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Abstract

The high-voltage AC-DC-AC power system has large offshore wind farms connected to the
offshore AC substation. This offshore AC substation is then connected to the AC grid, which
is located on the mainland through the High Voltage Direct Current (HVDC) link. The main
function of this whole power system is to transfer the injected AC effective power produced
by the wind generation into the AC grid where the end users are connected. However, this
transfer is imperfect since a power fraction is either locally stored at the line inductances or
is dissipated at the line resistances. Thus, these two contributors of power loss, particularly
for a long HVDC link, have to be considered in detail to control the full dynamics accurately.
The thesis focuses on the development of a complete method for generating and tracking fast
trajectories which allow shifting the operation point of a high voltage AC-DC-AC power system
within a short time interval (time scale in the order of 10 ms or half of the AC period) without
exciting additional transients after reaching the operation point. It is important to note that
the full system is controlled by three converter stations placed at the beginning, middle, and
end of the system. These converter stations are where the inputs that drive the dynamics act.
When considering a high voltage AC-DC-AC power system with a conventional rectifier and
the modern converter topology known as Modular Multilevel Converter (MMC) as the inverter
along with their corresponding internal dynamics, the control of the system becomes more
complicated as a result of the increasing number of state variables that are coupled to each
other. Given the complexities of the system under consideration, there is a high possibility of
generating an undesirable transient at the final state when the system is driven from one state
to another. Therefore, the trajectory design has been carefully developed in order to generate
the input needed to achieve a smooth transition to a new steady state without causing any
transient and, if possible, in a short time interval. This framework lends itself well for developing
a stabilizing feedback that is capabale of compensating for small deviations from the desired
operation point. Moreover, the technique described in this thesis is applicable not only to
the conventional converters but also to the modern converter topology of MMC, and is very
promising for future applications involving a sudden voltage drop in a short time.
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Kurzfassung

Das Hochspannungs-AC-DC-AC-System verfiigt iiber groke Offshore-Windparks, die an das
Offshore-Wechselstrom-Umspannwerk angeschlossen sind. Dieses Offshore-Umspannwerk wird
dann iiber die Hochspannungs-Gleichstrom-Ubertragung (HGU) an das Wechselstromnetz, das
sich auf dem Festland befindet, angeschlossen. Die Hauptfunktion dieses gesamten Energie-
versorgungssystems besteht darin, die von der Windenergie erzeugte AC-Wirkleistung in das
AC-Netz zu iibertragen, an das die Endverbraucher angeschlossen sind. Diese Ubertragung ist
jedoch nicht perfekt, da ein Teil der Leistung entweder lokal in den Leitungsinduktivititen
gespeichert wird oder an den Leitungswiderstdnden abgefiithrt wird. Daher miissen diese bei-
den Beitrige zur Verlustleistung, insbesondere bei einer langen HGU-Verbindung, im Detail
beriicksichtigt werden, um die gesamte Dynamik genau zu steuern. Die Arbeit konzentriert
sich auf die Entwicklung einer vollstindigen Methode zur Erzeugung und Verfolgung schneller
Trajektorien, die es ermdglichen, den Betriebspunkt eines Hochspannungs-AC-DC-AC-Systems
innerhalb eines kurzen Zeitintervalls (Zeitskala in der Grofenordnung von 10 ms oder der Half-
te der Wechselstromperiode) zu verschieben, ohne zusitzliche Transienten nach Erreichen des
Betriebspunkts anzuregen. Es ist wichtig zu erwéihnen, dass das gesamte System von drei Um-
richterstationen gesteuert wird, die sich am Anfang, in der Mitte und am Ende des Systems
befinden. An diesen Umrichterstationen wirken die Eingénge, die die Dynamik steuern. Be-
trachtet man ein Hochspannungs-AC-DC-AC-System mit einem konventionellen Gleichrichter
und einer modernen Umrichtertopologie, die als Modular Multilevel Converter (MMC) be-
kannt ist, als Wechselrichter, zusammen mit ihrer entsprechenden internen Dynamik, so wird
die Steuerung des Systems aufgrund der zunehmenden Anzahl von miteinander gekoppelten
Zustandsgrofen komplizierter. In Anbetracht der Komplexitét des betrachteten Systems be-
steht eine hohe Wahrscheinlichkeit, dass beim Ubergang von einem Zustand in den anderen
eine unerwiinschte Transiente im Endzustand entsteht. Daher wurde der Entwurf der Trajek-
torie sorgfiltig entwickelt, um den Eingang zu erzeugen, der erforderlich ist, um einen glatten
Ubergang zu einem neuen stationiren Zustand zu erreichen, ohne dass es zu einer Transiente
kommt, und wenn méglich in einem kurzen Zeitintervall. Dieser Ansatz bietet die Grundlage
fiir die Entwicklung einer stabilisierenden Riickkopplung, die in der Lage ist, kleine Abweichun-
gen vom gewiinschten Betriebspunkt zu kompensieren. Dariiber hinaus ist die in dieser Arbeit
beschriebene Technik nicht nur auf konventionelle Umrichter, sondern auch auf die moderne
Umrichtertopologie, beispielsweise MMC, anwendbar und sehr vielversprechend fiir zukiinftige
Anwendungen, die einen pldtzlichen Spannungsabfall in kurzer Zeit erfordern.
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Chapter 1

Introduction

1.1 Background

Energy is an essential component of all economic activities. Electric power has increasingly
emerged as the main source of energy for domestic and commercial usage throughout the
previous century. According to the recent report on the Global Energy Review from the Inter-
national Energy, power and heat production recorded the greatest increase in CO9 emissions in
2021, with an increase of over 900M¢t. This energy-related COy emission contributed to 46% of
the global rise in emissions, as the usage of all fossil fuels rose to fulfil the growing demand for
electricity [1]. Energy-related CO2 emissions are projected to rise even more rapidly, increasing
by 78% between 2005 and 2050 if action is not taken to curb them [2]. COq, which is among
the greenhouse gases (GHGs) emitted by human activities, is by far the largest contributor to
climate change. In response to the escalating climate change and CO5y emissions along with
increasing energy demand, international treaties such as the Kyoto Protocol [3| and the Paris
Agreement [4], were initiated to urge for a reduction in fossil fuel dependency and the use of
renewable energy sources.

A transition away from fossil fuels to low-carbon alternatives will play a crucial role in
reducing CO emissions. Therefore, as an alternative, an environmentally friendly electrical
generation that utilises renewable resources such as hydropower, wind power, and solar power
provides a clean and sustainable solution to meet the demand of energy. Nevertheless, incorpo-
rating these resources into the conventional AC power grid presents numerous difficulties. One
of the challenging factors is the location of the renewable energy sources. Renewable energy
resources are typically located in remote and inaccessible places far from the locations where
the energy is consumed. For instance, when it comes to offshore wind farms, long distance
underwater power cables are needed to supply electricity to the mainland. For this reason, the
high voltage direct current (HVDC) transmission systems, which offer a highly efficient alter-
native for transmitting the electricity generated through renewable energy resources including
the off /on-shore wind farms over long distances, are becoming more important in the energy
landscape. Figure 1.1 illustrates an HVDC transmission system connected to the offshore wind
turbine.
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Offshore wind turbine Wind energy generated HVDC platform Subsea cables, some O A converter station on
plants generate by the wind farm converts the alternating more than 100 km in land transforms the
medium-valtage AC turbines transformed to current from several length, transpert the direct current back into
power higher AC power at the substation platforms to low-loss direct current alternating current for
substation platform direct current for onto land feeding into the
transmission high-voltage grid and

for further transmission

Figure 1.1: HVDC transmission system with offshore wind turbine|[5]

The power electronic converters that are built by interconnecting semiconductor switches
are the essential component that makes the HVDC transmission technology possible. It involves
using a converter to convert AC to DC (rectifier) at the transmitting end and converting the
DC back to the AC (inverter) at the receiving end. However, the lack of reliable and efficient
converters has been a major hurdle in the development of HVDC. In spite of this, the modern
converter topology known as modular multilevel converters (MMCs) developed by Lesnicar
and Marquardt [6],[7],[8], provides a solution that is not only efficient but also economically
feasible for the grid integration of remote resources and the transfer of bulk power. It offers
high reliability capability through high number of submodule, where a defect submodule can be
replaced through a redundant submodule. Another appealing feature of MMC is its modular
design, which allows it to be scaled for different power and voltage levels. Beside that, MMC
offers high level of efficiency. This is due to the high number of submodules, which minimises
both the voltage stress across the switches and the switching frequency for each device. In
addition to this, the presence of many voltage levels results in better output since it reduces
the harmonics that are present in the voltage. As a consequence of this, the size of the harmonic
passive filters is reduced and the necessity for these filters can even be eliminated. Due to the
aforementioned advantages, research in the MMC topology has been intensified within the
academia and industry [9]. The Trans Bay Cable, a project commissioned by the Siemens
company, is the world’s first HVDC transmission project based on MMC technology and has
been in commercial operation since 2010. It is capable of supplying up to 400 MW of electrical
power, which covers 40 % of the San Francisco city energy requirement. The electrical power
is transfered from Pittsburg, California to the city of San Francisco, via a subsea cable of 85
km [10][11].
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1.2 Motivation

In the event of an unexpected power outage in the transmission system, the available electrical
power would be significantly reduced. Thus, a rapid recovery plan and action need to be put
into place in order to guarantee that there will be no interruptions in the delivery of electricity
to the end user and that the electricity will be constantly available. Consequently, a fast
trajectory tracking design and control play a significant role. For instance, if one or some of
the wind generators are unable to operate due to the low wind intensity, this should trigger
the controller to compensate and stabilize the system within a relatively short time interval.
When taking into consideration a high voltage AC-DC-AC power system with a conventional
rectifier and the MMC as the inverter, the control of the system becomes more complex due to
the increased number of state variables that are coupled to each other. For instance, an MMC
consists of 6 internal arms equipped with many capacitances which can be inserted by means of
high power switches. Thus, the relevant degrees of freedom for controlling the MMC are the 6
currents flowing through each arm and the 6 energy components stored in the arm capacitances.
Due to the complexity of the considered system, there would be a high risk of inducing some
undesired transient at the final state when the system is driven from one state to another state.
Hence, in order to develop the corresponding input to drive the system with a smooth transition
from one steady state to a new steady state without producing any transient, the trajectory
design should be first carefully and thoroughly developed. While it is known that the power
transfer coupled to the current and voltage dynamics is a high order multi-input-multi-output
(MIMO) nonlinear system, thus, a suitable control technique should be adopted. Normally the
approach to this complex control is the implementation of cascaded control which incorporates
the use of both the outer loops and the inner loops [12]|[13]. However, the demand for speed
in these control loops reduces the robustness and makes it sensitive to noise. In contrast, the
classical control approaches, such as the proportional-integral (PI) controller, require many
control loops in order to achieve all of the control goals that have been set. In addition, the
PT controller’s performance relies on the controller gains being tuned, which can be a time-
consuming and difficult process. Based on the above-mentioned limitations, further research
in implementing an alternative control technique is warranted.

1.3 Objectives of the thesis

The objective of the thesis is to develop a complete method for generating and tracking fast
trajectories which allow to shift the operation point of a high voltage AC-DC-AC system within
a time scale in the order of 10 ms. The applied technique of flatness-based control allows a
very precise tracking of a desired trajectory for all relevant degrees of freedom in such a power
system. This technique has been applied in [14], which deals with an AC-DC-AC high power
system employing conventional converters (rectifier and inverter) without resolving the energy’s
internal dynamics. Inspired by this work, new ideas have been developed concerning a similar
power transmission system. However, this time the conventional inverter is being replaced by a
modern converter topology, namely a Modular Multilevel Converter (MMC), while maintaining
the conventional rectifier. Furthermore, the internal dynamics of each converter (particularly
the MMC inverter) are also taken into account this time. Using the MMC as an inverter
is primarily motivated by the considerably lower harmonic content of the supplied AC grid
current. The AC grid is where the end users are connected to and where the AC current has to
be nearly equal to the desired sinusoidal oscillation of some constant amplitude and frequency.
On the other hand, a conventional inverter with one single submodule (or a very reduced
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number of submodules) in each phase requires additional filters in the AC grid to remove
undesired harmonics produced by the switching pattern of the few submodules. However, an
MMC does not require such filters. In the case of the rectifier, since this is just located in
the middle of the power transmission system, there is no need for a "clean" DC current. Any
imperfect transmission that is caused by the rectifier will be corrected by the MMC at the end
of the transmission system. Nevertheless, if the island bus has a high probability of failures
that we wish to eliminate from the HVDC transmission line, an additional MMC as a rectifier
will be warranted. But in spite of that, employing a second MMC as a rectifier is quite costly
for the system as a whole and will not be addressed in this thesis. In other words, the MMC is
used as an inverter for producing a nearly perfect sinusoidal AC grid current, independent of
the imperfectly constant DC current issuing from the conventional rectifier. The main degrees
of freedom related to the MMC comprise the 6 current components that are flowing through
each arm and the 6 energy components that are collectively stored in the arm capacitances of
the MMC. These energy components are also relevant for the internal distribution of energy
among the 6 MMC arms. On the other hand, to control the internal energy redistribution
within the MMC, the circular current components and the common-mode voltage are used,
representing the MMC’s internal degrees of freedom. Apart from that, the AC grid voltage is
regarded as an externally controlled voltage and cannot be modified by the controller. Since
the MMC consists of a large number of state variables, the control of the MMC inverter is
complicated and becomes much more so when the state variables are coupled to one another
in the context of the full system. As the current work will consider the full internal dynamics,
it has to be ensured that the required power is transferred from the AC generator side across
the DC link to the AC grid where the end users are connected. Additionally, this framework
is well suited to develop a stabilizing feedback for compensating small deviations from the
desired operation point. The technique considered in this thesis can be applied not only to
the conventional converters but also to the modern converter topology of Modular Multilevel
Converters and is very promising for future applications when dealing with a sudden voltage
drop in a short time.

