is essential for the normal operation
of a GC VSC and its synchronization to the grid. The presented considerations are
also applicable to describe the energy transfer between two grid nodes.

In general, the normal operation and the synchronization are related to the positive
sequence. Based on Fig. 4.1, the model of the equivalent circuit of the positive
sequence is used. This equivalent circuit is regarded as a monofrequency system in
the steady state and described by the according root-mean-square (RMS) phasors,
see also Eq. (3.15). For simplification and adaption to the literature, the names of
the quantities are adjusted and the indices are reduced in Fig. 4.3.

Zbusl

Fig. 4.3 General equivalent circuit of two voltage sources in the positive sequence connected
by a R L-structure using phasors

L R
MNAN,

A~

Basically, the following considerations can also be adapted to the negative se-
quence and the zero sequence. In the zero sequence, the values of R and L have to
be adjusted, see Sec. 3.2.2.1.

In Fig. 4.3, E represents the positive sequence RMS-phasor of the capacitor
voltage vg, of a LC-filter (see Fig. 3.5) or a LC L-filter (see Fig. 3.6). Due to the
existence of the grid-side choke of the LC L-filter, R and L differ in both cases when
assuming identical line parameters.

The phasor V. is the positive sequence RMS-phasor of the open circuit voltage
vgey Of the grid equivalent or the bus voltage, see Fig. 4.1.

The circuit in Fig. 4.3 is described by a KVL according to Eq. (3.22).
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E=R+joL)] + Vy (4.14a)
= (R+jX) + Ve (4.14b)

Applying Eq. (4.14) to a LC L-filter (see also Fig. 4.1 and Fig. 3.6) yields Eq. (4.15).
Viay = (Rg + Ree +jo(Lg + Lge)) L1y + Ve (4.15)

According to Sec. 4.1.2.1, the complex power of the positive sequence is calculated
in accordance with Eq. (4.16). Here, the definition of the symmetrical components
according to Eq. (3.6) are applied.

1
gﬁ = Viul” (4.162)

V2, E Vious

= R R [N — o) T isinGon, —ep)| 4160

The angle § equals voltage angle difference, see Eq. (4.17).

8 = QE — OV 4.17)

The active and the reactive power according to Eq. (4.18) and Eq. (4.19) reveal.
Additional calculation steps are shown in [143].

1 R, R
g P = —m Vbus + mEVbUSCOS(a) (418)
X .
+ mEVbussln(a)
1 X o, R .
g Q = _mvbus — mEVbuSSln((S) (419)
X
+ mEVbusCOS(a)

4.1.2.3 P/Q-transformation

By introducing the modified active power P; and the modified reactive power Qy,
the Eq. (4.18) and the Eq. (4.19) are decoupled and simplified. The following trans-
formation according to Eq. (4.20) is applied [85]:
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P, X _R P
1217 7 (4.20)
o) 7 7 /)\¢@
The absolute value of the Impedance Z from Eq. (4.21) is used.
Z =+ R?+ X2 4.21)

Using the transformation according to Eq. (4.20) yields Eq. (4.22) and Eq. (4.23).

EV;
P = 3%sin(5) (4.22)

Vous
Z

Assuming dominant inductive grid characteristics (R < X), the Eq. (4.24) and Eq.
(4.25) reveal.

Oi=3

[ — Vius + Ecos(a)] (4.23)

EV;
P~ 3= in(s) (4.24)
X
Vbus
0~ 3 [ — Vi + Ecos(a)] (4.25)

From Eq. (4.24) and the Eq. (4.25) is it seen, that the modified active power P;
is linked to the difference of the voltage angles. The modified reactive power Q;
is linked to the difference of the voltage RMS-values. Both powers are dependant
from the frequency via X.

4.1.2.4 Linearising at an Operating Point

The considerations in this section are based on Fig. 4.3. The aim is to linearise the
power equations in Eq. (4.24) and Eq. (4.25) at an operating point. By introducing
time-variant quantities, linear differential equations appear. These physical equa-
tions are part of a state-space model, that can be investigated regarding small-signal
power synchronization stability (see also Sec. 3.3.2).

In the following investigations, it is assumed for simplification, that R < X is
valid. Therefore, the modified powers of Sec. 4.1.2.3 equal the actual powers. The
reactance X involves—at least approximately — all reactances between the voltage
sources E and V.. Consequently, especially the grid-side reactance of a L C L-filter
and the line reactance has to be considered.
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The operating point is defined by the RMS-voltage Viase, Which is assumed to
be equal for £ and V. and the difference of the voltage angles §y. Deviations from
the operating point are labelled by A. The principles of linearisation are given in
[78].

Linearising Eq. (4.24) leads to Eq. (4.26). The difference of the voltage angles §
is given in Eq. (4.17). The synchronizing power coefficient K is used, see Eq. (4.27)
[87].

AP =~ KAS (4.26)

V2
K = 3%cos(50) 4.27)

The time-derivative of Ad leads to the difference of the angular frequencies of the
voltage sources £ and V., see Eq. (4.28).

dAS

d
= —(Apg — Agy. . 4.28
o J l( VE OVius) (4.28a)

= Awm — Awpys (4.28b)

From the Eq. (4.26), the derivative of A P after A$ yields Eq. (4.29).

dAP

—_— = 4.29
dAS (4.29)

Combining Eq. (4.29) and Eq. (4.28b), a linear first-order differential equation for
the active power according to Eq. (4.30) appears.

dAP
T = K(Awn — Awpys) (4.30)

Eq. (4.30) is written for multiple VSCs (index i) on a common bus, see Eq. (4.31).

dAP;
KiAwps = KiAwp,; — e (4.31)

Multiple applications of Eq. (4.31) with identical Awpys yield Eq. (4.32).

d n
Awpys = Z" e (Z Kidom; — - > APi) (4.32)
i=1

Regarding the reactive power, the linearisation of Eq. (4.25) leads to Eq. (4.33).
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AQ ~ KoeAE + KqvAVius + Kgs A8 (4.33)

The coefficients according to Eq. (4.34), Eq. (4.35) and Eq. (4.36) are used [88].

Vi
Kok = 3$cos(ao) (4.34)
K Vbase
Qv =3 X (cos(8p) — 2) (4.35)
V2
Kgs = —3 g?se sin(8p) (4.36)

Subsequently, the coefficient K¢ is set to zero, since the difference of the voltage
angles d is nearly zero during most normal grid operations.

In contrast to the active power (see Eq. ((4.30))), the reactive power does not
show an integral character (see Eq. (4.33)). Hence, the reactive power is usually
filtered by a low-pass filter (LPF). The Eq. (4.37) shows the filtered reactive power
Qg by a first-order LPF with the time constant 7kq in the frequency domain.

1
Or(s) = mQ(S) (4.37)

In the time domain, the Eq. (4.38) is valid.

dgr 1
o =@ (438)

The linearisation of Eq. (4.38) yields Eq. (4.39).

dAQp
dr

1
= 7—(A0 — AQp) (4.39)
FQ

Substituting Eq. (4.33) into Eq. (4.39), a linear first-order differential equation for
the reactive power appears, see Eq. (4.40).

dA0r _ 1 g AE+ - KovAV ! AQ (4.40)
P Tra QE Tra QV A Vius Tra F .

The Eq. (4.33) is written for multiple VSCs (index i) on a common bus, see Eq.
(4.41).
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Kqv,iAViws = AQ; — KQE,i AE; (4.41)
Multiple applications of Eq. (4.41) with an identical A Vy,s leads to Eq. (4.42).

1 n n
AVpus = 7( AQi—) K E,~AE~> (4.42)
us Z:‘lzl KQV,i ; i ; QE,i i

4.2  Synchronization Principles

Synchronization is the temporal adaption of waveforms of voltages and currents
of the grid and the VSC. This adaption is linked to the fundamental frequency f
of the positive sequence and the according angular frequency w. The fundamental
frequency f of the positive sequence reflects the time dependence of waveforms,
see Eq. (3.16). Additionally, it defines the fundamental and harmonic frequencies
of the positive, the negative and the zero sequence, see Eq. (3.26).

For the temporal adaption of voltages and currents in different sequences at
different frequencies, all phase angles go(’l), gozlz) and ‘/’?0) (see Eq. (3.26)) are defined
in relation to a reference phase angle. Here, the reference phase angle is set to
the phase angle ¢(1) of the positive sequence at the fundamental frequency. The
fundamental angular frequency w and the phase angle ¢(1) of the positive sequence
lead to the time-dependent reference angle y T in the steady state, see Eq. (4.43).

)/Jr = wt + ¢(1) (4.43)

The superscript + is used, since y T equals the time-dependent angle of the positive
sequence space vector v+ at the fundamental frequency, see Eq. (3.17) and Eq.
(3.15).

The objective of the synchronization is to define the reference angle y*, to
which the VSC-controller is adapted. This reference angle and integer multiples
of the reference angle are used as transformation angles yt, see Sec. 3.1.2.4, Sec.
3.1.2.5, Sec. 3.1.3 and Eq. (3.19). In this way, space vector components of different
sequences at different frequencies are gained as DC quantities. Beyond that, this
principle is necessary in order to decouple the positive and the negative sequence,
see Sec.4.3.3 and Sec. 4.3.4.1. In general, there are two different principles to define
the reference angle y .

The voltage-based principle is based on the temporal adaption to the voltages vey
at the terminals of the VSC. These voltages represent the link between the grid and
the VSC, see Fig. 4.1 and Fig. 4.2. Consequently, the angle of the positive sequence



76 4 Synchronization of VSCs to the Grid

space vector y;‘ at the fundamental frequency is chosen as the reference angle .
The angle of yg is not measurable directly. Therefore, the voltages v, are measured
and the angle of yg' is calculated by a phase-locked loop (PLL), see Sec. 4.3. This
synchronization principle leads to the grid-following (GFL) mode, which is used
for the current control of the VSC.

The power-based principle is based on the adaption to the value of the active
power at the terminals of the VSC. The reference angle y T is defined based on
the active power, see Sec. 4.4. Here, the voltages vy, and the currents ige, (see
Fig. 4.1 and Fig. 4.2) are measured and the active power is calculated according to
Sec. 4.1.2.1. This synchronization principle leads to the grid-forming (GFM) mode,
which is used for the voltage control by the VSC. Reactive power is used to adjust
the reference value of the voltage amplitude. Sine the active and the reactive power
are used as input variables to calculate the reference voltage angle and amplitude,
the term “power-based principle” is used.

The voltage-based synchronization principle and the power-based synchroniza-
tion principle can be combined and the hybrid synchronization principle reveals,
see Sec. 4.5. Fig. 4.4 shows the synchronization principles of VSCs to the grid.

Synchronization
principles

! !

Voltage-based Hybrid Power-based
synchronization synchronization synchronization

Fig. 4.4 Classification of synchronization principles of VSCs to the electrical power grid

The stability of the grid operation is influenced by the synchronization prin-
ciple in combination with the grid strength, see Sec. 4.1.1.2. The voltage-based
synchronization shows stability problems in weak grids [84, 89]. In contrast, the
power-based synchronization principle is a promising solution for synchronizing
VSCs to weak grids [50].
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4.3 \Voltage-based Synchronization

The voltage-based synchronization is state of the art in industrial applications and
leads to the GFL-mode of the GC VSC. A PLL is applied to calculate the positive
sequence space vector yg at the fundamental frequency. The output angle of the

PLL is denoted as yPJiL and is used as the reference angle y . Integer multiples of
yPJ]r_L are used as transformation angles yt, see Eq. (3.19).

Using the transformations from Eq. (3.19), the positive and negative sequence
space vector components of vg, at the fundamental frequency are determined. Based
on the according components (vgd, vgq, vg_d and vg’(l), the positive and the negative
sequence space vector components of ig, are calculated as reference values of the
current controller e.g. to inject the desired active and reactive power in the positive
and the negative sequence, see Sec. 5.2.3.1. Consequently, the voltage-based syn-
chronization is especially relevant for the GFL-mode, but it is also of great relevance
for the steady state current limitation of GFM-VSCs, see Sec. 6.3.2.3.

Different PLL principles are presented. All of them include a PLL-controller (see
Sec. 4.3.1). A decoupling cell is essential for the GFL-mode and the GFM-mode
to decouple positive and negative sequence components—optionally at different
frequencies. An overview of different PLL principles is given in [90].

4.3.1 PLL-controller

The objective of the PLL-controller is to calculate the time-dependent angle ylfLL and
the according angular frequency wpy 1. The PLL-controller is used in the presented
PLL principles in the following sections, see Sec. 4.3.2, Sec. 4.3.3 and Sec. 4.3.4.

The PLL-controller controls the g-component var of y; to zero. The angle of

+
g

v;r > 0, see Sec. 3.1.2.4. The parametrization of the PLL-controller is usually done

v, and the transformation angle )/TJr are equal, if the q-component var is zero and
empirically. A guide for the parametrization is given in [90].
The general structure of the PLL-controller is shown in Fig. 4.5. The g-component
;r is obtained from vg,. A proportional-integral (PI) controller and a feedforward
control of the nominal angular frequency wnom is applied. In Fig. 4.5, the entire
system consisting of the VSC and the grid, including the feedback loop, is not
shown to focus on the PLL-controller.

v,
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——————— WPLL

=0 Whom

+
Vq,ref

Fig. 4.5 General block diagram of a PLL-controller

4.3.2 SRF-PLL

The synchronous reference frame (SRF) PLL is a suitable solution for the voltage-
based synchronization, if the voltages vg, describe a monofrequency system in the
positive sequence, see Sec. 3.1.2.4. It does not work properly, if either negative
sequence components or harmonic frequency components appear in vgy-.

The principle of the SRF-PLL is to adjust the transformation angle yTJr to the
angle of the space vector gg [90]. In the steady state, v; is a constant value and v;l
is zero. Therefore, a PLL-controller is used, see Sec. 4.3.1. The general structure
of the SRF-PLL is shown in Fig. 4.6. It is especially valid using the voltages vg, as
input variables (index g). For clarity reasons, the index g is neglected in Fig. 4.6.

— V; = |K+| :‘7(1)

V,
% 0 | g

PLL-controller WPLL

~ +
> VpLL

Fig. 4.6 General block diagram of a SRF-PLL

The PLL-controller (see Fig. 4.5) calculates wpyr 1, and y;]rdL from vg'q. The com-
ponent qu is calculated via a transformation block with y;iL as the transformation
angle yT+ . The component v;l equals the amplitude of the voltages vg,. The input
variables of the transformation block are calculated by the inverse transformation
matrix in Eq. (3.12). A state-space model of the SRF-PLL for stability investigations
is derived in [91].
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4.3.3 DSRF-PLL

The double synchronous reference frame (DSRF) PLL is a suitable solution for
the voltage-based synchronization, if the voltages vy, describe a monofrequency
system in the positive sequence or the negative sequence or both, see Sec. 3.1.2.5.
It does not work properly, if harmonic frequency components appear in vg,. The
DSRF-PLL consists of a PLL-controller (see Sec. 4.3.1) and a decoupling cell [90].

The PLL- controller calculates wpry, and yPLL from the mean value of the g-
component v of the positive sequence space vector v;' Furthermore, the amplitude
of the pos1t1ve sequence of the voltages vy, is calculated.

The decoupling cell calculates the mean values of the positive and negative
sequence space vector components v od> U gq, gd, q- Two SRFs are employed for
the space vector v,, that is regarded as the sum of a pos1t1ve sequence space vector
gg and a negative sequence space vector v, » see Eq. (3.25). The output angle of the

PLL-controller VleL is used as the transformation angle yT+ .

These space vectors lead to DC-components in the according reference frame and
to double frequency AC-components in the other reference frame. Consequently,
low-pass filters (LPFs) are used for each reference frame in order to gain yg and
Vg exclusively in the according reference frame. Since the LPFs are not ideal, the
subtraction of the space vectors in the other reference using cross-coupling feedback
is necessary. The double transformation angle yT+ with the according sign has to be
applied.

The general structure of the decoupling cell of the DSRF-PLL is shown in Fig.
4.7. It is especially valid using the voltages vy, as input variables (index g). For
clarity reasons, the index g is neglected in Fig. 4.7.

This decoupling concept can also be described mathematically according to Eq.

(4.44). The compact form is given in Eq. (4.45).

vf{q B T(y{) 0 Vap | 0 T(2y1) V(]Lq
thq 0 T( - )/T+) Vop T( - 2),1?) 0 V4.17q
(4.44)
Vag = T(£ 71 )vep — T(£ 2015, (4.45)

The phase angle of the negative sequence is calculated applying the atan2-function
to the pair Egd, - The result of the negative sequence phase angle has to be re-
garded relatively to the positive sequence phase angle. The amplitude of the negative
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Vi23

Fig. 4.7 General block diagram of the decoupling cell of a DSRF-PLL

sequence is determined by rotating v, in the negative sequence reference frame by
the negative sequence phase angle to the d ™ -axis.

This decoupling cell is an essential tool for the GFL-mode and for the GFM-
mode to decouple positive and negative sequence components of measured values
of voltages and currents. These components are used for the comparison of real and
reference values or the feedforward control. In the GFM-mode, the transformation
angle )/T+ is set to y;, which is not calculated by a PLL, but from the active power,
see Sec. 5.2.2.1.

4.3.4 MSHDC-PLL

4.3.4.1 Principle of the MSHDC-PLL

The multi-sequence harmonic decoupling cell MSHDC)-PLL [90] is a suitable so-
lution for the voltage-based synchronization, if the voltages vg, describe a polyfre-
quency system in the positive sequence or the negative sequence or both, see Sec.
3.1.3. Mean values are removed by using LPFs. The zero sequence component is
removed by calculating it from Eq. (3.14) and subtracting it from vg,.

In contrast to the DSRF-PLL (see Sec. 4.3.3), the MSHDC-PLL shows good
results for waveforms including harmonic components. The consideration of har-
monics is crucial for VSCs, since their operation principle evokes harmonics, see
Sec. 2.1.1. Especially low-frequency harmonics have to be considered because it
is difficult to attenuate their amplitude by passive filters [92]. The attention of har-
monics is also important due to the transient current limiting, see Sec. 6.3.1.
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The principle of the MSHDC-PLL is based on the PLL-controller (see Sec.
4.3.1) with Eg] of the fundamental frequency as input variable. The decoupling cell
according to Fig. 4.7 is generalized by introducing an arbitrary number of reference
frames. Here, LPFs also play an important role, since the principle of DC-quantities
in the according reference frame is applied. The MSHDC is described by Eq. (4.46)
[90]:

Vhq = T(kyi )vep — D T((k — m)yf )V, (4.46)
k#m
In Eq. (4.46), the variable k equals the orders in the positive and the negative se-
quence. The variable m also equals the orders in the positive and the negative
sequence, whereas m = k is excluded. It is seen, that Eq. (4.45) is a special case of
Eq. (4.46) withk = 1 and k = —1.

The phase angles of the positive and the negative sequence at all regarded frequen-
cies (positive sequence fundamental frequency is excluded) are calculated using the
atan2-function of the according dg-components. They have to be regarded relatively
to the positive sequence phase angle at the fundamental frequency. The amplitudes
of the individual systems are calculated by rotating the according space vectors in
their reference frame by the phase angle to the according d-axis.

In addition to the voltages vgy, the currents ige, are analysed by an additional
MSHDC. In this way, the active and the reactive power in the positive and the
negative sequence at each frequency are calculated using Eq. (4.9) and Eq. (4.10).

4.3.4.2 Scenario: Distorted Voltage Conditions

In the following scenario, it is shown via simulations in MATLAB/Simulink,
that voltage-based synchronization under distorted voltage conditions using the
MSHDC-PLL (see Sec. 4.3.4.1) works properly. The 5th and 7th harmonic compo-
nents of the voltages vg, at the terminals of the VSC are considered. These frequency
components often appear due to the modulation of VSCs [92].

In the investigated scenario, one VSC is synchronized to a 10kV-grid by a
MSHDC-PLL. Initially, the voltages vg, contain a negative sequence at the funda-
mental frequency with 50 % of the amplitude of the positive sequence. At = 0.2,
5th and 7th harmonic components in the positive and the negative sequence with
20 % and 10 % of the amplitude of the positive sequence are added. The waveforms
of vgy are shown in Fig. 4.8.

The Fig. 4.9 shows the actual fundamental frequency of the positive sequence
f and the calculated fundamental frequency of the positive sequence fprr of the
MSHDC-PLL. It is demonstrated that the actual frequency is properly tracked in the
interval ¢ < 0.2 s, despite the existence of the negative sequence at the fundamental
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Fig. 4.8 Voltage signals to test the MSHDC-PLL with added harmonic signals at t = 0.2s
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Fig. 4.9 Fundamental frequency of the positive sequence space vector fpr calculated by the
MSHDC-PLL and its reference signal f tested with added harmonic signals at# = 0.2's

frequency. In the interval # > 0.2 s it is shown that the actual frequency is properly
tracked—even under distorted voltage conditions—after a settling time of a few ms.

The Fig. 4.10 shows the actual fundamental frequency angle of the positive se-
quence y T as the reference angle and the angle yPJiL calculated by the MSHDC-PLL.
The deviations between the reference angle and the calculated angle are negligible
and the MSHDC-PLL allows the voltage-based synchronization under distorted
voltage conditions.
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Fig. 4.10 Angle of the positive sequence space vector at the fundamental frequency ylj'LL
calculated by the MSHDC-PLL and its reference signal y T tested with added harmonic
signalsatt = 0.2s

4.3.4.3 Scenario: Frequency Dip

In the next scenario it is demonstrated via simulations in MATLAB/Simulink, that
voltage-based synchronization using the MSHDC-PLL (see Sec. 4.3.4.1) works
properly even a frequency dip occurs. The frequency dip can for example be caused
by droop-controlled GFM-VSCs (see Sec. 4.4.1.2) due to changing load conditions
or a grid fault.

The scenario equals the scenario of Sec. 4.3.4.2 in the interval + < 0.2s. At
t = 0.2, a frequency drop of 1 Hz in the fundamental frequency of the positive
and the negative sequence is applied. The waveforms of vg, correspond essentially
to the waveforms in Fig. 4.8 in the interval # < 0.2s.

The Fig. 4.11 shows the actual fundamental frequency of the positive sequence
f and the calculated fundamental frequency of the positive sequence fpr by the
MSHDC-PLL. It is seen that the actual frequency is properly tracked after a settling
of approx. 100 ms in the interval # > 0.2 s despite the frequency drop.

The Fig. 4.12 shows the actual fundamental frequency angle of the positive
sequence y T as the reference angle and the angle calculated by the MSHDC-PLL
y;iL. The difference from Fig. 4.10 to Fig. 4.12 is induced by the frequency drop and
seen by comparing yl:f‘L at? = 0.4 s. The deviations between the reference angle and
the calculated angle is negligible and the MSHDC-PLL allows the voltage-based
synchronization after a frequency dip.
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Fig. 4.11 Fundamental frequency of the positive sequence space vector fpry calculated by
the MSHDC-PLL and its reference signal f tested with a frequency drop of 1 Hzatt = 0.2s
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Fig. 4.12 Angle of the positive sequence space vector at the fundamental frequency yleL
calculated by the MSHDC-PLL and its reference signal y* tested with a frequency drop of
1Hzatr =0.2s

4.4 Power-based Synchronization

The power-based synchronization is an alternative synchronization principle to the
voltage-based synchronization (see Sec. 4.3) and leads to the GFM-mode of the
GC-VSC. The GFM-mode is favourable over the GFL-mode in 100 % IBPS, due
to the inherit properties (see Sec. 2.2.2), e.g. black-start capability and provision of
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instantaneous power. Since power is composed by active and reactive power, two
parameters for the synchronization appear.

There are numerous possibilities for active and reactive power synchronization
[50, 51]. In this thesis, the configurable natural droop (CND) controller is applied
for the active power synchronization (see Sec. 4.4.1.2) and a droop controller for
the filtered reactive power (see Sec. 4.4.2) is used.

4.4.1 Active Power Synchronization

The active power synchronization as a part of the power synchronization is based
on the calculation of the angle y, from the active power P at the terminals of the
VSC. The angle yn'j" is used as the reference angle y ™ (see Eq. (4.43)) instead of
y;rLL of the voltage-based synchronization, see Sec. 4.3.

The angle y,t is used as the reference angle of the capacitor voltages v¢, of the
LC- and the LC L-filter, see Fig. 3.5 and Fig. 3.6. The capacitor voltages v, are
controlled by the voltage controller, see Sec. 5.2.2.

According to Eq. (4.24), the active power depends on the voltage angle difference
8. The angle § is adjusted using the integral of Awy, (see Eq. (4.28b)). The detailed
correlation between y,” and Awy, in the transient state is given in Eq. (2.2¢). There
are several options to calculate wy, from P. The transfer function can be selected
freely and is called the active power synchronization controller. An overview of
different transfer functions is given in [93]. In this thesis, the CND-controller is
investigated due to its numerous beneficial design options and its adaption to the
proposed grid control (see Sec. 2.2.3).

In contrast to the presented approach calculating wy, from P, there are different
approaches to directly manipulate § by calculating ¢(j) from P. A linear transfer
function between ¢(1) and P leads to the angle droop controller [94]. It is demon-
strated in [95], that the angle droop controller equals the virtual impedance (see Sec.
5.2.4.2) and shows an analogy to the frequency droop with a high-pass filter (HPF).
Using this concept exclusively, constant frequency regulation without communi-
cation is achieved [95]. Accurate power sharing cannot be guaranteed and Global
Positioning System (GPS) signals to synchronize VSCs are needed [95]. The angle
droop controller/virtual impedance can be added to the investigated CND-controller.
The influence of the virtual impedance is discussed in Sec. 5.2.4.2.



86 4 Synchronization of VSCs to the Grid

4.4.1.1 Adoption of Physical Properties of Synchronous Machines
to VSCs

One possibility to define the transfer function of the active power synchronization

controller is to adopt Newton’s second law from synchronous machines [42].

d
Jawm = Mpn — M — My (4.47)
Here, J is the total moment of inertia, wy, is the rotor shaft velocity, My, is the
mechanical torque, M. is the electromagnetic torque and Mg is the damping torque.
The torques are approximated according to Eq. (4.48), Eq. (4.49) and Eq. (4.50)
[42].

P,
My, ~ —= (4.48)
Wnom
P,
M ~ —= (4.49)
Wnom
Mg ~ Dwp (4.50)

In these equations, Py, represents the net shaft power, P, represents the electrical air
gap power, wnpom 1S the nominal rotor shaft velocity and D is the damping coefficient.
Inserting Eq. (4.48), Eq. (4.49) and Eq. (4.50) into Eq. (4.47) yields Eq. (4.51). The
Eq. (4.51) contains the inertia J and the damping coefficient D as characteristic

properties.

d 1(Py—P

3 Om= 7(% - Da)m> (4.51)
nom

4.4.1.2 Configurable Natural Droop Controller
The configurable natural droop (CND) controller is one possibility to define the
transfer function of the active power synchronization controller. It is inspired by
the properties of synchronous machines, see Sec. 4.4.1.1. The rotor shaft velocity
wm and its nominal value wyem are now interpreted as the angular frequency and its
nominal value of the voltages vr,.

Assuming Pp, as the reference active power Py and P, as the actual active power
P in Eq. (4.51) yields Eq. (4.52).

d 1/(Py—P D 452)
— Wy = — — Dw .
de " J Wnom m
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In the frequency domain the following equation using the angular frequency wq at
the nominal operating point (index: 0) is valid, see Eq. (4.53).

1
a)m(s) =wo + m(l)o — P(S)) (453)

This concept of active power synchronization controller is called synchronverter
[51]. In contrast to a physical synchronous machine, the inertia J and the damp-
ing coefficient D are realized by adjusting the parameters of the synchronverter
transfer function, instead of being predefined by the hardware design. The steady
state characteristics in Eq. (4.53) are not adjustable independently of the damping
coefficient.

The inertia, the damping coefficient and the droop constant define the frequency
and active power characteristics after a grid fault or changing load conditions. To
realize the desired inertia, damping coefficient and droop constant independently
of each other, Eq. (4.53) is extended and leads to the transfer function of the CND-
controller [93]. The variable Awp, pc indicates the deviation of the angular frequency
from the nominal angular frequency wy in order to realize the primary grid control
(index: PC), see Eq. (2.6). The secondary control and the tertiary control are ne-
glected in this section. The angular frequency wy, is calculated in accordance with
Eq. (4.54).

om(s) = wo + Awmpc(s) (4.54a)
wo + Genp (s)(Po — P(s)) (4.54b)

The transfer function of the CND-controller is given in Eq. (4.55) [93]. The ad-
justable parameters Kp, K1 and Kg are used.

sKp + K
G = 4.55
cND($) 51 Ko (4.55)

In practical applications, the implementation of the transfer function in Eq. (4.55)
on a digital computer can be realized using Tustin’s method with the sampling time
Ts [79, 96], see Eq. (4.56).

(4.56)

The Fig. 4.13 illustrates the calculation of the angular frequency wp, as a block
diagram. The structure is similar to the PLL-controller, see Fig. 4.5.
Analysing the steady state characteristics of Eq. (4.55) yields Eq. (4.57).
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Fig. 4.13 Block diagram of the active power synchronization using a CND-controller

K
Genp(s = 0) = —- (4.57)
K¢

The Eq. (4.57) shows that the CND-controller allows to adjust the droop constant in-
dependently of the inertia and the damping coefficient by an additional parameter—
in contrast to the synchronverter transfer function, see Eq. (4.53) and also Eq. (2.3).

Regarding Eq. (4.54b) under steady state conditions (see Eq. (4.57)) shows the
equivalence of the CND-controller to a droop-controller with the droop constant kp,
see Eq. (4.58).

1
wm =wy+ —(Py— P) (4.58)
kp

The values Py and wg define the nominal operating point given by the tertiary grid
control, see Sec. 2.2.3. These values and the droop constant from Eq. (4.57) are used
for the primary grid control, see Sec. 2.2.3 and Eq. (2.3).

The linearised state-space model of Eq. (4.54b) is derived using the controllable
canonical form, see Eq. (4.59) and Eq. (4.60).

d
EAJCCND = AcnpAxcenp + Benp(A Py — AP) (4.59)

Awm = CenpAxenp + Denp(APy — AP) (4.60)

The artificial state variable xcnp is introduced. The following state-space parameters
are obtained from the CND-parameters, see Eq. (4.61), Eq. (4.62), Eq. (4.63) and
Eq. (4.64).

Acnp = —Kg 4.61)
Benp =1 (4.62)
Cenp = K1 — KGKp (4.63)

Dcnp = Kp (4.64)
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Substituting the output equation (see Eq. (4.60)) into the linear first-order differential
equation for the active power (see Eq. ((4.30))) yields Eq. (4.65).

d
EAP = KCcnpAxenp + K DenpA Py — K Denp AP — K Awpys (4.65)

Combining the physical differential equation from Eq. (4.65) and the controller
differential equation from Eq. (4.59), the state-space model of the active power
synchronization using a CND-controller is gained, see Eq. (4.66) and Eq. (4.67).

d (Ax) [ Acxo —Benp Ax N 0 Bcenp Awpys
dr AP KCcnp —K Denp AP —K K DcNp APy
—— —_— S — —
Xsp Asp Xsp Bsp usp
(4.66)
Aw Ccenp —Denp Ax 0 Dcnp Awp
= + “1 @6
AP 0 1 AP 0 0 APy
N— e’
Ysp Csp Xsp Dsp ugp

Analogue to Eq. (3.34b), the matrix of the transfer functions for all input variables
in ugp to all output variables in ygp is calculated, see Eq. (4.68).

Gsp.u(s) = Csp(sT — Asp) "'Bsp + Dgp (4.68)

The denominator is the same for all transfer functions, see Eq. (4.69).

24 (Ko, Kooy (4.69)
KK Ki KK ’

denomsp =

The denominator of a second order (SO) lag element is given in Eq. (4.70).

denomgp = TSZOS2 +2DsoTsos + 1 (4.70)

Comparing the denominator of the transfer functions (see Eq. (4.69)) with the de-
nominator of a SO lag element (see Eq. (4.70)), the characteristics of the SO lag
element are adopted by the transfer functions using the CND-controller by calcu-
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lating the parameters Kp, K1 and Kg, see Eq. (4.55). The synchronizing power
coefficient K (see Eq. (4.27)) has to be considered.

In the first step, the time constant of the transfer functions using the CND-
controller (see Eq. (4.69)) is realized by tuning K7j. In the second step, the droop
constant (see Eq. (4.57)) is realized by tuning K. In the third step, the damping con-
stant of the transfer functions using the CND-controller (see Eq. (4.69)) is realized
by adjusting Kp.

4.4.2 Reactive Power Synchronization

The reactive power synchronization as a part of the power synchronization is based
on the calculation of the RMS-value (or the amplitude respectively) of the voltages
vy from the active power Q at the terminals of the VSC. According to Eq. (4.25),
the reactive power depends on the RMS-value E.

There are several options to calculate E from Q. The transfer function can
be selected freely and is called the reactive power synchronization controller. An
overview of different transfer functions is given in [51]. In this thesis, the droop-
controller using the filtered reactive power (see also Sec. 4.1.2.4) is investigated due
to its simplicity. Alternatively, E can also be set independently of Q to reach filter
capacitor voltages showing a constant RMS-value, see Sec. 5.2.2.2.

The droop-controller using the actual reactive power Q and the filtered reactive
power Or is described in accordance with Eq. (4.71). The transfer function of the
droop-controller is given in Eq. (4.72).

E(s) = Eo + Gp(s)(Qo — QOF(s)) 4.71)
1

Gp(s) = — (4.72)
kq

The structure of the reactive power droop-controller using the filtered reactive power
is shown as a block diagram in Fig. 4.14.

0 LPF Or 0 E

Qo Ey

Fig. 4.14 Block diagram of the reactive power synchronization using a droop-controller
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The values Qo and Ey define the nominal operating point given by the tertiary
grid control (see Sec. 2.2.3). These values and the droop constant from Eq. (4.72)
are used for the primary grid control. In this way, reactive power-dependent voltage
amplitude is realized.

Linearising Eq. (4.71) yields Eq. (4.73).

1
AE = k—(AQo — AQp) (4.73)
Q

Substituting the transfer function of the controller (see Eq. (4.73)) into the linear
differential equation of the reactive power (see Eq. (4.40)) reveals Eq. (4.74). This
equation is the state-space differential equation of the reactive power synchroniza-
tion using a first-order LPF. The variable Trq equals the time constant of the LPF.

AVius

d K
A= (- 2 - ) AQk+ (Ko Ko ) (4.74)
dr —— Trokq  Trq/ ——~ Trq  Trokq A
50 0 Qo
ASQ BSQ e
usQ

4.4.3 Small-signal Power Synchronization Stability

The description of the power synchronization is based on physical and controller
equations, that are combined into state differential equations, see Eq. (4.66) and
Eq. (4.74). The subordinate V/I-controller (see Sec. 5.3) is neglected due to its fast
dynamics. The power synchronization is linked to the grid operation principle by
the droop-characteristics in the steady-state.

To investigate the small-signal power synchronization stability, the active and
reactive power synchronization models from Eq. (4.66) and Eq. (4.74) are merged,
see Eq. (4.75).

d | X Asp 0 Xg Bsp O us
E SP _ P P T P P (475)

XsQ 0 Asg XsQ 0 Bso usQ

These holistic state differential equations are investigated concerning asymptotic
stability according to Sec. 3.3.2. Therefore, the eigenvalues of the system matrix in
Eq. (4.75) are calculated. In general, these eigenvalues depend on the synchronizing
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active and reactive power coefficients, the CND-controller parameters, the reactive
power LPF time constant and the reactive power droop constant.

The small-signal power synchronization stability is one aspect of the converter-
driven stability as a superordinate stability category [89]. The model from Eq. (4.75)
can in general be extended for a system of multiple VSCs by using Eq. (4.32) and
Eq. (4.42).

Small-signal power synchronization stability analyses are essential for the oper-
ation of a 100 % IBPS. They also help to define expedient controller parameters in
Eq. (4.55) and Eq. (4.72).

4.4.4 Scenario:Different CND-control Parameters

In the following scenario, it is demonstrated via simulations in MATLAB/Simulink,
that active power-based synchronization using a CND-controller (see Sec. 4.4.1.2)
works properly and the desired transient and the steady state characteristics of wpy, are
realized. The time constant works analogue to the inertia of synchronous machines
(SMs) and is essential for the operation of 100 % IBPS to avoid sharp frequency
steps caused by load changes or grid faults. The droop constant is fundamental for
accurate active power sharing according to the grid operation principle after load
changes or grid faults, see Sec. 2.2.2.

In the investigated scenario, a VSC forms a 10kV-grid at the fundamental fre-
quency of 50Hz via a CND-controller and a droop-controller using the filtered
reactive power (see Sec. 4.4.2). The symmetrical load L at the busbar is changed
from 10 MW to 12 MW at r = 1.0 s via the switch S. The scenario is shown in Fig.
4.15.

10kV
L1
10MW GFM-VSC & filter
«
L2 .
2MW t=1s
S

Fig. 4.15 Scenario to investigate the frequency characteristics of a single GFM-VSC under
changing load conditions
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The inverse droop constant of 0.1 Hz/2 MW is chosen and realized by adjusting
the CND-controller parameters. The product of the time constant and the damping
constant according to a SO lag element (see Sec. 4.4.1.2) is kept constant by adjusting
the CND-controller parameters, while the time constant is varied. So three different
dynamic characteristics are realized, which are defined as slow, medium and fast.

The Fig. 4.16 shows the actual fundamental frequency of the positive sequence
space vector fp, of the filter voltages vg, of the VSC (see Fig. 3.6).

T T T
50.05 .
T
= 50.00 .
oy
£ 4995 _ y
% _fm,slow
ﬁ: 49.90 |- fm,mcdium
4985 fm,fast -
| | |
0.0 0.5 1.0 1.5 2.0

Time in s

Fig. 4.16 Fundamental frequencies fy, of the positive sequence space vector v; at different
parameter configurations as a response to a load step of 2MW at ¢t = 1.0s

It is demonstrated that the VSC works as the only grid-forming element in the
grid and no further SM is necessary. Beyond that, the desired transient state char-
acteristics of the VSC are realized by the time constant. The desired steady state
characteristics are realized by the droop constant.

