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Abstract

Remote offshore wind power plants (WPPs) are being linked through high—
voltage dc voltage—source converter (VSC-HVdc) transmission to the main
grids. The current deployments of HVdc grid connections for offshore
WPPs are point—to—point transmission systems. Moreover, WPPs connected
to the offshore VSC-HVdc form an offshore ac grid which operates non—
synchronously to the main grids. It is characterized by extensive submarine
cabling and, in the case of full-scale power converter—based wind turbines,
by being purely converter—based.

This thesis goes into two main aspects regarding the operation of HVdc—
connected WPPs: i) reactive power and voltage control and ii) fault ride
through (FRT) in the ac offshore grids.

Optimization—based reactive power control strategies are enhanced to
the application of an ac grid consisting of one grid—forming and several
grid—connected converters. A reactive power and voltage control method is
introduced which aims to increase the annual energy production from a single
WPP. In the industrial application, several WPPs might be clustered which
leads to multi-layered controllers and operation boundaries. Taking this into
account, an operation strategy with reasonable communication requirements
is suggested and evaluated against conventional methods.

The work further proposes a control framework for the grid—forming offshore
VSC-HVdc. Special emphasis is put on the FRT of unbalanced faults in the
offshore grid and the provision of controlled currents for ease of fault detection.
Furthermore, the internal variables of the offshore modular multi-level VSC—
HVdc are analyzed. Moreover, four FRT strategies for the grid—connected
converters are evaluated for unbalanced faults in the offshore grid. This
consequently implies that control strategies in symmetrical components are
considered. Furthermore, the reduction of over-modulation and over—voltages
by the power converters in the offshore grid is dealt with.






Zusammenfassung

Hochspannungs-Gleichstrom-Ubertragung (HGU) stellt eine effiziente Lo-
sung zur Netzanbindung weit entfernter Offshore-Windkraftanlagen dar.
Die derzeit verwendeten Punkt—zu—Punkt—Anbindungen basieren dabei auf
spannungsgefiihrten Umrichtertopologien. Das seeseitige Wechselstromnetz
verbindet die Windkraftanlagen mit der netzbildenden HGU-Umrichter-
station. Es charakterisiert sich im Vergleich zu gewohnlichen Netzen durch
das ausschlieflliche Verwenden von Seekabeln und, im Fall einer Verwendung
von Windkraftanlagen mit Vollumrichtern, durch das Fehlen gewohnlicher,
direkt gekoppelter Synchrongeneratoren.

Die vorliegende Dissertation behandelt zwei Kernaspekte beziiglich dem
Betrieb HGU-angebundener Windparks: i) die kontinuierliche Regelung der
Blindleistung und Spannung und ii) das Umrichterverhalten bei Spannung-
seinbriichen aufgrund von Netzkurzschliissen [engl. fault ride through (FRT)]
im seeseitigen Wechselspannungsnetz.

Hierfiir werden Blindleistungsoptimierungsverfahren présentiert, die fiir
die Anwendung in Wechselstromnetzen mit einem netzbildenden Umrichter
und weiteren netzsynchronen Umrichtern geeignet sind. Die vorgeschla-
gene Blindleistung— und Spannungsregelungsmethode verringert die Energie-
verluste im seeseitigen Netz und erhoht damit die Energieausbeute des
Systems. Haufig werden verschiedene Windparks zu Clustern zusam-
mengeschlossen, die mehrschichtige Regelungsansétze fordern. Hierfiir wird
ein weiteres Verfahren vorgeschlagen, das &hnliche Kommunikationsan-
forderungen wie herkémmliche Betriebsverfahren aufweist, jedoch geringere
Verluste verursacht.

Die Arbeit untersucht ferner ein dynamisches Regelungsverfahren fiir den
seeseitigen HGU-Umrichter. Dabei wird speziell das Verhalten wihrend
unsymmetrischer Kurzschliisse im seeseitigen Netz beriicksichtigt. Dariiber
hinaus wird der Betrieb des modularen Mehrpunktumrichters (engl. MMC)



fiir diese Anwendung analysiert. Beziiglich des Verhaltens netzsynchroner
Umrichter wahrend asymmetrischer Spannungseinbriiche im seeseitigen Netz
werden weiterhin vier Verfahren untersucht. Diese zielen unter anderem
auf die Verringerung von mdoglicher Ubermodulation der Umrichter und

Uberspannungen im seeseitigen Netz ab.



Resumen

Los parques edlicos marinos suelen conectarse a redes eléctricas terrestres a
través de corriente continua de alta tension (siglas en inglés: HVdc) utilizando
convertidores de fuente de tension (siglas en inglés: VSC) cuando la corriente
alterna de alta tensién (siglas en inglés: HVac) resulta tecnolégicamente e
econdémicamente desfavorable. Los parques edlicos conectados al convertidor
HVdc marino crean redes eléctricos marinas de corriente alterna que operan
asincronamente a las redes terrestres. Dichas redes se caracterizan por tener
cables submarinos, y, en el caso de aerogeneradores con convertidores de
plena potencia, resultan en redes constituidas inicamente por convertidores
de potencia.

Esta tesis investiga dos de los aspectos principales de la operacion de
parques edlicos marinos conectados en corriente continua de alta tensién: i)
la regulacién de potencia reactiva y tension y ii) la operacién durante faltas
eléctricas en las redes marinas.

Se han propuesto estrategias de optimizacién del control de reactiva para su
aplicacion a una red ac con varios convertidores conectados. Se ha introducido
un método de regulaciéon de potencia reactiva y tension cuyo objetivo es
incrementar la generacién eléctrica del parque edlico. En la implementacién
practica, varios parques edlicos podrian pertenecer a la misma red lo cual
conduce a reguladores multicapas y a la consideracion las interfaces entre los
operadores. Teniendo esto en cuenta, se propone una estrategia de regulaciéon
de potencia reactiva asumiendo unos tiempos de comunicacién razonables, y
se compara a conceptos convencionales.

La segunda parte de la tesis sugiere un método de control para el convertidor
marino en secuencia directa e inversa. Esta disenado para la operacién normal
y la operacién durante faltas asimétricas y permite la inyeccion de corrientes
reguladas para la deteccién de la falta. Ademés, se analizan las variables
internas del convertidor modular multinivel (siglas en inglés: MMC) en



estas situaciones. Asimismo, se han evaluado cuatro estrategias de respuesta
a faltas asimétricas por parte de los convertidores de los aerogeneradores.
Estas estrategias también incluyen el control en secuencia directa e inversa.
Finalmente, se investiga la reduccién de sobremodulacion en los convertidores

y sobretensiones en la red marina.
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1 Introduction

The evidence of the global climate change ultimately pushes society to opt
for cleaner energy generation alongside with other technological and cultural
turnarounds. Renewable energy generation is one opportunity to lower the
global carbon footprint when replacing conventional power generation.! How-
ever, its relatively low power density, dependence on the natural resource
and derived remoteness from the load centers, and historical alignment of the
industrialized states’ power grids to the conventional generation demands
for substantial transition of power grid planning, infrastructure, and op-
eration. Offshore wind power plants (WPPs) are an emerging technology
among renewable power generation whose large—scale deployment and high
capacity factor? qualifies them as equivalent or even enhanced replacement
for conventional power plants. When it comes to grid integration of very
remote WPPs, at distances beyond around 100 km, high—voltage dc voltage—
source converter (VSC-HVdc) transmission is the state of the art technology
currently deployed in the industry. This thesis goes into the control and
operation of such high—voltage dc (HVdc)—connected WPPs.

1.1 Background

Grid integration of very remote offshore WPPs is an emerging industrial
reality which has passed the transition between research and industrial
implementation. The early projects represented the increased risks associated
with the installation of novel technology in harsh environments which resulted
in project delays. As an example, the first HVdc—connected WPP project

IThe use of nuclear power plants equally results in a lower carbon footprint than coal-fired
power plants but entails the risk of releasing radioactivity during a possible nuclear
accident and involves the management of toxic nuclear waste.

2Capacity factor is the relation between the average power generation and nameplate
power rating of a power plant.



1 INTRODUCTION

Onshore

%@ Offshore wind power plants
] HVdc converter station
= HVdc transmission link

Figure 1.1: Schematic of large—scale deployment of remote offshore WPPs
connected via HVdc to shore.

BorWinl experienced significant delays and downtime due to harmonic issues
in the offshore grid which were unknown in the planning phase [1]. Despite
these risks, VSC-HVdc technology remains the currently viable technical—-
economical solution to connect remote offshore WPPs to the main power
grids. Figure 1.1 sketches the large—scale deployment of HVdc—connected
WPPs and their connection to shore.

Besides that, VSC-HVdc technology is a strong candidate for a pan-—
Furopean overlay transmission grid. Such a dc grid might enhance flexible
power exchange in Europe and facilitate the integration of large—scale re-
newable power generation [2]. Regardless of the HVdc connection topology
(point—to—point, multi-terminal or meshed), the offshore ac grid formed
by the WPPs and the offshore voltage—source converter (VSC) operates
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asynchronously to the main grids?. Furthermore, the offshore ac grid is
characterized by extensive submarine cabling and interfaced by multiple
power converters. Several challenges are addressed in this thesis to improve
the operation and control of those systems.

The research work was developed during an industrial PhD assignment
at General Electric? in collaboration with CITCEA-UPC?® in Barcelona,
Spain. General Electric is a solution provider for onshore and offshore wind
turbines (WTs), substations, and HVdc converters, among other businesses.
CICTEA-UPC is a technology transfer center of the Technical University
of Catalonia (UPC) with broad knowledge and technical expertise to build
functional prototypes and is a reliant partner for industry. Besides that,
the researcher conducted two three—month research stays at the Centre for
Integrated Renewable Energy Generation and Supply (CIREGS) of Cardiff
University (CU) in Wales, and at DTU Wind Energy, a department of
Danmarks Tekniske Universitet (DTU) in Denmark.

The research assignment received funding from the People Programme
(Marie Sklodowska—Curie Actions) of the European Union’s Seventh Frame-
work Programme (FP7/2007-2013) under REA grant agreement n°317221,
project title Multi-terminal dc grids for offshore wind (MEDOW)®. MEDOW
is an Initial Training Network (ITN) with eleven partners (five universities
and six industrial organizations) from six countries. The project aimed to
tackle the different technical challenges of a pan—European overlay dc grid
to integrate offshore wind. Therefore, twelve PhD researchers (early—stage
researchers) and five postdoctoral fellows (experienced researchers) were
appointed and worked in established research teams on four main pillars
in the field of offshore wind integration through multi—terminal dc grids:
connection of offshore wind power to dc grids (work package 1), investigation
of VSCs for dc grids (work package 2), relaying protection (work package 3),

and interactive ac/dc grids (work package 4). Furthermore, ITNs aspire to

30bviously, this does not hold true for an embedded HVdc link with a parallel ac
connection. To the knowledge of the author, such schemes are currently not planned
for offshore wind integration, however, they might be applied in the future.

4The offshore wind business formed part of the energy division of Alstom which was
acquired by General Electric (GE) in 2015. GE website: http://www.ge.com/

SCITCEA-UPC website: http://www.citcea.upc.edu/

S MEDOW project website: http://sites.cardiff.ac.uk/medow/.
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train early—career researchers through experiences abroad and in the private
sector as well as individual skill training to enhance and guide their careers
in a key research field in an international environment.

1.2 Objectives and limitations

This thesis studies the control and operation of HVdc—connected WPPs under
normal and faulted conditions.
The main objectives are outlined as follows:

o analysis, proposition and recommendation of reactive power dispatch
strategies for the offshore ac grid of HVdc—connected WPPs. The
particularities of such systems must be thoroughly addressed (decou-
pled operation, operation of multiple converters, and reactive power
requirements and capabilities of key components);

o definition, analysis, and recommendation of reactive power/voltage
control in HVdc—connected WPP clusters. WPP clusters connect
multiple WPPs to a common offshore VSC-HVdc. Here, the actual
operator boundaries for operation and control play a crucial role for
the operation and control framework deployment;

e control method proposal and suitable current injection during fault
ride through (FRT) of unbalanced faults by the grid—forming offshore
VSC-HVdc;

e and analysis and recommendation of FRT strategies by the WT con-
verters during unbalanced faults in the offshore ac grid.

The work performed in this thesis is bounded:

o from a technology perspective the focus is on offshore WPP(s), which
are connected to the main grid by the state—of-the—art VSC-HVdc
technology and, in particular with modular multilevel converter (MMC)
technology;

e operation and control is uniquely focused on the decoupled offshore
grid. The interaction of the HVdc transmission system with the main
grid is out of scope;
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o from electrical system perspective,

— on WT side, only full-scale power converter—based wind turbine
(type 4) (FSC-WT) are considered and specifically the grid-side
converter (GSC) until the dc link interface. The control of the
WT itself (pitch control, generator—side converter) is out of scope;

— and on HVdc transmission system side, the offshore modular multi—
level VSC-HVde (MMC-HVdc) is the only focus. Again, the dc
link interface presents the boundary for this thesis;

« and simulation models and tools are developed with a special purpose
for this thesis in environments suitable for large—scale modeling. The

implementation in experimental platforms is not aimed.

1.3 Contributions

The work done in this thesis contributed specifically to the field of operation
and control of the decoupled offshore grid in HVdc—connected WPPs:

e formulation and implementation of a power loss model which combines
grid and converter losses. It ultimately represents the power losses in
the offshore grid for reactive power control studies more accurately;

« proposition of reactive power allocation strategies for the offshore grid
in HVdc—connected WPPs. Fixed and variable strategies are defined
which either rely on dispatch of reactive power set—points or additionally
on a variable reference voltage;

o detailed analysis of the application of reactive power allocation strate-

gies on the power losses occurring in the offshore grid,

— emphasis on reactive power sharing between W'T converters and
the offshore VSC-HVdc. Conventional strategies relying solely
on either the WT converters or the VSC-HVdc result in higher
power losses than optimization—based ones which split the reactive
power among the system;
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— influence of non—uniform active power operating points caused
by wake effects on the reactive power dispatch. The impact on
the overall losses and reactive power by the VSC-HVdc depend
mainly on the overall power output. The reactive power exchange
by the individual W'Ts, however, is more influenced by their actual

active power operating point;

— and impact of power output of the WPP on the optimal voltage
reference. For low powers a decreased grid voltage effectively
reduces the reactive power needs in the offshore grid. On the
contrary, for higher power up to nominal an increased grid voltage
is advantageous as the power losses are reduced;

e proposition of reactive power dispatch strategies for HVdc—connected
WPP clusters. WPP clusters are the current industrial implementation
and an additional control layer, as well as operator boundaries, must
be considered;

o analysis of reactive power sharing, power losses, and voltage level
in HVdc—connected WPP clusters under application of the proposed
strategies. Suggestion of an optimization—based central reactive power
dispatch for HVdc—connected WPP clusters;

e proposition of a control method for the grid—forming VSC-HVdc to
cope with unbalanced faults in the offshore grid,

— control method for grid—forming VSC-HVdc in symmetrical com-

ponents;

— enhancement of the short—circuit current provision during unbal-
anced faults in the offshore grid through two current reference
saturation methods;

— and analysis of impact on MMC internal variables by unbalanced

faults in the offshore grid;

e proposition and analysis of FRT strategies for the WT converters during
unbalanced faults in the offshore grid;
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o recommendation to limit active current injection by the WT converters
during unbalanced faults in the offshore grid to avoid over—voltages;

 and evaluation of converter over-modulation (OM) during unbalanced

voltage conditions in the offshore grid for various FRT strategies.

1.4 Outline of the thesis

The thesis is structured in seven chapters:

e Chapter 2 provides a literature review on the basics and an overview
of the relevant research that had been performed within the scope of
the thesis. All the relevant aspects for the research work in the other

chapters are intended to cover;

e Chapter 3 focuses on reactive power control strategies for steady—state
operation of a single HVdc—connected WPP. Reactive power allocation
concepts are developed which aim to reduce the power losses associated
to the internal reactive power/voltage control. The distribution of
reactive power between the WT converters and the offshore VSC-HVdc
is proposed and the impact of wake effects and variable reference voltage

demonstrated;

e Chapter 4 applies the findings of Chapter 3 to HVdc—connected WPP
clusters where multiple WPPs are connected to the same offshore
VSC-HVdc. The resulting operator and control layers are thoroughly
considered. Reactive power allocation strategies are deployed which
rely on an optimization of the reactive power injection by the WPPs
and the reactive power /reference voltage by the VSC-HVdc;

o Chapter 5 proposes a control method for the grid—forming offshore
VSC-HVdc based on symmetrical components. The voltage and current
controls are implemented as loops in symmetrical components. The
control method aims to enhance the FRT response during unbalanced
faults in the offshore grid. Furthermore, two current reference saturation
methods are defined and discussed for the network configuration where
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the offshore VSC-HVdc is the sole converter operating in the offshore
grid;

¢ Consequently, Chapter 6 analyzes unbalanced faults in the offshore grid
when the WT converters are connected. Four FRT strategies for the
WTs are evaluated and the impact on the overall system behavior is
evaluated for different unbalanced voltage conditions. Special emphasis
is paid to avoidance/reduction of OM by the WT converters which
might introduce further disturbances during the fault. Furthermore,
the control method and proposed saturation principles of Chapter 5 are
demonstrated for the offshore grid with WT converters in operation;

¢ And Chapter 7 concludes the thesis and provides suggestions on future
work in the field of remote offshore wind grid integration.

It is intended to provide standalone chapters in terms of contributions from
this thesis. However, it should be mentioned that all the relevant state of
the art is summarized in Chapter 2. Furthermore, Appendix A adds brief
information on transversal topics of the Chapters 2 to 6.

1.5 Simulation and modeling

The thesis deploys power system simulation for the development of the
different studies. Steady—state, load flow calculation models are used for the
reactive power control management introduced in Chapters 3 and 4. Here,
MATLAB is utilized with the open—source package Matpower [3] and fmincon
of the Optimization Toolbox. The ability of flexible optimal power flow
(OPF) integration in fmincon was the major driver for the choice of MATLAB.
The load flow results were verified with a DIgSILENT Power Factory load
flow model and showed the expected match. Alternatively, it might be also
possible to implement the OPF directly in DIgSILENT Power Factory which
has more advanced possibilities for integration of power converter constraints
e.g. capability curves. As it is demonstrated in the mentioned chapters,
the simulations were capable to handle a series of operating scenarios and,
besides that, MATLAB offered a straight—forward post—processing of the result
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data. Load flow calculations are widely accepted to provide a good accuracy
for this type of studies.

The Chapters 5 and 6 treat fault analysis in the time domain by means of
electromagnetic transient (EMT) simulations. For the simulations, MATLAB
Simulink/SimPowerSystems is used. The models were developed from scratch
using the well-known control blocks of Simulink/SimPowerSystems. VSC
modeling was performed with the average model available in SimPowerSys-
tems, relating ac and dc side under assurance of the power balance [4]. The
MMC-HVdc model was adopted for the grid—forming operation mode from
[5]. For the scope of the work on the FRT strategies of the converters, the use
of switching models with accurate representation of the insulated gate bipolar
transistor (IGBT) behavior might be too detailed and time consuming.

In the beginning of the work, it was decided not to utilize manufacturer
specific models. In contrast to manufacturer specific models and also generic
models, self-developed models allow i) to reduce the complexity for the
phenomena under study, ii) built up the model in a step by step approach,
having full control and understanding of its behavior, and iii) a certain
academic freedom to publish in the case of an industrial PhD. For instance,
generic or manufacturer specific models with the functionalities needed for
the conducted work, such as e.g. negative sequence current control and
grid—forming controllers, were not available at the time of the simulation
studies for this thesis.
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2 Literature review

This chapter treats offshore wind energy and the current state—of-the—art
technology to transform it into electrical energy. The main grid connection
options for offshore WPPs are described among other system approaches.
Further emphasis is paid to the principles of power converter for the grid—
connected and the grid—forming operation mode which are both present in
HVdc—connected WPPs. Then, the operation and control of these systems is
described and oriented to the two main research areas of this thesis, namely

reactive power control and FRT in the offshore grid.

2.1 Offshore wind energy and grid integration
technology

The offshore wind resource is characterized by higher intensity, steadiness,
and frequency compared to the onshore wind resource as shown by microscale
local measurement campaigns at offshore locations [6], [7] and mesoscale wind
resource assessments [8], [9]. Simultaneously, the environment of the open
sea leads to less perturbation due to the low surface roughness and lack of
obstacles [10]. The remoteness of offshore locations makes them favorable in
terms of reduced noise emission restrictions, social acceptance, and vast space
availability for large—scale deployment. However, offshore deployment might
be unfavorable due to the likely lack of an existing power grid infrastructure,
complexity of access for commissioning, operation and maintenance, and
decommissioning, and more sophisticated foundations compared to onshore
locations [11]. Today, the use of offshore wind energy by WPPs still incurs
around double the cost of the onshore counterpart [12]. The higher price
is mainly due to the different foundation and substructure and the lack of
electrical grid infrastructure [11]. By comparison, an onshore WT encounters

11
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75 % of the total project costs, whereas offshore WT presents only 40 % to
50 % (excluding foundation) [11]. The dedicated grid connection accounts
for usually around 15% to 20 % of the overall project capital expenditure
(CAPEX) cost, but is highly project dependent [11], [12].

2.1.1 Offshore WT technology

The first generation of offshore WTs during the late 20" century were usually
modified designs of their onshore counterparts [10]. Dedicated designs for
offshore WTs have been developed since the ratings reached the multi-
megawatt class. Such offshore WTs are three-bladed, variable-speed and
pitch—controlled upwind machines. Thus the general concept is still similar to

their onshore peers. Nevertheless, there are significant technical differences:
¢ foundation and substructure,
e component dimension and weight,
o and drive-train/generator/power converter concept.

The foundation and substructure establishes the mechanical interface between
the WT and the seabed. It is obvious that there is a difference in complexity
compared to land—based foundations due to the sea environment, water depth,
and soil conditions [13]. As of late 2016, the rotor diameter reaches around
150m for a power rating of 6 MW !. The longest blade produced and tested
at that time is of 88.4m [14]. Tower heights are rather moderate (around
100m) as the low surface roughness allows energy capture at lower heights
than onshore.

Larger rotor diameters and higher power ratings are the major driver for
cost reduction efforts for offshore wind [12]. Increased individual WT power
ratings intrinsically lower the number of WT units per WPP and therefore
the CAPEX (lower part count, reduced installation time, logistics) and the
operating expenditure (OPEX) (maintenance simplification). WTs in the
10 MW class and beyond might be feasible within the next decade [15]. Prior
to the development of entirely new platforms, WT manufacturers aim to

'e.g. GE Haliade 150-6MW with 150 m rotor diameter and an individual blade length of
73.5m or Siemens SWT—6.0-154 with 154 m rotor diameter and 75 m—long blades.

12
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upgrade their current platform maintaining the largest number of components
possible. An example is the evolution of the Siemens SWT—6.0-154 with the
same rotor diameter to the Siemens SWT-7.0-154 [16].

WT systems might be divided into a mechanical and electrical sub—system
linked by the generator [17]. The drive-train concepts (mechanical part) are
almost as numerous as the number of different manufacturers, whereas the
electrical part can be classified into two main types: partial-scale converter
(PSC)-based or full-scale converter (FSC)-based [18]-[20]. The current
drive—train/generator/power converter concepts are compared for the main
offshore WT platforms in the market in Tab. 2.1.

Table 2.1: Offshore WTs in the market. The information shown is limited
to the largest model of the market-relevant manufacturers as of
December 2016 [16], [21]-[24].

Model Power Drive Generator Power converter

Adwen AD 5-132* 5 MW gearbox PMG full-scale
(medium-speed)

Adwen AD 5-135° 5 MW gearbox  PMG full-scale
(medium-speed)

GE Haliade 150-6MW® 6MW DD PMG full-scale
(low—speed)

MHI  Vestas V168~ 8MW gearbox PMG full-scale

SMW (medium-speed)

Senvion 6.2M152 6.15 MW gearbox  DFIG partial-scale
(high-speed)

Siemens SWT-7.0-154 7MW DD PMG (low-speed) full-scale

! Formerly named Gamesa G132-5.0 MW.
2 Formerly named Areva M5000.
3 Formerly named Alstom Haliade 150-6MW.

From Tab. 2.1 it can be observed that there is a clear trend for FSC-WTs
in the multi-megawatt class. Only one manufacturer (Senvion) remains with
a doubly fed induction generator-based wind turbine (type 3) (DFIG-WT)
product. The two prevailing WT power conversion concepts are drawn
schematically in Fig. 2.1.

The PSC-based option or DFIG-WT uses an induction generator whose
rotor windings are excited and controlled through the rotor—side converter.
Slip rings with brushes give access to the rotor windings. The stator of the

13
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Figure 2.1: Drive-train/power conversion concepts used in offshore WTs.

generator is directly connected to the grid as well as the GSC. The output
power of the system is the combination of the stator and rotor power. The
power converter system is usually rated to 30 % of the nominal power to
provide a limited speed range of =30 %. The advantage of the DFIG-WT is a
lower CAPEX but a higher OPEX mainly due to expected maintenance costs
for the multi-staged gearbox and slip-rings [19], [20]. For the onshore market
the doubly fed induction generator (DFIG) wind turbine has a significant
share. Regarding DFIG-W'Ts, the reader is further referred to [17], [19], [20],
[25], [26].

The FSC-WT consists of a drive-train/generator system which is connected
through a FSC. The drive-train/generator might be based on a geared concept
or a direct—drive solution without gearbox [27], [28]. Moreover, the generator
might be permanently excited through permanent magnets or externally by
excitation windings. The FSC couples the machine-side and the grid—side
through the dc link. The dc link transmits purely active power pgc = Udclde
and decouples both sides in terms of frequency, voltage, and reactive power.
Therefore, FSC-W'Ts advantageously meet grid codes and especially under—
voltage ride through (UVRT) requirements which exceed flexibility in fast
control requirements [25]. For instance, they might provide reactive power

14
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during no-wind conditions [in static compensator (STATCOM) mode| where
DFIG-WTs encounter problems due to the direct stator connection to the
grid [25]. For higher power ratings (> 5MW), it is likely to have n power
channels (n > 1) in parallel to successfully matching the full power rating of
the machine with state—of-the—art low—voltage (LV) converters. Hence, it still
permits a reduced power production when up to (n — 1) power channel(s) fail
[17], [28]-[31]. For larger power ratings, even multi-channel structures might
use medium-voltage (MV) in the power conversion part to reduce power
losses. On the generator side, multi—channel structures permit the design of
poly—phase system with the objective of increased reliability [31]-[33].

Regardless of whether the electrical interface of the W'T is of type 3 or
type 4, the variable—speed, pitch-controlled machine is designed for rated
wind speed and power. The rated wind speed roughly divides the power
output into two operating areas:

e partial power production;
e and full power production.

Partial power production usually relies on a speed/torque control, whereas
for wind speeds above the rated wind speed the energy capture is controlled
through pitch control. Outside these areas, power production is either not
efficient with respect to the power consumption of the WT (below cut—in wind
speed) or exceeds the design limitations (above cut—out wind speed). The
power for wind speeds above the cut—out speed might be partially captured
through load—dependent turbine control [34]. The cut—in and cut—out wind
speeds for common offshore WT designs are around 3ms~! and 25ms~!

[16], [22]. Moreover, WTs are designed for a lifetime of at least 20 yrs [35].

2.1.2 Offshore wind power plants

Owing to the relatively low power rating of a singular WT compared to con-
ventional large—scale power plants, multiple units are grouped to form a WPP.
The WTs are positioned with respect to several conditions e.g. spacing rules
in the prevailing wind direction, soil characteristics, shipping and pipeline
routing, etc. [36]. The WPP covers thus a large geographical area with
distributed power generation. Therefore, WPPs have a low power density
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Figure 2.2: Power curve of a generic WT.

of around 8 MW km~2 to 10 MW km 2 compared to around 2500 MW km 2
for conventional power plants?. A medium-voltage ac (MVac) collection grid
assembles the generated power to a common point of connection (POC).
It operates at a standard frequency of 50 Hz or 60 Hz (depending on the
regional standard) and nominal voltages of 20 kV or 33kV. The standardized
grid frequency features the use of fully commercialized electrical components
like transformers, cables, and switchgear which comes along with significant
advantages in terms of costs, expertise, and availability. The nominal volt-
age level of 20kV or 33kV is deployed due to the individual power rating,
availability of standard components, and a broad experience in the installa-
tion, operation, and maintenance thereof in land-based environments (e.g.
distribution level, rural MV power systems, onshore WPPs). In general, the
evolution of WT power rating is directly followed by the application of the
next standard voltage level to reduce the nominal currents and to inherently
lower the power losses. High—voltage (HV) collection grids, namely operating
at 66 kV, are currently in the standardization process and to be employed
with higher individual WTs ratings within the immediate future [38]-[40].

*Indicative estimations calculated from the leasing area of Fécamp offshore WPP [37]
against an exemplary conventional power plant such as Grosskraftwerk Mannheim Block
9 (steam power plant, 911 MW, area of 2.75km? estimated with OpenStreetMap) in
Mannheim, Germany.
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An exemplary collection grid is shown in Fig. 2.3. A plurality of WTs forms
a feeder when the WTs are linked together as a radial to a common POC [41].
The collection is done by means of submarine cables. The cross—sections
of the submarine cables are adopted according to the rated power of the
connected WTs. Usually, only two to three different cable cross—sections are
deployed in a large—scale WPP for ease of logistics, simplification, and cost
[42]. Furthermore, some projects employ ring or meshed grids for emergency
supply during commissioning, maintenance, grid loss, or cable damage [43].
Ref. [36] gives a complete overview on grid topologies and proposes a tool
for the cable selection process for different WPPs ratings.

—— 240 mm® submarine cable

630 mm* submarine cable
®  Wind turbine
[l Offshore substation

WT7
W5 WT6

WT4 Feeder
WT2
WT1

Figure 2.3: WPP layout with W'T positions, inter—array cables, and offshore
substation [37].

The submarine (or subsea) cable consists of either a unique three—core cable
incorporating the conductors and usually a communication link (e.g. fiber
optics) or, for larger cross—sections, three individual single-phase cables [44].
In the latter case, the communication link needs to be installed separately
and is normally bundled with the power cables in the same trench. The
conductor material is generally aluminum or copper. Submarine cables
with cross—linked polyethylene (XLPE) insulation are the primary choice for
underground and submarine cables because of environmental reasons, higher
efficiency, smaller bending radius, lower weight, and increased operational
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temperatures compared to liquid-filled cable systems [44], [45]. The cross—
section of the conductor(s) is the relevant characteristic for the loading
current(s), whereas the insulation material and thickness determine the
nominal and maximum voltage limitations. Typical cable parameters as
published by the manufacturers are listed in Tab. 2.2. The resistance R’ and
inductance L’ p.u.-length decrease for larger cross—sections, respectively. The
capacitance p.u.—length C’ increases for larger cross—sections and decreases
for higher nominal voltages Upom-

In offshore WPPs, the submarine cables are laid on or buried in the seabed,
respectively. To provide the routing of the cable from the seabed to the fixed
offshore foundations, i.e. WTs or platforms, so—called J-tubes made of steel
or polymeric materials are used. J-tubes provide effective routing, stability,
and additional protection to the cable at these interfaces [45]. Burying the
cables in the seabed reduces the risk of threats from very small anchors and
fishing equipment. Nevertheless, ship anchors and fishing (especially trawling
nets) and other marine activities form the primary threat of external damage
of submarine cables. Consequently, during installation and maintenance
phases the risk for cable damages is higher [44]. The laying of the cables
is performed by dedicated installation vessels and is highly relevant for the
effective operation and lifetime of the cables. Failure rates between 0.07 to
0.3 per 100 km yr—! might be feasible, although there is a lack of experience
in the specific application of offshore WPPs [44], [48].