1.4 State of the art

e Zhou et al.[15]: “Grid Integration of DFIG-Based Offshore Wind Farms with
Hybrid HVDC Connection” (2008)
The authors present a hybrid topology of the HVDC transmission system for offshore
wind farms based on Doubly Fed Induction Generator (DFIG) that integrates the Line
Commutated Converter (LCC)-HVDC technology and Voltage Source Converter (VSC)-
HVDC technology is presented. The proposed hybrid HVDC system consists of an LCC
with a Static Synchronous Compensator (STATCOM) on the rectifier side and a Pulse
Width Modulation-Current Source Inverter (PWM-CSI) on the inverter side. In com-
parison to the current thesis, the transition from one operation point to another different
operation point in this paper took a longer time intervall which is approximately 0.5s.
Moreover, the control method for black start, current dynamics and independent reactive
power control described in this paper implements the classical PI controller.

e Mohammad et al.[14]: “Fast trajectory tracking based on flatness control for
a high voltage AC-DC-AC power system” (2018)
Due to the limitations stated in [15], a flatness-based tracking control has been derived
in full detail in order to drive the system along the desired trajectory, even in the event
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of a fast transition between different operation states for the nonlinear dynamics of a
complete high voltage DC (HVDC) power system connecting wind generators to an AC
grid which also incorporates conventional converters. Compared to the current thesis,
the system that was considered in this paper operates under one simplification: neither
the conventional AC-to-DC rectifier nor the conventional DC-to-AC inverter have had
their internal dynamics modelled. Thus, the time step that is used for the control cannot
be reduced below one AC period, which places a strong limitation on the fast trajectory
tracking.

e Stark et.al [16]:“Fast compensation of DC bus voltage drops using modular
multilevel converters” (2019)
In this paper, the MMC is considered as a DC-AC inverter with given voltages at both
the external DC and AC sides, along with the desired AC current that must be kept at all
costs. Here the MMC is connected to a long DC transmission line with a long three-phase
AC transmission line. Following a sudden drop in the DC voltage, the DC current must
be increased to supply the AC grid with the required effective power. As a result, the
MMC must drive the DC side from the initial steady state to a new steady state within
a short interval consistent with the reduced DC voltage. Nevertheless, this deviation
should be compensated without affecting the AC side, while simultaneously restoring
the power flow and the symmetrized arm energies below one AC cycle. Out of the 3
internal degrees of freedom in an MMC (2 circular current components and 1 common-
mode voltage), only the circular currents are being used to control the 5 internal energy
components of the MMC over a short time interval. The 2 circular current components
are formulated as a linear superposition of smooth part and five hump functions of still
undetermined amplitudes. Those amplitudes will be determined from the change in the
five arm energies. On the other hand, since there is a sudden DC voltage drop, the DC
current will become another design variable, which will have the same pattern as the
circular current but this time the amplitude will be obtained from the change in the total
energy. Compared to this paper, the current thesis has proposed a similar technique for
designing the input required to drive the system. However, this time it is not applied
on a single subsystem but on the full high voltage AC-DC-AC power system. Apart
from that, the current work also has developed a trajectory tracking control using the
flatness-based control as well as a feedback control which is capable of compensating any
deviation that may arise in the system within a very short time interval (1 ms).

e Fehr et al.[17]: “Improved Energy Balancing of Grid-Side Modular Multilevel

Converters by Optimized Feedforward Circulating Currents and Common-
Mode Voltage” (2018)
In this work, a strategy for improving the energy-based control and balancing arm energies
in MMC has been proposed. The suggested energy control algorithm makes use of the
trajectories of the circular currents and common-mode voltage to drive the system back
to a balanced state in a finite amount of time. A feedforward is used to deliver these
trajectories when the method is implemented. In contrast to the current thesis, the
control algorithm in this paper is only dedicated to the separated subsystem which is the
MMC subsystem.

e Mehrasa et al.[18]: “Novel Control Strategy for Modular Multilevel Convert-
ers Based on Differential Flatness Theory” (2018)
In this paper, taking into account the dynamics of the AC side current and the DC side
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voltage, a control strategy for the MMC (MMC considered as DC-AC inverter) has been
developed using differential flatness theory, in which the instantaneous active and reac-
tive power have been chosen as the flat output components. Nevertheless, in contrast
to the current thesis, the stabilization of the state variables in this paper was not done
through the flatness-based control. Instead, several in general slow PI controllers for the
flat output errors have been put into place for the initial inputs to compensate for the
input disturbance, model errors and system uncertainties.

Gensior et al.[19]: “Flatness-Based Loss Optimization and Control of a Dou-
bly Fed Induction Generator System” (2011)

The system that was researched in this paper is an electrical power circuit consisting of
a Doubly Fed Induction Generator (DFIG) and two power electronic converters. In an
attempt to minimise the amount of loss that this system experiences, the flatness-based
control technique has been presented, where the flatness of the model has been manip-
ulated to derive the power losses model in the system using the flat output components
and their derivatives. The stator flux and rotor speed are both chosen as flat output
components for the rotor converter side in DFIG, whereas the rotor voltages serve as the
control inputs. The integrating backstepping method is used to carry out the task of tra-
jectory tracking. In comparison to this paper, the flatness-based approach in the current
thesis that is applied to the MMC has fully considered the DC inductance. This is due to
the fact that the HVDC cable can be quite long and therefore, such DC inductance is no
longer negligible. However, in this paper, all the external inductances on the DC as well
as on the AC side have been neglected. On the other hand, it is important to mention
that the flatness-based approach in the current thesis has been developed without prior
knowledge of this paper.

Schmuck et al.[20]: “Feed-Forward Control of an HVDC Power Transmission
Network” (2014)

The studied system in this work is an HVDC multiterminal network, which comprises
of two or more converter stations. The goal for such system is to maintain the power
balance between the electrical power supplied into and taken from the DC network by
the connected converter stations. At the same time, it is desirable to be able to modify
the power distribution between the converter terminals flexibly while the system is in
operation. Additionally, time delays caused by travelling waves might become significant
over long transmission distances. Hence, these delays should be taken into account. It
is worth mentioning that all the external inductances on the DC as well as on the AC
side have been neglected in this paper. Therefore, to meet the aforementioned goals,
the flatness-based design of a feed-forward control is proposed. Compared to this paper,
the flatness-based approach in the current thesis that is applied to the MMC has fully
considered the DC inductance. Again, this is due to the fact that the HVDC cable can
be fairly long and thus, such DC inductance can no longer be neglected. On the other
hand, it is important to note that the flatness-based approach in the current thesis is
similar to that in this paper, but it has been developed without prior knowledge of this

paper.

Gensior et al.[21]: “On Some Nonlinear Current Controllers for Three-Phase
Boost Rectifiers” (2009)

The focus of this paper is on current controllers for three-phase three-wire boost rec-
tifiers, where the flatness-based method is implemented. Manipulating the flatness of
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the model suited for control of such rectifier, five stabilization concepts have been pre-
sented, which include 3 linearization-based methods (exact feedback linearization, exact
feedforward linearization and input-output linearization) as well as two passivity-based
methods. Furthermore, reference current is estimated by a reduced order load observer
considering parameter uncertainty. Apart from that, in terms of trajectory planning, the
flatness-based control outperforms the cascaded linear controllers during both transient
states. Since the subsystem representing current dynamics is the "faster" subsystem,
utilising a flatness-based trajectory planning technique is more crucial for system perfor-
mance than using a specific current controller. Unlike in the paper, the flatness-based
approach in the current thesis that is applied to the MMC has fully considered the DC
inductance since the HVDC cable can be quite long, and thus, such DC inductance is
no longer negligible. Nevertheless, this is not the case in this paper, where all the ex-
ternal inductances on the DC as well as on the AC side have been neglected. On the
other hand, it is important to mention that although the flatness-based approach in the
current thesis is partly similar to the results in this paper, it has been developed without
prior knowledge of this paper.

e Steckler et al.[22]: “Differential Flatness-Based, Full-Order Nonlinear Control
of a Modular Multilevel Converter (MMC)” (2022)
In this paper, a flatness-based control approach was presented. However, this is limited
only to the MMC and AC grid subsystems. Therefore, each flat output component in this
paper describes the corresponding stored energy in the respective MMC arm. Moreover,
a trajectory design method using the flatness property was proposed and used to develop
a full-order, linearizing control law. The tracking performance of the whole control is
shown, where the nominal power is established in one grid period (20 ms). In comparison
to the paper, the flatness-based approach in the current thesis that is applied to the
MMC has fully considered the DC inductance because the HVDC cable can be quite
long and hence, such DC inductance is no longer negligible. However, when considering
the current paper, all the external inductances on the DC as well as on the AC side have
been neglected.

1.5 Thesis contribution

The following are the main contributions of this thesis:

i Fast trajectory design for the complete AC-DC-AC power system
Although the technique was first introduced in [16], it is now extended to the entire high
voltage AC-DC-AC power system and is not limited to any separated subsystem.

ii Trajectory tracking control
A trajectory tracking control is developed using the flatness-based control, which allows
a very precise tracking of the desired trajectory for all relevant components in such a
power system.

iii Alternative feedback control
By repeating the trajectory recalculation (according to the technique in (i)) in regular
time intervals, and then generating the sequence of future inputs for driving the system,
an alternative feedback method for compensating deviations within a very fast time
interval (less than 1 ms) is proposed.
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CHAPTER 1. INTRODUCTION

Outline of the thesis

This thesis is divided into 6 chapters, which are as follows:

Chapter 1 presents the background, motivation and objectives of the work.

Chapter 2 introduces the AC-DC-AC power systems as the fundamental structure of
the researched system. Firstly, the equations of motion of the system is derived and
subsequently steady state analysis for this system will be carried out based on the derived
equations of motion.

Chapter 3 proposes a general method in trajectory design for fast transition between
two steady states. As the full system under consideration is made up of many state
variables that are coupled to each other, a careful trajectory design is the first step for
later developing the corresponding input to achieve a smooth transition to a new steady
state without producing any transient, which should take place in a short time interval.

Chapter 4 briefly describes the control technique used in this work, which is the flatness-
based control. This chapter starts with the basic idea of flatness-based control and is
followed by the discussion of the existence of flat output components for the complete
high voltage AC-DC-AC power system. On the basis of its existence, a flatness-based
control design for fast trajectory tracking is proposed.

Chapter 5 presents the simulation results based on the techniques outlined in Chapter 3
and Chapter 4 for the high voltage AC-DC-AC power systems under different conditions.

Finally, Chapter 6 wraps up the thesis by providing findings that are relevant to the
scope of the research work.



Chapter 2

Dynamics of AC-DC-AC power
systems

Controlling a system means driving a system through its inputs in order to obtain the desired
output behaviour. The most comprehensive knowledge of the model and an adequate descrip-
tion of the system’s dynamics are required for this. Therefore, this chapter will focus on the
derivation of the system’s dynamics for the high voltage AC-DC-AC power system, beginning
with the DFIG-based wind farm and ending with the final supply to the AC grid. The derived
differential equations serve as a basis for the later analysis of the actual control of such a sys-
tem, including all of its state variables, input variables, and externally given variables. Finally,
the steady state analysis for this system will be carried out based on the derived equations of
motion, which will be discussed in more detail later in this chapter.

2.1 Structure of the high voltage AC-DC-AC power system

The considered high voltage AC-DC-AC power system has large offshore wind farms connected
to the offshore AC substation. This offshore substation is connected to the AC grid, which is
located on the mainland through the High Voltage Direct Current (HVDC) link. The system
under consideration has been researched in [15] but now with its conventional inverter replaced
with a more advanced modular multilevel converter (MMC) topology, and the internal dynamics
of the rectifier as well as inverter is described. In order to better understand this system, it
can be broken down into three subsystems, which are as follows:

i. AC island bus subsystem
It contains the converter STATCOM (Static Synchronous Compensator) for adjusting the
reactive power inside the island bus, the wind generators (here considered as externally
given current sources) and the conventional AC-DC rectifier to transfer the effective power
into the high voltage DC (HVDC) link.

ii. High voltage DC (HVDC) link subsystem
It links the island to the main land as well as transporting the low-loss direct currents
onto the main land.

iii. MMC (Modular Multilevel Converter) inverter - AC grid subsystem
The received DC power is inverted and injected into the AC grid, whose voltage is main-
tained by externally given voltage sources. It is worth mentioning that the inverter
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considered in this work is of multilevel topology for producing a nearly perfect sinusoidal
current on the AC grid (which will be discussed in more detail later).

The main function of the whole system is to transfer the injected AC effective power produced
by the wind generation into the AC grid. Nevertheless, this transfer is not perfect since a power
fraction is either locally stored at the line inductances or is dissipated at the line resistances.
Thus, these two contributions (particularly for a long HVDC link) have to be considered in
detail to control the full dynamics accurately.

arm:Ng submodules

AN

STATCOM ‘island bus
i L2 Ry2

(island bus) rectifier HVDC link

“MMC inverter AC grid
Figure 2.1: Schematic illustration of high voltage AC-DC-AC power system, with
internal submodule dynamics of MMC

Figure 2.1 depicts the studied high voltage AC-DC-AC power system. The components
colored in red denotes the state components which describe the dynamics of the system and the
components marked in green are the input components which control the time evolution of the
state components, while the components marked in blue are the externally given components
known for the control, but which cannot be modified during any control strategy. It should
be noted that the full system is controlled by 3 converter stations placed at the beginning
(STATCOM), in the middle (rectifier) and at the end (MMC operating as an inverter). These
converter stations are where the inputs that drive the dynamics act.

Among these 3 converter stations, the most complex converter is the MMC. This new and
innovative converter topology developed 20 years ago [6][26] is made up of many identical
submodules (SM), which are connected in series to each other, forming 6 separated arms (3
upper and 3 lower arms), each of which comprises a large number of submodules, Ngy;. With
this large number of submodules, a fine stepped voltage of any desired form can be produced, in
particular a nearly perfect sinusoidal voltage on the attached AC grid to the left of the converter.
As shown in the Figure 2.1 above, each submodule in the so-called full bridge topology contains
a condensator Cgps of relatively large capacitance (typically some mF) whose voltage can be
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either ingerted or bypassed by some adequate switching state of the 4 IGBT’s connected to the
capacitance. This switching state can be modified with a frequency close to 1 MHz, i.e. every
1-2 ps, where the voltage of each inserted submodule increases or decreases depending on the
sign (positive or negative) of the arm current flowing through the capacitance. The voltage
produced at each arm results from the sum of the inserted submodules, where in the full bridge
topology, the capacitance voltage can be inserted with a positive as well as a negative sign,
thus allowing also for negative arm voltages.

By sorting and selecting the most discharged submodules (or the most charged submodules
depending on the arm current sign) at a high frequency according to some balancing algorithm
[6] [27] , a well balanced charge state in nearly all submodules can be ensured at a typical time
scale of 100-200 ps. Hence, at this latter, coarser time scale, the whole submodule group in each
arm can be effectively considered as a controllable voltage source whose voltage can be modified
as required for any control task, with that voltage being the average value of all submodule
voltages within the same arm. Furthermore, at such a time scale of 100-200 us, the state of
the whole MMC converter is effectively described by the current flowing through the 6 internal
arms in MMC as well as by the 6 energy components collectively stored in the submodules
of each arm (or equivalently by the average voltage of all submodules in each arm). This
effective description using controllable voltage source at a coarse time scale, without resolving
the internal submodule dynamics at the much finer time resolution, corresponds to Figure 2.2,
once again assuming that an underlying fast sorting and balancing algorithm operates every
few microseconds to keep all submodules similarly charged.

o _Ef _Ef
R R R
STATCOM " idandbus
S .
L2 R 2 AC grid
i By o d d v&tgge
| u
Ai Re Lo !
I i)
il !
il '
A’\
(island bus) rectifier HVDC link

‘MMCinverter " ACgrid
Figure 2.2: Schematic illustration of high voltage AC-DC-AC power system, without
resolving the internal submodule dynamics of MMC

The following is a general description of how power flows across the converter, either from
the perspective of an AC to DC converter (rectifier) or a DC to AC converter (inverter). It
should be noted that this is a 3 phase AC system.

e AC to DC converter (rectifier), corresponding to the upper part in Fig. 2.2 and the first
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half of the lower part in Fig. 2.2: The energy dynamics describing the power transfer
across the converter is as follows

. . . . d
= (ug,1 091 +ug2ig2 +ug3ig3) = Uq id +  — (Weonverter) +  power losses
9 ( 9,1 %9 9,2 %9 9,9 %9 ) dt ( ) ’
N power into DC N in internal resistances
effective power from transmission lines change in the energy (mostly negligible)
3 phase AC transmission lines stored in the converter

into the converter

(2.1)

where the effective power injected into the converter from the 3 phase AC transmission
lines is transferred as power into the DC transmission lines, along with a change in the
energy stored in the rectifier and the power dissipated at the resistances, which are mostly
negligible.

e DC to AC converter (inverter), corresponding to the lower part of Fig. 2.2 to the right of
the rectifier: Analogously, the energy dynamics describing the power transfer across the
converter, this time as an inverter, is as follows

Uq i =3 ( g1lg1 tUg2igo+ ugs ig,3) + i (” converter) + power losses
—~— 2 5 dt 5 —_————
power from DC - N e in internal resistances
transmission lines effective power into change in the energy (mostly negligible)

3 phase AC transmission lines stored in the converter
from converter

(2.2)

where now the power from the DC transmission lines is transferred as effective power
into the 3 phase AC transmission lines, together with a change in the energy stored in
the inverter and the power losses at the resistances, which are mostly negligible.

Returning back to the considered high voltage AC-DC-AC power system of Figure 2.2, the
dynamics of the conventional rectifier (no modular multilevel topology but a single capacitance,
although a more complex realization can also be considered) is fully implemented, this time
including the charging and discharging of the single condensator.

On the other hand, the STATCOM works as a supplier of reactive power for the generator’s
stator and delivers reactive power to the AC grid, because no power (effective power) is being
injected into the converter

. . . d
= —(Uug,19g,1 + Ug2ig2 + Ug31g3) + — (WsTaTcoMm) + power losses
——

~— 2 dt
no power - - - in internal resistances
being injected effective power into change in the energy (mostly negligible)

3 phase AC transmission lines stored in the converter
from converter

(2.3)

For the STATCOM, ug 1/2/3 and iy 1/2/3 are to be driven in such a way that % (WsTaTcoMm) ~
0, and therefore no effective power is transferred to the AC grid: only reactive power is being
injected into the AC transmission lines.