4.4.5 Scenario:Two GFM-VSCs and their Interactions

This scenario demonstrates, via simulations in MATLAB/Simulink, that the active
power-based synchronization using a CND-controller (see Sec. 4.4.1.2) of two VSCs
works properly. The transient and the steady state characteristics of wy and P
are investigated. The damping constants are of great importance for the parallel
operation of multiple VSCs inside a 100 % IBPS. Power swings of high amplitude
and unstable grid operation caused by load changes or grids faults are avoided.
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The droop constants are essential for accurate active power sharing respecting the
nominal power of the individual VSCs.

In the investigated scenario, two VSCs form a 10kV-grid at the fundamental
frequency of 50 Hz via individual CND-controllers and individual droop-controllers
using the filtered reactive power (see Sec. 4.4.2). The symmetrical load L with
a power of 10 MW is equally supplied by each VSC. At r = 1.0s, the load is
changed from 10 MW to 12MW via the switch S. The additional load shall be
shared unequally on the two VSCs by the ratio 2:1. The scenario is shown in Fig.
4.17.

10KV GFM-VSC!1 & filter
L1

M
10MW
p o@g
- J

GFM-VSC2 & filter
L2

S
omMw - fZls
«—F OJL(%
S
@

Fig. 4.17 Scenario to investigate the frequency characteristics of two GFM-VSCs under
changing load conditions

The inverse droop constant of VSC 1 is chosen to 0.1 Hz/2 MW. The inverse
droop constant of VSC 2 is chosen to 0.05 Hz/2 MW. The time constants are equal
for each VSC. The setting for slow characteristics of Sec. 4.4.4 is chosen. Moreover,
the damping constants are equal for both VSCs.

In the first test case, poor damping of both VSCs is realized. The Fig. 4.18 shows
the actual fundamental frequencies of the positive sequence space vectors of the
filter voltages v, of both VSCs. In the steady state, the frequencies of both VSCs
are equal and differ from the steady state frequency in Fig. 4.16 of Sec. 4.4.4, since
the added load of 2 MW is shared upon two VSCs.

The Fig. 4.19 shows the active powers of both VSCs. It is seen, that power swings
with high amplitude appear in the transient state. They are caused by poor damping
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50.05 .
N
jan
g |
> 50.00
5
=}
g 4995 n
B~ Sfm,vsci

4990 F |7 fmvsc2 i

| | |
0.0 0.5 1.0 1.5 2.0

Time in s

Fig. 4.18 Fundamental frequencies fm vsci of the positive sequence space vectors vy ysc;
calculated by the CND-controllers as a response to a load step of 2MW at ¢ = 1.0 s with poor
damping
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Fig. 4.19 Active power Pysc; of the positive sequence at fundamental frequency as aresponse
to a load step of 2MW at ¢ = 1.0's with poor damping

of both VSCs. In the steady state, the added load of 2 MW is shared correctly
between the two VSCs according to their droop constants by the ratio of 2:1.

In the second test case, good damping of both VSCs is realized. The actual
fundamental frequencies of the positive sequence space vectors of the filter voltages
vi, of both VSCs is shown in The Fig. 4.20.
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Fig. 4.20 Fundamental frequencies fm vsci of the positive sequence space vectors vy ygsc;
calculated by the CND-controllers as a response to a load step of 2MW at r = 1.0s with
good damping

The active powers of both VSCs are shown in Fig. 4.21. Fig. 4.21 demonstrates
good damping in the transient state—in contrast to the first test case realizing poor
damping, see Fig. 4.19. In the steady state, the added load of 2 MW is also shared
correctly between the two VSCs.

7.0 .
— Pvsci

6.5 Pvysc2

6.0 .

5.5 ]

Active power in MW

4.5 .

0.0 0.5 1.0 1.5 2.0

Time in s

Fig. 4.21 Active power Pysc; of the positive sequence at fundamental frequency as aresponse
to a load step of 2MW at t = 1.0's with good damping

It is demonstrated, that GFM-VSCs work properly in parallel inside a 100 %
IBPS. Good damping characteristics are realized independently of the time constants
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and the droop constants. Beyond that, the desired steady state characteristics are
realized for accurate active power sharing.

4,5 Hybrid Synchronization
4.5.1 Principle of the Hybrid Synchronization

The hybrid synchronization unites the voltage-based synchronization (see Sec. 4.3)
and the active power synchronization (see Sec. 4.4.1). The reactive power synchro-
nization (see Sec. 4.4.2) is not affected. In [97] a similar concept is proposed. In con-
trast to [97], in this thesis a CND-controller and a MSHDC-PLL are combined. Con-
sequently, the presented concept profits from the advantages of the CND-controller
(see Sec. 4.4.1.2) and the MSHDC-PLL (see Sec. 4.3.4). In [98, 99] another sim-
ilar concept is presented. In contrast to these publications, the angle of the PLL is
separated from the angle of the active power control in this thesis.

The hybrid synchronization is based on the calculation of the angle yh+ from
the active power P at the terminals of the VSC and the calculation of the positive
sequence space vector y;' at the fundamental frequency via a PLL. The angle )/h+ is
used as the reference angle y  instead of y, or yPJiL. Itis also used as the reference
angle of the capacitor voltages vg, of the LC- or the LC L-filter, see Fig. 3.5 and
Fig. 3.6.

The principle idea of the hybrid synchronization is to replace the angular fre-
quency wg defining a nominal operating point by wpr . The Eq. (4.76) shows the
calculation of wy based on wpr 1 (see Fig. 4.5) and wy, (see e.g. Eq. (4.54b)). The
calculation of yh+ is shown in the block diagram in Fig. 4.22.

®p = WpLL + Wm — ®o (4.76)
—————» Wh
wpLL
1
Wm ﬂ%—{_ s y;
wo

Fig. 4.22 Block diagram of the hybrid active power synchronization
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In this way, the droop-characteristics disappear in favour of an accurate control
of Py as Prr using the hybrid synchronization. In this way, frequency-independent
active power injection is realized. The steady state characteristics of the CND-
controller are interpreted as a proportional controller. The transient characteristics
of the CND-controller are the same as in Sec. 4.4.1.2.

Droop-characteristics are an essential grid-supporting feature concerning active
power sharing of energy storage (ES) based renewable energy sources (RES). In
contrast, the control of Pt is crucial for the control of the DC-link voltage of
wind power plants (WPP) and photovoltaic (PV) power plants. Unlike the GFL-
mode, the hybrid synchronization includes fundamental GFM-properties, such as
the capability to form an island grid and the provision of instantaneous power, that
are favourable for the operation of 100 % IBPS.

Different PLL-principles and transfer functions of the active power control can
be used in general. In this thesis, the MSHDC-PLL and the CND-controller are
used.

4.5.2 Scenario: Grid Behaviour of a GFM-VSC and a H-VSC

In this scenario, the interaction of active power-based synchronization (see Sec.
4.4.1.2) and the hybrid synchronization (see Sec. 4.5.1) is investigated via simu-
lations in MATLAB/Simulink. A 100 % IBPS with two differently synchronized
VSCs is investigated. The transient and the steady state characteristics of wm, wp
and P are presented. The hybrid synchronization allows the frequency-independent
active power injection, which is favourable for VSCs that are not storage-based to
ensure a constant DC-link voltage (see also Sec. 2.1.1). The active power-based syn-
chronization provides active power sharing by active power-dependent frequency,
see Sec. 4.4.5. In this way, a 100 % IBPS using ES-based VSCs and VSCs without
an energy storage system (ESS) is realized.

In the investigated scenario, two VSCs are synchronized to a 10kV-grid at the
fundamental frequency of 50 Hz. The symmetrical load of 10 MW is equally sup-
plied by each VSC. At ¢ = 1.0s, the load is changed from 10 MW to 12 MW. The
additional active power shall be provided by the ES-based, power-synchronized
VSC1 using a CND-controller. VSC?2 is not equipped with an ESS and hybrid
synchronization using as MSHDC-PLL and a CND-controller is applied. From the
hardware perspective, this scenario is equal to Fig. 4.17.

The time constants are equal for each VSC. The setting for slow characteristics
of Sec. 4.4.4 is chosen. Besides, the good damping characteristics of Sec. 4.4.5 are
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applied for both VSCs. The inverse droop constant of 0.1 Hz/2 MW is chosen for
VSC1.

The Fig. 4.23 presents the actual fundamental frequencies of the positive se-
quence space vectors of the filter voltages vg, of both VSCs. In the steady state, the
frequencies of both VSCs are equal and correspond to the steady state frequency in
Fig. 4.16, since the added load power of 2 MW is solely provided by VSC 1. Thus,
its frequency is reduced corresponding to the droop-constant.

T T T
50.05 N
N
jun)
=}
> 50.00 N
(=}
[}
=
g 4995 .
= — fm,vsc1
49.90 Jhvsc2 =
| | |
0.0 0.5 1.0 1.5 2.0

Time in s

Fig. 4.23 Fundamental frequencies of the positive sequence space vectors v, ygc; calculated
as a response to a load step of 2MW at t+ = 1.0s using power-based synchronization for
VSC 1 and hybrid synchronization for VSC 2

The Fig. 4.24 shows the active powers of both VSCs. It is seen that the added load
power is solely provided by VSC 1 in the steady state. The active power of VSC 2
issame at = 0.0s and ¢t = 2.0s as a feature of GFL-VSCs. In the transient state
att = 1.0s, VSC2 rises its active power and provides instantaneous active power
injection as a feature of GFM-VSCs. This instantaneous active power injection
decreases the active power overshoot and avoids the disconnection of VSC 1 due to
overcurrent limitation. Consequently, VSC 2 combines favourable GFL- and GFM-
features.

It is demonstrated, that an active power synchronized-VSC and a hybrid syn-
chronized VSC work properly in parallel inside a 100 % IBPS. While VSC 1 pro-
vides variable frequency grid-operation for active power sharing, VSC 2 ensures
frequency-independent active power injection. Moreover, VSC 2 provides instan-
taneous active power injection and stabilizes the grid operation by instantaneous
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Fig. 4.24 Active power Pysc; of the positive sequence at fundamental frequency as aresponse
to a load step of 2 MW at ¢ = 1.0 s using power-based synchronization for VSC 1 and hybrid
synchronization for VSC 2

power injection. In this way, ES-based VSCs and VSCs without ES are combined
inside a 100 % IBPS.

4.6 Summary

In this chapter, the synchronization of grid-connected voltage source converters
(VSCs) and the electrical power grid is presented. This interdependency and related
effects are the basis for the operation of a 100 % inverter-based power system (IBPS).
This chapter is closely linked to the grid dynamics and the grid stability.

The properties of the grid equivalent circuit define the energy transfer between
the VSC and the grid essentially. The p-g-theory represents a universal power theory
and allows the description of power in all grid states. The P/Q-transformation and
the linearisation at an operating point allow a simplified mathematical description
of the physical effects.

Basically, there are two different principles for the synchronization of a VSC to
the grid. The voltage-based synchronization uses a phase-locked loop (PLL) and
leads to the grid-following (GFL) mode of the VSC. Current source characteristics
are achieved. The multi-sequence harmonic decoupling cell (MSHDC) PLL allows
the voltage-based synchronization in multi-sequence and distorted systems. The
included decoupling method of space vector components is an important tool for
the GFL-mode as well as for the grid-forming (GFM) mode.
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The power-based synchronization leads to the GFM-mode of the VSC. Voltage
source characteristics are achieved. The configurable natural droop (CND) con-
troller enables the realization of the desired frequency inertia, the power damping
coefficient and the frequency droop constant independently of each other. In con-
trast to a synchronous machine, these parameters are independent of the hardware
design of the VSC and are realized via software parameters by the VSC controller.

The hybrid synchronization combines the voltage-based and the power-based
synchronization. Especially, power-synchronized and hybrid-synchronized VSCs
are expedient to operate 100 % IBPS. Several simulation scenarios are investigated
in this context.

Derived state-space models allow the analysis of the small-signal power synchro-
nization stability of VSCs. Synchronization stability also depends on the design of
the VSC controller and its parameter selection.

The synchronization of a VSC is closely connected to the grid control, repre-
senting one layer in a hierarchical control structure. This control layer calculates the
reference variables of the voltage/current control layer. This hierarchical structure
is the starting point of Chap. 5. To follow the key aspects of the central theme of
this thesis on a shortcut: The conclusion of the next chapter is provided in Sec. 5.4.
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Grid-side Characteristics and V/I-Control of
VSCs

This chapter presents the grid-side characteristics and the voltage/current (V/I) con-
trol of voltage source converters (VSCs). In Sec. 5.1, the hierarchical control struc-
ture of VSCs and the functional chain to realize desired grid-side characteristics
are explained. After discussing possible options of grid-side characteristics in a
generalized symmetrical components equivalent circuit, the calculation of refer-
ence variables is presented in Sec. 5.2. The design of voltage sources and currents
sources as well as the realization of V/I-characteristics is shown. The injection of
reactive current in the negative sequence is evaluated. Sec. 5.3 describes the design
of the state-feedback V/I-controller. The control law is derived and aspects for the
analysis of the closed control loop are given. Moreover, the feedforward control of
reference and disturbance variables is presented. The principle of the state-feedback
controller based on the linear—quadratic regulator (LQR) algorithm is shown. Fur-
thermore, the implementation of integral behaviour is described.

5.1 Hierarchical Control Structure and Functional Chain

There are different requirements for grid-connected (GC) voltage source converters
(VSCs) from the grid perspective during normal operation conditions and during
grid faults. To fulfil these requirements, VSCs must realize different grid-side char-
acteristics in the positive, in the negative and optionally in the zero sequence. This
chapter presents how to realize required grid-side characteristics in the positive and
the negative sequence, as well as the voltage/current (V/I) control of VSCs. The
realization of grid-side characteristics in the zero sequence is shown in Sec. 6.2.2.

A hierarchical control structure is used to reflect the causal order from grid control
(see Sec. 2.2.3) to the modulator. Regarding grid-forming (GFM) VSCs, the ref-
erence operating point (calculated from the nominal operating point and the droop
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characteristics) in the steady state and the transient behaviour (e.g. inertia and damp-
ing) are defined by the active and reactive power synchronization (see Sec. 4.4.1
and Sec. 4.4.2). In this thesis, a configurable natural droop (CND) controller (see
Sec. 4.4.1.2) and a filtered reactive power droop controller (see Sec. 4.4.2) are used.
The V/I-controller calculates actuating variables u from reference variables w, see
Fig. 5.1. The modulator activates suitable switching states of the VSC to synthesize
the actuating variables, see Sec. 2.1.1.

Crr7z? Reference variables w
corzzro/
| P Actuating variables u

cornrzrol/er

Fig. 5.1 Hierarchical control structure of a grid-connected VSC

The Fig. 5.2 shows the functional chain to realize the desired grid-side charac-
teristics using a state-feedback V/I-controller.

v
q # . y
OJ Filter

Fig. 5.2 Functional chain of a grid-connected VSC using a state-feedback V/I-controller and
a modulator visualized as a block diagram

X
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The filter (see Sec. 3.2.2) represents the control plant. In the following investi-
gations, LC L-filters (see Sec. 3.2.2.3) are applied due to the superior filter perfor-
mance compared to L- and LC-filters. Further benefits of LC L-filters over L- and
L C-filters are discussed in [143]. The combination of the VSC and the modulator
represents the actuator. From the control design perspective, the actuator is assumed
to be ideal. That means that the transfer function of the actuator equals 1. The in-
teraction between the controlled variables y and the disturbance variables z is also
affected by the grid strength, see Sec. 4.1.1.2.

There are different possibilities for the design of the V/I-controller. Each filter
type (especially the LC L-filter) leads to a multiple-input multiple output (MIMO)
(regarding y, z and the actuating variables u) model of higher order (regarding the
state variables x). Using space vector components in rotating reference frames, the
d- and g- state differential equations are coupled, see Sec. 3.2.2. These models even
grow, if negative and zero sequence components are included or multiple frequencies
are regarded.

To handle these complex models by an appropriate V/I-controller, state-feedback
controllers are used in this thesis. The characteristic feature of state-feedback con-
trollers is the feedback of state variables instead of controlled variables, e.g. when
using proportional-integral (PI) controllers. The applied state-feedback controllers
use space vector components in rotating reference frames to gain DC-quantities in
the steady state. State-feedback controllers are particularly suitable for GFM-VSCs,
since no cascaded control loops with slow outer loops are necessary—in contrast
to PI-controllers. Beyond that, the decoupling of d- and g- control loops is not
needed. Consequently, state-feedback V/I-controller will be the backbone of 100%
inverter-based power system (IBPS).

The actuating variables u are adjustable input variables and are calculated by the
V/I-controller. For each filter type, the pair vcti / vc+q equals the actuating variables
of the positive sequence and the pair v_y/v, equals the actuating variables of the
negative sequence. After the calculation, each pair is transformed into the stationary
reference frame (see Sec. 3.1.2.4 and Sec. 3.1.2.5) and then into the natural reference
frame using Eq. (3.12). Afterwards, the positive and negative sequence components
are added and sent to the modulator, which generates gate signals for the power
devices.

Disturbance variables z are non-adjustable input variables. The pair of distur-
bance variables differs for each filter type, see Sec. 3.2.2. Using a LC L-filter the pair
v; / vgq equals the disturbance variables of the positive sequence and the pair vg_d /
Vgq equals the disturbance variables of the negative sequence. The components are
gained by measuring the variables in the natural reference frame and transforming
them by a decoupling cell, see Sec. 4.3.3 and Sec. 4.3.4.1. It is seen, that decou-
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pling cells are necessary for grid-following (GFL) and GFM VSCs. The treatment
of disturbance variables inside the V/I-controller is described in Sec. 5.3.3.

State variables x are inner system variables, see Sec. 3.2.1. Different filter models
lead to different state variables, see Sec. 3.2.2. As disturbance variables, state vari-
ables are measured in the natural reference frame and transformed by a decoupling
cell.

Controlled variables y are variables, that should equal certain values and therefore
represent output variables of the control plant. In this thesis, the controlled variables
are a subset of the state variables. They are chosen by the definition of the matrix
C, see Eq. (3.30). The number of selected controlled variables must not exceed the
number of actuating variables of the positive and the negative sequence due to the
controllability of the system, see Sec. 3.3.3. For example, one pair out of i g+d / ig"zl,
”Es / v;g and i;‘i /ij('1 is chosen as the controlled variables in the positive sequence
using a LC L-Filter. At the same time, one pair out of ig_d/ig’q, vfjj/vf:l and i y/icq is
chosen as the controlled variables in the negative sequence. The choice of currents
components in the positive sequence leads to the GFL-mode, see Sec. 4.2. In contrast,
the choice of voltage components in the positive sequence leads to the GFM-mode.
The chosen pair can be different in the positive and the negative sequence.

Reference variables are labelled by w. Assuming that y = w is ensured by the
V/I-controller, the reference variables define the steady state grid-side characteristics
of the VSC. They are calculated in the grid control layer, which is connected to the
synchronization principle.

5.2 Calculation of Reference Variables

5.2.1 Symmetrical Components Equivalent Circuit and
Overview of Grid-Side Characteristics

The steady state grid-side characteristics are described by phasors. It is favourable
to transform these phasors into symmetrical components to evaluate the positive,
the negative and optionally the zero sequence individually, see Sec. 3.1.2.2.

Conventional VSCsrepresent three-phase three-wire systems. Due to Kirchhoff’s
current law (KCL), zero sequence currents are not possible and the VSC represents
an open circuit in the zero sequence. From the fundamentals of VSCs connecting
different DC-link potentials to the AC-side (see Sec. 2.1), a voltage source in the
positive sequence and a voltage source in the negative sequence appear in general.
The monofrequency symmetrical components equivalent circuit (see Fig. 5.3) of a
three-phase three-wire VSC is derived from Fig. 2.4.
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Filter (f) lKC(Z)

Grid

Fig. 5.3 Steady state monofrequency symmetrical components equivalent circuit of a three-
phase three-wire grid-connected (GC) VSC representing a voltage source in the positive
sequence (1), a voltage source in the negative sequence (2) and an open circuit in the zero
sequence (0), see also Fig. 2.4

If the negative sequence of the VSC voltages v, is set to zero, the negative
sequence voltage phasor (see Eq. (3.22)) is zero and the VSC represents a short
circuit in the negative sequence, see Fig. 5.4.

Connecting a VSC to the grid via a filter, filter voltages or currents are controlled.
From the grid perspective, the VSC and the filter merge. The generalized steady state
symmetrical components equivalent circuit of the GC VSC is shown in Fig. 5.5.



5 Grid-side Characteristics and V/I-Control of VSCs

108

Filter Al

Grid
Fig. 5.4 Steady state monofrequency symmetrical components equivalent circuit of the three-
phase three-wire GC VSC, if a positive sequence (1) voltage phasor is realized and the negative

sequence (2) voltage phasor is set to zero

=g(1)

6] lzgm
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() lzgu)
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|

Grid
Fig. 5.5 Generalized steady state symmetrical components equivalent circuit of the GC VSC
regarding the positive sequence (1), the negative sequence (2) and an open circuit in the zero

sequence from the grid perspective
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Various options for the grid characteristics reveal in the positive and the negative
sequence, that are realized by proper calculation of the according reference variables.
The Fig. 5.6 and the Fig. 5.7 give an overview of different possibilities of grid-side
characteristics in the positive and the negative sequence and the according controlled
variables.

In general, the characteristics of the positive and the negative sequence are inde-
pendent of each other, since the according variables are decoupled from each other.
In both sequences, the characteristics of a voltage source, a current source and V/I-
characteristics are possible. Characteristics of sources and V/I-characteristics can
be combined.

Steady state grid-side characteristics

i+t o+
lgd/lgq ? ‘gd/’gq
or (1) or I

+ [yt
i/ Vi

4

I~
IN

Fig. 5.6 Options of grid-side characteristics of the GC VSC in the positive sequence (1) in
the steady state and the according controlled variables
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Steady state grid-side characteristics

iga/Taq

or

l Via/ Viq

Fig. 5.7 Options of grid-side characteristics of the GC VSC in the negative sequence (2) in
the steady state and the according controlled variables

5.2.2 Design of Voltage Sources

Voltage sources are designed by the calculation of the RMS-value and the frequency
of the filter capacitor voltages vg, with x € {1, 2, 3}, see Eq. (3.16) or Eq. (3.23)
and Sec. 3.2.2. Especially in the positive sequence, the characteristics of voltage
sources are relevant for the grid control, see Sec. 2.2.3. Voltage sources can also be
used in the negative sequence, e.g. to create a short circuit to realize symmetrical
filter capacitor voltages.

For the design of a voltage source, the pairs vf‘fi / vffl or vgy /vy, have to be chosen
as controlled variables. The inverse transformation from Eq. (3.12) has to be applied
and the principles of rotation reference frames, see Sec. 3.1.2.4 or Sec. 3.1.2.5, have
to be used.

Subsequently, the variables wn,, E, P and Q are related to the positive or the
negative sequence. For better readability, the indices (1) or (2) are neglected. The
active and the reactive power in the positive or the negative sequence are calculated
from decoupled space vector components, see Sec. 5.2.3.1.
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5.2.2.1 f/P-Characteristics
The angular frequency wn, of the filter capacitor voltages vr, is linked to the active
power P, see Eq. (4.22), Eq. (4.17) and Eq. (4.28b). The time-independent part of
the angle of v, (see Eq. (3.16) or Eq. (3.23)) adjusts according to the operating
point.

Three different mathematical relations between wp, and P are discussed. They
are visualized in Fig. 5.8.

a)

Wy A // C% \\wm

Wref

b) P Pret P C)

Fig. 5.8 Design options of the angular frequency wp, of the capacitor voltage v, of a GFM-
VSC depending on the active power P

A droop control (see Eq. (2.3)) allows the active power sharing after load changes
or grid faults (option a) in Fig. 5.8). The idea is to change the voltage angle difference
3 (see Eq. (4.17)) to adjust the active power (see Eq. (4.22)) by realizing wm # wyg
(see also Eq. (4.28D)). In the steady state, wy, and wy, are equal but can deviate from
the nominal operating frequency. The nominal operating point (index 0) is given
by the tertiary grid control (see Sec. 2.2.3). The droop control in the steady state is
realized by the CND-controller, see Eq. (4.54b) and Eq. (4.55). The droop control
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configuration is suitable for GC VSCs, preferably equipped with a storage device,
or an active power source at the DC-link.

The angular frequency wp, can be set independently of the active power P to wrer
(option b) in Fig. 5.8). The time-independent part of the angle of v, must also be
defined. This configuration realizes slack characteristics concerning the frequency
and the angle and is e.g. suitable for load-side VSCs—in contrast to GC VSCs.

The active power P can be set independently of the angular frequency wp, to
Pyt (option c) in Fig. 5.8). These characteristics are realized by a PI-controller (see
[93]) or the hybrid synchronization, see Sec. 4.5.1. Using a PI-controller, the inertia
and the damping coefficient are fixed by the PI-controller parameters. In contrast—
using the hybrid synchronization—the droop constant, which can be regarded as a
proportional controller, is independent of the inertia and the damping coefficient.
This configuration can be used for VSCs in the parallel grid operation. Optionally, the
reference active power is calculated by a P (vpc)-controller or a P ( fyg)-controller.
The vpc-controller is e.g. suitable for the operation of wind power plants (WPPs)
or photovoltaic (PV) power plants. The P ( f,¢)-controller aims for the active power
sharing based on the assumption, that fy, is a system-wide indicator of the active
power balance. This perspective results from the physical characteristics of rotating
machines and is not inherently valid for 100% IBPS.

5.2.2.2 E/Q-Characteristics
The RMS-value E of the filter capacitor voltages vt is linked to the reactive power
0, see Eq. (4.23). By calculating the RMS-value, the amplitude of vr, is also defined.

Three different mathematical relations between E and Q are discussed. They are
visualized in Fig. 5.9.

Reactive power sharing after load changes or grid faults is realized by a droop
control using the reference operating point (index: 0) given by the tertiary grid
control (see Sec. 2.2.3). This is shown as option a) in Fig. 5.9. The Eq. (4.71) and Eq.
(4.72) show the droop equation using the filtered reactive power. This configuration
can be used for GC VSCs, preferably equipped with an energy storage device.

The RMS-value E can be set independently of the reactive power Q to Erer (Op-
tion b) in Fig. 5.9). Slack characteristics concerning the RMS-value of the voltages
v, are gained. Consequently, this configuration is suitable for the load-side VSCs.

The reactive power Q can be set independently of the RMS-value E to Qer
(option c) in Fig. 5.9). These characteristics are realized by a PI-controller [51].
This configuration can be used for VSCs in the parallel grid operation.



5.2 Calculation of Reference Variables 113
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Erer

b) Q Out QO

Fig. 5.9 Design options of the RMS-value E of the capacitor voltage v, of a GFM-VSC
depending on the reactive power Q

5.2.2.3 Selected Combinations for the Positive Sequence

Basedon Sec.5.2.2.1 and Sec. 5.2.2.2, three different combinations to design voltage
sources based on the calculation of the angular frequency wy, and the RMS-value
E are presented.

Combining the angular frequency wp, droop control (Fig. 5.8 a)) and the RMS-
value E droop control (Fig. 5.9 a)) leads to grid-supporting characteristics. Both
the active and the reactive power are shared after load changes or grid faults.

Alternatively, slack characteristics can be realized. The angular frequency wp, and
the RMS-value E are set independently of the active power P and the reactive power
QO (Fig. 5.8 b) and Fig. 5.9 b)). In this configuration, the slack-VSC compensates
all active and reactive power imbalances. Only one slack-VSC can be used inside
the grid.

Beyond that, generator characteristics (see also [71]) can be realized. In this
case, the angular frequency wy, droop control (Fig. 5.8 a)) and a fixed RMS-value E
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(Fig. 5.9 b)) are combined. This configuration shows slack characteristics regarding
reactive power and can be used for VSCs in the parallel grid operation.

5.2.3 Design of Current Sources

Current sources are designed by the calculation of the pair i ;i / iéﬁ in the positive
sequence or the pair i ;1 /i 2 in the negative sequence as reference variables. Alter-

natively, the pair i ij / i;;l ori/ icq is calculated. The difference between these two
options is, that either the currents on the grid side (first option) or on the VSC side
(second option) are controlled, see also Fig. 3.6. Subsequently, the pair i;ﬁ / ig:] or
the pair i ;1 /i 2 is controlled, since these pairs represent the currents iy, that directly
affect the grid and contain less harmonic distortions.

In the following investigations, especially current sources in the negative se-
quence play an important role influencing the fault characteristics. In this case, the
pair i, /igq is controlled.

5.2.3.1 P/Q-Control

Subsequently, the voltages vy, and the currents iy, are regarded to characterize
the point of interconnection of the VSC to the grid, see Sec. 4.1.1.1. For better
readability, the index g is neglected.

One possibility is to define the pair i ;r / i;r or the pair iy /iy independently of
other variables. From the grid perspective, especially the active power P and the
reactive power Q are relevant. Consequently, the relations between the space vector
components and the active and the reactive power are derived.

The starting point is Eq. (4.5) describing the instantaneous real power p and Eq.
(4.6) describing the instantaneous imaginary power ¢. Using the vectorial notation
instead of complex numbers, these equations are written as dot products, see Eq.
(5.1) and Eq. (5.2).

3 .
p= E(Vaﬁ < gp) 5.1

3
q= E(Vmgs ~igp) (5.2)

In Eq. (5.2), the rotated orthogonal voltage space vector v, qp (see Eq. (5.3)) is
used [77]. This space vector equals the original voltage space vector vqg rotated by
90 degrees in the mathematical negative direction. The original and the orthogonal
voltage space vectors have the same length.
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01
Vigp = Vop (5.3)
—-10

This principle is also valid for the orthogonal positive sequence voltage space vector
vi b and the orthogonal negative sequence voltage space vector v b The following
space vectors according to Eq. (5.4), Eq. (5.5) and Eq. (5.6) are obtained.

Vap = Vg + Vop 54
lop = iy + i (5.5
Viep = Viaﬁ + vluﬁ (5.6)

The rotation of the orthogonal voltage space vector is also valid for space vectors
in rotating reference frames.

The active power P and the reactive power Q equal the mean values of the in-
stantaneous real power p and the instantaneous imaginary power g, see Sec. 4.1.2.1.
They are calculated according to Eq. (5.7) and Eq. (5.8) [77, 86].

3 + o+ [ —
P = E(vuﬁluﬂ + Vaﬂlaﬂ) 6.7

3 . .
0= E(Vjaﬁgﬁ + Vlaﬁlaﬁ) (5.8)

The current space vector is separated into the active current space vector ipqq and
reactive current space vector igdq [77], see Eq. (5.9). The parts are calculated in
accordance with Eq. (5.9) and Eq. (5.10) [77].

igq = ipdq + iQdq 5.9)
. 2( Py ,  Po _>
ipgg = = v, + v 5.10
Pdq 3 <|qu|2 dq |ng|2 dgq ( )

. 2( 0w 4+ Qo _ )
iQdq = = v + — A% (5.11)
q 3 |Vidq | 7 ' ldq |vldq |2 1dq
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The active current space vector ipgq consists of projections on the original positive
sequence voltage space vector V(erq and the original negative sequence voltage space

vector ng. The reactive current space vector igdq consists of projections on the
orthogonal positive sequence voltage space vector VI dq and the orthogonal negative

sequence voltage space vector v | .

A positive value of P(1y (P(2)) leads to active power injection from the VSC into
the grid in the positive (negative) sequence based on the active sign convention. A
positive value of Q) leads to reactive power injection from the VSC into the grid
in the positive sequence based on the active sign convention. Assuming a dominant
inductive grid (see also Sec. 4.1.1.3), the voltage amplitude in the positive sequence
is raised. In contrast, a positive value of Q2 leads to reactive power injection from
the VSC into the grid in the negative sequence based on the active sign convention.
Assuming a dominant inductive grid, the voltage amplitude in the negative sequence
is decreased. In this way, symmetrical grid voltages are realized.

Active currents (Ip(1y and Ip(2)) and reactive currents (Ig(1) and Ig(2)) are intro-
duced as projections of the active and reactive current space vector on the original
and the orthogonal voltage space vectors based on Eq. (5.10) and Eq. (5.11). They
are given in Eq. (5.12), Eq. (5.13), Eq. (5.14) and Eq. (5.15).

= (5.12)
3 Vg,

Irqy =

2 Po
Ip) = §—|V(_)| (5.13)
dq

2 0qy
Iy = =3 — (5.14)
3 |qu|

200
Ioe) = —5—(,) (5.15)

|qu|
If the d*-axis is aligned to VI and the d ™ -axis is aligned to vgq of rotating reference
frames (see Fig. 3.2), the active (reactive) currents are equal to the d- (q-) components
of the current space vectors. The following equations reveal, see Eq. (5.16), Eq.
(5.17), Eq. (5.18)) and Eq. (5.19).

i+_z@

= 5.16
d 3 v;' ( )
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2P
i =22 (5.17)
3 vg

. 200

it= 2k (5.18)

q 3 v;r

. 200

iq = _5? (5.19)
d

These equations demonstrate, that the active power and the reactive power in the
positive and the negative sequence can be adjusted, if the components of the voltage
space vectors of the positive and the negative sequence (U: , vq+ , vy and Vg ) are
known. To gain these components, a decoupling cell (see Sec. 4.3.3 and Sec. 4.3.4.1)
are used. The components of the current space vectors of the positive and the negative
sequence (i d+ , ig‘ ,Iq and iy") represent the controlled variables. They are calculated
from Eq. (5.16), Eq. (5.17), Eq. (5.18) and Eq. (5.19). The P/Q-transformation (see
Sec. 4.1.2.3) is used to adapt to the grid characteristics.

The reference values of the active and the reactive power can optionally be calcu-
lated from a P ( fyg)- or Q(Vy)-droop controller. Alternatively, a P (vpc)-controller
for the operation of wind turbines or photovoltaic systems can be used. Moreover,
a P (dfvg/dr)-controller can be used exclusively or additionally.

The use of the f,z-based active power controllers is based on the assumption,
that fyg is a system-wide indicator of the active power balance. This perspective
results from the physical characteristics of rotating machines and is not inherently
valid for 100% IBPS.

In contrast to P ( fyg)-controllers, fy,(P)-controllers (see Sec. 5.2.2.1) aim for
active power sharing based on the locally indicated active power and not on a
system-wide indicator. They are based on the frequencies of different voltages.

5.2.3.2 Reactive Current Injection in the Negative Sequence
The injection of reactive current in the negative sequence reduces the voltage am-
plitude in the negative sequence of dominant inductive grids. In [47], the injection
of reactive current in the negative sequence of 50 Hz medium voltage grids is stan-
dardized. The scope of application of this norm is further described in [47]. This
grid connection guideline is state-of-the-art.

The demand on reactive current of an inverter-based resource (IBR) is calculated
in accordance with Eq. (5.20).

Vo
lo) = —k@) VL; Inom (5.20)
re
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The variable k() is often chosen between 2 and 6. The reference voltage Vier depends
on the grid voltage. The nominal current /o, refers to the nominal apparent power
of the IBR. In this way, IBRs with higher nominal apparent power inject more
reactive current in the negative sequence than IBRs with lower nominal apparent
power.

The Eq. (5.20) represents a special case of the P/Q-control in the negative se-
quence (see Sec. 5.2.3.1). Reactive current I is drawn from the grid, if V(3
(concerning vgy) is greater than zero and additional constraints are fulfilled, such
as the positive sequence voltage falls below a certain value [47]. In this case, the
injection of reactive power Q(y) into the grid leads to the reduction of V() in order
to balance the grid voltage, see also Sec. 4.1.2.2.

Using Eq. (5.20), the reference value of Ig() is calculated. Afterwards, the ref-
erence value of the reactive power in the negative sequence Q) is calculated from
Eq. (5.15). If the d ™ -axis is aligned to V(;q (see Fig. 3.2), the reference value of iq_ is
known from Eq. (5.19). Since the active power in the negative sequence is set to zero
in most cases, the reference value of i; is zero, see Eq. (5.17). The reference values
of the current space vector components in the negative sequence are known, and the
according current source in the negative sequence is realized independently of the
characteristics of the VSC in the positive sequence. The P/Q-transformation (see
Sec. 4.1.2.3) can optionally be used to adapt to the grid characteristics. Decoupling
cells (see Sec. 4.3.3 and Sec. 4.3.4.1) are essential to gain the components of the
negative sequence voltage space vector.

It is shown in Sec. 5.2.4.1, that this type of current source is equivalent to the
characteristics of a virtual capacitance. The virtual capacitance appears in series
to the line inductance and therefore compensates the effect of the line inductance.
The reduction of the imaginary part of the impedance inside the negative sequence
explains the reduction of V() in an alternative way.

The injection of reactive current in the negative sequence is important to manage
asymmetrical faults in the steady state. A grid-forming (GFM) VSC is assumed, that
is characterized by a voltage source in the positive sequence taking the grid-side
filter impedance Z, o(1) into account and a current source in the negative sequence,
see Fig. 5.10 thatis based on Fig. 5.5. After a phase-to-phase fault occurs, the voltage
source in the positive sequence of the VSC causes the fault current. The fault current
leads the negative sequence voltage V(7). This voltage drop is calculated by a voltage
divider and leads to asymmetrical voltages vy . The interconnection of the positive
and the negative sequence circuit after the phase-to-phase fault at the fault location
is shown in Fig. 5.12 and [71].

To balance the voltages vgy, the VSC must reduce the voltage V() by reactive
current injection. Since the imaginary part of the impedance inside the negative
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Fig. 5.10 Steady state symmetrical components equivalent circuit of the GC VSC applying
a voltage source in the positive sequence (1), a current source in the negative sequence (2)
and an open circuit in the zero sequence

sequence is reduced, the voltage V(o) is reduced. In contrast to a virtual short circuit
of the VSC in the negative sequence using the characteristics of a voltage source, the
reactive current injection leads to a non-zero impedance in the negative sequence.

5.2.3.3 Scenario: Voltage Balancing After a Phase-To-Phase Fault

In the following scenario, it is demonstrated via simulations in MATLAB/Simulink,
that reactive current injection in the negative sequence (see Sec. 5.2.3.2) leads to
symmetrical voltages vg, at the point of interconnection after a phase-to-phase fault.
In this way, the GC VSC adds resilience to the grid and the normal grid operation
under symmetrical voltages is held up.