2.1.3 Main grid connection with ac

The main grid connection might be done with ac technology. The transmission
voltage from offshore towards onshore is mainly dependent on a technical—
economical assessment considering the distance from shore and the power
rating of the connected WPP(s).

For nearshore projects with a lower power rating, the WTs are connected
without intermediate offshore platform to shore. The MV cables of the
collection grid are extended to shore and assembled at the point of common
coupling (PCC). To interface them to the main power system at transmission
voltage (> 110kV) a voltage transformation via ac power transformers is
necessary. The advantage of such systems are the savings of an additional

18



2.1 OFFSHORE WIND ENERGY AND GRID INTEGRATION TECHNOLOGY

Table 2.2: Typical electrical parameters for submarine XLPE ac cables with
copper conductors of different cross—sections and voltage levels:
33kV [46], [47], 66kV to 220kV [47].

Nominal  Cross— Nominal  Nominal Resistance  Inductance Capacitance
voltage  section current power
Unom/ A/ Inom/ Shom/ R’/ '/ c’/
kV mm? A MVA Qkm™! mHkm™'  pFkm™!
33 95 300 17.15 0.25 0.42 0.17
240 480 27.44 0.10 0.36 0.23
500 655 37.44 0.05 0.32 0.32
630 715 40.87 0.04 0.31 0.34
800 775 44.30 0.03 0.30 0.37
66 95 300 34.29 0.25 0.44 0.17
240 480 54.87 0.10 0.38 0.22
500 655 74.88 0.05 0.34 0.29
630 715 81.74 0.04 0.33 0.32
800 775 88.59 0.03 0.32 0.35
1000 825 94.31 0.02 0.31 0.38
132 500 655 149.75 0.05 0.38 0.20
630 715 163.47 0.04 0.37 0.21
800 775 177.19 0.03 0.36 0.23
1000 825 188.62 0.02 0.35 0.25
150 500 655 170.17 0.05 0.40 0.17
630 715 185.76 0.04 0.38 0.19
800 775 201.35 0.03 0.37 0.21
1000 825 214.34 0.02 0.36 0.23
220 500 655 249.59 0.05 0.43 0.14
630 715 272.45 0.04 0.41 0.16
800 775 295.31 0.03 0.40 0.17
1000 825 314.37 0.03 0.38 0.19

offshore platform. Nevertheless, smaller projects are connected with MVac
connection such as Block Island [United States of America (USA)], Burbo
Bank, Lynn and Inner Dorsing [all United Kingdom (UK)], Middelgrunden
(Denmark), and Egmond aan Zee (The Netherlands). In the future, the direct
connection to shore without intermediate offshore high-voltage ac (HVac)
substation might regain interest when 66 kV HV collection grids are deployed,
e.g. Blyth offshore demonstrator wind farm (UK).
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Figure 2.4: Three concepts for the main grid connection of offshore WPPs.
Integration of a small, nearshore WPP might utilize a MVac con-
nection, a medium-sized WPP in moderate distance to shore an
HVac connection, and a remote WPP cluster an HVdc connection,
respectively.

AC transmission grid

For remote WPPs with larger power ratings, it is economically beneficial
to employ a dedicated offshore platform, incorporating an HVac substation,
and to transmit the power via an HVac grid connection to shore. The ac
transformer(s) on the HVac substation converts the MV or HV collection
grid voltage to a higher transmission voltage. The employed voltage levels for
the grid connection are the International Electrotechnical Commission (IEC)
standard voltage levels of 110kV, 132kV, 150kV, or 220kV [49]. Exemplary
WPPs connected in HVac technology are London Array (UK), Alpha Ventus
(Germany), and Lillgrund (Sweden).

Similarly to the collection grid, submarine cables are used for the HVac grid
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connection because overhead lines are not an option for offshore application.
As the cable length becomes greater compared to the collection grid cables,
there is a significant impact on the reactive power management of the cable.
An ac submarine cable might be represented as a cylindrical capacitor [50].
The capacitance p.u.—length C’ of the cable depends on the length, insulation
material and its thickness (mainly dictated by the nominal voltage), and the

conductor cross—section:

C' x &, - log(dous /din) (2.1)
where:
C’" = cable capacitance p.u.—length;
g = relative permittivity of the insulation;

dout = outer diameter of insulation;

din, = inner diameter of insulation.

Submarine cables have a higher per—unit capacitance than overhead lines
because firstly, doyt is significantly smaller for cables (equivalent to approx.
the insulation thickness) and secondly, the relative permittivity of XLPE
(erxLPE &~ 2.25) is higher than the one of air (e, = 1) [51], [52]. The

per—unit capacitance causes a reactive charging current Ieharg [51]:

Ieharg = wC'l - Upom (2.2)

where:
w = angular frequency;
[ = cable length.

Besides, the active power transfer of a three—phase ac cable is hence decreased

by the reactive power generated by the capacitive charging current [2]:

Pac =V Snom2 - Qac2 - 3R,llnom2 (23)

where:
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P,. = transmittable ac active power;

Q.. = total ac reactive power of the cable.

The active power transmission capability for submarine cables is plotted in
Fig. 2.5. The plot presents the active power transmittable over a conductor
cross—section of 1000 mm? at the voltage levels 66 kV to 220kV. The capa-
bility might be roughly doubled when the capacitive nature of submarine
and underground cables is compensated by the installation of shunt reactors
at both ends of the cable [50]. For very long cables, it might be necessary
to provide such compensation as well at intermediate sections of the cable
route due to the distributed capacitance. In case of a submarine cable, this
leads to intermediate compensator platforms where cables are routed up on
both sides of the platform with an intermediate compensation [53], [54]. It is
obvious that such engineering practice contradicts a simple solution and is
very likely to have a significant increase in cost.

1.2
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Figure 2.5: Active power transmission capability of ac submarine cables with
a fixed cross—section of 1000 mm? and at different voltage levels.
The active power p is scaled to the rating of the 220kV cable.

One WPP might be connected with redundant grid connection systems to
the grid. Multiple HVac substations might be caused by the area of the WPP
and/or its power rating. It is usual that parallel transformers are deployed
on the HVac substation to avoid complete loss of production in the case of
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failure [42].

2.1.4 Main grid connection with dc

For very remote offshore WPPs grid connection through HVac becomes
cumbersome: the reactive power compensation requirements increase with
the transmission distance, which inherently decreases the active power capa-
bility [50], [55], [56]. Staying with ac technology would require either more
parallel submarine cables and/or intermediate compensation platforms. Both
solutions imply a significant cost increase and a larger environmental impact.
At that point, HVdc transmission becomes more cost—effective. For land—
based bulk power transmission over a large distance with overhead lines, the
break—even area is around 600 km to 800km [57]. For the application of the
grid connection of very remote offshore WPPs, the HVac/HVdc break—even
area identified in literature oscillates between 60 km to 120 km [2], [50], [55],
[56]. The data of installed projects with dec technology are shown in Tab. 2.6.
It might be highlighted that the total transmission length exceeds at least
130km for the listed projects. However, projects with shorter transmission
length, e.g. NOR-3-3 (DolWin6) of 90 km, are also planned [58].

Table 2.6: Installed HVdc connections for offshore wind as of mid
2017 [55], [58]. All projects are in the German North Sea.

Name Transmission Transmission Transmission Converter
capacity voltage length? technology
P/ MW Udac /kV !/ km
BorWinl 400 +150 200 (125/75) 2L-HVdc
BorWin2 800 +300 200 (125/75) MMC-HVdc
DolWinl 800 +320 165 (75/90) MMC-HVdc
DolWin2 900 +320 135 (90/45) MMC-HVdc
HelWinl 576 +250 130 (85/45) MMC-HVdc
HelWin2 690 +320 130 (85/45) MMC-HVdc
SylWinl 864 +320 205 (160/45) MMC-HVdc

! Total length (submarine/underground cable).

In principle, two asynchronous grids are linked for an HVdc—connected
WPP [50], [59], [60]. The basic scheme to interface two asynchronous grids
is made by the offshore and onshore HVdc converters, respectively, and the
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intermediate dc link. Furthermore, the offshore VSC-HVdc interfaces the
offshore ac grid with the WPP(s), whereas the onshore VSC-HVdc interfaces
the main ac grid [55]. Apart from the decoupled operation, the offshore grid
is as well as an isolated grid with no synchronous generator (SG) connected
which in conventional power systems provides system inertia and manages
the power balance between generation and consumption. Consequently, the
offshore grid needs a voltage reference to operate. Being the central and
largest capable unit for this task, the offshore HVdc converter provides the
voltage reference and acts as an infinite ac bus which inherently sinks all
power from the offshore grid. The onshore VSC-HVdc is operated in grid—
connected mode. A schematic of an HVdc grid connection is drawn in Fig. 2.6

and further shown in the offshore wind grid connection overview in Fig. 2.4.

HVdc transmission

1]

Main grid

OffShOI‘e g I‘id HVac substation

Figure 2.6: Point—to—point HVdc connection of multiple WPPs.

There are two technologies for HVdc converters: line-commutated converter
(LCC) and VSC. High—voltage dc line-commutated converter (LCC-HVdc)
technology is based on semi—controllable switches (e.g. thyristor valves).
These switches can be turned on through a gating signal, whereas the current
interruption (turn off) is dictated by the following zero—crossing of the current.
The commutation process of the converter is however determined by the
connected ac system [61]. An LCC-HVdc draws 0.5 p.u. to 0.6 p.u. of reactive
power from the connected ac grid, which is caused by the converter trans-
former, the commutation inductance, and the delay firing angle [50]. This
results in an additional reactive power compensation requirement which is
usually satisfied by switchable compensation devices installed at its ac termi-
nals. Being a six— or twelve—pulse converter, there are ac filter requirements
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to attenuate the harmonics in the ac waveform [50]. Bi-directional power
flow is possible under a polarity change of the dc voltage. The devices used
to meet the reactive power compensation and harmonic filter requirements
require significant space. Furthermore, connection of LCC-HVdc needs an ac
voltage to operate satisfactorily. If an ac voltage is not present (such as in an
isolated grid without SGs), it might be provided by an additional converter
which is capable of supplying ac voltage. An additional converter again
requires space and presents an extra cost. Therefore, LCC-HVdc technology
is discarded for the application of grid connection for offshore wind where
space is premium and grid—forming operation capability a hard requirement.

VSC-HVdc technology uses self-commutated switches (e.g. IGBTs valves)
[62]. Self-commutated or fully controllable switches allow control of the
timing of current flow and current interruption through a gating signal [61].
This flexibility permits full control of active and reactive power exchange with
the interfaced ac terminals. There is no inherent reactive power requirement
due to the behavior of the switching devices as mentioned earlier for LCCs.
As the name indicates, a VSC is capable of synthesizing a controlled ac
voltage at its terminals. There are several VSC topologies suitable for
different applications [61]. However, for the VSC-HVdc mainly two-level,
three—level, or multi—level topologies are used. A VSC-HVdc station might
comprise harmonic filters to smooth the distorted ac output voltage and
current obtained by chopping the dc voltage. Considering the same switching
frequency, an increase of the number of levels inherently decreases the need
for harmonic filtering. An infinite number of levels would lead to a perfect
sinusoidal fundamental ac voltage. In terms of footprint, the VSC-HVdc
station equals around 0.5 to 0.6 times the LCC-HVdc station at the same
power rating [63]. Furthermore, VSC-HVdc units can startup a de—energized
power system (black start capability) and interface power systems with very
low or nil short—circuit ratio. These features qualify VSC-HVdc technology
for the application of offshore wind grid connection.

As of 2017, the grid connection of very remote offshore WPPs with VSC-
HVdc technology is planned and built in classical, independent point—to—point
schemes (see Fig. 2.6). Besides that, multi-terminal HVdc grids are proposed
to connect offshore wind more efficiently to the main grids [2], [4], [50],
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[64], [65]. In the latest stage, this might result in meshed dc overlay grids
which are operated in parallel to the existing ac grids [50], [62]. From the
WPP perspective this might require additional features, e.g. fast frequency
response [66]-[69]. Furthermore, multi-VSC-HVdc systems are introduced in
[55], [70], [71] for advanced power sharing among several offshore VSC-HVdc
systems interfacing the same offshore grid WPPs are connected to.

2.1.5 Other concepts with connection in dc

Besides the employed system concepts described in the previous sections,
other topologies are proposed in the literature for the integration of (very)
remote offshore WPPs. All the schemes presented here use the characteristic
of HVdc to provide a decoupling stage between the main grid(s) and the
WPPs at some stage:

o low frequency ac (LFac) transmission and collection [72]-[74];

e HVdc transmission and optimized fixed frequency in the offshore grid
[75];

o HVdc transmission and variable frequency in the offshore grid [36], [76],
[77];

o diode rectifier-based high—voltage dc (DR-HVdc) transmission and ac
collection [78]-[83];

« and HVdc transmission with medium-voltage dc (MVdc) collection
[84]-[90].

The LFac scheme proposes the use of a grid frequency of 16% Hz through-
out the collection and transmission system. The decreased reactive power
requirement permits the avoidance of the offshore HVdc converter [72]. How-
ever, a back-to—-back HVdc converter must be placed onshore to couple
the asynchronous grids. The proposed value is 16% Hz, motivated from the
operational experience of the single—phase railway electrification network
in Austria, Germany, Norway, Sweden, and Switzerland. The use of LFac
aims to extend the capability of ac connections as the reduction of the grid
frequency lowers the charging current of the ac cables [refer to Eqn. (2.2)]
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and therefore increases the active power transmission capability for the same
distance [73], [74]. The lower frequency imposes a size and weight increase of
the WT and WPP transformers. There is a further impact on the design of
some electrical components (auxiliaries, protection devices, etc. in the case
of FSC-WT, as well as generator for DFIG-WT). In terms of performance,
Ref. [74] claims that up to 600 MW could be transmitted over a up to 400 km
with state—of-the—art 245 kV-XLPE submarine cables.

The operation scheme with an optimized, non—standard frequency utilizes
the HVdc technology as transmission system [75]. On the one hand, a
reduction of the frequency below 50 Hz might lower the reactive power
requirement and increase the transmission capability of the system. However,
it increases size and weight of the electrical components, e.g. transformers,
simultaneously. On the other hand, higher frequencies reduce the size and
weight of the transformers and might be of interest for smaller offshore
collection grids. Ref. [75] concludes for a detailed case study conducted on
a leasing area of 2000 km? and rating of 1 GW that an operating frequency
of around 100Hz is the optimum under consideration of the frequency—
dependent component costs.

The operation scheme of multiple WT generators with a common VSC-
HVdc is proposed and studied in [36], [76], [77]. The WTs would house only
the generator and are controlled in a group by the common VSC-HVdc. The
authors highlight that for the efficient operation of such systems only a small
deviation of the wind conditions within a group is acceptable. Besides that,
the configuration might result in less installation and maintenance costs for
the WTs due to the common VSC-HVdc. The drawback of this proposal is
the lack of maximum power extraction when the operating conditions of the
WTs differ too much within a group.

The DR-HVdc scheme claims a simplification of the offshore HVdc substa-
tion replacing the VSC-HVdc by a HVdc diode rectifier [78]-[83]. The WPPs
are deployed as conventional ac systems (nominal voltage of 33kV, 66 kV,
or 155kV) which connect to an offshore diode rectifier interlinked on the dc
side via dc cables to shore. The onshore converter might be a VSC-HVdc (or
LCC-HVdc) [80]. The offshore diode rectifier is inherently uni—directional and
uncontrolled, i.e. the offshore grid voltage must be controlled by any other
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suitable device. A dedicated STATCOM or WT converters are proposed for
this task [82]. When no additional converter is installed, the WT converters
need to adapt their control strategy, from conventionally grid—connected to
grid—forming, to enable a suitable operation of the offshore grid. During a
grid loss or commissioning phase, when auxiliary power supply is required by
the W'Ts, the disadvantage of uni—directional power flow might be overcome
by an external power supply, an umbilical ac cable, or an additional converter
to enable reverse power flow on the dc link. Ref. [79] claims a loss reduction
of 20 % and significant further cost reduction of offshore wind compared to
VSC-HVdc grid connection.

The MVdc collection scheme aims to use dc technology in the offshore grid
[84]. There are two main topologies proposed: parallel and series WT (or
WPP) interconnection [85]-[90]. The first uses at least one (central) offshore
dc/dc converter station and therefore becomes even more costly than ac
technology [88]. The latter might allow building up the HVdc voltage by
series connection of the WT or WPP dc output voltages and therefore avoids
the offshore VSC-HVdc. Several challenges are identified, e.g. cost—effective
WTs with dc grid connection interface [91], efficient high power HV dc/dc
converter topologies [91], and extended insulation requirements in the case
of the series interconnection [85], [86].

The plurality of the proposed concept underlines that grid connection of
(very) remote offshore WPPs is still an emerging technology and lacks ma-
tureness of standard ac power system principles in terms of design, operation,
and control.

2.1.6 Grid code requirements

Ultimately, the aim of using wind power (as one of the renewable energy
sources) must be to supersede conventional power plants. Therefore, WTs
should operate in favor of the power system they are connected to. WPPs
are demanded to support the main grid such as power plants rather than to
challenge it.

The requirements for grid connection of generation units to the transmis-
sion grids are defined in grid codes (GCs) issued by the national transmission
system operators (TSOs). For instance, the current grid connection require-
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ments for offshore WPPs connected to the HV transmission grid of Tennet,

the German T'SO with responsibility for the North Sea area, are summarized
(“Requirements for Offshore Grid Connections in the Grid of TenneT TSO
GmbH” [92] expanding the requirements given in “Grid Code for high and
extra high voltage” [93]):

operation in a voltage range of 0.9 p.u. to 1.1 p.u. of the nominal voltage
of 155 kV;

operation in a frequency range of 0.93p.u. to 1.07 p.u. around the
nominal frequency of 50 Hz otherwise obliged disconnection of the
WPP;
use of generating plant transformer(s) with:
— a star—delta vector group to separate the zero—sequence networks;
— a remotely controllable on-load tap changer (OLTC) with +6

steps in a range of £0.13 p.u. of the nominal transformer ratio;

operation the power plant with the capability at the grid connection
point to inject or absorb reactive power [92, Fig. 4al;

recommended compensation of the capacitive charging current in the
offshore grid with switchable shunt reactor(s);

and definition of data exchange specifications between WPP
owner/operator and TSO.

Furthermore, grid support functionalities are specified for grid—connected
offshore WPPs [92]:

e a minimum reactive power capability of up to 0.3 p.u. inductive and up

to 0.4 p.u. capacitive in a range of 0.95 p.u. to 1.05 p.u. of the nominal
voltage (at LV—side of WT transformer) [92, Fig. 4b]; reactive power
provision/demand is decreased linearly to zero for active power values
lower than 0.2 p.u.;

fast voltage support through reactive current provision to ride through
temporary under—voltage conditions [92, Fig. 7];

29



2 LITERATURE REVIEW

o fast voltage reduction through reactive current absorption during over—
voltage conditions [92, Fig. 7];

o and active power reduction in the case of over—frequency (from
1.004 p.u. to 1.054 p.u. with a slope of —0.4p.u. Hz!) [92, Fig. 8].

As of 2017, the implemented national GCs (e.g. by the Danish TSO
Energienet.dk [94], the French TSO Réseau de transport d’électricité [95],
the German TSOs 50Hertz [96] and Tennet [92], [93], and the UK’s National
Grid [97]) do not differ between ac— or dc—connected power plants. The
new generation of GCs in Europe will adopt the binding European Union
regulations establishing “a network code on requirements for grid connection
of generators” [98] and “a network code on requirements for grid connection
of high voltage direct current systems and direct current-connected power
park modules” [99]. The regulations might motivate imposing different
requirements on the generating units in dependence of the type of the main

grid connection.

2.2 Converter control in HVdc—connected WPPs

The basic topology of an HVdc—connected WPP is described in Section 2.1.4.
In the following the operation and widely accepted standard control approach

from a system perspective will be outlined [42], [55]:

e onshore VSC-HVdc operates in grid—connected mode and controls the
dc link voltage and the reactive power exchange with the main grid;

o offshore VSC-HVdc operates in grid—forming mode and controls the
voltage magnitude and the frequency of the offshore grid;

e and WT-GSCs operate in grid—connected mode and control their active
and reactive current injection into the offshore grid.

A different system control architecture is discussed in [100] proposing

that the WT—-GSCs operate as grid—forming converters and the onshore
and offshore VSC-HVdc as a conventional point—to—point HVdc system. It
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must be noted that controller interactions and stability have to be thor-
oughly addressed when using multiple grid—forming converters. The control
architecture has similarities to the ones proposed for the operation of DR—
HVdc—connected WPPs (see Section 2.1.5). It was highlighted that these
require a black start capability and an independent auxiliary supply system
for the offshore WTs.

Conventional controllers for VSC systems connected to power systems
are either developed in the stationary af-reference frame or in the syn-
chronous dg-reference frame [17], [61]. Both techniques reduce the controlled
plants from three to two compared to a control architecture in the sta-
tionary abc—reference frame. Furthermore, control design in the af—frame
uses proportional-resonant controllers which are tuned to the fundamental
frequency of the sinusoidal af—components. In contrast to that, in the dg—
reference frame proportional-integral (PI) regulators control dg—components,
which comprise only dc quantities in steady—state. The transformations
between the abc-reference frame to the af— and dg-reference frame, respec-
tively, and vice—versa are shown in the Appendix A.1. Unless otherwise
stated, controllers in the dg—reference frame are used in this thesis due to
the compatibility in power system studies and the ease of visualization. Re-
garding implementation of controllers in the a8-reference frame, the reader
is pointed to [17], [61].

2.2.1 Grid—connected operation

The onshore VSC-HVdc and the WT—-GSCs operate each in grid—connected
mode [61]. Given the scope of this thesis, in the following only the GSC
of a WT will be considered. However, the methodology might be similarly
applied to the onshore VSC-HVdc. The objective of the operation in grid—
connected mode (also referred as grid—imposed frequency VSC system in
[61]) is the controlled exchange of active and reactive power/current with
the synchronized ac system. There are two operation modes: active/reactive
power control or controlled dc voltage with reactive power control. Both
modes are used in a conventional point—to—point HVdc link where the first
operation mode is applied by one converter station, whereas the latter is
utilized for the other station [61]. Similarly, in the FSC-WT the GSC aims to
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evacuate the active power from the dc link and therefore uses the controlled dc
voltage with reactive power control mode®. The schematic of a grid—connected
VSC and the upper level control architecture for the controlled dc voltage with
reactive power control mode are depicted in Fig. 2.7. The external dc power

t

input pg" corresponds here to the injected power from the machine-side

converter (MSC) of the WT. An active power imbalance of P > pyc leads

to an increase in the dc voltage ug. following ug.(t) = Cdc [ (5 — iqc) dt.
Therefore, the dc voltage is continuously controlled to the reference magnitude
u{f,’:f which inherently adopts the active power set—point. In the case that the
active power flow is limited, the surplus energy might be dissipated by the

dc braking resistor RY_ through activation of the switch Sy [17], [101].
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Figure 2.7: Grid—connected VSC layout and upper level control schematic.

The dc voltage control might be implemented with a feed—forward term

t and a PI controller that regulates the

of the external dc power input pgx
variation on uq.? [61]. The reactive power set-point might originate from
a Q(U) droop characteristic dependent on the ac voltage or a dedicated ac
voltage control loop. A viable droop characteristic Q(U) at WPP level is
outlined in [102, Fig. 6]. The current control (CC) regulates the active and

reactive power exchange (pac and gac) with the grid. Following instantaneous

3The reactive power control might also be implemented as an ac voltage control [61].
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power theory, the active and reactive power expressed in the dg—reference
frame is [103], [104]:

3, .

pac = 5 (udZd + quq) (24)
3, ‘

Qac = b (Uq’éd - Uqu) (2.5)

where:
uq, Uq = voltage dg—components;

id,1q = current dg-components.

The synchronous reference frame (SRF) voltage vector might be aligned
to maintain uq = 0 p.u. and hence achieve a simpler relation for the active
power puc = %udid and for the reactive power gac ~ —%udiq. In that case,
iq denotes the active current and iy the reactive current, respectively. The
active and reactive current references might then be directly calculated from
the active power p™f which is determined by the dc voltage control and

ref To achieve correct alignment of converter

the reactive power set—point g
currents and ultimately exchange the desired powers, the phase angle 68
of the grid voltage u® must be tracked through a PLL system. There is
a variety of PLLs described in the literature in general [105] and for the
grid—connected application [17]: the conventional synchronous reference
frame PLL (SRF-PLL), the decoupled double synchronous reference frame
PLL (DDSRF-PLL) [106], [107], and the double second—order generalized
integrator FLL (DSOGI-FLL) [108]. A conventional SRF-PLL achieves the
desired alignment by controlling the g—component ug continuously to zero
by means of a PI-controlled feedback loop. In ideal conditions, i.e. balanced
and pure sinusoidal phases, this results in the d-component uf being the
voltage magnitude with phase angle 6%. In case of non—ideal conditions, i.e.
unbalance among the three phases or appearance of harmonic components,
the conventional SRF-PLL starts to oscillate and is not capable tracking the
magnitude and the phase angle with sufficient accuracy [17].

Unbalanced three—phase systems might be described by three indepen-
dent balanced systems, namely positive (pos.) sequence, negative (neg.)
sequence, and zero sequence. The mathematical transformation between a
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three—phase vector x,p. and the symmetrical components x99 is described
in Appendix A.1. In the dg—reference frame, the coupling between the se-
quences pronounces double fundamental frequency components [17]. The
neg. sequence (seq.) components appear in the pos. seq. components and

vice—versa:

U1d CcoS
up = =U | .
ulq

"y = [Md] _ U, [C?S o2

UQq

(
—sin(2wt) cos(2wt)
] LU lcos(2wt) —sin(2wt)] lcos 1

sin(2wt)  cos(2wt)

] T, [ cos(2wt)  sin 2wt)] [cos d)g))] (2.6)
)
)

where:
u1,us = pos. and neg. seq. voltage;
Uy,U,; = pos. and neg. seq. voltage magnitude;
¢1, P2 = pos. and neg. seq. angles.

The deterministic behavior of Eqns. (2.6) and (2.7) (both u; and ug are dc
plus 2w terms, respectively) motivates cancellation of the double frequency
terms rather than attenuation through low—pass filters (LPFs) [17]. Thus,
more advanced PLLs should be used, such as the DDSRF-PLL [106], [107],
or the DSOGI-FLL [108]. The DDSRF-PLL uses a decoupling network to
cancel out the mentioned 2w oscillations [17], [106]. Therefore, both pos.
and neg. seq. magnitude and phase angle can be tracked accurately during
balanced and unbalanced conditions. The DSOGI-FLL is the counterpart
for the af—reference frame and provides similar performance using adaptive
filters [17], [109], [110].

The CC displayed in Fig. 2.7 shows the implementation in the SRF. In
that case, the neg. seq. current might be uncontrolled when unbalanced grid
voltages arise [17]. To gain full control over the converter currents under
balanced and unbalanced conditions, the system equations are separated into
pos. and neg. seq., respectively. The relations for the pos. and neg. seq. of
a VSC coupled to the grid through an inductive filter L¢ with its parasitic

resistance R° are:
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ufq _ Uty _ R® —wL®| |44 ci i1q (2.8)
ug, u%q wL¢ R° i7q dt i1y
ugd — u2d _ RC ('ULC ng LCE Z(de (2 9)
USq U3, —wL® R® | [i5 dt |45,

where:

ufq, Ui, = Pos. seq. dg—components of converter voltage;

ugq, uS, = neg. seq. dg-components of converter voltage;

g
1q

ugd, u%q = neg. seq. dg—components of grid voltage;

u%d, u3, = pos. seq. dg—components of grid voltage;
i{qs 11q = POs. seq. dg-components of converter current;
154, i‘z’q = neg. seq. dg—components of converter current.

Equations (2.8) and (2.9) would suggest a straight—forward implementation
as separate CC loops for each seq., respectively denoted as double syn-
chronous reference frame (DSRF). Nevertheless, the cross-coupling between
the sequences [Eqns. (2.6) and (2.7) obviously also hold for currents] leads
to a poor performance and more advanced control architectures should be
used [17]. Similarly to the decoupling principle in the DDSRF-PLL, the
implementation of such current controllers aims to mitigate the 2w terms
through notch filtering, a decoupling network based on the measured signals,
or a decoupling network based on the reference and error signals [17]. The
differences regarding performance are highlighted in [17]. Figure 2.8 depicts
the implementation with a decoupling network based on the reference and
error signals as used in this thesis. Furthermore, Ref. [111] compares the
control performance in only pos. seq. SRF and separate control loops in
pos. and neg. sequence. The authors conclude that the latter has a higher
implementation complexity but provides a better performance and flexibility
with respect to dynamic voltage control and current limitation.

The active and reactive powers consist of average power and oscillating
power terms under expression by symmetrical components [104]. For unbal-
anced grid conditions and under consideration of the fundamental frequency
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Figure 2.8: Current control in pos. and neg. seq. with the decoupling
network based on the reference and error signals.

only the oscillating terms appear as 2w—terms [17]:

Pac = Pay + Peg cos (2wt) + Pao sin (2wt) (2.10)
Gac = Qay + Qe2 cos (2wt) + Qo sin (2wt) (2.11)

where:
P.v,Qav = average terms of instantaneous active and reactive power;
P.s,Pss = oscillating terms of instantaneous active power;
Qc2,Qs2 = oscillating terms of instantaneous reactive power.

The DSRF permits the control of four variables: the d— and the g—component
of the pos. and neg. seq. currents, respectively. The six magnitudes Py,
Qav, Pe2, Psa, Qc2, and Qg2 of Eqns. (2.10) and (2.11) might be expressed
by uidq, U2dqs t1dq, and isqq [17]. Hence, four out of the six magnitudes
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might be controlled and, for instance, the two average power terms plus two
oscillating terms are targeted [17]. On the one hand, a very common control
objective for VSCs might be the provision of a constant dc power/avoidance
of dc voltage oscillations and therefore the active power oscillating terms
are controlled to zero [17], [112], [113]. On the other hand, GCs might
demand defined current responses in pos. and neg. seq. to gain controlled
short—circuit currents by the distributed converter-based generation [102],
[114]-[117]. The latter implies that the pos. and neg. seq. dg—components
of the currents are set through a voltage—dependent scheme presented as fast
voltage support in Section 2.1.6.

Lastly, control aspects for pos. and neg. seq. are analyzed in [118], [119].
It is highlighted that the neg. seq. voltage angle is difficult to estimate
under balanced grid voltages given the small magnitude of the neg. seq.
voltage vector. This leads to neg. seq. current alignment delays during
transient conditions. For a small magnitude of the neg. seq. voltage vector,
for instance below 0.05 p.u., it is therefore recommended to use the negative
pos. seq. phase angle 65 = —60%. Furthermore, it is outlined that a neg. seq.
current injection might limit the pos. seq. counterpart.

Controller design and tuning of the PI controller gains for the dc voltage
control and CC, e.g. applying internal model control theory, is outlined
in detail in [4], [61]. If not otherwise stated, the design principles of the
mentioned references are used to tune the controllers in this thesis.

2.2.2 Grid—forming operation

The offshore VSC-HVdc works in grid—forming operation mode. The objective
is the provision of a controlled ac voltage at its terminals and to sink all the
active and reactive power injected from the offshore grid. In addition to that,
there are the well-known technical limitations of the VSC-HVdc given the
current and voltage capability of the switching devices (e.g. IGBTs). IGBTs
might operate continuously up to its rated current ;. Beyond that, IGBTs
might drive also higher currents for self—protecting measures and a very short
time (e.g. a standard 4.5kV device can handle 2p.u. of I, for 1ms [120]).
Obviously, the converter current must be kept in stringent limits to avoid any
over-current in the semiconductors and consequently a shut—down of a power
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module or even a whole converter. In terms of ac voltage, the maximum VSC

output voltage is dictated by the available dc voltage. Normally, the converter

might be kept in the linear region but once u,. exceeds “g¢ (considering
no third-harmonic injection scheme) the converter operates in the over—
modulated region [121]. Moreover, both current and voltage limitations hold
regardless whether two—, three—, or multi-level-converter topology is used.
Furthermore, they are design parameters of the VSC. They might be biased
by arranging more semiconductor devices in parallel or series to increase
the capability for current or voltage, respectively. However, this might end
up in the need for additional components (e.g. snubber devices [122]) and

increased control complexity.