2.2 Useful transformations for a three-phase system

Before proceeding with the derivation of the equations of motion for the full system in the next
section, a derivation of two useful representations for three-phase system will be provided to
help the reader understand the systems that will be explained in the work.
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In most cases, the voltage and current equations of three-phase system are used to charac-
terise the behaviour of the system. However, the mathematical modelling of such a system is
typically quite involved since each single phase has to be considered. Therefore, mathematical
transformations are often used to decouple variables and to solve equations containing time
varying components by referring all variables to a common reference frame. The following are
the most well-known transformation methods among the many methods available, which are
the Clarke transformation and the Park transformation. In general, the three reference frames
considered in this transformation are as follows:

e Three-phase reference frame (1/2/3 axis)

AC system with oscillating 3 phases (either voltage or current) {x(t), x2(t), z3(t)} of
common frequency w are lying in the same plane and can be written as

common average average-free part
£(t) = 1 (t) + xz?ft) +3(t) (wl(t) Cm(t) + xQ?ft) + xg(t)>
() = 1(t) + xz?ft) +as(t) | <x2(t) () + m?ft) + mg(t)>
va(t) = SO+ 902?515) +as(t) | <x3 a0+ xz?ft) + xs(t)> | o

Of the 3 components in the average-free part, only 2 are independent (since their sum is
0) and, therefore, can be described by two variables, which are the amplitude Z(¢) and
phase ¢(t) in 3 oscillating components that are shifted 2% (= 120°) to each other

21 (1) — DWee(tesl) sin (wt + (1))

3
o (t) — a:1(t)+x23(t)+a:3(t) = 2(t) | sin (wt + o(t) — %ﬂ) , (2.5)
() — TR sin (wt + () + )

since sin (wt + ¢(t)) + sin (wt + p(t) — Z5) + sin (wt + @(t) + &) = 0 always hold. As
already mentioned in the previous representation, w is the (main) radial frequency of the
AC system.

e Orthogonal stationary reference frame (a/f axis)

The Clarke transformed three-phase components z,, and 25 both located along the o and
[ axis, respectively, are orthogonal to each other, but in the same plane as the three-phase
reference frame.

e Orthogonal rotating reference frame (d/q axis)

The Park transformed three-phase components x4 and x4, in which z, is at a rotation
angle 6 = wt to the phase 1 axis, whereas x4 is perpendicular to x4 along the d axis.

2.2.1 Clarke Transformation

The a/3/0 components where the zero component corresponds to the common average )
while the o/ components are referred to stationary, fixed orthogonal axis and defined by the

z1 () +x2 (t)+23(t)

)
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following transformation [29]

M,/s1/2/3
Wy (3 4 o (®
N (3 - ol (2.6)
(=0 2 L)

This applied to

x1(t) - - . sin (wt + ¢(t))
() | = 2O+ 235’5) T2 (1) 4 a0 s (wt + (1) = %) | (2.7)
3(t) 1 sin (wt + o(t) + )
leads to
zo(t)) 4 sin (wt + ¢(t)) on(d) = x1(t) + x2(t) + x3(t)
() =20 (Coitioahy) - w0 3 | 29

2.2.2 Park Transformation

The d/q/0 components where the zero component corresponds (again) to the common average

w with the d/q components are now referred to orthogonal rotating axis, which

rotates at the frequency w and defined by the following transformation [30]

Ma/q1/2/3
z1
x4 9 sin(wt) sin (wt — &) sin (wt + 3F)
= — €9 . (29)
Zq 3 cos(wt) cos (wt —2F)  cos (wt + 2F)
3

This applied to

2%3 _ n(t) +22(t) + 25) 1 +i(t) sins(if;t( Lf;@i (i) )%”) :
23(t) 3 1 sin (wt + ¢(t) + 2F)
leads to
zqa(t)\ 5 cos (p(t)) . _ x1(t) + xo(t) + x3(t)
() =20 () - o0 3 ’ 210

where the amplitude Z(¢) and phase (t) have been separately extracted from the d/q compo-
nents, without the time dependence arising from the oscillating part proportional to wt (which
was still present in the a/3 components).

With reference to the transformation previously discussed in subsection 2.2.1 and subsection
2.2.2, the following can be summarised

—1
M, /5/01/2/3 My /2/3ca/8/0 = Maygjoe1/2/3
Ta g_ﬁ _% 1 1 L0 1\ fa, (2.11)
zg| =0 NG o |, 9 = —% —|—§ 1 g
SR R 1 V3
Zo 3 3 3 T3 T3 -3 —g 1) \*o



2.2. USEFUL TRANSFORMATIONS FOR A THREE-PHASE SYSTEM 15

Ma/q/01/2/3
Ld sin(wt) sin (Wt — 2{) sin (wt + %“) 71
2
g | =3 cos(wt) cos (wt — &) cos (wt + 2F) x|,
"o % % % T3

M, /2/3¢d/q/0 = Md/q/0<—1/2/3_1

x sin(wt) cos(wt) 1\ [zq4
xy | = | sin (wt — 2?”) cos (wt — %’r) 1 zq | - (2.12)
T3 sin (wt + %’T) cos (wt + %ﬁ) 1 T

On the other hand, the time derivative of the inverse Park transformation reads

cos(wt) — sin(wt) 0
d .
7 (M1/2/3<_d/q/0) = w | cos (wt — %”) —sin (wt — %’r) 0
cos (wt—|— %’T) —sin (wt—i— %ﬁ) 0
0 1 0
= —W M1/2/3<7d/q/0 -1 0 0O . (2.13)

0 0 0
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Apart from that, ! it can be concluded that the scalar product of 2 different components in
three-phase system leads to the following relations

1

3 3
(x1 @2 x3) |2 | = 5 (Taya + 2qYq + 220 Yo) = 2 (Ta Yo +2Ys +2T0y0) . (2.15)

Y3

It is worth mentioning that in most situations (as those considered in this work), the 0 compo-
nent is always zero, either because of the Y or A connection of the transmission lines (leading
to a vanishing zero component in the currents) or because of a symmetric operation of the
three-phase voltages.

2.3 Equations of motion for the full system

The derivation of 19 equations that make up the whole system’s dynamics are going to be
explained in detail in the following subsections.

2.3.1 Required state and input variables

The dynamics of the considered full system (as shown in Figure 2.2) is described by the variables
(ucs st,1/2/3 Win1/2/3 Gre,1/2/3 UCr ip12/3 in1/2/3 Gg1/2/3 Wp1/2/3 Wn,l/z/s)T, and
driven by the effective input variables (85, 1/2/3  Sre,1/2/3 Up,1/2/3 Un, 1/2/3)T, along with the
externally given variables (current at the wind generators i, 1/2/3 and voltage at the AC grid
g 1/2/3) that are not modifiable. All of these variable are listed in Table 2.1, Table 2.2 and
Table 2.3. Additionally, Table 2.4 lists the relevant constant parameters for passive elements,
which are used to describe the full system.

!Using the following trigonometric identities

cos et (1= 20 om (- 25) = contot) (1 con (20 s (25
+ sin (wt) (0 + sin ( 71') — sin <§7r)) =0,

) o (20)
ﬂ') + sin (%w)
+3m)

wl o

. . 2 . 2 .
sin (wt) + sin (wt — gﬂ') + sin (wt + §7r> = sin (wt)

—_
+
@)
]
*
VRS
WIN |

1+ cos (2wt — %ﬁ) B

cos® (wt) + cos® (wt — %7‘(’) + cos® (wt +

3 2 2 2
2 2 1— 2 1 — cos (2wt + 2 1 — cos (2wt — 2
sin® (wt) + sin® <wt — gﬂ') + sin? <wt + §7r> = CO;( wt) + (2 i) + (2 3m) =

sin (wt) cos (wt) + sin (wt - %7‘(’) cos <wt - %ﬂ') + sin (wt + %7‘(’) cos (wt + %7‘(’) =0. (2.14)

+
o

o

N|IWw Nw
+
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State components Definition
UC's Effective capacitance voltage of STATCOM
it 1/2/3 Three-phase currents of STATCOM
Uip, 1/2/3 Three-phase voltages of island bus
ire,1/2/3 Three-phase currents of rectifier
uC, HVDC-link voltage of the rectifier side
iq Current on DC link
ip,1/2/3 Three-phase upper arm currents of MMC
in,1/2/3 Three-phase lower arm currents of MMC
ig.1/2/3 Three-phase currents of AC grid
W, 1/2/3 Upper arm energy of MMC
W, 1/2/3 Lower arm energy of MMC

Table 2.1: List of state components

Effective input components Definition
55.1/2/3 Three-phase switching signal at STATCOM
Sre,1/2/3 Three-phase switching signal at rectifier
Up 1/2/3 Upper arm voltages of MMC
Up, 1/2/3 Lower arm voltages of MMC

Table 2.2: List of input components

Externally given components Definition
T, 1/2/3 Three-phase currents of wind generator
Ug 1/2/3 Three-phase voltages of AC grid

Table 2.3: List of externally given components

2.3.2 Time resolution for system modelling and control related to the in-
ternal dynamics of the converters

Another key aspect to be considered is the time scale At.ppiror Tequired for modelling and con-
trolling the system dynamics. Since the control takes place at the converters and their dynamics
are defined by the charging/discharging of the internal capacitances, let’s consider such dynam-
ics, firstly for the converters in the island bus since their topology is much simpler: if C' is the

capacitance and i¢ the current flowing through the capacitance as a result of some switching
du 1
state inside the converter, the change in the capacitance voltage is described by CA— Eic.

For typical values in a converter like those used within the island bus of a HVDC system,

C ~1073 F,ic ~ 10% A and uc ~ 10* V, a deviation in the capacitance voltage about 1 % of

Au
the nomimal value, Auc ~ 10?2 V, needs a time interval of Ateontror ~ C— ¢ ~ 0.1 ms to be

c
compensated. Hence the time step used in this work for numerical modelling the system dy-
namics, as well as controlling it, is chosen to be either At oniror = 0.1 ms or Ateonpror = 0.2 ms.
On the other hand, the converters in the island bus operate at a faster rate than this
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Parameter Definition
Cs STATCOM’s DC capacitor
L STATCOM'’s inductance
R STATCOM'’s resistor
C, Rectifiers’s capacitor
Ly Rectifiers’s inductance
R,. Rectifier’s resistor
Cy Capacitor at island bus filter
Ry Resistor at island bus filter
Ly HVDC link’s inductance
Ry HVDC link’s resistor
R, MMC’s arm resistor
L. MMC’s arm inductance
R, AC grid’s resistor
L, AC grid’s inductance

Table 2.4: List of constant parameters for passive elements

At eontrol, typically with a time step Atconverter ~ 10 us or even less for changing its switch-
ing state. Such switching variables are actually integer valued, s € {0, 1} (either switched on
or off), but if the time scale being resolved during the dynamics control is in the order of
Ateontrol ~ 20At converter, those switching variables can be effectively considered as real valued
at that coarser time scale: 0 < s < 1. This can be explained briefly by the following example
illustrated in Figure 2.3 for Atcontror = 200us and Atconperter = 10ps. Given that during the
12 time step Atconverter, the switching variable is set equal to s = 1, while during the other
8 time step, the switching variable is set equal to s = 0. Since the intended control for the
system dynamics takes place at a coarse time scale that only observes an average behavior of
the switching variables, it can be assumed that the switching variables at this time resolution
are approximately equivalent to a value averaged over the duration of the coarse time scale
§=1=06.

Atcontrc!l =200 us

1
..... - JEOPRUUS SUPR IO S RS P A B S S S O I <)
(average value at
Atcontrol =200 MS)
0 H H i i ¢
Atconverter= 10 Hs

Figure 2.3: Switching state over the duration of the coarse time scale

Let us consider in more detail the converters within the island bus. The dynamics of one



2.3. EQUATIONS OF MOTION FOR THE FULL SYSTEM 19

\ I 1 - \ I ! -
. S s, s, E l(l‘S u l(ls Ju l(lf u
c3 c2 c1
i nct \ i e c3’c c2’"c c1’c
> >
luAC.l luA61
= =
"ac2 'ace
= e==|u. - e==|u,
JUACZ luACZ
= =
"ac3 'aca
. e
u u
lAc,s 1-s 1-s 1-s lAc.s ls u Ls u ls u
c3 c2 C.1 i c3 c c2c c1c i
+ \ H \ foc + \ o
< <

Figure 2.4: Simplified circuit for a 3 phase 2-level rectifier with a single capacitance
and 6 switches; AC line currents (entering the converter), DC current and capacitance
voltage as state variables are represented in red, switch states as input variables in
green

conventional 2-level converter is easily derived, here for a simple AC-to-DC rectifier equipped
with a single capacitance and 6 high power switches, with the three lower switches operating
as the logical negation of the three upper switches (see Fig. 2.4). This converter connects 3 AC
phases with a single DC transmission line. Assuming that the dissipation at any internal load
(either switch or capacitance) can be safely neglected, the voltage between an upper switch
and its corresponding lower switch is always equal to the capacitance voltage uc and therefore
the voltage at any switch is given by (1 — s¢, ;) uc, where s¢ ; € {0, 1} denotes the switch
state allowing the capacitance voltage to be either inserted or bypassed (s¢,; = 0 corresponds
to “switch off” and sc ; =1 to “switch on”). The 3 equations for the voltage between two
adjacent AC lines read

uac,1 =— (1 —sc1)uc + (1 —sc2) uc + uvac,2,
uac,2 = — (1 —sc2)uc + (1 —sc 3) uc +uac,s,
uac,3 =—(1—sc3)uc+ (1 —sc 1) uc+uac,,

or equivalently

(uac,1 —uac,2) = (sc,1 — s5¢,2) uc,
(uac,2 —uac,3) = (sc,2 — 5¢,3) uc
(uac,3 —uac,1) = (sc,3 — sc.1) uc (2.16)

where only 2 of them are linearly independent since the sum of the 3 equations yields a trivial
result. If the 3 AC external voltages are in symmetric operation, uac,1 + vac,2 +uac,3 =0,
and additionally the capacitance is relatively large such that its voltage remains unchanged
during one controlling/modelling time step Atconrol, the previous equations relating to the
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external voltages with the switching state of the converter can be written 2 as

UAC. 1 1 SC, 1

c, G sc,1+sc,2+ 50,3
uac,2 | = —scouc | 1| + [ sc2|uc, sco= 3 : (2.17)
UAC, 3 1 sc,3

where now the 2 independent equations arising from (2.16) can be extracted in a more compact
way either in /8 components or in d/q components

UAC, a0\ _ [ SC,«
= uc,
u s
( AC,d> _ < c,d> e (2.18)
UAC, q 5C,q
Furthermore, the current flowing through the converter capacitance is given by the sum of

those AC lines connected to the capacitance at each time step minus the DC current leaving
the converter

1AC, 1
Z'C:(SCJ 50,2 SC,B) tac,2 | —ipC, (2.19)
1AC, 3

where again since the sum of the 3 AC currents identically vanishes (due to either a 'Y or a A
connection of the 3 transmission lines) such capacitance current, and thus the dynamics of the
capacitance voltage, is equal to

according to (2.15)

. duc 3 LAC . .
0= CW =3 (Sc, o SC,ﬂ) (iAaZ +3s¢,0tAc,0 —tDC
=0
= § (SC d Sc ) Z:AC’,d —1iDC - (2.20)
200 T \dac,

The previous dynamical equation can be equivalently reformulated as the equation of motion
for the energy Weo = 51%) stored inside the converter capacitance, as always assuming a

symmetric voltage in the 3 AC phases after applying (2.18)

(uac,a uac, 5)

d (C d 3 ;
uc 7 .