In the investigated scenario, a VSC is connected via an overhead line between
the busbars A and B to a 10kV-grid. The overhead line has a length of 10 km. The
relays of this grid section are named R 1 and R 2. A phase-to-phase fault between
phase 2 and phase 3 is applied at t = 0.1 s. The scenario is shown in Fig. 5.11.
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Fig. 5.11 Topology for evaluating the fault characteristics of a GC VSC during a phase-to-
phase fault between phase 2 and phase 3

The electrical distance between the VSC and the fault equals 2 km. Therefore,
the relative fault distance m equals 0.8 seen from busbar A. The fault resistance Rf
equals 2 €.

The VSC is controlled to realize slack characteristics (see Fig. 5.8 b) and Fig. 5.9
b)) to investigate the negative sequence characteristics exclusively. Reactive current
injection in the negative sequence is realized according to Sec. 5.2.3.2. The voltage
source in the positive sequence and the current source in the negative sequence are
realized via a linear—quadratic (LQ) controller according to Sec. 5.3.4. The reactive
current injection in the negative sequence is activated at t = 0.3 s. The time interval
between the fault occurrence and the activation of the reactive current injection of
200 ms is chosen to clearly demonstrate the effect of the reactive current injection.
Consequently, the differences between the activated injection and no injection char-
acteristics are revealed. In practical applications, this time delay can be reduced. The
VSC is connected as a three-phase three-wire system, see Fig. 2.3. Consequently,
it represents an open circuit in the zero sequence. The steady state symmetrical
components equivalent circuit is shown in Fig. 5.12, which is based on Fig. 5.10.

In general, the influence of the capacitors in Fig. 5.12 after the fault occurs is
negligible since the characteristics of the overhead line are predominantly inductive
in this case, see [100, 143]

The Fig. 5.13 shows the negative sequence voltages vgy(2) at the point of inter-
connection at busbar B. The amplitude of the negative sequence voltages vgy (2) rises
to 1kV after the fault occurs due to the coupling of the positive and the negative
sequence. This circuit equals a voltage divider circuit, with the positive sequence
voltage source representing the circuit source. After the reactive current injection is
activated at t = 0.3's, the amplitude of vgy(2) is significantly reduced and reaches a
value of 0.4 kV in the steady state.

The voltages vy, at the point of interconnection are shown in Fig. 5.14. Itis seen,
that the voltages vg, become asymmetrical after the fault at 7 = 0.1 s. Furthermore,
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Fig. 5.12 Steady state symmetrical components equivalent circuit of the three-phase three-
wire VSC applying a voltage source in the positive sequence (1) and a current source in the
negative sequence (2) during a phase-to-phase fault between phase 2 and phase 3. The relative
fault distance m’ = (1 — m) seen from the point of interconnection at busbar B is used

the balancing by the reactive current injection at # = 0.3 s is obvious. In general,
the amplitude of the positive sequence voltage source has to be raised additionally
after the fault. This effect is not realized in this scenario for demonstration issues
of the negative sequence characteristics.

The Fig. 5.15 shows the phase currents iy, at the point of interconnection at busbar
B. The amplitude of ig; rises to 2 kA after the fault. The injection of reactive current
in the negative sequence slightly increases this value. For practical applications, the
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Fig. 5.13 Negative sequence voltages vy (2) at the point of interconnection at busbar B before
and after a phase-to-phase fault between phase 2 and phase 3 at = 0.1 s. Reactive current
injection in the negative sequence is activated att = 0.3 s

maximum values of the currents of the semiconductor power devices have to be
considered.

The shape of the trajectory is a measure of the degree of voltage balance. The
symmetrical grid operation is characterized by a circular trajectory of the voltage
space vector, see Eq. (3.17). The asymmetrical grid operation is characterized by
an elliptical trajectory of the voltage space vector, see Eq. (3.24).

Voltage in kV

I I I
0.2 0.3 0.4 0.5

Time in s

Fig. 5.14 Voltages vg, at the point of interconnection at busbar B before and after a phase-to-
phase fault between phase 2 and phase 3 at# = 0.1 s. Reactive current injection in the negative
sequence is activated at r = 0.3 s
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Fig. 5.15 Phase currents iy, at the point of interconnection before and after a phase-to-phase
fault between phase 2 and phase3 at + = 0.1s. Reactive current injection in the negative
sequence is activated att = 0.3 s

The trajectory in the complex plane of the space vector v, at the point of inter-
connection at busbar B is shown in Fig. 5.16. The time is visualized by the colour
progression from dark blue at # = Os to dark red at t = 0.5s. By the reactive cur-
rent injection in the negative sequence, the elliptical shape is converged to a circular
shape. The radius of the trajectory after the fault can be increased by raising the
amplitude of the positive sequence voltage source. In this case, the maximum values
of the phase currents have to be considered to not exceed their maximum ratings.

In this scenario, it is demonstrated, that the reactive current injection in the
negative sequence leads to symmetrical voltages vgy at the point of interconnection
after a phase-to-phase fault. The grid operation under symmetrical voltages can be
continued and the resiliency against grid faults is increased.

5.2.4 Realization of V/I-Characteristics

Voltage/current-characteristics (V/I-characteristics) are realized exclusively or in
addition to the source characteristics in the positive sequence (see Fig. 5.6) and the
negative sequence (see Fig. 5.7). The V/I-characteristics are realized in the steady
state. As special cases, the characteristics of a resistor, an inductor, a capacitor or
combinations can be realized.

The selection of measured variables and controlled variables leads to admittance
or impedance characteristics. If the voltages vy, are measured and the currents igy



124 5 Grid-side Characteristics and V/I-Control of VSCs
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Fig. 5.16 Trajectory in the complex plane of the space vector v ¢ atthe point of interconnection
at busbar B before and after a phase-to-phase fault between phase 2 and phase 3 at# = 0.1 s.
Reactive current injection in the negative sequence is activated at = 0.3 s

(see Fig. 3.6) are controlled, admittance characteristics are realized at the point of
interconnection via the current controller. This principle is called virtual admittance.
If the currents iy, are measured and the voltages vf, are controlled, impedance
characteristics are realized via the voltage controller right of the filter inductance
Ly, see Fig. 3.6. This principle is called virtual impedance.

5.2.4.1 Virtual Admittance

The principle of the virtual admittance (VA) is derived using the active sign conven-
tion. The VA is used exclusively or in parallel to a current source, see Sec. 5.2.3. The
Fig. 3.6 and the 5™ and 6™ row of Eq. (3.42) are the starting point of the following
derivation. Additionally, a resistor Ry in parallel to the capacitor Cy is assumed, see
Eq. (5.21).
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d vfid 1 icjg i; 1 U;E 0 $w U;E
a\l =] ¢ R B g R\ = + +
Vig f i ixq f Viq Fo 0 Viq
(5.21)
Rearranging these equations yields Eq. (5.22).
.4 + + + -+
l 1 (v v d (v i
o[ Mt - [ (5.22)
pEs Ry + . E dr + 4
leq Vg Utd Vtq leq

In the steady state, the time derivations are zero. Furthermore, the space vector
components I ijj and iciq are set to zero. The Eq. (5.23) is obtained from Eq. (5.21).

4+ 1 +
i - FwCr v

*‘f | ® 1 ‘i (5.23)
'eq Folr 7 Vi

In the next step, the space vector components of vy, are formally substituted by
the space vector components of vg, with negative sign to realize the active sign
convention regarding the relevant variables. Moreover, Ry and Cy are substituted by
the variables of the VA, see Eq. (5.24).

+ 1 +
g | _ [ TRa T [V (5.24)
it +wCya — L vE

gq Rya gq

The admittance matrix Yya is introduced to generalize these equations, see Eq.
(5.25).

.4 +
fa | _ —Gva FBva Vgq (5.25)
igf] +Bya —Gvya Uéfl
—_—
Yva

In this way, the admittance Yy, (see Eq. (5.26)) is realized in the positive or the
negative sequence in the steady state by controlling the pair i ;1 /i g;i or the pair i ;d /
Igq- .

Yys = Gva +]jBva (5.26)
The Fig. 5.17 illustrates the realization of the virtual admittance in the negative
sequence as an example based on Fig. 5.5. The parallel connection of the virtual
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resistance Rya and the virtual capacitance Cya appears at the point of interconnec-
tion.

(" Virtual admittance )

Vo) l Rya ——= Cwa

A\

Fig. 5.17 Equivalent circuit of the negative sequence (2) of a GC VSC in the steady state
applying the principle of the virtual admittance (VA)

Subsequently, the negative sequence is regarded under the assumption, that v,
is set to zero by aligning the d™-axis to vg_dq. The conductance Gva is set to zero.

Gva =0 (5.27)

Applying these assumptions, the formal equivalence of the 2" row of Eq. (5.25)
regarding the negative sequence components and Eq. (5.20) is seen. In this way, the
variable k(o) (see Sec. 5.2.3.2) can be interpreted as the value of a virtual capacitance
Cva. A low imaginary part of the impedance in the negative sequence based on a
series connection of the virtual capacitance and the line inductance is realized.
During an asymmetrical fault and a voltage source in the positive sequence, the
voltage amplitude in the negative sequence is low based on the principle of a voltage
divider.

Alternatively, if the virtual conductance Gva is set to zero, a virtual inductance
Ly is realized by Byy at the point of interconnection, see Eq. (5.28).

1
Bya = (5.28)
wLya

The Eq. (5.25) reveals a further interpretation. The active power in the positive or
negative sequence (see Eq. (5.16) and Eq. (5.17)) can be regarded as a virtual resistor
Rya using the active sign convention in the according symmetrical component
circuit. Therefore, Bya and vé'f] are set to zero.
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5.2.4.2 Virtual Impedance

The principle of the virtual impedance (VI) is analogue to the principle of the
virtual admittance. The VI is used exclusively or in series to a voltage source, see
Sec. 5.2.3. The Fig. 3.6 and the 3™ and 4" row of Eq. (3.42) are the starting point of
the derivation, which is shortened here. The time derivations and the space vector
components vgidq are set to zero. The impedance matrix Zyy reveals in Eq. (5.29).
The series connection of the virtual resistance Ryp and the virtual inductance Ly
appears right of the filter inductance Ly, see Fig. 3.6.

U?ﬁ _ Rvi  FoLvi igid (529)
Ufi :IZCL)LVI RVI iga

Zvy

There are four main applications of the virtual impedance, which is often used in the
positive sequence. The grid-side filter inductance L, (see Fig. 3.6) can be compen-
sated to zero or the electrical distance can be adjusted for reactive power sharing,
see Sec. 4.1.2.2 and [101]. Furthermore, the virtual impedance can influence the
small signal synchronization stability, see Eq. (4.27) and Sec. 4.4.3. Moreover, the
X/R-ratio can be influenced, see Sec. 4.1.1.3. Alternatively, the P/Q-transformation
from [85] and Sec. 4.1.2.3 can be applied. Beyond that, a purely resistive virtual
impedance can be used to limit the converter currents during faults in the steady
state [102]. The problem is, that the fault location and the grid impedance have to
known previously to properly calculate the value of Ryy.

5.3  Design of the State-Feedback V/I-Controller

In this section, the design of the state-feedback voltage/current (V/I) controller is
presented. The objective of this controller is to calculate the actuating variables in
a way, that the controlled variables adjust to the reference variables, see Fig. 5.1.
The filter of the VSC represents the control plant, see Fig. 5.2. The design of the
state-feedback V/I-controller is based on a state-space model of the control plant. It
is assumed that the state-space model meets the characteristics of the control plant.
In this way, the behaviour of the controlled model is mirrored to the control plant.
In the following investigations, the state-space models from Sec. 3.2.2 and es-
pecially the state-space model of the L C L-filter in Sec. 3.2.2.3 are used. The space
vector components in appropriate rotating reference frames represent DC-quantities.
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For the practical implementation of the state-feedback V/I-controller on a digital
computer, the discretization from Sec. 3.2.3 is applied. The control law of the state-
feedback V/I-controller is designed in the time domain. In contrast, proportional-
integral (PI) controllers are designed in the frequency domain.

Furthermore, the following assumptions are made: The transfer function of the
actuator consisting of the modulator and the VSC equals 1, see also Fig. 5.2. A
state observer is not necessary, since all state variables of the filter structures are
measured. Furthermore, the disturbance variables are measured.

5.3.1 Derivation of the Control Law and Analysis of the Closed
Control Loop

The philosophy of the design of the control law to calculate the actuating variables
is divided into three sections. The desired influence of the reference variables and
the disturbance variables on the controlled variables is realized by two individual
feedforward controllers. At the same time, the reference state is shifted out of the
origin. The state-feedback controller adjusts the initial state x(0) to the reference
state. If the reference state is reached, the controlled variables equal the reference
variables. Using this philosophy, the feedforward controllers and the feedback con-
troller are designed independently of each other. In this way, a control law with
multiple degrees of freedom is realized.

The Fig. 5.18 illustrates the realization of this control design, see also [81].
A continuous-time state-space model of the control plant is shown in Fig. 3.3. A
discrete-time state-space model of the control plant is shown in Fig. 3.7.

The reference variables w evoke the part of the actuating variables uy, using
the feedforward controller M. The disturbance variables z evoke the part of the
actuating variables u, using the feedforward controller Ny,. The part of the actuating
variables uR is calculated by the state-feedback controller R from the difference of
the reference state xs and the actual state x. The reference state is calculated from
the matrices My and Ny regarding w and z.

According to Fig. 5.18, the actuating variables u are calculated in accordance
with Eq. (5.30).

u(k) = uy +u; + uR (5.30a)
= Myw(k) + Nuz(k) + R[Myw(k) + Nyz(k) — x(k)] (5.30b)
= [My + RM, |w(k) + [Ny + RN ]z(k) — Rx(k) (5.30¢)
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Fig. 5.18 Block diagram of the state-feedback V/I-controller using the feedback controller
R of the difference of the reference state x; and the actual state x and feedforward controllers
(M, and N) of the reference variables w and the disturbance variables z calculating the
actuating variables u

The state difference equations of the closed control loop yield Eq. (5.31). The system
matrix (Ag — B4R) of the closed control loop reveals.

x(k + 1) = Agx(k) + Bqu(k) + Eqz(k) (5.31a)
= [Aq — BgR]x(k) + Ba[My + RM, (k) + {Ba[Ny + RNy ] + Eq}z(k)
(5.31b)

The matrix Cis designed according to Sec. 5.2 to select the desired control variables.
The output equations are given in Eq. (5.32).

y(k) = Cx(k) (5.32)

The asymptotic stability (see Sec. 3.3.2) and the dynamics of the controlled system
are determined by the system matrix (Ag — BgR). If the state-feedback controller R
is designed based on the linear—quadratic regulator (LQR) algorithm (see Sec. 5.3.4),
the stability and the dynamics are examined after the calculation of R. Instead—
using the pole placement concept to calculate R—the matrix is designed to ensure
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the stability and the desired dynamics inherently [81]. Asymptotic stability (see
Sec. 3.3.2) is gained, if all eigenvalues of the system matrix (Ag — BgR) are inside
the unit circle of the complex plane [78].

The continuous-time transfer functions from the reference variables w and the
disturbance variables z to the state variables x are obtained according to Sec. 3.2.1 by
adapting Eq. (3.32) to Eq. (5.31b). Based on the poles of the transfer functions, the
time constants and therefore the dynamics of the closed control loop are calculated.

In general, the poles represent a subset of the eigenvalues of the system matrix
[81]. If the system is complete state controllable and observable, the set of poles
equals the set of eigenvalues [78]. The eigenvalues of continuous-time state-space
models and discrete-time state-space models are converted using Eq. (3.62).

5.3.2 Feedforward Control of Reference Variables

The design of the feedforward control of reference variables is based on [81]. Subse-
quently, these principles are adapted to the discrete-time model in Eq. (5.31a). The
objective is the calculation of the feedforward matrices M,, and My, see Fig. 5.18.

The starting point is the model of the undisturbed subsystem without disturbance-
feedforward controller and state-feedback-controller in Eq. (5.33). Consequently,
the influence of the reference variables (index: w) on the system, induced by their
feedforward controllers, is investigated.

Xw(k + 1) = Agxy (k) + Bquy, (k) (5.33)

The controlled variables must equal the reference variables, see Eq. (5.34b). It is
assumed that the reference variables w are DC-quantities.

Yw (k) = Cxy (k) (5.34a)
= w(k) (5.34b)

In the steady state, the state variables do not vary. The following state-space model
according to Eq. (5.35) and Eq. (5.36) reveals.

Xy (k) = Agxy (k) + Bquy (k) (5.35)

w(k) = Cxy (k) (5.36)
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Using the matrix notation of Eq. (5.35) and Eq. (5.36) yields Eq. (5.37).

0 Ai—1B Wk
_ AR (2w (5.37)
w(k) cC 0 uy, (k)

The matrices My and My are introduced to characterize the relations between w and
Xy and uy,, respectively. The Eq. (5.38) reveals.

Aq—1Bg\ [ My
w(k) = w(k) (5.38)
I cC 0 M,

Solving these equations yields Eq. (5.39).

—1

M, Ad—1IB
B d (5.39)
M, cC 0

— D

5.3.3 Feedforward Control of Disturbance Variables

The design of the feedforward control of disturbance variables is similar to the
design of the feedforward control of reference variables (see Sec. 5.3.2) and is also
based on [81]. The principles are adapted to the discrete-time model in Eq. (5.31a).
The objective is the calculation of the feedforward matrices N, and Ny, see Fig. 5.18.

The disturbed subsystem without reference-feedforward controller and state-
feedback-controller in Eq. (5.40) is regarded. Consequently, the influence of the
disturbance variables and their feedforward controller on the system (index: z) is
investigated, see Eq. (5.40).

X (k + 1) = Agx (k) + Bqu, (k) + Eqz(k) (5.40)

The controlled variables are set to zero, since the disturbance variable must not
influence the controlled variables, see Eq. (5.41b). It is assumed that the disturbance
variables z are DC-quantities.
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¥, (k) = Cxz (k) (5.41a)
=0 (5.41b)

In the steady state, the state variables do not vary. The state-space model according
to Eq. (5.42) and Eq. (5.43) appears.

X, (k) = Agx, (k) + Bqu, (k) + Eqz(k) (5.42)

0 = Cx,(k) (5.43)
The matrix representation of Eq. (5.42) and Eq. (5.43) is given in Eq. (5.44).

0 Ag—1By )\ [ x, E
— (7 R O R P (5.44)
0 c o) \uwk 0

The matrices N, and Ny are introduced in Eq. (5.45) to characterize the relations
between z and x, and u,, respectively.

Ag—IBy\ [N E
d d Ny = ¢ |20 (5.45)
c o)\N, 0

Solving these equations reveals the matrices N, and Ny, see Eq. (5.46).

-1
N Ag—1B E
) _ d d d (5.46)
Ny cC 0 0

5.3.4 State-Feedback Controller Based on the LQR-Algorithm

5.3.4.1 Feedback of State Variables

According to the philosophy of the design of the control law (see [81]), the feed-
forward controllers of the reference variables (see Sec. 5.3.2) and the disturbance
variables (see Sec. 5.3.3) calculate the reference state X, see Fig. 5.18. The objective
of the state-feedback controller R is to adjust the initial state x(0) to the reference
state X by the appropriate feedback of the difference of the reference state and the
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actual state x. In this way, the controlled variables automatically equal the refer-
ence variables. The state controllability (see Sec. 3.3.3) of the control plant is a
prerequisite.

First, the state error ey is calculated, see Eq. (5.47).

ex (k) = x5 (k) —x(k) (5.47a)
= Xw (k) + x, (k) — x(k) (5.47b)
= Mw(k) 4+ Nyz(k) — x(k) (5.47¢)

The feedforward controllers of the reference variables and the disturbance variables
are neglected to solely investigate the influence of the state-feedback controller
(index: R). The state-space model in Eq. (5.48) and Eq. (5.49) is derived from Eq.
(5.31a).

ex(k + 1) = Agex (k) + Bgur (k) (5.48)

Yr(k) = Cex (k) (5.49)

The feedback law is chosen in a way, that the part of the actuating variables ur
is calculated from ey (see Eq. (5.47a)). The state-feedback matrix R(k) is time-
dependent in general.

uR (k) = R(k)ex (k) (5.50)

One possibility to design R(k) is to formulate a cost function and to solve the
resulting optimization problem. The solution of the optimization problem (optimal
trajectories of the actuating variables) is linked to R(k) by the choice of the feedback
law in Eq. (5.50). If a quadratic cost function (see Eq. (5.51) in Sec. 5.3.4.2) is applied
for linear state difference equations according to Eq. (5.48), the term linear-quadratic
regulator (LQR) algorithm is used [103].

5.3.4.2 Formulation of the Optimization Problem

There are multiple options to define the cost function Jigr. Subsequently, the
quadratic cost function according to Eq. (5.51) is used [103]. This concept using
weighting matrices allows an intuitive way of designing the controller according to
the desired properties.

K—1

1 1
hor = 5 ) [{(0)0Qe(b)ex (k) +ug (5)Qu(k)ur (k)] + € (K)Qexex(K)
k=0
(5.51)
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The factors 0.5 do not have any influence on the minimization of the cost function
JLgr. They improve the representation of the gradient.

In the first addend in Eq. (5.51), the square values of the elements of the state
error ex (k) are penalized by the elements of the weighting matrix Q. (k) to track
the reference state xg. Furthermore, the square values of the elements of the parts of
the actuating variables ug (k) are penalized by the elements of the weighting matrix
Q, (k) to reduce the control energy.

In the second addend in Eq. (5.51), the optimization horizon is described by
the variable K. The square values of the elements of the final state error ex(K) are
penalized by the elements of the weighting matrix Q. . Consequently, the reference
state X; is reached as good as possible at the end of the optimization horizon.

The weighting matrices Q. (k) and Qi are assumed to be positive-semidefinite,
whereas the matrix Q, (k) is assumed to be positive-definite [103].

For the clear weighting of each element of ey (k), ur (k) and ex (K ), the weight-
ing matrices Q. (k), Qu(k) and Q.k are designed as diagonal matrices. Since the
eigenvalues of diagonal matrices are located on the main diagonal, the requirements
on the quadratic form are ensured by selecting positive values [75]. The elements of
the weighting matrices Q. (k), Q, (k) and Q. are design parameters of the LQR-
algorithm.

5.3.4.3 Solution of the Optimization Problem

The minimization of the cost function J gr from Eq. (5.51) leads to a dynamic
optimization problem. The objective is to calculate the trajectories of the actuating
variables ug (k), which minimize Ji gr. The state difference equations according to
Eq. (5.48) have to be considered.

The solution of the dynamic optimization problem is presented in [103]. The
time-dependent state-feedback matrix R(k) is linked to the optimal trajectories of
the actuating variables by the feedback law in Eq. (5.50). R(k) is calculated in
accordance with Eq. (5.52).

-1
R(k) = [B} (b)P(k + DBq(k) + Q, (k)] B ())P(k + )Ag(k) (5.52)
The Riccati-Matrix P(k) appears. It characterizes the relation between ey (k) and
the Lagrange multipliers, which are introduced to solve the optimization problem

[103]. P(k) is described by the discrete-time Riccati equation as a special case of
matrix difference equations, see Eq. (5.53) [103].

P(k) = AJ(OP(k + DA4(k) + Qe (k) — RT()BI (K)P(k + DAg(k)  (5.53)
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The Riccati-matrix at the end of the optimization horizon P(K) equals Q.k as a
constraint of the solution of the dynamic optimization problem, see Eq. (5.54) [103].

P(K) = Qek (5.54)

After calculating P(K) from Eq. (5.54), the state-feedback matrix R(K — 1) is cal-
culated from Eq. (5.52). The Riccati-Matrix P(K — 1) is calculated using P(K') and
R(K — 1) from Eq. (5.53) and so on. This iterative algorithm equals the integration
backwards in time of Eq. (5.53) starting from P(K) and yields P(k) and R(k) inside
the optimization horizon K at each time step.

Subsequently, several constraints are introduced [103]. The matrices Aq(k),
Ba(k), Q. (k) and Q, (k) are assumed to be time-invariant. Furthermore, the system
described by A4 and B is assumed to be complete state controllable and Q, = Cc’c.
Moreover, the optimization horizon K is set to infinity, and therefore the second
addend in Eq. (5.51) describing the final state, is obsolete.

Regarding these constraints, the solution of the optimization problem leads to the
discrete-time algebraic Riccati equation with the positive-definite time-independent
Riccati-matrix P. The time-independent state-feedback matrix R is calculated ac-
cording to Eq. (5.55).

R = [B]PB, + Q,] 'BIPAq (5.55)

The state-feedback yields in this special case Eq. (5.56).
ug (k) = Rex (k) (5.56)

For practical applications, Eq. (5.55) might be useful. Although, regarding time-
dependent grid frequency and therefore a time-dependent system matrix Aq (k) (see
also Eq. (3.42)), the solution from Eq. (5.52) for R(k) provides better characteristics.

5.3.5 Implementation of Integral Characteristics

The implementation of integral characteristics into the control philosophy according
to Fig. 5.18 is necessary, if the model parameters are not known accurate enough
and stationary accuracy is crucial.

The principle to implement integral characteristics is to extend the state-feedback
according to Eq. (5.50) by the integration of the difference of the reference variables
and the controlled variables, see Eq. (5.57) [104].
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1
ur (k) = Ry[xs (k) — x(k)] — ﬁRy [wk) —y(k)] (5.57)

The transfer function of the minuend in Eq. (5.57) equals the discrete-time inte-
gration of the difference of the reference variables and the controlled variables
according to the Backward-Euler method [80].

The introduction of A-variables using the shift-operator z~! yields Eq. (5.58),
Eq. (5.59) and Eq. (5.60).

Ax(k) = x(k) — x(k — 1) (5.58a)
= (1 -z ")x(k) (5.58b)

Aug (k) = ug (k) —ug(k — 1) (5.59a)
= (1 -z "ur(k) (5.59b)

Az(k) = z(k) — z(k — 1) (5.60a)
= (1 -z "z (5.60b)

Reformulating Eq. (5.57) by using the A-variables yields Eq. (5.61). The Eq. (5.61)
is simplified in Eq. (5.62). In Eq. (5.62b) it is assumed, that the reference states
Xs(k — 1) and x4(k) are equal.

(1 =z ur(k) = (1 — 27 Ry[x5(k) — x(0)] — Ry[w(k) —y(K)]  (5.61)

Aug (k) = Rx[(l -z Dxsk) — (1 - z_l)x(k)] —Ry[w(k) —y(k)] (5.62a)
= —RyAx(k) — Ry[w(k) — y(k)] (5.62b)
The part of the actuating variables ug (k) are calculated from Eq. (5.59a), see Eq.

(5.63).
uRr (k) = ur(k — 1) + Augr(k) (5.63)

Subsequently, a model for the calculation of Ry and Ry to realize the feedback of
x(k) and (w(k) — y(k)) is derived. The state difference equations are evaluated at k
and (k + 1), see Eq. (5.64) and Eq. (5.65).

X(k + 1) = Agx(k) 4+ Bqu(k) + Eqz(k) (5.64)
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x(k) = Agx(k — 1) + Bgqu(k — 1) + Eqz(k — 1) (5.65)
Subtracting Eq. (5.65) from Eq. (5.64) yields Eq. (5.66).

Ax(k+ 1) =x(k + 1) — x(k) (5.66a)
= AgAx(k) + BgAu(k) + EqAz(k) (5.66b)

The output equations according to Eq. (5.67) are valid.

yk +1) —yk) = CAx(k + 1) (5.67a)
= C[AqAX(k) + BgAu(k) + EqAz(k)] (5.67b)

Reformulating Eq. (5.67b) yields Eq. (5.68).
yk+1)= C[AdAx(k) + BgAu(k) + EdAz(k)] +yk) (5.68)

Subtracting Eq. (5.68) from the time-independent reference variables w yields Eq.
(5.69).

w—y(k + 1) = —C[AgAX(k) + BgAu(k) + EqAz(k) | + [w — y(b)]  (5.69)

By combining Eq. (5.66b) and Eq. (5.69), the extended state-space model in accor-
dance with Eq. (5.70) and Eq. (5.71) appears.

( Ax(k + 1) ) _ ( Ad 0) ( Ax(k) )+( Bq ) Au(k)+( Eq ) Antl)
w—yk+1) —CAy I w —y(k) —CBy —CEq

(5.70)

Ax(k
w—yk) =(01I) X (5.71)

w—y(k)

The controller matrices Ry and Ry are calculated from the system matrix and the
input matrix in Eq. (5.70). The following matrices appear according to the solution
of the discrete-time algebraic Riccati equation (see also Sec. 5.3.4.3), see Eq. (5.72).

R = (R Ry) (5.72)
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The weighting of the proportional state-feedback and the integration of (w —y(k)) is
realized by the choice of the proportion of the according elements of the Q.-matrix
of the extended model from Eq. (5.70). The higher Ax(k) is weighted compared to
(w —y(k)), the slower is the operation of the state-feedback controller with integral
characteristics. Via Q,, the elements of Aug (k) are weighted.

In this thesis—in contrast to [ 104]—the feedforward controllers of the reference
variables M, (see Sec. 5.3.2) and the disturbance variables N, (see Sec. 5.3.3) are
added to the principle of the state-feedback controller with integral characteristics.
The control structure according to Fig. 5.19 is used.

>
»O<¢

Fig. 5.19 Block diagram of the state-feedback V/I-controller with integral characteristics
using the feedback controllers Ry and Ry and unit delay blocks 77!
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54  Summary

In this chapter, the voltage/current (V/I) control of voltage source converters (VSCs)
and their grid-side characteristics are presented. The grid-side characteristics influ-
ence the interaction between the VSC and the electrical power grid, especially during
the steady state of a grid fault.

The calculation of the reference variables of the V/I-control layer is linked to
the synchronization of VSCs to the grid (see Chap. 4) in a hierarchical control
structure. The VSC is identified as the actuator inside a functional chain to control
and dispense active and reactive power.

Assuming that the V/I-controller works correctly, the reference variables define
the steady state grid-side characteristics. Various options for the grid-side charac-
teristics in the positive and negative sequence reveal. The characteristics of voltage
sources and current sources as well as defined V/I-characteristics can be realized.
The injection of reactive current in the negative sequence to achieve symmetrical
voltages after a phase-to-phase fault is investigated via simulations.

The V/I-controller is the basic prerequisite to realize reference values of voltage
or currents. It reacts to changing grid conditions or transitions of the operating point.
The stability and the dynamics of the V/I-controller are dependant on the type of V/I-
controller. In this thesis, a state-feedback controller based on the linear-quadratic
regulator (LQR) algorithm added by two feedforward controllers is applied. This
type of controller shows significant advantages over conventional proportional-
integral (PI) controllers. High dynamic performance in the grid-forming (GFM)
mode is reached, inner system properties reveal and control parameters are tuned
intuitively using weighting matrices. The state-space models based on space vector
components and the state controllability and asymptotic stability from Chap. 3 are
used.

The investigation and optimization of selected grid-side characteristics of the
VSC in the positive, the negative and the zero sequence, especially during grid
faults, is presented in Chap. 6. To follow the key aspects of the central theme of this
thesis on a shortcut: The conclusion of the next chapter is provided in Sec. 6.4.
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Enhanced Grid Fault Characteristics 6
of VSCs

This chapter presents the enhanced grid fault characteristics of voltage source con-
verters (VSCs). In Sect. 6.1, the resilience of 100% inverter-based power systems
is discussed. The resilience is subdivided into the resilience of the grid operation
and the resilience of the VSC. The resilience of the grid operation is discussed in
Sect. 6.2. It contains the presentation of the necessary hardware and software con-
figuration of direct-connected VSCs. Different control modes of these VSCs are
discussed. The resonant grounding system (RGS) mode of VSCs based on a virtual
inductance realized in the zero sequence is introduced. The RGS-mode is analyti-
cally developed and evaluated in simulations. Sect. 6.3 describes the resilience of
the VSC. It consists of the transient state current limiting and the steady state cur-
rent limiting of grid-forming VSCs. Both current limiting methods are analytically
developed. The transient current limiting represents an additional feature of the
RGS-mode and is only activated if overcurrents are predicted. Furthermore, the re-
alization of a constant switching frequency is shown. This concept is also evaluated
in simulations.

6.1 Resilience of 100% IBPS Against Grid Faults

Resilience is the ability of a system to return to the initial state after a disturbing
event without crucial damage in general. Resilience of the electrical power system
includes the ability to restore the grid operation after a grid fault and to avoid
destruction of equipment and components. Consequently, resilience is necessary
for the reliable energy supply.

The resilience of a 100% inverter-based power system (IBPS) is separated into
the resilience of the grid operation and the resilience of the voltage source converter
(VSCO). Both forms of resilience are linked to each other and are realized by the
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software-based protection induced by the VSC. The Fig. 6.1 shows this correlation
and the different aspects.

System resilience

Grid [N\ XK XK e mmmmmmmmmeeeee N GFM-VSC

|Z(4)) ‘
Wres W

Voltage reduction  Flexible impedance Transient Steady state
in the in the overcurrent overcurrent
negative sequence Zero sequence protection protection

Fig. 6.1 Composition of system resilience by resilience of the grid operation and resilience
of the VSC

The objective of the resilience of the grid operation is to ensure a symmetrical
grid operation and the fault arc suppression. Addressing these different aims, a
separation regarding the symmetrical components (see Sect. 3.1.2.2) is made. The
voltage amplitude in the negative sequence is reduced by a series resonant circuit in
the negative sequence, see Sect. 5.2.3.2. The limiting of the amplitudes of voltages
and currents in the zero sequence is reached by a flexible absolute value of the
impedance of the zero sequence realized by a parallel resonant circuit, see Sect.
6.2.3.1.
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Supplementary, a different approach is mentioned here: The activation of a re-
serve wire for the redundant operation after a single-phase-to-ground fault is pre-
sented in [154].

The objective of the resilience of the VSC is to stay connected to the grid and to
avoid damages of the power semiconductor devices caused by overcurrents in the
transient or steady state. The limiting of currents in the transient and the steady state
requires different approaches, see Sect. 6.3.1 and Sect. 6.3.2.

6.2 Resilience of the Grid Operation

In 75-85% of all electrical power grid faults, ground is considered to be involved
[105]. The single-phase-to-ground fault represents the most common type. To man-
age these fault types and to continue the grid operation, the fault current must be
reduced or at least controlled within a certain range. The reduction of the amplitude
of the positive sequence voltage of a VSC is not the favoured option, since parallel
subgrids have to be supplied with the nominal voltage amplitude in the positive
sequence.

To solve this problem, a novel method is developed. Instead of adjusting the fault
current by the voltage source in the positive sequence, it is adjusted by the impedance
of the fault current path in the zero sequence. A virtual inductance is realized by
the VSC in the zero sequence. Taking advantage of parasitic line capacities and the
properties of a parallel resonance circuit, a flexible absolute value of the impedance
of the zero sequence is reached (see also Fig. 6.1). Consequently, the fault current
becomes controllable indirectly. Optionally, the reduction of the negative sequence
voltage (see Sect. 5.2.3.2 and Sect. 5.2.3.3) can be added (see also Fig. 6.1). The
control of the characteristics of the VSC in the zero sequence represents a novel
approach for neutral point treatment, that is especially relevant for 100% IBPS.

The operation of the negative sequence as a parallel resonant circuit is not an
option, because VSCs, that do not control the negative sequence, represent a short
circuit. A single VSC representing a short circuit in the negative sequence ruins the
concept of a parallel resonance circuit with a high absolute value of the negative
sequence impedance. This principle is not possible in practical scenarios.

Conventional three-phase three-wire VSCs do not allow zero sequence currents
due to Kirchhoff’s current law and represent an open circuit in the zero sequence.
These VSCs do not ruin the concept of a parallel resonance circuit in the zero
sequence with a high absolute value of the zero sequence impedance. To make
zero sequence currents possible and to control the zero sequence characteristics,
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the hardware and the software configuration of the conventional VSC (see Fig. 2.3)
have to be extended.

6.2.1 Hardware Configuration

The extension of the hardware configuration of the conventional VSC leads to an ex-
tended VSC. In this subsection, the grid integration of the extended VSC s discussed
with focus on the characteristics of a three-phase four-wire system. Subsequently,
the extended VSC is integrated into the grid as direct-connected VSC without trans-
former.

6.2.1.1 Voltage Balancer and Extended VSC

The zero sequence current equals the scaled sum of the three phase currents, see
also Eq. (3.14). As a consequence, a fourth wire is necessary to make zero sequence
currents possible.

There are different options to connect a fourth wire to the VSC to provide a neutral
line [106]. The first option is to connect the fourth wire to the midpoint of the DC-
link. The problem is, that the parts of the DC-link voltage become unbalanced and
the basic operating principle of the VSC (see Sect. 2.1.1) is threatened. The second
option is to use a fourth half-bridge and to connect the fourth wire to its midpoint.
Problems concerning the electromagnetic compatibility arise due to high voltages
at high frequencies [106].

Combining these two options and using the fourth half-bridge as a voltage bal-
ancer (VB) of the DC-link voltage leads to the independently controlled neutral
leg [106]. This concept is applied subsequently. The VB is connected via a choke
(represented by Lyt and R,p) to the DC-link midpoint. The VB can be realized as a
two-level half-bridge or a three-level half-bridge [107, 108]. The equivalent circuit
of the three-level VB is shown in Fig. 6.2.

The following state differential equations appear based on Kirchhoff’s current
law and the V/I-characteristics of the choke assuming Cq; = Cq2 = Cqy, see Eq.
(6.1).

i i
d [ (va1 — va2) 0 -7 (va1 — va2) 0 —zi ).
_ = + Uvb+ 3100
dr i 0— Ry . 1

vb Lo Ivb Lo

(6.1)
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Fig. 6.2 Equivalent circuit of the three-level voltage balancer

Based on these differential equations, different control principles of the VB can
be designed. The voltage vy, depends on the switching state of the VB and thus
represents the actuating variable. The DC-link voltages vq; and vgz are assumed to
be greater than zero.

The control principle of the three-level VB is explained in Table 6.1 and Table
6.2 based on two different switching states and the state differential equations in
Eq. (6.1). The resistance of the choke Ry}, is neglected in this explanation.