Generally, the grid—forming operation mode should be able to set or control
the voltage magnitude U™ = / uffo + u{ff2 and angle ¢™ at the converter
terminals. Normally, the voltage magnitude is set to 1.0 p.u.. However, other
set—points are possible within the voltage capability of the converter. A
possible design requirement might be the GC which specifies the continuous
operation in a voltage band of e.g. 0.9p.u. to 1.1 p.u. for connection to the
155kV grid [92]. Transient operation at higher or lower values might be
required, too. For instance, controlled ac voltage sags by the grid—forming
converter are proposed to gain a fast active power reduction response bu the
WPPs in the offshore grid [123]. The angle of the reference voltage might be
set to any value in the range of Orad to 2w rad as it simply represents the
reference angle of the system [61]. In the most convenient approach, the d—
component is set to the voltage magnitude and the g-component consequently
to zero (¢*! = Orad).

Different control principles are proposed in the literature for the grid—
forming operation of the VSC. The simplest solution might be to set the
converter output voltage magnitude to a fixed reference value [124]. Nor-
mal operation might work satisfactorily but neither voltage nor current is
controlled in a loop structure. Consequently, extensive over—currents might
occur during ac faults in the offshore grid resulting from the large voltage
drop over the converter impedance. Therefore, at least one outer control
loop structure should be introduced to allow current limitation. This might
be implemented either indirectly by tackling the excessive voltage drop or
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directly by limiting the current flowing into the converter. Overall, two
state—of—the—art control principles stand out and are extensively described
for HVdc—connected WPPs in [71], [125]: option I, cascaded voltage control
(VC) and CC, and option II, directly applied VC. The grid—forming operation
mode overview is shown in Fig. 2.9 to support the following review.

EGridforming mode}

Option I: Option II:
cascaded VC and CC directly applied VC [42], [60], [71], [128]

in SRF [61], [71] || CC in DSRF [126], [127]

|

L VC and CC }

L VC and CC } L VC in SRF, }

in DSRF (Chapter 5)

Figure 2.9: Grid—forming operation mode state—of-the—art control options
and derivations.

Option I is discussed in [61] as controlled—frequency VSC system to provide
voltage and frequency reference at the PCC of an ac system. Ref. [61] also
mentions suitability for several applications, e.g. the supply of an isolated
load, the supply of passive or weak ac systems, or uninterruptible power
supply systems. The ac dynamics regulated by the VC in the SRF result in

current references id’ref and ig’rd:
)L s e
oref| | :load .
iste i wC* 0 ug cedt ug
where:
Ce = capacitance of the HV capacitor;
.g ref

iy, ig’ref = dg—components of converter current references;

ig)ad, i}fad = dg—components of load current;

ug, ug = dg—components of grid voltage.

. f . .
The converter current references d’re and zé’ref are fed into a standard CC
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such as the one described for pos. seq. by Eqn. (2.8). The feed—forward
compensation strategy by i1°d results in a similar performance under all
operating points as without feed—forward terms under no-load [61]. The

control scheme is shown in Fig. 2.10. Firstly, it depicts that a phase angle

Grid-forming VSC Offshore grid

HVde  Offshore VSC
link VSC transformer

L e ut

— u

iload

|M0dulationl Phase angle |

generator

g g g 95 +load <load
u—»T(e) —U3 A —»T(e)—>lg l —>T(e)—>ld
B —>! —»ui F —>] —7

uc,ref

Saturation

Option I

Figure 2.10: Grid—forming VSC layout control schematic with option I.

generator is used to set the phase angle of the system. A PLL which is
conventionally present in the grid—connected operation is not needed in the
grid—forming operation mode. The phase angle generator calculates the phase

angle according to:
0% = /wdt + ref (2.13)

where:
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0% = phase angle;

@"f = reference angle.

Secondly, the feed—forward concept for the CC is proposed as follows: as the
voltage is imposed by the system itself it might be suitable to feed—forward
the reference voltage u™' or zero [71], [127].

Thirdly, the dedicated capacitor on the HV—side of the converter trans-
former is discussed [70], [71]. Its need might be questioned as the offshore grid
is already characterized by a considerable amount of submarine cables which
have a large capacitance built up in the dielectric isolation material between
the conductor(s) and ground (see Section 2.1.3). This fact might motivate the
use of the distributed effective capacitance Cgg in the control design of the
VC. Nonetheless, there are two drawbacks when the dedicated HV capacitor
is avoided: first, the control design is dependent on Cgy whose value might
change throughout the operation (e.g. disconnection of parts of the offshore
grid, start—up sequence) and second, the load current feed—forward could not
be used as Eqn. (2.12) loses its validity. The first disadvantage might be
counteracted by gain scheduling of the control parameters in dependence of
the actual network configuration [125]. However, the second disadvantage
might be solely solved by installation of a dedicated capacitor at the HV
terminals as drawn in Fig. 2.10. For two— or three-level converters harmonic
filters are installed anyway to improve the sinusoidal voltage output. However,
for MMCs, which are the state—of-the—art technology for new VSC-HVdc
installations, harmonic filters become superfluous and a dedicated HV capac-
itor might be installed. Ref. [71] reiterates that the feed—forward of the load
current leads to an improvement of the ac dynamics.

Option I foresees deployment in the SRF (in pos. seq.). With respect to neg.
seq. current and voltage, the feed—forward terms in the VC might contain
neg. seq. and thus any neg. seq. converter current injection is avoided (neg.
seq. voltage measured at the terminals is fed through and applied at the
converter terminals). However, this might lead to over—voltages in one or
more phase(s). In contrast to that, if neg. seq. voltage is attenuated before
feeding it into the VC, the converter might inject also neg. seq. current.
Given the control scheme in the SRF, the neg. seq. current is uncontrolled,
bypasses the saturation of the current references and might therefore represent
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over—currents in one or more phase(s). Overall, the implementation in the
SRF might result in poor performance when facing unbalanced grid voltages.
Control in pos. and neg. seq. seems obvious to counteract these problems.
Therefore, a variation of option I which is using a DSRF in the CC is
presented in [126], [127]. The original control scheme [61], [129] is altered
by an additional neg. seq. CC loop. The neg. seq. CC loop is fed with the
current references 75 and zggf During normal operation those references are
set to zero, which equals zero neg. seq. current injection by the offshore
VSC-HVdc. When neg. seq. voltage arises, Ref. [126] proposes calculating
the references specifically to suppress double grid frequency oscillations in
the active power terms (and dc voltage). Such current references calculation
is known from the grid—connected operation mode under unbalanced voltage
conditions (see Section 2.2.1,[17]). The discussion in [126] reveals that the
neg. seq. controllers in the grid—forming application perform slightly superior
than solely pos. seq. controllers. Nevertheless, the grid voltage shows a poor
performance due to OM during unbalanced voltage conditions even when
using the proposed controller structure. Additionally, the suppression of
oscillations in the dc link voltage might be interesting for two— and three—level
converters but is not necessarily advantageous for MMCs. In a MMC, such
oscillations are buffered in the internal sub-module (SM) capacitors (further
reading in Section 2.2.3).

In the following section, option II for the grid—forming operation mode is
outlined. Ref. [42] discusses this control scheme which is shown in a simplified
manner in Fig. 2.11. The main objective foresees controlling the ac voltage
magnitude at the PCC busbar to a given reference. The applied converter
voltage might be directly synthesized from the PI-controlled difference of
the measured grid voltage magnitude u® and the reference magnitude u"f.
Deployment in the SRF is not necessary. However, a sudden voltage drop in
the offshore grid might lead to a large converter current if no countermeasures
are taken. To prevent the over—current, a dynamic saturation scheme is
proposed. It uses a dynamic upper saturation limit which continuously
limits the voltage drop over the converter inductance to 0.1 p.u.. Hence,
the converter current is indirectly limited. However, the response to, e.g.
unbalanced faults, might lead to over—currents in one or more phase(s) or
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insufficient usage of the full converter capability. Ref. [42] also comments
on the desired behavior of the offshore VSC-HVdc during offshore grid
faults: for three—phase faults the VSC should deliver the full short—circuit
current in the three phases without blocking the converter, whereas for single—
line-to—ground (SLG) faults the VSC should provide a reduced current to
avoid over—currents in the healthy phases (around 0.6 p.u. is suggested).
These suggestions are made under the condition that the magnitude of the
converter current might be controlled indirectly as for option II and therefore
its limitation is not being enforced by a dedicated CC.

Grid-forming VSC
HVdc Offshore Offshore
link VSC grid

T _ A I y & interface
- l

IModulationl Directly applied VC :
0.1 +? l ut

PI O + uref%

c,ref
u

Figure 2.11: Grid—forming VSC layout control schematic with option II.

To sum up, the work done by [71] on the comparison of the two state—of—
the—art control principles is listed in Tab. 2.13. Ref. [71] does not decide on
an overall winner of the comparison but reiterates that in the case of offshore
grid faults the inherent CC of option I is advantageous. However, for normal
operation and in terms of simplicity option II is superior. Regarding future
work, the author suggests deploying pos. and neg. seq. control structures
for option I. This was partly done in [126] as highlighted earlier. However,
the full implementation in pos. and neg. seq. of both VC and CC was not
promoted in the literature yet and is proposed in Chapter 5 of this thesis.

43



2 LITERATURE REVIEW

Table 2.13: Comparison of state—of-the—art control principles for grid—
forming operation from [130, Tab. 20].

Option I Option II
(cascaded VC and CC) (directly applied VC)
Advantages: e inherent CC capability, e tuning at no—load,

e fault handling with directly e simple controller implemen-
controlled currents, tation,

o and better performance for e performance independent
multiple VSC-HVdc. from operating point,

e and performance indepen-
dent from network config-
uration/connected capaci-
tance.

Disadvantages: e tuning at no-load, e 1o inherent CC capability,

e performance dependent on ¢ and insufficient perfor-
operating point, mance during faults.

e performance  dependent
on network configura-
tion/connected capaci-
tance,

e and dedicated HV capac-
itor (space and weight)
needed to diminish poor
performance.
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2.2.3 Modular multilevel converter

A high number of classical VSC applications (e.g. variable-speed motors
connection, grid connection of renewable generation, micro grids, etc.) use
two—level VSC or three-level VSC topologies [61]. Multi-level converters for
the VSC-HVdc application with more than three level had been disregarded
due to the large number of semiconductors and the increased complexity. In
contrast to that, the presentation of the MMC by Prof. R. Marquardt in 2001
literally revolutionized converter architectures for the VSC-HVdc technology
and other high—power, high—voltage applications [131], [132]. Currently, the
MMC is the state-of-the-art topology for VSC-HVdc given that:

o power losses are lower than for 2L-HVdc or three-level VSC-HVdc
and in a similar range of LCCs mainly because of the reduced IGBT
switching frequency;

o modular architecture comprising hundreds of SMs is advantageous from

a manufacturing and redundancy perspective;

e ac output voltage is almost pure sinusoidal which results in low or no
need for harmonic filters;

e and higher cost for the increased number of IGBTs is outweighed by
the lower power losses during operation.

The MMC is extensively covered in literature [133]-[142]. The general
structure of a MMC consists of three phase legs (or phase branches) which
have an upper and a lower converter arm, respectively, as depicted Fig. 2.12.
A converter arm is set up of a stack of N switchable half-bridge SMs and
the arm inductance L?. The basic operation foresees that the energy storage
(in the original realization a capacitor) in the half-bridge SM might be
either switched in or by—passed through respective control signals to the
semiconductor switches. The series connection of switchable SMs synthesizes
a controllable voltage source per arm. Contrary to conventional VSCs, the
energy storage is distributed among the SMs and not centralized in dc link
capacitors.
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The basic relations used in [143] are redefined to describe the MMC circuit:

— sum diff
dgiff d—efO . B ugy = 0.5up™ — uy,
Up = 0.5(ugr, — upv) diff
U = 0.5ui™ + uf'
sum  def d KL k k 2.14
U, = Ugy + ugL andq - g | (2.14)
def iy = 0.50p + ™
sSuIm — o o
i, = 0.5(ipy + ixL) , & sum
g, = —0.90 + 4}
where:
udift = differential voltage (or converter output voltage);
upt = additive voltage;
i = additive current;

upy, ugpr, = upper and lower arm voltage;
iU, k1, = upper and lower arm current.
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The additive currents (inner or circulating currents) are caused by energy
imbalances among the phase legs, upper and lower arms, and the dc side [141].
When uncontrolled, the inner currents might cause higher power losses and
a larger arm capacitor voltage ripple. However, the inner current control is
addressed thoroughly in literature, e.g. [140], [141], [143]. MMC-HVdc-based
projects use a large number of SMs [137], so the selective control of the SMs
might be approximated by a voltage source [144]. The arm inductors are
modeled by an inductance L* and its parasitic resistance R?, whereas the SM
stack is represented by a controlled voltage source. Such a model is outlined
in detail in [5], [143].
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2.3 Reactive power in offshore WPPs

In general, reactive power control in an offshore WPP refers to the exchange
of reactive power with the main grid and consequently the internal plant—
level reactive power balance [55]. In most GCs, the main requirement on
reactive power is demanded at the PCC [95], [97], [102]. By way of example,
Fig. 2.13 depicts the reactive power requirements at rated power, Fig. 2.13a,
and below rated power, Fig. 2.13b, at the HV network connection point
according to the German GC [102]. Active and reactive power are scaled
to the rated power Pr,t. The respective grid operator might choose one of
the three options drawn depending on the project characteristics and the
respective network requirements. Taking all options combined into account,
a reactive power requirement of the equivalent of a power factor of 0.9 for
over—excited operation and 0.925 for under-excited operation at full power is
demanded. It might be further highlighted that for active power production
below 0.1 p.u. no reactive power is needed. The voltage ranges of the diagram
on rated power in Fig. 2.13a apply likewise for the requirements below rated
power in Fig. 2.13b. A new reactive power set—point must be reached within
4min [102]. The same standard highlights that the current state—of-the-art
MV/HV transformer equipped with an OLTC can change its taps in the
complete voltage range within 4 min. The reactive power requirement might
be enforced as a power factor (PF) set—point or reactive power set—point.
Furthermore, the reactive power set—point might be given as a fixed value or
as a voltage— or active-power—dependent characteristic. The set—point might
be fixed or transmitted through a communication link [102].

Normally, for ac—connected offshore WPPs the reactive power requirements
might be met by appropriate design of the WT converters and MV transformer
[145], [146]. For distant ac—connected offshore WPPs the requirements might
require additional devices such as static VAR compensators or STATCOMs
[147], [148]. Regardless of which transmission technology is used for the
offshore WPP, the submarine cable systems and particularly their inherent
reactive charging current impact the reactive power balance significantly as
already highlighted in Section 2.1.3. Besides the submarine cable systems,
other components contribute to the reactive power balance: the power
transformers, shunt reactors, capacitor banks, and power—electronics—based
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Figure 2.13: Steady-state reactive power requirements at the network con-
nection point (PCC) (a) at rated power and (b) below rated
power [102].

devices [i.e. the WT converters and possible flexible ac transmission systems
(FACTSs)] among others. For instance, power transformers and shunt reactors
absorb reactive power (inductive behavior), whereas capacitor banks and
uncompensated submarine cables at no load or low load inject reactive power
(capacitive behavior). The power—electronics—based devices might either
inject or absorb reactive power within their capability. Moreover, power
transformers might adopt their ratio through tap changing with the OLTC
and inherently change the amount of reactive power absorbed.

2.3.1 Reactive power dispatch

To fulfill the reactive power requirement at the PCC, a dedicated WPP
control system (WPPC) is regulating the measured PF, reactive power, or
voltage at the PCC to a given set—point by dispatching set—points to the
controlled devices.

2.3.1.1 Conventional dispatch

A standard WPPC approach is depicted in Fig. 2.14. By way of example, the
error between the reactive power set—point from the TSO and the measured
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value is fed into a PI controller and its output is distributed as individual
set—point to the WTs [149]. Also, power factor or voltage set—points might
be sent to the WTs. Once the individual set—point is received, the local
WT control system (WTC) regulates its output accordingly. Such a control
principle foresees at least unidirectional communication and sends a unique
reactive power set—point to all WTs. Moreover, the variable used to control
reactive power at the WPP-level which is communicated to the WTs might
differ from the TSO control variable (power factor, reactive power, and

voltage set—points are exchangeable).

- DL -

PCC

v

i x A @rcc

wic Qwr SPCC
_ ; WPPC ... ref
Wind power plant ~ PCC

Figure 2.14: Schematic of simplified reactive power dispatch in an ac—
connected WPP.

More sophisticated dispatch algorithms are presented in the literature,
e.g. [50], [149]-[151]. They might send different set-points to the respective
WTs. The decision might be taken upon the actual operating point and
available reactive power of the individual WT converters without the use of

optimization algorithms [50].

2.3.1.2 Optimization—based dispatch

Optimization—based algorithms are widely used at transmission system level
[150], [152]-[155]. TSOs use optimization algorithms to minimize electrical
losses in their respective power grids by tuning set—points of the transformer
OLTC or other electrical equipment which can control voltage or reactive
power (e.g. WPPs, SGs, FACTS, HVdc converters, shunt reactors, and
capacitor banks) [149], [150], [153], [154], [156]. The same approach can be
applied to an internal WPP grid which has been studied for ac—connected
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WPPs in [152], [156]-[166]. Based on the particle swarm optimization (PSO)
algorithm of [160], the operation principle was investigated for DFIG—based
WPPs in [157]. In [162], a feasible solution search PSO algorithm was applied
to the reactive power allocation problem of a DFIG—based WPP. Different
control principles are analyzed, concluding that a higher loss reduction is
achieved for lower WPP power outputs. In terms of practicability for an
online optimal reactive power allocation, the authors of [161], [165] propose
OPF controllers based on mean—variance mapping optimization aiming to
minimize losses while complying with the GC at the PCC. In [163], the
suggested OPF controller additionally considers minimizing the switching
actions of the OLTC and uses a neural-network—theory—based wind speed
prediction. In [158], the authors discuss a complete loss calculation including
generator and converter losses for a DFIG-based WPP to solve the optimal
reactive power allocation problem. The analysis made in [164] provides a
fruitful insight of the need to include the WT converter losses in the problem
formulation of these systems. Ref. [147] proposes an optimization—based
Mvar controller for the reactive power management of a distant ac—connected
offshore WPP to minimize loss and comply with the onshore GC requirements.

2.3.2 Reactive power in HVdc—connected WPPs

For HVdc—connected WPPs, the reactive power requirements of the TSO are
met by the onshore VSC-HVdc [42], [50], [55]. The reactive power balance in
the offshore grid is literally independent on this requirement. Nevertheless,
regulations might define the sharing, operation and control concept between
the offshore VSC-HVdc and the connected WPP(s) [50]. For instance, the
grid connection point in Germany is the network connection point to the HV
grid and thus the HVdc transmission system and offshore ac grid are operated
and owned by the TSO [55], [58]. Contrary, in the UK an independent, so—
called offshore transmission owner provides the offshore grid connection and
acts as intermediate operator between WPP operator(s) and the TSO [11],
[55].

Regardless of the regulatory background, a possible reactive power con-
trol scheme for an HVdc—connected WPP cluster is sketched in Fig. 2.15.
Each WPP hosts its respective WPPCs and might operate as explained
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in Section 2.3.1.1. The offshore VSC-HVdc controls the voltage at the off-
shore PCC busbar (not shown here). The central dispatcher (CD) sends
unique or individual reactive power, PF, or voltage set—points to each WPPs.
The onshore GC compliance with respect to reactive power is the entire
responsibility of the onshore VSC-HVdc.

Offshore
% PCC Offshore Onshore Main grid
converter converter
SR p— B S
pEGSER ~ =
D ¢ el e e— = ~ J
() % 1
% .ﬁ QL) :
§ ] ‘/‘@ Central VSC-HVdc [=<@pcc
fpp|_dispatch Q control |=Q¥c

Offshore grid

Figure 2.15: Schematic of simplified reactive power dispatch in an HVdc—
connected WPP cluster.

Industrial implementation is commented in [42] which discusses the reactive
power control concept used in the offshore grid of the HelWin1*: the offshore
VSC-HVdc controls the offshore grid voltage, the WPPs receive PF set—
points, and the OLTCs of the WPP transformers maintain the voltage in the
adjacent MV collection grid. The same reference sketches different control

approaches for those systems:

e voltage control by the VSC-HVdc and voltage control by the WPP
with the goal of minimizing the OLTC switching actions;

e voltage control by VSC-HVdc with variable voltage set—points;
« voltage/reactive power droop control by all converters in the system;

o and operation of two parallel VSC-HVdc connected to the offshore
grid.

Ref. [168] proposes the use of voltage control with droop compensation at
WPP level. The WPPs control the voltage at their respective terminals and

“The HelWin alpha HVdc transmission system (576 MW,4250kV,130km) connects two
offshore WPPs, Nordsee Ost (288 MW) and Meerwind Siid|Ost (288 MW), and is
operated by TenneT TSO [167].
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dispatch reactive power set—points internally. A coordinated reactive power
control scheme for WPP clusters with an optimization—based reactive power
set—point at the offshore PCC is used in [169]. Ref. [170] proposes a WPP
cluster controller based on voltage control at the respective WPP terminals.
Ref. [55] identifies the reactive power /voltage control as an important point for
optimization purpose. It is mentioned that the WT converters might be rated
to their active power and the reactive power/voltage control responsibility is
taken over by the VSC-HVdc. Moreover, it is outlined that the minimum
reactive power requirement is the respective balance of the charging current
required to energize the submarine cables, both MV collection grid and HV
export line. It is further highlighted that an optimized sharing of the reactive
power responsibility between the VSC-HVdc and the W'T converters might
avoid an over—sizing of the respective reactive power capabilities [42], [55].

2.4 Faults in offshore WPPs

Electrical faults might happen in any power system due to natural hazards,
equipment failure, human interaction during operation and maintenance, etc.
[171]. In the three—phase system faults might be classified into balanced
and unbalanced ones, where three—phase (LLL) and three-phase-to—ground
(LLLG) faults belong to the symmetrical or balanced faults and SLG, line-
to—-line-to—ground (LLG), and line-to-line (LL) faults are in the group of
asymmetrical or unbalanced faults.

In HV grids, a total share of 67 % for SLG, 25 % for LL, 5% for LLL and
LLLG, and 3% for LLG and a total of 300 measured short—circuits yr~! for
the HV grids of England and Wales is mentioned in [171]. Ref.[172] analyzes
the Nordic fault statistics for 2000 to 2005 and concludes that most of the
faults occur on overhead lines, the SLG fault has the highest share among
all faults, and deep voltage sags (down to 0.25 p.u. of the nominal voltage)
might last several sec to min, whereas voltage sags up to 0.75 p.u. usually
last only some cycles. More recent statistics on overhead lines and cables
show a similar number of fault events as depicted in Tab. 2.15 [173]. The
data show that SLG have the highest share for overhead lines. Another
interesting figure is that 77 % of the SLG faults and most balanced and LLG
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faults are caused by lightning strikes [171]. Fault statistics of the Nordic and
Baltic countries and their respective HV grids disseminate that the main
cause leading to faults in overhead lines is lightning, whereas cable failures
are rather related to the technical equipment itself [173]. It is obvious that
lightning strikes are a minor risk for cables due to their underground or

submarine location.

Table 2.15: Fault statistics for the Nordic and Baltic countries!. Average
values for the 2005 to 2014 period [173].

Component Voltage Line Fault events SLG Permanent
range length per 100 km faults faults
Unom / KV !/ km Jyrt / % /%
Overhead line 380 to 420 20090 0.44 72.6 7.0
Overhead line 220 to 330 17406 0.64 65.7 8.1
Overhead line 100 to 150 48471 1.52 50.6 6.4
Cable 380 to 420 143 0.55 n/a n/a
Cable 220 to 330 262 0.80 n/a n/a
Cable 100 to 150 1882 0.55 n/a n/a

! Comprises the data of the following countries: Denmark, Finland, Iceland, Norway,
Sweden, Estonia, Latvia, and Lithuania.

While faults in overhead lines are normally of temporary nature and cleared
through re—closing protection algorithms, submarine cable failures are usually
permanent and require isolation of the system for the ease of fault localization
and reparation [174]. Failure rates of submarine cables are reported to be
lower than for underground cables [44].

Three—phase XLPE submarine cables are usually constructed with a metal-
lic water—blocking sheath around each conductor to protect the insulation
against water ingression [45]. Therefore, LL faults are not possible in such
cable system as all short—circuit between two conductors passes through the
metallic sheath which is literally grounded given the water penetration of the
outer layers of the cable [175]. However, faults in offshore grids might also
occur in the offshore substation, power transformers, auxiliary equipment,
compensation devices, etc. and at the electrical infrastructure of the WT.

The fault protection and isolation concept for the offshore grid of an
HVdc—connected WPP foresees that a possible fault must be located by
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over—current relays and isolated by the adjacent circuit-breakers (CBs) [55],
[126]. Internal WT faults might involve the disconnection of the WT from
the system. Moreover, the VSC-HVdc and the WT are demanded to provide
short—circuit currents to support the detection of the fault by means of FRT
schemes [55].

Faults cause balanced or unbalanced voltage sags which propagate de-
pending on the transformer winding setup between different voltage levels
[176]. To allow a decoupling of the zero seq. networks, the WT and WPP
converters are usually implemented in delta—wye configuration [92]. This
means, for instance, that a SLG voltage sag in the MV collection grid is seen
as a LL voltage sag on the HV—side of the WPP transformers and vice-versa
[176, Table 2].

2.4.1 Fault ride through by the WT converters

WT converter control was addressed in Section 2.2.1. The dynamic response
during grid faults might be defined as a dynamic voltage support scheme.
Pos. seq. voltage support is implemented in most grid codes [92], [102]. The
principle demands converter—based generation (e.g. WTSs) to support the
grid voltage through reactive current injection proportional to the magnitude
of the voltage drop. For an improved response, specifically in grids with
a high share of converter—based generation [115], also neg. seq. voltage
reduction might be requested to allow proper detection of the fault by the
adjacent protection system [102]. The voltage drop dependent schemes might
be defined by [102]:

ilq = kl(Ul,pre—fault - Ul) (2.15)
qu = k2<U27pre-fault - U2> (2.16)
where:
k1 = pos. seq. gain;
ko = neg. seq. gain;

Ul pre-fault = POs. seq. pre—fault voltage magnitude;
U3 pre-fault = neg. seq. pre—fault voltage magnitude.
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The pre—fault voltage Uy pre-fauir might be an averaged value prior to the
fault (e.g. one-minute—mean value). The gain k; might take any positive
value, but the maximum additional reactive current is limited (to e.g. 1p.u.).
A deadband for continuous operation voltages e.g. 0.95p.u. to 1.05p.u.
might avoid voltage support during normal steady—state conditions. In
normal operation, the grid voltages are balanced, so the magnitude of the
pre-fault neg. seq. voltage Uz pre-fault is zero. During unbalanced voltage
conditions, neg. seq. voltage arises and might be attenuated by dynamic
voltage reduction by choosing ko # 0.

The FRT requirements from [102] are depicted in Fig. 2.16. The voltage—
time profiles for UVRT and over—voltage ride through (OVRT) are displayed
Figure 2.16a. The W'Ts converter must remain connected to the grid for the
given ranges. The required reactive current injection during FRT is shown
in Fig. 2.16b. A tolerance band according to [102, Annex C] is sketched
around the slope. The diagram is valid for both pos. and neg. sequence. A
specific response during SLG faults is not demanded as those faults are not
considered to be threatening for the voltage stability of the grid. However,
the WTs must also stay connected for SLG faults according to Fig. 2.16a.

u/ p-u-A === Three phase fault AL /p u.
=== T'wo phase fault
1.0
1.30 T Over-voltage
1.25 I ride through
1154 |—
110+
1004 Continuous voltage band
. FRT when one phase voltage outside
0.90+
0.85+ e
0.80+
l/ 1 11 Il »
LLAL T T T T T T >
0.1 05 1.0 15 2.02.2 3.060 /s Under-voltage
0.22 .
0.15 ride through

(a) (b)
Figure 2.16: FRT (a) voltage-time profile and (b) reactive currents [102].
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2.4.2 Fault ride through in HVdc-connected WPPs

As mentioned in Section 2.2, the decoupled operation through the dc link
means that the main FRT responsibility is placed on the onshore VSC-HVdc
[55], [177]. FRT by the onshore VSC-HVdc for balanced and unbalanced
onshore faults is addressed in [112], [123], [178]-[181]. In [179], unbalanced
faults in the onshore grid were studied and an injection of neg. seq. currents
by the VSC-HVdc was beneficial for the protection system in comparison
to suppression thereof. Regardless of whether an onshore grid fault is sym-
metrical or asymmetrical, it might impede the injection of the actual active
power injected by the offshore VSC (and the adjacent WPPs). Therefore, one
solution might be the installation of a dynamic braking resistor (dc chopper)
to dissipate the surplus energy. The equipment might be placed onshore
to make the most of local measurements and lower installation costs than
offshore [55], [177].

Moreover, the WPP might also contribute to active power reduction
schemes during onshore faults [55]. Possible active power reduction schemes
are based on fast communication [60], [182], offshore grid voltage modulation
[123], [180], [182]-[185], or frequency modulation [60], [92], [180], [185]. Fast
frequency response schemes also cover active power variation although they
are not exclusively designed for a FRT response [66]-[69].

In contrast to onshore faults, FRT in the offshore grid is barely covered in
literature. One reason might be that faults in the electrical infrastructure
based mainly on submarine cable are less likely to be exposed to natural
hazard compared to overhead lines and to some extend to land—based cables
[60]. However, as in any engineering system, faults might occur and must be
handled in a secure manner to protect the system.

The common control concepts of the grid—forming offshore VSC-HVdc, see
Section 2.2.2, imply that the converter currents rise and should be limited
in the case of an offshore fault. For symmetrical faults in the offshore grid,
Ref. [169] proposes a reactive power control for an HVdc—connected WPP
cluster and demonstrates how the injection of additional reactive current
by the WT converters supports the voltage profile. A coordinated voltage
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control is presented in [170] and symmetrical faults at different busbars in
the offshore grid are considered. Apart from the local WT FRT scheme,
Ref. [170] proposes a WPP—-level FRT scheme which uses reactive power
margins from the non—faulted WPPs in the cluster to achieve a better voltage
profile in the offshore grid.

Asymmetrical/unbalanced faults in the offshore grid were studied in [123],
[126], [127], [186], [187]. Ref. [186] focuses on correct protection and isolation
without any neg. seq. control by the converters. In [126], [127], different
combinations of neg. seq. FRT by the VSC-HVdc, the WTs, or both are
analyzed for faults at 33kV and 150kV level in the offshore grid. Special
focus is paid to double fundamental frequency oscillations during unbalanced
voltage conditions rather than on voltage support. Ref. [123] proposes a
controlled ac voltage drop imposed by the offshore VSC-HVdc to activate a
positive—sequence—voltage—drop—dependent active power reduction from the
offshore WPP during onshore faults. Hence, the FRT of unbalanced onshore
faults might profit from a larger reactive current margin. The authors further
demonstrate that for an offshore LL fault at 33kV level, reactive currents
from the WT converters are not needed. Ref. [187] presents a transient control
strategy to provide additional reactive power during asymmetrical faults but
lacks a clear explanation of the offshore VSC-HVdc control. Moreover, it
uses a PLL system which is not necessary in the real application [42].
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2.5 Summary

The literature review sheds light on the state of the art of offshore WPPs
and their grid integration by means of HVdc transmission technology. At the
beginning, it was highlighted that offshore wind is gaining interest among
the renewable energy power generation but still remains more expensive
than onshore wind. The offshore WT technology was covered briefly and
concluded on the two state—of—the—art power conversion concepts, namely
the PSC— and FSC-WT. The latter was identified to be superior at meeting
demanding GC requirements. Then, grid connection options by means of ac
or dc technology were introduced for offshore WPPs. It was commented that
VSC-HVdc transmission technology is the state of the art for the integration
of very remote WPPs. It was highlighted that in HVdc—connected WPPs the
offshore ac grid is decoupled from the main grid. The decoupled operation
was identified to be the key differentiator to conventional ac connected WPPs.
Besides that, other academic concepts without current industrial application
were summarized.