3 1AC,d ,

=—(u U ST —uct 2.21
5 (uac,a vac,q) <ZAC7q CipC (2.21)
which just means that the change in the converter internal energy is produced by the input of
effective power entering the converter from the 3 AC phases minus the power being transferred

to the DC line. In the case of the STATCOM (see Fig. 2.5), where no DC line is connected

“Relations (2.16) leads to the ansatz where the 3 AC voltages are directly proportional to the switching
state vectors times the capacitance voltage plus some (unknown) contribution common to all 3 AC phases:

UAC, 3 SC, 3 1
condition uac,1 +uac,2 + uac,3 = 0.

UAC, 1 Sc,1 1
(uAc,2> = (sc;z) uc + (something common) (1), where now the “something common” is derived from
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S S S 1. 1. 1.
c3 .2 c1 l( “Sc 34 L( =S, l( =S,y
IAC‘,l \ IAC‘,l c3’°C c2’°Cc cil’"C
luACJ luACI
= =
'ac2 W 'aca ——
< C__Luc - C__luC
luACZ luACZ
= =
'Ac, "acs
e e
lu s, ~s¢ 1-s, luACB ls u Ls u ls u
L \ \ \ £ \c‘ac \c.zc Hc‘lc

Figure 2.5: Simplified circuit for a 3 phase 2-level STATCOM converter with a single
capacitance and 6 switches; AC line currents (leaving the converter) and capacitance
voltage as state variables are represented in red, switch states as input variables in
green

and the 3 AC lines leave (instead of entering, thus change in sign) the converter, the equations
of motion reduce to

d 3 . 5 .
C% 9 (sc,a sc,p) <Z.Acva> =—3 (sc,a sc.q) <Z‘AC,d> ’

LAC, B LAC,q
e (uac,a uac,p)
d (C 3 TAC, o 3 tAC,d
(Y2 =20 (s 6o o) = 2 AN 2.22
i ( 5 Uc) 5 uc (bc,a Sc,d) <iAC,3 B (UAC,d uAC,q) iAC, q ( )

When regarding the more complicated modular multilevel converter (MMC) topology with
full bridge submodules, used for the inverter connecting the HVDC link to the final AC grid,
the previous derivation for the rectifier has to be generalized to the much higher number of
separated capacitances. In the MMC topology, instead of 6 single switches connected to the
same common capacitance, there exist 6 arms: each arm, with index j running from 1 to 6, con-
tains Ngjs similar submodules denoted by index k = 1,..., Ngjs, each one equipped with the
same capacitance C'sps. Analogously to (2.19), each submodule voltage displays the dynamics

)
Wy

Copy—7= = sjk ij, where s ) e {—1,0,+1} is the switching state of the k-th submodule in-

side the j-th arm and 7; denotes the arm current flowing through the corresponding inserted

submodule (i.e., if sg.k) #0). All the inserted submodules in the j-th arm produces its arm

Nsm
voltage u; = Z sgk) u(clf)j and thus the dynamics for the energy W; stored in all submodules

k=1
contained inside the j-th arm is given by

k_
d Nswm * Nsum )
aWj:Zud ; _Z]Z . ucj—z]u] (2.23)
k=1
%,_/
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In a modern MMC, the time scale at which the switching state can be changed in the sub-
modules is in the order of Atcopperter ~ 1 — 2 ps: this high operation rate allows to develop
fast sorting algorithms selecting the lowest /highest charged submodules depending on the sign
(positive/negative) of the arm current which are able to produce at the much coarser control
time scale Atcontror ~ 100 Atconverter the required arm voltage and simultaneously to keep all
submodule capacitances within the same arm at nearly the same voltage level at that coarse
time step (as previously discussed on page 11 and published in [6]). Hence, the control taking
place at the latter At.oniro time step, where the arm voltage for some desired system behaviour
is designed, is decoupled from the much faster underlying driving of the separated submodules.
And moreover, instead of considering all Ngjs separated capacitance voltages within the j-th
arm, it is enough at the time resolution of At.n40 t0 focus on a single average submodule
voltage ¢, j; or equivalently on the energy stored inside the arm

Nsm
CSM (k) 2 at time scale Atcontrol CSMNSM _9
Wy = S 3 ()7 o e M CoNonr g 224
k=1

which is a single variable for the full arm. The variables describing the dynamics of the MMC
at the coarse time resolution are thus the 6 arm currents ® and the 6 arm energies, with the
arm voltage # acting as the effective input for such dynamics.

2.3.3 Equations of motion related to AC island bus subsystem

For the AC island bus connecting the wind generators and STATCOM to the AC-DC rectifier,
all the AC voltages will be assumed to be operating in symmetric conditions, such that only
two components are sufficient to describe them. Therefore, the representation used for the
AC variables will be in d/q components. The STATCOM’s subsystem is comprised of the
STATCOM and the RC filter (with C'y and Ry inside the filter), both of which are connected
to the wind generator via the island bus filter. It is worth noting that the voltage components
<Zsivd> (2.18) UCs <fgd> applied to the STATCOM serves effectively as 2 input components
st, s,

(marlged in green), whgreas the generator current i,, 4/, are externally given (marked in blue).
Focusing on this subsystem with ¢ = 1,2,3 denoting the 3 AC phases in the island bus, the
mesh equation based on the Kirchhoff’s voltage law is as follows:

d . .
L azst,i + Ry st + WUibs — Usti = 0, (225)

whereas the corresponding node equation based on the Kirchhoff’s current law reads:

Cs%qu = - 121 (8s.ist,i) (222) —; (Ss,d@st,d T 5s,q%st,q) » (2.26)
if
lwy + sty = treg + <Cf %uib,i + 1;;”) . (2.27)
f

3Actually only 5 of these currents are linearly independent since, due to the connection of the 6 arms,
Ip,1 4+ ip,2 + ip,3 = in, 1+ in,2 + in,3 is always satisfied.
“Or if one prefers with an average switching state 5; as effective input for the j-th arm:
Nswm

(def) _
uj = Z s;k) u(clf’)j =’ Noum 5;uc, ;-
k=1
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In (2.27), is; is the current that splits between the filter’s resistor Ry and the filter’s capacitor
C'y at the node, resulting in the same voltage drop u;,; across both components. Applying the
d/q transformation (2.9) and its corresponding time derivative (2.13) to equations (2.25) and
(2.27) leads to

d (ig,d R 0 1 ist,d 1 Ss,d Ui, d

A (isa _ (_ stod ) 2 (e (550) = (U4} ) (228

dt <15t7q> ( Lst +wo -1 0 Ust,q + Lst ve Ss,q Uib, q ( )
d (uppa\ 1 0 1 Ush, d 1 w,d Ust,d Ure,d

dt <uib7Q> B < RiCy e <_1 0>> <uib,q - Cy tw,q - ist,q ire,q '

(2.29)

Instead of considering the dynamical equation at the capacitance voltage of STATCOM (2.26),
an equivalent formulation can be represented as the energy dynamic equation of the first half
of the island bus subsystem, where this energy is stored from the effective capacitance of the
STATCOM until the capacitance inside the filter of the island bus:

d (2.26), (2.28), (2.29) d [ C 3Ly ,. , 3C
@Wsmb = I 781‘203 + 573 (Zgud + th,q) + §7f (u?b,d + uz?b,q)
= 5 (uib,d Z‘w,d + Uip, q Z‘w,q) - 5 (uib,d Z‘rc,d + Uip, q Z‘rc,q)
3 ) ) 31
- [iRst (124 +i%4) + 2R, (uih g + uzzb,q):| - (2.30)

2.3.4 Equations of motion related to conventional rectifier

This subsystem consists of a conventional rectifier and an HVDC link, the latter being con-
nected to the island bus on the left side and the MMC inverter on the right side. It should

be noted that the voltage components (Urc, d> (2.18) UCy (Src’d> at the input of the AC-DC

Upc,q Sre,q
rectifier acts effectively as 2 input components (marked in green). With ¢ = 1,2,3 denoting
the 3 AC phases and according to Kirchhoff’s voltage law, the mesh equation yields

d . .
Ly %Zrc,i + Rye Lpeyi + Upei — Uipj = 0, (231)
while the corresponding node equation based on the Kirchhoff’s current law is as follows:
3
d . . (2:20) 3 . .
CrauCr +1q = ; (57‘0,77 Zrc,i) = 5 (Src,d Ure,d T Sre,q Zrc,q) . (232)

Formulating (2.31) in d/q components yields

d irc d> ( ch ( 0 1>> <'L'7"c d) 1 <<uzb d> (Src d>>
—." = |- + w o + — ’ —u . (2.33
dt (27’67(1 Lyc "\-1 0 bre,q Lyc WUib, q < Sre,q ( )

As an alternative to the dynamical equation at the capacitance voltage of rectifier (2.32), an
equivalent formulation can be written as the energy dynamic equation of the second half of the
island bus subsystem, where this energy is stored at the rectifier’s inductance and rectifier’s
capacitance:

d (2.32), (2.33) d (3 Ly ;.9 2 Cr o
%WTC = % 5 9 (Zrc,d+zrc,q) +7UC’T

3 . . . 3 . .
= ) (uib,d lre,d + Uik, g Zrc,q) — 3ucy le,0 — §ch (qud + ch,q) . (2.34)
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2.3.5 Equations of motion related to MMC inverter - AC grid subsystem

The following definitions are necessary before proceeding with the derivation of the equations
of motion for the dynamics of both arm currents and arm energies in the MMC inverter - AC
grid subsystem. It is important to note that the AC grid voltages will be considered to operate
in symmetric conditions.

2.3.5.1 Definition of the internal current components, i, ;, with j =1,2,3

As illustrated in Figure 2.2, from the node equations together with j = 1,2,3, the following
relations directly follow from the form, how the 6 MMC current arms are connected to the
external DC and AC transmission lines

3
ipj =Y ing =id, (2.35)
j=1 j=1

This allows writing the 6 MMC arm currents (3 above, iy, 1/2/3, and 3 below, i, 1/2/3) as
the superposition of a constant DC contribution, a contribution arising from the external AC
currents plus additional free currents i, 1/9/3, whose sum, i 1 + 4 2 + 4., 3 identically vanishes
. ig 1. .
W1/2/3 = 3 + 5'9.1/2/3 +le,1/2/3
; 1 (2.37)
. d . .
n,1/2/3 = 3 T 59,1/2/3 + le,1/2/3 -
This representation satisfies the node equation (2.35) and (2.36) since ig 1 + ig.2 +ig3 = 0
(due to the star connection of the AC grid lines) and ¢ 1 + i 2 + %, 3 = 0 (due to the defining

condition for these free currents). Because only 2 of these i,y /23 are linearly independent, a
description using 2 components for instance o/ components (or eventually d/q components)

is easier:
. ip,1+in,1
; 2 1 1) [l 2 1 1\ [Tz
e,a )y . o ip, 2+1
(o) = (8 22 1) i) = (5 o8 )| mee
e o V3 v3) \i. 3 V3 V3 ip.3Fin.3
’ 2
ip,1
p7
. (2.38)
p,2
r 1 1 1 _1 1 i
)3
=0 22 b 4 20 )
2V3  2V3 23 2V3 ', 1
in,2
in,3
where i, ; = % These «/ components are denoted as internal circular currents and

this denomination deserves a short explanation: “internal”; since they are not present either in
the DC current (an external current to the MMC) nor in the AC currents on the other side of
the MMC; “circular”, since by the very definition 7. 1 + %¢ 2 + %3 = 0, the 6 arm currents can
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be described as follows

. i ie,l . . ie,2 ) ) ie,S
; td g,1 - . 1d 19,2 7T . B \ . 14 1g,3 —"
Zp,1:§+7+lcc,1a Zp,2:§+7+(_zcc,1+zcc,2)a Zp,3:§ 7_100,25
ie,l ie,2 Z’e,3
. g lg1 N . g lg2 T N . iqg g3~
Zn,1:§_7+lcc,1a ZTL,2:§_7+(_ZCC,1+ZCC,2)5 Zn,3:§_7_lcc,2a
(2.39)
Z'e,l l'e,2 ie,S

A~ /e —
where ice 1+ (—ice, 1 + Gee,2) + (—ice,2) = 0 trivially holds.

2.3.5.2 Derivation of equations of motion for MMC

As illustrated in Figure 2.2, the equations of motion for the current components, both external
and internal to the MMC, are derived from the loop equations that start from the HVDC
ground to the AC ground, either across the upper arms or across the lower arms

ip,1+ip, 2F10p, 3

Up, 1 iy 1
UCc 1 d ’ P, d P,
— 2T + B <Rd + Ld@) 14 + | up2 | + <Re + Lea Z‘p,2
Up,3 ip,3
ij=1/2/3"1j=4/5/6
d —N—
+ (ug,1/2/3 + “0) + (Rg + Lga lg,1/2/3 =0,

N (2.40)
in,1+in, 2+in, 3 Up, 1
d ™

in,1
U 1 =~ ™
- cr + 5 (Rd + Ld_> id + Unp, 2 + <Re + Le_> in,Z

2 dt dt

Un, 3 in,3

ij=1/2/3~1j=4/5/6
- (u9,1/2/3 + “0) - <R9 + Lg%) tg,1/2/3 =0.

As seen in the previous equations, the small resistance R, effectively represents the small losses
that occur at the switches within the submodules of each arm. Moreover, a time-dependent
voltage difference, ug, between the star connection of the 3 AC grid lines and the midpoint of
the DC line, known as the common-mode voltage, has been introduced. It is worth noting that
in the above equations, the DC current is coupled to the MMC internal currents as well as to
the AC phase currents. However, a decoupling can be achieved in two steps [28]:

e Step 1:
After introducing the following definitions

Up 1/2/3 T Un, 1/2/3
us 1/2/3 = P12 9 w12 ) UA,1/2/3 = Up,1/2/3 — Un 1/2/3 5 (2.41)

ip,1/2/3 + in,1/2/3

together with i. 1/9/3 = and considering the node equations iy 1/9/3 =
ip,1/2/3 — n,1/2/3, Six dynamic equations are derived by adding and substracting both
equation groups in (2.40)
ie, 1Fte, 2+1e, 3
d = dy .
—ucr + Rd+Ld£ id +2ux 1/2/3 +2 Re+LeE te,1/2/3 +0=0,

dy . d .
0+4ua,1/2/3 + (Re + LGE) ig,1/2/3 T2 (Ug, 1/2/3 + Uo) +2 (Rg + Lg%) ig,1/2/3 =0.
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e Step 2:

In the second group of the recently derived equations, shows that the AC current compo-
nents are no longer coupled to the DC or to the internal currents i 1/9/3, but the latter
are nevertheless still mixed with the DC current i4. Their decoupling is achieved by using
the Clarke transformation (2.11) and formulating the equations in «/$/0 components.

Thus, the resulting equations of motion for the current components are the following 5
equations:

R 1
internal circular: —i, a/f = == T a/f ~ 7 US a/8
dt ™ Le ™ L. '

R,

3R
ternal DC: 4 TdJFR@. 1( ucr)
externa =1 = =71 —— | U —_
dt e, 0 3_I/d+L e,0 Lﬁi 3,0 2 )
5+ Le (2.42)
—_———
Ly
Ry
d 2R, + R 1
. . _ g € . ]
external AC: 51970{/6 = —m Zg,oz/ﬁ — F (UA7()4//3 + 2“%@/5) .
g

Ly
According to these dynamics equations, it is obvious that {uz, a/B/0s UA, o /“3} act as input
variables for the current dynamics, which is the reason for having them marked in green.

Although in principle, it is not required for decoupling purposes, the Clarke transfor-
mation has also been applied to the AC grid current components because this reduces
the 3 original dynamic equations to 2 differential equations together with 1 additional
algebraic equation ua o = —2ug4 o — 2ug derived from i, o = 0 as a consequence of the 3
AC phase lines being star connected.