Table 6.1 Influence of the switching state of the voltage balancer on the time derivative of
the choke current i,y based on Fig. 6.2 and the second line of Eq. (6.1)

d -
Svbi Syb2 Syb3 Syba Uyb arlivb
on on off off vd1 >0
off off on on —V42 <0

Table 6.2 Influence of the currents iy, and i¢o on the time derivative of the DC-link voltage
unbalance (v4; — vg2) based on the first line of Eq. (6.1)

ivb + 3ico %(Udl — vd2)
>0 <0
<0 >0




146 6 Enhanced Grid Fault Characteristics of VSCs

The combination of the three-level VSC and the three-level VB leads to the
extended VSC, which allows zero sequence currents while balancing the DC-link
voltages. A freewheeling path for the zero sequence current i is available in each
switching state of the VB. The equivalent circuit of the extended VSC based on Fig.
2.3 is shown in Fig. 6.3.
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Fig. 6.3 Equivalent circuit of the extended three-level VSC with LC L-filter

The control algorithm of the VB is separated from the control algorithm of the
conventional part of the VSC. Both control algorithms are designed independently
of each other. The conventional part of the VSC controls the positive, the negative
and the zero sequence. The VB realizes balanced DC-link voltages.

6.2.1.2 Direct-connected VSCs

Today, VSCs are often connected as three-phase three-wire systems via a transformer
to the grid [6]. The transformer is essentially used to ensure the voltage compatibility
between the VSC and the medium or the high voltage grid. Typically, a delta-wye
transformer is used. The star point of the transformer on the grid side is often used
to realize the desired type of neutral point treatment (NPT). On the VSC side, this
type of transformer represents an open circuit in the zero sequence and consequently
no zero sequence current can flow. Alternatively to this concept, other NPT devices
can be used to realize the desired type of NPT.
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State-of-the-art VSCs with transformer are inflexible concerning NPT. Hard-
ware modifications or the installation of new equipment are needed to change of the
type of NPT. Regarding grid expansion associated with the integration of renew-
able energy sources may e.g. require the change from a resonant grounding system
(RGS) to a solid grounding system (SGS) due to a higher capacitance in the zero
sequence. Moreover, the grid operation reliability of state-of-the-art solutions for
RGS are improvable due to the limited adjustment speed of arc suppression coils.
Disconnections of subgrids lead to detuning of arc suppression coils and may cause
further grid outages. Since no or only high-impedance freewheeling current paths
are available, high transient overvoltages, especially in ungrounded systems (UGS)
and RGS occur.

Modern VSCs are designed as switch-based or cell-based multilevel topologies to
reduce the voltage rating per semiconductor power device in medium or high voltage
applications [21, 109]. Besides, wide-bandgap (WBG) semiconductors, such as
silicon carbide (SiC), allow power devices with higher voltage ratings [110]. Both
aspects reduce the relevance of the transformer concerning its task to ensure the
voltage compatibility between VSCs and medium or high voltage grids.

Several steps towards the integration of direct-connected (or transformerless)
VSCs into the grid have been made. Transformerless VSCs are used for medium
voltage large electric drives today [111]. Grid-connected (GC) transformerless
VSCs have been investigated in laboratory tests [112, 113]. Beyond that, additional
DC/DC-converters have been used to adjust the DC-link voltage for the proper op-
eration of VSCs in medium voltage grids [114]. The application of the dual active
bridge (DAB) (see [28, 29]) as a DC/DC-converter as shown in [114] ensures the
galvanic isolation between the medium voltage grid and the low voltage side by a
high frequency transformer. The modular integration of energy storage devices into
a hybrid energy storage system is investigated in [146].

Regarding these aspects, the hardware configuration of the extended VSC (see
Fig. 6.3) can make the transformer unnecessary. By using the extended VSC, the
bulky transformer is replaced by an extension of the VSC representing an existing
component. Direct-connected VSC provide higher flexibility for NPT regarding
grid expansion because the NPT is realized by software, see Sect. 6.2.2.2. Higher
grid operation reliability after disconnections of subgrids is reached through high
adjustment speed. Besides, there is lower stress on equipment due to the absence of
high transient overvoltages.
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For the realization of direct-connected VSC during grid faults, the ratings of the
semiconductor power devices and the DC-link have to be designed appropriately
concerning maximum currents on medium voltage level, see [155]. Furthermore,
the absence of the transformer leads to the investigation of the mean values of the
phase current. They are not blocked inherently.

Non-zero mean values of the phase currents are induced by VSCs if the DC-link
voltage is unbalanced. This effect is reduced by the VB, see Sect. 6.2.1.1. Another
cause is the locking time of semiconductor power devices [92].

If non-zero mean values of the phase currents appear, inductive components
with magnetic core can reach the saturation state. Moreover, the temperature of
components can increase due to higher root-mean-square (RMS) values.

To avoid non-zero mean values of the phase currents, a novel control concept
is developed. First, models of the LC L-filter (see Sect. 3.2.2.3) in the stationary
reference frame (see Eq. (6.2)) and the zero sequence (see Eq. (3.43)) are derived.

ico —f£ 0 0 0 -4 0 ico =0
ic 0 —f 0 0 0 -4 icp 0 -
. R .
dfiw | [ O 0 -2 0 £ 0 zga+oo Vea
T 0 0 0 -7 0 £ ||ig 00 |\ve
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Second, the mean values of the variables are calculated. From Eq. (6.2) and Eq.

(3.43), the state-space models according to Eq. (6.3) and Eq. (6.4) reveal.

fea £ 0 0 0 —-£ 0 fea = 0
icp 0 —%& 0 0 0 —7& || 0~
- R - _
d | i 0 0 -z 0 g 0 7 0 0 | [ Ve
- R - —
L 0o 0 o0 -3 = ] e 00 |\
Ut & 0 &0 0 0 Tt 00
Upg 0 & 0 —& 0 0 Vg 00
(6.3)
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Third, a linear—quadratic (LQ) controller with integral characteristics (see Sect.
5.3.5) is designed based on these models to control the mean values of the phase
currents igy to zero.
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This concept does not affect the positive, the negative and the zero sequence
of any other (especially the fundamental) frequency (see Sect. 3.1.3) and is also
adaptable for L- and LC-filters.

6.2.2 Software Configuration in the Zero Sequence

Positive, negative and zero sequence components are controlled independently of
each other. Positive and negative sequence components are controlled using dou-
ble synchronous reference frame (DSRF) components, see Sect. 3.1.2.5. The zero
sequence components are controlled using synchronous reference frame (SRF) com-
ponents in addition, see Sect. 3.1.2.4. Consequently, three rotating reference frames
are used for the fundamental frequency.

6.2.2.1 Signal Transformations and Modelling

The objective of this section is to derive a model using DC quantities of zero sequence
components according to the concept of a SRF. The starting point is Fig. 3.6 and
Eq. (3.43) using the abbreviations from Eq. (3.38), Eq. (3.39), Eq. (3.44) and Eq.
(3.45).

To reach SRF-components from single-phase AC-components in the zero se-
quence, two orthogonal components per variable are required. The original AC-
component is used as the a-component according to [115, 143]. The f-component
corresponds to the original component delayed by one fourth of the period duration.
The a-component and the B-component show the same angular frequency w.

DC-quantities are obtained by transforming these af-components into dg-
components using the SRF with the angular frequency w. These components are
labelled by the indices 0d and Oq. The transformation matrix from Eq. (3.18) is used
to transform the af-components of each variable. The transformation angle of the
Zero sequence o is set to the transformation angle of the positive sequence yT+ ,

see Sect. 4.3.3 and Sect. 4.3.4.1.
The state differential equations according to Eq. (6.5) are derived. These equa-
tions complement Eq. (3.42) by the transformed zero sequence components.
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Based on Eq. (6.5), a LQ-controller (see Sect. 5.3.4 and optionally Sect. 5.3.5) is
designed. The pair of actuating variables vcod/veoq is transformed back into af-
components and v¢o, is added to the actuating variables in the natural reference

frame as a zero sequence component.

6.2.2.2 Options of Grid Characteristics and Operation Modes
The extended hardware configuration using the extended VSC (see Sect. 6.2.1.1)
allows zero sequence currents due to Kirchhoff’s current law. From the fundamentals
of VSCs connecting different DC-link potentials to the AC-side (see Sect. 2.1), the
monofrequency symmetrical components equivalent circuit extending Fig. 5.3 of a
three-phase four-wire VSC is derived, see Fig. 6.4.

New options of grid-side characteristics of a GC VSC reveal [153]. Based on
Fig. 5.5, the extended generalized steady state symmetrical components equivalent

circuit of the GC VSC appears.
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Fig. 6.4 Steady state monofrequency symmetrical components equivalent circuit of the three-
phase four-wire VSC representing a voltage source in the positive sequence (1), a voltage
source in the negative sequence (2) and a voltage source in the zero sequence (0)
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Fig. 6.5 Generalized steady state symmetrical components equivalent circuit of the GC VSC
regarding the positive sequence (1), the negative sequence (2) and the zero sequence (0) from

the grid perspective
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The options of steady state grid characteristics in the zero sequence are now
analogue to the ones in the positive and the negative sequence, see Fig. 6.6 and also
Fig. 5.6 and Fig. 5.7.

Steady state grid-side characteristics
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Fig. 6.6 Options of grid characteristics of a GC VSC in the zero sequence (0) in the steady
state and the according controlled variables

Different control modes of the zero sequence reveal. They differ from each other
depending on the choice of the pair of the controlled variables.

Anungrounded system (UGS) is realized by controlling the pair ig04/ig0q to zero.
The steady state symmetrical components network according to Fig. 6.7 appears.
The problem of the UGS-mode during a single-phase-to-ground fault is, that the
amplitude of the voltages becomes very high and the insulation limits of equipment
can be exceeded [153]. In addition, only the zero sequence current at the controlling
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VSC is zero. That means that the absolute value of the impedance of the zero
sequence network as a parallel circuit to the positive sequence circuit is not adjusted
in general. Consequently, fault currents of other VSCs in the grid are not affected.

Zyay
N

Fig. 6.7 Steady state symmetrical components network of the UGS-mode

A solid grounded system (SGS) is realized by controlling the pair vryq/vioq to
zero. The following steady state symmetrical components network according to Fig.
6.8 reveals. The problem of the SGS-mode during a single-phase-to-ground fault is,
that the amplitude of the phase currents becomes very high [153]. Since the ability
of VSCs to allow overcurrents is very limited, this control mode is not suitable for
practical applications.

Furthermore, a resonant grounding system (RGS) is realized. This control mode
represents a compromise between the UGS-mode and the SGS-mode concerning
the stress on the equipment by high amplitudes of voltages or currents.
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Grid

Fig. 6.8 Steady state symmetrical components network of the SGS-mode

6.2.3 Resonant Grounding System Mode

6.2.3.1 Parallel Resonant Circuit in the Zero Sequence

The RGS-mode of the VSC is presented assuming a single-phase-to-ground fault,
see also [155]. The fault current is caused by a voltage source in the positive se-
quence, see Sect. 4.4.1.2 and Sect. 4.4.2. Optionally, reactive current is injected in
the negative sequence, see Sect. 5.2.3.2.

The fault location has hardly no effect on the characteristics of the zero sequence
from the VSC perspective. The reason is, that the series impedances in the zero
sequences are significantly smaller than the impedances of the zero sequence ca-
pacitances (see [116]) and the realized virtual impedance. Neglecting the series
impedances, the zero sequence is interpreted as a parallel circuit consisting of par-
allel line capacitances and the realized virtual impedance. This simplification leads
to a non-compensated part of the fault current in the range of a few percent using
the RGS-mode.

The objective is to ensure a symmetrical grid operation, the reduction of the fault
current and the arc suppression. In addition, the fault currents of other VSCs also
have to be reduced. Concerning the stress on the equipment by high amplitudes
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of voltages or currents, a compromise between the UGS-mode and the SGS-mode
is reached (see Sect. 6.2.2.2). To realize these objectives and characteristics, the
absolute value of the impedance of the zero sequence as a parallel circuit to the
positive sequence circuit has to be adjustable and represent a high value in general.
This fact is reached by operating the zero sequence circuit as a parallel resonant
circuit near the resonance frequency [156, 157]. The advantage over the UGS-mode
is, that not only the fault current of one VSC is reduced.

o

= R ==c §L

[og

Fig. 6.9 Generalized equivalent circuit of a parallel resonant circuit L
The general equivalent circuit of a parallel resonant circuit is shown in Fig. 6.9.

The absolute value of the impedance of the parallel resonant circuit is dependent on
the frequency and calculated according to Eq. (6.6).

1
IZl = — (6.6a)
1Y

1
_ (6.6b)

2
1 1
\/_2+ (a)C— a)_)

The maximum of the absolute value of the impedance appears at the resonance angle
frequency wyes, see Eq. (6.7). The argument of the impedance is calculated as in
accordance with Eq. (6.8).

1
res = T — 6.7
w — 6.7)
arg{Z} = —arg{Y} (6.82)
_ —atan2<wC L l) (6.8b)
oL R

To use Eq. (6.6b) to adjust the absolute value of the zero sequence impedance | Z |
the variables in this equation have to be evaluated. The operating angle frequency is
given by the voltage source in the positive sequence. The parasitic capacitances of
overhead lines are dominant in the zero sequence. The value of the zero sequence
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capacitance is dependent on the grid dimension. The value of the parallel resistance
of the zero sequence is often very high and is thus to be neglected for the calculation
of the impedance. Consequently, the value of the inductance of the zero sequence
represents the parameter to be adjusted to control | Z g, |.

The inductance of the zero sequence is realized by a virtual inductance L q),vi.
The starting point of the subsequent derivation is the SRF-model of the zero sequence
in Eq. (6.5). Analogue to Sect. 5.2.4.1, the Eq. (6.9) is derived. It leads to the
equivalent circuit in the zero sequence in the steady state shown in Fig. 6.10.
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Fig. 6.10 Equivalent circuit of the zero sequence (0) of a GC VSC in the steady state applying
a virtual inductance L) vi

Implementing the previously described characteristics of the positive, the negative
and the zero sequence into Fig. 6.5, the following generalized steady state symmet-
rical components equivalent circuit of the GC VSC in the RGS-mode appears, see
Fig. 6.11.

To realize the virtual inductance in the zero sequence, a LQ-controller (see Sect.
5.3.4 and optionally Sect. 5.3.5) is designed. Only the zero sequence voltage at the
point of interconnection of the VSC has to be measured to calculate the reference
variables. The absolute value of the |Z, o is adjustable by the value of L q),vi. The
parallel resonant circuit does not necessarily have to be exactly operated at the point
of resonance to realize high impedance.

The presented concept also works for phase-to-phase-to-ground faults, since
zero sequence currents are avoided. The phase-to-phase-to-ground fault develops to
a phase-to-phase fault, which is handled by reactive current injection in the negative
sequence, see Sect. 5.2.3.3.
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Fig. 6.11 Steady state symmetrical components network of the RGS-mode

6.2.3.2 Scenario: Evaluation of the RGS-mode

In the following scenario, the operating principle of the RGS-mode using the vir-
tual inductance in the zero sequence is demonstrated via simulations in MAT-
LAB/Simulink. The objective of the RGS-mode is to ensure symmetrical phase
currents, the reduction of the fault current and the arc suppression. Table 6.3 gives
an overview of the relevant figures of this section.

The investigated scenario is similar to the scenario from Sect. 5.2.3.3 in general.
In contrast to Sect. 5.2.3.3, a single-phase-to-ground fault in phase 1 with the fault
resistance Rp = 0 Q2 is applied at r = 0.1 s. The relative fault distance m equals 0.8
seen from busbar A. The scenario is shown in Fig. 6.12.

The reference value of the virtual inductance of the zero sequence L (o), vi after the
fault equals 0.94 H. This value is chosen according to the zero sequence capacitance
to reach the resonance frequency approximately at the operating frequency of 50 Hz,
see also Eq. (6.7). The resonance frequency is chosen to be greater than the operating
frequency to avoid crossing the resonance frequency during the transient state and
thus to avoid high amplitudes of the voltages.

The VSC is connected as a three-phase four-wire system with LC L-filter, see
Fig. 6.3. The symmetrical components networks are shown in Fig. 6.11 and Fig.
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Table 6.3 Overview of the relevant figures of Sect. 6.2.3.2 containing the evaluation of the
RGS-mode

Content Figure
Scenario under investigation Fig. 6.12
Symmetrical components network of the VSC Fig. 6.11
Symmetrical components network of the VSC and the fault Fig. 6.13
Phase currents ig, at the point of interconnection Fig. 6.14
Voltages vg, at the point of interconnection Fig. 6.15
Zero sequence voltage vgo and zero sequence current iy Fig. 6.16
Virtual inductance L ), vy in the zero sequence Fig. 6.17
Absolute value of the zero sequence impedance |Z g | Fig. 6.18
Current ir through the fault resistance Rp Fig. 6.19
A B
VSC & filter
R1 t=0.1s R2
] A ] OJ
L "4 L
1p-fault
m=0.8

Fig. 6.12 Scenario for evaluating the fault characteristics of a GC VSC during a phase-to-
ground fault in phase 1

6.13. In Fig. 6.13, the parallel resonant circuit in the zero sequence similar to Fig.
6.9 reveals. The voltage source in the positive sequence and the current source
in the negative sequence are realized via a LQ-controller according to Sect. 5.3.4.
Moreover, the mean values of the phase currents iy, are controlled to zero according
to Sect. 6.2.1.2.

In the transient state, the amplitudes of the phase currents iz, (see Fig. 6.14)
are increased approximately by a factor up to 2. In the steady state, symmetrical
currents close to normal operation conditions are reached.

The amplitude of the voltages v, at the point of interconnection (see Fig. 6.15)
of the healthy phases are increased approx. by the factor +/3 in the steady state. The
DC-link voltage has to designed appropriately due to the basic operating principle of
the VSC (see Sect. 2.1.1). For example, a DC/DC-converter inside the DC-link can
be used to adjust the DC-link voltage. Moreover, wide-bandgap semiconductors or
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Fig. 6.13 Steady state symmetrical components equivalent circuit of the three-phase four-
wire VSC applying a voltage source in the positive sequence (1), a current source in the
negative sequence (2) and a virtual inductance in the zero sequence (0) during a single-phase-
to-ground fault in phase 1. The relative fault distance m’ = (1 — m) seen from the point of
interconnection at busbar B is used

multilevel topologies can avoid the excess of the voltage rating per semiconductor
power device. Due to the increased voltages in the healthy phases, which is not a
VSC-induced effect and also appears in conventional grids, this type of neutral point
treatment is often not applicable in high voltage grids due to limited electrical field
strength of components.

From Fig. 6.16 it is seen that the zero sequence current igp shows an amplitude
of up to 800 A in the transient state. In the steady state, igo leads the zero sequence
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Fig. 6.14 Phase currents iy, at the point of interconnection at busbar B before and after a
single-phase-to-ground fault in phase 1 at # = 0.1 s. The VSC is operated in the RGS-mode
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Fig. 6.15 Voltages vg, at the point of interconnection at busbar B before and after a single-
phase-to-ground fault in phase 1 at # = 0.1 s. The VSC is operated in the RGS-mode

voltage vgp by /2. Regarding the active sign convention in the zero sequence (see
Fig. 6.5), it is demonstrated that a virtual inductance is realized.

Fig. 6.17 shows, that the reference value of the virtual inductance L) vi of
0.94 H is realized within a few period durations after the single-phase-to-ground

fault is applied at t = 0.1 s.

The curves of Fig. 6.18 are calculated from L vi att = 0.15s,¢ = 0.2 and
t = 0.4 and the zero sequence capacitance and resistance from Eq. (6.6b). Since
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Fig. 6.16 Zero sequences of the voltages vy, and the phase currents iy, at the point of
interconnection at busbar B before and after a single-phase-to-ground fault in phase 1 at
t = 0.1s. The VSC is operated in the RGS-mode
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Fig. 6.17 Virtual inductance L) vi in the zero sequence at the point of interconnection at

busbar B before and after a single-phase-to-ground fault in phase 1 at t = 0.1 s. The VSC is
operated in the RGS-mode
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Fig. 6.18 Qualitative presentation of the absolute value of the impedance of the zero sequence
|Zlatr =0.15s,7 = 0.2sandr = 0.4 s over frequency after a single-phase-to-ground fault
in phase 1 at# = 0.1 s. The VSC is operated in the RGS-mode and the operation frequency is
50Hz

Eq. (6.6b) is only valid regarding a time interval (see Sect. 3.1.1), this method is
not thoroughly correct and consequently no values for the absolute value of the
zero sequence impedance | Z g, | are given. However, Fig. 6.18 clearly demonstrates
the operating principle of the RGS-mode and its dynamic behaviour. The curve of
|Z0)| appears from the right side (equals high resonance frequency) by continuously
increasing L o), v1, see Fig. 6.17. In this way, the resonance angle frequency wres is
reduced (see Eq. (6.7)) and approaches the operating frequency of 50 Hz. The value
of | Z (| consequently increases. Depending on the breakdown field strength of the
equipment in practical scenarios, it has to be decided, if the maximum of |Z )|
should be reached or the overcompensated interval left of the maximum should
be set. In practical applications, often the overcompensated operation is preferred,
since disconnections of grid areas evoking reducing the value of the zero sequence
capacitance do not lead to the voltage maximum.

The Fig. 6.19 demonstrates the operation of the RGS-mode, the reduction of
the fault current from both sides and the potential for the arc suppression. In the
transient state, the amplitude of the current /g through the fault resistance Rg (see
Fig. 6.13) exceeds the value of 2kA in this scenario. The amplitude is decreased
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due to the rising value of | Z, ©l-In the steady state, the amplitude of if is very low,
see also Fig. 6.24.
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Fig. 6.19 Current ir flowing through the fault resistance R before and after a single-phase-
to-ground fault in phase 1 at # = 0.1 s. The VSC is operated in the RGS-mode

It is demonstrated that a VSC realizes a virtual inductance in the zero sequence
applying the RGS-mode. In this way, a parallel resonant circuit in the zero sequence
appears and the absolute value of its impedance is adjusted. After a single-phase-
to-ground fault, symmetrical phase currents are reached. The amplitude of the fault
current is reduced and the arc is suppressed. The resilience of the grid operation is
increased. Moreover, the mean values of the phase currents are controlled to zero
and VSCs are directly connected to the grid.

6.2.3.3 Scenario: Changing Zero Sequence Capacitance

In the following scenario, the advantages of the RGS-mode under changing zero
sequence capacitance are presented via simulations in MATLAB/Simulink. There-
fore, the scenario from Sect. 6.2.3.2 is extended after t = 0.5 s. Table 6.4 gives an
overview of the relevant figures of this section.
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Table 6.4 Overview of the relevant figures of Sect. 6.2.3.3 containing the evaluation of the
RGS-mode under changing zero sequence capacitance

Content Figure

Scenario under investigation Fig. 6.20
Symmetrical components network of the VSC Fig. 6.11
Symmetrical components network of the VSC and the fault Fig. 6.13
Phase currents ig, at the point of interconnection Fig. 6.21
Voltages vg, at the point of interconnection Fig. 6.22
Virtual inductance L ), i in the zero sequence Fig. 6.23
Vertical zoom of the current ir through the fault resistance Rg Fig. 6.24

A single-phase-to-ground fault in phase 1 with the fault resistance Rp = 0 Q2
is applied at t = 0.1s. The disconnection of a subgrid at t+ = 0.5s leads to the
reduction of the zero sequence capacitance by 40%. The scenario is shown in Fig.
6.20.

Grid 1
A B
R3
VSC & filter
R1 ’:2'15 R2
]
Grid2 4 L oJ
1p-fault
t=0.5s R4 m=0.8
S

Fig. 6.20 Scenario for evaluating the fault characteristics of a VSC in the RGS-mode during
a single-phase-to-ground fault in phase 1 at# = 0.1s. At¢# = 0.5 a subgrid is disconnected
by the switch S and the zero sequence capacitance is reduced

The parameters are identical to the ones in Sect. 6.2.3.2 and Fig. 6.11 and Fig.
6.13 are valid. The reference value of the virtual inductance of the zero sequence
L 0),v1 before t = 0.5s equals 0.94 H. The disconnection of the subgrid leads to
the detuning of the resonant circuit in the zero sequence and the reduction of the
absolute value of the zero sequence impedance |Z)|. At 7 = 0.7, the reference
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value of L), v is adjusted to 1.56 H and consequently |Z | rises again. The time
interval between the disconnection and the adjustment of the reference value is
chosen freely and can be smaller in practical scenarios. Furthermore, the actual zero
sequence capacitance must—at least approximately—be known.
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Fig. 6.21 Phase currents iy, at the point of interconnection before and after a single-phase-
to-ground fault in phase 1 at# = 0.1s. At¢ = 0.5 s the zero sequence capacitance is reduced
by 40% and at t = 0.7 s the reference value of the virtual inductance L (q) v1 is adjusted

Fig. 6.21 shows, that the disconnection does not increase the amplitude of the
phase currents iy, significantly. In the steady state after the disconnection, the load
current is reduced due to the reduction of the power consumption.
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Fig. 6.22 Voltages v, at the point of interconnection before and after a single-phase-to-
ground fault in phase 1 atz = 0.1s. At7 = 0.5 s the zero sequence capacitance is reduced by
40% and at t = 0.7 s the reference value of the virtual inductance L q),vi is adjusted
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Itis presented in Fig. 6.22, that the amplitude of the voltages vg, at the intercon-
nection point is increased approx. by the factor 4/3 in the steady state.
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Fig. 6.23 Virtual inductance L ) vi in the zero sequence at the point of interconnection before
and after a single-phase-to-ground fault in phase 1 at# = 0.1s. At = 0.5 s the zero sequence

capacitance is reduced by 40% and at t = 0.7 s the reference value of the virtual inductance
Lo),v1 is adjusted

The disconnection at ¢+ = 0.5s (see Fig. 6.23) represents a disturbance to the
virtual inductance L), vi. The initial reference value of 0.94 H is realized within
t = 150 ms after the disconnection. The new reference value of 1.56 H is reached
within # = 100 ms after the adjustment of the reference value.
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Fig. 6.24 Current ir flowing through the fault resistance R before and after a single-phase-
to-ground fault in phase 1 at # = 0.1s. At = 0.5 s the zero sequence capacitance is reduced
by 40% and at t = 0.7 s the reference value of the virtual inductance L q),v1 is adjusted
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From Fig. 6.24 it is seen, that at = 0.3 s (200 ms after the fault), the amplitude
of the current ir through the fault resistance Rp (see Fig. 6.13) is below a typical
value to get self-extinguished. This value is exceeded after the detuning of the
resonant circuit. After the adjustment of the reference value of L ), vi, the amplitude
decreases again.

Extending the conclusions of Sect. 6.2.3.2 it is demonstrated, that the value of
the virtual inductance in zero sequence is adjusted at high speed. In this way, the
parallel resonant circuit is adjusted to a changing zero sequence capacitance very
fast. Even after the disconnection of a subgrid after a single-phase-to-ground fault,
the grid operation can be continued.

6.2.3.4 Comparison to Conventional Methods and Perspective
Conventional methods for NPT via transformers or other NPT devices represent
static methods due to their limited adjustment speed. Short-term low impedance
grounding is initiated by discrete switching operations. In contrast, the NPT via
VSCs shows very high adjustment speed (see Sect. 6.2.3.2—especially Fig. 6.23)
and transitions from the different operating modes are realized continuously. The
operation modes of the VSC (see Sect. 6.2.2.2) refer to the steady state.

The voltage and current characteristics of conventional methods differ signifi-
cantly to NPT via VSCs. Before the fault occurs, the VSC approximately represents
a short circuit, see Fig. 6.17. The VSC changes its characteristics in the zero se-
quence, if the amplitude of the measured zero sequence voltage vgo is non-zero. In
this way, the VSC shows intrinsic characteristics immediately after the fault, which
are similar to reverse short-term low-impedance grounding, see Fig. 6.14. These
characteristics appear in the UGS-mode, the RGS-mode and the SGS-mode [153].
Transient overvoltages are avoided in this low-impedance time interval.

The duration of the low-impedance time interval can for example be increased,
if conventional distance protection algorithms are used for the fault localization.
Consequently, highly dynamic coordination between the VSC NPT and the ground
fault protection is conceivable. This coordination is not investigated in this thesis.
Instead, a new protection algorithm (see Chap. 8), which is universally applicable
for any fault characteristics, is developed. In this way, the fault characteristics of the
VSC are optimized independently of the protection algorithm.

Some starting points of further research of the RGS-mode are given subsequently.
The VSC allows the continuous adjustment of the zero sequence inductance L o) vi
at high speed as a so-called “inductance ride”. This property could be used for
grids, in which the zero sequence capacitance is not or only inaccurately known.
Furthermore, a perturb-and-observe algorithm similar to photovoltaic plants for
maximum power point tracking (see [117, 118]) could be developed, if the zero
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sequence capacitance is unknown. The distance from the operating point to the
impedance maximum is adjusted (see also Fig. 6.18) and it can be determined, if
the operating frequency is lower or higher than the resonance frequency. Additional
ideas are discussed in Sect. 11.2.

6.3 Resilience of the VSC

The objective of the resilience of the VSC (see Sect. 6.1) is to stay connected
to the grid and to avoid damages of the power semiconductor devices caused by
overcurrents in the transient or steady state. In contrast to synchronous machines,
the ability to allow overcurrents is very limited. The current limiting is essential for
grid-forming (GFM) VSCs, since the components of the currents are not selected
as controlled variables. In contrast to grid-following (GFL) VSCs, their currents are
not limited inherently, see also Sect. 4.2.

To ensure a holistic current limiting concept, different states and consequently
time intervals are considered. Different approaches are required for the transient
state (see Sect. 6.3.1) and the steady state (see Sect. 6.3.2).

6.3.1 Transient State Current Limiting

6.3.1.1 Integration of the Cost Layer

State-of-the-art LQ-controllers are designed to minimize the control error and the
actuating energy, see Eq. (5.51) in Sect. 5.3.4.2. Additional control objectives are not
considered. The modulator calculates the gate signals from the actuating variables,
see Fig. 5.1 and Fig. 2.2.

A novel method is developed, which allows adding further control objectives. A
similar concept is presented in [158]. These additional control objectives can com-
pete with the existing control objectives. The developed method allows prioritising
different control objectives via cost functions. The hierarchical control concept from
Fig. 5.1 is extended by the calculation of virtual costs for each switching state of the
VSC. Based on these costs, the best possible switching state of the VSC minimizing
the costs is chosen and the according gate signals are sent to power semiconductor
devices, see Fig. 6.25.

The switching state s of the VSC is defined by the entirety of the switching
functions s, of the three half-bridges with x € {1, 2, 3}, see Eq. (6.10).

s = (s1, 52, 53)° (6.10)
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Fig. 6.25 Cost layer as a hierarchical layer between the V/I-controller and the selection of
the switching state

Assuming a three-level VSC (see Fig. 6.3), the switching functions can take the fol-
lowing values: s, € {1, 0, —1} and 33 = 27 different switching states are obtained.
The actuating variables in the natural reference frame are calculated assuming a
constant and balanced DC-link voltage vpc, see Eq. (6.11).

U123 = g2 (6.11)
2
Each switching state s of the three-level VSC leads to a discrete voltage space vector
v, in the complex plane applying Eq. (3.13), see Fig. 6.26. Redundancies regarding
v, appear and 18 different voltage space vectors can be realized.

The method described above and in Fig. 6.25 works independently of the type
and design of the V/I-controller. A LQ-controller (see Sect. 5.3.4.3 and Sect. 5.3.5)
is applied. This concept allows formulating additional control objectives via cost
functions for variables in the natural reference frame, the stationary reference frame
or rotating reference frames. Consequently, the tracking of controlled variables
representing DC-quantities in rotating reference frames and the limiting of state
variables as arbitrary quantities in the natural reference frame in the transient state
is possible.
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Fig. 6.26 Realizable discrete voltage space vectors v, by a three-level VSC in the complex
plane depending on the switching state s

The total cost function is designed from parts representing the reference tracking
and the current limiting. The reference tracking is realized by the tracking of the
actuating variables calculated by the V/I-controller. In this way, the V/I-controller
is not adjusted. The Fig. 6.27 shows the cost functions for actuator tracking (AT)
and current limiting (CL).

The point of intersection of these functions allows defining separate sections
depending on the input parameters, in which AT or CL is predominant. This point
of intersection is defined by different characteristics and slopes of the cost functions
for AT and CL. The design of the cost function of AT is described in Sect. 6.3.1.2
and the cost function of CL is described in Sect. 6.3.1.3. The total cost function
Jvsc is calculated with x € {1, 2, 3} for each switching state s according to Eq.
(6.12).

Jvsc=Jar+ Y Jerx+ Y JeLminx (6.12)
X X
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Fig. 6.27 Cost functions for actuator tracking (AT) and current limiting (CL)

Further research work can include the investigation of the total costs for the grid
fault identification. The total costs can take high values due to high costs of CL.
Alternatively, the temperature of power semiconductor devices are used to monitor
the state of these devices via an additional cost function.

6.3.1.2 Cost Function for Actuator Tracking

The principle of the actuator tracking (AT) is to follow the calculated actuating
variables by the V/I-controller. These variables are called the optimal actuating
variables. The optimal actuating vector in the stationary reference frame uggo, opt
contains the space vector components of the positive sequence (v}, and v;E), the
space vector components of the negative sequence (v, and v;B) and the zero se-
quence component vgg, (see Sect. 6.2.2.1), see Eq. (6.13).

v+ ug,
UgB0,0pt = vjﬁ + U&% (6.13)

R

The positive sequence components are calculated according to Eq. (3.18) using the
transformation matrix Eq. (3.19) according to Eq. (6.14). The negative sequence
components are calculated from Eq. (6.15). The transformation angle 7/T+ is calcu-
lated by the PLL-controller (see Sect. 4.3.1) using the decoupling cell from Sect.
4.3.3 or Sect. 4.3.4.1.
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v Vg
L] = T(—y1) B (6.14)
Ueg Ucq
v v
=10 Cj‘ (6.15)
Ueg Veq

The zero sequence components are calculated according to Eq. (6.16), see also Sect.
6.2.2.1. The actuating variable of the zero sequence equals the a-component v¢q .

UcOd
=T(—yn) | (6.16)
VcOp VcOq

R

In general, it is not possible to realize the optimal actuating vector uggo,opt calculated
by the V/I-controller due to the discrete switching states of the VSC. The difference
between the optimal actuating vector and the real actuating vector Uggo err iS calcu-
lated in accordance with Eq. (6.17) using Eq. (6.11) and the inverse transformation
matrix from Eq. (3.12).
UgB0,err = WaB0,0pt — _610_)12351),%C (6.17)
The cost function for the AT (see also Eq. (6.12) and Fig. 6.27) is designed to
penalize Uggo err Via the sum of its square elements, see Eq. (6.18). The factor kar
is a design parameter.
Jar = kar (uzﬁomuaso,en) (6.18)

6.3.1.3 Cost Function for Current Limiting

The principle of the current limiting (CL) is to predict the values of the phase currents
icxy with x € {1, 2, 3} in the natural reference frame and to penalize predicted
values, whose absolute value exceed an upper limit [158]. For the prediction, the
basic principle of the finite control set model predictive control (FCS-MPC, see
[104]) is used. Consequently, the term finite control set model prediction (FCS-MP)
is used subsequently.

The FCS-MP fits to the principle of the VSC realizing discrete switching states
in so far, as it precalculates the system states from discrete-time state difference
equations based on discrete actuating vectors. The models in the stationary reference
frame (see Eq. (6.2)) and the zero sequence (see Eq. (3.43)) are used. Each actuating
vector according to Eq. (6.19) is applied.
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_ upc (k)
ugpo (k) = TaBlO_HBs(k)T (6.19)
The prediction at t = k - Tg with the sampling time Tg is presented subsequently.
The predicted state variables at the next sampling point k£ + 1 yield Eq. (6.20) (see
also Eq. (3.46)). At k + 2, the state variables are predicted in accordance with Eq.
(6.21). In general, the law according to Eq. (6.22) is obtained.

x(k + 11k) = Agx(k) + Bqu(k) + Eqz(k) (6.20)
X(k +21k) = Agx(k + 1]k) + Bau(k + 1] k) + Eqz(k + 1] k) (6.21a)
= A2x(k) + AgBqu(k) + Bqu(k + 1| k) + AgEqz(k) + Eqz(k + 1] k)

(6.21b)

i—1 i—1
x(k +i|k) = Alx(k) + ZA;*HBdu(k +jlk)+ ZAQ*HEdz(k +jlk)
Jj=0 Jj=0
(6.22)
This concept is visualized in Fig. 6.28. The prediction horizon nj, equals the number
of predicted sampling points in the future and thus the length of the predicted time
interval. The control horizon n. equals the number of sampling points, in which

x(k+ilk)

prediction horizon n,

v

| +
s

k=1 k  k+1 k+2 k+3 k+4 k+5 k+6

past « > future
present

Fig. 6.28 Principle of the model predictive control (MPC) visualizing the prediction horizon
np and the control horizon n,
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the actuating vector is varied to change the state variables in the respective next
sampling point. Consequently, the control horizon is always less than or equal to
the prediction horizon. In Fig. 6.28, n, = n. = 6 is chosen exemplary.

The predicted state variables contain the components of the predicted phase
currents icapo, see also Fig. 6.3. These components are transformed into the natural
reference frame using Eq. (3.12) and i, are obtained. Subsequently, the prediction
horizon n, = 1 is chosen.

The cost function Jcr, x (see also Eq. (6.12) with x € {1, 2, 3} and Fig. 6.27)
is used to penalize high values of ic,. The variables ic,(k + 1|k) represent the
precalculated currents at t = k - Ts, see Eq. (6.23).

kicL
1+ exp( — k3L ex (k + 1| k) — kacL))

JoLx = (6.23)

The costs of currents of infinite high values are described by the parameter k1 cL,
see Eq. (6.24). The parameter k> c, determines the value of the currents with half of
the maximum costs, see Eq. (6.25). The slope of the sigmoid curve is characterized
by the parameter k3 cL, see Eq. (6.26).

kicL = Jovx (iex (k + 11k) — 00) (6.24)
k
Jerx(ienk +11k) = kacr) = % (6.25)

JCL,X (icx (k +1 |k) = icx,set)
_ kicL
1 4 exp(—k3 cL (icx set — k2.cL))

L pkicL (6.26b)

(6.26a)

The parameter p determines the costs Jcrx = pkicL at a predefined value icy get.
The Eq. (6.27) to calculate k3 ¢y, is obtained.

ln(% — 1)
kscp, = —7———"—

(6.27)
Lex,set — k2,CL
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The cost function for maximum currents with a negative sign JcLmin,» (see also Eq.
(6.12)) and the tuning parameters are defined in an analogous way.