Furthermore, the control methods for VSCs in grid—connected and grid—
forming operation mode were outlined. It was highlighted that the principles
for grid—connected converters are well established. In contrast to that, it
was identified that for the grid—forming mode the desired response under
unbalanced conditions was not fully covered in the literature. Additionally,
the prevailing VSC-HVdc topology for offshore wind and other applications,
the MMC-HVdc, was explained.

The last part of the literature review concentrated on the two key aspects
of HVdc—connected WPPs to be explored in this thesis: i) reactive power
control and ii) FRT of faults in the offshore ac grid. Conventional reactive
power control and optimization—based proposals for WPPs and for other
applications were reviewed. Here it was concluded that reactive power and
voltage control inside HVdc—connected WPPs had a potential application
for optimization—based approaches. Furthermore, it was highlighted that the
FRT of unbalanced faults in a converter—based grid presented a challenge
that had been barely covered in the literature to date.
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3 Reactive power control in an
HVdc—connected WPP

3.1 Introduction

This chapter tackles reactive power control in the offshore grid of a single
HVdc—connected WPP. Specifically, the reactive power balance between
the VSC-HVdc and WT is investigated. The focus is put on conventional
and optimization—based reactive power allocation strategies to obtain the
maximum active power output at the HVdc link interface. The literature
on optimization—based concepts for ac—connected WPPs was explored in
Section 2.3.1.2. Moreover, the sparse studies on reactive power control in the
offshore grid of HVdc—connected WPPs were commented in Section 2.3.2.

In this chapter, six different reactive power control strategies are defined
and evaluated regarding reactive power sharing, voltage range, and annual
energy production (AEP). In addition to that, the impact of wake losses on
the reactive power control is explored.

To summarize, this chapter aims to shed light on:

» reactive power allocation strategies in the offshore grid of an HVdc—
connected WPP;

e reduction of power losses in the offshore grid regarding reactive power

control;
o optimization—based strategies with variable reference voltage;
e impact of wake effects on the reactive power control;

o and sharing of reactive power between the WTs and the offshore VSC—
HVdc.
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3.1.1 Related publications

The work presented in this chapter was disseminated in:

¢ K. Schonleber, C. Collados, R.T. Pinto, S. Ratés-Palau, O. Gomis-
Bellmunt, Optimization—based reactive power control in HVDC—con-
nected wind power plants, Renew. Energy. 109 (2017) 500-509.
d0i:10.1016/j.renene.2017.02.081.

e K. Schonleber, S. Ratés-Palau, M. De-Prada-Gil, O. Gomis-Bellmunt,
Reactive power optimization in HVDC—connected wind power plants
considering wake effects, in: U. Betancourt, T. Ackermann (Eds.), 14th
Wind Integr. Work., Energynautics GmbH, Brussels, Belgium, 2015.

3.2 Methodology

First, a power loss assessment methodology for the offshore grid of an HVdc—
connected WPP system is developed. Then, the reactive power allocation
strategies are outlined and the optimization problem is formulated for the
system. The strategies are briefly discussed regarding their industrial imple-
mentation. Last, the wake modeling used for this work is highlighted.

3.2.1 Calculation of relevant losses

The considered generic HVdc—connected WPP system is shown in Fig. 3.1.
In general, there are multiple electrical losses occurring in the operation of
generators, converters, filters, transformers, and cables. For the steady—state
power flow analysis, lines, filters, and transformers are modeled as lumped
circuits (m—models) [188]. In a 7—model, the series admittance between two

nodes a and b is defined as:

Tab . ] Lab
2 2 2 2
Tab + Lab Tab + Lab

Yab = Jab +] : bab = (31)

where:
Yap = admittance between node a and b;
Jap = series conductance between node a and b;
bapy = susceptance between the nodes a and b;
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Tah = Series resistance;

x,p = series reactance.
The shunt admittance is calculated as:
h h h , . sh
Yo =Y =97 +j-0 (3.2)

where:
y*P = shunt admittance at node a;
¢*" = shunt conductance;

bh = shunt susceptance.

When considering power cables and lines, the shunt conductance is very
small (¢*® ~ 0) and can be neglected. The values for the series resistance
Tap, SEries reactance qp, and shunt susceptance b*" are chosen according to
manufacturer data. For transformers, the series resistance ry, models the
copper losses (load losses) in the windings having the reactance x,,. The
iron/core losses (no—load) due to the magnetizing current can be represented
by a shunt element. The active power imbalance or loss Ap can be calculated
using Eqn. (3.3) and the reactive power imbalance Aq composed of the
reactive power generation by the shunt susceptance and reactive power loss
is described in Eqn. (3.4):

Ap = gap - [(ud + uj — 2uquy cos(ph — ¢})]
Ag=—b" - [uZ +ui) — by - (u + uj — 2uqup cos(ph — ¢})] (3.4)

where:
Ug, Up = voltage of node a and b;
vy, @y = voltage angle of node a and b.

The compilation of losses is limited to the boundaries of the offshore grid
as shown in Fig. 3.1: boundary A is the interface between dc link of the
GSCs and boundary B is the dc terminal the offshore VSC-HVdc. These
boundaries are set given that the reactive power control at the ac terminal of
a VSC is independent from the dc side [61]. Therefore, the control of reactive
power at the GSC does not cause additional currents (or losses) in the dc link,
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Boundary A Boundary B| Offshore

PCC_

WPP transf.\ HVdec transf.

X HYV export cable

MYV cable

MSC |GSC

MSC |GSC

OHt-or

Figure 3.1: Typical arrangement of an HVdc—connected offshore WPP and
system boundaries for loss assessment.

Onshore

the MSC or even the generator. This is also valid for the offshore VSC-HVdc
with respect to its HVdc interface. Besides that, the power converter losses
might be approximated as described in Appendix A.2. Figure 3.2 shows the
relative power losses of the considered power converters deploying Eqn. (A.5)
with the parameter values from Tab. A.1. The effect of the absolute loss
increase AP due to a reactive power exchange in comparison to exclusively
active power injection is represented in Fig. 3.3. The additional converter
losses in the 555.6 MVA-rated MMC-HVdc are up to 0.9 MW when operated
at p = 0p.u. and ¢ = 1 p.u.. For ¢ = 1p.u., an equally scaled GSC system
causes a value of AP = 1.0 MW additional losses at full power and up to
AP = 2.8 MW additional losses for p = 0p.u.. To sum up, reactive power
exchange causes additional power losses in the power converter. This is even
more pronounced at low power operation.
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Figure 3.3: Absolute increase of losses caused by the reactive power injection
of VSCs. GSC rating: S; = 6.67 MVA, cosp = 0.9, U,. = 0.9kV;
MMC-HVde S; = 555.6 MVA, cosp = 0.9, Uyc = 333kV (Uge =
+320kV, modulation index: m = 0.85); GSC 500 MW equivalent
to compare with the VSC-HVdc.
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3.2.2 Reactive power allocation strategies

The reactive power allocation strategies considered in this chapter focus on
the normal operation of the HVdc—connected WPP in steady—state. The WT
reactive power limitations due to the availability and PQ capability curve
must be respected.

In principle, two conventional strategies might emerge to control reactive
power in an HVdc—connected WPP when the control variables are limited to

be the reactive power set—points:

I. Strategy 1 (S1): No reactive power by the WTs. Each GSC operates
locally with zero reactive power injection, thus @); = 0 Mvar. This is
equal to a unity PF operation of the GSCs for P; # 0 MW.

II. Strategy 2 (S2): No reactive power by the VSC-HVdc. The VSC-HVdc
aims to operate with zero reactive power injection (Qpcc = 0 Mvar)
by adjusting remotely the reactive power set—points ); of the W'Ts.

Furthermore, an optimization—based strategy is considered:

ITI. Strategy 3 (S3): The optimization algorithm aims to maximize the
power output of the system and calculates reactive power set—points
for the GSCs according to the actual operating point of the complete
system.

The strategies S1 to S3 are studied with a fixed PCC voltage reference of
upcc = 1p.u., which is continuously controlled by the VSC-HVdc. Finally,
the three initial strategies are extended by the varying voltage reference and

introduced as variable strategies:

IV. Variable strategy 1 (Slvar): Optimization-based with the PCC voltage
magnitude upcc as control variable, whereas the WT inject Q; =
0 Mvar (’L S NWT)

V. Variable strategy 2 (S2var): Optimization—based with the PCC voltage
magnitude upcc as control variable and a unique set—point for @Q; of
the WTs. No reactive power is provided by the VSC-HVdc.
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VI. Variable strategy 3 (S3var): Optimization—based like S3 adjusting the
individual reactive power set—points for the GSCs as well as the PCC
voltage magnitude upcc controlled by the offshore VSC-HVdec.

Strategy Slvar to S3var allow a variable PCC voltage set—point within
continuous voltage operation boundaries. For all strategies, the VSC-HVdc
injects or absorbs the active and reactive power to fulfill the power imbalance
equations (acting as a reference bus).

Regarding data exchange requirements, the implementation of S1 does
not necessarily use the communication system between the local WT'C and
the central WPPC. In contrast, S2 deploys a closed—loop control to adjust
the set—points Q); controlling the measured Qpcc to the reference of 0 Mvar.
The reactive power set—point for S1, S2, Slvar, and S2var is the same for
all WTs. The strategies S3, Slvar, S2var, and S3var necessarily require a
communication system as inputs (active power measurements, operation
status of WTs) and outputs (reactive power set—points, upcc set—point in
the case of the variable strategies) must be transferred between the WTC
and central WPPC. Figure 3.4 sketches the communication and measurement
needs for the presented strategies. To sum up, the six strategies and their
characteristics are listed in Tab. 3.4.

WPP HVdc-OS

A
: Qpcc :uPCC

A |

: Q1 Q; TQWT I

[ !

P,,..P, 1 ! l

Y.l _ !

opp | [Qeomrl 7T
Strategy-dependent WPP control | ... S3 --- S3Xg¥

Figure 3.4: Schematic of control concepts and communication paths for all
strategies.
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Table 3.4: Overview of considered reactive power allocation strategies.

S1 S2 S3 Slvar S2var S3var
Objective No @ by No Q ___ minP9y
WTs by VSC-
HVdc
Communication Local Remote
Qi set—points 0 Mvar WPPC OPF 0 Mvar OPF OPF

Q; distribu- Uniform Uniform  Variable Uniform Uniform Variable
tion

Qrcc set— Power 0 Mvar _ Power flow

point! flow

UpCC set— Fixed Variable

point

Average execu- n/a n/a 188.8s 1.9s 9.8s 2439s

tion time OPF?

! The reactive power at the PCC is determined by the power flow in the offshore grid.
2 Data is given for the case study.

3.2.3 Formulation of the optimization problem

The total active power losses ng@;l in the system are calculated as:

pl Pl 1
Piotal = Z GET, + Pagid + PV v (3.5)
where:
Pglglsj = grid losses including collection grid, export cable(s), and
transformer(s);
P(l}cgsc = power losses of the GSC;

P, 1vae = power losses of the VSC-HVdc.

The design vector & accommodates the voltage set—point upcc and the
reactive power set—points ¢; of the GSCs:

T .
L = |UPCC,q1,42;---,Gi ZENWT (36)

where:
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Nwr = vector of all WT elements.

The optimization problem is stated as follows:

Minimize  f(z) = P (x) (3.7)
s.t.:
0=—pr+ Zi\le UT‘US(GTS cos O, + By sin 0’/‘8) (38)
0=—q, + Zévzl U,Us(Gyrssin s — Brs cos ) (3.9)
Uk min < UE(T) < Uk max, k € Npus (3.10)
|zl(m)\ < il,maxa l e Nbrs (3.11)
qPCC,min < qrcc(T) < ¢PeC,max (3.12)
upcc € [UPCC mins UPCC max] (3.13)
q; € [qi,mina qi,max]y 1€ NWT (314)
where:
Grs, Brs = real and imaginary part of the respective element in
the admittance bus matrix Y,g;

Dry G = injected active and reactive power at bus r;

U, Us = magnitudes of bus voltages at bus r and s;

0,5 = phase angle between bus voltages;

Npus = vector of all buses (except PCC bus);

N = total bus number;

Nps = vector of all branches;

ug(x) = vector of the bus voltages;

Uk, min,Uk,max = vector of the minimum and maximum bus voltages;

UpPCC = PCC voltage;

UPCC,min, UPCC,max = Minimum and maximum PCC voltage;

4 (x) = vector of currents in the branches;

] max = vector of maximum current limits;

gpce(x) = reactive power at PCC;

¢PCC,min, PCCmax = Minimum/maximum reactive power at PCC;

q; = vector of reactive power at each WT;

4qi,min, 4imax

= vector of minimum/maximum reactive power.
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3 REACTIVE POWER CONTROL IN AN HVDC—CONNECTED WPP

Equations (3.8) and (3.9) are the power flow equations for the system. The
voltages uy(x) in the system are limited to the minimum and maximum
voltages U, min and Uk max being a deviation of 10 % of the nominal voltage.
The current in a branch ¢;(x) represents the highest absolute value of the
current at both ends of the branch. It is limited to the corresponding
rating %; max- The reactive power limitations at the PCC, gpcc,min and
gPCC,max, and for the WS, g; min and @; max, correspond to a PF of 0.9
at full power. In general, the reactive power converter capability increases
beyond this value in the low power range given that the converter current
might be calculated by Eqn. (A.4) and is limited by the semiconductor
capability. Under consideration that the higher reactive power capability
is unlikely to be used due to the additional converter losses and for the
sake of simplicity, the limits for full power are selected. The different PCC
voltage constraints between the optimization—based strategies (S3, Slvar,
S2var and S3var) are reflected by upcc,min = UPCCmax = 1.0 p.u. for S3 and
UPCC,min = 0.9p.u. and upcc,max = 1.1 p.u. for Slvar to S3var in Eqn. (3.13).
Strategy Slvar is further restricted by ¢; = ¢imin = ¢i,max = 0p.u. (i € Nwr)
in Eqn. (3.14). For strategy S2var the reactive power at the PCC is restricted
to gpcc = ¢PCC,min = ¢PCC,max = 0p.u. Eqn. (3.12) and additionally ¢; = g;
(7,7 € Nwr) meaning that all WTs receive an equal reactive power set—point.

3.2.4 Implementation of the optimization—based strategies

The implementation of the optimization—based strategies is done by the
combination of the MATLAB—based power flow solver package Matpower
[3] and the fmincon function of the MATLAB Optimization Toolbox. For
this study, lines and transformers are sufficiently modeled as a m—section
model [189]. In Matpower, every GSC is defined as static generator G;
connected to a load bus (PQ bus), injecting active power P; and reactive
power Q; (i € Nwr). The VSC-HVdec, which sets the PCC voltage reference,
is introduced as the reference bus (slack bus). The integration of the converter
losses is made sequentially: the GSC losses caused by (); are considered as a
real power demand at the corresponding WT load bus, whereas the VSC—
HVdc losses are calculated after each load flow computation by Eqn. (A.5),
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see Appendix A.2. The fmincon function uses the interior—point algorithm.
The optimization is deterministic as the interior—point algorithm reaches
local minimums. Nevertheless, the solver runs from multiple starting points
to increase the number of solutions. Furthermore, the total execution time
is limited. The best solution is selected and verified through load flow
calculation afterwards.

3.2.5 Feasibility for the industrial application

A feasible industrial implementation of the optimization—based strategies
might consider a variable refresh rate around 5min. The optimization
algorithm itself might have a maximum execution time (here set to 300s). The
average execution times recorded for the case study in this chapter are listed
in the last row of Tab. 3.4. Obviously, the number of the control variables
increases the calculation time. For Slvar and S2var average calculation
times below 10s are reached (simulations are run on a 3.5 GHz-system with
16 GB RAM). New set—points might be sent as soon as the optimization
algorithm ends. Further time requirements are: the communication times for
the active power measurements of the WTs and the reference voltage/reactive
power set—points, respectively, and the settling time after receiving the new
set—points. The communication delays are negligible on the time frame of the
proposed controller, as modern communication systems in offshore WPPs
consider refresh rates of a few hundreds of ms [190]. The settling times
might be established as required for slow reactive power set—point changes in
WPPs (e.g. 30sec [92]). Fast dynamic voltage support to counteract voltage
sags acts independently from this and would still supersede the previous
reactive power set—points during activation. For the variable strategies, the
reference voltage might be changed first and afterwards the reactive power
injections by the WTs. Real-time implementation might be improved by
either short—term power or wind forecast to offset the time delay [165] or
offline calculation of the optimization algorithm.

3.2.6 Wakes effect modeling

The wake effect is one of the most relevant factors when estimating the AEP
of a WPP [191]. As is known, there is a wind energy deficit between the
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wind arriving in front of the WT (upstream) and the wind leaving the WT
(downstream) due to the interaction of the WTs with the wind [192]. This
extraction of energy leads to a wind speed reduction for the downwind WTs
which causes a decrease of their power outputs. The power losses due to
wake effects in offshore WPPs can constitute about 5% to 15 % of its total
power generation depending on multiple factors such as the incoming wind
speed and its direction, the design characteristics of the rotor blades, and
the spacing between the WTs [193]. WTs are typically spaced out at least 5
to 9 rotor diameters away from each other in the prevailing wind direction
and about 3 to 5 rotor diameters for winds coming perpendicularly [194].
These spacing rules are the result from the trade—off between maximizing
the AEP by wake effect reduction and minimizing the costs associated with
the collection grid [191].

Wake model development and corresponding studies have been conducted
by e.g. [195] (Ainslie’s model), [192] (Frandsen’s model), [196] (mosaic tile
model), [197] (Jensen’s model), and [198] (computational fluid dynamics
model). In [193], a comparison of different wake models concludes that
the sophisticated models have a similar level of accuracy as simpler ones.
One of the most widely used wake models, developed by Jensen [197], has
been chosen for this chapter, as it provides sufficient accuracy and reduced
computational time [199]. It is based on global momentum conservation in
the wake downstream of the WT and assumes that the wake downstream of
the WT expands linearly. Detailed explanation about this wake model can
be found in [191], [194], [197].

The wind speeds of the free—stream W'Ts have been assumed to be equal,
whereas for the downwind turbines the implemented model takes single,
partial, and multiple wakes inside the WPP into consideration. Furthermore,
when the wind speed of the upstream W'Ts is above cut—out speed the wake
effect within the WPP is not considered since the WTs might be shut down
to prevent structural overload. An optimized operation considering wake
effects for active power allocation is out of the scope of this study. The reader
might be pointed to [36], [191], [199].
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3.3 Case study

The analysis made in this chapter aims to draw conclusions based upon
realistic data. Therefore, the WPP characteristics were derived from the
French Fécamp project [7], [37]. This WPP is planned to output Py =
498 MW with 83 individual FSC-W'Ts with a nameplate capacity of Pyt =
6 MW each. For the sake of simplicity, it is assumed that each GSC can
provide the equivalent reactive power of a PF of cos ¢ = 0.9 (inductive and
capacitive) at full power. It must be noted that the intrinsic additional
reactive power capability of the power converters at lower powers is not of
interest here as they cause even more additional converter losses compared
to the unity power factor operation as highlighted in Section 3.2.1.

The graphical data offered in [37] allows us to estimate individual cable
lengths and to define the distribution of the turbines as well as how they
are interconnected (visualized in Fig. 3.5). Further relevant reference data,
including component parameters and voltage levels, are provided in Tab. 3.8.
The array cable lengths were calculated according to the distance between
the turbines and an additional offset of [ = 100 m to incorporate the cable
routing from the sea bed to the transition piece of the W'Ts. Table 2.2 gives
data for the XLPE submarine cables considered in this study.

Contrary to the reference project which deploys an HVac connection to
shore, the transmission grid connection is adapted to an HVdc connection
for the study. Loss data for the offshore VSC-HVdc are calculated according
to Eqn. (A.5). The loss coefficients for a MMC-HVdc system are used
and displayed in Tab. A.1. Strategy S1 is chosen as the base strategy to
evaluate the other concepts. The relative loss reduction of one strategy Sn

loss

in comparison to the base strategy S1, P.g*, is calculated as:

I

loss

1
P = Pz%s -100 %. (3.15)

where:

Pé%ss = total power losses for strategy Sn;
Pé‘iss = total power losses for strategy S1.
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Table 3.8: Reference data and relevant system parameter of the test system.

WT grid connection

Nominal voltage (Uac/kV) 0.9
GSC (S:/MVA, cos ) 6.67, 0.9 (inductive and capacitive)
Coupling impedance (r/p.u., z/p.u.) 0.004, 0.13

MV transformer (LV/HV, S,/MVA, r/p.u., 0.9/33, 6.7, 0.009, 0.06, 0.0008
x/p.u., no-load losses/p.u.)

MYV collection grid

Nominal voltage (Uac/kV) 33
Total cable length (I/km) 118
Total number of turbines 83

HV transformer (#, LV/HV, S,/MVA, r/p.u., 2, 33/220, 280, 0.003, 0.15, 0.0004
x/p.u., no-load losses/p.u.)

HVac export cable

Nominal voltage (Uac/kV) 220

Export cable(s) (#, A/mm?, [/km) 2, 800, 10

HVdc transmission

Nominal voltages (Uac/kV, Udc/kV) 333, £320

Converter (topology, S:/MVA, cos¢) MMC-HVde, 555.6, £0.9

3.3.1 Wind data

To compute an approximate value of the total energy losses of the WPP, the
annual wind speed distribution of the specific site is required. In general,
a Weibull probability distribution approximates the annual distribution of
the wind speeds for WPP studies. The parameters for the case study are
the mean wind speed of 8.8ms~! [7] and a commonly used shape parameter
for offshore locations of 2.2 [200]. For the model considering wake effects,
the wind distribution must be given alongside with the wind directions. The
annual frequency of wind speed/direction sets was taken from a mesoscale
wind model for the project location with a resolution of 16 wind direction
bins (22.5° each), and 36 wind speed bins of 0ms™! to 37ms~! [7]. The
data dependent upon the wind direction are visualized in Fig. 3.6a.

The consideration of outages of WTs or the HVdc system due to main-
tenance or failure is beyond the scope of the study. To estimate the mon-
etary value of the total energy losses, the French offshore feed—in tariff of
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Figure 3.5: Layout of the reference WPP Fécamp (498 MW). WT1 is the
most distant and WT46 the closest turbine to the offshore
substation.
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130€ MWh~! was considered [201].

3.4 Results

The results are presented in two parts. First, the influence of individual
active power operating points for the WT is analyzed for the case study and
the fixed reference voltage strategies S1, S2, and S3. In the second part, the
variable strategies Slvar, S2var and S3var are analyzed alongside with the
fixed reference voltage strategies for a unique wind speed distribution in the
WPP.

3.4.1 Fixed voltage strategy with wake effect

The application of the wake model resulted in an AEP of 1952 GWh excluding
the losses in the collection grid and transmission system. This value equals
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Figure 3.6: Wind direction distribution bins (a) and wake visualization for
prevailing wind direction of 112.5° (b).

a wake loss of 7.92 % compared to 2120 GWh for equal wind speeds in the
WPP. Within the WPP, individual WTs produced an average of yearly
23.52 GWh (25.54 GWh in the absence of wake losses). Figure 3.7a depicts
for each WT position the AEP value in p.u. compared to the base value
calculated without wake losses. On an annual basis, the figure demonstrates
that free—stream (outer) WTs have rather a higher AEP than WTs inside the
WPP. Table 3.10 identifies that WT1 has the maximum yield of 25.04 GWh
being advantageously positioned in prevailing wind directions. The minimum
yearly AEP of 22.45 GWh was yielded by WT21 which is situated in the
center of the WPP and strongly effected by wake losses.

Table 3.11 enumerates the annual reactive power production (ARP) of
the WTs and the VSC-HVdc for the different strategies S1, S2, and S3.
For strategy S1 and S2, respectively, either the VSC-HVdc or the WT take
full responsibility for the reactive power injection into the WPP grid. The
set—points are distributed equally leading to the same average, minimum,
and maximum ARP. For strategy S3, the WTs and VSC-HVdc share the
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Table 3.10: Mean, minimum, and maximum AEP with and without

wakes.
Wakes No wakes
Mean / GWh 23.52 25.55
Minimum / GWh (WT#) 22.45 (WT21) 25.55
Maximum / GWh (WT#) 25.04 (WT1) 25.55

responsibility upon the calculations of the optimization algorithm. Here,
the results show that the ARP is split in 49.2 % for the WTs versus 50.8 %
for the offshore VSC-HVdc. The ARP by the VSC-HVdc for strategy S3
decreases to 58.6 % compared to S1 and the average ARP of the WTs for S3
lowers to 62.4 % of the value for S2. The individual ARP deviation of each
WT in p.u. based on the average value is visualized for the results of strategy
S3 in Fig. 3.7b. The maximum deviation of the ARP among the WTs is less
than 6.7 %. However, it can be noted that the WTs with the highest ARP
values correlate with their electrical vicinity to the PCC and their individual
AEP (see Fig. 3.7a).

Table 3.11: Mean, minimum and maximum of ARP of individual WTs
and VSC-HVdc, respectively.

S1 S2 S3
Mean / Gvarh 0.00 6.14 3.83
Minimum / Gvarh (WT#) 0.00 6.14 (all WT) 3.70 (WT19)
Maximum / Gvarh (WT#) 0.00 6.14 (all WT) 4.09 (WTT)
VSC-HVdc / Gvarh 560.76 0.00 328.63

The relative loss reduction for S2 and S3 is presented in Fig. 3.8. The
simulations are grouped in dependence of the sum of active power production
by the WTs > pwr. The results demonstrate an overall loss reduction of
S3 in comparison to S1 and S2. In the lower power range until 0.6 p.u., the
concept S2 causes higher losses, whereas up to full power the application of
strategy S1 produces the highest losses. The values of loss reduction Prlgfs
are approximately equal for a specific > pwr. This observation indicates
furthermore the non—correlation between wind direction bin and relative loss
reduction.
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Figure 3.7: AEP of individual WT due to wake losses (a) and absolute annual

reactive power production per individual WT under application
of strategy S3 (b).
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In Figs. 3.9 and 3.10, the reactive power injection by the VSC-HVdc
and the WT7 are shown, respectively. As indicated in Tab. 3.11, WT7 has
the highest ARP in the WPP. At the PCC, the reactive power production
is independent from the wind direction but changes with the > pwT. In
contrast, the individual reactive power injection by WT7 varies for different
wind directions. The wind direction inherently influences the active power
operating points inside the WPP. It can be deduced that the reactive power
production by either the VSC-HVdc and the WT stays within a narrow band
between —0.15 p.u. and 0.25 p.u. of the rated power over the whole operation

range.
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Figure 3.8: Relative losses in comparison to S1 for all simulations as a function
of the sum of the produced power.

Table 3.12 gives a breakdown of the AEP of the WPP for different reactive
power strategies (obtained at the dc side of the offshore VSC-HVdc). It
allows us to evaluate the benefit of annual loss reduction and its monetary
equivalent (ME). For the sake of completeness, it is assumed that the VSC—
HVdc losses are considered which might not correspond to the legal WPP and
HVdc system ownership boundaries in a real application. The application
of S3 reduces the loss by 2511 MWh and 1887 MWh in comparison to S1
and S2, which equals to an additional annual benefit of 326 k€ and 245 k€,
respectively.
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Figure 3.9: Reactive power production by the VSC-HVdc.
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Figure 3.10: Reactive power production by WT'7.

Table 3.12: AEP and its ME under consideration of wakes.

S1 S2 S3
AEP' / GWh 1849.5 1850.2 1852.0
ME of AEP / M€yr~! 240.4 240.5 240.7

! Refers to the energy injected to the HVdc link on the offshore side.
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3.4.2 Variable and fixed voltage strategies

The analysis was performed for the six strategies, S1, S2, S3, Slvar, S2var, and
S3var, and active power values ranging from zero to full power (p = 0.0 p.u.
to 1.0 p.u.). Wake effects are not considered anymore and the active power
operating point is equal for all WTs. Figure 3.11 depicts the total relative
losses for all strategies according to Eqn. (3.15). The results demonstrate
that S2 causes higher losses than S1 for 0.0 < p < 0.6 p.u. and less losses for
p > 0.6 p.u.. Here, it is worth mentioning that an equal relative loss reduction
along the whole power range reflects more valuable absolute loss reductions
for higher powers. As expected, the use of the optimization algorithm in S3
has the lowest loss values over the whole power range within the strategies
using the fixed PCC voltage reference. Nevertheless, the difference of the total
losses between the best conventional strategy (S1 or S2) for individual active
power operating points against S3 is of maximal 0.57% (at p = 0.63p.u.).
The variable strategies Slvar to S3var demonstrate that the PCC voltage as
control variable has an important impact on the power losses. Specifically, in
the higher power range for p > 0.4 p.u. the variable strategy performs better
than its fixed voltage reference counterpart (Slvar with respect to S1, S2 vs.
S2var, and S3 vs. S3var). It is remarkable that Slvar causes a similar result
as S3var although the latter uses a more complex optimization incorporating
the individual reactive power set—points of the WTs.

The total amount of consumption and generation of reactive power by
transformers, filters, and submarine cables in the system must be balanced
by the GSCs and VSC-HVdc. In the following, the reactive power injections
by the VSC-HVdc gpcc and by two GSCs gwr are presented in Figs. 3.12
and 3.13 for the whole power range, respectively. The base power is the
rated active power, P.,; and Py, respectively. The most remote WT from
the PCC busbar, WT1, and the closest one, WT46, have been selected for
visualization.

The results of S1 indicate that the VSC-HVdc absorbs reactive power for
lower powers and injects reactive power for higher powers. Similarly, for
strategy S2 the reactive powers of the WTs gwr show the same behavior. In
both cases, these reactive power sources solely compensate the mentioned
amount of reactive power generated in the grid. Thus, the contributions by
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Figure 3.12: Reactive power injection by the VSC-HVdc. Positive values
correspond to a reactive power injection (capacitive) by the

converter.

the VSC-HVdc for strategy S2 as well as by the WTs for strategy S1 are

zero as expected. For strategy S1 and S2,

respectively, the gwt of WT1

and WT46 are identical due to the uniform set—point distribution for these
strategies. For the strategy S3, the set—points for the closest turbine are only

up to 0.02 p.u. higher than for the most remote one specifically for active
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Figure 3.13: Reactive power injection by (a) the most remote and (b) the

closest W'T, respectively.

powers higher than p > 0.8p.u.. For lower active powers, the difference

is marginal. In fact, the optimization does not result in a significant non—

uniform distribution of gwT set—points. For the optimization-based strategies
cases without uniform ¢; set—points (S3 and S3var), the results in Figs. 3.12

and 3.13 depict the contribution to the total amount of necessary reactive
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power by the WTs and the VSC-HVdc. Comparing the total reactive power
injection Qpcc for S3 and S3var, it can be seen that strategy S3var has
a lower value than for S3. This effect is due to the additional variable
PCC voltage reference upcc in strategy S3var which lowers the reactive
power generation in the low power range by decreasing the system voltage.
Furthermore, regarding the variation of the gw set—points for strategy S3var
it can be seen that the values for WT1 and WT46 differ for active powers
p > 0.6 p.u., whereas WT1 is absorbing reactive power and WT46 is injecting
reactive power. This operation of WT'1 avoids a local voltage violation due
to the higher PCC voltage for this strategy in this power range. Due to its
vicinity to the PCC, W'T46 is not facing this constraint and injects reactive
power to compensate. The other variable strategies Slvar and S2var lower
the reactive power requirement with respect to their counterpart S1 and
S2, respectively. This holds true expect for an intermediate power range
0.25p.u. < p < 0.68 p.u. for S1 against Slvar, whereas 0.3 p.u. < p < 0.7p.u.
for S2 versus S2var.