In the equations previously derived, the current components (as state variables) and the
voltage components (as input variables) can be written in compact matrix form as linear
combinations of the corresponding currents and voltages in the six arms. The matrix Mpn.sa
shows the relationship of the 6 linearly independent arm current components and voltage arm
components, which is defined in accordance with (2.11)

Mpn<—2A
. 1 0 1 1 0 1 .
val up71 1 \/g +% \/g +% Z@,Oé UZ,Q/
ip,2 | Up,2 2 T3 =1 N le, us, g
: 1 3 1 3,1 ,
s | _ |72 T2 b omg —F ie,0 us, o
In,1 | Un,1 1 0 I —3 0 —35 ig,a UA, o
in,2 | Un,2 R I vV R ig, 8 U, g
in,3 | Un,3 1 V3 1 ,v3 1 tg,0 =0 | ua 0 = —2ug 0 — 2ug
2 > 1 +3 +% 2 g g

(2.43)
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with its inverse transformation
M2A<—pn = 1\/Ipn<—EA_1
. 1 _1 1 _1 _1 .
le, Uy, o 3 16 (f’ 3 16 ? Ip,1 | Up,1
Ze, us, B ip,2 | Up, 2
Z.e B ( o 1 2\_(5 21\/3 1 2\_(5 21\/?: ' P
be, 0 us,o0 =15 5 6, 6, 6 ¢ lp,3 | Up,3
19, UA, o 3 T% —§ -3 % ? in,1 | Un,1
g, 8 ua, 8 0 &= - 0 -5 = in,2 | Un,2
Y 0 2 2 N Y3 P - 7
Zg,O— II'A,O__ ug,O_ UQ 3 3 3 -3 -3 -3 Zn,3 un,3
(2.44)
A similar transformation as for the arm currents and voltages can also be performed for the arm
energy components, whose dynamics d—tj = wu;i; with j = pl, p2, p3,nl, n2,n3=1,...,6
can be formulated in the following way:
Ws.o
e o — A [ Wp 1+ Wa 1+ Wyo+ Wao+ W5+ Was |
>0 6
. . . 1 . .
= 5 (U'EL ale a +ux, g Ze,B) +ux,o0 le, 0 + g (/ll’A;(Y lg, a +ua,p 'Lg,B)
d Le -2 Ld 2 L/ 2 -2 ]
=% [z(le,oﬂL 8) T 5 ie,o+ 1 (15,0 +ig,5)
R, Ry .
- [7 (ie, o 12 5) + Raic o + = 3 (3,&""’2,[3)}
ucr . 1 . .
+ — le 0~ (Ug,atga+Ugpig ), (2.45)
WZ, a
WE :i 2Wp,1+2Wn,17Wp727Wn12* p,3
Y dt 6
1 ) . 1 . . .
= 5 (UZ. ale,a — U B Ze,ﬁ) + (UZ 0 Ze atus o 'Le O) g (“A,a lg,a — UA, B g, ﬁ) + ZUA,() 19, a
d [Le Ly
=——|— (¢ L e,0le,
dt[4(le’o‘ ) + Leie, oi +16( )
R . . o R, .
B @ ) (Rt Re)icien + 52 (0 z;,ﬁ>]
3Lg dic,o . Ucy 1 . . UAO .
5 g leat orlea = 7 (Ugalga —Ug g p) T = Tiga (2.46)
Ws, s
W _i Wp,2+Wn,2_Wp,3_Wn,3
=0T 0 2/3
1 . . 1 . . .
=5 (Us aie p +us gica) + (us,0de, 5 + s, gic,0) = 5 (Ua,alg, s +ua piga) + JUa 0y s
d [ L. L
- *ﬁ |:7ie,aie,ﬁ + Leie7 Oie,ﬁ - ?gig,aig,ﬁ:|
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/

- |:Reie7 aie, B + (R:j + Re) 7:6, 07:6, B — _gig, aig, ﬁ:|

4
3Lgdic o . UC 1 . . UA,0 .
T det le,g + Trle,ﬁ + 1 (Ug,aig,p + Ug 8iga) + 4' lg, B> (2.47)
Wa.o
WA():i Wp,l*Wn,l‘i’Wp,Q*Wn,2+Wp,37Wn,3
’ dt 3
1 . . 1 . . .
=3 (Us, a ig,a +Uus, gig,8) + 5 (U, ale,a +UA, Ble, 8) + UA,0 e, 0
d[Le, . o Ry +Re = o
=it |5 Geninia )] = | F i+ e i )|
di . di ) . . .
_Lg ( dqt,a le’a—i_ 5];5 161’6) - (ug,(xle7a+ug7ﬁle75)+UA7(]le70, (248)
WA,&
Wa o — A [ 2Wp 1 —2Wa1 =Wy o+ Wi o = Wy 34+ Whs
T dt 3
1 . ) . . 1 . . .
- 5 (“E,a lg,a — Ux, p1lg, ﬁ) + (U‘Z. 0%, +UA o 7/e,O) + 5 (U‘A. ale,a —UA,B Ze,ﬁ) +uao le, o
d |Le . . .. .
T {76 (e, alg,a — fe,plg,p) + Le’e,O’ma}
R +R. . . L .
_ {QTG (le,alg,a — te,glg, ) + (RZI + R'g) ie,0lg, a}
3Lg dic.o . dig. o diy 5 . dig. o
— g a tee Lo Ty feam T len | ~2Le= 0 e
Ucyr . . . . .
+ ngva - (Ug,a le,a — Ug, B Ze,ﬁ) - 2ug,a le,0 + UA, 0 Te, o (249)
Wa, s
W :i Wp,Q*Wnﬂ*Wp,S‘i’Wn,B
T V3
1 ) ) ) ) 1 ) ) )
=3 (us, aig, g+ us, gig o) + (us 0ig, g+ ua, gie0) — 3 (UA, o te, 8 + UA, Ble,a) + UA, 0 Te, 3
d L. . . . .
= 7% |:?e (Ze,alg,ﬁ + Ze,ﬁlg,a) + LeZe,OZg,ﬁ:|
R +R. . . L. o
- {_QTE (ie,alg, g + e, Blig,a) + (R:i + R;) Le, 029’4
3Ly die.o . digo  digs dig 5
— 5 et le ( dr et g ten ) = 2e=p e
UCy . . . . .
+ —lg,6 + (g, ale,p + g, pe,a) = 2Ug,pie,0 +Ua 0 e 5 (2.50)

It is worth mentioning that one could, as for the island bus, go from the a/3/0 to the d/q
components by separating the time dependence due to the oscillation with frequency w, in the
AC and the internal circular current components. However, this time, such a transformation
offers no additional simplification since the circular current, by its very definition of not having



2.4. RESULTING EQUATIONS OF MOTION FOR THE FULL SYSTEM 29

any influence at all on the external DC and AC sides, does not necessarily display any char-
acteristic frequency. Thus, its corresponding d/q components are not well defined. Hence, the
dynamics for the inverter and attached AC grid will be formulated as «/ components rather
than the d/q components.

2.4 Resulting equations of motion for the full system

1
By taking into account that one third (=) of the AC current components is superfluous, and the

AC voltages are assumed to be operating symmetrically, the full system dynamics is described
by a state vector with 19 components

- . . . . . T
ledZ(UCS Ust,d/q Wib,d/q 're,d/q UCr le,0 Wj:l,...,G Le, o/ Zg,cu/B) )

whose time evolution is driven by the 10 components of the input vector (marked in green)

- T
u19d:(55,d/q Sre,d/q uZ/A,O/a/ﬂ) .

For externally given (marked in blue) generator current i,, 4/, and AC grid voltage u, /5 the
resulting full system of equations of motion is given by

ducs __i(‘ ‘ ,
dt o220, VT T ist
7R5

d (ist,a) ¢ 0 1 ist,d 1 Ss,d Uib, d STATCOM+
dt <ist, q) N ( Lst + o <_1 0) <ist, q + Lst s Ss,q N uib7 q genera’tor

d (uiv,a 1 0o 1 Wib, d 1 w,d ist,d irc,d

dt (Uib,q> ( Rfo two (71 0)) (uib,q + Cf 7:w,q + ist,q irc,q

d 7;1"0, d\ __ ch 0 1 irc, d 1 Wib, d Src,d

dt (irc, q) - ch +wo (71 0)) (7;7‘(;, q) + ch <<Uz’b, q uer Sre, q

ducr _ /3 (s Sre.q) fre,d) _ 3 conventional rectifier+
dt C, \2 Vet e d) G, e 0 HVDC transmission line
die,O Rél . 1 ucr . id
a :_L_QR’O_L_&(UZ-O_ D) )7 Ze,O:g
dWw;
tﬂ =i, j=pl, p2,p3,nl,n2,n3=1,...,6
d ie,a Re ie,a 1 Us, o . .
)= ) e MMC inverter+AC grid
d y

dt \ig,p L; ig, 8 Lé UA, B Ug, B

where resistance Ry, as well as R, is small and can be considered as negligible. As already
discussed in the previous section, the dynamics for 6 arm energy components of the MMC can
also be formulated in the six {Ws; 4/8/0, Wa, a/8/0} components: (2.45), (2.46) , (2.47), (2.48),
(2.49) and (2.50), respectively.

(2.51)

2.5 Steady state analysis

As many design specifications are described in terms of a system’s steady state characteristics,
determining the steady state is vital. Moreover, studying a system’s steady state enables a
comprehensive picture of which components are heavily loaded in the long-run operation. It
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offers a greater understanding of the system’s functionality and operational behaviour. Apart
from that, it is also essential in the trajectory design between different steady states, which
will be discussed in further detail later in the Chapter 3.

In general, the steady state (denoted from now on as (55)) of the considered system is defined
as follows:

e constant current and voltage in DC link;

e sine oscillating current and voltage in AC island bus and AC grid, which is described by
constant d/q or o/ components;

e constant total energy of STATCOM, rectifier and MMC, which also correspond to con-
stant energy component Wb, Wye and Wy, ; as described in (2.52, (2.53) and (2.54),
respectively. This will be discussed in further detail afterwards.

Before moving on to the derivation of the corresponding steady state, let’s examine how
the power behaves in steady state for each subsystem.

e Initial section of island bus:

Witin

A\

0= a ( ?Su%’s + 578 (th,dﬂ”gt,q) + §7f (“?bvdJ“u?b’q) )

3 ) ) 3 . .
= 3 (Wib, d T, d + Wib, g Tw, q) = B (Wib, d ire,d + Uib, g ire,q)

effective power input effective power transferred
from generators into second section of island bus
RstA% 0

3 . . 31
+ §Rst (th,d + th,q) +§R_f (uzzb,d + u?b,q) .

dissipation at resistances of initial
section of island bus

(2.52)

A stationary state in ucs, as well as in the amplitude of the AC current issuing from the

STATCOM, 4/i% ,+ i§t7q, and in the amplitude of island bus voltage, \/u2 ;,+ u% ”

means that the effective power from the generator is fully transferred as effective power
into the island bus, except for the low power dissipated at the subsystem’s resistances
(denoted above with a wavy line). It is important to note that the power loss at the
small resistance Ry will be neglected because the corresponding transmission line is the
shortest of all lines. Therefore, the voltage drop at R is less than 1% of the existing
voltage at the island bus.
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e Second section of island bus:

WT’ C

d (3L . C
:E<2 gc(rcd_}'lrcq)_}'éu%r)

3 ) . .
- = (uib,d Lre,d + Wib, g Zrc,q) = 3ucy le,0 T+
2 ———

;ch (ie.a+ ire.q) . (2.53)

effective power input ggfv]v)eé lﬂ;ﬁﬁ(

into rectifier

dissipation at resistances of second
section of island bus

Analogously, the stationary state in wuc,., together with the amplitude of the current
entering the conventional rectifier, 4 /i% at i%a ¢ means that the effective power injected

into the rectifier results in the full power transfer into the HVDC transmission line. Once
again, the small power dissipated at the subsystem’s resistances is indicated with a wavy
line.

e DC link:
6Ws;

d 3 3L
O dt<6WZO+ L (ea+zeﬁ)+3Ld160 5?9(9’ +Zg5)>

) 3 ) )
= 3uUCr le,0 = (Ug,oﬁg,a +ug, 8 2975)
——

2
ﬁ%‘gé 111i1;53{ effective power transferred

into AC grid

/

. . 3R, . .
+6Rliz o+ 3R (i o + 12 5) + 579 (i2 o +i2 5) - (2.54)

dissipation at resistances in DC link, inside MMC
and AC grid
Finally, the stationary state in the MMC energy, as well as the energy stored in the
internal inductance, along with the DC and AC inductance, indicates that the power
being passed into the HVDC transmission line is completely transferred as effective power
into the AC grid transmission lines, except for the losses at the resistances.

e Total energy:

Besides that, the total energy stored within the full system can be defined as in the
equation (2.55).

Wtriv
C 3Ly, . 30y
Wiotar = 7310203 + 578 (th,d + th,q) + 579 (u?b,d + u?b,q)
Wie
3L . ) C
+ 5% (ch,d + Z%c,q) + éu%‘r
GWQ,O

. 3, 2 . 3Ly o
+ 3L i, + 6Ws,0+ S Le (8,0 +78,5) + 577 (ig.a+5,4) - (2.55)
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Taking the time derivative of (2.55) leads to the following relation

AWettip
dt
thotal 3 31
p = 3 (Uzb d zw, ) + Uip, ¢ (zu,7 M)) 2R_f (Ufb,d + U?b,q)
3
QWM Ry (2, 4 +i%. )
dWTC
dt
. 3 R; o 5
+B0orde — 5 (vt + . giann) = 3Re (.04 82,5) ~ORGi20 — 55 (.44 5.,)
()‘dWé’ o
dt
(2.56)
i : thotal o . .
Hence, in steady state, characterized by T 0, following energy balance condition
results
net power injected
into the system
3 - .

0= E(Uzb dZw d+Uzb,q2w,q) 2 (“g,d’g,d‘f‘ug,qlg,q)

5 5 3R
- Jr2Rf (v, + ) + R”(Tc aFireq) T 3Re (i8 o +i2 5) +6RYI o 27g (ig,q+1i
power losses
at resistances

(2.57)

where from the equation (2.57), it can be concluded that the condition for the steady state
of the total energy results in a nearly vanishing difference between the effective power
injected at the generator and the effective power passed to the AC grid transmission lines,
minus the power dissipated at the corresponding resistances.

Now the procedure to calculate the steady state will be presented in two main steps. First,
the steady state in MMC will be computed analytically, followed by the steady state in the
island bus. Both of these steps will be covered in further depth in the subsequent two subsec-
tions.

2.5.1 Analytical derivation of steady state in MMC subsystem
(ss)

For externally given AC grid voltage u, o/ of constant amplitude g’ in the steady state and
2
externally fixed period —7T, as well as a constant DC voltage uc,, the steady state is defined

by the condition that nogenergy is being absorbed (or lost) in the MMC. Thus, the power
is completely transferred from the DC side to the AC side as effective power (except for the
power dissipated at the corresponding resistors inside the MMC and at the DC as well as AC
transmission lines). This condition is mathematically expressed as Wésso) = 0. A full derivation
of all arm currents and arm energy components in the steady state of a MMC is discussed in
[23]. In this subsection, only the main results of that reference will be briefly discussed.

As shown in equation (2.51), for the MMC subsystem, there are a total of 11 equations
of motion that can be used to determine the 11 state components, along with the 6 input
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components, provided that the AC grid voltage is externally given. As a result, 6 of the 11
state components can be freely chosen for the steady state calculation in this subsystem; these
are listed in Table 2.5.

Externally given variable Freely chosen variables Variables to be determined

d 5

Ug, /B —Wesss Pigs ey Pies V05 Uo | Tp/n,jr Up/n,jr Wpm,; Where j=1,2,3

dt

Table 2.5: Externally given variable, freely chosen variables and variables to be
determined for the steady state calculation in MMC

2.5.1.1 General formulation of {u, /s, iy 0/, ic a/s} in steady state

Due to the fact that the external DC side remains constant, while the AC side oscillates with
an angular frequency wy = 27/7 and constant amplitude, the external DC and AC voltages
are defined by

(ss)

Ug,” = const,

sin (wgt) . 2.58
(s5) _ ~(ss . 27 (s8)  _ ~(ss S (W t) ( ’ )
Ug 1/2/3 = ué : St (wgt — g) = Uga/8 = u_((] ), (— cos (igt) ’
const S (wgt + ?) const

whereby u(cfj) and ﬂgss) are given.