6.3.1.4 Space Vector Modulation for Constant Switching Frequency
Constant switching frequency of each power semiconductor device within one fun-
damental grid period is crucial to gain even thermal stress on these switching devices.
In addition, constant switching frequency leads to a clearer frequency spectrum of
the phase currents and capacitor voltages [92]. This property helps to design the pa-
rameters of the LC L-filter [143]. Using the principle of Sect. 6.3.1.1, Sect. 6.3.1.2
and Sect. 6.3.1.3, the switching frequency per power semiconductor device is not
constant.

In this section, a method is described to realize constant switching frequency of
each power semiconductor device. The idea is to select an optimal switching sector in
the complex plane instead of selecting an optimal switching state. The duty cycles of
the surrounding space vectors at the corners of this switching sector are calculated
from the corresponding costs of according switching states. The general idea of
combining the FCS-MPC and the space vector modulation (SVM) is presented in
[119, 120] and the term modulated MPC is used. The Fig. 6.29 extends Fig. 6.26 by

Fig. 6.29 Realizable discrete voltage space vectors v, by a three-level VSC in the complex
plane and switching sectors R ;
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introducing the 24 switching sectors R ;. These switching sectors are divided into
three groups, which are highlighted by different colours according to the absolute
value of the surrounding voltage space vectors.

Adopting this concept to the control strategies of this thesis, the selection layer
in Fig. 6.25 is modified. However, the principles of Sect. 6.3.1.1, Sect. 6.3.1.2 and
Sect. 6.3.1.3 are not affected.

An optimization problem is solved to calculate the optimal switching sector, see
Eq. (6.28) [119]. In this context, the variable j equals the number of the switching
sector and i equals the number of the voltage space vector at the corners of the sector
J- The costs of the switching states g;; and the duty cycles d;; are used.

min G, = Y gijd; (6.28)

lERj

The optimization problem Eq. (6.28) is solved considering the constraints in Eq.
(6.29) and Eq. (6.30) [119].

Z dij =1 (6.29)
iERj
0<dj=<1 (6.30)

The duty cycles d;; are calculated in accordance with Eq. (6.31) [119]. In Eq. (6.31),
the variable Q; is used, see Eq. (6.32) [119].

dij 9 (6.31)
8ij
1
Qj==—— (6.32)
ZieRj gijl

After solving the optimization problem given in Eq. (6.28), the optimal switching
sector is chosen. The duty cycles of the surrounding space vectors at the corners
of this switching sector are used to generate the gate signals of the semiconductor
power devices. The redundancy of the voltage space vector v, is used to realize the
actuating variable veoy of the zero sequence.

Optionally, this concept allows arranging the switching states of one switching
period to reach an optimized pulse pattern without affecting neither the duty cycles
nor the switching frequency within one grid period. For example, the harmonic
performance can be increased, or the switching losses can be reduced [121].
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6.3.1.5 Scenario: Transient Current Limiting

In the following scenario, the operating principle of the RGS-mode using the virtual
inductance (see Sect. 6.2.3) in the zero sequence with transient current limiting and
avoiding non-zero mean values of the phase currents (see Sect. 6.2.1.2) is demon-
strated via simulations in MATLAB/Simulink. The investigated scenario equals the
scenario from Sect. 6.2.3.2 in general. In contrast to Sect. 6.2.3.2, another operating
point is chosen and the constant switching frequency according to Sect. 6.3.1.1,
Sect. 6.3.1.2, Sect. 6.3.1.3 and Sect. 6.3.1.4 is activated. In Sect. 6.2.3.2 the phase
currents iy, are increased approximately by a factor up to 2 in the transient state
immediately after the fault occurs, see Fig. 6.14. The objective of the RGS-mode
with transient current limiting is to stay connected to the grid and to avoid damages
of the power semiconductor devices by limiting the currents in the transient state.

The investigated scenario is shown in Fig. 6.12. A VSC is connected via an
overhead line between the busbars A and B to a 10 kV-grid. The overhead line has a
length of 10 km. A single-phase-to-ground fault in phase 1 with the fault resistance
Rr = 0 is applied at + = 0.1s. The electrical distance between the VSC and the
fault equals 2 km. The symmetrical components network is shown in Fig. 6.13.

The parameters of the three-phase four-wire VSC are equal to the parameters in
Sect. 6.2.3.2 and the mean values of the phase currents ig, are controlled to zero
according to Sect. 6.2.1.2. The current limit of the phase currents is set to =600 A
via the parameter k2 cL, see Eq. (6.25). This limit can be adjusted and should be in
accordance with the allowed current of the power semiconductor devices.

The phase currents iy, are presented in Fig. 6.30. The predefined current limits
are met and overcurrents are avoided. The transient current limiting is activated near
the predefined current limits if overshooting is predicted. During these short time
intervals, the sinusoidal characteristics are left and harmonic components appear.
Switching states of the VSC, that would further increase the current of the concerning
phase, are avoided.

The Fig. 6.31 shows the voltages v, at the point of interconnection. Similar to
Fig. 6.15, the amplitudes of the healthy phases are increased approximately by the
factor /3 in the steady state.

Extending the conclusions of Sect. 6.2.3.2 and Sect. 6.2.3.3 it is demonstrated,
that the transient current limiting of a VSC works reliably after a single-phase-to-
ground fault and overcurrents are avoided. In this way, the resilience of VSCs is
increased. VSCs stay connected to the grid and damages of the power semiconductor
devices are avoided.
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6.3.2 Steady State Current Limiting

The objective of the steady state current limiting is to check before sending the
gate signals, if the aimed operating point consisting of characteristics in the positive
sequence, the negative sequence and the zero sequence can be reached without
exceeding current limits. The presented concept is to precalculate the phase currents
igy in the steady state in a three-phase four-wire system (see also Fig. 6.3). The
currents iy, approximately equal the currents i, in the steady state at the operating
frequency. The calculation is based on the description of space vectors because
their components are defined as controlled variables, see Sect. 5.3. In the steady
state at constant frequency, the space vectors are described by phasors, see Eq.
(3.17) and Eq. (3.24). Therefore, the frequency in the subsequent calculations has
to be adjusted to the actual frequency fy, calculated by a PLL-controller, see Sect.
4.3.1. An additional advantage of this concept is, that the DC-link voltage can be
designed based on the calculations of ﬁcx and the operating principle of VSCs.

The prerequisites of this concept are the measurement of vg, (see Fig. 6.3) and
the calculation the voltage phasors of the positive sequence, the negative sequence
and the zero sequence. The principles of Sect. 4.3.3 and Sect. 4.3.4.1 are used to
calculate the absolute value and the phase angle of the phasors.

Some alternatives to the presented concept for symmetrical disturbances are
discussed in [122]. Here, current limiters, voltage limiters and virtual impedances
(VIs) in the positive sequence are investigated. The latter principle is based on the
concept presented in Sect. 5.2.4.2, preferably without affecting the X/R-ratio (see
Sect. 4.1.1.3). This principle can be interpreted as the increase of the electrical
distance between the VSC and the fault location, or the reduction of the amplitude
of the actuating voltage. The problem of VIs is, that the fault location is unknown
and thus the design of the virtual parameters is difficult.

A similar concept to the presented concept in this thesis is given in [77]. Since
the consideration of the zero sequence is emphasized in this thesis, the principles
of [77] are extended and the zero sequence is included in the steady state current
limiting concept presented in the following sections.
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6.3.2.1 Calculation of the Time Signals from the Space Vector and
the Zero Sequence Component
The basic idea of the steady state current limiting is the calculation of the time signals
from the current space vector and the zero sequence current. The information of the
positive sequence, the negative sequence and the zero sequence are combined.
The space vector regarding positive and negative sequence components in the
steady state (see also Eq. (3.24)) represents the starting point of the following con-
siderations, see Eq. (6.33). The zero sequence current is described in accordance
with Eq. (6.34).

i = fnye (o) 4 j, eilertae) (6.33)

io = Ioycos(or + gi()) (6.34)
The phase currents are calculated in Eq. (6.35), see also [76] with x € {1, 2, 3} and
the complex number a in Eq. (3.8).

iv = Reli(@"™")"} +io (639)

For reasons of clarity, the following considerations are limited to phase 1. Analo-
gously, phase 2 and phase 3 are investigated. The phase current of phase 1 yield Eq.
(6.36).

i1 =Re{i} +io (6.36)

The real part of the space vector is calculated according to Eq. (6.37) [75].

Re{i} = f(])COS(a)l‘ + Qi) + i(Q)COS(—wl — ¢i)) (6.37a)
= f(l)cos(a)t + i) + i(z)cos(wt + ¢i2)) (6.37b)
A . T A . L
= I(l)sm(a)t + i) + 5) + I(z)sm(wt + @iy + 5) (6.37¢c)
= = P . N ol
= \/1(21) + 1(22) + 21y Iycos(pi1y — goi(z))sm(wt + i1 + E> (6.37d)

= Tycos(wr + i) (6.37¢)
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The amplitude I appears in Eq. (6.38). The phase angle @;; is given in Eq. (6.39).

L= \/1‘(21) + f(zz) + 211y Iycos(piar) — ¢i) (6.38)

o1 = atan2<[f(1)sin(<ﬂi(1)) + i(z)sin(wi(z))], [f(1)COS(<pi(1)) + i(2)005(<ﬂi(2))])
(6.39)
The addition of the zero sequence current leads to the phase current iy, see Eq.
(6.40).

i1 = INlcos(wt +&i1) + f(o)cos(a)z + ¢i(0)) (6.40a)

= Tisin(or + i1 + g) + gysin(or + 1oy + g) (6.40b)
272 77 ~ . T

= \/11 + I(O) + 211 Igycos(gi1 — goi(o))sm(wt + i1 + E> (6.40c)

= Iicos(wr + ¢i1) (6.40d)

The amplitude of i1 is calculated in Eq. (6.41). The phase angle of i; is given in Eq.
(6.42).

I = \/712 + f(z()) + 211 I 9)cos(@i1 — ¢i(o)) (6.41)

Pl = atan2([1~151n(§7511) + Ioysin(gi))], [Ticos@in) + i(O)COS((Pi(O))]) (6.42)

Using Eq. (6.38), Eq. (6.39) and Eq. (6.34), the maximum value of i; is calculated
using Eq. (6.41).
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The characteristics of the space vector in Eq. (6.33) depend on the control char-
acteristics of the positive sequence and the negative sequence. The direct power
control (see Sect. 6.3.2.2) and the indirect power control (see Sect. 6.3.2.3) have
to be distinguished. Combinations are possible, too. The zero sequence current in
Eq. (6.34) using the RGS-mode (see Sect. 6.2.3.1) is calculated from Eq. (6.9) and
applying the concepts of Sect. 4.3.3 to gain the amplitude and the phase angle.

6.3.2.2 Current Space Vector During Direct Power Control

Direct power control characteristics appear, if the active and the reactive power

are controlled in the positive sequence or the negative sequence. For example, the

hybrid synchronization (see Sect. 4.5.1) and the P/Q-control (see Sect. 5.2.3.1) lead

to the direct power control. Especially, the reactive current injection in the negative

sequence (see Sect. 5.2.3.2) leads to direct power control characteristics.
According to Eq. (5.9), Eq. (5.10) and Eq. (5.11), the Eq. (6.43) reveals.

2Py 4+ 20m .
1= = v — ]z vt +
T3P 32~

= (C1 —jC3)vt + (C2 —jC4)

2 Poy _ 200 _
— 6.43
3Pt T3t (6.432)
.

(6.43b)

The following factors according to [77] are used, see Eq. (6.44), Eq. (6.45), Eq.
(6.46) and Eq. (6.47).

| = % I;II)Z (6.44)
C = % ;ﬁzfz (6.45)
Cs = % |§+“|)2 (6.46)
Cs = % |§_‘2|)2 (6.47)

It becomes obvious, that these factors are similar to the active currents and reactive
currents given in Eq. (5.12), Eq. (5.13), Eq. (5.14) and Eq. (5.15).
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Translating Eq. (6.43b) to Eq. (6.33), the components of the positive sequence
space vector reveal, see Eq. (6.48) and Eq. (6.49). Likewise, the components of the
negative sequence space vector appear, see Eq. (6.50) and Eq. (6.51).

f(]) = ‘A/(l),/Clz-i-C% (6.48)

@iy = @v1y — atan2(C3, C1) (6.49)
Iy = Vio\/C} + C} (6.50)
%i) = ¢v(2) — atan2(Cy, C2) (6.51)

Using the pair Eq. (6.48)/Eq. (6.49) and the pair Eq. (6.50)/Eq. (6.51), the maximum
values of the phase currents are calculated according to Sect. 6.3.2.1.

6.3.2.3 Current Space Vector During Indirect Power Control

Indirect power control characteristics appear, if the active and the reactive power
are controlled indirectly in the positive sequence or the negative sequence, e.g. by
voltage control (see Sect. 4.4). Especially, the configurable natural droop controller
(see Sect. 4.4.1.2) leads to indirect power control characteristics.

The Eq. (6.33) shows the correlation of the space vector and the sequence phasor
in the steady state. If only one frequency component is regarded in the steady state,
the calculation of symmetrical components equivalent circuits using phasors is suf-
ficient. Based on the symmetrical components, phasors of ﬁgx and the symmetrical

components phasors of ﬁfx representing the reference values of the controlled vari-
ables (see also Eq. (4.54b) and Eq. (4.71)), the symmetrical components phasors of
I x> I o and ﬁc . are calculated. Therefore, the Fig. 6.32 shows the steady state sym-
metrical components equivalent circuit of a three-phase four-wire LC L-structure
based on Fig. 3.6. The abbreviations from Eq. (3.38), Eq. (3.39), Eq. (3.44) and Eq.
(3.45) are used.

From the symmetrical components phasors of I o> the components of the positive
sequence space vector reveal and the maximum values of the phase currents are
calculated according to Sect. 6.3.2.1.
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Fig. 6.32 Steady state symmetrical components equivalent circuit of a three-phase four-wire

LC L-structure connecting two voltage source

S

6.4  Summary

In this chapter, the realization of enhanced grid fault characteristics of voltage source
converters (VSCs) is presented. These fault characteristics lead to a resilient power
system and are a prerequisite for the operation of a 100% inverter-based power
system. A reliable supply of energy is ensured.
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The enhanced grid fault characteristics are realized by a state-feedback volt-
age/current (V/I) controller from Chap. 5. Applying the grid-forming (GFM) mode,
a voltage source is realized in the positive sequence. Reactive current is injected in
the negative sequence via a current source.

The system resilience consists of the resilience of the grid operation and the
resilience of VSCs. Both forms of resilience are linked to each other and are realized
by the controller of VSCs.

To increase the resilience of the grid operation, the hardware of a three-phase
three-wire VSC is extended. Consequently, the VSC also influences the zero se-
quence. New options in the zero sequence reveal and are used beneficially. A res-
onant grounding system (RGS) is established by the novel RGS-mode. A virtual
inductance is realized in the zero sequence. The RGS-mode allows ensuring a sym-
metrical grid operation, the reduction of the fault current and the arc suppression
after a single-phase-to-ground fault. It is successfully investigated in multiple sim-
ulation scenarios, e.g. applying changing zero sequence capacitance and transient
current limiting.

The objective of the resilience of the VSC is to stay connected to the grid and
to avoid damages of the power semiconductor devices caused by overcurrents in
the transient or steady state. The transient state current limiting is achieved by an
additional cost layer before selecting the switching state of the VSC. The steady state
current limiting is realized by a pre-review of the targeted operating point. The three
steady state symmetrical components equivalent circuits are used to precalculate the
current amplitudes.

The achieved V/I fault characteristics differ from conventional fault characteris-
tics of synchronous machines. The compatibility of these fault characteristics and
existing protection algorithms is not guaranteed. Therefore, a novel universal pro-
tection algorithm is presented in Chap. 8 based on state-space models derived in
Chap. 7. To follow the key aspects of the central theme of this thesis on a shortcut:
The conclusion of the next chapter is provided in Sect. 7.5.
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Grid Fault Modelling 7

This chapter presents the grid fault modelling as the basic prerequisite of the model-
based protection algorithm. In Sec. 7.1, the model-based fault analysis is defined.
The basic concept of the model-based protection algorithm is introduced and com-
pared to existing protection schemes. State-space models of selected grid topolo-
gies are derived in Sec. 7.2. Rules for the formulation of state-space models of
more complex grid topologies are identified. The modelling of transverse faults and
longitudinal faults is discussed in Sec. 7.3. A methodical approach shows different
fault resistance configurations. Sec. 7.4 contains the modelling of lines. State-space
models of a healthy line and faulty lines are developed.

71 Model-Based Fault Analysis

If a grid fault appears in an electrical power system, the characteristics of voltages
and currents can differ from their characteristics during normal operation condi-
tions. The characteristics of voltages and currents are analysed and decisions for
the tripping of circuit breakers to protect living beings and hardware equipment are
taken. The fault analysis is for example based on the comparison of measured val-
ues with predefined limits or calculations using measured values aided by models
reflecting physical laws. A binary decision for the tripping of a circuit breaker is
made from this comparison or this calculation. The fault clearing is executed during
the zero crossing of the respective phase current.

The fault analysis and the derived decision is called the protection scheme. Subse-
quently, three different conventional protection schemes are categorized. The over-
current protection implies, that the tripping of the circuit breaker is initiated if a
current limit is exceeded.
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190 7 Introduction

The distance protection calculates the impedances of current loops based on
Kirchhoff’s voltage law (KVL), see [41, 143]. Consequently, it is based on a simple
electrical model. The Fig. 7.1 shows a generalized model representing a fault current
loop of a single-phase-to-ground fault in phase x with x € {1, 2, 3} used by the
distance protection scheme, see also Fig. 7.12 assuming the fault resistance Rp. In
this example, the loop impedance is calculated from the measured variables V ,
and /..

|~
IN

MV '
() 2o

Z

Zal0x

Fig. 7.1 Generalized model representing a fault current loop of a single-phase-to-ground
fault in phase x with x € {1, 2, 3} used by the distance protection scheme, see also Fig. 7.12.
Kirchhoft’s voltage law (KVL) is applied

The differential protection evaluates Kirchhoff’s current law (KCL) [123]. It is
therefore based on a simple electrical model of the protection zone to be protected.
Often, an individual component, e.g. a transformer or an overhead line, is protected
and external measurements are used. The Fig. 7.2 shows a generalized model rep-
resenting a protection zone in phase x with x € {1, 2, 3} used by the differential
protection scheme, see also Fig. 7.12. In this example, KCL is evaluated from the
measured variables I, and I, .

KCL

Protection zone

’

Fig. 7.2 Generalized model representing a protection zone in phase x with x € {1, 2, 3}
used by the differential protection scheme, see also Fig. 7.12. Kirchhoff’s current law (KCL)
is applied
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Extending the differential protection, the “Setting-Less Protection (SLP)” also
known as the “Dynamic State Estimation (DSE) Based Protection” is presented in
[124-127]. The basic idea is to apply “all physical laws” including also thermo-
dynamic laws (describing e.g. the temperature 7') and mechanical laws (describing
e.g. the mechanical torque My, and the rotor shaft velocity wp,) in addition to elec-
trical laws. External and additional internal measurements are used. The Fig. 7.3
represents a conceptual illustration of the DSE-based protection as an evolution of
the differential protection.

. [ . .
1 2 13 L,V Mm, Wm

Protection
zone

DSE-based
protection

Protection

zone
Differential
protection

KCL only All physical laws
& internal measurements

Fig. 7.3 Conceptual illustration of the dynamic state estimation (DSE) based protection ap-
plying all physical laws instead of using only Kirchhoft’s current law (KCL), adapted from
[126]

The fault analysis of the model-based protection scheme developed in this thesis
(see Chap. 8) is based on state-space models (see Sec. 3.2.1). Measured variables
are compared with calculated variables from models. Afterwards, it is investigated
whether they match or not. On this basis, information about the fault appearance,
the fault configuration and the fault localization is gained. A comparison of the
developed model-based protection scheme in this thesis (see Chap. 8) and the DSE-
based protection scheme is given in Sec. 8.4.5.2.

Subsequently, models based on space-vector components (see Sec. 3.1.2.3) in
the time domain are used. Using state-space components in the stationary reference
frame (af-components) leads to the decoupling of differential equations represent-
ing healthy systems and compact and clear models. The usage of direct current
(DC) quantities is not essential, since instantaneous values are processed and no
integration is necessary.

According to the concept of the model-based protection scheme (see Sec. 8.4.1)
using three protection layers (see Fig. 8.6), state-space models of grid areas and
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state-space models of lines are needed. Models of selected grid topologies (see Sec.
7.2) and lines (see Sec. 7.4) are derived. These state-space models are the basic
prerequisite of the model-based protection algorithm.

It is concluded, that the distance protection scheme, the differential protection
scheme, the DSE-based protection scheme and the novel model-based protection
scheme use models. The essence of these models differ from each other. Further-
more, it is identified, that the design of protection schemes as well as the design of
controllers of voltage source converters (VSC) (see also Sec. 5.1 and Sec. 5.3) is
often based on models emulating real physical characteristics.

7.2  State-Space Models of Selected Grid Topologies

State-space models of selected grid topologies are essential for the fault identifi-
cation layer (see Sec. 8.4.2) representing one layer of the model-based protection
algorithm, see Sec. 8.4.1. The objective of the fault identification layer is to decide,
if normal operation conditions inside the monitored grid area are present or not.

Modelling the zero sequence of a meshed grid area is not a trivial task because
the parameters are often unknown and may change due to environmental conditions.
Consequently, models of selected healthy grid topologies are used and zero sequence
components are not considered. The input and output variables vary by model. The
selection of input and output variables is crucial to ensure the observability, see Sec.
3.3.4.

7.2.1 Single I1-Section Line

A single line is subsequently described as a I1-section equivalent circuit with con-
centrated elements [71]. The capacitance of the line is shared equally upon both
sides of the line. A TT-section equivalent circuit is an appropriate option to describe
overhead lines and cables. Overhead lines and cables are distinguished by different
parameter values. The Fig. 7.4 shows the equivalent circuit of a healthy line (named
line 1, index: L1) based on a C LC-structure between the grid nodes A and B.

The equivalent circuit in Fig. 7.4 includes serial resistances, serial inductances,
phase-to-ground capacitances, ground impedances and mutual coupling inductances
between the phases to describe electrical characteristics and effects. The mutual
coupling inductances My with x € {1, 2, 3}, y € {1, 2, 3} and x # y are
described by the following KVLs according to Fig. 7.4, see Eq. (7.1), Eq. (7.2) and
Eq. (7.3).
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Fig. 7.4 Equivalent circuit of a healthy line based on a C LC-structure between the grid nodes

Aand B
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val — vB1 — 3Rri10iL10 — 3LLio—iL10 =

dr
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L12iL12 + L12dt L2 + LlZldt Li1 + MrLi123 a L13

. d,
vA3 — vB3 — 3RL10iL10 — 3LL1051L10 =

. d, d. d.
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dr dt dt

(7.1)

(7.2)

(7.3)

In Fig. 7.4, the conductances between different phases and conductances between
the phases and ground are neglected. The capacitances between different phases are
also neglected. Essentially, the previously mentioned assumptions of describing a
single line according to the equivalent circuit in Fig. 7.4 are equal to the common
assumptions made for distance protection algorithms [143].

Subsequently, it is assumed, that corresponding resistances, inductances and
capacitances in each phase are equal. Furthermore, all mutual coupling inductances
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are regarded to be equal: My 112 = MpL113 = ML121 = ML123 = MLi31 = MLz =
My 1. The zero sequence components of the currents iay, iL1x and i, are set to zero
because normal operation conditions are assumed. The open circuit in the zero
sequence is not considered. The state differential equations describing line 1 based
on Fig. 7.4 according to Eq. (7.4) appear.

. R 1 .
Lla _LLlfMLl 0 Ly —My, 0 _LLlfMLl 0 ILla
) 0 _ Ry 0 1 0 _ 1 )
‘L1 Ly =M, Ly =My, LL—Mp 'L1p
2
i VAq _ - C_Ll 0 0 0 0 0 VAq
dr 2
VAB 0 T 0 0 0 0 VA
VB % 0 0 0 0 0 UBa
2
vBg 0 o5 0 0 0 0 VBB
(7.4)
0 0 0 0
0 0 0 0 ing
2 :
L @ 0 0 ing
2 .
0 &0 0 0 iBa
2 .
0 0 5 0 ipp
0 0 0 CLLI

Separating the state differential equations of line currents and voltages at node A
and B from Eq. (7.4) leads to Eq. (7.5), Eq. (7.6) and Eq. (7.7).

d Ry
i = ———EL - - 75
g7 \Llep I — Mo iLigp + L Mo (VAap — VBap) (7.5)
d 2 . .
7 VAep = C_Ll(lA(xﬁ —iL1gp) (7.6)
d 2. .
aVBaB = C—Ll(lBuﬁ +iL1ap) )

Based on Eq. (7.5), Eq. (7.6) and Eq. (7.7), rules for the formulation of state differ-
ential equations of more complex grid topologies are derived. Basically, Eq. (7.5)
represents KVL and Eq. (7.6) and Eq. (7.7) represent KCLs describing three-phase
systems using af-components. The identified rules for the formulation are used to
derive the state differential equations presented in Sec. 7.2.2. For reasons of clarity,
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the equivalent circuit of line 1 according to Fig. 7.4 is represented by the single-line
diagram according to Fig. 7.5 subsequently.

A B

Line 1

Fig. 7.5 Single-line diagram of one line connecting the grid nodes A and B

7.2.2 Combination of Multiple I1-Section Lines

7.2.2.1 Parallel Lines

To increase the electrical energy transport capacity between two grid nodes A and B,
two lines are operated in parallel. Based on Fig. 7.5, the Fig. 7.6 shows two parallel
lines in a single-line diagram.

A B

. Line 1 .
IA B

@7 Line2 4@

Fig. 7.6 Single-line diagram of two parallel lines connecting the grid nodes A and B

Analogue to Fig. 7.4, the index L2 is used for line 2. The assumptions from Sec.
7.2.1 are adopted. In addition to Eq. (7.5), the following state differential equations
to describe two parallel lines reveal, see Eq. (7.8), Eq. (7.9) and Eq. (7.10).

d Ry

. 2
—lpggp = ————
Ly, — My

i +
ar L2ap

B — 7.8
Tir— Mia (VAap — VBap) (7.8)

d

m (iaop — iL1ap — i12ap) (7.9

Vagg = ————
Ach CrL1 + Cr2
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d

m (iBap + iL10p + iL20p) (7.10)

2
VB = ——————
Bap CrLi +Cr2

7.2.2.2 Serial Lines

To transport electrical energy over long distances, two lines are operated in series.
Grid node A is connected to node C via node B. Based on Fig. 7.5, the Fig. 7.7
shows two serial lines in a single-line diagram.

A B C

Fig. 7.7 Single-line diagram of two serial lines connecting the grid nodes A, B and C

N

S

Line 1 Line2

©

The assumptions from Sec. 7.2.1 are adopted. In addition to Eq. (7.5), the fol-
lowing state differential equations representing KVLs to describe two serial lines
reveal, see Eq. (7.11).

d oo Rio
B T T L — Mo

iLogp +

@ ; (VBap — VCap) (7.11)

Ly, — My

Moreover, the following KCLs in addition to Eq. (7.6) appear, see Eq. (7.12) and
Eq. (7.13).

d
—V =—¥(i —i 7.12
it Bap CLi C (lLlaﬁ lLZuFS) ( )
-, YCap = —(.CuB i 2(16) (7.13)
v 1 +1 7.13
dr Cio

7.2.2.3 Intermediate Infeed
The integration of renewable energy sources (RES) into the electrical power grid
often leads to intermediate infeed because RES are usually locally distributed. Ex-
tending Fig. 7.7, the Fig. 7.8 shows the according grid topology with three lines in
a single-line diagram.

Using the assumptions from Sec. 7.2.1, the KVLs from Eq. (7.5), Eq. (7.11) and
Eq. (7.14) yield.
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Fig. 7.8 Single-line diagram of two serial lines connecting the grid nodes A, B and C with
an intermediate infeed at grid node B from grid node D via a third line

d Ry

. 3
—j —
dr L3op Liz— M3

i 30p + ; (VCap — VDap) (7.14)

Lz — My

The KCLs from Eq. (7.6), Eq. (7.13), Eq. (7.15) and Eq. (7.16) appear.

d 2
—V =— (i —1i —1i 7.15
3 VBep Lt Cax CL3(Llaﬁ L2ap — IL3ap) (7.15)
d 2, .
37 YouB = C—m(lDaﬁ + i 308) (7.16)

7.3  Modelling of Faults

Grid faults are categorized into transverse and longitudinal faults [71]. In general,
both fault categories differ from each other in terms of the transformation of the
line topology at the fault location. Transverse fault are often of greater practical
importance than longitudinal faults. In Sec. 7.3.1, a generic method for modelling
transverse faults is presented. Sec. 7.3.2 shows a generic method for modelling
longitudinal faults. Moreover, combinations of transverse faults and longitudinal
faults can occur, e.g. due to the disconnection of one phase by a circuit breaker after
a single-phase-to-ground fault.



198 7 Introduction

During transverse faults and longitudinal faults, fault impedances appear. These
impedances characterize an arc, for example. Subsequently, the fault impedances
are modelled by resistors for simplification. Furthermore, the values of the fault
resistances are assumed to be constant.

7.3.1 Transverse Faults

Transverse faults appear between one phase and ground or between different phases
with or without ground connection. Transverse faults occur, for example if a tree
hits an overhead line or a cable is destroyed by an excavator. All types of transverse
faults (index: t) are modelled by four resistors Ryj, Ry2, Ri3 and Ryo. The values of the
resistances can differ from each other. The Fig. 7.4 shows the general configuration
of fault resistances modelling a transverse fault, see [41, 143].

Transverse fault

>

Fig. 7.9 General configuration of fault resistances modelling a transverse fault
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The fault resistance configuration of transverse faults is described in Tab. 7.1.

Table 7.1 Fault resistance configuration of transverse faults

fault resistance configuration
Ry Ri Ry Ry
1 single-phase-to-ground fault in phase 1 Ry 00 00 Ry
2 single-phase-to-ground fault in phase 2 oo Ro 00 Ry
3 single-phase-to-ground fault in phase 3 o0 o0 Ry Ry
4 phase-to-phase fault between phase 1 and 2 Ry Rp 00 00
5 phase-to-phase fault between phase 2 and 3 00 Ro R 00
6 phase-to-phase fault between phase 1 and 3 Ry o0 R 00
7 phase-to-phase-to-ground fault between phase 1 | Ry Ry 00 Ry
and 2
8 phase-to-phase-to-ground fault between phase2 | oo R R Ry
and 3
9 phase-to-phase-to-ground fault between phase 1 | Ry ) R3 Ry
and 3
10 three-phase fault R R R 00
11 three-phase-to-ground fault Ry Rp R Ry

7.3.2 Longitudinal Faults

Longitudinal faults appear along one phase or multiple phases. Ground is not af-
fected. Longitudinal faults occur, for example, if an overhead line or a cable breaks
or a circuit breaker is damaged. All types of longitudinal faults (index: 1) are mod-
elled by three resistors Rjj, Rjp and Rj3. The values of the resistances can differ
from each other and are often very high (range of k2). The general configuration
of fault resistances modelling a longitudinal fault is presented in Fig. 7.10 [71].
The Tab. 7.2 describes the fault resistance configuration of transverse faults.



200 7 Introduction

Longitudinal fault

Fig. 7.10 General configuration of fault resistances modelling a longitudinal fault

Table 7.2 Fault resistance configuration of longitudinal faults

fault resistance configuration
Rip Ri Ri3
1 single-phase break in phase 1 Ry 0 0
2 single-phase break in phase 2 0 R 0
3 single-phase break in phase 3 0 0 Ri3
4 double-phase break in phase 1 and 2 Ry Rpp 0
5 double-phase break in phase 2 and 3 0 Rpp Rj3
6 double-phase break in phase 1 and 3 Ru 0 Ri3
7 three-phase break Ry Rpp Ri3

7.4  State-Space Models of Lines

State-space models of lines are fundamental for the fault characterization layer (see
Sec. 8.4.3) and the fault localization layer (see Sec. 8.4.4) representing two layers
of the model-based protection algorithm, see Sec. 8.4.1. In the fault characterization
layer each line is monitored. In the first step it is examined, if the monitored line
is healthy or not. The identification of healthy lines is essential to reach selectivity
by proper tripping actions. Afterwards, the faulty line or multiple faulty lines are
investigated regarding fault characterization. The fault characterization includes the
determination of the fault resistance configuration and the values of the appearing
fault resistance. Each faulty line is further monitored in detail in the fault local-
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ization layer to specify the fault location based on the identified fault resistance
configuration.

Consequently, a model of a healthy line (see Sec. 7.4.1) and models of selected
faulty lines (see Sec. 7.4.2, Sec. 7.4.3 and Sec. 7.4.4) are presented. The input and
output variables are equal for each line model, see Sec. 8.4.3.

A grid fault on one line leads to the split of the model at the fault location based
on the model of the healthy line. The structural change of the line model at the fault
location depends on the fault resistance configuration. Fault-characteristic model
structures of the line reveal, see e.g. Sec. 7.4.3 and Sec. 7.4.4. Beyond the line
resistance, the line inductance, the mutual line coupling inductance, the derived
fault-characteristic models are parametrized regarding the fault resistances and the
fault location. The parametrization regarding the fault resistances (see Fig. 7.9 and
Fig. 7.10) allows estimating the real values of the involved fault resistances. The
parametrization regarding the fault location allows locating the fault, see Sec. 8.4.4.
Fault location is not for possible longitudinal faults in general.

The simplifying assumption from Sec. 7.2.1 are considered. Furthermore, the
phase-to-ground capacitances are neglected because lines show dominant inductive
characteristics during a fault [143].

7.4.1 Model of a Healthy Line

The equivalent circuit of a healthy line based on a L-structure is shown in Fig. 7.11.
To prepare the modelling of faulty lines and to ensure compatibility, the healthy
line in Fig. 7.11 is split into two parts. The currents i,, with x € {1, 2, 3} and
represented by the index a appear between the fault location and the grid node A.
The currents iy, represented by the index b appear between the fault location and the
grid node B. The share of the line resistances, the line inductances and the mutual
coupling inductances depend on the relative fault distance m regarding the actual
length of the line.

Based on Fig. 7.11, the state differential equations are derived. The mutual cou-
pling inductances are described analogue to Eq. (7.1), Eq. (7.2) and Eq. (7.3). Fur-
thermore, the corresponding line parameters are assumed to be equal in each phase.
The state differential equations of the zero sequence are explicitly considered in-
creasing the quality of the model to distinguish between a healthy and a faulty line.
The state differential equations in accordance with Eq. (7.17), Eq. (7.18), Eq. (7.19)
and Eq. (7.20) appear.
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Fig. 7.11 Equivalent circuit of a healthy line based on a L-structure
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1

+ VB — V
La+ Lo + 2My + 2My + 3L + 3Lb0( B0 = VA0)

7.4.2 Universal Representation of Faulty Lines

Based on the equivalent circuit of a healthy line in Fig. 7.11, the general config-
uration of fault resistances modelling a transverse fault in Fig. 7.9 and Tab. 7.1,
a universal representation of faulty lines with a transverse fault is found, see Fig.
7.12. Models for all transverse fault configurations according to Tab. 7.1 are derived.



7.4 State-Space Models of Lines

203

They are used by the fault characterization layer and the fault localization layer of
the model-based protection algorithm, see Sec. 8.4.3 and Sec. 8.4.4. All models
are parametrized regarding the line resistance, the line inductance, the mutual line
coupling inductance, the fault resistances and the fault location.

Transverse fault
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Fig. 7.12 Universal equivalent circuit of a line with a transverse fault

Analogously, the general configuration of fault resistances modelling a longitu-
dinal fault (see Fig. 7.10) and Tab. 7.2, a universal representation of faulty lines with
a longitudinal fault is found, see Fig. 7.13. All models are parametrized regarding
the line resistance, the line inductance, the mutual line coupling inductance and the

fault resistances.

Longitudinal fault
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N = A el iy | Fig.7.10 | dpr P10 T ~Y y
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Fig. 7.13 Universal equivalent circuit of a line with a longitudinal fault
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Selected models of faulty lines are presented by their state differential equations
using state-space components in the stationary reference frame (af-components,
see Sec. 3.1.2.3) and the zero sequence component in Sec. 7.4.3 and Sec. 7.4.4.

7.4.3 Three-Phase-to-Ground Fault

A three-phase-to-ground fault is derived from Fig. 7.12 with the fault configuration
11 from Tab. 7.1. It is assumed that the line resistances and inductances are equal in
each phase. Furthermore, all mutual coupling inductances are regarded to be equal:
My = M3 = My = Mys = M3 = M3 = M. Moreover, it is assumed, that
Riu = Ro=R3 =R,

The following state-differential equations using af0-components at grid node A
appear, see Eq. (7.21) and Eq. (7.22).

d Ry — Ry

. . t .
g = ——o T 7.21
ar laop L.— M, Lop + L.— M, Ibap + L,— M, VAap ( )
d R, — R + 3R, 3R
Lio=— a ¢+ a0 + t0 i0 (7.22)
dr L,+2M,+ 3Ly
Rt - 3R[0 . 1

bo +

1 VAO
Ly +2M, + 3Ly Ly +2M, + 3Ly

Analogously, the state-differential equations using af0-components at grid node B
appear, see Eq. (7.23) and Eq. (7.24).

d Ry — R .

t
i -2 i 7.23
ar Ihap Lo — M, Ipop + Lo — M, Liop + Lo — M, VBap ( )
ii __Rb_Rl+3Rb0+3Rt0l. (724)
dr ™ Lo+2My+3Lyy '
Ry — 3Ry . 1

120 + v
Ly 4+ 2My + 3Ly a0 Ly +2My + 3Ly BO

The Eq. (7.21), Eq. (7.22), Eq. (7.23) and Eq. (7.24) are aggregated into a holistic
state-space model.
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7.4.4 Three-Phase Break

A three-phase break is derived from Fig. 7.13 with the fault configuration 7 from
Tab. 7.2. The line resistances and inductances are assumed to be equal in all phases.
Besides, all mutual coupling inductances are regarded to be equal: M1, = M3 =
My, = M3 = M3, = M3, = M. Moreover, it is assumed, that Rj; = Rjp = R;3 =
Ry.