Figure 3.14 shows the PCC voltage set—point upcc. For the strategies S1
to S3 the upcc is fixed at 1.0 p.u.. The variable strategies Slvar and S2var
result in similar upcc profiles as S3var. In the lower power range, the system
voltage is decreased to reduce the reactive power requirements (and related
power losses) and the associated power losses in the converters, whereas for
higher powers the increase in the system voltage leads to lower losses.

The loss distribution in the system appears as component losses of the
GSC, the WT transformer and filter, the 33kV collection grid, the WPP
transformers, the HVac export cables, and the VSC-HVdc station. The
loss distribution results in Fig. 3.15 consider the cases where zero or full
power is generated respectively. The power losses differences between the
strategies occur mainly in the converters and transformers (no—load losses)
for low power (Fig. 3.15a) and in the grid components for the full power case
(Fig. 3.15b). The higher voltage in the offshore grid for Slvar to S3var reduces
the losses of the grid components in general. The converter losses for S2 and
S2var in the low power scenario demonstrate that higher losses occur in the
GSC and lower losses in the VSC—HVdc compared to the other strategies.
Overall, this results in a higher relative loss for strategy S2 compared to S1
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Figure 3.14: Voltage reference at PCC. The value is controlled by the VSC-
HVdc. For the fixed strategies, it is continuously set to 1p.u.,
whereas for the variable strategies the optimization algorithm
determines the respective value.

in the low power range as depicted in Fig. 3.11.

Figure 3.16 provides the information on voltage values for relevant busbars
in the system. The plots use boxplots to display mean, 25% and 75 %
percentiles, as well as minimum and maximum values of the corresponding
sets over the whole power range. In Fig. 3.16a, the voltage levels are shown
for strategies S1 to S3 specifically for the busbars of the HV—side of the WT
transformers, the LV—side of the WPP transformers, denoted as offshore
substation (OSS), and the PCC voltage. Figure 3.16b displays the voltage
levels for the variable strategies Slvar to S3var. Firstly, the voltages are
kept within the admissible voltage limitations for all busbars and strategies.
Secondly, the mean voltages for the WTs are higher for S3 compared to S1
and S2 due to the optimization procedure. The variable strategies Slvar and
S2var, explore a wider voltage band compared to their counterparts. For
strategy Slvar and S3var, the voltages of the W'Ts are almost exclusively close
to the upper limit of 1.1 p.u.. Among the fixed reference voltage strategies,
S1 has the most varying voltage profile at the OSS busbar, whereas S2 keeps
its values closely below 1 p.u.. The values for S3 demonstrate insignificant
variation for this busbar slightly above 1p.u.. For the variable strategies,
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this busbar voltage correlates with the variable PCC voltage.

Figure 3.17 depicts the boxplots for the reactive power injections by the
GSCs and the VSC-HVdc. Again, Fig. 3.17a displays the results for the
fixed voltage strategies, whereas Fig. 3.17b contains the results for the
variable strategies. Firstly, the plots depict that S1 and S2 both cause a
uniform reactive power injection by the WTs. The values for S3 (for S3var,
respectively) vary from each other and demonstrate the variable distribution
of set—points caused by the optimization routine, respectively. For strategy
S3, the reactive power values of the GSC are mainly injections which result
in a generally higher voltage in the WPP grid when compared to S1 and
S2. In contrast, for strategy S3var the use of a high PCC voltage reference
results in a partly inductive operation of the GSCs to keep the voltage below
the upper limit. This is specifically the case for those WTs which are very
remote to the PCC busbar such as WT1 (see also Fig. 3.13a). Secondly, the
variation of the reactive power injection by the VSC-HVdc is the highest for
S1, whereas S3 is kept within a moderate range absorbing reactive power.
The plot of S2 consequently results to zero reactive power exchange. For
strategy S3var, the VSC-HVdc operates mainly absorbing reactive power
unless for higher powers where it injects reactive power. Contemplating the
combination of both the WT and the VSC-HVdc results, it is obvious that
S3 and S3var reach a sharing of reactive power injection within the WPP.
The variable strategies result in less reactive power injection variation than
their respective fixed strategies. This is caused by the variable PCC voltage
which lowers the reactive power requirements of the converters in the system.

The AEP, annual energy loss (AEL), and its ME obtained by applying the
different strategies are displayed in Tab. 3.13. For strategy S2, the absolute
energy losses are reduced by 696 MWh and for S3 by 2131 MWh compared
to strategy S1, respectively. The variable strategies permit a further loss
reduction: Slvar 6320 MWh, S2var 4224 MWh, and S3var 6819 MWh in
comparison to S1, respectively. The monetary saving of these additional
active power in—feeds is of 90 k€ for S2, 277 k€ for S3 and oscillates between
549 k€ and 886 k€ for the variable strategies, respectively.
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Figure 3.16: Voltage distribution of (a) fixed reference voltage strategies and

(b) variable reference voltage strategies. The boxplots show
mean, 25 %—, 75 %—percentiles, minimum, and maximum values.
The HV-side busbars of the WT transformers, the LV-side of
the WPP transformer (OSS) and the PCC busbar are displayed.

Table 3.13: AEL and the ME of the six strategies.

S1 S2 S3 Slvar S2var S3var
AEP! / GWh 1811.37 1812.07 1813.50 1817.69 1815.60 1818.19
AEL? / GWh 94.54 93.84 92.41 88.22 90.30 87.72

ME of AEL / M€yr~" 12.29 12.20 12.01 11.47 11.74 11.40

! Refers to the energy injected to the HVdc link on the offshore side.
2 Refers to the energy losses in the offshore grid, including power converter losses.
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Figure 3.17: Reactive power injections of (a) fixed reference voltage strategies

and (b) variable reference voltage strategies. The boxplots show

mean, 25 %, 75 %—percentiles, minimum, and maximum values.

All GSC and VSC-HVdc reactive power injections are plotted. A

positive value expresses a reactive power injection (capacitive).
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3.5 Summary

This chapter presented reactive power allocation strategies for the operation
of an HVdc—connected WPP aiming to minimize overall power losses. Six
reactive power allocation strategies were proposed which differ in their nature
(conventional or optimization—based), complexity (only reactive power control
or additionally regulation of the PCC reference voltage), and implementation
(communication needs and sample rate). The most advanced strategy acts
on the WT reactive power set—points and the PCC voltage reference imposed
by the offshore VSC-HVdc to gain minimal losses in the system.

The power losses in the system were concluded in a common loss model
where the collection grid and converter losses of the VSC-HVdc as well as of
the WTs are considered. It was highlighted that the converter losses are of
utmost importance for a thorough assessment in this application.

A case study for a 498 MW-—sized reference WPP was performed for the
whole active power range to draw conclusions for three reactive power control
concepts, denoted strategy S1, S2, and S3, which all use a fixed PCC
voltage reference. Considering the wake effect, it was found that the loss
reduction correlates with the sum of active power injections by the WTs and
is independent of the wind direction bin. Then, it was demonstrated that
the different wind directions influence the individual reactive power injection,
whereas the reactive power exchange at the PCC depends again on the total
active power production. Furthermore, it was shown that the highest reactive
power injections are made by those WTs which are either electrically close
to the PCC and/or have a high annual active power production. There
is no general benefit from the power converter capability to produce more
reactive power at partial load given that it causes additional losses due to
the increased converter current.

For the second part of the study, three optimization—based strategies
deploying a variable reference voltage, denoted as Slvar, S2var, and S3var,
were proposed. From the results, it was concluded that the optimization—
based reactive power control contributes to a reduction of energy losses by
up to 4% for a fixed PCC voltage and up to 10 % with the incorporation of
a variable PCC voltage set—point in comparison to unity PF operation of the
WTs. Moreover, it was found that in the case of the conventional reactive
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power allocation strategies, the application of a single reactive power injection
responsibility for either WTs or the VSC-HVdc is not optimal considering
the whole power range. Consequently, the use of an optimization—based
algorithm results in a share of the reactive power injection responsibility
between the W'Ts and the VSC-HVdc. The variable strategies Slvar, S2var,
and S3var lead to lower losses and principally lower reactive power injections
at the expense of a wider usage of the continuous voltage operation band. It
was also found that for low powers it is advantageous to lower the system
voltage causing a decrease of the total reactive power magnitude, hence lower
additional converter losses, whereas for full power scenarios an increased
system voltage to lower the electrical losses due to the smaller currents is of
interest.

The deployment of the variable strategies might cause the system to
operate permanently at its continuous voltage limits. Temporarily, this
could lead to a boundary violation if the operating point changes (wind
speed variation). An additional security margin on the voltage limits of
the optimization algorithm might counteract this drawback. The results
of the optimization—based controllers motivate their implementation into
the central WPP control. This might be specifically of interest when the
generation asset and offshore transmission asset owners/operators agree on
a joint optimization. Furthermore, the system could gain an annual cost
reduction of calculated 886 k€ for the 498 MW case study performed in this
chapter.
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4 Reactive power control for
HVdc—connected WPP clusters

4.1 Introduction

In Chapter 3, the reactive power control in a single HVdc—connected WPP
was investigated. However, actual industrial practice clusters several WPPs
and connect them to a common HVdc system. Reactive power management
in HVdc—connected WPP clusters increases the complexity compared to a
single WPP as multiple system and control layers evolve.

This chapter assesses five reactive power control strategies for HVdc—
connected WPP clusters. A benchmark strategy represents the best—case
scenario for the system to evaluate the performance of the other strategies.
Furthermore, one optimization—based reactive power control strategy is
proposed which is especially suitable for the application in HVdc—connected
WPP clusters. The active power variation is evaluated for several degrees of
wind speed variance inside the WPP cluster. The key performance indicator
is the AEP resulting under the operation of the WPP cluster with the
respective strategy.

The chapter looks into the following aspects:
« reactive power allocation strategies for WPP cluster connected to HVdc,

« optimization—based strategy with variable reference voltage applied to
the WPP cluster application,

e development of WPP power loss function in dependence of their oper-
ating point,

e and impact of active power variance between the WPPs of a cluster
under use of reactive power control.
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4.1.1 Related publication

The work presented in this chapter was published in:

o K. Schonleber, S. Ratés-Palau, O. Gomis-Bellmunt, Analysis of re-
active power strategies in HVDC—connected wind power plant clus-
ters, Wind Energy, vol. 20, no. 12, pp. 1971-1982, Dec. 2017.
doi:10.1002/we.2134

4.2 Methodology

This section is developed in five parts: firstly, a general description of the
system and power losses under consideration is given and secondly, the
studied reactive power control strategies are presented. The optimization—
based concepts are outlined with their respective objective function and
constraints. Finally, further considerations about active power variance in
WPP clusters are given along with a brief discussion about the feasibility
and operational implementation of the reactive power control strategies.

4.2.1 System description and loss assessment

A generic system sketch of an HVdc—connected WPP cluster is shown in
Fig. 4.1: The n wind power plants WPP1, WPP2, ..., WPPn with a respective
rated power of Pwpp1, Pwpp2, ... , Pwppn connect to the offshore VSC-HVdc
via HVac submarine cables from their respective high—voltage ac offshore
substation (HVac-0OS). Each WPP comprises multiple WTs which are linked
through radial strings to the HVac—-OS. To compensate the charging currents
in the HV offshore grid, switchable shunt reactors are deployed at the HV
cable ending to the HVac substation [42]. In a simple implementation, they
might be equipped with mechanical no—load switches and the on/off status
of these shunt reactors does not change during normal operation. The
MYV collection grids might be compensated with additional, switchable shunt
reactors when emergency power supply by diesel generators is required during
grid loss periods. Usually, the WPP transformers comprise an OLTC to
perform tap changes even under load. OLTCs are not necessary when a single
WPP is connected to the offshore VSC-HVdc as the latter might directly
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control the grid voltage. In contrast, when several WPPs are connected, each

WPP manages its respective MV grid voltage and is therefore expected to
be equipped with an OLTC [42], [92].

WPP

Offshore
trf'insformer Offshore
with OLTC PCC VSC-HVde

_z

_z

Figure 4.1: Offshore grid of exemplary HVdc—connected WPP cluster. The
control system consists of the WTC at each individual WT, the
WPPC of each WPP, the VSCC of the offshore VSC-HVdc, and
the CD which is e.g. operated by the TSO.

The overall control hierarchy introduced in Section 2.3.2 might be extended
according to the schematic shown in Fig. 4.1. First, the WTC regulates
active and reactive power exchanged with the offshore grid upon references
communicated by the respective WPPC. However, the references might also
be set locally. The responsibility of the WPPC encloses the control of active
and reactive power at the point of connection which here is defined to be the
MV-side of the respective WPP transformers (see also indication for WPP3
in Fig. 4.1). It might incorporate the control of the OLTC and the dispatch
of active and reactive power references to the WTs. The VSC-HVdc relies
on a proper VSC control system (VSCC) which controls the voltage at the
offshore PCC bus (the reference voltage might be communicated by the CD).
If required by the control concept, the CD interacts with the WPPC and the
VSCC.

The reactive power control strategies are evaluated against the impact on
the AEP of the system. The system loss function is defined by:
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n
loss _ loss loss loss
P om = Pspiny + Lo aia + PG (4.1)
=1

where:
P%;&SPSPZ- v = power losses inside WPP4 including the WPP transformer;
Pl‘f’ﬁsgrid = sum of electrical losses in the HV export cables;

O

P\I})Sssc = overall VSC-HVdc station losses.

The assessment might be done with a complete power flow model covering
the whole system (VSC-HVdc, offshore grid, WPP collection grids, and
WT converters). However, this approach tends to be very time—consuming
for the analysis of a large number of operating points specifically for the
optimization—based approaches and is only used for the benchmark strategy
elaborated later. Therefore, the WPP power losses are formulated by means
of approximated loss functions. The internal WPP losses P%,?,SSP@HV are
based on the combined converter loss and power load flow model developed
in Chapter 3. When the voltage at the MV—side of the WPP transformer
(point of connection) is locally controlled, e.g. to u; ~ 1p.u. by means of the
respective OLTC, an approximated WPP loss function P\I{’,Slgspi’MV(pWT, Qi)
might be set up in dependence of the active power injection pwr by the WTs
and the reactive power injection ¢; at the point of connection. Hence, the
power losses of a WPP at the HV terminals, P\I,S,SPSPZ-’HV, as introduced in (4.1),
represent the sum of the power losses inside the WPP until the MV-side
terminal of the WPP transformer, P%,{}S}?PLMV, and the WPP transformer
losses. For the sake of simplicity, the internal reactive power control strategy
inside the WPP uses an equal dispatch of reactive power set—points to the
WTs, albeit an optimization—based strategy such as described in Chapter 3
might be used as well.
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The approximation function is developed as a mth—grade polynomial function
with coefficients ¢;j;, and is described in Eqn. (4.2).

m m
loss N . Vi k
PWPPi,MV(pWTa %) = Z chk “Pwr " 4
§=0k=0
j+k<m

= coo + c1opwT + co14; + CQOP%VT + c11PwWT i
+ Cozqi2 + Cgop%VT + Cle%VTQi + 61210WT%'2
+ CosQ? + C40P%VT + C31P%Vqu‘ + CZQP%VTQZZ

+ c13pwWTG; + coad; (4.2)

The losses in the offshore grid Pé%?sgrid (and in the WPP transformers
P\l,gspsptrf if explicitly specified) are the result of load flow calculations using
Matpower [3]. The VSC-HVdc station losses P8, might be calculated
with the details given in Appendix A.2. The system loss function P;}C,’gfem is
integrated in MATLAB using Matpower [3] and fmincon to assess different

reactive power control strategies and multiple steady—state operating points.

4.2.2 Reactive power control strategies

A benchmark strategy is formulated as the optimum steady—state operating
point of the system. The optimization aims to minimize the system losses
under a number of constraints. The control variables are the reference voltage
imposed by the offshore VSC-HVdc and the reactive power injections by the
WTs. In that case, the OLTC controller is inactive as it would counteract
the overall aim. However, the restrictions on real-time data access due to
communication constraints and/or operator boundaries might disqualify the
benchmark strategy in a real implementation. Thus, the sole purpose of this
strategy is the evaluation of the others. It is equal to the strategy S3var
introduced in Chapter 3 for a single HVdc—connected WPP.

I. Benchmark strategy (SOopt): Overall optimization of active power
losses by individual reactive power set—points of WTs gwr and reference
voltage upcc to the VSC-HVdc.

Furthermore, five reactive power strategies for the application in an HVdc—
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connected WPP cluster are considered:
II. Strategy 1 (S1): WTs are operating at unity PF (cosp = 1).
III. Strategy 2 (S2): WPPs are operated at unity PF (cosp = 1).

IV. Strategy 3a (S3a): VSC-HVdc is operated at cosgp = 1 and CD
dispatches equal ¢; set—points to the WPPs.

V. Strategy 3b (S3b): VSC-HVdc is operated at cos ¢ = 1. The CD sends
equal PF set—points PF; to the WPPs [42].

VI. Strategy 4 (S4opt): Optimization—based operation where the system
power losses are minimized under use of the WPP reactive power
set—points ¢; and the reference voltage upcc.

Another strategy might be the operation of the VSC-HVdc at unity PF and
a dispatch of voltage set—points to the WPPs. Nevertheless, this strategy is
not further investigated as it is very similar to strategy S3b. The considered
reactive power strategies differ in terms of the control concept, for instance,
S1 to S3b are conventional control strategies and S4opt is an optimization—
based control algorithm. The VSC-HVdc regulates a fixed reference voltage
of upcc = 1p.u. at the PCC bus for the conventional strategies, whereas for
strategy S4opt the reference voltage is a control variable of the optimization.
The OLTCs of the WPP transformers operate independently in local control
mode for all five strategies. Except for the benchmark case SOopt, the internal
Q@ set—points inside the WPP are dispatched equally among the WTs. In case
of strategy S4opt, there are additional data exchange requirements between
the controllers communicating through the existing channels: each respective
WPPC should provide the measured or estimated active power p; to the
CD and receives a reactive power set—point ¢;. The strategies S3a and S3b
require the communication of a reactive power or PF set—point from the CD
to the WPPC, respectively. Table 4.2 gives an overview of the concepts and
their respective communication and control principles.
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Table 4.2: Summary of the reactive power management strategies. Main differences are highlighted in bold. The

symbols — and & stand for unidirectional and bidirectional communication, respectively.

Strategy Principle Control
Communication WTs WPPs VSC-HVdc OLTC of WPP
transformer
SOopt  Benchmark CD=2WTC, Q set—point None Reference volt- Inactive
(overall optimization) CD=VSCC from CD age set—point
by CD
S1 No @ by WTs None Local None Local Local to 1p.u.
(cosp =1) at MV-side
S2 No @Q by WPPs WPPC — WTC @ set—point Local Local Local to 1p.u.
by WPPC (cosp =1) at MV-side
S3a No @ by VSC, WPPC—VSCC, @ set—point Q set—point Local (cosp =1) Local to 1p.u.
Q dispatch to WPPs WPPC—-WTC by WPPC by VSCC at MV-side
S3b No @ by VSC, WPPC—VSCC, Q@ set—point PF set—point Local (cosp =1) Local to 1p.u.
PF dispatch to WPPs WPPC—-WTC by WPPC by VSCC at MV-side
Sdopt  Offshore grid optimiza- CD=WPPC, Q@ set—point Q set—point Reference volt- Local to 1p.u.
tion CD=VSCC, by WPPC by CD age set—point at MV—side
WPPC—-WTC by CD

ADOTOAOHLIAN T'F
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4.2.3 Optimization problem formulation

The benchmark strategy SOopt and strategy S4opt use different optimization

approaches to operate the system, respectively.

4.2.3.1 Benchmark strategy SOopt

The optimization problem is defined by Eqns. (4.3) to (4.11), being = the
design vector and f(x) the objective function to minimize.

-
T = {UPCCJIMQ% e 7%} (4.3)
n
Min. f(z) =Y Pp,nv + Pof “gria + PVEC (4.4)
i=1
s.t.:
0=—pr+ Zévzl UTUS(GT’S cos 0y + By sin 07"8) (45)
0=—q, + Zévzl U,Us(Grssin g — Bys cos,s) (4.6)
Uo,min < uo(x) < Uo max; 0 € Npys (47)
|7'l(m)‘ < il,maxa le Nbrs (48)
qvsC,min < qvsc(®) < ¢vsSCmax (4.9)
upcc € [UPCC,min, UPCC,max) (4.10)
q: € [qt,mina qt,max]7 te NWT (411)
where:
Grs, Brs = real and imaginary part of the respective element in
the admittance bus matrix Y,;
Dry Gr = injected active and reactive power at bus r;
Uy, Us = magnitudes of bus voltages at bus r and s;
0rs = phase angle between bus voltages;
N = total bus number;
Npus = vector of all buses (except PCC bus);
Nwr = vector of all WT elements;
Nps = vector of all branches;
Uo () = vector of bus voltages;

UWUo,min;Wo,max

100

= vector of minimum and maximum bus voltages;
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UPCC = PCC voltage;

UPCC,min, UPCC,max = Minimum and maximum PCC voltage;

i (x) = vector of currents in the branches;

] max = vector of maximum current limits;

qvsc(x) = reactive power of the offshore VSC-HVdc;
QVSC,min; ¢VSC,max = Minimum/maximum reactive power of VSC-HVdc;
qt = vector of reactive power at each W'T;

Gt min, G¢max = vector of minimum/maximum reactive power.

Equations (4.5) and (4.6) are the power flow equations for the system. The
vectors Nwr, Npus, and Ny accommodate all WTs of the n WPPs, buses
(except the PCC bus), and branches (lines and transformers), respectively.
The bus voltages u, are limited to the minimum and maximum admissible
voltages considering a security margin of 0.25p.u.: Uo min = 0.925p.u. and
Uomax = 1.075p.u.. The voltage security margin is applied to counteract
temporary violation of the voltage limitations due to extreme wind variations.
The highest current of both branch sides %; is limited to the branch rating
1. max- Reactive power limitations for the WTs and the VSC-HVdc are
introduced in Eqns. (4.9) and (4.11), respectively. For the benchmark strategy,
the local control mode of the OLTCs of the WPP transformers is disabled as
it would counteract the overall optimization.

The size of the design vector is proportional to the number of WTs ¢ in
the system which results in a calculation time of several tenths of minutes
for a WPP cluster comprising 191 WTs.

4.2.3.2 Offshore grid optimization by strategy S4opt

The objective of this strategy is the implementation of a loss optimization
by reactive power control and respect the control and ownership boundaries
discussed in Section 4.2.1. Thus, it performs an optimization of the offshore
grid and leaves the internal reactive power control inside each WPP to
the WPPC itself following the same control structure as the conventional
strategies. A significantly smaller optimization problem results using the ¢;
set—points of the WPPs and upcc as decision variables. Equations (4.12)
to (4.20) define the optimization problem (y contains the decision variables
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and ¢g(y) is the objective function).

y= [UPCC7(]1>Q27---7Qn}T (4.12)

n
Min. g(y) =) P\lﬂ(}SF?Pi,MV + PSpus + Pg?fs.sgrid + Py (4.13)
-1

s.t.:
0= —pr + 2N UpUs(Grg o8 Oy + Brg sin by) (4.14)
0= —qr + >0l UpUs(Grs sin O — By s 0,) (4.15)
Uomin < Uo(Y) < Uo,max; 0 € Npus (4.16)
i1 (Y)| < 1,max, I € Ny (4.17)
qvsC,min < qvsc(¥) < qvscmax (4.18)
upcc € [Upcc mins UPCC,max) (4.19)
qs € [gsmin, Gs max]; s € Nwpp (4.20)
where:
Nwpp = vector of all WPP elements;
qs = vector of reactive power at each WPP;

Qs min; gsmax = vector of minimum/maximum reactive power WPP.

The objective function g(y) in Eqn. (4.13) uses the developed WPP loss
functions P\lz(&)lsPst',Mv which inherently require the WPP transformer losses
to be considered separately. The vector Nwpp contains the corresponding
MV-side transformer buses of the n WPPs. The constraints defined by
Eqns. (4.14) to (4.20) are set analogue to Eqns. (4.5) to (4.11). The reactive
power values at the VSC-HVdc and the respective MV—side of the WPP
transformers are considered for gygc and ¢; to ¢, in Eqns. (4.18) to (4.20),
respectively. For this strategy, like the conventional strategies, the OLTC of
the WPP transformers operates in local control mode. The local control mode
foresees controlling the MV—side busbars of the respective WPP transformers
to a value of around 1 p.u.. To model this behavior, the voltage constraints
for these busbars are set to uymin = 0.99 p.u. and Uy max = 1.01 p.u..

As this optimization problem makes use of the approximated loss functions
of the WPPs, the design vector and the optimization problem itself are
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significantly smaller than for the benchmark strategy. The calculation is
performed in few seconds for the cluster comprising three WPPs.

4.2.4 Active power variation within the cluster

The performance assessment aims to cover different operating points of the
system. The key performance indicator AEP is then calculated with the
frequency per year for each operating point and the power flowing into the
dc side of the offshore VSC-HVdc for the corresponding operating point. In
the following, the decision on the different operating points for the analysis
is outlined.

On the one hand, each WT has an individual active power output depending
on its operating status (normal operation, de-rated operation or outage) and
on the local wind speed. As highlighted in Chapter 3, the local wind speed
might be influenced by wake effects inside the WPP. The active power output
of a WPP p; is affected by the combined generation of all WTs and the power
losses inside the WPP. According to the analysis performed in Chapter 3,
the impact of wake effects inside a single WPP on reactive power control
strategies is almost negligible for the power loss variation at WPP level.
However, the power loss variation due to reactive power control correlates
with the sum of active power generation by all WTs. Therefore, the internal
WPP losses functions developed in Section 4.2.1 depend on the equal active
power output of all WTs pwr.

On the other hand, the individual WPPs in the cluster might be exposed
to different wind conditions due to possible wakes between the WPPs [202],
[203]. Such WPP cluster wake effects have been modeled for closely-spaced
WPPs in [202], [203]. It was concluded that more operational data is needed
for the development of accurate models. Any active power variation between
WPPs in a cluster (outages, wakes, de-rated operation) might be expressed
by a stochastic variance. Equation (4.21) defines the variance 0% of the active
power injection in a WPP cluster comprising n WPPs.
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ot =3 (pi — p)? (4.21)

where:
p; = active power injection by WPPi;
1 = mean value of p1,pa,...,Dn.

A variance of 02 = 0 means equal p.u. active power injections, whereas a
higher 02 represents more distinct values by the different WPPs.

As of the writing of this thesis, the annual frequency on active power
variations between WPPs in a cluster is not available in the literature. Thus,
the AEP calculation in this chapter considers 02 = 0. Additionally, the
confidence level of the AEP results is supported with simulations for o # 0.

4.2.5 Operational feasibility of the proposed strategies

Taking into consideration that this chapter examines exclusively stationary
steady—state behavior, a brief description of a possible practical deployment
is given. Table 4.6 presents a feasibility summary of the considered reactive
power control strategies. The extensive calculation time of the benchmark
strategy SO and the communication requirements between CD, WTC, and
VSCC disqualifies it for real implementation in the current setup of HVdc—
connected WPP cluster. Strategy S1 uses local control, where the WTs are
operated at unity PF. The conventional strategies S2, S3a, and S3b rely on
communication although in the case of failure a local control might take over.
The needed communication links are common industrial practice. Strategy
S4opt represents a cascaded optimization structure which controls reference
voltage and reactive power set—points of the WPP. The optimization algo-
rithm is calculated in a few seconds and is fast enough for real implementation

in e.g. one-minute—long time steps.
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Table 4.6: Feasibility ranking of reactive power control strategies.

Strategy Principle Feasibility OPF Communications
execution

SOopt ~ Benchmark Low Several CD to VSCC and WTs;
(overall optimization) minutes inside WPPs

S1 No Q by WTs Highest N/A Local control

S2 No Q by WPPs High N/A Inside WPPs

S3a No @ by VSC, Moderate N/A CD to WPPs;
Q@ dispatch to WPPs inside WPPs

S3b No Q by VSC, Moderate N/A CD to WPPs;
PF dispatch to WPPs inside WPPs

S4opt  Offshore grid Moderate Few seconds CD to VSCC and WPPs;
optimization inside WPPs

4.3 Case study

The case study defines an HVdc—connected WPP cluster consisting of three
WPPs and a total of 191 WTs. A possible geographic distribution of the
WPPs is sketched in Fig. 4.2. The system parameters are listed in Tab. 4.7.
The WPPs use the same W'T model as in Chapter 3. A standard WPP trans-
former rating of 280 MVA is used, with no-load losses of 0.04 %, load losses
of 0.3 %, and a short—circuit voltage of ugg = 15%. The WPP transformers
are equipped with OLTCs which can operate in a discrete range of +13 %
of the turns ratio in £6 steps. In local control mode, the OLTCs would be
regulated to u = 1.0p.u. at the MV—side busbar. According to the WPP
rating up to two transformers are arranged in parallel.

The WPP loss functions according to Eqn. (4.2) are determined for the three
WPPs by individual power flow calculation for a fixed voltage of u; = 1.0 p.u..
The polynomial coefficients c;;, are calculated on a resolution of 489 samples,
by 21 equidistant values for pywr and 23 values for ¢;. A polynomial order of
m = 4 results in high accuracy measured by the coefficient of determination
R? = 0.9998 for the three WPPs. Offshore wind data for the North Sea
region can be found in the Forschungsplattformen in Nord— und Ostsee (engl.
Research platforms in the North Sea and Baltic Sea) (FINO) database [6].
The five-year period wind speed data for 2010 to 2015 of FINO3 met mast
result in a Weibull distribution with a mean wind speed of 7 = 11.44m/s
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WPP2 (450 MW)
WPP1 (498 MW)
Offshore
VSC-HVde
WPP3 (198 MW)

Figure 4.2: Geographical distribution of the WPP cluster under study.

Table 4.7: Relevant parameter of the HVdc—connected WPP cluster.

WPP WPP1 WPP2 WPP3
Nominal voltage (Uac/kV) 33

Power rating (Pwpp:/MW) 498 450 108
Collection grid cable length (I/km) 118 93 35
Number of turbines (#) 83 75 33
HVac export cable system

Nominal voltage (Uac/kV) 155

Number of cables (#) 3 3 1
Cross—section (A/mm?) 630 630 800
Length (I/km) 25 15 5
Shunt compensation (Q,/Mvar) 51.49 30.89 3.79
HVdc transmission

Nominal voltages (Uac/kV, Udc/kV) 333, £320
Converter (topology, S,./MVA, cos ¢) MMC, 1333.33 ,£0.9
Converter loss coefficients from Tab. A.1 (a, b, ¢ / p.u.) 0.0042, 0.0015, 0.0016

and a shape parameter of k = 2.27 used for the AEP calculation.

4.4 Results

This section covers first the determination of the WPP loss functions and
second the results of the losses for different operating points when applying
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the reactive power strategies. Then, the AEP results are presented with the

economic evaluation of the strategies.

4.4.1 Analysis of WPP and VSC loss functions

The WPP loss function is shown for WPP1 in Fig. 4.3. The losses are
displayed for different active power injections, namely pwT, and in dependence
of the reactive power set—point J1. For a small pwr, there is a large gap
of active power losses of approx. AP = 5.2MW between operation at
@1 = —200Mvar and @1 = 0Mvar (unity PF operation). In contrast to
that, for full power the difference is only AP = 3.1 MW for these operating
points. Furthermore, when WPP1 is at full power production, the supply of
capacitive reactive power results in higher losses than of inductive reactive
power. This is due to the inductive character (consuming reactive power)
of the MV collection grid at full load. Therefore, the unity PF operation
does not inherently represent the lowest losses in the wind power plant. The
polynomial coefficients for the three WPPs are listed in Tab. 4.8.