The DC current as already discussed at the beginning of this section, on the other hand,
should maintain a constant value in the steady state, whereas the AC current is a symmetric,
3-phase system with constant amplitude and phase-shifted by ¢; 4 with respect to the AC
voltage

iElSS) — 32'2‘?%) = const,
sin (wgt + @i g) . A
109 =869 [ sin (gt + iy - ) | = i, = itee) (Sl F0ig) )
9,1/2/ . S g,o/B — COS (wgt—{—gpug)
const Sin (wgt + Wi, g + T) const

(2.59)

with its derivative given by

d (ss) _ A(ss) cos (wgt + @i, g)
Tl =t Wl gin (it + i) (2.60)

Additionally, the internal current is assumed to oscillate at an arbitrary (although usually
this amplitude will be taken = 0) constant amplitude 7. in the steady state. The frequency (or
frequencies) of such oscillation is, in general, free. The only condition imposed is not interfering
with the frequency w, of the AC grid, since, by its very definition, the internal circular current
is decoupled from the external AC current. Hence, such frequency is chosen to be a multiple h,
of the AC frequency wy, and since it should have no effect on either the external DC current (no
frequency) or the external AC current (single frequency AC), the smallest multiple is h, = 2
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sin (2wgt + ¢; ¢)
+cos (2wgt + ¥i.e)

f‘?/z/g ie.0 + 109 | sin (2wyt + @i — 2—;) = S‘;’/ﬁ
71"
3

~~ \sin (2wgt + pie + 25 )

const

sin (2wgt + ¢; ) o9 (

const

(2.61)

with its derivative given by

d 5(55) s(ss) cos (2wgt + ©; ¢)
dt'ea/s = 2wy { _ sin (2wgt + i e) ) (2.62)

2.5.1.2 General formulation of inputs {us/a +/5/0} in steady state

Once all current components in the steady state {zg 03/5/0, 5703/6} have been defined, the

corresponding equations of motion (2.51) may be used to derive the five input components in

the steady state {USS;/B/O, ugsi/ﬁ} as follows:

(s5) (s5) d (ss)
Us ayp = ~Rele a5 = Lemyic s
a5 s
sin <2w t + @i e + arctan <M))
= i\ /R2 + (2w, L) e AR (2.63)
+ cos <2wgt + @i, + arctan < 1% ))
=0, since
steady state (constant)
() _ UO 9 dss)
Us,0 = 79 — Ryico — d g0 (2.64)
(s3) o (s9) _ pri(ss) 1 4 (ss)
UA a/8 = ~ 2 078 ~ Bty 0/ ~ Lozl a8
2059
“Aa/8

2 N 2 R
= *\/(2&5{95)) + (7;258)) (R/g2 n (ng/g)Q) + 4115158)1'!(788) (R;] COS i, g — ng/g sin @4, g)

7211253) sin ¢;, g+igss)ngf4€
212(53) cos @;, +%gSS)R’

—211(5 ) sin +ils9), Ly ’ (265)
— cos <w9t + 4, g + arctan < e >>

sin (wgt + i, ¢ + arctan (
X

20y " cos p;, q-H(SS)R’

Moreover, the amplitude for the voltage component u(Asi)) is freely chosen. In the steady state,
the common-mode voltage ug is chosen to have a constant amplitude, which oscillates with the
third harmonic of the AC frequency wy, so that this voltage component has no effect on either
the internal circular current dynamics or the external DC and AC current dynamics

ug'™) = a6 sin (3wt + u,0) = uly = ~2a5™ sin (3wt + pu,0) (2.66)

2.5.1.3 Derivation of i, o during steady state

As previously mentioned in the subsection 2.5.1, the total energy amount in the MMC remains
constant in the steady state. In other words, the power is completely transferred from the DC
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side to the AC side as effective power (except for the power dissipated at the corresponding
resistors).

ss)
Wy
(5 d [ W+ Wi+ wi) +wi) + wy +wiy)
Wso=0= dt 6
. 1 (85) +(ss) (ss) .(ss) (ss) .(ss) (ss) +(ss (ss) -(ss)
=3 : T U B Zg,ﬁ)

. 1.
5 le0 — g Uy g oS Pig (2.67)

As u(c‘ff) on the DC side as well as {ﬁé‘%), %ggs), <p,~7g} on the AC side are given, along with

EESS) = 0, this leads to the following quadratic equation in isg)
(ss) ~(s8)3(s8) ) R 9
(552 Ugy (ss) g ig " cos@ig | Re (15502 9 (3(ss) _
(i) oR] ‘0 T AR), T oR; ()" 8R), (i) | =0, 69)

(s5) (5)\ % [ g (s8)3(ss) s R )
(ss) — Ucy _ Ucy [ Ug g Pig R 2(ss) g [~(ss) 9
‘a0 T 1R) <4R;1> < iR, oy (i7) "+ SR (&) > (2.69)

Among the two solutions for isg), the solution with the least magnitude is chosen over the

larger one, as the larger one would result in more losses at the resistors

2.5.1.4 Derivation of arm current, arm voltage and arm energy components dur-
ing steady state: i;,u; and W; with j = {p1, p2, p3, nl, n2, n3} = {1, 2, 3, 4, 5, 6}

As for now, the current and voltage components at the 6 MMC arms in the steady state are
made up of terms up to the second and third harmonics, respectively. In order to determine
the 6 arm energies during the steady state, the product of the corresponding arm currents
and arm voltages need to be integrated. Hence, these can be expressed as a superposition of
oscillating terms together with an offset as follows:

(s5)

iy = ag+ arsin (wet + 1, ;) + azsin (2wet + 2, 5)
(s5) (2.70)

uj = agp + a1 sin (wgt + sbl,j) + ao sin (ngt + QEQJ‘) + ag sin (3wgt + @3,]‘) R
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where the arm index is denoted by j = {pl, p2, p3, nl, n2, n3} = {1, 2, 3, 4, 5, 6}, together
with the following auxiliaries

an = Z((;‘S) _ :(s9)
0= "5 =le0
1aigs
ay = 51‘(;‘5) ,
ag = %((388) ,
an = ﬁ _ _:i -(ss) — U(Cfi) o R/ .(ss)
0 2 3 d - 2 dle,O 9
1 )\ 2(s9)) 2 2 2 26) (s 1/2
i =3 {(2%&&)) I (iéss)) (R; + (wy L) ) 408970 (R cos g —wpLlsings o) |
G0 = —i(89) 2 2
a2 = —l¢ Re + (QWQLe) )
dg = —al™
#1,p1 0 P2, p1 0
P, p2 72% P2, p2 —f—z?ﬂ-
YLp3 | _ +?ﬂ' Y2,p3 | _ 7%
= Pig Tt ) = @i,e + :
$1,n1 Yi.g s ©2.n1 Wi, e 0
©1,n2 s ©2,n2 +2_7l'
S i
901.,713 3 902.’"3 -2
(151,171 0
p 2
@1,p2 o _ 2z
~ 2(ss) .
PLp3 | _ jretan lg A(R’g sin;, g + wy L}, cos @; 4) . +2n |
gl, nl 2125;&) + Z-!(;s) (R’g COS i, g — ng’g sin @;, g) 77:
1,n2 3
()51, n3 _2,&5}55) sin @i, g + igss)ng; 5%
= j, ¢ T arctan D) e
2Ug cos i g +ig Ry
(‘527;01 0 @3,1)1 0
(‘527;02 +z§ @3,1)2 0
522,p3 _ 2nge 7%" @37}73 0
> = ;e T arctan + , r _
P2, n1 ie ( ) 0 B3 Pu 0+ |
9527"2 +2§ 523,712 s
()52,”3 72% (153,713 s
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Therefore, the power at each of the 6 MMC arms, W; = u; i;, can now be integrated to deter-
mine the energy stored in each arm at steady state.

aidy cos (P1, 5 — p1,5) + a2d2 cos (@a, j — @2, ;)
2

t

Wj(ss) =Cj + |aoao +

aia ~ aia
— =2 cos (wt + @1, ;) — —— cos (wgt + @1, )
Wy Wy
aza1 . - a2a1 . - asaz . -
+ E S (LUgt + 2,5 — 9017]') + E S ((Ugt + 2,5 — @Lj) + m S ((Ugt + @3, — QOQJ)
(~12a0 ~ a2t~10
— 20, cos (2wgt + P2, ) — 20y cos (2wgt + @2, ;)
aiai . N asai . -
T, SO (2wgt + @1, +¢1,5) + Ty OO (2wgt + @3,5 — 1, 5)
a3ao - a201 . - a2a1 . -
- 30y cos (3wt + @3, ) — 6oy sin (Bwgt + @2, j + ¢1,5) — 6oy sin (Bwgt + @2,5 + 41, 5)
asai . N aszaz . -
" B, M (dwgt + P3,5 + p1,5) — 8w, n (dwgt + P2, 5 + p2,5)
&3@2

10w, sin (Swgt + @3, 5 + @2,5) ,

(2.71)

where C; represents the corresponding integration constant. The value of C; is derived from
the condition that the average value of the arm energy over a full AC period is a constant,

C
regardless of the arm, with C,,, = NS—M (Csas is the capacitance within each single submodule
SM
and Ngjs is the number of submodules in each arm).
3 t=27/wy
W, = -2 wedt  Vi=1,...,6
21 Ji=o !
averaging over one period
C,, w 2m/wac ( )2 C (s5) 2
-5 ui) (0 dt= =" (veull)) (2.72)
C 2
— = (m u(gj)) Vji=1,...,6, (2.73)

2
The average value should be slightly higher than (u(csf)

so that during an AC period, the
respective arm capacitor is not completely discharged. This reserve is specified by means of a
factor ve > 1, typically between 1.1 and 1.4. It is worth noting that the wavy term in (2.71)
vanishes due to the steady state condition (2.68).

Before examining the steady state in the island bus subsystem, it is worth recalling the

following points, which are required for deriving the steady state in the MMC:

e externally given variable: Ug, o/B

e freely chosen variables: %Weff, i, gs tes Pi e, VO, Uo;

e derived variables: ¢ and, W, where j=1,2,3.

p/n,js Yp/n,j /n,J

2.5.2 Analytical derivation of steady state in island bus subsystem

Recall that the variables in the first 8 equations of motion in (2.51) are formulated as d/q

components, along with externally given generator current vector Ty = fw.d) Tt is worth

tw, q
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mentioning that from now on, the d and ¢ component can also be compactly written together

Vd

as a 2 component vector, v = < . Thus, in the steady state, where the time derivatives from

this set of 8 equations are set to zero, the following equations can be deduced,

du(cfj) 3 (ss)  (ss) igis()i
T =0 e (s s59) ) (2.74)
.(ss .(ss s (ss)
4 thvzl =0= <— Rst + wo ( 0 1)) th,()i 4 S w59 'Si,d) _ [ %b,a
at\ify, Le - \1 0JJNiG) " e U \s) N/ )
(2.75)
s5s) ss . .(ss .(ss
d uib,d — 0= <_—1 + wo < 0 1)) uz(b,()i n i (Z'w,d> + Ziu?i o Zf“c,il
dt gy, RGN 0)) Ry " O \Niwd) NG ) ik
(2.76)
d (i) - ( R ( 0 1)) e W B T A N e
_ re, —0= [ -—< + w re,d + ib,d | _ usss rc,d ,
dt <z'£if>q> Lee 7 AL 07 Nig) 7 Lo \ Ny 7 A2
(2.77)
dugy U (37 o o) () oo
T =0=g (5 (st si) o ) =iy ) (2.78)

As can be seen in the previous equation, there are a total of 8 equations of motion that
can be used to determine the 8 state components and the 4 input components for the island
bus subsystem, assuming that the generator current is externally given. Thus, 4 of the 8 state
components can be freely chosen for the steady state calculation and these are summarized in
Table 2.6.

Externally given variable | Freely chosen variables | Variables to be determined

Z.w,d q UCs; Pu,iby Pi,res UCT Uip, Tres ist,d @ Ss,d/q) Sre,d/q
Table 2.6: Externally given variable, freely chosen variables and variables to be
determined for the steady state calculation in the island bus

(

e The amplitude of the current entering the rectifier in steady state %,f;s) (marked by a
vertical arrow) is determined by a series of steps as follows:

From the equations of motion for ucs in steady state (2.74)
0= (507 a3+ 507 ) (2.79)

and scalar multiplying 7., with the equations of motion for ist,d/q D steady state (2.75),
following algebraic equation results

negligible =0, from (2.79)
— A

1 (L) € 0= — Ry (157) e (50660 4 50904570) = (w57 s i)
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(2.80)

From the previous equation, it can be deduced that the following relation for steady state

(G i)+ uliliny) =0 (2.81)
holds true and describes that no effective power is being injected by the STATCOM into
the wind generators (only reactive power is provided by the STATCOM). On the other
hand, multiplying uc, with the equations of motion for uc, in steady state (2.78), results

9 Crue) 0 = ul? <5(95) (539) | (s9) (ss)) ol (2.82)

ucy dt re,d rcd re,q ch

Equation (2.81) and (2.82), combined with the scalar multiplication of @’ and ., with
the equations of motion for uy 4/, as well as i,. q/, in steady state, (2.76) and (2.77)
respectively, yields

ﬁ(.zs)%w cos (i, — Puiy) =0, from (2.81)
— d — (ss) 1 ~(ss 2 ss ss ss ss ss ss
iy - E(Cfuib) = OZ*R_ (Ugb )) JF( Eb;ZWd+uz(b;Zw q)+(u5b¢)i gtz)iJruEbz); gt,?;)

f
(ss) :(ss) (s5) -(ss
- (zbd Tcd+uzbq£‘6)q)

Al 36 cos (gir. — Pun)

= ﬁEZS) Rf (gw CcOos (901 w — Pu, ib) - gg‘scs) Ccos (Sﬁz, rc @u,ib))

(2.83)
d 3
T2 - (ﬁ) _ (ss) (ss) (ss) (ss) (55) (ss) (S&)
Lre dt (LTCZTC) = 0= ch (TC ) Cr + ( lb al re, d+’ulb q TC q)
3
=R (60) 2
~al)
b ) l
T 27("25) cos ((pi’TC o ('Du’ib) Rf i COS (QPi,w - (Pu,ib) - Z'E‘&CS) CcoS ((pi,rc - (pu,ib)
(2.84)
This leads to the following quadratic equation for %&ZS)
\
i(s9)) 2
0 :(zrc > (ch + Ry cos” (i, re — Pu, ib))
J

e )<szw 08 (i, w — Pu, ib) €08 (Qi, re — Pu, Zb)) + Qqu) z'efg) 7 (2.85)
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(ss)

and therefore, the resulting ;. ’ reads

2(ss) _ Byt €08 (9i,w — Pu, ) €08 (93, re — Pu, iv)
2 (ch + Ry cos? (@i, re — Pu, ib))

2
n Ryt €08 (@i, w = Pu,ib) €08 (@i, re = Pu,in) | 2u? Zi,o
2 (ch + Ry cos? (i, re — Pu, ib)) (ch + Ry cos? (@i, re — wu,ib))

(2.86)

The resulting i) corresponds to the larger (“+”) solution of (2.86), since the other

solution (“-”) would be incapable of supplying sufficient effective power to the rectifier
(particularly if R,. — 0 and Ry — 00).
2(ss

Once e ) has been calculated, the amplitude of the island bus voltage in steady state

a$%) is given by the equation in (2.83)

(ss)
re,d/q
with the equations of motion for 4,. 4 in steady state, (2.78) and the second component

of (2.77) respectively:

The corresponding input s is derived from the equations of motion for uc,, along

0= (sl + sk ifs) - 2163 287
0= —Rcils) — woLyc il +uly”) —uld 522) (2.88)

(s3)

are as follows
re,d/q

Hence, the resulting s

(ss) _ UEZ,S; B RTC Z&ZSBI wOLTC 17("c 31
(57,67(1 = u(ss) ]
Cr
.(ss (ss (Ss) ( ) (ss)
S(ss) _ 212, 0) _ ’Lgc,z] uib,q — Ryci lre,q — wOLTC Zrc d (2 89)
re,d Z,(ss) .(s5) u(SS) . .
re,d re,d Cr