At grid node A, the following state-differential equations using of0-components
appear, see Eq. (7.25) and Eq. (7.26).

d, R, + Ry + Ry P 1 ( )
—1. = — 1, \4 —V
A T T L Ly — My — My P T Ly f Ly — My — My T B
(7.25)
d. Ry + Ry + 3Ry + 3Rpo + Ry .
—i=— 120 (7.26)
de Ly~ Ly +2My +2My +3Lao + 3Lwo
1

+ VAQ — U
La+ Lo+ 2Mq + 2My, + 3Ly + 3Lbo( A0 = VBO)

Analogously, the state-differential equations using af0-components at grid node B
appear in accordance with Eq. (7.27) and Eq. (7.28).

d, R,+ Ry + Ry P 1 ( )
—1 = — 1 \'% —V
ar T T Lo — My — My " T L+ Ly — M, — My, PP T A
(7.27)
d . Ra+ Ry +3Ra0+3Rwo + Ry .
Lo = — b0 (7.28)
dt Lo+ Ly +2M, +2My + 3L, + 3Lpo

1
+
Lo+ Ly +2My +2My + 3L, + 3Ly

(vBo — vA0)

The Eq. (7.25), Eq. (7.26), Eq. (7.27) and Eq. (7.28) are aggregated into a holistic
state-space model.
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7.5 Summary

In this chapter, the grid fault modelling in the state-space is presented. The grid
fault modelling is the basic prerequisite of the developed model-based protection
algorithm.

The models of this chapter are based on the state-space representation using
space vector components in the stationary reference frame presented in Chap. 3.
Like the design of the state-feedback voltage/current (V/I) controller of voltage
source converters (VSCs) (see Sec. 5.1 and Sec. 5.3), the design of the developed
model-based protection algorithm is also based on models emulating real physical
characteristics. Existing protection algorithms like the distance protection and the
differential protection are also based on models. These models are of different nature
and are less detailed compared to the state-space models in this chapter.

If a grid fault appears in an electrical power system, the characteristics of voltages
and currents can differ from their characteristics during normal operation conditions.
V/I-characteristics can be analysed in different ways. The analysis of the model-
based protection algorithm is based on the comparison of measured variables with
corresponding calculated variables from models. It is investigated, whether they
match or not, and the goodness-of-fit is quantified. Decisions based on this analysis
for the tripping of circuit breakers to protect living beings and hardware equipment
are taken.

State-space models of selected grid topologies, which are especially relevant for
100 % inverter-based power system, are analytically derived. They are used inside
the fault identification layer of the model-based protection algorithm. Here, a grid
area is monitored. Rules for the formulation of state differential equations of more
complex grid topologies are identified. Consequently, it is possible to extend the
fault identification as a part of the fault analysis for more complex grid topologies.

Grid faults are categorized into transverse faults and longitudinal faults. Both
fault categories are generalized. Different fault resistance configurations are distin-
guished.

State-space models of lines are derived. They are used inside the fault characteri-
zation and the fault localization, representing two layers of the model-based protec-
tion algorithm. In the fault characterization layer, each line of the grid area investi-
gated by the fault identification layer is monitored. The line models are parametrized
regarding the line parameters, the fault resistance configuration, the values of the
fault resistances and the fault location.

The derived state-space models are essential for the analysis and the decision
of the model-based protection algorithm. The model-based protection algorithm is
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presented in Chap. 8. To follow the key aspects of the central theme of this thesis
on a shortcut: The conclusion of the next chapter is provided in Sec. 8.5.
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This chapter presents the model-based protection (MBP) algorithm. In Sect. 8.1, the
fundamentals of the model-based fault analysis based on estimated values are ex-
plained. The principles of the state observer and the Kalman filter as state estimators
are described in Sect. 8.2. Sect. 8.3 contains the derivation of an appropriate protec-
tion criterion based on hypothesis testing. The MBP scheme is presented in Sect.
8.4. It contains the basic structure and the discussion of the properties of the MBP.
The three layers of the MBP (fault identification, fault characterization and fault
localization) and their interactions are explained in detail. Furthermore, the MBP
is compared to alternative protection principles. Distinctions between the MBP and
state-of-the-art protection schemes and alternative model-based protection schemes
are pointed out.

8.1 Model-Based Fault Analysis Based on Estimated Values

A novel grid protection algorithm named “model-based protection (MBP)” for
100 % inverter-based power systems (IBPS) is presented. The focus of this the-
sis is the model-based fault analysis containing the fault identification, the fault
characterization and the fault localization. The dynamics and the stability after the
fault and after the fault clearance are defined by the grid control strategy, see Sect.
2.2.3. The basic objective is to maintain the grid operation.

The MBP is inspired by the “Setting-Less Protection (SLP)” also known as
the “Dynamic State Estimation (DSE) Based Protection” presented in [124—127].
Distinctions between this scheme and the presented MBP are discussed in Sect.
8.4.5.2.
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The basic idea of the presented MBP is to evaluate, if measured values and
calculated values based on models (see Chap. 7) of corresponding variables match
or not. In this way, selected output variables of the regarded system are measured
and calculated as well. The output variables are a subset of the state variables using
the state-space representation, see Sect. 3.2.1.

The MBP turns out to be very suitable for 100 % IBPS based on renewable
energy system (RES). It operates independently of signal characteristics. Differences
between measured values and calculated values based on models are crucial using
the MBP. Consequently, the flexibility options of voltage source converters (VSCs)
(see especially Sect. 2.3 and Chap. 6) are not restricted. Furthermore, transient
state characteristics are evaluated. Moreover, unidirectional power flow from higher
voltage levels to lower voltage levels is not assumed using the MBP. The direction
of power flows will not be predetermined any more regarding storage-based RES,
see Sect. 2.3 and Sect. 1.1.4.

There are various possibilities to calculate the output variables of a system from
its input variables. The direct calculation from a state-space model using Eq. (6.22)
and Eq. (3.47) is disadvantageous, since the initial value of each state variable
(x(k) in Eq. (6.22) with k = 0) is often unknown in practical applications. An
alternative calculation principle is to use the dynamic state estimation principle, see
Sect. 8.2. This approach is beneficial over the direct calculation because the initial
state variables do not have to be known. State estimation in power systems is already
discussed in early publications, see [128].

8.2 State Estimation
8.2.1 State Observer

State observers are state estimation algorithms, which are often applied in the context
of state-feedback controllers (see also Sect. 5.3) [129-131]. They are used, if not
each state variable is measured or measurable. The objective of a state observer is
to estimate the state variables x aided by the measurement of the input variables
and the output variables of the control plant. From this objective, the term “state
observer” is derived.

Applying a state observer (subsequently abbreviated as observer) to the state-
feedback V/I-controller in Fig. 5.18, the control structure according to Fig. 8.1 is
derived [81]. The plant and the observer are influenced by the identical measured
actuating variables u and disturbance variables z representing the input variables.
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Fig. 8.1 Block diagram of the state-feedback V/I-controller using the feedback controller R
and a state observer (Obs.) extending Fig. 5.18

The state variables of the control plant x and the estimated state variables by the
observer X can differ from each other. The reason is, that the model used for the
design of the observer does not represent the real characteristics exactly.

A discrete-time state-space model of the control plant is the basic prerequisite for
the design of the observer. From Eq. (3.46) and Eq. (3.47), the model according to
Eq. (8.1b) and Eq. (8.2) appears. It is assumed, that the actuating variables u and the
disturbance variables z are measured and aggregated into the vector 0 representing
the input variables.

x(k + 1) = Agx(k) + Bqu(k) + Eqz(k) (8.1a)
= Agx(k) + Bau(k) (8.1b)
y(k) = Cx(k) (8.2)

The basic concept of the observer is to feed back the estimation error calculated
from the measured output variables y and the estimated output variables by the
observer § via the observer matrix L [81]. In this way, the next estimation of the
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state variables X(k 4 1) is updated. This concept based on the model in Eq. (8.1b)
and Eq. (8.2) is represented by Eq. (8.3) and Eq. (8.4) [78].

R(k + 1) = Agk(k) + Bqli(k) + L[y(k) — §(6)] (8.3)

y(k) = Cx(k) (8.4)

The estimation error of the state variables e; equals the difference of the real state
variables x and the estimated state variables X by the observer, see Eq. (8.5).

ez (k) = x(k) — x(k) (8.5)

The feedback of the estimation error of the output variables (see the third addend
in Eq. (8.3)) is performed in a way, that e; reaches zero [81]. It is assumed, that the
output matrix C of the model describes the real output characteristics sufficiently.
If e = 0 is reached, the estimated state variables equal the actual state variables
and thus the real system state is exactly known.

The Fig. 8.2 shows the block diagram of the observer based on Eq. (8.3) and
Eq. (8.4) [78]. The initial state variables x(0) are often partly or entirely unknown.
The unknown initial state of the system represents a deterministic disturbance to
the state observer. Consequently, the initial estimation of the state variables X(0) is
often set to zero.

y(k)

u(k) §(k)

> X(k)

Fig. 8.2 Block diagram of the state observer based on a linear feedback of the difference
of the measured output variables y and the estimated output variables y using the observer
matrix L and a discrete-time state-space model of the regarded system
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The state difference equations of the closed control loop of the observer using
Eq. (8.5), Eq. (8.1b), Eq. (8.3), Eq. (8.2) and Eq. (8.4) yield Eq. (8.6).

ek +1) =x(k+1) —%(k + 1) (8.6a)
= Agx(k) + Bqii(k) — Aqk(k) — Bqii(k) — L[y(k) —§(k)]  (8.6b)
= Aqg[x(k) — X(k)] — LC[x(k) — (k)] (8.6¢)
= [Adg — LClez (k) (8.6d)

Similar feedback concepts of the state-feedback V/I-controller in Fig. 5.18 and
the observer in Fig. 8.2 are identified. The state difference equations of the closed
control loop of the observer in Eq. (8.6d) are similar to the state difference equations
of the closed control loop of the state-feedback V/I-controller in Eq. (5.31b). The
observer controls the estimation error of the output variables (see the third addend
in Eq. (8.3)) to zero. The state-feedback V/I-controller controls the state error of the
control plant ex (see Eq. (5.50) and Eq. (5.48)) to zero.

Analogue to the system matrix (Ag — B4R) of the state-feedback V/I-controller
in Eq. (5.31b), the asymptotic stability (see Sect. 3.3.2) of the observer is determined
by the system matrix (Ag — LC) in Eq. (8.6d).

The controllability of the control plant (see Sect. 3.3.3) is the prerequisite for
the design of the state-feedback V/I-controller [78]. The observability of the control
plant (see Sect. 3.3.4) is the prerequisite for the design of the observer [78]. The
duality of controllability and observability (see Sect. 3.3.5) underlines the analo-
gies of the state-feedback V/I-controller and the observer. Furthermore, the design
principles of the state-feedback V/I-controller controller matrix R can be applied
to design the observer matrix L [78, 81]. Various options to calculate the observer
matrix L appear, e.g. using pole placement or the linear-quadratic regulator (LQR)
algorithm, see Sect. 5.3.4.2 and Sect. 5.3.4.3.

8.2.2 Kalman Filter

Kalman filters (KFs) are state estimation algorithms, which differ from state ob-
servers (see Sect. 8.2.1) regarding the nature of considered disturbances to the state
estimator [132]. Initial estimation errors of the state variables represent the deter-
ministic disturbance of state observers. KFs take stochastic errors into account.
However, the basic objective of state observers and KFs to estimate unknown state
variables is the same.
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Model uncertainties (also termed model inaccuracies or process noise) are in-
cluded in the state difference equations of the model extending Eq. (8.1b). These
equations are named “state extrapolation equations”, since they are interpreted as the
extrapolation or prediction of the state variables in the future. Measurement errors
and measurement noise are included in the output equations extending Eq. (8.2).
These equations are named “measurement equations” because the output variables
are measured.

Process noise and measurement noise are stochastic disturbances, which are
represented by random variables. It is assumed that these random variables follow a
normal distribution. The state estimation error and the measured output variables are
also regarded as random variables. Consequently, statistic methods are used for the
state estimation. To clearly distinguish KFs from state observers, the time-variant
feedback matrix of KFs is named K(k) instead of L. The state estimation error is
named €4 instead of e;.

From this perspective, an interim conclusion is drawn: KFs represent state esti-
mation algorithms based on statistical methods. The objective is to reach a sufficient
estimation of non-measured variables based on an inaccurate model and noisy mea-
surements of output variables. Taking these non-ideal boundary conditions into
account makes KFs particularly suitable for various practical areas of application.
If ¢; = 0 is reached, the estimated state variables equal the real state variables and
thus the actual system state is exactly known.

KFs are designed based on the linear state extrapolation equations in Eq. (8.7)
and the linear measurement equations in Eq. (8.8). The matrices Aq, ﬁd, Cand K
can also be time-variant.

x(k + 1) = Agx(k) 4 Bqii(k) + Gapu(k) (8.7)

y(k) = Cx(k) + v (k) (8.8)

The state estimation error is calculated according to Eq. (8.9).
€x(k) = x(k) — X(k) (8.9)
Analogue to Eq. (8.6a), the closed control loop of the KF yields Eq. (8.10).

ek+ 1) =xk+1) — Kk + 1) (8.10a)
= [Ad — K(K)CJez (k) + pk) — Kk (k) (8.10b)
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To reach a sufficient estimation, an optimization problem is solved. The cost
function of the KF JxF is defined as the expected value E of the sum of the squares
of the estimation error of each state variable, see Eq. (8.11).

Jkr = E[€] (K)ez (k)] (8.11)

In contrast to the cost function of the LQR-algorithm (see Eq. (5.51)), the cost
function Jkr does not include any weighting matrix [103].

The idea of the optimization problem is to calculate X to minimize Jgp and thus
to reach €; = 0. The estimated state variables X are linked to the feedback matrix
K(k) of the KF (see also Eq. (8.19) and Eq. (8.13)). The matrix K(k) is time-variant
and corresponds to a continuous correction to minimize the estimation error €. All
measurements up to the current sample point are included.

The following assumptions for the design of the KF are made [103]:

Process noise and measurement noise are zero-mean

Process noise and measurement noise are pairwise uncorrelated
Process noise and measurement noise are not cross-correlated

Process noise and measurement noise are uncorrelated to state variables

Minimizing the cost function Jx according to Eq. (8.11) leads to the five equations
of the KF, see Eq. (8.12), Eq. (8.13), Eq. (8.14), Eq. (8.15) and Eq. (8.16) [103].

K(k) = I(k |k — DCT[CH(k |k — DCT + Var[v(k)]]“ (8.12)
R(k k) = %(k |k — 1) + K(k)[y(k) — CX(k [k — 1)] (8.13)
M(k|k) = (I— KK&C)I(k [k — 1) (8.14)

Rk + 11k) = Agk(k | k) + Bali(k) (8.15)

T(k + 1| k) = AqTL(k | k)AL + GgVar[pu (k)]G (8.16)

The variances (Var) of the measurement noise appear in Eq. (8.12). The variances
of the process noise appear in Eq. (8.16). These variances describe the dispersions
of the according variables around their expected values.
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The covariance matrix of the estimation error €; is named IT(k) [103]. The
covariance is a measure of the joint variability of two random variables. It equals
the product of the deviations of two random variables from their expected value
[103].

The Kalman filter algorithm (see Eq. (8.12), Eq. (8.13), Eq. (8.14), Eq. (8.15)
and Eq. (8.16)) represents a recursive and iterative algorithm. The Fig. 8.3 visualizes
the two steps of the KF at one sampling point k as a time sequence, see also [133].

y(k|k)

Correction I Prediction

f(k|k—1)

Eq. (8.15) X(k+1]k)

M(k|k-1)! H(k|k) | Eq.(8.16) "H(k+1]k)
! ! oL
T Ts
k-1 ‘ k k+1
y(k) u(k)
past < > future
present

Fig. 8.3 Time sequence of the Kalman filter at the sampling point k consisting of the correc-
tion step and the prediction step

The first step in Fig. 8.3 is the correction step using the measurement equations
(see Eq. (8.8)) to improve the estimation by updating the predicted state variables
X(k | k — 1) and updating the covariance matrix of the estimation error II(k | k — 1)
from the previous sampling point (k — 1) (see Eq. (8.13) and Eq. (8.14)). The
correction is realized using the current measurement variables y (k) (see Eq. (8.13)).
The Kalman matrix K(k) defines the impact of the correction using the current
measurement variables y(k). It is updated in each sampling point (see Eq. (8.12)).
The correction step is interpreted as a a-posteriori system monitoring step [103].

The second step in Fig. 8.3 is the predicting step using the state extrapolation
equations according to Eq. (8.7) neglecting the process noise to predict the state
variables X(k + 1 | k) and the covariance matrix of the estimation error II(k + 1 | k)
of the next sampling point (k + 1) (see Eq. (8.15) and Eq. (8.16)). The prediction
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is realized using the current input variables (k) (see Eq. (8.15)). The predicted
variables are used in the next sampling point. The predicted state variables X(k+1 | k)
are used to update the predicted state variables in the next sampling point, see Eq.
(8.13). The predicted covariance matrix is used to update itself and to calculate the
matrix K(k) in the next sampling point, see Eq. (8.12) and Eq. (8.14). The prediction
step is interpreted as a-priori step to ensure real-time capability [103].

A connection between the KF and a low-pass filter (LPF) is identified. The
prediction step in the discrete-time domain is equivalent to a time derivative in the
continuous-time domain, see Sect. 3.2.3 and compare Eq. (3.46) and Eq. (3.29).
Calculating time derivatives of noisy measurement signals according to Eq. (3.29)
leads to high magnitudes. A LPF is often used to attenuate these signals. In contrast
to the KF, a LPF is not real-time capable due to its group delay describing a time
shift.

The estimated state variables X(k) and the covariance matrix of the estimation
error IT(k) have to be initialized. Often, no information is available. Consequently,
both variables are initialized by zero.

The updated estimated state variables X(k | k) and the updated estimated mea-
surement variables y(k | k) using Eq. (8.4) are extracted in each sampling point, see
Fig. 8.3.

In practical applications using a one-step prediction, the five KF equations (see
Eq. (8.12), Eq. (8.13), Eq. (8.14), Eq. (8.15) and Eq. (8.16)) are simplified, see Eq.
(8.17), Eq. (8.18) and Eq. (8.19) [103].

K(k) = AdL()CT[CH(k)CT + Var[v (k)] (8.17)

I(k + 1 k) = [Ag — KK C]I(H)A] + GqVar[p (k)]G (8.18a)
= AdT(K)A] + GgVar[u(k)IG) — K(k)CII(k)A) (8.18b)

R(k +11k) = Agk(k |k — 1) + Bai(k) + K [y(k) — Ck(k [k — )] (8.19)

The simplified covariance update equation in Eq. (8.18b) represents a dual represen-
tation of the discrete-time Riccati equation in Eq. (5.53) for V/I-controllers of VSCs.
In contrast to Eq. (5.53), the Eq. (8.18b) is solved through integration forwards in
time.

The basic idea of the model-based protection (MBP) algorithm is to evaluate, if
measured values and estimated values based on models of corresponding variables
match or not, see Sect. 8.1. In this way, the most suitable model to the actual
system state is found. From the consideration of this section, the KF represents an
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appropriate state estimation algorithm for practical applications. The KF reduces
estimation errors caused by noisy measurement signals. Consequently, estimation
errors are allocated to false model configurations and the most suitable model is
found and protection decisions are made. Furthermore, the KF shows real-time
capability and high speed is a basic prerequisite of protection algorithms, see Fig.
8.6.

The presented KF is suitable for the models of linear systems in Chap. 7. However,
there are extensions of the KF (see [132]), which could be applied to the MBP in the
future. The extended Kalman filter (EKF) uses first order Taylor approximations of
non-linear systems around one point [134]. The unscented Kalman filter (UKF) is
based on a different principle of linear estimation approximating around multiple
so-called sigma points [135]. Some relations between the EKF and the UKF are
presented in [136].

8.3  Protection Criterion Based on Hypothesis Testing

The distinction between normal operation conditions and faulty operation condi-
tions is based on a protection criterion. Today, the V I ¢-starting mode is used for
example [143]. A suitable protection criterion of the model-based protection (MBP)
algorithm is derived from hypothesis testing in this section. The identified protection
criterion is used subsequently in the fault identification layer to decide, if normal
operation conditions inside the monitored grid area are present or not, see Sect.
8.4.2.

The updated estimated measurement variables from the Kalman filter (KF) are
named y(k | k) (see Sect. 8.2.2 and Fig. 8.3). The difference between the measured
output variables y(k) and § (k | k) is named the estimation error of the output variables
€; (k). It is calculated according to Eq. (8.20).

€g(k) =y(k) — y(k [k) (8.20)

The estimation error of the output variables €y depends on the state extrapolation
equations in Eq. (8.7) and the measurement equations in Eq. (8.8). Subsequently it
is assumed that the KF operates in its steady state and the initial estimation error
is compensated. It is concluded that the estimation error €5 is low, if Eq. (8.7) and
Eq. (8.8) reflect the real characteristics of the monitored grid area sufficiently. The
estimation error €y is high, if Eq. (8.7) and Eq. (8.8) reflect the actual characteristics
of the monitored grid area insufficiently.
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A statistical hypothesis test (see [137]) allows to draw conclusions from € to
evaluate the quality of a model given by Eq. (8.7) and Eq. (8.8). In this way, the
goodness-of-fit of a model is quantified. The estimation error € represents a random
variable. In this way, the confidence level (see [137]) of the model used inside the
KF regarding the measured output variables y is quantified. The following null-
hypothesis Hy is formulated: The model given by Eq. (8.7) and Eq. (8.8) reflects
the real characteristics of the monitored grid area. The null-hypothesis Hy is tested
using €.

The chi-squared distribution test (abbreviated as Xz-test) is a mathematical tool,
which is often used in practical applications of hypothesis tests [137]. The random
variable ¢ (k) is introduced as the test variable of the x 2-test. It is calculated accord-
ing to Eq. (8.21), see [138]. It represents the weighted sum of the squared elements
of €5 (k).

c(k) = €5 (k) Weg (k) (8.21)

The weighting matrix W contains the standard deviation o; of each element of €y,
see [138]. It is calculated according to Eq. (8.22). Here, n represents the number of
elements in €g. The weighting matrix W emphasizes reliable elements of €y with a
low standard deviation. Less reliable elements of €g with a high standard deviation
have a lower impact on the random variable ¢. In this way, the protection criterion
gets independent of the grid voltage level.

W = diag[ /o2, 1/o3, ..., 1/o?] (8.22)

It is assumed that the elements of €y (k) are normally distributed and thus ¢ is x2-
distributed [137]. The probability density function (PDF) f, (x) of a x 2-distributed
random variable depending on the degrees of freedom v is described according to
Eq. (8.23) [137].

x2(=D)e—%x

folx) = (8.23)

2T ()
The Fig. 8.4 shows the PDF f,(x) of a x 2-distributed random variable depending
on the degrees of freedom v according to Eq. (8.23). Regarding the MBP, v equals
the difference of the number of state variables x and the number of measured output
variables y [124, 138]. In Fig. 8.4, the gamma function I" (see [75]) is used.

To evaluate Hy via a x2-test, the p-value is calculated. The p-value represents
a measure of evidence of the plausibility of Hp. A high p-value indicates that
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0.5 T T T T T T T

fr(x)

Fig. 8.4 Probability density function f,(x) of a x2-distributed random variable depending
on the degrees of freedom v

the estimations reinforce Hyp. A low p-value indicates that the estimations do not
reinforce Hy.

The calculation of the p-value is based on the calculation of the probability
Ph(g(k), v) € [0, 1] (index h: hypothesis), that any single estimation of ¢ is in
the interval [O, C(k)] assuming ¢ is x2-distributed and Hj is true. If ¢ (k) — oo,
the probability equals one. The probability Ph(;‘(k), v) is calculated using the cu-
mulative distribution function (CDF) representing the integral of f,(x), see Eq.
(8.24).

¢(k)
Pu(¢(k), v) :/o Jo(x)dx (8.24)

The p-value py(k) € [0, 1] (see [137]) is defined as the complementary value of
Ph(;“(k), v) to one, see Eq. (8.25a). Substituting Eq. (8.24) and Eq. (8.23) leads to
Eq. (8.25b) and Eq. (8.25¢).

pu(k) =1 — Py(c(k), v) (8.25a)
20)
—1- £, (x)dx (8.25b)
0
ck) 3= a—%x
=1- / T (8.25¢)
o 2Pr(hy)
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In Fig. 8.5, the probability density function f3(x) of a y>-distributed random
variable assuming v = 3 and the p-value py, (k) depending on ¢ (k) is shown exem-

plary.

0.5 T T T T T T T

04 - fHx) |

(k)
03 ]

02 .

0.1 ' .

0.0 | | | | | 1 |
0 (k)

X

Fig. 8.5 Probability density function f3(x) of a x2-distributed random variable assuming
v = 3 and the p-value py, (k) depending on ¢ (k)

If the value of ¢ (k) is high, the calculated probability Py is nearly one, the p-
value is nearly zero and consequently Hy is rejected. The model given by Eq. (8.7)
and Eq. (8.8) is assumed not to reflect the real characteristics of the monitored grid
area. If the value of ¢ (k) is low, the calculated probability P; is nearly zero, the
p-value is nearly one and consequently Hy is accepted. The model given by Eq.
(8.7) and Eq. (8.8) is assumed to reflect the real characteristics of the monitored
grid area.

The current p-value pp (k) (see Eq. (8.25¢)) shows a non-linear dependence from
current value of the random variable ¢ (k) (see Eq. (8.21)). The p-value is indepen-
dent of past values and thus reflects the current characteristics of the monitored grid
area.

From this perspective, the p-value pp(k) of the null-hypothesis Hy is selected
as the protection criterion of the MBP, see also [124]. Comparing pn(k) with a
predefined confidence level o, € [0, 1] allows to decide, whether a grid fault inside
the monitored grid is present or not. Based on this decision, the tripping of circuit
breakers is initiated or not. The matrices Aq and ﬁd of the model given by Eq. (8.7)
used inside Hy describing healthy grid areas are given in Sect. 7.2. Two cases are
distinguished:
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e pn(k) > ap: Hp is accepted on the confidence level «y,. The model describing
a healthy grid area is assumed to be correct and no grid fault is assumed to be
present.

e ph(k) < an: Hy is rejected on the confidence level «y,. The model describing
a healthy grid area is assumed to be incorrect and a grid fault is assumed to be
present.

8.4 Model-Based Protection Scheme

8.4.1 Basic Structure and Properties

The basic principle of the developed model-based protection (MBP) scheme is to
compare measured values and calculated values based on models of corresponding
output variables and to evaluate, if they match or not, see Sect. 7.1. The calculation is
realized using the dynamic state estimation (DSE) principle, see Sect. 8.1. Kalman
filters (KFs) are used, since they are suitable for the practical application of the state
estimation, see Sect. 8.2.2 and [159].

The prerequisite to apply the MBP are state-space models of grid areas (see
Sect. 7.2) and lines (see Sect. 7.4). The definition of the input variables and output
variables of the models is crucial. The estimation error of the output variables is
calculated. Based on this estimation error, the most suitable model is found and the
fault analysis and the tripping decision are made.

The MBP consists of three layers: The fault identification (FI) layer (see Sect.
8.4.2), the fault characterization (FC) layer (see Sect. 8.4.3) and the fault localization
(FL) layer (see Sect. 8.4.4). These three layers are hierarchically structured, see Fig.
8.6.

Future power grids will profit from advances in communication and digitaliza-
tion. The MBP is based on one central data processing unit per monitored grid area.
It is also conceivable, that multiple grid areas are agglomerated regarding the com-
munication structure and a modular protection scheme is established. The Fig. 8.7
exemplary shows the central data processing and communication effort of the three
layers of the MBP monitoring one grid area. For clarity reasons, the circuit breaker
of the according protection relay R is not illustrated.

The Fl is based on the measurements of voltages and currents at the border of the
monitored grid area. In contrast, the FC and the FL additionally need measurements
of voltages and currents inside the monitored grid area. Therefore, information about
both sides of one line are necessary.
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The measurement equipment basically consists of voltage transformers (VTs)
and current transformers (CTs). Time-synchronized measurements via the Global
Positioning System (GPS) as well as high speed data transmission between the relay
and the central data processing unit are necessary.

The FC layer or the FC layer and the FL layer can basically be omitted to re-
duce the number of measurements and the communication effort (see also Fig. 8.7).
However, the more layers are applied, the better the fault analysis and the decision.
The FC layer ensures selectivity inside the monitored grid area and improved grid
operation after the fault. The FL layer enables quick fault repair and rapid restora-
tion of the grid architecture. Therefore, all three layers are used in the subsequent
investigations.

All three layers of the MBP are based on the application of KFs. KFs process
sampled values of the measurement equipment and operate in the time domain.
The models used in the KF equations are based on space vector components in the
stationary reference frame, see Sect. 3.1.2.3, Sect. 7.2 and Sect. 7.4. Discretization
of these state-space models is applied, see Sect. 3.2.3.

Space vector components in rotating reference frames (see Sect. 3.1.2.4 and
Sect. 3.1.2.5) are not used to avoid the separation of positive and negative sequence
components (see Sect. 4.3.3 and Sect. 4.3.4.1) and the enlargement of the state-space
models. Furthermore, the calculation of transformations angles in the transient state
during grid faults leads to inaccuracies.

The MBP accomplishes fundamental requirements on protection algorithms.
These properties are summarized in Fig. 8.8 and discussed below.

Sensitivity

Fig. 8.8 Fundamental properties of the model-based protection (MBP) algorithm
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The selectivity regarding the faulty line is reached by monitoring each line of the
faulty grid area inside the FC layer. Alike the differential protection, the MBP using
the FC layer is inherently selective. This property is crucial for the operation of the
grid after the fault. The FI layer is inherently selective regarding the monitored grid
area.

Since instantaneous values are processed by KFs as points in time and no time
interval is used as calculation basis (see Tab. 3.1), the MBP represents a high speed
scheme. In this context, the tripping speed of the circuit breakers and further equip-
ment is not regarded. The speed of the protection algorithm is important to avoid or
limit damages to living beings and technical equipment as far as possible.

The usage of estimation errors in each layer of the MBP leads to good sensitivity,
which is independent of absolute values of voltages or currents. The definition of the
significance level as a measure of comparison of the calculated p-value (see Sect.
8.3) allows to adjust the sensitivity of the FI layer. Sensitivity, which is independent
of absolute values of currents, is essential for the protection of 100 % inverter-based
power systems (IBPS) because fault currents are limited by semiconductor power
device, see also Sect. 2.1.

The MBP uses models that are based on physical laws (Kirchhoff’s voltage law
(KVL) and Kirchhoff’s current law (KCL)) and V/I-characteristics. Consequently,
the MBP does not restrict the flexibility options of VSCs, especially in the nega-
tive and the zero sequence during grid faults (see Sect. 5.2.3.2 and Sect. 6.2.3.1).
Furthermore, multidirectional power flows (see Sect. 1.1.3) and greater load angles
than today are handled.

8.4.2 Fault Identification

The objective of the fault identification (FI) layer is to decide, if normal operation
conditions inside the monitored grid area are present or not. A grid area is investi-
gated. Broad areas of a utility grid are divided into multiple smaller grid areas.

One model of a healthy grid area using aff-components according to Sect. 7.2 is
used for the FI. Zero sequence components are not considered because a healthy grid
area with zero sequence currents, that equal zero, is assumed. The aff-components
of the external currents at the borderlines of the grid area are used as input variables
Upy, see e.g. Eq. (7.4), Fig. 7.4 and Eq. (8.7). The af-components of the line currents
and the busbar voltages are modelled as state variables xpy, see e.g. Eq. (7.4), Fig.
7.4 and Eq. (8.7). From these state variables, the busbar voltages are selected as
measured output variables ygy by defining the matrix C, see Eq. (8.8).
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To clarify the selection of variables, a topology consisting of two serial lines
according to Sect. 7.2.2.2 is regarded. The vectors in accordance with Eq. (8.26),
Eq. (8.27) and Eq. (8.28) reveal.

Urt = (iag. iaps ica. icp)T (8.26)
XF1 = (iL1as iL1p> iL20> 112> UAas VABs UBas UBBs UCas UCB) (8.27)
Yrr = (VAa: VAB. VCar VCp) (8.28)

The principle of the FI is explained based on Fig. 8.9. The input variables Uy and
the output variables yg; of the grid area are measured. The state variables xgj are
estimated using a Kalman filter (KFgy) with dpr and yg;, see Sect. 8.2.2. The matrices
Aq4 and ﬁd are applied according to the model of a healthy grid area, see Sect. 7.2.
The estimated output variables yp; are calculated from the estimation of xgy via Eq.
(8.4). The estimation error of the output variables €; (k) is calculated from yg; and
Yrr. see Eq. (8.20).
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Fig. 8.9 Principle of the fault identification (FI) layer of the model-based protection (MBP)
scheme investigating a grid area based on one Kalman filter KFp;

A statistical hypothesis test (see Sect. 8.3) regarding the following null-hypothesis
Hy is executed: The model reflects the real characteristics of the monitored grid area.
The p-value py, is calculated according to Eq. (8.25¢) using the weighted estimation
error ¢ (k), see Eq. (8.21). Comparing py (k) with a predefined confidence level oy,
allows to decide, if a grid fault inside the monitored grid area is present or not. If a
grid fault is identified, the entire grid area is disconnected by circuit breakers or the
FC layer (see Sect. 8.4.3) is activated.
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There are different ways to achieve the state-space model of a healthy grid area,
that is used inside the FI. In this thesis, physical laws and V/I-characteristics are
applied. In future research work, the state-space model can also be derived from
artificial intelligence (AI) methods for parameter identification. The idea is to use
the broad measurement data basis gained during normal operating conditions for
the Al training.

8.4.3 Fault Characterization

The objective of the fault characterization (FC) layer is to decide, if monitored lines
are healthy or not. Each line inside the monitored grid area of the FI layer (see Sect.
8.4.2) is investigated. All lines are investigated independent of each other. If a fault
on one line is detected, this line is investigated in detail regarding the fault resistance
configuration and the values of the appearing fault resistances, see Tab. 7.1 and Tab.
7.2. A few selected fault locations of one line are chosen.

In contrast to the FI, the FC uses one model of a healthy line (see Sect. 7.4.1)
and multiple models of faulty lines (see Sect. 7.4.2). One model of a faulty line
is characterized by the fault resistance configuration, the values of the appearing
fault resistances and the fault location. These models are based on aff-components
and zero sequence components. The capacitances are neglected because faulty lines
show dominant inductive characteristics during a fault [143].

The af0-components of the busbar voltages of the monitored line are used as
input variables Urc, see e.g. Sect. 7.4.3, Sect. 7.4.4 and Eq. (8.7). The af-components
of the line currents on both ends of the line are modelled as state variables xgc and
are selected as measured output variables ygc by defining the matrix C, see Eq.
(8.8).

The Eq. (8.29), Eq. (8.30) and Eq. (8.31) clarify the selection of variables, see
also Fig. 7.11.

UFC = (VAas VABs VAOs UBas UBB> UBO) (8.29)
XFC = (faa» 1ap, 1a0, Ibas ibp, iv0) T (8.30)
yFC = XFC (8.31)

The principle of the FC is explained based on Fig. 8.10. The input variables Ugc
and the output variables ygc of the line are measured. The state variables Xgc are
estimated using multiple Kalman filters (KFrc;) with pc and ygc, see Sect. 8.2.2.
The matrices Aq and By of each KF differ depending on the model, see Sect. 7.4.
The estimated state variables equal the estimated output variables Ypc; .
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Fig. 8.10 Principle of the fault characterization (FC) layer of the model-based protection
(MBP) scheme investigating one line based on multiple Kalman filters KFg¢; using different
models. The models differ from each other regarding the fault resistance configuration, the
values of the appearing fault resistances and the rough fault location
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The Euclidean norm of the estimation errors of the output variables | | Yrc—Yrci | |
is calculated. The model representing the minimum Euclidean norm is selected
to decide, whether the line is healthy or not and optionally to characterize the
fault. If one or multiple faulty lines inside the monitored grid area of the FI are
identified, these lines are disconnected by circuit breakers. The information about
the characterization of faulty lines are passed to the FL layer (see Sect. 8.4.4).

The FC is based on the selection of one model out of a pool of models. In contrast,
the FI is based on the confidence level of one model of a healthy grid area.

In contrast to the FI, it is difficult to derive the models of the FC from Al
methods. The reason is, that there are numerous parameter uncertainties and degrees
of freedom. Moreover, the measurement data basis regarding grid faults is limited.

8.4.4 FaultLocalization

The objective of the fault localization (FL) layer is to locate the fault on a faulty line
based on one fault configuration and the values of the appearing fault resistances
identified by the FC layer, see Sect. 8.4.3. Each line, on which a fault is identified
in the FC layer, is investigated. In contrast to the FC, models based on many fault
locations are chosen. The fault localization is not possible for longitudinal faults in
principle, see Sect. 7.3.2. The fault localization on cables is often more crucial than
the fault location on overhead lines. The FL is often not as time-sensitive as the FI
and the FC.

The FL uses multiple models of faulty lines, which differ from each other re-
garding the fault location. The fault resistance configuration, and the values of the
appearing fault resistances are equal in each model and predefined by the FC. The
models of the FL are also based on af-components and zero sequence compo-
nents. The capacitances are neglected because faulty lines show dominant inductive
characteristics during a fault [143].

The input variables gy, the state variables and the measured output variables
yr are equal to the variables of the FC. The Eq. (8.32), Eq. (8.33) and Eq. (8.34)
clarify the selection of variables, see also Fig. 7.11.