Table 4.8: Polynomial coefficients of WPP loss functions.

€00 c10 co1 €20 c11 €02 €30 c21 c12 €03 c40 €31 c22 €13 co4

WPP1 1.28 1.82 —-0.36 18.17 0.37 7.79 —6.48 0.90 —3.52 0.55 2.22 —0.30 1.50 —0.37 —0.60
WPP2 1.16 1.65 —0.25 15.24 0.30 6.61 —5.75 0.80 —3.14 0.46 1.99 —0.25 1.35 —0.30 —0.55
WPP3 0.51 0.73 —-0.08 6.49 0.11 2.83 —2.51 0.35 —1.38 0.19 0.87 —0.11 0.59 —0.12 —0.24

In contrast to the WPP loss functions, the VSC-HVdc station losses
considered in this study result in flatter slopes in dependence on the g;.
As a numerical example from Chapter 3, between unity PF and Qvysc =
—200 Mvar at full power additional losses of only approx. AP = 0.23MW
occur as shown in Fig. 3.3. This is evidently lower than the extra losses
caused inside WPP1 for this operating point (3.1 MW). The achievement
of a reactive power set—point at the VSC-HVdc terminals causes a lower
relative loss increase than at the point of connection of a WPP, mainly due
to the reactive power flows provoked in the collection grid and the higher
WT converter losses compared to the MMC-HVdc.
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Figure 4.3: Loss functions of WPP1 in dependence of reactive power set—
point at the point of connection )1 and for different active power
injections pwr by the WTs (full power is of 498 MW for WPP1).
Losses are measured at the MV—side of the WPP transformer
with a fixed voltage of u = 1.0 p.u..

4.4.2 Loss reduction for 02 =0

The active power losses in the system for the benchmark strategy SOopt are
shown in Fig. 4.4a. It is obvious that the absolute losses increase with a
higher active power injection by the WPPs. The strategies S1 to S4opt are
evaluated against SOopt in Fig. 4.4b. The plot shows the difference between
the active power losses produced for S1 to S4opt and the losses for the
benchmark strategy SOopt, respectively. The performance of the strategies is
dependent on the sum of active power injections. The strategy S4opt has the
lowest loss increase varying between 0.1 and 0.8 MW. Strategy S2 performs
equally to S4opt in the low power range but the loss increase doubles at full
power. The strategies S3a and S3b show similar results to each other. In
the low power range it is not beneficial to operate the VSC-HVdc at unity
PF (S3a and S3b), as it causes losses up to three times higher in the whole
system compared to the next best strategy (S2). Strategy S1 has a good
performance for the lower power range but losses increase significantly for
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high powers and full power.
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Figure 4.4: Absolute system losses for the benchmark case SOopt in (a) and
loss variation with respect to these for strategies S1 to S4opt
in (b) (APg, = PS5 _ plossS0opty = pecilts are shown for

system system
simulations performed under o2 = 0.

Table 4.9 lists selected load flow results for the full power case comprising
the voltages at the grid connection point of each WPP (ujpv to uspy) and
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the PCC voltage upcc as well as reactive power injections by the WPPs at the
point of connection and the VSC. It can be seen that the optimization—based
strategies (SOopt and S4opt), where upcc is variable and not constrained to
1p.u., the deployed overall voltage levels are around 6 % to 7 % higher than
for the conventional strategies. This results clearly in lower overall losses in
the grid as observed earlier. Additionally, the optimization proposes reactive
power injections by the WPPs which are close to the minimum power losses
of the WPPs (e.g. for WPP1 compare to Fig. 4.3 where WPP1 losses for
pwtr = 1p.u. are the lowest at around @1 = —12.8 Mvar). For strategy S1
the high losses result from a high reactive power injection by the VSC to
compensate the whole offshore grid. Considering the values of S3a and S3b,
there is almost no difference in terms of losses but a variation of the applied
reactive power SPs ()1 to Q3.

Table 4.9: Reduced load flow results for a full power scenario
p1=p2 =p3=1p.u.

Voltages / p.u. Reactive power / Mvar

upcc U1HV U2HV U3V QVSC Ql QQ Q3

SOopt 1.072 1.075 1.074 1.073 96.6 —28.0 —26.8 —14.5
S1 1.000 1.000 1.000 1.000 250.3 —-80.7 -—-72.0 —31.9
S2 1.000 1.004 1.002 1.001 54.3 0.0 0.0 0.0
S3a 1.000 1.005 1.003 1.001 0.0 17.6 17.6 17.6
S3b 1.000 1.005 1.003 1.001 0.0 22.9 20.7 9.1
S4opt  1.066 1.069 1.068 1.066 28.7 0.0 0.0 -5.0

4.4.3 Loss reduction for 02 > 0

During normal operation, the power output in p.u. will not be continuously
equal mainly due to wind speed inequalities, planned, and unplanned WT
shut—-downs in the different WPPs. Consequently, a total of 1331 operating
points are simulated by taking all combinations for pi, p2, and ps in 0.1 p.u.
steps into account. The results are grouped by the respective variance value
o2, which is calculated according to Eqn. (4.21). The benchmark strategy
SOopt is no longer considered because of the expected extensive calculation
time and the loss increase is here calculated against strategy S4opt.
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Figure 4.5 shows the loss increase for defined variance ranges: a zero—
variance case 02 = 0 (11 samples), a low variance group is defined for
0 < 02 < 0.05 (624 samples), a medium variance group with 0.05 < o2 < 0.15
(600 samples) and a high variance case for 02 > 0.15 (96 samples). Each
data point represents one simulation and the data are overlaid by third grade
polynomial approximations for the ease of visualization. As a first general
observation, the main tendencies are kept for different values of o2. Especially
for low and medium variance, representing situations of slight wind speed
differences in the cluster and/or few WT shut—-downs, show similar results to
02 = 0. Nevertheless, for a high variance the performance of S1 decreases.
The same effect occurs for strategy S3a compared to S3b. The latter is
caused by the advantageous power—factor—based control strategy (S3b) which
avoids discrimination of unequal active power injections. The similarities
observed for all o2 values allow the AEP calculation to be made with only
equal active power injections (02 = 0).

4.4.4 Annual energy production and economic value

The AEP of the WPP cluster, the difference in loss production against
strategy SOopt, and the economic impact thereof are listed in Tab. 4.10. The
calculations are based on the variance case so? = 0. The economic impact
depends entirely on the assumed feed-in tariff which is 100 € MWh™! in this
study. The most promising conventional strategy, namely S2, results in a
loss increase of 8.77 GWhyr~! equal to 0.88 M€. The advantage against S1,
S3a, and S3b is of 6.30 GWh to 3.18 GWh annually, in the respective order.
The optimization—based strategy S4opt results in the lowest loss increase of
only 5.00 GWhyr~! compared to SOopt.

Table 4.10: AEP of WPP cluster and its deviation due to the different reactive
power strategies with respect to SOopt.

SOopt S1 S2 S3a S3b Sdopt
AEP / GWhyr™! 5833.21 5818.14 5824.44 5821.02 5821.26 5828.22
AEP dev.! / GWhyr* 0.00 -15.07 —-877 —12.19 —-11.95  —5.00
ME dev.! / MEyr~* 0.00 —151  —0.88 —1.22 —-120 —0.50

! Deviation with respect to the result of the benchmark strategy SOopt.
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4.5 SUMMARY

4.5 Summary

This chapter examined five reactive power control strategies for HVdc—con-
nected WPP clusters. Besides conventional strategies, namely unity PF
operation by the WTs, WPPs, or VSC-HVdc, optimization—based strategies
are also discovered. The performance of the strategies was quantified by the
power losses in the system and evaluated against the benchmark strategy
SOopt. Moreover, a case study was defined with three WPPs in the cluster.

First, WPP loss functions in dependence of the operating point (active
and reactive power) were developed. The voltage level at the MV-side of the
WPP transformer is controlled by the respective OLTC. It was highlighted
that reactive power provision at the WPP terminals leads to additional power
losses, on the one hand by the WT converters and on the other hand by the
power flow through the MV collection grid. Besides that, it was depicted
that reactive power provision from a WPP causes higher relative losses than
from the VSC-HVdc respectively compared to unity power factor operation.

Secondly, the main dependence for the power losses of the WPP cluster
was the sum of the individual WPP active power output. Furthermore, the
variance o2 of the active power injections by the different WPPs was used
to group the results. It was demonstrated that different o2 values did not
significantly change the power losses associated to the strategies. Thus, the
AEP assessment was based on equal wind speeds in the cluster.

Last, the cascaded control based on the optimization algorithm demon-
strated the best performance mainly due to a higher reference voltage imposed
by the VSC-HVdc. The associated optimization problem deploys only four
control variables, i.e. upcc, g1, g2, and g3, in a cluster with three WPPs, and
is therefore fast enough for industrial implementation. Execution times of
few seconds were reached on a standard computer. Among the other conven-
tional control strategies, a continuous unity PF operation of each WPP was
favorable for the power losses. In such a configuration, the WT converters
compensate the reactive power in the MV collection grids and the VSC-HVdc
balances the reactive power of the HV export cables and transformers. It
results in an effective sharing of reactive power in the offshore grid among
all converters.

From an implementation perspective, it was argued that the proposed
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optimization—based strategy is feasible due to its low execution time and
the moderate communication needs which are already industrial standard in
HVdc—connected WPP clusters. However, in the current prevailing market
model with split generation and transmission asset ownership in the offshore
grid, the optimization—based strategy might be implemented when all own-
ers/operators aim together to increase the AEP of the system. Furthermore,
in future market implementations with a single ownership of the generation
assets as well as the offshore grid comprising the HVdc link, the proposed
strategy might be very attractive for reactive power management.
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5 Fault ride through of the offshore
MMC-HVdc

5.1 Introduction

Chapters 3 and 4 treat exclusively normal operation of HVdc-connected
WPPs in steady—state. Normal operation covers most of the lifetime of the
considered systems. However, deviations from the normal operation might
occur in the offshore system, e.g. voltage sags caused by electrical faults,
and should be handled in an automated and secure manner. Being a power—
converter—based grid without any SG connected, the FRT behavior of the
WT converters and the offshore VSC-HVdc is of utmost importance. Besides
that, conventional short—circuit calculation might not be applicable as the
converters might provide a voltage-sag—dependent FRT response. In an
HVdc—connected WPP, the converters are the sole sources for fault currents
which results in a very low short circuit level (around the nominal current)
[42]. The general protection scheme might employ over—current protection
relays. For the grid—connected operation mode, FRT strategies might be
applied once a fast voltage deviation is measured. For the grid—forming
converter, the voltage deviation leads to a current increase and subsequent
limitation thereof to protect the converter equipment when the fault occurs
in vicinity of the voltage—controlled ac bus. For more remote faults, e.g. at
WT level, the offshore VSC-HVdc might not be able to sense the voltage
deviation and, thus, not saturate. In general, it is desired to keep the voltage
as high as possible. It allows subsequent operation of non—faulted sections of
the offshore grid and avoids unnecessary FRT activation and possible active
power reduction by the connected WPPs.

Therefore, both grid—forming and grid—connected units are considered for
the FRT behavior in this thesis, each in the following and in Chapter 6.
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This chapter disseminates:

e control method for the grid—forming VSC-HVdc in symmetrical com-

ponents;

e impact of balanced and unbalanced voltage conditions on the internal
variables of the grid—forming MMC-HVdc;

¢ and extended saturation method for the VSC-HVdc current references
during unbalanced faults in the offshore grid.
5.1.1 Related publication

The work described in this chapter was presented at:

e K. Schoénleber, E. Prieto-Araujo, O. Gomis-Bellmunt, Fault
ride—through of unbalanced ac grid faults in HVdc—connected offshore
wind power plants, in: U. Betancourt, T. Ackermann (Eds.), 16th Wind
Integr. Work., Energynautics GmbH, Berlin, Germany, 2017.

Part of the work was submitted to IEEE Transactions on Power Delivery.

5.2 Methodology

First, the control method for the offshore VSC-HVdc in symmetrical com-
ponents is proposed. The operation principle during unbalanced faults
is depicted and a suitable current reference limitation presented. Finally,
the mathematical expressions for the internal variables of the grid—forming
MMC-HVdc are developed.

In this chapter, voltage u; and current iy for a phase k are defined by:

uy, = Uy cos (wt + ¢}) ; iy = Iy cos (wt%—api) (5.1)
ok = ok — ok (5.2)

where:
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k= phase variable (k € {a,b,c});
w = angular grid frequency;

Uy, = voltage magnitude;

I}, = current magnitude;

¢y = voltage angle;

go}; = current angle;

go}%“ = angle between u and 7.

5.2.1 Proposed grid—forming VSC-HVdc control

For the offshore VSC-HVdc, two state—of-the—art control options for the
grid—forming mode are commented in Section 2.2.2. Option I uses a cascaded
VC and CC, and option II applies a direct VC without implicit CC. The lack
of inherent CC capability was outlined as the major drawback for option II
in earlier research [130].

This thesis proposes a cascaded VC and CC in symmetrical components
to regulate the offshore grid voltage by means of the VSC-HVdc. It presents
a variation of the control structure introduced as option I. The use of
symmetrical components for both VC and CC permits to gain full current
controllability even during unbalanced voltage conditions. A detailed overview
of the proposed control scheme is given in Fig. 5.1. The cascaded VC and
CC are employed in the DSRF, consequently in pos. and in neg. seq., to
regulate the offshore grid voltage using the VSC-HVdc.

The measured three—phase grid voltage u# is transformed into the DSRF
through the decoupling network depicted in Fig. 5.2. The decoupling network
cancels the double grid frequency oscillations on the signals. No PLL is
needed in the grid—forming operation mode. The offshore grid frequency is
constantly set to f = 50 Hz and the pos. seq. phase angle is obtained as:

0% = /27det =2nft+ o (5.3)

where:
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0% = pos. seq. phase angle;

cp = integration constant.
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Figure 5.1: Proposed control for the grid—forming VSC-HVdc in symmetrical
components.

For the sake of simplicity, the integration constant might be set to zero
co = 0. Correspondingly, the neg. seq. phase angle, 65, might be obtained
through integration of the negative frequency (rotating clockwise):

0% — /—27rfdt — 2nft+ e (5.4)

Again, the integration constant is chosen to zero. Therefore, the neg. seq.
phase angle might be directly obtained from 65 = —6% as depicted on the
right—-hand side of Fig. 5.2. Hence, the challenge of the neg. seq. phase
angle estimation during low neg. seq. voltage magnitudes highlighted for
the grid—connected mode in Section 2.2.1, is not present in the grid—forming
operation.

Both the measured grid current ¢ for the CC as well as the load current
i°2d ysed for the feed—forward in the VC might contain double fundamental

frequency components after transformation into the DSRF. These are intro-
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duced by the coupling between the sequences as highlighted in Section 2.2.1.
For the ease of a simple implementation, the signals are preprocessed through
100 Hz-tuned notch filters (damping factor ¢ = 0.5) to attenuate the oscil-
lations. It must be noted that an alternative implementation might be a
similar decoupling network as described for the measured grid voltage or the
variations described for the grid—connected application in [17].

Voltage measurement decoupling 0% 65 calculation
0=l ro) —*»_%dq © o
R(20) 0;

—0°

g
uabc- C

.
oE—| RO

Figure 5.2: Voltage measurement decoupling and phase angle determination
for the proposed VSC-HVdc control.

5.2.1.1 Voltage control

The pos. and neg. seq. VC loops are set up with conventional design
principles in the SRF with PI controllers and decoupling terms. The VC loops
output the current references in pos. seq. i} = I7* exp( jqﬁil’ref) = [iref el |T
and in neg. seq. it = IIfexp(joi™) = [ifif]7. The ac dynamics
regulated by the VC loops are:

I et Y ' LY A
) i) Tleer o ) o
A 0 WO sy L d R
i) "l " lees o J1d) T e g,

The pos. and neg. voltage references are u}°f = UFef exp(jqblf’ref) and uif =
0 p.u., respectively. Basically, any value could be taken for the phase angle

reference qblf’ref. The voltage magnitude is the desired nominal voltage
Ut = 1p.u.. Here, in dg—components ¢! = [10]" and uf = [00]” are

chosen. A dedicated HV capacitor C° is used to enable feed—forward terms
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of the load current i°d injected by the connected WPPs. The measured

load

load current ¢ is fed—forward in symmetrical components.

5.2.1.2 Current control

The current controller is employed in the DSRF with PI controllers and
decoupling terms as defined for the pos. seq. in Eqn. (5.7) and for the neg.
seq. in Eqn. (5.8). In this work, the current is controlled through the arm
inductances of the MMC which lead to an equal inductance of L = 0.5L%.

uiq _ UTq LR —wl® ifq _}Laﬂ ifq (5.7)
uf, uf 2 |wL*  R* | |if,] 2 dt|df '

q 1q
ugd — ugd _ 1 R* wL® igd _ lLaE igd (5.8)
us, us,| 2 |—wLl* R*||i5,| 2 dt |,

In that case, the converter reference voltage u° in that case is applied as
wdif in the MMC modulation. The feed—forward concept for the CC was
briefly commented in Section 2.2.2. Following the recommendation in [71], no
feed—forward is established for the CC. Alternatively, the reference voltage
uw*®f could be fed—forward to improve the response of the current control on

reference voltage changes [71], [127].

5.2.2 Current references saturation

The main responsibility of the VSC-HVdc is the provision of the offshore grid
voltage and the resulting active power transmission capability. Additionally,
during an ac voltage sag caused by a fault in the offshore grid the VSC might
be required to inject controlled currents for the ease of fault detection as no
SGs are present [55]. In the situation that the VSC feeds a passive offshore
grid, e.g. during energization of the network and prior to connection of the
WTs, and presents the only power converter in the system, the mentioned
fault current provision becomes even mandatory for fault detection [175].
After a voltage sag inception, the VC increases naturally the current
reference magnitudes given the difference between u# and u™f at the VC
input. The current references might be limited to the maximum current to
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avoid damage of the semiconductors. The maximum current I™®* might be
defined as the highest operating current for continuous operation. Once the
current references are limited, the voltage controllers’ integral parts of the
PI might be clamped to avoid windup problems.

Two saturation methods are introduced to limit the current references it°f,

zgef in pos. and neg. sequence:

I. Normal method: Limitation in symmetrical components when one
phase current magnitude (in the abc—frame) exceeds the maximum
value 1'%,

II. Extended method: Limitation in symmetrical components under deter-
mination of the fault conditions and controlled current injection of the

Il’l’laX

maximum value in all faulted phases.

The current references saturation is located between VC and CC as depicted
in the control diagram of Fig. 5.5 in the upper part and might switch in
either the normal or extended saturation.

5.2.2.1 Normal saturation method

To limit the phase currents to a specified maximum current 1™?* the sym-
metrical components in the DSRF might be modified as depicted in Fig. 5.3.

ref ref ref

The symmetrical components zld,zlq,zgd, and 5 are scaled by the factor

f
1/ maxg—qpc I
ref,sat  .refsat  .ref,sat and ref sat
i v g o taa b2
might be calculated directly from the seq. component magnitudes (I, I3¢f)

and their respective angles (¢, ¢5*°") [204], [205]:

when maxj— abcIkEf > [max, The output variables are

, respectively. The phase magnitudes I,Eef

Iref _ \/Iref2 + Iref2 + 2[ref[ref cos e
ref \/Iref2 + Iref2 + 2IrefIref cos ( 4 4?#) (59)
Iref \/Iref2 + Iref2 + 2Iref]’ref cos (8 _ 4?#)

where £ = ¢ ref _ il’ref is the angle between the seq. components of the

current references.
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iref,sat
Imax X 1
2
Iref
l’ 2 m Veerasraanns ’ .
2 P _ Lref,sat
| >IX |72
. . . l/ = b
Magnitude determination

IZ Angle determination

Figure 5.3: Normal saturation method implementation.

As an example, a symmetrical three—phase fault leads to an increase of
solely the pos. seq. which is followed by the limitation of all three phases;
similarly, in the case of a SLG fault or equivalent at the VSC terminals,
the normal saturation method limits the dg—components in both sequences
as soon as the faulted phase hits the current limit I™#*. Here, neg. seq.
dgq—components appear which must be limited in combination with the pos.

sequence.

5.2.2.2 Extended saturation method

In the specific case of one healthy phase (and two faulted phases) at the
VSC terminals, the normal saturation method will eventually saturate when
the first faulted phase surpasses the maximum current I™#*. However, the
second faulted phase might remain at a lower value than the maximum
current I™#* which could result in an underuse of the converter current
capability. Therefore, the extended saturation method is proposed which

permits that both faulted phases reach maximum current:

Step 1: Detect the conditions of one healthy phase based on the current
disturbance created by the voltage sag. If all or only one phase is
faulted, the normal saturation method applies. Being = the healthy
phase and y and z the faulted phases, the following phasors are
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Step 2:

Step 3:

Step 4:

5.2 METHODOLOGY

defined:

i& = I[8el¥%
& = I%e%y (5.10)

g _ 78oi0!
18 = [8el¥=

Apply inverse Fortescue in the phasor domain, see Appendix A.1, to

obtain magnitudes and angles in abc—frame out of the pos. and neg.

ref ref
1

seq. current references i}, 5.

Select the healthy phase x; maintain its magnitude and angle.

Imax

Calculate the angles for the faulted phases (y and z); set as
magnitude for I and I%. The angles 4,0; and ¢! can be determined
by solving Eqn. (5.11) considering that the vectors 7%, %, and 44

form an isosceles triangle (see shaded area in Figure 5.4):

i8 + i8 + 18 =0
{’” vooz (5.11)

m—4 (el i) +ek =0

L,

Figure 5.4: Phasor diagram for proposed current vector during the extended

saturation method.
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Equation (5.12) shows the solutions of Eqn. (5.11):

(5.12)

¢, =+ g T arccos [I£/(21m)]
¢ =7+ L & arccos [I8/(21™)]

From the two solutions of Eqn. (5.12) the one with least deviation

of ¢, and ¢, with respect to the pre-fault conditions is chosen.

Step 5: Apply the Fortescue operator in the phasor domain to obtain pos.
and neg. seq. current references and the Park—transformation, see
Appendix A.1, to translate them to the DSRF.

Step 6: Set the new current references i;ef’sat and igef’sat at the input of the

CC.

After the fault ending, the VC regains control and continuous normal opera-

tion.

5.2.3 MMC-HVdc in the grid—forming application

For the proposed control method and current limitation, it is important to
take the internal converter characteristics into account. Currently, the three—
phase MMC with half-bridge SMs is the state—of—the—art technology used
for the offshore VSC-HVdc. The basic equations of the MMC circuit were
outlined in Section 2.2.3. To analyze the ac dynamics and the internal energy
regulation the use of a type-4-based model provides sufficient accuracy [144],
[206]. The individual SM switching, SM voltages, and SM capacitor voltage
balancing are not represented by the model. The arm inductors are modeled
by an inductance L? and its parasitic resistance R?, whereas the SM stack
of each arm is represented by a controlled voltage source.

One possible implementation to control the MMC under balanced and un-
balanced conditions is a closed—loop energy regulation approach as described
in [5]. The control framework is used in this thesis. Six energy PI regulators
manage the balancing in vertical direction between upper and lower arm of
each branch, denoted ac energy control, and in horizontal direction between
the branches, ac, and dc side, denoted dc energy control. The ac power

PEI}Z is fed forward in the energy controllers determining the dc component
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Figure 5.5: MMC model schematic and complete control architecture for the
grid—forming application.
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of the inner current reference stde.ref

. The dc and ac components of the
additive current are limited individually. However, the dc components are
prioritized over the ac components which might lead to temporary disabling
of the vertical balancing. Furthermore, in [143], different methods (disabling
of vertical balancing, kernel-based approach, and pseudo—inverse approach)
are pointed out to permit safe converter operation when a singularity in the
inner current reference calculation occurs. The singularity happens when
the pos. and neg. seq. converter voltage magnitudes are equal or almost
equal. In this chapter, the temporary disabling of vertical balancing has
been chosen due to its reduced computational burden. Vertical balancing is
disabled when the condition |Uf — Us| < 0.1 p.u. holds. The blocks of the ac
and dc energy controls, inner current saturation, and inner current control
are depicted on the lower side of the control diagram in Fig. 5.5.

In the following, the analytical expressions for the energy and voltage
variation of the SM stacks (arm capacitors) are used to analyze the expected
arm currents for the MMC under unbalanced conditions in the grid—forming
operation mode. The arm currents represent the actual current stress on the
semiconductors in the SM. The capacitor voltage variations are developed as
general mathematical expressions in [140]. The impact thereon is studied for
three FRT strategies in the grid—connected application in [139]. The power
in the k upper SM stack is pry = u%% . 2%% = ugyu - igu (analogous pry for
the lower stack). Ref. [140] develops the analytical expressions of the arm
capacitor voltages which are inherently linked with the energy variations.
The upper and lower SM stack energies Eyy(t) and Eyp () are, respectively:

Eyu(t) = /pkUdt = /PZU — pydt =

— / {Udc — u% — UNQ — (RaikU + Lad;];U>

ixudt (5.13)

2
Udc . di ‘
EkL(t) = / |: ; + u% — UNQ — (RaZkL + LaZ;I'>:| i1, dt (5.14)

where:
Py, o, = power of the whole upper/lower arm of phase k (k € {a,b,c});
p,%%, p%i = power of the upper/lower arm inductor (inductance plus para-
sitic resistance) of phase k;
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Ude = dc link voltage;
UNO = the voltage drop from the neutral N and dc link midpoint 0.

For the ease of simplification, uyg is set to zero in the following. The upper
and lower arm capacitor voltages uj;(t) and ujy (t) result to:

Wy (t) = /(2N/CSM) By (t) (5.15)
Gy () = \/(2N/CSM) By (1) (5.16)

where:
CSM = capacitance of one SM;

N = number of SMs in one arm.

Equations (5.13) to (5.16) contain the respective relation between the arm
energies and capacitor voltages with the external ac grid conditions and
the dc side. To know the arm currents ixy and gy, the additive currents
13" have to be determined. In steady-state, after balancing of the vertical

energy deviation under usage of the described closed—loop energy regulator

-SuIm .sum Isum,dc

structure, the additive currents i§*™ result to be purely dc "™ = I,
[143]. Thus, they can be determined by solving the power equation for the

upper arm of phase leg k:

,dc g78 82
UdCIsum UsJ ]
k _ “kk oS @ zu — R® Isum Jde2 4+ £ =0 (517)
2 4
d tput ac input i
cpzlévgru d;;:g‘: arm impedance

losses

Solving the bi—quadratic equation Eqn. (5.17) yields for phase k the following
solutions:

2 )
sum,dc __ Udc Udc 2 I]% 1 Ulf CcOS (,02“
M= e b J (4Ra) I CR (5.18)

Equation (5.18) unveils the additive current Izum’dc dependency on the angle

cp};“ between current and voltage and the grid voltage magnitude U,f in steady—
state. With the parameter data listed in Tab. 5.5, in Fig. 5.6 the resulting

Imax

additive current IZ m.d¢ for a controlled ac current I; 5 — in dependence
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of cp}%“ and U,f is depicted. The nominal dc current is I3o™ = Pyc/Uqc.
Firstly, for operation with U, ,f = 1p.u. and @2“ = 0 it results in an additive
current of 1/3 the nominal current plus the current to compensate the power
losses in the arm inductors and their parasitic resistances. For the same

apparent power, an angle increase (ga%cu > 0) lowers the additive current
Isum,dc
k

compared to unity power factor operation ((pz,“ = 0). Furthermore,

Izum’dc increases with the grid voltage magnitude U ,f at a given angle go};“. To
conclude, the grid—forming MMC-HVdc facing unbalanced voltage/current
conditions will solely modify the power exchanged by each branch but not
exceed the additive current flowing in normal operation. It must be noted
that the additive current might be higher when vertical energy balancing

regulation is occurring.

Voltage Ug
0.50 |- k
—1.25p.u.
0.45 [ ——1.00p.u.
| ——0.50p.u.
:3 0.40
2035 n
~
£, 030 :
S0
T 025 |
3
=020 |
3
~~ 0.15 - n
0.10 - 4
0.05 |- N
0.00 :
0 /4 /2

k' / rad
Figure 5.6: Steady—state Izum’dc in dependence of angle and for different
voltage levels. ¢} = 0 means rectifier mode. For ¢} = m/2
current leads voltage; capacitive operation injecting reactive
power.

5.3 Case study

A test system is set up to demonstrate the performance of the normal as well
as proposed extended saturation during unbalanced faults in the offshore
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grid. Network configuration I consists of the VSC-HVdc connected to the
passive offshore grid. It represents the operating scenario occurring e.g.
after energization of the offshore grid and prior to the power production
authorization for the WPPs. The offshore grid hosts three WPPs with
different export cable lengths and collection grid aggregations. Besides the
offshore VSC-HVdc, the WPP transformers, and the HV and MV cables are
connected. The WTs are disconnected. The offshore grid comprises delta—
wye transformers to interface the different voltage levels and to decouple the
zero seq. networks. The collection grids have also earthing transformers,
respectively, to provide adequate grounding in the MV grids. The test system
is set up in Matlab/SimPowerSystems as sketched in Fig. 5.7. The used
discrete time step in the model is Ty = 25 ps. System parameters are further
listed in Tab. 5.5.

Collection grid HVac F A
aggregation substation e Hvde HV MMC-
export cable transformer capacitor HVdc
33/150kV 25 km
7 150/320kV U ;e wlo/R

(1)

equivalent

equivalent

WPP3
equivalent

Figure 5.7: Electrical layout of the network configuration I (WT converters
and transformers disconnected).

The LLLG, LL, and SLG faults are studied at the HVac export cable
connection of the largest WPP at fault location A (FA) in vicinity of the
HVdc transformer, respectively. The balanced fault (LLLG fault) is covered
for the sake of completeness and to demonstrate the performance of the
proposed control method in symmetrical components. Furthermore, only the
normal saturation is applied for the simulation of the LLLG and LL fault
at the 150kV busbar. The extended saturation applies only for those cases
where the VSC-HVdc aims to inject maximum current in two faulted phases.
Therefore, the normal and extended saturation are analyzed for a SLG fault

129



5 FAULT RIDE THROUGH OF THE OFFSHORE MMC-HVDcC

Table 5.5: Relevant system parameter. Base power is S, = 1000 MVA if
referred, otherwise component power rating.

WPP and HV export grid WPP1 WPP2 WPP3
Rating (P/MW) 498 450 198
Collection grid voltage (Uac/kV) 33

WPP collection grid impedance 0.018 + 0.014 + 0.025 +
(z/pu.)t j0.035 j0.023 j0.041
WPP grid shunt reactance (z/p.u.)* 0.011 0.009 0.003
WPP transformer impedance 0.003 + j0.15

(z/pu)

Export grid voltage (Uac/kV) 150

Export cable compensation 50.5 30.9 4.0
(Qr/Mvar)

Export cable impedance (z/p.u.)! 0.13 4+ j0.40  0.08 + j0.24  0.01 4 j0.03
Export shunt reactance (z/p.u.) 0.025 0.041 0.597
VSC-HVdc

Rating (S/MVA, Uac/kV, Pac/MW, 1333.3, 320, 1200, £320
Uac/kV)

Transformer impedance (z/p.u.) 0.003 + j0.150

Filter capacitance (C°/nF) 4.14

MMC number of SMs (N /per arm) 400

MMC arm impedance (Z°/Q) 0.77 4+ j15.36

MMC arm impedance (Z¢/p.u.) 0.01 +j0.2

MMC SM capacitance (CM /mF) 13.7

MMC equivalent stored energy 35

(Etot /kJ/MVA)

Time constants VC, CC, MMC inner 1.5, 0.5, 0.2

CC (7/ms)

! Base power Sy, applies.

at the 150kV busbar which results in the described situation at the VSC

terminals.