The current issuing from the STATCOM is determined by combining the equation of mo-
tion for w;, 4 in steady state ( second component in (2.76) ), together with the previously

derived relation < (gsc)l gt ()i—i-u(ss) (58 )> =0:

ib, q st ,q
SS 1
(t 2] = —iy q+z$czl+ R—fu( )+w0Cfu§b ()1,
) iy 1 :
Zgifd - 2583 <_iw7q + Z&Z‘SBI + R_fu( g + wOCf ui?d) : (2.90)
zb d

(ss)

Finally, the corresponding input s /q follows from the equations of motion for iy 4/ in
steady state (2.75), leading to

(ss) (ss) (ss)
(Sfég)> - (155) [(%(1;,;)1) + <Rst —woLst ( 01 (1)>> ( fﬁj)] (2.91)
Ss,q Uy Uip, ¢ N st q
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2.5.3 Summary of the full steady state

As shown in equation (2.51), there are a total of 19 equations of motion that can be used to
determine the 19 state components, along with the 10 input components, provided that the
generator current and AC grid voltage are externally given. As a result, 10 of the 19 state
components can be freely chosen for the steady state calculation; these are 4 for the island
bus subsystem (since 4 are also the number of input variables driving such subsystem) and 6
for the DC link-MMC subsystem (since 6 are also the number of input variables driving such
subsystem)

UCs, UCTy Pu,ibs Pi,rc Weffa Pi, g5 %67 Vi es VC, ﬁ0
island bus AC grid + MMC

The following are some brief explanations of those freely chosen state components:

e The total effetive power into the AC grid is defined as

ir(ss) §
Werr = 3
For externally given amplitude of AC grid voltage 1,4, together with some chosen phase
@i, ¢ in the AC grid current, the amplitude of AC grid current can be obtained as follows

ﬁ(gss) %gss) COS i g - (2.92)

i7(ss)
. 2 W,
3(s8) — L (2.93)
g 3&(55) COS (0;
g Pi, g

Therefore,the AC grid current components are fully defined.
e The 2 voltages ugfj) at the STATCOM as well as ugj) at the rectifier.

e The 4 phases of the island bus voltage, the current into the rectifier, the AC grid current

u(ss) .(s8) .(ss)
. ib, q re, q lg,q

and the circular current : ¢, 3 = arctan o) |2 Pire = arctan Go) | ¥ia= arctan o |
Uip, g Yye,d Ly d

& Pi e-
e For the steady state, the amplitude of the circular current, %SS) and the amplitude of the
(ss) 2(ss) (ss)

common-mode voltage, "', may be any value. In this thesis, ie ~ = 0 = 1, ' was used
, however this is not necessary.

e The constant energy stored in the MMC Wésf)) (up to a factor 1/6), characterized by the

(ss)
CSM <UC Ucy >

2 Nsn

so called reserve factor vo: WS‘B) = Ngnm

with Ngps and Cgps the

number of submodules in each arm and the submodule capacitance, respectively.

For the steady state, the remaining 9 state components as well as the corresponding 10 input
components can be calculated in two main steps:

a) analytical derivation of steady state in MMC, and

b) analytical derivation of steady state in island bus.
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Chapter 3

Trajectory design for fast transition
between two steady states

As already discussed in the previous chapter, the full system being considered consists of many
state variables coupled to each other. Hence, when driving the system from some initial state
to some desired final steady state, there exists the risk of inducing some undesired transient at
the final state. Therefore, a careful trajectory design is the first step for later developing the
corresponding input to achieve a smooth transition to a new steady state without producing
any transient and, if possible, in a short time interval.

Thus, in this chapter, a general method is developed for designing a fast trajectory in some
of the degrees of freedom of the full system. For this purpose, only variables that have less
contribution or affect less the power flow will be taken into account. The transition from the
initial steady state (ssl) to the final steady state (ss2) should happen in a short time interval
Ts (in the order or below one period of the AC grid) without exciting additional transients
after reaching the new state. Difficulty arises, however, when an attempt is made to design
the trajectory. The main issue is using a very limited number of variables to design the tra-
jectory of all system variables and, simultaneously satisfy all equations of motion. Since the
number of variables to be designed is usually less than the number of equations of motion
to be fulfilled, additional free parameters must be introduced into these few design variables.
These are “hump” functions of short duration (which will be discussed in more detail later),
whose still undetermined amplitudes will be later adjusted to satisfy the corresponding equa-
tions of motion. Since these “hump” functions, used as base functions, are at this stage free,
additional conditions can be later imposed to simplify the equation for the unknown ampli-
tudes, in particular the energy equations containing some nonlinear contributions in the hump
amplitudes.

As already mentioned at the very beginning of this chapter, the trajectory design for the
state variables of the full system is complicated because the state variables in the full system
are strongly coupled to each other. To simplify the solution, the full system is divided into two
subsystems:

i Front subsystem(“island bus”) : STATCOM + island bus + conventional rectifier
ii End subsystem(“MMC”) : HVDC link + MMC inverter + AC grid

Despite of the strong coupling of the full system, both subsystems can be treated separately
from each other as it will be shown later. Because of the complexity of the MMC subsystem,
it will be discussed first, later it will be combined with the island bus subsystem.

43
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3.1 Central idea for the trajectory design

As already seen in the previous chapter, the full system is described by 19 state variables
- . . . . . T :

T194 = (ch Ust,d/q Wib,d/q ‘re,d/qg UCr le,0 Wiz1,..6 e, /B Zg,a/ﬁ) and driven by 10
: . . T .

input variables ti19q = (ss,d/q Sre,d/q uZ/A’O/a/ﬂ) for some externally given current at the

wind generators i,, and voltage at the final AC grid tiy. Most of the equations of motion for
the state variables contain nonlinear terms, arising from the capacitances of the three converter
systems (STATCOM, conventional rectifier, MMC) as a product of some state variable with
some input variable

ducs 3 »
i = a e sl sz)
d (ista Rt 0 1 ist,d 1 Ss,d Uib, d STATCOM+
dt (zst q): Ly +uo (1 0)) (ist,q + L., \‘os ss.q)  \Wib,g generator
d (wip, q 1 0 1 Uib, d 1 T, d ist,d ire,d
dt Uib, q Rfo +W0 <_1 0>) (Uib,q * Cf Z"w,q + ist,q irc,q

Z’I“C d + w 0 1 irc, d + 1 Uib, d —u Sre,d

Zrc q LT 0 -1 0 Z.rc, q ch Uib, q or Sre, q

duCT _ 3 (s Sre.q) bre,d) _ g, conventional rectifier+
dt CT g \red Frea) \ g, €0 HVDC transmission line

die, o Rl . 1 ( ucr) , iq
:——2570— UZO— R 'Le,O:_
dt L, L 2 3
u]z], J=pl,p2,p3,nl,n2, n3=1,...,6
d _ ie,a 1 Uy, o . .
dt ze B -7 ie. B - L_e us, MMC inverter+AC grid
i ig,a _ i‘g,a o i UA, « +9 Ug, o
dt @g,B L’ lg,p L, \\ua,p Ug, B

(3.1)

It is worth mentioning that instead of considering ucs and uc, separately, an equivalent
formulation for the two degrees of freedom can be written when considering the energy of the
two halves of the island bus subsystem, each half containing either the converter described
by ucs or the converter described by uc, ( Wi and W, respectively ). The equations of
motion of these two energy components can be derived from (3.1).

dWst+ib o 3 . B §
2

. . . 1
5 | (Wib, diw, d + b, qlw,q) = (Ui, dire,d + Uib, glre,g) R, (uh,a + ) -

a 2
dw, 3 ) . . 3 . .
G = 5t dived + Ui give,g) = 3uCricn — 5 Rre(ifa +ireq) 32

On the other hand, the six equations of motion for the arm energies W; in the subsystem
“MMC+AC grid” can also be written in ¥/A components:

Ws o

: d [ Wo14+Wa14+Wyo+Wyo+W,s+W, 5|
WZ,OZE 6

1 , ) . 1 . .
= 5 (“Z,u le,a + uy, g 'Le,,@) + Us3, 0,0 + g (“A,a 19, + un, g Zg,B)

d [Le L, L
-4 [Z (i2 o +i2 5) + S22 0+ 12 (12 0 + 12 )
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3.1.
Re ,. . . R, .
— |5 (o +ic5) + Riic,o+ 5 (i5.0 +ig.5)
Ucy . 1 . )
+ TTZ&O 1 (Ug, o ig,a +Ug,gig,8) 5
WZ,oz
Was _ A 2Wp i A 2Wn 1 = Wy o = Wi o = Wy 3 — Wi s
Y dt 6
1 . . . . 1 . . .
= 5 (U'Z?u le,a —Ux. B Ze,B) + (U'Z;O le,a + Uux, o Ze,O) + g (UA.(Y lg,a — UA,B Zg,B) + ZUA.O 19,
d [Le ,. _ . .. .
— gt |5 = 2.0) + Leesicin 4 18 (0= )|
R !
€ . . . . . .
[ - ) e Rt - 0]
3Lqdic,o . ucr 1 . . UA,0 .
*Tj ca“i’TTZe,a*Z(Ug,aZg,a*Ug,ﬁlg,ﬁ)+ 4 g,

Ws s

W 71 Wp,2+Wn,2*Wp,37Wn,3
=00 2V3

1 . . . . 1 . . 1 .
= *5 (“E,a le, B + us, g Ze,a) + (UZ. 0%,p + us, g 7/e,O) - g (“A,a 19,8 + UpN, B g, a) + 4“A.(J 1g,8

d [ Le. . o Ly

= Tt [_762670/56”3 + Leie,ole, g — ?glmalmﬁ]
R

_ [lm + (RZI + Re) le,0le, B — Igig,aig, g}

UA,0 .

3Lgdi. o . UCy . 1 . .
T oty et (e e g pia) e g,
(3.3)

Wa.o

d {WnlWn71+Wp72Wn,2+Wp,3Wn13 }
3

(UA. « ie, atua, B ie, ﬁ) +ua, o ie, 0

R, +R. = o
(Ze7alg,a + ’Leaﬂ’Lng)

|~

=5 (Us,atg,a +us gig p)+

L., . L
= T(le,alg,a—’—levﬂlg’ﬁ) B 2

di(- . dz( B . . . .
Lo ( (li]iu tea ¥ d]t Ze"q) — (ug,alie,a + Ug, g lic, p) + 1A 0 le,0,

WA,a
- i { 2Wp 1 —2Wh1 — Wy o + Wy o — Wy 3+ W, 3
Cdt 3

WA,&

(“A, « 7:6, a —UAB 7:6, ﬁ) +uao 7:6, (e

(“E, « ig, a —Ux ig, ﬁ) + (“E, 0 ig, at UA, o 7:6, O) +

N =
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d |Le ,. . o ;o
= *E |:7e (Ze,algya - Ze,ﬂlgaﬁ) + Lele,olg,a:|
R, +R. o i
- |:gTe (e, alg,a — le, pig, g) + (R:i + ng) e, Olg’a:|
3Lgdic,o . dig,a . dig,p . diga
UCr . . ; i ;
+ T’Lgva - (umale,a - u9752675) — 2Ug,a ie,0 —Hffgﬂfi’ﬂ ’
Wa, s
Wa oo | W2 =Wno = Wps+ Was
A B = dt \/g
_ _5 (Uz,a ig. 5 4 us, g ’Lg,a) + (UXO ig,83 + UA, B 2670) — 5 (UA,@ le, B + un, g ’Le,a) + UN,0 e, g
d L. . . . S
=T [_76 (e, alg,  + e, glig,a) + Leie, Olg,ﬂ}
R, +R. = S P ai
3Lgdic,o . dig,a dig, 5 . dig, ;
“3 at oL\ Ty et T dea ) = 2L =0 R
UCr . . ; ; )
+ QTZgyﬂ + (Ug,a e, gt Ug, 8 fe,a) — 2ug, g le,0 +UA,0 e, - (3-4)

The main function of the full system is to transfer power from the wind generator to the AC
grid, such that some of the state variables are more involved and thus more constrained than
others. Since the power flow across the system is mainly determined by the d components of
u;p and i, within the island bus, the i, o current as well as the uc, voltage in the DC link and
the d component of iy, in the AC grid, these latter variables cannot be changed too strongly
during the transition and other state variables should take over and carry the main burden of
the transition. In order to better discuss how to deal with such difficulties, let us first consider
the dynamics of the 6 energy components in MMC, just focusing only on the most important
contributions and neglecting, for now, all terms proportional to inductances and resistances
which are not so relevant when compared with the energy stored into the capacitances within
the MMC submodules

. UCH . 1 . .
Ws, o~ + TTZe,O 2 (Ug, alg, o+ Ug, ig,5)

WZ,a%"’ %ie,a - i (Ug,aig,a — Ug,5ig,8) + %iq,aa

WZ”@%"' %ie”@ + i (g, aig, 8+ Ug, g ig,a) + %igﬁ’

Wa,0~ — (Ug,a ie,a + Ug, g ic, ) + UA, 00,0,

Wa o+ %iw — (Ug. e, — g gie.8) — Qg aie.0 + UA.0 e, a

Wa. gm + %im + (g, aie, g + g e a) — 2y gie.0+ Ua.0 e, 5 - (3.5)

From these simplified equations, two important facts can be extracted:

1. The dynamics of the five internal energy components Wy, /3 and W o/5/0 are strongly
influenced by the three internal MMC degrees of freedom, namely the two internal circular
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components i, o/ and the single common-mode voltage ua o (actually the common-mode
voltage corresponds to ug = —1/2ua, o but for the following discussion also ua ¢ will be
referred to as common-mode voltage); therefore such three internal MMC degrees of
freedom are good candidates to be used for the trajectory design.

2. The dynamics of the total energy (corresponding to 6y, o) remains uninfluenced by any
of the three internal MMC degrees of freedom, being determined by the current and
voltage of the DC link as well as by the current and voltage at the AC grid; thus, only
the product ucy te,0 from the DC link is also a useful design variable since the current
and voltage at the AC grid are externally fixed by some strict requirements (power level,
operating voltage) and can not be modified.

Nevertheless, this approach immediately shows a difficulty: in order to drive the five MMC
internal energy components from one steady state to another one, only three design variables
(instead of five) are to be used. Moreover, the equations of motion for two of the internal
energies, Wx /g, are nonlinear in such design variables ( terms marked by a wavy line in
(3.4) ). The solution for both problems follows the approach in [16] by noticing that the
energy change results from the integration during the transition interval of the trajectory of
such design variables, i. /g and ua o. Since time integration allows to include oscillation of
different frequencies in the design variables being integrated without having any influence in
the integral itself. Following this idea, let us distribute among the three design variables five
contributions which are only active during the transition (thus the name “hump") and whose
amplitudes are adjusted in such manner to satisfy the desired change in the five internal energy
components after the transition. Furthermore, these hump contributions are expanded as a
superposition of base functions that are orthogonal to each other (when integrated during the
transition interval) such that the nonlinear terms in the equations of motion for Wx /3 yield
exactly no contribution to the energy change.

Inspired by the previous discussion on the MMC internal energy components, the two
energy components in the island bus subsystem as defined in (3.2) can be simplified when
focusing only on the most relevant terms (neglecting contributions proportional to inductances
and resistances)

AWeirin 3 ) ) . .
% %5 [(Wib, diw, d + Wib, qlw,q) — (Wib, dire,d + Wib, gre, q)] »
dWw, 3 . ) .
dtrc %5 (Wib, dire,d + Wib, glire,q) — SUCK Le,0 - (3.6)

For some externally given generator current 4,, 4 /q and a previously determined product ucy ic, o,
the simplified dynamics of these two energy components are clearly controlled by ug, 4/, and
ire,d/q- Since these four variables, uy, 4/, and i, q/4, are internal variables to the island bus
subsystem, all these can be used as design variables. In principle, one only needs two hump
contributions with their corresponding amplitudes for satisfying the change in the energy com-
ponents Wi and Wy For that reason, one could try designing only i,. 4/,: nevertheless
the coupling of u;, /4 and iy /4 18 nOt S0 strong to these energies and therefore, also a strong
change in i,. ¢ would be required, making the trajectory dynamics too wild for adjusting an
eventually large desired energy change. Hence, instead of only two hump contributions dis-
tributed into two of the four variables u, 4/, and . q/4, a higher number of hump contributions
will be used and distributed among all four variables, allowing for additional constraints such
as the minimization of the hump amplitudes.