UrL = (VAg» UAB> UAO> UBas> UBB» UBO) (3.32)
XEL = (fags o 120+ ibas ibps ib0)" (8.33)
YFL = XFL (8.34)

The principle of the FL is explained based on Fig. 8.11. It basically equals the
principle of the FC, see Sect. 8.4.3. The input variables @ig. and the output variables
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ygi of the line are measured. Multiple Kalman filters (KFry;) are used to estimate
the state variables xgr.. The matrices Aq and ﬁd of each KF differ depending on
the model, see Sect. 7.4. The estimated state variables equal the estimated output
variables Jrc;.
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Fig. 8.11 Principle of the fault characterization (FL) layer of the model-based protection
(MBP) scheme investigating one line based on multiple Kalman filters KFp; using different
models. The models differ from each other regarding the precise fault location
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The Euclidean norm of the estimation errors of the output variables | ‘ YeL—YrLi ‘ |
is calculated. The model representing the minimum Euclidean norm is selected to
decide, where the fault is localised on the monitored line. If the fault on one line is
localised, the repair work is initiated.

Similar to the FC, the derivation of models for the FL from Al methods is difficult,
because of numerous parameter uncertainties, degrees of freedom and limited data
basis.

8.4.5 Distinction From Alternative Protection Principles

8.4.5.1 State-of-the-art Protection Schemes

The differential protection scheme (see [123] and Fig. 7.2) is based on Kirchhoff’s
current law (KCL). It is often used to protect individual components, such as trans-
formers. However, the differential protection scheme is also applied to high voltage
overhead lines.

Several similarities between the differential protection scheme and the MBP are
identified. Both protection schemes show inherent selectivity regarding the faulty
line. Besides, both schemes use measurement information from both ends of one
line. Therefore, communication effort between these ends is necessary. Moreover,
both schemes do not provide backup protection for grid areas beyond the monitored
grid area (FI) or line (FC).

In contrast to the MBP, the differential protection scheme solely evaluates KCL.
Consequently, voltage transformers (VTs) are not needed. Since the differential
protection scheme does not analyse characteristics of the line in detail, the charac-
terization and the location of the fault is not possible. The fault characterization and
the fault localization are explicit part of the MBP, see Sect. 8.4.3 and Sect. 8.4.4.

From the comparison above, the MBP is regarded as an extension and general-
ization of the differential protection scheme.

The distance protection scheme (see [41, 143] and Fig. 7.1) is based on the
measurement of the electrical distance between the protection relay and the grid
fault by calculating the impedance of the fault loop.

The distance protection scheme and the MBP show similarities. Both protection
schemes use measurement data from VTs and current transformers (CTs). The
characterization and the location of the fault are a fundamental part of both protection
schemes. The distance protection scheme and the MBP rely on the coordination of
different relays, although the principles of coordination differ fundamentally.

In contrast to the MBP, the distance protection scheme evaluates the V/I-
characteristics of several fault loops and not a holistic electrical model of a grid
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area or a line. In this way, the protection area of the distance protection scheme is
not limited to a certain grid area and backup protection is provided. The MBP does
not provide backup protection capability. The selectivity regarding the faulty line is
realized by the temporal stagger of different protection zones. However, this concept
evokes drawbacks regarding the speed of the fault clearance. Furthermore, the cal-
culations of the distance protection scheme are based on phasors (see also Sect. 3.1.1
and Sect. 3.1.2.1) and the communication between different measurement points is
not strictly necessary.

Regarding the grid architectures and the grid operation of energy systems based
on renewable energy sources (RES) (see also Sect. 1.1.3 and Sect. 1.1.4), different
problems of the distance protection scheme are known. Due to the model-based fault
analysis, the MBP can handle these problems. The intermediate infeed (see Sect.
7.2.2.3) and the feeding from both sides can lead to a malfunction of the distance
protection relay [143]. Moreover, the value of the fault resistance can lead to cal-
culation errors of the fault distance [143]. Due to the limited overcurrent capability
of VSCs (see Sect. 2.1.1), the distinction between normal operating conditions and
faulty operating conditions is often not clear [143]. The angle between voltages
and currents induced by VSCs can exceed the predefined value inside the distance
protection scheme [143].

Due to the complementary advantages described above, the combination of the
MBP and the distance protection scheme appears to be an attractive approach for
future research activities. The distance protection scheme can provide the backup
protection of the MBP.

8.4.5.2 Alternative Model-Based Protection Schemes

The “Setting-Less Protection (SLP)” also known as the “Dynamic State Estimation
(DSE) Based Protection” is presented in [ 124—127]. Further investigations are found
in [138]. The analysis of KCL of the differential protection scheme is extended to
the multi-criteria evaluation “All physical laws”, see [126] and also Fig. 7.3. These
publications represent the fundamental of the developed MBP in this thesis. The
SLP and the MBP are both based on the dynamic state estimation. The x 2-test is
used in the SLP and the FI layer of the MBP. In contrast to [124—127], the focus of
the MBP in this thesis are 100 % inverter-based power systems (IBPS).

In contrast to the SLP, the MBP is based on a three layer structure consisting of
FI, FC and FL, see Fig. 8.6. The advantage of the three layer structure as a modular
concept is that all layers are optimized individually from each other. For example,
the model of the FI can be adjusted using artificial intelligence (AI) methods, see
Sect. 8.4.2.
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Furthermore, the models of the MBP are based on space vector components in
the stationary reference frame. In this way, the models are clearer in their structure
and the influence of the estimation error of zero sequence currents on the minimum
estimation error of the FC layer (see Sect. 8.4.3) is separated. The advantage is, that
depending on the zero sequence currents during ground faults, additional decision
layers for the tripping of the circuit breakers can be added in the future. The objective
is to make decisions for the tripping, that disconnect as few lines as possible and
as many as necessary to maintain the grid operation, e.g. during high impedance
ground faults.

Moreover, the models of faults lines of the SLP are derived from a model of a
healthy line using fault matrices (see also [71]). In contrast to the SLP, the value
of the fault resistance is estimated inside the FC layer of the MBP. The advantage
is, that this information used inside the FL layer (see Sect. 8.4.4) can improve the
precision of the fault location.

In contrast to the publications above, models of lines with a longitudinal fault
(see Sect. 7.3.2) are derived. These models help to identify damaged circuit breakers
or broken lines.

An “Observer-based Protection (OBP) System” is presented in [139, 140]. This
concept significantly differs from the MBP and the SLP. The OBP is based on state
observers (see also Sect. 8.2.1) using single phase models. State observers differ
from state estimation techniques such as Kalman filters (KFs) in a way, that model
uncertainties and measurement errors are not considered. Therefore, the quality of
estimation in practical applications is worse and estimation errors are not reliably
related to grid faults. Besides, no model of a faulty line is used in the OBP. In this
way, the FC and the FL are not possible. The quality of decisions regarding tripping
of circuit breakers and fault repair is decreased.

8.5 Summary

In this chapter, the model-based protection (MBP) algorithm is presented. The MBP
represents an appropriate protection algorithm for 100 % inverter-based power sys-
tems (IBPS) without restricting the flexibility options of voltage source converters
during grid faults. The limited overcurrent capability or the harmonics of voltages
and currents of VSCs do not influence the MBP negatively, too.

Models of a healthy grid area and of healthy faulty lines are the fundament of
the MBP. These models are derived in Chap. 7.

Measured values and estimated values of corresponding variables are compared
inside the MBP algorithm. The estimation is based on models and thus the minimum
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estimation error allows to identify the most suitable model. There are different state
estimation algorithms, e.g. the state observer and the Kalman filter (KF). State
observers are often applied in the context of state-feedback controllers. The KF
is based on statistical methods. It is more suitable for practical applications of the
MBP than the state observer, since it considers model uncertainties and measurement
errors. A chi-squared distribution test ( ¥ 2-test) is used to test the goodness-of-fit of
a model. The p-value is defined as the protection criterion.

The MBP algorithm uses multiple KFs and is based on a three layer structure:
fault identification, fault characterization and fault localization. It accomplishes the
fundamental requirements on protection algorithms selectivity, speed and sensitivity.
The MBP algorithm works independent of characteristics of voltages and currents.
Due to its universality, it meets the protection requirements of 100 % IBPS.

The objective of the fault identification layer is to decide, if normal operation
conditions inside a monitored grid area are present or not. The objective of the fault
characterization is the determination of the fault resistance configuration, the values
of the appearing fault resistances and the rough fault location on one line. Each line
inside the monitored grid area is investigated. Each faulty line is further investigated
in detail by the fault localization layer to specify the fault location precisely.

The MBP algorithm distinguishes from alternative model-based protection algo-
rithms regarding also its three layer structure and the nature of the applied state-space
models, opening further advantages. Moreover, possibilities for hybrid protections
schemes combining the MBP and the distance protection algorithm reveal.

The structure of the MBP algorithm is developed analytically in this chapter. It is
validated by laboratory tests in Chap. 9 and simulations tests in Chap. 10. To follow
the key aspects of the central theme of this thesis on a shortcut: The conclusion of
the next chapter is provided in Sect. 9.6.
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Validation of the MBP by Laboratory Tests 9

This chapter presents the validation of the model-based protection (MBP) algorithm
by laboratory tests. The laboratory environment and the workflow is explained in
Sect. 9.1. Four different laboratory single-phase-to-ground fault scenarios are pre-
sented in this thesis. The main focus of this chapter is the investigation of different
grid topologies based on overhead lines. In Sect. 9.2, the Scenario 1: Double-sided
infeed is evaluated. Sect. 9.3 contains the Scenario 2: Double-sided infeed with fault
localization. Scenario 3: Parallel line topology is investigated in Sect. 9.4. In Sect.
9.5, the Scenario 4: Intermediate infeed topology is analysed.

9.1 Laboratory Environment and Workflow

The model-based protection (MBP) algorithm (see Chap. 8) is validated by labora-
tory tests using the analogue grid model at the Institute of Electrical Energy Systems
in Erlangen. Detailed information about the analogue grid model is given in [141].
The laboratory environment is shown in Fig. 9.1.

A synchronous inner-pole generator with an excitation device and a nominal
power of 12k VA is the central element of the power plant emulation. The nominal
voltage equals 220 V at 1500 min~! and 50 Hz. The turbine is emulated by a speed-
controlled externally excited shunt DC motor. The generator is connected via a unit
transformer showing a voltage ratio of 1 : 1 to the analogue grid model.

The analogue grid model is connected via a delta-wye transformer to the 400 V
low voltage utility grid. The star points of both transformers are solid grounded on
their 220 V-sides during the laboratory tests. For clarity reasons, the transformers
are not shown in the figures describing the laboratory setups.

Three Omicron DANEO 400 hybrid signal analysers for power utility automation
systems with a sampling frequency of 40 kHz are used as multimeters and fault
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Fig. 9.1 Laboratory environment at the Institute of Electrical Energy Systems in Erlangen

recorders. The technical specifications are given in [142]. The fault recorders directly
measure the voltages. The currents are measured via current shunts.

The analogue grid model allows to emulate different 220kV grid topologies
based on overhead lines. The scales of power, voltage, current and impedance are
given in Table 9.1. The emulated overhead line parameters are shown in Table 9.2.

The main focus of this chapter is the evaluation of the MBP algorithm in different
grid topologies. Overall, 22 scenarios were successfully tested. The results of four
selected scenarios with a strong significance for 100 % inverter-based power sys-
tems (IBPS) are presented in detail in this thesis. Since voltage source converters

Table 9.1 Scale of electrical quantities in the laboratory environment

Quantity Scale
Power 1:10°
Voltage 1:103
Current 1:10?
Impedance 1:10
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Table 9.2 Emulated overhead line parameters in the laboratory according to [141], see also
Fig. 7.4

Variable Value Description

Serid 50Hz nominal grid frequency

Verid 220kV nominal grid voltage

R’ 7mS2/km phase resistance per km

R}, 5mS/km neutral resistance per km

L 95 wH/km phase inductance per km

L6 73 wH/km neutral inductance per km

C’ 60 nF/km phase-to-ground capacitance per km

(VSCs) connect renewable energy sources (RES) and innovative consumer tech-
nologies to the grid, the double-sided infeed of faults is an important issue. The
fault localization is basically crucial for quick fault repair and rapid restoration of
the grid architecture. The operational integration of location dependant RES into ex-
isting grid topologies requires additional energy transport capacity and intermediate
connecting lines. Parallel lines topologies are an obvious and practical solution to
increase the transport capacity. Besides, intermediate infeed topologies will appear.
In this chapter, single-phase-to-ground faults are investigated due to their practical
importance. The fault resistance in the analogue grid model is set to zero. The Fig.
9.2 exemplary shows the laboratory setup investigating a parallel line topology.

To test the MBP algorithm using the measurement data from the analogue grid
model, the workflow according to Fig. 9.3 is applied. Analogue voltage and current
signals are recorded by the Omicron DANEO 400 devices. These signals are saved as
COMTRADE sampled values data files. These COMTRADE data files are converted
using MathWorks MATLAB into MATLAB timeseries data files. These data files
are used to create the appropriate input data for the MBP algorithm executed in
MATLAB/Simulink.

Subsequently, the basic diagrams illustrating the achieved results of the four
laboratory test scenarios and the shown variables are explained. The p-value py (k) €
[0, 1] is calculated inside the fault identification (FI) layer (see Sect. 8.3 and Sect.
8.4.2) according to Eq. (8.25c). It characterizes the goodness-of-fit of a model of a
healthy grid area. The fault decision of the FI layer regarding a grid area is made
based on the comparison of the p-value py and a predefined confidence level oy, €
[0, 1]. In this chapter, o, = 0.8 is chosen.
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Fig. 9.2 Laboratory setup investigating a parallel line topology

The fault characterization (FC) layer (see Sect. 8.4.3) is described by the index
of the model of one line evoking the minimum Euclidean norm of the estimation
errors at each sample point. These diagrams show the stability and the speed of
the fault decision regarding one line. The FC layer is additionally described by one
spider plot per line. Here, the fault decision is visualized regarding selected models
characterized by the fault resistance configuration, the values of the appearing fault
resistances and the rough fault location. To quantify and to visualize the decision
at different points in time before and after the fault, the inverse relative estimation
error I REgc; € (0, 1] for the model i is introduced, see Eq. (9.1).

min; || yc (k) — §rci (6 |
[ ¥ec(k) — §rci () ||

The most suitable model of one line evokes the minimum Euclidean norm of the
estimation errors at one sample point. Consequently, the / R Erc-value of this model
equals one. The I R Erc-values of all other investigated models are less than one.
The smaller the I R Epc-value of one model, the more unsuitable the regarded model
appears to be.

IREFci (k) = O.D



9.2 Scenario 1: Double-sided Infeed 239

Analogue
grid model

Analogue signals

A

v
DANEO 400

COMTRADE sampled values data

v

‘ MATLAB ’

MATLAB timeseries data

v

MBP
algorithm

Fig. 9.3 Flow chart of the laboratory tests validating the model-based protection (MBP)
algorithm

The result of the fault localization (FL) layer is illustrated by a slider. In contrast
to the FI and the FC layer, the evaluation of the FL layer is not time-sensitive. Here,
different models are derived from the most suitable model of the FC layer regarding
the fault resistance configuration and the values of the appearing fault resistances.
The models of the FL layer differ from each other by the fault location.

9.2 Scenario 1: Double-sided Infeed

In this laboratory scenario, the MBP algorithm is validated by the investigation of
a double-sided infeed topology. Table 9.3 gives an overview of the relevant figures
of this section, providing also the possibility for quick navigation in the digital
document.
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Table 9.3 Overview of the relevant figures of Sect. 9.2 containing the validation of the model-
based protection (MBP) algorithm in a laboratory test investigating a single-phase-to-ground
fault in phase 1 with a relative fault distance of m = 0.5att =0.1s

Content Figure

Scenario under investigation Fig.9.4

Model of the grid topology for the fault identification Fig. 7.5

Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13

localization

Phase-to-ground voltages at busbar A Fig. 9.5
Phase-to-ground voltages at busbar B Fig. 9.6
Phase currents at busbar A Fig. 9.7
Phase currents at busbar B Fig. 9.8
Result of the FI: P-value pp Fig. 9.9
Result of the FC: Index of the identified model Fig. 9.10
Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 9.11

The generator G is connected via an overhead line between the busbars A and B
with an emulated electrical length of 200 km to the grid. A single-phase-to-ground
fault in phase 1 with a relative fault distance m of 0.5 is applied at + = 0.1s. The
fault resistance R equals 0 2. The relays of this section are named R 1 and R 2.

Fig. 9.4 shows the laboratory scenario.

A B
Grid
R1 t=0.1s R2
[ VA [
L 4 L
1p-fault
m=0.5

v

Fig. 9.4 Laboratory scenario for validating the MBP algorithm during a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.5atz =0.1s

The voltages at the busbars A and B are given in Fig. 9.5 and Fig. 9.6. It is
observed, that all voltages contain notable harmonic distortions. Nonlinearities in
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the analogue grid model are the reason for this effect. The distorted signals are used
as an opportunity to test the MBP algorithm under these conditions. VSCs also lead
to distorted voltages which show other characteristics, see Fig. 2.2.
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Fig. 9.5 Phase-to-ground voltages at busbar A before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.5ats =0.1s
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Fig. 9.6 Phase-to-ground voltages at busbar B before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.5att = 0.1s
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The phase currents at the busbars A and B before and after the fault are shown
in Fig. 9.7 and Fig. 9.8. The amplitude of the current i,; of the generator at busbar
B in the faulty phase increases to multiples of the nominal value immediately after
the fault, see Fig. 9.8. The limited overcurrent capability of VSCs would not al-
low comparable high values. Furthermore, the decreasing DC-component (see also
[143]) and the phase step become obvious.
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Fig. 9.7 Phase currents at busbar A before and after a single-phase-to-ground fault in phase 1
with a relative fault distance of m = 0.5at¢ =0.1s
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Fig. 9.8 Phase currents at busbar B before and after a single-phase-to-ground fault in phase 1
with a relative fault distance of m = 0.5 atr = 0.1s
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The p-value py, calculated in the FI layer is shown in Fig. 9.9. Before the fault
att < 0.1s, the p-value is greater than the predefined confidence level o,. Conse-
quently, no fault is identified. After the fault at# > 0.1s, py < oy, is valid and the
fault is correctly identified 2 ms after the fault occurred. In this time interval, peri-
odic peaks showing a frequency of 100 Hz appear. They are caused by the minima
of the weighted sum ¢ (k) of the squared elements of the vector of the estimation
errors, see Eq. (8.21). This effect does not influence the functionality of the FI layer
negatively.
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Fig. 9.9 P-value py and confidence level ay of the FI layer of the MBP algorithm before
and after a single-phase-to-ground fault in phase 1 with a relative fault distance of m = 0.5
att =0.1s

Figure 9.10 depicts the index of the model evoking the minimum Euclidean norm
of the estimation errors in the FC layer. The healthy model is described by the index
one. The fault is identified at high speed 10 ms after the fault occurred. Since the
index stays constant before and after the fault, the stability of decision is high.

The fault decision of the FC layer is additionally visualized regarding selected
models by the spider plot in Fig. 9.11 and quantified by the I R Erc-value (see Eq.
(9.1)). Two models of the single-phase-to-ground fault at m = 0.5 and m = 1
are chosen. Different models with different fault resistance configurations with a
relative fault distance of m = 0.5 are additionally selected for comparison in this
figure. Att = 0.05 s no fault is identified. At = 0.15 s, the single-phase-to-ground
fault at m = 0.5 with a fault resistance of 0 Q2 is correctly identified.
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Fig. 9.10 Index of the models evoking the minimum Euclidean norm of the estimation errors
of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault in phase 1
with a relative fault distance of m = 0.5 at¢r =0.1s
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Fig. 9.11 Inverse relative estimation errors I REgc; att = 0.05s and ¢t = 0.15 s of selected
models of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.5atsr =0.1s
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The scenario in this section demonstrates, that a single-phase-to-ground fault
in the laboratory is identified fast and reliable by the MBP. The fault resistance
configuration and the value of the fault resistance is detected correctly.

9.3 Scenario 2: Double-sided Infeed with Fault
Localization

In this laboratory scenario, the MBP algorithm is validated by the investigation of a
double-sided infeed topology with a focus on fault localization. An overview of the
relevant figures of this section, providing also the possibility for quick navigation
in the digital document, is given in Table 9.4.

Table 9.4 Overview of the relevant figures of Sect. 9.3 containing the validation of the model-
based protection (MBP) algorithm in a laboratory test investigating a single-phase-to-ground
fault in phase 1 with a relative fault distance of m = 0.75att = 0.1s

Content Figure
Scenario under investigation Fig. 9.12
Model of the grid topology for the fault identification Fig. 7.5
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13
localization

Result of the FI: P-value pp Fig. 9.13
Result of the FC: Index of the identified model Fig. 9.14
Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 9.15
Result of the FL in a slider diagram Fig. 9.16

The scenario in this section basically equals the scenario in Sect. 9.2. The differ-
ence is, that the single-phase-to-ground fault in phase 1 is applied at a relative fault
distance of m = 0.75 seen from busbar A. Due to the different fault location com-
pared to Sect. 9.2, the fault currents at the busbars A and B change. The laboratory
scenario is presented in Fig. 9.12.

Figure 9.13 depicts the p-value py calculated in the FI layer. The characteristics
are very similar to the characteristics in Fig. 9.9 of Sect. 9.2. The p-value drops
below the confidence level ay, 9 ms after the fault occurred. The FI layer of the MBP
identifies the fault correctly.
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Fig. 9.12 Laboratory scenario for validating the MBP algorithm during a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.75 at7 = 0.1s
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Fig. 9.13 P-value py and confidence level oy, of the FI layer of the MBP algorithm before
and after a single-phase-to-ground fault in phase 1 with a relative fault distance of m = 0.75
atr =0.1s

The evolution of the index of the model evoking the minimum Euclidean norm
of the estimation errors in the FC layer is illustrated in Fig. 9.14. The index changes
from one to another value immediately after the fault occurred and the fault is
identified. At = 0.18 s, the index changes. In this chase, the most suitable model
changes from a single-phase-to-ground fault in phase 1 with Rp = 1 Qto Rp = 0 Q.
This effect does not influence the fault decision significantly.

Figure 9.15 contains the spider plot of the FC layer. Different models with dif-
ferent fault resistance configurations with a relative fault distance of m = 0.5 are
chosen for comparison in this figure. Two models of the single-phase-to-ground
fault at m = 0.5 and m = 1 are chosen. At t = 0.05s, no fault is identified. At
t = 0.15s, the single-phase-to-ground fault is identified. According to the calcu-
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Fig. 9.14 Index of the models evoking the minimum Euclidean norm of the estimation errors
of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault in phase 1
with a relative fault distance of m = 0.75 att = 0.1s
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Fig. 9.15 Inverse relative estimation errors / REgc; att = 0.05s and ¢ = 0.15 s of selected
models of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.75att = 0.1s
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lated I R Erc-values, the distinction between m = 0.5 and m = 1 is not definitely
clear. A subsequent fault localization is necessary.

In the FL layer of the MBP, models described by a single-phase-to-ground fault
with Rp = 0 €2 are investigated at different relative fault distances. The variable m
is varied from O to 1 in 0.1-steps. The model described by a single-phase-to-ground
fault with Rp = 0 Q at m = 0.8 is identified as the best suitable model. The result
of the FL layer is visualized in Fig. 9.16.

m:O m=08 m=1

Fig. 9.16 Result of the fault localization of the MBP algorithm after a single-phase-to-ground
fault in phase 1 with a relative fault distance of m = 0.75 atr = 0.1s

This scenario demonstrates, that a single-phase-to-ground fault in the laboratory
is identified fast and reliable by the MBP. The fault characterization is sufficiently
good. The subsequent FL layer localizes the fault correctly.

9.4  Scenario 3:Parallel Line Topology

In this laboratory scenario, the MBP algorithm is validated by the investigation of
a parallel line topology. Table 9.5 gives an overview of the relevant figures of this
section.

Two grids are connected via two parallel overhead lines between the busbars
A and B with an emulated electrical length of 200 km. A single-phase-to-ground
fault on line 1 in phase 1 with m = 0.5 is applied at + = 0.1 s. The fault resistance
Ry equals 0 Q2. After the fault, the power flow direction calculated at the position
of the relay R 1 changes. This effect can cause problems for distance protection
algorithms. The laboratory scenario is illustrated in Fig. 9.17.

The p-value py calculated in the FI layer is shown in Fig. 9.18. The p-value
drops below the confidence level o, 7 ms after the fault occurred and the fault is
correctly identified. Compared to Fig. 9.9 and Fig. 9.13, the p-value is approximately
increased by factor two. However, the fault identification based on o, = 0.8 is clear.

The evolution of the indices of the models of line 1 and line 2 of the FC layer is
illustrated in Fig. 9.19. The change of the index from one to another value indicates
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Table 9.5 Overview of the relevant figures of Sect. 9.4 containing the validation of the model-
based protection (MBP) algorithm in a laboratory test investigating a single-phase-to-ground
fault on line 1 in phase 1 with a relative fault distance of m = 0.5 at ¢+ = 0.1s based on a
parallel line topology

Content Figure
Scenario under investigation Fig. 9.17
Model of the grid topology for the fault identification Fig. 7.6
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13
localization

Result of the FI: P-value pp Fig. 9.18
Result of the FC: Index of the identified model Fig. 9.19

Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 9.20
of line 1

Result of the FC: Inverse relative estimation errors I/ R Erc; | Fig. 9.21
of line 2

A ) B
Line 1
t=0.1s
Grid 1 R1 , R2 Grid2

Ip-fault
m=0.5

R3 . R4

|:| Line?2 D

Fig. 9.17 Laboratory scenario for validating the MBP algorithm during a single-phase-to-
ground fault on line 1 in phase 1 with a relative fault distance of m = 0.5 at # = 0.1 s based
on a parallel line topology

the fault on line 1. The line 2 is correctly characterized as healthy, since the model
index does not change.
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Fig. 9.18 P-value py and confidence level oy, of the FI layer of the MBP algorithm before
and after a single-phase-to-ground fault on line 1 in phase 1 with a relative fault distance of
m = 0.5 att = 0.1 s based on a parallel line topology
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Fig. 9.19 Index of the models of line 1 and line 2 evoking the minimum Euclidean norm of
the estimation errors of the FC layer of the MBP algorithm before and after a single-phase-
to-ground fault on line 1 in phase 1 with a relative fault distance of m = 0.5 atr = 0.1 s based
on a parallel line topology
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Fig. 9.20 Inverse relative estimation errors I REgc; att = 0.05s and ¢t = 0.15 s of selected
models of line 1 of the FC layer of the MBP algorithm before and after a single-phase-to-
ground fault on line 1 in phase 1 with a relative fault distance of m = 0.5 at t = 0.1 s based
on a parallel line topology

The spider plot of the FC layer of line 1 is depicted in Fig. 9.20. At = 0.05s
no fault is identified. At ¢+ = 0.15 s, the single-phase-to-ground fault at m = 0.5 is
correctly identified. Figure 9.21 contains the spider plot of line 2. Here, no fault is
identified.

This scenario demonstrates, that a single-phase-to-ground fault in a parallel line
topology in the laboratory is identified fast and reliable by the MBP. The FC layer
enables the selective disconnection of the faulty line 1. After this disconnection, the
power on line 2 has possibly to be reduced to avoid, that the transport capacity is
exceeded.
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Fig. 9.21 Inverse relative estimation errors I REgc; att = 0.05s and t = 0.15 s of selected
models of line 2 of the FC layer of the MBP algorithm before and after a single-phase-to-
ground fault on line 1 in phase 1 with a relative fault distance of m = 0.5 at t = 0.1 s based
on a parallel line topology

9.5 Scenario 4:Intermediate Infeed Topology

In this laboratory scenario, the MBP algorithm is validated by the investigation of
an intermediate infeed topology. Table 9.6 gives an overview of the relevant figures
of this section.

The investigated grid area consists of three lines with an emulated electrical
length of 100 km per line. A single-phase-to-ground fault on line 2 in phase 1 with
m = 0.5 is applied at = 0.1 s. The fault resistance Rg equals 0 2. The interme-
diate infeed can cause problems for distance protection algorithms. The laboratory
scenario is illustrated in Fig. 9.22.
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Table 9.6 Overview of the relevant figures of Sect. 9.5 containing the validation of the model-
based protection (MBP) algorithm in a laboratory test investigating a single-phase-to-ground
fault on line 2 in phase 1 with a relative fault distance of m = 0.5 at# = 0.1s based on an
intermediate infeed topology

Content Figure
Scenario under investigation Fig. 9.22
Model of the grid topology for the fault identification Fig. 7.8
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13
localization

Result of the FI: P-value pp Fig. 9.23
Result of the FC: Index of the identified model Fig. 9.24

Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 9.25
of line 1

Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 9.26
of line 2

Heatmap visualizing / REfc; att = 0.15s of line 2 Fig. 9.28

Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 9.27
of line 3

Grid 1 A B ) C
Line2
t=0.1s
R3 1p-fault R4
m=0.5

D

D Line3 |:|

R5 R6

Fig. 9.22 Laboratory scenario for validating the MBP algorithm during a single-phase-to-
ground fault on line 2 in phase 1 with a relative fault distance of m = 0.5 at r = 0.1 s based
on an intermediate infeed topology
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Figure 9.23 presents the p-value py, calculated in the FI layer. It drops below the
confidence level oy, 5 ms after the fault occurred. The FI layer of the MBP identifies
the fault correctly.

[07))

Ph
<
(@)}

T
|

04 .

02

0.0 L 1 1 L I
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time in s

Fig. 9.23 P-value py and confidence level oy, of the FI layer of the MBP algorithm before
and after a single-phase-to-ground fault on line 2 in phase 1 with a relative fault distance of
m = 0.5 atr = 0.1 s based on an intermediate infeed topology

The evolution of the indices of the models of line 1, line 2 and line 3 of the FC
layer is depicted in Fig. 9.24. The line 1 and line 3 are correctly characterized as
healthy, since their model indices do not change. The fault on line 2 is indicated by
the change from index one to another value.

Figure 9.25 shows the spider plot of the FC layer of line 1 and Fig. 9.27 illustrates
the spider plot of the FC layer of line 3. On both lines, no fault is identified. The
spider plot of line 2 is visualized in Fig. 9.26. Here, no faultis identified at# = 0.05 s.
At t = 0.15s, the single-phase-to-ground fault at m = 0.5 is correctly identified.

A different visualisation to Fig. 9.26 of the inverse relative estimation error
IREFrc; € (0, 1] for the model i (see Eq. (9.1)) of line2 at t = 0.15s is given
in Fig. 9.28. Different fault locations on line 2 characterized by the relative fault
distance m seen from busbar B are considered. Furthermore, different fault types
(see also Table 7.1) in different phases (ph) are regarded. The results applying
models of single-phase-to-ground (1p) faults, phase-to-phase (2p) faults and three-
phase (3p) faults are presented. In contrast to Fig. 9.26, the focus of the heatmap in
Fig. 9.28 is not on exact quantification. In fact, the dependence of I R Epc; from the
fault location and the fault type is visualized. It is shown, that the / R Erc; regarding
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Fig. 9.24 Index of the models of line 1, line2 and line 3 evoking the minimum Euclidean
norm of the estimation errors of the FC layer of the MBP algorithm before and after a single-
phase-to-ground fault on line 2 in phase 1 with a relative fault distance of m = 0.5atz = 0.1s

based on an intermediate infeed topology
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Fig. 9.25 Inverse relative estimation errors / RErc; att = 0.05s and ¢ = 0.15 s of selected
models of line 1 of the FC layer of the MBP algorithm before and after a single-phase-to-
ground fault on line 2 in phase 1 with a relative fault distance of m = 0.5 at r = 0.1 s based
on an intermediate infeed topology
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Fig. 9.26 Inverse relative estimation errors I REgc; att = 0.05s and ¢t = 0.15 s of selected
models of line 2 of the FC layer of the MBP algorithm before and after a single-phase-to-
ground fault on line 2 in phase 1 with a relative fault distance of m = 0.5 att = 0.1 s based
on an intermediate infeed topology

a model of a 1p-fault in phase 1 is greater the closer the fault location assumed
in the model approaches the actual fault location. Moreover, a 2p-fault between
phase 1 and phase 3 appears to be the second most likely fault type after the 1p-fault
in phase 1. The reason is, that this 2p-fault also includes the characteristics of the
faulty phase 1.

This scenario demonstrates, that a single-phase-to-ground fault in an intermediate
infeed topology in the laboratory is identified fast and reliable by the MBP. The FC
layer enables the selective disconnection of the faulty line 2. After this disconnection,
new operating points have to be defined by the tertiary grid control (see Sect. 2.2.3).
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Fig. 9.27 Inverse relative estimation errors I REgc; att = 0.05s and ¢t = 0.15 s of selected
models of line 3 of the FC layer of the MBP algorithm before and after a single-phase-to-
ground fault on line 2 in phase 1 with a relative fault distance of m = 0.5 at t = 0.1 s based
on an intermediate infeed topology

9.6 Summary

In this chapter, the validation of the model-based protection (MBP) algorithm by
laboratory tests is presented. Single-phase-to-ground faults are investigated in dif-
ferent grid topologies, which are especially relevant for 100 % inverter-based power
systems. The validation of the MBP algorithm based on real hardware equipment
represents a suitability test and reinforces the theoretical design.

The analytical design from Chap. 8 is the basic prerequisite of the laboratory
tests in this chapter.

The laboratory environment of the Institute of Electrical Energy Systems in
Erlangen including an analogous grid model, a synchronous generator and the con-
nection to the low voltage utility grid enables the validation of the MBP algorithm.
The use of a synchronous generator instead of a voltage source converter underlines
the universality of application of the MBP algorithm. In a multistage workflow,
three Omicron DANEO 400 hybrid signal analysers are used to record the mea-
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Fig. 9.28 Heatmap visualizing the inverse relative estimation errors / REpc; att = 0.15s of
selected models of line 2 of the MBP algorithm after a single-phase-to-ground fault on line 2
in phase 1 with a relative fault distance of m = 0.5 at t = 0.1 s based on an intermediate
infeed topology

surement data. The MBP algorithm is tested based on the converted data files in
MATLAB/Simulink.

Several presentation methods are used to visualize the features of the MBP
algorithm. The p-value is defined as the protection criterion of the fault identification
layer. The inverse relative estimation error is introduced as a new key figure to
quantify the result of the fault characterization layer.

The MBP algorithm is successfully validated by the investigation of a double-
sided infeed topology. The applied single-phase-to-ground fault is identified fast
and reliable and characterized correctly by the MBP algorithm.

Furthermore, the MBP algorithm is successfully validated by the investigation of
a double-sided infeed topology with fault localization. The single-phase-to-ground
fault is identified fast and reliable and localised correctly by the MBP algorithm.

Moreover, the MBP algorithm is successfully validated by the investigation of a
parallel line topology and an intermediate infeed topology. Again, the single-phase-
to-ground faults are identified fast and reliable. In both scenarios, the selective
disconnection of the faulty line is enabled.
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In Chap. 10, the MBP algorithm is additionally validated based on the simulations
including enhanced grid fault characteristics of voltage source converters (VSCs)
from Chap. 5 and Chap. 6. To follow the key aspects of the central theme of this
thesis on a shortcut: The conclusion of the next chapter is provided in Sect. 10.6.
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This chapter presents the investigation of the model-based protection (MBP) algo-
rithm in 100% inverter-based power systems (IBPS). The main focus of this chapter
is the evaluation of different grid fault types and enhanced grid fault characteris-
tics of voltage source converters (VSCs). In Sect. 10.1, the VSC-specific grid fault
characteristics and the four selected simulation scenarios are described. The scenar-
ios are numbered, continuing the numbering from Chap. 9. Sect. 10.2 contains the
Scenario 5: 3p-fault and voltage reduction. In Sect. 10.3, the Scenario 6: 2p-fault
and reactive current injection is analysed. Scenario 7: 1p-fault and RGS-mode is
investigated in Sect. 10.4. In Sect. 10.5, the Scenario 8: 1p-fault and transient current
limiting is evaluated.

10.1 VSC-specific Fault Characteristics and Simulation
Scenarios

The model-based protection (MBP) algorithm (see Chap. 8) is additionally vali-
dated by simulation tests of 100% inverter-based power systems (IBPS) in MAT-
LAB/Simulink. The control of voltage source converters (VSCs) and the MBP al-
gorithm are merged. The main focus of this chapter is the evaluation of the MBP
algorithm applying different grid fault types and enhanced grid fault characteristics
of VSCs. The VSC grid fault characteristics are presented in Chap. 5 and Chap.
6. Moreover, the specific characteristics of VSCs are considered. Especially, the
limited overcurrent capability of VSCs is considered.

Four selected scenarios are investigated. Since this chapter—as well as Chap.
9—uvalidates the developed MBP algorithm, the scenarios are numbered, continuing
the numbering from Chap. 9. In Scenario5, a three-phase fault (see Tab. 7.1) in-
side a serial lines topology is investigated. The superordinate objective of the VSC
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controller is to avoid steady state overcurrents and to stay connected to the grid
after the fault. Consequently, the amplitude of the positive sequence filter capacitor
voltages of the VSC is reduced according to Sect. 6.3.2.3. The subordinate objective
is to continue the grid operation to supply consumers parallel to the VSC—possibly
with lower power and lower voltage amplitude compared to normal grid operation
conditions.

In Scenario 6, a phase-to-phase fault (see Tab. 7.1) is investigated. The primary
objective of the VSC is to continue the grid operation under symmetrical voltages.
Therefore, the amplitude of the negative sequence voltages after the fault has to be
reduced. Consequently, the VSC injects reactive current in the negative sequence
according to Sect. 5.2.3.2.

Scenario 7 contains the investigation of a single-phase-to-ground fault (see Tab.
7.1). The superordinate objective of the VSC is to ensure a symmetrical grid op-
eration, the reduction of the fault current and the arc suppression. Furthermore,
the VSC itself is protected by low fault currents. Consequently, the RGS (resonant
grounding system) mode of the VSC according to Sect. 6.2.3.1 is activated.

In Scenario 8, a single-phase-to-ground fault is investigated, too. Extending Sce-
nario7, the transient current limiting according to Sect. 6.3.1 is additionally re-
garded.