In submarine cables, it is unlikely to have temporary faults like in overhead
lines as highlighted in Section 2.4. Therefore, a permanent fault is applied
which might be detected through over—current relays and isolated by means of
CBs. The post—fault operation is consequently considering only the remaining
healthy system in operation. The MMC model used is adopted from the
described model in [143].
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5.4 Results

The results are shown over the time from some cycles before the fault
inception at ¢ = 0.0s to the fault clearance (includes disconnection of faulted
system) at t = 0.5s and an additional post—fault period from ¢t = 0.5s to
1.0s. The usual ac fault breaking time of around 150 ms is extended with
the sole purpose of better visualization to 500 ms. The Figs. 5.8 and 5.11
list grid-related results, whereas Figs. 5.9 and 5.12 combine diagrams from
the electrical variables of the MMC-HVdc, respectively. Results with higher
time resolution for specific three—phase variables are displayed in Figs. 5.10

ySum

and 5.13. For fair comparison, all currents (ii, i7", ipy) are scaled to the ac

base current of the converter.

5.4.1 LLLG fault at 150 kV

The left column of the Figs. 5.8 to 5.10 presents the results for a LLLG fault
at the 150kV busbar. It should further depict how the proposed control
method for the grid—forming VSC-HVdc performs during normal operation
without any WT converter connected. Row 1 and 2 of Fig. 5.8 show the
three-phase currents by the offshore VSC-HVdc and the grid voltage obtained
at the offshore grid connection. The results are depicted with a detailed
time resolution after the fault inception in row 1 and 2 of Fig. 5.10. Prior
to the fault inception, the grid voltage u% is regulated to 1p.u. and the
grid current 2'% of around 0.12 p.u. corresponds to the sum of the charging
current for the MV and HV export cables and the HV capacitor as well as
the current to compensate the power losses (mainly of the transformers).
However, it should be mentioned that it is mainly reactive current as the dc
current flowing from onshore at the same time is only 0.01 p.u. (refer to row
4). The balanced fault occurring at the 150kV busbar causes the voltage in
the offshore grid to drop and the converter current ¢f to raise. After the fault,
the VC successfully readopts the voltage to 1p.u.. In row 3, the grid voltage
magnitude is depicted in symmetrical components Uf,. As expected, the
balanced grid conditions mainly affect the positive sequence. During a very
short transient after the fault inception and after the fault ending, the neg.
seq. voltage raises due to the imbalance during this transient. The control
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system in symmetrical components regulates the voltage satisfactorily and
limits the current during the fault. However, it must be stated that a control
method developed only in pos. seq. might act similarly in such conditions.
In row 5 the dc voltage is shown and reveals that the fault does not impact
the dc voltage control performed by the onshore converter.

The MMC-related results for the LLLG fault are displayed in Fig. 5.8 (left
column). In that case, during the fault the vertical balancing is deactivated
given the proximity between the symmetrical component magnitudes of the
converter voltage |Uy — US| < 0.1 p.u.. Zoomed results of the three—phase

ssum

signals 43", iy, and ufy; are also displayed in row 3 to 5 of Fig. 5.10. Row

ssum

1 of Fig. 5.9 presents the additive current 5" which is used to balance
the converter energy vertically and horizontally. Given the deactivation of
the vertical balancing, the balanced conditions between the phase branches,
and little power exchange between ac and dc side, the additive current
sSuIm

i7" is almost zero prior and during the fault. After the fault ending, the

50 Hz component of 3™

regulates the energies in vertical direction. It can
be seen in rows 3 and 4 that the fault inception causes a vertical energy
deviation Fyp, within each phase branch and thus a deviation of the arm
capacitor voltages ujy;. The nature of the deviation depends on the voltage
and current snapshot at fault inception. Because of the deactivation of the
vertical energy control during the fault period, the offset is sustained during
the fault period and regulated once the fault ends and the vertical energy
balancing reactivated. Row 2 depicts the upper arm current ixy. During the
fault, it increases to around 0.5 p.u. due to the injection of maximum grid
current by the MMC-HVdc. Lastly, row 5 presents the horizontal energy
deviation between the phase branches (FE,, and F,.) which is constantly zero
except during the transient period after the fault ending. It is caused by the
transient conditions occurring when the MMC-HVdc regains its grid—forming
operation and controls the voltage with the introduced cascaded control

framework in symmetrical components.

5.4.2 LL fault at 150 kV

The right column of the Figs. 5.8 to 5.10 display the results for a LL fault
applied between phase a and b at the 150kV busbar. The first two rows of
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Fig. 5.8 show the three—phase currents § and voltages uf at the offshore
grid connection. The results are again shown with a detailed time resolution
in row 1 and 2 of Fig. 5.10. It demonstrates that u% is regulated to the
reference of 1 p.u. prior and after the fault. The pos. seq. voltage drop and
neg. seq. voltage raise measured after fault inception cause the respective
current references to increase. The LL fault at 150kV is seen as two healthy
(b and ¢) and one faulted phase (a) at the VSC terminals. In that case, the
normal saturation method applies and the current references are limited as
soon as the faulted phase hits the maximum current (here phase a). From
the results shown in row 1 it can be concluded that the VSC-HVdc injects
unbalanced currents to ride through the unbalanced conditions. In row 3,
the seq. components magnitudes U}, of the grid voltage are depicted. The
neg. seq. voltage US is controlled to zero prior and after to the fault. In
row 4 and 5, the dc current and voltage are displayed. It can be deduced
that the double grid frequency oscillations are kept away from the dc side
and the dc current drawn from dc side increases slightly to compensate the
additional losses due to the fault current provision.

sSum

In row 1 of Fig. 5.9, the additive currents ;™ are depicted (right column).
An initial transient with 50 Hz components demonstrate the activity of the
vertical energy regulators. Once the arm energies are vertically balanced, the
circulating currents remain constant until the fault ending. The dc offset is
caused by the unbalanced conditions which leads to a sustained horizontal
energy deviation between the phase branches (refer to row 5). In row 2, the
upper arm currents i;y are shown. It is remarkable that phase a has the
highest current magnitude during the fault. This is due to the maximum
current injection in this phase. With exception of the initial transient, where
the vertical balancing is active, the arm currents ixy remain in the same
range as for the LLLG fault in the left column. Row 3 displays the upper
arm capacitor voltages of the MMC-HVdc. It is remarkable that there is
an initial dc offset due to the almost instantaneous energy change at the
fault inception. As highlighted earlier for the LLLG fault, the deviation
depends on the exact fault inception. Additionally, the asymmetrical energy
exchange between grid and the three converter phase legs results in unequal

rSum

arm capacitor voltages. Zoomed results of the three—phase signals 73"™, iy,
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and ujy; are also displayed in row 3 to 5 of Fig. 5.10. The rows 4 and 5 of
Fig. 5.9 depict the vertical energy difference per phase leg (Eyr,) and the
horizontal energy difference between phase leg a and b as well as a and ¢ (Fqy,
and F,.), respectively. The plots demonstrate that the regulators manage
the energies successfully during the transients after fault inception and after

fault ending.
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Figure 5.8: Grid-related results for the LLLG and LL fault in network config-
uration I. Plots are ordered row—wise by grid current, grid voltage,
voltage magnitudes of symmetrical components at VSC-HVdc,
dc current and voltage, in respective order.
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Figure 5.9: MMC-related results for the LLLG and LL fault in network
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configuration I. Plots are ordered row—wise by inner currents,
upper arm currents, upper arm capacitor voltages, and internal
energy variations of the MMC-HVdc in vertical and horizontal
direction, in respective order.
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Figure 5.10: Zoomed results for Figs. 5.8 and 5.9. Plots are ordered row—wise
by grid current, grid voltage, inner currents, upper arm currents,
and upper arm capacitor voltages, in respective order.
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5.4.3 SLG fault at 150 kV

Figures 5.11 to 5.13 show the results for a SLG fault of phase a at FA.
The left column displays the results for the normal saturation, whereas the
right column considers the proposed extended saturation. The three—phase
currents i% and voltages u% are depicted in row 1 and 2 of Fig. 5.11. The
currents raise after the fault inception and are limited by the converter. It
can be seen that the normal method saturates when the first phase hits
the maximum (here phase c¢). Phase a peaks at a value of only 0.88 p.u. of
the maximum current. Contrary to that, the extended saturation provides
an improved current response where phase a and c are controlled to the
maximum current. Row 2 demonstrates that for both saturation methods u§
is controlled to 1p.u. prior to the fault inception and smoothly controlled
back to this value after the fault. During the fault, the voltages are impacted
by the current injection of the VSC. The response of the extended saturation
improves the voltage balance which is also demonstrated in row 3 having
a higher pos. seq. and a lower neg. seq. voltage magnitude U%, than the
normal saturation. The offset between the two saturation methods for the
pos. seq. is of 0.22p.u. and for the neg. seq. 0.13p.u.. In row 4 and 5,
the dc current and voltage are shown. As earlier observed for the LL fault,
double grid frequency power oscillations are kept away from the dc link. The
dc current drawn from dc side increases marginally to compensate the losses
during the fault (increased arm currents through the arm impedances).

Figure 5.12 depicts the MMC-related results. Zoomed plots of the three—

phase signals 3™

, ixU, and ufy; are also depicted in row 3 to 5 of Fig. 5.13.
In row 1, the additive or inner currents are depicted. As a reminder, no
limitation has been applied to the inner current references to allow full
visibility of the system behavior. The fault causes a significant change
in the power exchange between the ac grid and the MMC. Furthermore,
the unbalanced conditions cause a continuous energy deviation between
the phase legs which is handled by the horizontal energy controllers. The

initial transient after the fault inception of 5™

is caused by the activity of
the MMC energy controllers between upper and lower arms (vertical) and
between the phase legs (horizontal). Once the vertical energy deviations

(50 Hz component) cease, the horizontal energy control between the phase
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legs causes a maintained dc component of #3*™. For the normal saturation,

the initial transient is larger in magnitude and duration, whereas for the

extended saturation it settles faster. The higher dc component of ;"™

results
from the higher energy imbalance between the phase legs inside the MMC to
provide the maximum grid currents in both faulted phases. In row 2, the
upper arm current ¢;y is displayed. It can be seen that the vertical balancing
activity and resulting inner currents cause a higher upper phase leg current
after fault inception for the normal saturation. Row 3 depicts the upper arm
capacitor voltages. Despite the unbalanced conditions on ac side for both
voltages and currents, the capacitor voltages remain controlled.

The rows 4 and 5 show the vertical energy deviation between upper and
lower arms (Eyy,) and the horizontal energy difference between the phase legs
(Eap and E,.), respectively. The plots show that the regulators manage the
energies successfully after fault inception and after fault ending, respectively.
Moreover, the vertical energy deviation stays within a tolerance band of
+0.3 p.u. of the stored phase leg energy. The vertical imbalance lasts slightly
longer for the normal saturation than for the extended saturation. The
results from row 8 exhibit that the impact of the converter response on the
horizontal energy deviation and regulation is slightly increased for the normal

saturation.

139



5 FAULT RIDE THROUGH OF THE OFFSHORE MMC-HVDcC

Normal saturation SLG at 150kV Extended saturation SLG at 150 kV
1-5, T T T T T 1-5,
1.0f | A Lo 1.0 e i i
L L | A
1 ost I -
2 ool O :
5 '“|Il‘| | HHH“ ‘\w '. | l il “\ il Ix u \\\lx\“““w o
d ARt | \ il
& W; i W't R WNU HH i :
bo:-z || | i | 1 \ 1 I ~
¢ - n n n n n n n n n
0.00.1020.30405060708091.0 0.00.10.20.30405060708091.0
1.4
12
;1. 1.0 » o
2 8 0.8—_\ } ‘;
>~ 0.6f 0.6 : : Qo
0l g4l 0.4f —up =
2 0.2 H \ .y,
0-07000102030405060708091.0 °° 00010203040.506070.80.91.0
0.2 0.2
0.0+ 0.0FH b
5 -02 0.2 -
& o4 —0.4 5
~ Q
N% -0.61 ~0.6 e
08 _Idc 08 _Idc
100 00102030405060708091.0 " 0001020304050607080.9 1.0
P O I 1.10F
 1.08} 1.05}
= 0
2 1.00 1.00 2
~ g
T 095/ 0.95 e
0.90F ] B 0.90F m
0.00.1020.30.40506070.8091.0 0.00.10.20.30.40506070.8091.0
Time / s Time / s

Figure 5.11: Grid-related results for the SLG fault at the 150kV busbar in
network configuration I. Plots are ordered row—wise by grid
current, grid voltage, voltage magnitudes of symmetrical com-
ponents at VSC-HVdc, dc current and voltage, in respective
order.
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Figure 5.12: MMC-related results for the SLG fault at the 150kV busbar in
network configuration I. Plots are ordered row—wise by inner
currents, upper arm currents and capacitor voltages, and internal
energy variations of the MMC—-HVdc in vertical and horizontal
direction, in respective order.
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Figure 5.13: Zoomed results for Figs. 5.11 and 5.12. Plots are ordered row-—
wise by grid current, grid voltage, inner currents, upper arm
currents, and upper arm capacitor voltages, in respective order.
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5.5 Summary

This chapter proposed a control method for the grid—forming offshore VSC—
HVdc. To enhance the current provision under specific unbalanced conditions
an extended saturation method was presented. Furthermore, the impact of
the grid—forming operation mode on the MMC-HVdc and its internal control
was investigated. The concepts were simulated in the time domain for various
fault scenarios, namely LLLG, LL, and SLG faults in the passive offshore
grid, i.e. without connected WT converters.

The control scheme was defined as an evolution of a state—of-the—art option
and formulated as a cascaded VC and CC system in symmetrical components.
It aims to have a controlled converter response during imposed unbalanced
voltage conditions in the operated grid. The advantage of the control scheme
is the potential of rigorous limitation of the current references prior to feeding
them into the CC. It was presented that the neg. seq. loops have no influence
in normal operation as the reference and measured voltage in neg. seq. are
generally zero. Thus, in normal operation, there is no unbalanced current
injection by the grid—forming VSC-HVdc. During balanced faults, the VSC-
HVdc injects balanced currents and the neg. seq. control acts only during
the fault inception and ending transient to balance the voltages. It was
stated that a similar response might be achieved with the original control
implementation in pos. sequence. Contrary, during unbalanced faults, neg.
seq. voltage arises and therefore the converter injects neg. seq. current with
the proposed control scheme. In that case, the current references limitation
in each phase is of utmost importance to avoid over—currents. The desired
fault behavior foresees maximum current injection in the faulted phases for
the ease of detection.

A normal saturation was used to limit the currents as soon as one phase hits
the maximum current limitation. This solution is satisfactory for most faults,
e.g. one or three faulted phases at the VSC-HVdc terminals. However, when
two faulted phases must be fed at the VSC terminals, the dynamics of the
VC output in combination with the normal saturation might not result in the
desired current response. Therefore, an extended saturation method for the
current references was suggested. The extended saturation method uses an
online calculation of the grid currents and readjusts the respective magnitudes
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and angles. It was shown that for unbalanced conditions with two faulted
phases at the VSC-HVdc terminals, the proposed extended saturation leads
to a better utilization of the converter capability. Furthermore, it improves
the grid voltage and current profile. It was demonstrated that the neg. seq.
voltage is reduced, whereas the pos. seq. counterpart is augmented.

Finally, the MMC-HVdc internal variables were drawn for the grid—forming
mode under consideration of balanced and unbalanced grid conditions. It
was demonstrated that the MMC-HVdc responds satisfactorily to both
balanced and unbalanced conditions with the proposed control scheme. It
was highlighted that, in the grid—forming application under unbalanced faults,
the arm capacitor voltages do not face higher variations than during normal
operation. Even the provision of rated current in the faulted phases keeps
the arm capacitor voltages inside the expected limits.

This chapter presented the simulation results on the operation of a passive
offshore grid. When the W'Ts are connected and in operation, they draw their
own FRT response. Therefore, Chapter 6 covers the FRT response of the
WTs in combination with the control methods proposed in this chapter.
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6 Fault ride through of the WTs
during unbalanced faults

6.1 Introduction

In Chapter 5, a control method in symmetrical components for the grid—
forming MMC-HVdc was proposed which is suitable for unbalanced faults in
the offshore grid. The current contribution by the offshore VSC is augmented
during unbalanced faults to utilize the full converter capability and facilitate
the fault detection. The analysis was focused solely on the operation of
a passive offshore grid without any contribution from the WT converters.
When the WTs are in operation, their FRT strategy inherently influences
the system behavior during unbalanced fault conditions.

In this chapter, four FRT strategies for the WTs in the offshore grid are
compared and evaluated in terms of fault and post—fault performance. The
strategies differ in their implementation regarding the voltage support in
symmetrical components and/or OM limitation.

This chapter aims to provide:

o synthesis and proposition of FRT strategies for the WT converters

regarding unbalanced faults in the offshore grid;

« analysis and comparison of the fault and post—fault performance of the
FRT strategies;

e and investigation on the overall system performance with the grid—
forming MMC-HVdc.
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6.1.1 Related publications

The main work described in this chapter was published in:

o K. Schonleber, E. Prieto-Araujo, S. Ratés-Palau, O. Gomis-Bellmunt,
Handling of unbalanced faults in HVDC-connected wind power plants,
Electr. Power Syst. Res. 152 (2017) 148-159.
doi:10.1016/j.epsr.2017.06.026.

A part of the work was submitted to IEEE Transactions on Power Delivery.

6.2 Methodology

The system behavior is analyzed by means of transient simulations in the time
domain. The models are developed in MATLAB Simulink/SimPowerSystems.
The used discrete sample time for the simulation is Ty = 25 ps.

Converter control in symmetrical components for the grid—connected appli-
cation was reviewed in Section 2.2.1. The described controllers in symmetrical
components and specifically the CC with a decoupling network based on
the reference and error signals as depicted in Fig. 2.8 are used for the WT
converters. The grid—forming offshore VSC-HVdc is set up with the proposed
control method from Chapter 5.

In the following, three main challenges are commented: implementation of
the pos. and neg. seq. phase angle detection by means of a DDSRF-PLL,
voltage sag sensing during unbalanced faults and the appearance/reduction
of OM in such conditions. Then, four FRT concepts or so—called reference cal-
culation (RC) strategies are introduced to cope and ride through unbalanced
faults in the offshore grid with the WT converters.

6.2.1 DDSRF implementation

The phase angles in the pos. and neg. seq. are obtained through a decoupled
double synchronous reference frame (DDSRF) system. The diagram of the
DDSRF-PLL is sketched in Fig. 6.1. As highlighted in Section 2.2.1, the
neg. seq. phase angle is aligned to the respective voltage vector which
is challenging for very low magnitudes [119]. In this thesis, the solution
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for this is proposed as follows: for a magnitude smaller than 0.05 p.u., the
neg. seq. phase angle is set to 65 = —67; otherwise the neg. seq. phase
angle is locked by the mentioned PLL. A hysteresis characteristic on the
neg. seq. voltage magnitude avoids toggling for the neg. seq. phase angle.
The hysteresis is applied on Uy and switches between the two states with a
lower boundary of 0.05 p.u. and an upper boundary of 0.2 p.u.. The nominal
frequency fnom = 50Hz is fed—forward through the angular frequency of
Whom = 27 fnom in the DDSRF-PLL.

0;calculation

DDSRF-PLL
m Low-pass filter

Angle determination
Hysteresis

0i=|Rr(o)

g g
U C U

g —|R®

Figure 6.1: DDSRF-PLL implementation and neg. seq. phase angle deter-
mination. C is the Clarke—transformation, whereas R(#) rotates
the input vector by € (refer to Appendix A.1).

6.2.2 Voltage sag detection

The voltage sag detection signal might activate the respective FRT behavior
of the WT converter. To track the magnitudes of the three phase voltages and
possible deviation of one phase voltage from the predefined continuous voltage
band, independent single-phase PLLs might be used. Nevertheless, the
DDSRF-PLL is already implemented for the phase angle tracking. Therefore,
the magnitudes of the seq. components are obtained as Uy = \/U%f + u%‘f
and U§ = ung +u§q2. The phase magnitudes U§, Ubg7 and U$ might
be calculated from the seq. components U, Us and the respective angles

£, #5 through Eqn. (6.1) like the calculation of the current magnitudes in
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Eqn. (5.9).

UE = \JUE + UE* + 2UBUS cos (¢ — ¢°)
UE = \JUE + U + 2URU% cos (¢§ — % + 47) (6.1)
U = \JUE + US® + 2U3US cos (65 — ¢f - %)

The full information of a sine wave is available within one quarter of the
fundamental cycle. The waveforms change significantly at the respective
start and end of a voltage event (transient after fault inception and ending).
The described time range of one quarter of a grid cycle is valid for the sensing
of the fault start, whereas the end of the fault after isolation of the faulted
system might be more challenging as the system is affected by the dynamics
during the fault. The power converter controls might introduce a post—fault
transient although the fault is physically already cleared from the system.
The use of the three to five grid cycles—long mean average filtered value of the
measurement during the post—fault situation revealed a good performance to
avoid toggling of the sag detection signal.

6.2.3 Active current limitation and reduction

Reactive currents might be prioritized during dynamic voltage support and
therefore demand for an active current limitation [102]. Without immediate
active power in—feed reduction by the WT, e.g. by torque or pitch control, an
active current limitation of the GSC ultimately leads to an increase of the dc
voltage. The dynamic braking resistor (dc chopper) in the dc link is a usual
solution to dump the surplus energy. Contrary to active current limitation,
active power reduction is referred to the desired operation of reducing active
current fed to the grid, e.g. for active power scheduling, wake management,

or de-rated operation due to environmental conditions.

6.2.4 Current and voltage limitations

The controller design and reference calculation should prevent current and
voltage references exceeding the converter capability and might unnecessarily
trigger the internal converter/semiconductor protection.
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For the current limitation in the DSRF in symmetrical components, there
are four components which constitute the three phase currents: i14, 914, %2d,
and igq. If the neg. seq. magnitude I> is zero, the pos. seq. magnitude Iy

can be limited straightforward to the maximum current I™a:

I = \Ji1a? + i1 < I (6.2)

In case of unbalanced conditions, the simplest limitation is made for the pos.

and neg. seq. components by:
I+ I < 1™ (6.3)

Equation (6.3) might be too strict in dependence of the seq. angle difference
and the full capability of the WT converter can be reached by calculating
the phase currents expressed by Eqn. (5.9). Thus, the current limitation
for the grid—connected converter using symmetrical components foresees the
same saturation concept as the normal saturation method described for the
grid—forming converter in Chapter 5.

In terms of voltage, the maximum applied voltage at the ac terminals of a
VSC is limited by the available dc link voltage [121]:

Udc
2

U™t < my, (6.4)

where:
U ,g’ref = applied ac voltage magnitude of the converter for phase k;
k = phase variable (k € {a, b, c});
my = modulation index for phase k.

The linear region is defined for my < 1, whereas for my > 1 the fundamental
voltage does not increase linearly and OM occurs. Third harmonic injection
allows an increase of the modulation index barrier mpy, to % ~ 1.154. An
over—modulated applied voltage waveform contains harmonics of even order
[121]. OM might also occur in a MMC as the dc voltage is defined by
the voltage sum of the inserted SMs [refer to Eqn. (2.14)]. Thus, the ac
voltage limitation as described in Eqn. (6.4) might occur in a MMC like a
conventional VSC.
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The total harmonic distortion (THD) in % is defined by:

(6.5)

where:
Uin = magnitude of fundamental voltage;

U,n = magnitude of n—th harmonic voltage;
N = the highest harmonic order under consideration.

Figure 6.2a shows the applied VSC phase voltage U,j’ref for my, = 1.0, my, =
1.3, and m, = 2.0. Figure 6.2b plots the evolution of the THD of over—
modulated signals up to my = 2 for two different modulation index barriers.
For Ug’ref < Mpar the THD is zero, whereas larger values cause an over—
modulated signal with non—zero THD values. The highest output voltage
of the fundamental can be reached with a square-wave waveform leading to
a magnitude of 4/7 ~ 1.273 [121]. Nevertheless, the converter currents are
then distorted as they result from the voltage drop between the distorted
converter voltage and the grid voltage.

OM is undesired due to loss of controllability and waveform distortion.
The avoidance of OM might be achieved through an appropriate converter
design which allows an extensive continuous voltage range operation in the
linear region. However, an over—specification of the converter voltage might
increase the converter costs. To the author’s knowledge, the active limitation
of OM is not specified by actual GCs. Limited current references, regardless
of whether according to Eqn. (5.9) or Eqn. (6.3), do not ensure that the
applied voltages at the output of the current controllers are not affected by
OM. Nevertheless, two possibilities arise to reduce OM:

o limitation of the applied converter voltage seq. components u{ and u§
(after the current controller),

« or current reference reduction of ;¢ and %! (before the current con-

troller).

It is obvious that the first option does not allow tracking of the original
current references and leads to uncontrollability [according to Eqns. (2.8)
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Figure 6.2: Impact of voltage limitation by converter OM on (a) applied
voltage reference signal u™ and (b) THD.

and (2.9)]. The second option reduces either the reactive or active pos. seq.
current reference to limit OM similar to [119]. Either the ¢—component
(reactive current) or d-component (active current) references is reduced to
zero, respectively, through a closed—loop controller detecting OM in the

converter reference voltage uc*ef.
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6.2.5 Considered FRT strategies

Four WT converter current RCs are discussed in the following. These strate-
gies have been selected based on their pre—qualification for the application in
the offshore grid. It is known from onshore systems that the choice on active
or reactive current prioritization for power converters during FRT depends on
the nature of the connected grid and is generally defined in the respective GC.
Active current generally sustains grid frequency, whereas reactive current
suuports grid voltage. For instance, islanded synchronous power systems,
e.g. Ireland or UK, require active current prioritization because a possible
frequency deviation due to a large active power generation drop might be
more critical to the system stability than the eventual gain from voltage
support [55]. On the other hand, strong synchronous power systems, e.g.
Continental Europe, favorize reactive power prioritization because frequency
deviations are not expected due to the strong interconnection and meshing.
Reactive current is then utilized to support the voltage magnitude. For the
isolated offshore grids without any SG connected, frequency deviations are
obviously not linked to the rotating mass acceleration or braking of the SGs.
Frequency is rather a control variable imposed by the offshore VSC-HVdc
which might be changed through control action by the grid—forming converter.
The conventional relation that a power generation/consumption imbalance
causes a frequency deviation does not hold true. Frequency might be used
as communication mechanism, for instance, for frequency—dependent active
power reduction as commented in Section 2.4.2. Hence, FRT strategies for
offshore grid faults might focus mainly on voltage support. Therefore, reac-
tive currents are permanently prioritized over active current during the FRT
for all strategies presented in the following. Other strategies were disqualified
prior to the study due to their poor performance, e.g. no voltage support
without OM limitation. To sum up, Tab. 6.3 concludes the characteristics of

the considered strategies.

I. RC strategy 1 (RC1): No dynamic voltage support and OM limitation

on the active current.

The converter avoids any additional reactive currents and OM limitation
is active through reduction of pos. seq. d—axis component (active

152



II.

III.

IV.

6.2 METHODOLOGY

current). The short—term active power reduction might be buffered by
the dc chopper. The neg. seq. current is controlled to zero.

RC strategy 2 (RC2): Pos. seq. dynamic voltage support and control
of neg. seq. current to zero.

Additional pos. seq. reactive current is applied according to Eqn. (2.15).
The neg. seq. current is controlled to zero. The OM limitation control
is not applied.

RC strategy 3 (RC3): Pos. seq. dynamic voltage support and OM

limitation on the reactive current.

The converter controls pos. and neg. seq., the latter to zero. Dynamic
voltage support is applied according to Eqn. (2.15). OM limitation
control is active and reduces the reactive current to lower the magnitude
of the applied voltage. It counteracts the dynamic voltage support
when OM appears.

RC strategy 4 (RC4): Pos. and neg. seq. dynamic voltage support.

The respective pos. and neg. seq. reactive current references, i14 and
iaq, are altered by the additional references in Eqns. (2.15) and (2.16),
respectively. The OM limitation control is inactive for this strategy.

Table 6.3: Characteristics of current reference calculations.

RC

Pos. seq. ctrl Neg. seq. ctrl OM limitation

RC1
RC2
RC3
RC4

No voltage support Zero Yes (active current)
Voltage support Zero No
Voltage support Zero Yes (reactive current)

Voltage support Voltage support No

In the case of dynamic voltage support, the scheme defined by Eqns. (2.15)
to (2.16) is set with the default gains of [102]: RC1 k; = kg = 0; RC2 k; = 2,
ko = 0; RC3 k1 = 2, ko = 0; and RC4 ki = ks = 2. Furthermore, a voltage
deadband of 0.1 p.u. in the neg. seq. controller is implemented to avoid neg.
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seq. current injection outside fault transients and/or under an erroneous
phase angle as emphasized in [119] (see also Section 2.2.1). The tolerance
band in [102, Annex C] might allow the implementation of such a deadband.

6.3 Case study

A case study is set up to evaluate the performance of the four considered FRT
strategies for unbalanced faults in the offshore grid. The WPPs are connected
and in operation, denoted as network configuration II. The simulation model
is built in Matlab/Simscape Power Systems for the HVdc—connected offshore
grid system of 1.2 GW as shown in Fig. 6.3. Three WPPs link under different
distances to the VSC-HVdc station. WPP1 is rated to 498 MW in 25 km
distance, WPP2 represents 450 MW in 15km and WPP3 injects 198 MW in
5km. The WPPs are modeled with a respective aggregated WT converter
average model (grid—side converter and wind—-dependent power injection in
the dc link), a lumped 7-model of the collection grid cabling, the transformers,
and the export cable system (distributed elements line model). The reactive
power in the system is provided solely by the VSC during normal operation
(prior and posterior to the fault).

For the first assessment, the offshore VSC-HVdc station is modeled as a
controlled three—phase voltage source. The upper level control is implemented
as indicated in Chapter 5 in symmetrical components with a separate VC
and CC loop. For the second part of the study, the MMC-HVdc model
according to Chapter 5 is used to verify its applicability. Relevant system
parameters are listed in Tab. 6.4.

WT WT Collection grid. HVac HVac F A HVde HV MMC-
GSC transformer aggregation substation export cable transformer capacitor HVdc
0.9/33kV 33/150kV
uWPPl,ref

150/333kV us i€ uVSC,ref

equivalent

equivalent

WPP3
equivalent

Figure 6.3: Electrical layout of the network configuration II (WPPs
connected).
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Table 6.4: Relevant parameter of the test system. Base power is Sy, =
1000 MVA if referred, otherwise component power rating.

WPP and HV export grid

WPP1 WPP2 WPP3

Number of turbines

WT conv. rating (S/MVA, U,./kV)
OM limitation of uVEPref (Mpar/p-u.)
WT conv. coupling impedance (z/p.u.)
WT transformer impedance (z/p.u.)
Collection grid voltage (Uac/kV)

WPP grid impedance (z/p.u.)!

WPP grid shunt reactance (z/p.u.)"
WPP transformer impedance (z/p.u.)
Export grid voltage (Uac/kV)

Export cable compensation (Q./Mvar)

Export cables impedance (z/p.u.)!

Export shunt reactance (z/p.u.)!
VSC-HVdc

83 75 33
6.7, 0.9
1.21
0.01 + j0.05
0.01 4 j0.06
33
0.018 + 0.014+  0.025 +
j0.035 j0.023 j0.041
0.011 0.009 0.003
0.003 + j0.15
150
50.5 30.9 4.0
013+ 008+ 001 +
j0.40 j0.24 j0.03
0.025 0.041 0.597

Rating (S/MVA, Uac/kV, Ugc/KV)
Transformer impedance (z/p.u.)
Coupling impedance (z/p.u.)

1333.3, 333, +320
0.003 + j0.150
0.010 + j0.120

Filter capacitance (C°/pF) 4.14
OM limitation of uVSCref (Mpar/p-u.) 1.3
PI controllers

Time constants WT conv. dc VC, CC (7/ms) 3.2,04
WT OM limitation (KOMp, KOMi) 2, 200
WT CC feed—forward LPF bandwidth 40
(rads™)

Time constants VSC-HVdc VC, CC (7/ms) 1.2,04

! Base power Sy, applies.
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6.4 Results

First, the four FRT strategies are compared for the faults at the 150kV
busbar for network configuration II. For the sake of simplicity, two temporary
faults are considered for a duration of ¢ = 250 ms each at FA. Circuit breaker
triggering and protection algorithms are out of scope. A LL fault with a
fault resistance of Ry, = 2m{2 between phase a and b as well as a SLG fault
with a total fault resistance of Rgr,c = 22 between phase a and ground are
applied. Prior to the faults, the system is operating at full power. In the
second part of the results, the best RC strategy from the first assessment is
evaluated for different faults and saturation methods using the MMC-HVdc
model of Chapter 5 instead of the three—phase voltage source.

6.4.1 Comparison of the FRT strategies

Figures 6.4 to 6.6 plot voltages and currents for the considered strategies
in the time window of interest for the LL fault. Figures 6.6 to 6.8 display
the results for the SLG fault. The FRT strategies are arranged column—wise,
whereas each row exhibits a different variable.

6.4.1.1 LL fault at 150 kV

Row 1 of Fig. 6.4 shows the three—phase voltage u® at the PCC busbar
(according to Fig. 6.3). The values are 1.0 p.u. during pre—fault conditions
and return to this value after the fault. Due to the delta—star configuration
of the converter transformer, the PCC voltages have the shape of a SLG
fault. The voltage magnitude differs: two phase voltages increase transiently
up to 1.45p.u. for RC2 and RC3, whereas it stays below 1.3 p.u. for RC1.
The plot of strategy RC4 peaks below 1.3p.u.. The post—fault recovery
(starting from ¢ = 0.255s) indicates the fastest return to balanced voltages by
RC1 and RC4 and slightly slower responses for RC2 and RC3. The applied
voltages at the converter of WPP1 and the VSC-HVdc are illustrated in row
2 and 3, respectively. These voltages are subject to their inherent converter
limitations (e.g. designed voltage limitation whose exceedance causes OM).
Row 4 of Fig. 6.4 depicts the seq. magnitudes of the voltages at the LV
terminals of WPP1 converter. The voltage magnitudes for RC1 are lower
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during the fault than for the other strategies. For RC2 and RC3, harmonic
oscillation can be observed during the fault which are inherently caused by
the OM. The OM limitation in RC3 results in an improvement. For RC4,
the neg. seq. voltage magnitude at the WPP1 terminals is lowered through
neg. seq. voltage support.

The qualitative effect of OM might be analyzed by the zoomed plots in
Fig. 6.5 (row 1 and 2) detailing the shape of the applied voltage around
t = 0.22s. For the WPP1 converter, OM occurs for RC2, RC3, and RC4.
However, the largest OM happens for RC2 and RC3 where phase b and c are
almost square waveforms. The VSC-HVdc is also subject to OM, in particular
for RC2, RC3, and RC4. No OM appears for RC1 (both converters). In
Fig. 6.5, rows 3 and 4, the three—phase modulation indexes of the WPP1
converter mZVPPl’ref and the VSC-HVdc mXSC’ref are depicted. Moreover,
the modulation index barrier my,, is sketched as a horizontal line at 1.21
for the WPP1 and 1.3 for the VSC-HVdc, respectively. It can be observed
that the RCs relying on pos. seq. voltage support (RC2 and RC3) face
higher modulation indexes and thus OM which is in line with the observed
over—voltages in the respective phases.

Figure 6.6 displays converter-related results for the LL fault. Row 1 and
2 plot the dg—components of pos. and neg. seq. current measurements i1y,
i1q, t2d, and igq for WPP1 and VSC-HVdc, respectively. For RC1 and RC4,
the active current injection i14 demonstrates a significant reduction during
the fault to around 0.0 p.u. and 0.5 p.u., respectively. For RC1, this is due
to the OM limitation control on active current. For RC4, the g—components
in both sequences have priority during the fault and force the limitation
of active power. Row 3 depicts the three—phase currents from the WPP1
converter. It underlines that the current injection differs significantly: for
RC1 the current injection is reduced during the fault, whereas for RC2 and
RC3 balanced currents are injected. For RC4, the neg. seq. voltage support
leads to the injection of unbalanced currents. Row 4 displays the WPP1
converter dc voltage. It is obvious that for all strategies the increase in dc
voltage leads to a subsequent triggering of the dc chopper. The waveforms
of RC2 and RC3 show the typical double fundamental frequency affected dc
voltage ripple during the unbalanced faults. For RC1 and RC4, the active
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current limitation and subsequent permanent dc chopper activation revokes
this oscillation.

Table 6.5 summarizes the mean THDs of applied converter voltages and
currents at fault location. The THD values are calculated as the average of
the three phases over two grid cycles and 200 ms after the respective fault
inception. The values are rather indicative as the concept of THD is usually
applied to steady—state values and not evaluated during faults. Nevertheless,
the results related to the LL fault demonstrate low values for RC1 and RC4,
as expected, higher values for RC3, and the highest for RC2. It should be
mentioned that a distortion in the applied converter voltage obviously causes

a distortion in the injected current.

Table 6.5: Indicative mean THDs of three—phase values: Applied volt-

ages at the VSCs (ugfpl’ref, u;/scc’ref) and fault currents

(i FPL iVEC) for LL and SLG fault in %.

LL SLG
Variable RC1 RC2 RC3 RC4 RC1 RC2 RC3 RC4

WPP1 1.2 227 175 1.2 1.2 8.4 9.1 4.5

VSC 1.2 113 116 1.2 2.8 6.7 7.8 3.8
1 WPP1 85 21.2 121 2.6 3.8 5.0 8.3 6.0
VSC 2.8 6.7 7.8 3.8 1.8 3.5 8.5 5.8

uc,ref

IFA

! Fault current coming from WPP1 and VSC at location FA, respectively.
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6.4.1.2 SLG fault at 150 kV

The SLG fault results are presented in Figs. 6.7 to 6.9 following the similar
scheme as the LL fault. In row 1 of Fig. 6.7, the voltage waveforms at
the PCC busbar u® demonstrate comparable results for all RC strategies.
However, the values of RC1 show the fastest post—fault recovery. The applied
voltages (of the WPP1 converter and the VSC-HVdc), in row 2 and 3 of
Fig. 6.7 and row 1 and 2 of Fig. 6.8, are not affected by OM for RC1. For
RC2 and RC3, OM occurs in at least one phase voltage for both WPP1
converter and VSC-HVdc due to over—voltage. The VSC-HVdc voltage
corresponding to RC4 represents slight OM. The qualitative assessment can
be complemented by the indicative THD values outlined in Tab. 6.5. For
instance, during the faults for the WPP1 converter, the value is the highest
for RC2 and RC3, whereas RC4 and RC1 follow in respective order. In row
4 of Fig. 6.7, the seq. voltage magnitudes at the LV terminals of WPP1 are
visualized. It can be highlighted that both pos. and neg. seq. magnitudes
are lowered for RC1. For RC2 and RC3, the magnitudes measured face
oscillations due to the converters operating in OM. The neg. seq. magnitude
reduction can be observed for RC4, whereas the pos. seq. magnitude is kept
at a higher level than RC1.

To reiterate how the applied voltages are affected by OM, the modulation
indexes of the WPP1 converter and VSC-HVdc are outlined in row 3 and 4
of Fig. 6.8. It can be concluded that significant OM occurs only for RC2 and
RC3, whereas the results for RC4 demonstrate slight OM for the VSC-HVdc.
For RC1, the OM limitation control on active current successfully omits
the WPP converter to operate in the OM area. For strategy RC4, the FRT
scheme with pos. seq. voltage support and neg. seq. voltage reduction allows
the modulation indexes to be kept below the defined barrier my,;.

Row 1 and 2 of Fig. 6.9 illustrate the pos. and neg. seq. current mea-
surements in the SRF for WPP1 iWFP and VSC-HVdc 8, respectively. For
RC2 and RC3, the i14 is 0.1 p.u. and zero, respectively. For the strategies
RC1, RC2, and RC3, the WPP1 converter achieves the injection of almost
balanced currents due to control of io—components to zero. The reason is that
the applied voltage is successfully adjusted without causing a (significant)
OM. It can be noticed that the WPP1 converter absorbs neg. seq. current
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of 0.5 p.u. for RC4 during the fault leading also to a reduction of the pos.
seq. headroom. The VSC-HVdc injects i14 during the fault for RC1 and
RC2 (that means it absorbs reactive power generated by the WPPs and the
collection grid). In contrast, the active current reduces below zero. The neg.
seq. support is clearly visible by the non-zero components ioq and ia,. This
indicates that the converter is injecting actively i2 components to balance the
PCC voltage. Row 3 of Fig. 6.9 depicts the three—phase current injection by
the WPP1 converter which underlines the balanced currents for RC1, RC2,
and RC3 and the grid support with unbalanced currents when applying RC4.
Row 4 of Fig. 6.9 displays the dc voltage of the WPP1 converter and draws
similar results as during the LL fault. The dc chopper operates continuously
during the fault when active current is limited (RC1 and RC4), whereas
the dc voltage unveils the known double fundamental frequency oscillations
during the unbalanced faults. This is visible for the strategies RC2 and RC3,

where active current is barely limited.

6.4.1.3 Discussion

To conclude briefly on the presented analysis of the four FRT strategies, an
advantage was demonstrated from combined pos. and neg. seq. voltage
control (RC4) as well as simply no voltage support with OM limitation on
active current (RC1). The use of only pos. seq. support leads to more
significant OM and consequently harmonics (RC2) or higher phase voltages
even in healthy phases (RC3). The results for RC1 and RC4 exhibit that
both strategies provide a good fault response. However, when strategy RC1
is chosen there is a low or even no short—circuit current flowing from the
WPP-side which might lead to problems for protection measures. From an
overall perspective, under consideration of the fault currents, over—voltages,
and OM, RC4 provides the best results. Likewise, the active current reduction
by RC1 leads to lower over-voltages than RC4. Therefore, for the detailed
analysis of FRT with connected WPPs and the MMC-HVdc, it is proposed
to deploy strategy RC4 with higher gains k1 = ko = 6. The increased gains
in combination with reactive current priority lead to a stricter limitation of
active current during the fault. Compared to RC1, the injected fault currents
from the WPPs might enhance fault detection.
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Figure 6.7: Grid-related results for the SLG fault. Plots are ordered column—wise by strategy RC1 to RC4,
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Figure 6.9: Converter—related for the SLG fault. Plots are ordered column—wise by strategy RC1 to RC4, and
row—wise by dg—components of seq. currents injected by WPP1 and VSC-HVdc, the three—phase
current by WPP1, and the WPP1 converter dc voltage, in respective order.
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6.4 RESULTS

6.4.2 FRT and impact on the offshore MMC-HVdc

The results for the FRT behavior of the LLLG, LL, and SLG fault under prior
nominal power operation with the MMC-HVdc (network configuration IT) are
outlined in the Figs. 6.10 to 6.12. As mentioned in the previous discussion,
strategy RC4 is now deployed with gains of k1 = ko = 6. Instead of controlled
three—phase voltage sources, the MMC-HVdc model from Chapter 5 is used.
In principle, it is expected that the ac side of the MMC behaves equal to the
controlled three—phase voltage sources but in addition the internal variations
of energy, current, and voltage of the MMC—-HVdc might be explored. For
the SLG fault, the normal and extended saturation method introduced in
Chapter 5 are analyzed. The limitations on OM are relaxed in comparison to
the previous analysis to avoid the harmonic oscillations during over—voltages
(m¥PP = mYSC = 1.5). It must be noticed that the parameters of the
MMC-HVdc are set to the ones listed in Tab. 5.5. This implies slightly
larger time constants for the VC and CC compared to the previous analysis.
Regarding the faults themselves, the duration is changed to tf = 0.5 s for ease
of a better visualization. Likewise, permanent faults are simulated which
lead to a disconnection of the faulted WPP, in that case WPP1. Note that
zoomed plots with a higher time resolution of specific three—phase signals
(grid currents, grid voltages, inner currents, arm currents, and arm voltages)

are displayed in Fig. 6.12.

6.4.2.1 Normal saturation method for LLLG and LL faults

First, column 1 to 2 of Figs. 6.10 to 6.12 are contemplated. These columns
present the results of the LLLG and LL fault under usage of the normal sat-
uration method by the MMC-HVdec. As a reminder, the extended saturation
is not applicable for the voltage conditions caused by the LLLG and LL fault.
For the SLG fault, the results for the normal and extended saturation are
displayed in column 3 and 4, respectively.

Row 1 to 5 of Fig. 6.10 present grid currents ¢%, grid voltages u®, and
voltage magnitudes of symmetrical components at VSC-HVdc Ug,, and
WPP2 converter currents i F'F2 and voltages U}y P¥2. WPP2 has been chosen
for visualization because WPP1 disconnects after the fault and therefore
neglects the post—fault behavior. For the LLLG fault, it can be deduced that
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6 FAULT RIDE THROUGH OF THE W'TS DURING UNBALANCED FAULTS

the grid voltage drops, whereas the converters supply maximum balanced
currents according to their FRT behavior. Here, the WPPs inject reactive
currents according to RC4 with a gain of k&1 = 6 and the VSC-HVdc reaches
its maximum current injection with the normal saturation method. Neg.
seq. voltage components occur only during short transient periods at fault
inception and ending. After the fault ending, the limited active current is
quickly ramped up to the pre—fault value. For the LL fault, the converter
currents reach their maximum value after the fault inception and both WPPs
and offshore VSC inject unbalanced currents into the offshore grid. Over—
voltages in the offshore grid voltage are avoided due to the grid support by
the WPPs on the one side and to the reduction of active current on the
other side. This might be directly observed when comparing the grid voltage
profile of the LL fault with the results in row 1 of Fig. 6.4. Furthermore, the
magnitudes for the seq. components at WPP1 are equal for the pos. seq.
and halved for the neg. seq. compared to RC1 of the previous analysis.

Figure 6.11 presents the internal results of the MMC-HVdc. Row 1 and

™ and the upper arm currents ixy. Their

2 display the inner currents "
respective values are kept within reasonable range during the fault duration
compared to the normal full load operation prior to the fault. From the
LLLG results, it can be deduced that the inner currents are reduced to almost
zero during the fault. That behavior is expected because the converter does
not experience a horizontal energy deviation (balanced conditions), row
5, and the injected current is almost purely reactive. The vertical energy
deviation (row 4, Fyr,) is caused by the individual phase voltage and current
magnitudes at fault inception. The offset is sustained during the fault as
the vertical energy balancing is switched off. In row 3, it can be seen that
consequently the upper arm capacitor voltages uj{; remain with a dc offset
during the fault and are rebalanced afterwards.

For the LL fault, the results of the MMC-HVdc internal variables reveal
that the vertical balancing regulates the energies instantaneous after fault
inception. This can be deduced from the short transient with 50 Hz com-

ponent of 5™

in row 1 and the vertical energy deviation Eyr, in row 4.
Besides that, the sustained horizontal energy unbalance can be concluded

from the unequal dc offset of the three phases for the inner current and the
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6.4 RESULTS

unbalanced arm currents iy and arm capacitor voltages uy; (only the upper
arm is displayed). To sum up, the MMC-HVdc can successfully handle both
faults described and the strategy RC4 with higher gains avoids consequently
over—voltages in the offshore grid.

6.4.2.2 Extended and normal saturation method for SLG fault

In column 3 and 4 of Figs. 6.10 and 6.11, the results for the SLG fault under
usage of the normal or extended saturation method are depicted. Row 1 and
2 of Fig. 6.10 display the grid currents and voltages, respectively. During
the fault, the grid voltage profile depends on the current injection of the
VSC-HVdc (depicted in row 1) and the WPP converters (WPP2 current
injection is drawn in row 4). Regardless of the saturation method, over—
voltages are avoided using the strategy RC4 with higher gains than in the
previous analysis (refer to Fig. 6.7, column RC4, row 1). As can be seen
from the three—phase voltage results, the extended saturation method leads
to an increased balance of the voltages. This observation might be supported
by the grid voltage magnitude results shown for pos. and neg. seq. in row 3.
The increase of the pos. seq. of 0.23 p.u. and the reduction by 0.11 p.u. of
the neg. seq. voltage magnitude is achieved through the application of the
extended saturation compared to the results of the normal saturation.
Rows 4 and 5 reveal the pos. and neg. seq. voltages at the WPP2

WPP2 a5 well as the converter currents of WPP2 §WFPP2,

converter terminals w
respectively. As a difference between the saturation methods, it might be
highlighted that the extended method causes an increase of 0.11 p.u. for the
pos. seq. voltage magnitude ©"VFP2. The neg. seq. component is slightly

augmented by 0.04p.u.. The WPP2 converter current i"VFt?2

contains neg.
seq. for both saturation methods and is limited phase-wise to the maximum
current of 1 p.u.. During the fault, the reactive currents in pos. and neg. seq.
required by the FRT strategy lead to a reduction of the active current. After
the fault, balanced currents are injected as the WPPs terminate the voltage
support and recover their active current provision. At WPP level, the effect
is less pronounced which is displayed in row 5. Besides that, it must be noted
that the extended saturation method leads to a more determined response

with a shorter transient period to reach steady—state values during the fault.
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6 FAULT RIDE THROUGH OF THE W'TS DURING UNBALANCED FAULTS

rSuIm

The rows 1 to 5 of Fig. 6.11 display the inner currents 7;"", upper arm
currents iy, upper arm capacitor voltages ujy;, and internal energy varia-
tions of the MMC-HVdc in vertical and horizontal direction, Fyr,, Eap, and
E,., respectively. From row 1, it might be observed that for both saturation

principles the inner currents ;"™

are similarly affected by the vertical bal-
ancing activity instantaneously after the fault inception (refer also to row
3 of Fig. 6.12). The initial oscillations are caused by periodic enabling and
disabling of the vertical balancing components of the inner current due to
the condition on the difference of the pos. and neg. seq. converter voltage
magnitudes. However, for the extended saturation the vertical energy is
balanced faster (50 Hz oscillation ceases). During the continuation of the
fault, the dc component of i7" of phase a and c is higher for the extended
saturation due to the increased converter capability utilization. For the
upper arm currents ixy (row 2), it can be seen that the initial transient is
considerably shorter for the extended saturation. The commented increase

of the dc component of if*™

for the extended saturation method results in
sustained higher peak values of the arm currents. It should be mentioned
that the arm currents stay within 0.61 p.u. of the ac base current which is
comparable to the nominal conditions prior to the fault. Row 3 reveals the
upper arm capacitor voltage uf; which exhibit the unbalanced conditions of
the asymmetrical power exchange during the fault. The rows 4 and 5 depict
the energy regulation in vertical and horizontal direction which performs ade-
quately. The vertical energy is regulated around 0.1 s faster for the extended

saturation than for the normal saturation.
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Figure 6.10: Grid-related results for network configuration II. Plots are ordered column—wise by different faults, and row—wise by grid
current, grid voltage, and voltage magnitudes of symmetrical components at VSC-HVdc, converter current and WPP2
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Figure 6.11: MMC-related results for network configuration II. Plots are ordered column-wise by different faults, and row-wise by
inner currents, upper arm currents, upper arm capacitor voltages, and internal energy variations of the MMC-HVdc in
vertical and horizontal direction, in respective order.
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Figure 6.12: Zoomed results for Figs. 6.10 and 6.11. Plots are ordered column—wise by different faults, and row—wise by grid currents,
grid voltages, inner currents, upper arm currents, and upper arm capacitor voltages, in respective order
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6 FAULT RIDE THROUGH OF THE W'TS DURING UNBALANCED FAULTS

6.5 Summary

This chapter addressed the FRT behavior of the WT converters during
unbalanced voltage conditions in the offshore ac grid. For HVdc—connected
WPPs, the offshore grid presents a network configuration with the WT
converters operating in grid—connected mode and the offshore VSC-HVdc
in grid—forming mode. Unbalanced faults present severe interruptions of
the normal operation. Each converter in the system might be designed to
react upon the implemented FRT strategy. Four FRT strategies for the WT
converters were outlined. With specific focus on unbalanced faults, the FRT
strategies ranged from no grid support, solely pos. seq. support, or joint
pos. and neg. seq. dynamic voltage support. It was elaborated that OM
occurs when the applied converter modulation index exceeds a predefined
modulation index barrier. Therefore, two of the strategies are using OM
limitation control on the active or reactive converter current. Transient
simulations were performed for LLLG, LL, and SLG faults at the 150kV
busbar in vicinity of the offshore VSC-HVdc. Dynamic voltage support in
both pos. and neg. seq. represented the most appropriate solution to support
both the offshore grid and the VSC-HVdc to ride through the fault and
continue to normal operation in a smooth manner.

The first part of the analysis was performed with a simplified offshore
VSC-HVdc model using a regulated three—phase voltage source. The upper
level controllers for the grid—forming operation mode were implemented
according to Chapter 5. Contrary to the operation without any W'T con-
verters connected, over—voltages and OM represented a serious threat during
unbalanced faults in the offshore grid. On the one hand, an OM—dependant
limitation of active current by the WTs (strategy RC1) was seen beneficial
for the magnitude of the offshore grid voltage. Moreover, OM was avoided
by any converter in the system. However, in that case, there is no fault
current contribution from the WPPs. On the other hand, pos. and neg.
seq. voltage support by the WTs (strategy RC4) provided fault currents and
limited active current only if necessary. Consequently, the OM in one or
more phase(s) appeared due to the over—voltages in the system.

In the second part, the MMC-HVdc model introduced in Chapter 5 was
included to discuss the impact on the internal variables of the MMC-HVdc
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6.5 SUMMARY

when the WT converters were in operation. Additionally, it was proposed
to deploy dynamic voltage support in symmetrical components with higher
gains to limit the active current injection during the fault. It was demon-
strated that the FRT of the WT converters with higher gains diminished the
earlier experienced over—voltages. It was further presented that the extended
saturation method introduced in Chapter 5 causes similar improvements
regarding the offshore grid voltage and the MMC-HVdc response as already
highlighted for the passive offshore grid. The MMC internal variables coped
with different FRT strategies applied by the WT converters. To sum up,
the control method in symmetrical components introduced in Chapter 5 was
succesfully demonstrated for the WPPs in operation and the FRT in pos.
and neg. seq. with high gains was found to be the best fit for the application.
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7 Conclusions

This chapter wraps up the conclusions of thesis and future work regarding
the control and operation of HVdc—connected WPPs.

7.1 Main conclusions

The main conclusions are summarized per each chapter:

e Chapter 2 provided a summary of the state of the art within the scope
of the thesis. Operation and control of HVdc—connected WPPs and the
well-known control methods for grid—connected and grid—forming power
converters were highlighted. The chapter shed light on conventional
reactive power control in WPPs and aspects regarding the FRT of
power system faults. For HVdc—connected WPPs, two main gaps were
identified in the literature: i) application of optimization—based reactive
power control and ii) FRT of unbalanced faults in the offshore;

e Chapter 3 covered optimization—based reactive power control of a single
HVdc—connected WPP in steady—state. It was demonstrated that, to
reduce power losses, reactive power was advantageously shared among
the different converters in the system (WT converters and offshore VSC—
HVdc). From the optimization—based reactive power dispatch, it was
demonstrated that those WTs which were close to the PCC and/or had
a high individual active power production were contained to produce
more reactive power than others. A wake model was used to cover
a large set of realistic operating points. Optimization—based reactive
power dispatch using a variable reference voltage for the offshore VSC-
HVdc demonstrated an increased potential for power loss reduction. It
was shown that the appropriate voltage reference depends primarily on
the active power output of the whole WPP;
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o consequently, Chapter 4 extended the work to HVdc—connected WPP

178

clusters. The expected operator framework defined a multi-layered
approach for the reactive power/voltage control methods. It was pre-
sented that reactive power provision from a WPP generally caused
higher power loss than from an offshore VSC-HVdc. Furthermore, it
was demonstrated that the division in different grid layers (HV export
grid, MV collection grid) presents a good trade—off for the success of
the reactive power /voltage control. It was then concluded that opti-
mization strategies with variable voltage reference gain an even higher
loss reduction. Besides that, it was highlighted that incorporation of
power converter losses in the optimization—based reactive power control

application is of utmost importance for increased accuracy;

Chapter 5 proposed a control method using symmetrical components for
the grid—forming offshore MMC-HVdc. It was shown that the suggested
control method with VC and CC loops in pos. and neg. seq. allows us to
gain full converter current controllability during unbalanced conditions.
Additionally, it was outlined that the internal variables of the MMC, e.g.
inner currents, arm currents, and arm capacitor voltages, in principle do
not exceed their design values when the grid—forming converter injects
maximum current during faults. An extended saturation method was
presented which aims to inject maximum currents during unbalanced
faults with two faulted phases at the VSC-HVdc terminals. Simulations
were performed and discussed for the operation of a passive offshore grid
where the offshore VSC-HVdc represented the only active converter;

and finally, Chapter 6 evaluated four FRT strategies for the WPPs
during unbalanced faults in the offshore grid. The FRT strategies
differed in terms of pos. and/or neg. seq. dynamic voltage support and
specifically OM limitation on active or reactive current. It was explained
that over—voltages might occur in the offshore ac grid during unbalanced
faults when the active current injection by the WPPs was not limited.
Furthermore, the control method and proposed saturation principles
of Chapter 5 were applied to the network configuration with the WT
converters in operation. It was highlighted that the combination of
dynamic voltage support in symmetrical components and active power
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limitation delivers good results for the system behavior during FRT.
Hence, the best implementation to ride through unbalanced faults
demonstrated the dynamic voltage control with high gains.

7.2 Future work

In the field of connection of remote offshore wind resources, there are a series
of topics which might be further investigated. On the reactive power and
voltage control methods presented in Chapters 3 and 4, it might be beneficial
to define in more detail the implementation in a real setup. This might be
first supported by dynamic simulations using real WPP (cluster) data, i.e.
wind speed or active power generation time series. The strategy on how to
adopt to a new set of reactive power and voltage reference set—point might be
explored. Furthermore, it might be of interest to develop a joint optimization
algorithm which targets wake reduction, reactive power and voltage control.
One emerging topic is also the use of HV collection grids, namely 66 kV,
which is the logical consequence when larger turbines are deployed. The
higher nominal voltage lowers the currents and, consequently, the power
losses. Simultaneously, it increases the reactive power requirements in the
offshore grid. The reactive power dispatch concepts presented in this thesis
might gain importance as two factors become unfavorable for the conventional
dispatch: i) higher reactive power requirement by the HV collection grid
itself and ii) larger distances between the turbines due to the increased rotor
diameter. Furthermore, the accuracy of the used data might be increased,
specifically using better power converter loss models in dependence of active
and reactive power and grid voltage, and/or validated field data. To follow
up the analysis performed on reactive power control in HVdc—connected
WPP clusters, it might be of interest to have real data on wind speeds
among the cluster and especially on cluster wake effects. Besides that, the
implementation in a dynamic simulation environment might be of interest.
For the EMT simulations in Chapters 5 and 6, it might be of interest
to build up an experimental setup and validate the presented techniques.
Furthermore, as recent and future GC might incorporate neg. seq. cur-
rent provision and control during FRT in their requirements, generic and
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manufacturer—specific models might be used in the future to perform detailed
studies and adopt their functionalities. Besides that, it would be of interest to
test the current limitation methods presented for the grid—forming converter
in a hardware setup, particularly with a MMC.

In this thesis, FRT by the offshore MMC-HVdc in the offshore grid was
analyzed with one possible grid—forming control concept (option I). The
control framework was further proposed without decoupling networks in the
CC or on the fed—forward load current to avoid double fundamental frequency
oscillations. Although they have been attenuated by notch filters, superior
performance might be gained by the consequent use of such decoupling
networks (well known for the grid—connected application, refer to [17], and
performed in Chapter 5 for the voltage measurements). The general control
concept, either with or without symmetrical components, has the advantage
of a dedicated current controller but might employ a physical HV capacitor
not needed for the proper MMC-HVdc topology but the offshore grid control.
More research efforts might be needed on how exactly the physical HV
capacitor might be replaced by advanced control methods (e.g. real-time
estimation of the offshore grid impedance). Another option might be the
enhancement of alternative control methods, both derivations of option II
or new proposals, to allow their use during faults. From the industrial
perspective, recently, an important topic is the reported experience on over—
voltages in the offshore grid after unplanned trips of the offshore VSC-HVdc.
In that case, it might be useful to explore control methods which blend the
boundaries between the grid—connected and the grid—forming operation of
power converters. Data on unplanned offshore system trips, e.g. reported
on the transparency portal of ENTSO-E!, are also a clear indicator that
reliability of the systems deployed offshore is very important and a bold item
for the future competitiveness of the offshore wind industry.

'ENTSO-E Transparency Platform: https://transparency.entsoe.eu/.
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Appendix A

Mathematical transformations and
converter losses

A.1 Reference frame and sequence transformations

In the time domain, the Clarke— and Park—transformations relate the sta-
tionary abc-reference frame with the stationary a80— and synchronous dq0-
reference frames, respectively. The Clarke-transformation C transforms the

abc-reference frame vector 4. into the a30-reference frame vector xqg0:

2 -1 —1
1
Tapo = C zape; C= g 0 \/g —\/g (Al)
1 1

The transformation of the vector x4, in the stationary abc-reference frame
into the synchronous dg0-reference frame vector x40 is made by the so-called
Park-transformation T(f) which results from the Clarke-transformation

under rotation of angle 6 [207]:

cosf sinf O

T4q0 = CR(0) Tabe; R(#) = |—sinf cosf 0 (A.2)
N—_——
T(6) 0 0 1

In the phasor domain, the stationary abc—reference frame vector xqp.
might be transformed by the Fortescue-transformation F into symmetrical
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components z19 [208]:

(6%
x120 = F Zgpe; F = o? « (A.3)
1

where:

a = Fortescue—operator (rotates a phase vector by 120° counter—clockwise).

The inverse Clarke—, Park—, and Fortescue—transformations are consequently
denoted C~1, T(Q)_l, and F~!, respectively.

A.2 Converter loss model for power system studies

Power losses in a power converter appear mainly in the semiconductor switches
during the switching and conducting process [122], [209]. Detailed loss models
depend, apart from the converter current, from the used modulation strategy,
switching frequency, and semiconductor switch characteristics [122], [209].
However, approximated models are sufficient for power system studies [210].

The converter current magnitude I, the most significant factor for the loss
calculations. The injection of active and reactive power, P, and Q., define

the ac converter current I. according to Eqn. (A.4):

= Ve e (A.4)

B \/g . ULL,rms

The switching and conduction losses P/ of a VSC might be approximated
by a quadratic polynomial function in dependence of the converter current

I., considering three parts: constant, linear, and quadratic losses [20].

Ploss —

conv

I I\?

where:
I, = rated converter current;

S; = rated apparent power.
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A.2 CONVERTER LOSS MODEL FOR POWER SYSTEM STUDIES

Typical loss data for a system rated to Uy, = +300kV, S, = 600 MVA
based on a 2L-HVdc can be found in [211]. For a MMC-HVdc the current—
dependent losses in the converter valves are approximately halved compared
to a 2L-HVdc mainly because of the reduced switching frequency [135]. More
detailed loss models for power system studies with the MMC-HVdc might
be found in [212]-[215].

Table A.1: Typical converter loss parameter values used in

[20], [135], [211].
System a b c
Wind turbine GSC 0.0005 0.0097 0.0048
2L-HVdc rectifier? 0.0083 0.0030 0.0032
MMC-HVdc rectifier? 0.0042 0.0015 0.0016

L All studies in the thesis consider solely the offshore converter which
acts primarily as rectifier.
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