The four simulation scenarios are based on 10 kV grid topologies. Each overhead
line shows a length of 10 km. The simulated line parameters are shown in Tab. 10.1.

Table 10.1 Overhead line parameters in the simulation (see also Fig. 7.4)

Variable Value Description

Sarid 50Hz nominal grid frequency

Verid 10kV nominal grid voltage

R’ 150 m2/km phase resistance per km

L 1 mH/km phase inductance per km

C’ 10 nF/km phase-to-ground capacitance per km

The basic diagrams illustrating the achieved results of the four simulation test
scenarios basically correspond to the diagrams of Chap. 9. The p-value py(k) €
[0, 1] characterizes the goodness-of-fit of a model of a healthy grid area. It is
calculated inside the fault identification (FI) layer (see Sect. 8.3 and Sect. 8.4.2)
according to Eq. (8.25c). The fault decision of the FI layer regarding a grid area is
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made based on the comparison of the p-value py and a predefined confidence level
ap € [0, 1]. In this chapter, o, = 0.8 is chosen.

The index of the model of one line evoking the minimum Euclidean norm of the
estimation errors at each sample point describes the fault characterization (FC) layer
(see Sect. 8.4.3). These diagrams show the stability and the speed of the fault decision
regarding one line. The FC layer is additionally described by one spider plot per
line. Here, the fault decision is visualized regarding selected models characterized
by the fault resistance configuration, the values of the appearing fault resistances and
the rough fault location. The inverse relative estimation error I R Egrc; € (0, 1] for
the model i quantifies and visualizes the decision at different points in time before
and after the fault according to Eq. (9.1). The I R Erc-value of the most suitable
model equals one. The I R Erc-values of all other investigated models are less than
one. The smaller the I R Erc-value of one model, the more unsuitable the regarded
model appears to be.

A slider illustrates the result of the fault localization (FL) layer. The evaluation
of the FL layer is not time-sensitive—in contrast to the FI and the FC layer. In the
FL layer, different models are derived from the most suitable model of the FC layer
regarding the fault resistance configuration and the values of the appearing fault
resistances. The models of the FL layer differ from each other by the fault location.

10.2 Scenario 5: 3p-fault and Voltage Reduction

This simulation scenario contains the investigation of a three-phase fault inside a
serial lines topology. The amplitude of the positive sequence output voltages of
the VSC is reduced after the fault according to Sect. 6.3.2.3 to ensure steady state
current limiting. Tab. 10.2 gives an overview of the relevant figures of this section,
providing also the possibility for quick navigation in the digital document.

The VSC at busbar C is connected via two serial lines to the grid at busbar A.
Line 1 connects busbar A and busbar B. Busbar B and busbar C are connected via
line 2. Both lines show a length of 10km. The nominal active power of the VSC
equals 7.5 MW. A three-phase fault on line 1 at the relative fault location m = 0.3
seen from busbar A is applied at ¢+ = 0.1 s. The fault resistances equal zero. The
amplitude of the positive sequence output voltages of the VSC is reduced from
t =0.2stot =0.3s. Fig. 10.1 shows the simulation scenario.

The voltages at busbar C are given in Fig. 10.2. Immediately after the fault, the
amplitude of the voltages is reduced according to Kirchhoff’s voltage law (KVL).
From ¢t = 0.2 s, the voltage amplitude is actively reduced by the VSC by reducing
the amplitude of the reference voltages of the filter capacitor voltages. In this way,
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Table 10.2 Overview of the relevant figures of Sect. 10.2 containing the validation of the
model-based protection (MBP) algorithm in a simulation test investigating a three-phase fault
on line 1 with a relative fault distance of m = 0.3 at + = 0.1 s based on a two serial lines
topology

Content Figure
Scenario under investigation Fig. 10.1
Model of the grid topology for the fault identification Fig. 7.7
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13
localization

Phase-to-ground voltages at busbar C Fig. 10.2
Phase currents at busbar C Fig. 10.3
Result of the FI: P-value pp Fig. 10.4
Result of the FC: Index of the identified model Fig. 10.5

Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 10.6
of line 1

Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 10.7
of line 2

Result of the FL of line 1 in a slider diagram Fig. 10.8

Grid . VSC & filter

3p-fault
m=0.3

Fig. 10.1 Simulation scenario for validating the MBP algorithm during a three-phase fault
on line 1 with a relative fault distance of m = 0.3 at r = 0.1 s based on a two serial lines
topology

the steady state current limiting is achieved. The time interval between the fault
occurrence and the activation of the steady state current limiting of 100 ms is chosen
to demonstrate the reaction of the MBP with and without current limiting.

The phase currents at busbar C before and after the fault are shown in Fig. 10.3.
The amplitude of the currents increases immediately after the fault # = 0.1 s due to
KVL and the V/I-characteristics of passive grid elements. For practical applications



10.2  Scenario 5:3p-fault and Voltage Reduction 265

10.0 [ T T T T ]
7.5 B VCl -
5.0 —ve2 | 7]

_§§ w&w&w&w&w&w ‘CXt"\X)"‘XO"w;i’S"Xi !&:

-5.0 |7 .
-1.5 .
-100 1 1 1 N

0.0 0.1 0.2 0.3 0.4 0.5

Time in s

Voltage in kV

Fig. 10.2 Phase-to-ground voltages at busbar C before and after a three-phase fault on line 1
with a relative fault distance of m = 0.3 at r = 0.1 s based on a two serial lines topology
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Fig. 10.3 Phase currents at busbar C before and after a three-phase fault on line 1 with a
relative fault distance of m = 0.3 at + = 0.1 s based on a two serial lines topology

it has to be checked, if the resulting factor of 2 is allowed. From ¢ = 0.2s, the
amplitude of the currents is decreased approximately to its nominal value.

The p-value py calculated in the FI layer is shown in Fig. 10.4. The p-value
is greater than the predefined confidence level ay, before the fault at + < 0.1s.
Consequently, no fault is identified. After the fault at + > 0.1s, pp < oy, is valid.
The fault is correctly identified 1.5 ms after the fault occurred.
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Fig. 10.4 P-value pp and confidence level oy, of the FI layer of the MBP algorithm before
and after a three-phase fault on line 1 with a relative fault distance of m = 0.3 at¢t = 0.1s
based on a two serial lines topology

The evolution of the indices of the models of line 1 and line 2 of the FC layer
is visualized in Fig. 10.5. The change from index one to another value indicates
the fault on line 1. Since the model index does not change, the line 2 is correctly
characterized as healthy.

Line 1
Line 2

Index of FC models

0.0 0.1 0.2 0.3 0.4 0.5

Time in s

Fig. 10.5 Index of the models of line 1 and line 2 evoking the minimum Euclidean norm of
the estimation errors of the FC layer of the MBP algorithm before and after a three-phase
fault on line 1 with a relative fault distance of m = 0.3 at¢ = 0.1 s based on a two serial lines
topology
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The spider plot of the FC layer of line 1 is depicted in Fig. 10.6. Two models
of three-phase faults at m = 0 and m = 0.5 with fault resistances of 02 are
chosen for comparison in this figure. Different models with different fault resistance
configurations with a relative fault distance of m = 0.5 are additionally chosen for
comparison. Here, the fault resistances are also assumed to be zero. At t = 0.05s
no fault is identified. At ¢+ = 0.15 s, the three-phase fault at m = 0.5 is identified.
According to the calculated I R Erc-values, the distinction between m = 0 and
m = 0.5 is not definitely clear. A subsequent fault localization is necessary. Fig.
10.7 contains the spider plot of line 2. Here, no fault is identified.

No fault

3p-fault
m=0.5

1p-fault
m=0.5

3p-fault 2p-fault
m=0 m=0.5

HE 4

0.00s 0.05s 0.10s 0.15s 0.20s

Fig. 10.6 Inverse relative estimation errors / REgc; att = 0.05s and ¢ = 0.15 s of selected
models of line 1 of the FC layer of the MBP algorithm before and after a three-phase fault
on line 1 with a relative fault distance of m = 0.3 at t = 0.1 s based on a two serial lines
topology

In the FL layer of the MBP, models described by a three-phase fault are investi-
gated at different relative fault distances with Rp = 0 2. The variable m is varied
from 0 to 1 in 0.1-steps. The model described by a three-phase fault with Rp = 0 Q
at m = 0.3 is identified as the most suitable model. The result of the FL layer is
visualized in Fig. 10.8.
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Fig. 10.7 Inverse relative estimation errors I REgc; att = 0.05s and t = 0.15 s of selected
models of line2 of the FC layer of the MBP algorithm before and after a three-phase fault
on line 1 with a relative fault distance of m = 0.3 at r = 0.1s based on a two serial lines
topology

m=0 m=0.3 m=1

Fig. 10.8 Result of the fault localization on line 1 of the MBP algorithm after a three-phase
fault on line 1 with a relative fault distance of m = 0.3 at # = 0.1 s based on a two serial lines

topology

The scenario in this section shows that a three-phase fault followed by voltage
reduction in the positive sequence by the VSC is identified fast and reliable by the
MBP in the simulation. The FC layer identifies the faulty line 1. The fault resistance
configuration and the value of the fault resistance are detected correctly. The FL
layer localizes the fault precisely.
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10.3 Scenario 6: 2p-fault and Reactive Current Injection

In this simulation scenario, a phase-to-phase fault is investigated. Reactive current
is injected in the negative sequence by the VSC after the fault according to Sect.
5.2.3.2 to ensure symmetrical grid voltages. The MBP algorithm is validated based
on the resulting voltage and current characteristics of Sect. 5.2.3.3. An overview of
the relevant figures of this section, providing also the possibility for quick navigation
in the digital document, is given in Tab. 10.3.

Table 10.3 Overview of the relevant figures of Sect. 10.3 containing the validation of the
model-based protection (MBP) algorithm in a simulation test investigating a phase-to-phase
fault between phase 2 and phase 3 with a relative fault distance of m = 0.8 atz =0.1s

Content Figure
Scenario under investigation Fig. 10.9
Model of the grid topology for the fault identification Fig. 7.5
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13
localization

Phase-to-ground voltages at busbar B Fig. 5.14
Phase currents at busbar B Fig. 5.15
Result of the FI: P-value pp Fig. 10.10
Result of the FC: Index of the identified model Fig. 10.11
Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 10.12
Result of the FL in a slider diagram Fig. 10.13

The VSC at busbar B is connected to the grid at busbar A. The overhead line has
a length of 10 km. The nominal active power of the VSC equals 8.5 MW. A phase-
to-phase fault between phase 2 and phase 3 at the relative fault location m = 0.8
seen from busbar A is applied at t = 0.1 s. The fault resistance Rr equals 2 2. The
reactive current injection in the negative sequence is activated at + = 0.3s. The
time interval between the fault occurrence and the activation of the reactive current
injection of 200 ms is chosen to demonstrate the reaction of the MBP with and
without reactive current injection. The simulation scenario is shown in Fig. 10.9.

The voltages at busbar B are shown in Fig. 5.14 and the phase currents at busbar
B are presented in Fig. 5.15. Detailed descriptions and explanations of these figures
are given in Sect. 5.2.3.3.
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Fig. 10.9 Simulation scenario for validating the MBP algorithm during a phase-to-phase fault
between phase 2 and phase 3 with a relative fault distance of m = 0.8 att = 0.1s

The p-value py calculated in the FI layer is shown in Fig. 10.10. Before the
fault at ¢+ < 0.1s, the p-value is greater than the predefined confidence level oy
and no fault is identified. After the fault at + > 0.1s, pn < ay is valid and the
fault is correctly identified 5 ms after the fault occurred. Periodic peaks showing a
frequency of 100 Hz appear in this time interval. They are caused by the minima
of the weighted sum ¢ (k) of the squared elements of the vector of the estimation
errors, see Eq. (8.21). This effect does not influence the functionality of the FI layer
negatively. Compared to Fig. 10.4, the p-value is increased after the fault. However,
the fault identification based on a, = 0.8 is clear.
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Fig. 10.10 P-value py, and confidence level oy, of the FI layer of the MBP algorithm before
and after a phase-to-phase fault between phase 2 and phase 3 with a relative fault distance of
m=0.8atr=0.1s
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Fig. 10.11 depicts the index of the model evoking the minimum Euclidean norm
of the estimation errors in the FC layer. The healthy model is described by the index
one. The fault is identified at high speed 7 ms after the fault occurred. The stability
of decision is high because the index stays constant before and after the fault.

Index of FC models

0.0 0.1 0.2 0.3 0.4 0.5

Time in s

Fig. 10.11 Index of the models evoking the minimum Euclidean norm of the estimation
errors of the FC layer of the MBP algorithm before and after a phase-to-phase fault between
phase 2 and phase 3 with a relative fault distance of m = 0.8 atr = 0.1s

The Fig. 10.12 shows the spider plot of the FC layer. Two models of phase-
to-phase faults between phase2 and phase3 at m = 0 and m = 0.75 with fault
resistances of 2 2 are chosen for comparison. Different models with different fault
resistance configurations with a relative fault distance of m = 0.5 and fault resis-
tances of 2 2 are additionally chosen for comparison in this figure. At = 0.05s
no fault is identified. At # = 0.15 s, the phase-to-phase fault between phase 2 and
phase 3 at m = 0.75 is identified. According to the calculated / R Egc-values, the
distinction between m = 0.5 and m = 0.75 is not definitely clear. A subsequent
fault localization is necessary.

In the FL layer of the MBP, models described by a phase-to-phase faults between
phase 2 and phase 3 with Rp = 2 Q2 are investigated at different relative fault dis-
tances. The variable m is varied from O to 1 in 0.1-steps. The model described by
a phase-to-phase faults between phase 2 and phase 3 with Rp =2 Q atm = 0.8 is
identified as the most suitable model. The result of the FL layer is visualized in Fig.
10.13.



272 10 Model-based Protection Scenarios in 100% IBPS

No fault
IRE

3p-fault
m=0.5

1p-fault
m=0.5

2p-fault 2p-fault
m=0.75 m=0.5

HE 4

0.00s 0.05s 0.10s 0.15s 0.20s

Fig. 10.12 Inverse relative estimation errors I REgc; att = 0.05s and r = 0.15 s of selected
models of the FC layer of the MBP algorithm before and after a phase-to-phase fault between
phase 2 and phase 3 with a relative fault distance of m = 0.8 att = 0.1s

Fig. 10.13 Result of the fault localization of the MBP algorithm after a phase-to-phase fault
between phase 2 and phase 3 with a relative fault distance of m = 0.8 atr = 0.1s

This scenario demonstrates, that a phase-to-phase faults between phase2 and
phase 3 followed by reactive current injection in the negative sequence by the VSC
is identified fast and reliable by the MBP. The fault characterization is sufficiently
good. The subsequent FL layer localizes the fault correctly.
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10.4 Scenario 7: 1p-fault and RGS-mode

This simulation scenario contains the investigation of a single-phase-to-ground fault.
The RGS-mode of the VSC according to Sect. 6.2.3.1 is applied to ensure a sym-
metrical grid operation, the reduction of the fault current and the arc suppression.
The MBP algorithm is validated based on the resulting voltage and current charac-
teristics of Sect. 6.2.3.2. Tab. 10.4 gives an overview of the relevant figures of this
section.

Table 10.4 Overview of the relevant figures of Sect. 10.4 containing the validation of the
model-based protection (MBP) algorithm in a simulation test investigating a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.8 at# = 0.1s

Content Figure
Scenario under investigation Fig. 10.14
Model of the grid topology for the fault identification Fig. 7.5
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and | Fig. 7.12 & Fig. 7.13
localization

Phase-to-ground voltages at busbar B Fig. 6.15
Phase currents at busbar B Fig. 6.14
Result of the FI: P-value pp Fig. 10.15

Space vector components of the phase-to-ground voltages | Fig. 10.16
at busbar B

Space vector components of the phase currents at busbar B | Fig. 10.17

Result of the FC: Index of the identified model Fig. 10.18
Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 10.19
Result of the FL in a slider diagram Fig. 10.20

The scenario is similar to the scenario of Sect. 10.3. The VSC at busbar B is
connected to the grid at busbar A via an overhead line of 10 km. The nominal active
power of the VSC equals 8.5 MW. A single-phase-to-ground fault in phase 1 with
the fault resistance Rp = 0 is applied at + = 0.1s. The relative fault distance
m equals 0.8 seen from busbar A. The reference value of the virtual inductance
in the zero sequence is reached approximately at t = 0.25s, see Fig. 6.17. From
t = 0.25s, steady state characteristics are observed. The simulation scenario is
shown in Fig. 10.14.
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Fig. 10.14 Simulation scenario for validating the MBP algorithm during a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.8 att = 0.1s

Fig. 6.15 visualizes the voltages at busbar B and Fig. 6.14 presents the phase
currents at busbar B. Detailed descriptions and explanations of these figures are
given in Sect. 6.2.3.2.

Fig. 10.15 presents the p-value py calculated in the FI layer. The p-value is
greater than the predefined confidence level oy, before the fault at # < 0.1 s. Conse-
quently, no fault is identified. Immediately after the fault att > O.1s, pyp < oy is
valid and the fault is identified.
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Fig. 10.15 P-value py, and confidence level ay, of the FI layer of the MBP algorithm before
and after a single-phase-to-ground fault in phase 1 with a relative fault distance of m = 0.8
att =0.1s

Approximately att = 0.225's, py, is greater than oy, and the fault decision of the FI
layer is reversed. The reference value of the virtual inductance in the zero sequence is
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nearly reached and the absolute value of the zero sequence impedance becomes very
high compared to the time interval immediately after the fault. The positive sequence,
the negative sequence and the zero sequence become decoupled again from the
VSC perspective (see also Fig. 6.13). The space vector components of voltages and
currents before the fault do not distinguish significantly from their characteristics in
the steady state after the fault. Exemplary, the space vector components of voltages
and currents at busbar B are visualized in Fig. 10.16 and Fig. 10.17. These variables
represent subsets of the input variables of the Kalman filter and the measurement
variables of the FI layer. Since zero sequence components are not considered in
the FI layer (see Sect. 7.2), the fault decision of the FI layer is reversed after the
reference value of the virtual inductance in the zero sequence is reached. The low-
impedance time interval depends on the dynamic performance and the settings of
the V/I-controller. It can for example be increased, see Sect. 6.2.3.4.
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Fig. 10.16 Space vector components in the stationary reference frame of the phase-to-ground
voltages at busbar B before and after a single-phase-to-ground fault in phase 1 with a relative
fault distance of m = 0.8 att = 0.1s

The evolution of the indices of the models of the FC layer is shown in Fig. 10.18.
The index changes from one to another value immediately after the fault occurred
and the fault is identified. At + = 0.18s, the index changes. In this chase, the
most suitable model changes from a single-phase-to-ground fault with Rp = 1 Q2
to Rp = 0. This effect does not influence the fault decision significantly. The
changing value of the realized value of the virtual inductance in the zero sequence
does not influence the FC layer. The reason is that the zero sequence is modelled in
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Fig. 10.17 Space vector components in the stationary reference frame of the phase currents
at busbar B before and after a single-phase-to-ground fault in phase 1 with a relative fault
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Fig. 10.18 Index of the models evoking the minimum Euclidean norm of the estimation
errors of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.8 att = 0.1s

the FC layer, see Sect. 7.4. Since the FI layer reverses its decision, the FC layer as
the second layer of the MBP is crucial.

The spider plot of the FC layer is shown in Fig. 10.19. Two models of single-
phase-to-ground faults in phase 1 at m = 0.5 and m = 0.75 with fault resistances
of 02 are chosen for comparison in this figure. Different models with different
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fault resistance configurations with a relative fault distance of m = 0.5 with zero
fault resistances are additionally chosen for comparison. At ¢ = 0.05's, no fault is
identified. At t = 0.15ss, the single-phase-to ground fault in phase 1 at m = 0.75
is identified. According to the calculated I R Erc-values, the distinction between
m = 0.5 and m = 0.75 is not definitely clear. A subsequent fault localization is
necessary.

No fault
IREgc =1

3p-fault
m=0.5

1p-fault
m=0.5

2p-fault 1p-fault
m=0.5 m=0.75

N 4 e

0.00s 0.05s 0.10s 0.15s 0.20s

Fig. 10.19 Inverse relative estimation errors I R Egc; att = 0.05s and ¢ = 0.15 s of selected
models of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.8 atz = 0.1s

Models described by a single-phase-to ground fault in phase 1 with Rp = 0Q2
are investigated at different relative fault distances in the FL layer of the MBP. The
variable m is varied from O to 1 in 0.1-steps. The model described by a three-phase
fault with Rp = 0 Q2 at m = 0.8 is identified as the best suitable model. The result
of the FL layer is presented in Fig. 10.20.

This scenario demonstrates that the FI layer identifies a single-phase-to ground
fault in phase 1 fed by a VSC applying the RGS-mode immediately after the fault.
The FC layer ensures the fault characterization even after the reference value of
the virtual inductance in the zero sequence is reached. The multilayer principle
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Fig. 10.20 Result of the fault localization of the MBP algorithm after a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.8 att = 0.1s

of the MBP allows the fast and reliable fault identification, characterization and
localization. Opposite decisions of the FI layer and the FC layer in the steady state
after the fault (e.g. at + = 0.3, see Fig. 10.15 and Fig. 10.18) are used as an
indicator, that the grid operation can be continued after a single-phase-to ground
fault.

10.5 Scenario 8: 1p-fault and Transient Current Limiting

In this simulation scenario, a single-phase-to-ground fault with transient current
limiting by the VSC is investigated. As in Sect. 10.4, the RGS-mode of the VSC
according to Sect. 6.2.3.1 is applied to ensure a symmetrical grid operation, the
reduction of the fault current and the arc suppression. Furthermore, non-zero mean
values of the phase currents (see Sect. 6.2.1.2) are avoided and the constant switching
frequency according to Sect. 6.3.1.1, Sect. 6.3.1.2, Sect. 6.3.1.3 and Sect. 6.3.1.4
is activated. The MBP algorithm is validated based on the resulting voltage and
current characteristics of Sect. 6.3.1.5. An overview of the relevant figures of this
section, providing also the possibility for quick navigation in the digital document,
is given in Tab. 10.5.

The VSC at busbar B is connected to the grid at busbar A via an overhead line
of 10km. The nominal active power of the VSC equals 4 MW and the nominal
reactive power of the VSC equals —3.5 Mvar. Voltage stability will be a growing
challenge in future distribution grids due to multidirectional power flows. VSCs
offer the possibility to adjust reactive power independently of the active power.
This scenario shows a VSC drawing inductive reactive power for reducing the grid
voltage with simultaneous active power injection. The current limit of the phase
currents is set to 2600 A. At¢ = 0.1 s, single-phase-to-ground fault in phase 1 with
the fault resistance Rr = 02 is applied. The relative fault distance m equals 0.8
seen from busbar A. The simulation scenario is shown in Fig. 10.21.
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Table 10.5 Overview of the relevant figures of Sect. 10.5 containing the validation of the
model-based protection (MBP) algorithm in a simulation test investigating a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.8 att =0.1s

Content Figure
Scenario under investigation Fig. 10.21
Model of the grid topology for the fault identification Fig. 7.5
Model of the healthy line for the fault characterization Fig. 7.11

Models of the faulty line for the fault characterization and
localization

Fig.

7.12 & Fig. 7.13

Phase-to-ground voltages at busbar B Fig. 6.31
Phase currents at busbar B Fig. 6.30
Result of the FI: P-value pp Fig. 10.22
Result of the FC: Index of the identified model Fig. 10.23
Result of the FC: Inverse relative estimation errors / R Erc; | Fig. 10.24
Result of the FL in a slider diagram Fig. 10.25
A
VSC & filter
R1 t=0.1s R2
[ ] VA [] 0J
L 4 L
AYava Lp-fauit
D m=0.8

Fig. 10.21 Simulation scenario for validating the MBP algorithm during a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.8 atz = 0.1s

The voltages at busbar B are shown in Fig. 6.31 and the phase currents at busbar
B are presented in Fig. 6.30. Detailed descriptions and explanations of these figures

are given in Sect. 6.3.1.5.
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The p-value py calculated in the FI layer is shown in Fig. 10.22. The p-value
is greater than the predefined confidence level oy, before the fault at ¢+ < 0.1s.
Consequently, no fault is identified. p, < oy is valid after the fault at r > 0.1s.
The fault is correctly identified 3 ms after the fault occurred. As in Sect. 10.3,
periodic peaks showing a frequency of 100 Hz appear in this time interval. They
are caused by the minima of the weighted sum ¢ (k) of the squared elements of the
vector of the estimation errors, see Eq. (8.21). This effect does not influence the
functionality of the FI layer negatively. Compared to the previous three sections,
the p-value is increased after the fault showing values from 0.5 to 0.6. However,
the fault identification based on o, = 0.8 is clear.

1.0 .
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Fig. 10.22 P-value py, and confidence level ay, of the FI layer of the MBP algorithm before
and after a single-phase-to-ground fault in phase 1 with a relative fault distance of m = 0.8
att =0.1s

The evolution of the index of the FC layer is demonstrated in Fig. 10.23. The
grid fault is indicated by the change of the value of the index from one to another
value. The fault is identified 28 ms after the fault occurred. The stability of decision
is high because the index stays constant before and after the fault.

The Fig. 10.24 shows the spider plot of the FC layer. Two models of single-
phase-to-ground faults in phase 1 at m = 0.5 and m = 0.75 with a fault resistance
of 02 are chosen for comparison in this figure. Different models with different
fault resistance configurations with a relative fault distance of m = 0.5 and fault
resistances of 0 €2 are additionally chosen for comparison. At ¢ = 0.05 s no fault is
identified. At r = 0.15 s, the single-phase-to-ground fault in phase 1 at m = 0.75
is identified. According to the calculated I R Erc-values, the distinction between
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Fig. 10.23 Index of the models evoking the minimum Euclidean norm of the estimation
errors of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.8 att = 0.1s

m = 0.5 and m = 0.75 is not definitely clear. A subsequent fault localization is
necessary.

In the FL layer of the MBP, models described by a single-phase-to-ground fault
in phase 1 with Rp = 0 € are investigated at different relative fault distances. The
variable m is varied from O to 1 in 0.1-steps. The model described by a single-
phase-to-ground fault in phase 1 with Rg = 0 2 at m = 0.8 is identified as the best
suitable model. Fig. 10.25 shows the result of the FL layer.

This scenario demonstrates, that a single-phase-to ground fault in phase 1 fed by
a VSC applying the RGS-mode and transient current limiting is identified fast and
reliable by the MBP. The fault characterization is sufficiently good. The subsequent
FL layer localizes the fault correctly.

10.6 Summary

In this chapter, the investigation of the model-based protection (MBP) algorithm
in 100% inverter-based power systems (IBPS) applying different grid fault types is
presented. The control algorithm of voltage source converters (VSCs) and the MBP
algorithm are merged and a perspective of the resilient operation of 100% IBPS is
pointed out.
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Fig. 10.24 Inverse relative estimation errors I REgc; att = 0.05s and r = 0.15 s of selected
models of the FC layer of the MBP algorithm before and after a single-phase-to-ground fault
in phase 1 with a relative fault distance of m = 0.8 atr = 0.1s

Fig. 10.25 Result of the fault localization of the MBP algorithm after a single-phase-to-
ground fault in phase 1 with a relative fault distance of m = 0.8 att = 0.1s

The MBP algorithm from Chap. 8 is tested, realizing the state-of-the-art and
enhanced grid fault characteristics from Chap. 5 and Chap. 6 in simulations. In this
way, the MBP algorithm is validated by simulation tests in addition to the validation
by laboratory tests in Chap. 9.

The objective of the grid-forming VSC controller as a reaction to the grid fault
depends on the grid fault type. Based on the control algorithms presented in Chap.
5 and Chap. 6, different favourable voltage/current (V/I) characteristics appear. The
MBP algorithm is tested based on these V/I-characteristics applying a three-phase
fault, a phase-to-phase fault and a single-phase-to-ground fault.
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The MBP algorithm is successfully validated by the investigation of a three-
phase fault inside a serial lines topology. The amplitude of the positive sequence
voltages is reduced by the VSC after the fault to ensure steady state current limiting.
The fault is identified fast and reliable, characterized and localised correctly by the
MBP algorithm. The faulty line is detected properly.

Moreover, the MBP algorithm is successfully validated by the investigation of
a phase-to-phase fault. Reactive current is injected in the negative sequence by the
VSC after the fault to ensure symmetrical grid voltages. The phase-to-phase fault
is identified fast and reliable and localised correctly.

Furthermore, the MBP algorithm is successfully validated by the investigation
of a single-phase-to-ground fault. The resonant grounding system (RGS) mode of
the VSC is activated to ensure a symmetrical grid operation, the reduction of the
fault current and the arc suppression. The multilayer principle of the MBP algorithm
allows a fast and reliable detection of the fault—even after the reference value of
the virtual inductance in the zero sequence is reached.

Finally, the MBP algorithm is successfully validated by the investigation of a
single-phase-to-ground fault with transient current limiting by the VSC. In addition,
non-zero mean values of the phase currents are avoided and the constant switching
frequency mode is activated. The fault is identified fast and reliable, characterized
and localised correctly by the MBP algorithm.
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Conclusion and Research Perspectives 1 1

11.1  Conclusion

In this thesis, a holistic control and protection concept for 100% inverter-based
power systems (IBPS) based on voltage source converters (VSCs) is presented. A
perspective of sustainable energy systems based on renewable energy sources (RES)
is pointed out.

Energy systems are in transition. VSCs are key technologies of future electrical
power grids. New grid architectures and grid operation strategies with multidirec-
tional power flows based on storage-based RES arise. The grid synchronization, the
grid operation and the grid fault characteristics have to be re-evaluated regarding the
increasing penetration of the grid by VSCs. The characteristics of VSCs regarding
grid synchronization, grid operation and grid fault characteristics depend on their
control algorithm. New flexibility options to increase the reliability of energy supply
after grid faults reveal. These flexibility options lead to characteristics of voltages
and currents, that differ from conventional characteristics caused by synchronous
machines. The fault characteristics are challenging for state-of-the-art grid protec-
tion algorithms. Sophisticated solutions are missing up to now. New concepts for
the control and protection concept of 100% IBPS have to be developed.

The key points of the own contribution refer to the research objectives in Sec.
1.2.3. The basic principles and impacts of these contributions are presented subse-
quently.
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Results regarding research objective 1

In this thesis, advances regarding the post-fault characteristics and power syn-
chronization applying the grid-forming mode in the positive sequence regard-
ing research objective 1 (see Sec. 1.2.3) are achieved. A design guideline of
the configurable natural droop (CND) controller for the active power synchro-
nization is developed. Reflecting the transfer function of the CND-controller
of a grid-connected VSC to the transfer function of a second order lag ele-
ment allows defining the parameters of the CND-controller. In this way, the
desired frequency inertia, the power damping coefficient and the frequency
droop constant are realized independently of each other via a VSC. These
properties define the frequency and active power characteristics after a grid
fault. They are essential for the post-fault operation of 100% IBPS.

Moreover, a state-space model of a grid-connected VSC using a CND-
controller and a reactive power droop controller is derived. Consequently,
the small-signal power synchronization stability can be evaluated. It also
depends on the parameters of the CND-controller and the reactive power
droop constant. In this way, the grid integration of VSCs into 100% IBPS is
formalized.

A hybrid synchronization method is presented. A CND-controller and a
multi-sequence harmonic decoupling cell (MSHDC) phase-locked loop (PLL)
are combined to calculate the reference frequency of the filter capacitor volt-
ages to adjust the active power. Consequently, properties of the voltage-based
synchronization and the power-based synchronization are merged. In this way,
the provision of instantaneous power is maintained while the essential con-
trol of the DC-link voltage works independent of the grid frequency. These
characteristics are for example used for wind power plants and photovoltaic
power plants inside 100% IBPS. The active power is controlled by the second
VSC on the grid-averted side, e.g. based on maximum power point tracking.
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Results regarding research objective 2

In this thesis, the connection of a VSC to the grid as a three-phase four-wire
system to open new flexibility options during grid faults regarding research
objective 2 (see Sec. 1.2.3) is presented. Different characteristics in the zero
sequence during grid faults are realized. Therefore, the hardware configuration
and the software design of the grid-connected VSC are extended.

A conventional three-phase three-wire VSCs is extended by a fourth half-
bridge. The fourth half-bridge operates as a DC-link voltage balancer. The
extended VSC is connected to the grid as a three-phase four-wire system and
enables zero sequence currents.

By controlling the zero sequence current or voltage of the VSC, the grid-
side zero sequence characteristics are determined. A state-feedback controller
based on the linear-quadratic regulator (LQR) algorithm is used. Realizing a
virtual inductance, a parallel resonant circuit in the zero sequence appears.
Adjusting the resonance frequency of the parallel resonant circuit to the op-
erating frequency of the grid, the absolute value of the impedance of the zero
sequence increases significantly. The fault current induced by a single-phase-
to-ground fault is consequently reduced and symmetrical grid operation can
often be continued. Besides, arc suppression is achieved.

Moreover, the transient state current limiting is realized by including as-
pects of the model predictive control (MPC) and designing a suitable cost
function. Steady state current limiting is achieved by a pre-review of the
targeted operating point.

Danger to living beings and damage on hardware equipment due to high
fault currents is reduced. Besides, the resiliency of 100% IBPS against grid
fault and the reliability of energy supply is increased. Advanced current lim-
iting techniques raise the resilience of VSCs against grid faults.
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Results regarding research objective 3

In this thesis, a novel model-based protection (MBP) algorithm regarding
research objective 3 (see Sec. 1.2.3) is developed. The basic principle of the
MBP algorithm is to compare, if measured values and estimated values based
on state-space models of corresponding variables match or not. The estimation
error indicates the goodness-of-fit of the models and conclusions of the real
grid state are drawn. Decisions based on this analysis for the tripping of circuit
breakers to protect living beings and hardware equipment are taken.

Like the design of the state-feedback LQR-controllers of VSCs, the design
of the developed MBP algorithm is also based on models emulating real phys-
ical characteristics. Existing protection algorithms like the distance protection
and the differential protection are also based on models. These models are of
different nature and are less detailed compared to the state-space models of
the MBP algorithm.

The Kalman filter (KF) is used as the state estimation algorithm of the
MBP. KFs take stochastic process and measurement noise into account and
are thus suitable for practical applications.

The MBP algorithm consists of three layers: The fault identification (FI)
layer, the fault characterization (FC) layer and the fault localization (FL)
layer. The objective of the FI layer is to decide, if normal operation conditions
inside the monitored grid area are present or not. The objective of the fault
characterization is the determination of the fault resistance configuration, the
values of the appearing fault resistances and the rough fault location on one
line. Each line inside the monitored grid area is investigated. Each faulty line
is further investigated in detail by the fault localization layer to specify the
fault location precisely.

Inherent selectivity regarding the faulty line, speed and sensitivity as fun-
damental properties of a protection algorithm are ensured. Since the MBP
algorithm operates independently of signal characteristics and the direction
of power flows, it is additionally characterized by its universality.

The developed MBP algorithm represents an appropriate protection algo-
rithm for 100% IBPS without restricting the flexibility options of VSCs during
grid faults. The limited overcurrent capability or the harmonics of voltages
and currents of VSCs do not influence the MBP negatively, too. For safety
reasons, the MBP algorithm is an indispensable part of 100% IBPS.
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All control and protection algorithms in this thesis are developed analytically,
with a clear focus on mathematical precision and evidence. Furthermore, they are
thoroughly validated in simulations using MathWorks MATLAB/Simulink software
suite. In addition, the MBP algorithm is successfully validated by real hardware
laboratory tests.

The sustainable and reliable energy supply is an essential cornerstone of human
societies. This thesis pointing out a holistic approach for the control and protection
of 100% IBPS contributes along this way.

11.2 Research Perspectives

Based on the key contributions in Sec. 11.1, different starting points of future re-
search work reveal. The most significant aspects—from the author’s perspective—
are described subsequently.

Post-fault characteristics of VSCs

The state-space model of a grid-connected VSC using a CND-controller and a re-
active power droop controller to evaluate the small-signal power synchronization
stability can be enhanced by the dynamics of the closed-loop V/I-state-space con-
troller. In this way, the impact of the parameters of the state-space controller is
investigated and further design guidelines can be defined. The state-space model of
the VSC can additionally be extended to microgrids or larger grid areas. Investiga-
tions of the hybrid synchronization method can include the effects on the DC-side
and optionally the characteristics of wind turbines and photovoltaic modules to in-
clude additional effect appearing in practical applications. Moreover, future work
can include investigations regarding the transient stability of the hybrid synchro-
nization method.

Neutral point treatment and resonant grounding via VSCs

Today, state-of-the-art VSCs are still often connected via a transformer to the grid. To
open the application range of three-phase four-wire VSCs for neutral point treatment
to conventional hardware setups, VSCs connected via a wye-wye transformer to the
grid can be evaluated. To further reduce the residual current after a single-phase-to-
ground fault, the controller of the VSC can be extended to adjust the characteristics of
multiple frequencies independently of each other at the same time. A polyfrequency
three-phase four-wire system appears. Since the requirements on the maximum
values of voltages and currents of a three-phase four-wire VSC differ from the ones
on a conventional VSC, new standards have to be defined. Besides, a decentralized
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resonant grounding system (RGS) can be investigated. The necessary value of the
virtual inductance is realized in a cooperation of multiple VSCs. In this way, the
additional current is shared upon multiple VSCs.

Model-based protection algorithm

The MBP algorithm can be investigated in combination with the distance protection
algorithm as a backup. Complementary advantages can lead to a high efficacy of the
hybrid protection scheme. Furthermore, the state-space model of the FI layer can
be derived from artificial intelligence (AI) methods for parameter identification. A
broad measurement data basis gained during normal operating conditions for the Al
training can be used. Models of further hardware equipment can be derived to be
used inside the FC layer. Non-linear models (e.g. of a transformer) can increase the
necessity for the use of the extended Kalman filter (EKF) or the unscented Kalman
filter (UKF) instead of the standard KF. Models of superconducting components can
include further physical laws, e.g. to characterize the dynamics of the temperature.
Finally, the MBP algorithm can be adapted for DC-grids. The models can be for-
mulated based on common mode (CM) and differential mode (DM) components,
that replace the space-vector components in the stationary reference frame.
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