The implementation of this approach will now be considered in more mathematical detail
in the following section.



48 CHAPTER 3. FAST TRAJECTORY DESIGN BETWEEN STEADY STATES

3.2 Solution of the trajectory design for the full dynamics

Following the discussion of the design variables in the previous section, this section aims to
develop a method for designing a fast trajectory for the full system during a short transition
time interval. As a first step, the design variables chosen in the discussion of the previous
section are written as a superposition of two main contributions during the short transition
interval:

i symmetric smooth function between the two steady states (ssl) and (ss2)
This function starts and ends flat, so that no contribution to the time derivative is
produced at either end of the transition;

ii “hump” function

By implementing only the smooth function, some of the equations of motion might not
be satisfied. Therefore an additional contribution is introduced where it has a number of
bumps during the transition interval (but vanishing at both ends of such interval). These
functions will be called as “hump” functions and satisfy some additional “orthogonality”
condition to simplify some of the equations describing the change in energy during the
transition. The amplitudes of these additional bump contributions are calculated in such
a way to satisfy all equations of motion. This concept is represented schematically in
Figure 3.1.

fast & smooth transition toward new ss
resulting transition trajectory,

V V superposition ofsmooth grounc
~ current andhump whoseamplitude
(design variable 3 i is adjusted from energy chang

i final i(*S?

initial Y =

t

t to-l—T5

0
Figure 3.1: Superposition of smooth and hump function

The advantage of this approach is that it avoids the problem of nonlinearities, which emerge
from the product of two different design variables, making the trajectory design simple and
fast. Formulated in a more mathematical way, let us consider the following situations.

Beginning at ¢ty and during a short interval of duration T}, a trajectory for state variable
z(t) is to be designed with the constraints:

_ A0t =1g),  zt=to+Ty) =2t =ty +T),
,é(t _ tO) — 2(551)(75 = tO) , é(t =ty + Ts) = 3(s52) (t =19+ Ts) ) (3'7)
: Dt =tg), Et=to+Ty) =:D(t=to+T).

Now the trajectory design as already mentioned, is composed of two contributions z(t) =
29 (t) + 2(hwmp) () for tg < t < to + T, where the first part 2(9)(¢) (also called smooth ground
contribution) already satisfy the just introduced constraints at ¢ty and tg + T while the second



3.2. SOLUTION OF THE TRAJECTORY DESIGN FOR THE FULL DYNAMICS 49

part z("#mP)(¢) (called hump contribution) vanish (and its time derivatives vanish too) at both
ends of the transition interval although during such interval display a relative large oscillation.
Both contributions will be discussed in detail in the following two subsections.

3.2.1 Smooth base function

0.8

0.7

0.4r

0.2r

0.1r

0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(t —to) /T

Figure 3.2: Smooth function

The smooth function selected to connect two steady states during the transition interval
to <t <tg+ T, as illustrated in Figure 3.2 is defined:

5(t) = % (1 - %cos <@> + écos (M)) (3.8)

This smooth function has the following properties

§(t:t0) =0, g(t:to—}—Ts) =1,
ds d?3 d3 d*s
d_ = ﬁ = 0, d_ = ﬁ = 0’ (3'9)
t ‘tzto t ‘tzto t ‘tzto +Ts t ‘tzto +Ts
Function s is flat at both ends of the transition interval, hence its derivatives % and %

generate no contribution.
A smooth transition (denoted with (9)) for any variable z and its derivatives is described
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by the following equations
29 =200 (8) (1= 5(1)) + 22 (1) 3(t) ,
(o) — < (582 (t) — L(s51) (t ) (t) ( 552)( t) — 2(851)(75)) A1) _i_z(ssl)(t)’
2(9) — < (ss2 (t) — ssl ) (t) ( (352)@ _2-7(351)@)) §(t)
+ (2D @) - 2 0)) 5(0) + 2D ), (3.10)

where the above mentioned properties can be easily proved based on (3.9) :

—~
s}

29t =ty) =200t =t 2Dt =ty +T,) =20t =tg+T.

(t=to) (t=to), (t=to+T5) (t=to+1T5),

@0t =1ty) =26Vt =ty), 29Dt=tg+Ts) =26t =ty+T,), (3.11)
Jt=tg) =:6D(t=ty), 9D(t=ty+T,) =:6Dt=t+T,).

—~
Q@ v

3(

3.2.2 Hump base function

During the transition interval tg <t <ty + Ty, the following “hump” base functions are defined

S NS 27r tfto Y 47r(t7to)
P1(t) = 2t —t0) =/ 355 [1 3¢ TS t3e Ts ’
1 tft 1 (t—t T,
+- 1——cos dr(t = to) 8r (t — to) , 0<(t—ty) <—=
B(t) = ot — t0) = |/ =2 f : tfto f tito . 2
—= = Z < (t—to) < Ts
2 T3¢ g SU-t)=T
1 9 47 ( tfto 1 127 ( tfto T
Z _Z — < (t— < —
Co 4 47T t - to) 1 871’ t— t() Ts 3T
— _x z = 2L (t—ty) <
) ( ) @3(15 to) As B [1+ 3 Ccos + 3 :| 7S (t to) <
9 4 t—to 1 (t—to 3Ts
_9 1 < (t—to) < T,
2 { qeos (0=10) 4 o ( a ) L -t0) <
1 I 4 t—to 1 167 (t—to Ts
Z _ = - < (t— < —
+2 -1 3 C08 8w T + 3 08 T 0< (t—tg) < 1
1 4 — 1 1 — T Ts
——=|1— =cos 871't fo + = cos m — < (t—to) < =
RT3 B A Bl S R S S i 2
’ “ 35 +1 1— écos 87rtit0 + 1Cos 7167r (t—to E < (t—to) < 3T,
2 3 T, 3 T, 2~ o=y
1 4 t —to 1 167 (t —to) 3T
B - < (t—to) < T,
3 -1 3 C08 8w T + 3 08 T 1S (t —to) <T.
+% |:17§COS<6ﬂ't;:0)+éCO (8 tito Oé(tfto)ﬁ%
Cl 9 t— to 187T(t—t0 TS
= e _Z 25 (t—t) <
1 5 [1 + g c08 <67r T 8 Ts G = (t—to) <
- Ca 4 t—to) 1 (127 (t=t) T,
Ds(t) = Ds(t —to) = A 1— 2012 - ZS <t —ty) <
5(t) 5(t to) 5 ( Cl)+ B |: 3COS 6 T + T >:| 3 = (t to) <
Cy 9 t—to 1 187 (tft() 2T
_ = Z - = < (t— <
1 3 [1 + g ©08 (67r T 3¢ ( T. )} 3 = (t—to) <
1 9 t—to 1 187 t—to 5Ts
_ = z _Z < (t—to) < T,
1 5 {1+ g c08 (67r T ) g c08 ( )] 5 = (t —to) <T.
(3.12)

with ag = 1.36353 and a5 = 1.54742. All of these “hump” functions ® and their first, second
as well as third time derivative vanish at both ends of the transition interval, i.e., at the start
(t = to) and at the end (t = tg + Ts) of the specified interval. These “hump” base functions
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also satisfy the “orthonormality” relation,
1 to+Ts _ 1 i=3j
— G, Q,dt =6, = .o 1
T ), i @ dt = 0; 4 {O it (3.13)

which later will be important to simplify the equations for solving the trajectory design. The
above defined “hump” functions (3.12) are plotted in Figure 3.3.
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P 15) D, .
ne? &)5
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(t - t()) /Ts

Figure 3.3: 5 orthognal base functions required for defining the circular current
components and common-mode voltage during the transition to the new steady state

3.2.3 Constraints and tasks in the trajectory design

Before going into the details on how to solve the fast trajectory design for the full system, it is
important to note that the following constraints are necessary:

e Constraint 1: The AC grid components are externally constrained and not free for tra-
jectory design. Therefore, the current and voltage of the AC grid are externally given as
a smooth transition according to (3.10)

g, ay(t) = ul2) (1) (1 - §(t)) +ul?) (1) 3(1)

(9)
= ug7a/5(t) 5

ig,a/a(t) =10 (1) (1 - §(t)> +i%2) (1) 5(1)

-(9)
lg,a/p (1)

(3.14)
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e Constraint 2: The current of the wind generator also follows a smooth transition

wdsD) =15 (1) (1 - §(t)> o) () 5(1)

ig,)d/q (t)

(3.15)

e Constraint 3: The trajectory has to connect the six arm energies of the initial steady
state at t =ty with the desired six arm energies of the new steady state at t = tg + T
without inducing any subsequent transient.

e Constraint 4: Similarly, the trajectory has to connect the two energy components in the
island bus of the initial steady state at t = tg with the desired two energy components
in the island bus of the new steady state at t = tg 4+ Ts without inducing any subsequent
transient.

The design task can be divided into three main tasks, each of which determines the time
evolution of the previously proposed design variables.

e Task 1: The product of uc; ie,0 which consists of a superposition of smooth part and one
hump base function with amplitude Ay yet to be determined

(ucrie,0) (t) = (uor ie,0) Y (1 = 5(t)) + (ucr ie,0)**? 5(t) +Agiv®1(t),  (3.16)

/

(uoyie,0)' (1)

is designed to satisfy the desired change in the total energy of the MMC. In the previous
equation, 7 and ¥ are respectively some adequate current and voltage scale, for instance,
the current in the DC link and the voltage at the rectifier for some operation point. In
this way, the hump amplitude Ag is kept dimensionless.

o Task 2: The two circular currents i, /3 and the common-mode voltage ua o (actually
the common-mode voltage corresponds to ug = —1/2ua ¢ but for the following discussion
also ua, o will be referred to as common-mode voltage) are designed to satisfy the desired
change in the energy internal redistribution within the MMC arms during the transition
interval tg <t <tq+ T, described by the five internal energy components ( Wy, /p and
W, a/8/0 ). After uc, and i o have been already determined in Task 1, the three internal
MMC degrees of freedom are now formulated as a linear superposition of smooth part as
well as five “hump” functions (five because of the five internal energy components) of still
undetermined amplitudes Ay /5/3/4/5. In general, these amplitudes are distributed among
the three design variables as follows

e,

iealt) = S (1) (1= 5(0)) +iC2 () 3(2) + A TBY() + A2 Bh(1)

ie,p(t) = i3 (1) (1 —5(t)) + i (1) 3(t) + Ag i DY (H) + Agi B(1)
=90 () + A3 T By (1) + A1 D) (t)
ua,0t) = w0 (6) (1= 5(0) +ul (1) 5() + A5 5841

= ul¥)(t) + A5 0 BY(1).

(3.17)
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It is important to note that these three internal MMC degrees of freedom will be used
only during the specified transition interval. Meanwhile, the steady state, on the other
hand (regardless of whether it is the initial or final steady state), will be chosen as having
all these three internal degrees of freedom frozen to zero. These conditions are defined
as follows

iyt = t0) = 1550 (1) = 0 = i ayp(t = to + T2) = i)y (t) = i) (1) =0,

uaolt = to) = uR"y (t) = 0 = ua ot = to + To) = ul" (1) = u¥(t) = 0. (3.18)

For that reason, the expression in (3.17) will be simplified in the following formulation
ie,a(t) = A1i @) (1) + Agi Dh(1),
ie,(t) = Az 1 ®4(t) + Agi ®(1), (3.19)
UA70(t) = A5 0] ‘i)g(t) s
where @’1/2/3/4/5 are given by the original base functi?n,é1/2/3/4/5 as defined in (3.12),
in some specified combination of {1,2,3,4,5}; again 7 and v are the same current and

voltage scales used for Task 1. Table 3.1 below shows the 30 possible combinations of the
base functions ®1/5/3/4/5. It is worth mentioning that the ® combinations highlighted

Combination le, o le, 3 ua,o || Combination le, o le, UA, 0
01 Py & Dy | Py & Dy | Ps 16 Doy & Dy | By & Py | P
02 P & Dy | Py & D5 | Py 17 Doy & Dy | By & Dy | D3
03 Py & Dy | Dy & P5 | Dy 18 Dy & Dy | Py & By | Dy
04 Py & Dy | Dy & Py | P 19 Py & Dy | Py & D3 | Dy
05 P & Dy | Dy & P5 | Dy 20 Py & Dy | Py & Dy | Dy
06 D & B3 | Dy & D5 | Dy 21 Dy & P5 | D3 & Dy | Dy
07 Dy & Py | Py & P35 | Ps 22 Py & By | Py & Py | Ps
08 D1 & Dy | Dy & P5 | Dy 23 Py & Dy | Dy & P5 | Do
09 D & By | D3 & D5 | Dy 24 D3 & Dy | Dy & 5 | Dy
10 Py & Dy | Py & Dy | Py 25 Py & D | Py & Dy | Dy
11 Py & Ps | Dy & Dy | Py 26 Py & P5 | P & Py | Po
12 P & Dy | Py & Dy | Py 27 Py & D | Py & Dy | By
13 Py & B3 | Py & By | Ps 28 Dy & B5 | Py & By | B3
14 Py & B3 | Dy & P55 | Dy 29 Dy & B5 | Py & B3 | Py
15 Dy & Dy | Dy & P5 | Dy 30 Py & Dy | Py & P3| Dy

Table 3.1: 30 possible combinations of the base functions ®, /2/3/4/5 for the design
of ip o/ and ua o during the transition interval

in red hardly lead to meaningful solutions for the amplitudes Aj/5/3/4/5 because the
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resulting amplitudes are too large. As a result, these possible combinations will not be
taken into account. More details on this issue will be discussed later in subsection 3.2.5
on page 59.

e Task 3: The four internal variables to the island bus subsystem, u;, 4/, and 4, q/4, are
given by the superposition of a smooth part and five hump functions with amplitudes
A still to be calculated

11/2/3/4/5
(ss1) (ss2) oy ~
Uit d(ﬂ) Usp, < Uipd | = (Ailv‘l’il (t) + Ai, 0Dy, (0)
' = Vs 1—-5(t)) + ss2) | S(t)+ - )
(uib,q(t) uz(-b;) ( ®) ul(.b, j) ®) A 0D, (1)
uf) 4y (0
. .(ss1) .(s82) T x
Lre d(t)) (3 d ~ (3 d ~ (Ai47/q)i4 (t))
e, — rec, 1— S(t + rc, S(t _|_ ~~ . 3.20
() il | 0730+ L) 15O+ (156, 1 (3.20)
i /g (®

These five unknown amplitudes A;, J2/34s5 Ar€ toO be adjusted in such a way that the
integration over the transition time interval of the energy components, W1 and W,
satisfy the desired change in those energies.

Remark: Although the main nonlinear contributions in the hump amplitudes arising from
Uib, d/q tre,djq and de o/ un 0 ( marked by a wavy line in (3.2) and (3.4) respectively ) are
completely eliminated due to the orthogonal property of the base functions ®, there are still
other terms describing power losses at resitances, which also yield quadratic contributions in
the hump amplitude. Since those terms are nevertheless quite irrelevant ( most of the power is
transfered and only a small fraction is dissipated at the resistances ), their effect can be inple-
mented in an iterative way by linearizing the quadratic terms around some provisional solution
of the hump amplitudes. From a provisional (already known) z("*?) an improved solution z is
obtained by linearization of the quadratic terms, according to the following approximation

(2)? = (x(prov) n (x B x(prov))) ~ (x(prov))z 4 9 prov) <m _ x(prov))
— (x(’”"o”))z + 22Vl (3.21)

and since this contribution is quite irrelevant, only a couple of iterations are necessary for
obtaining a converged solution.

3.2.4 Task 1: Trajectory of uc, i. o satisfying desired change in AW’y g

Starting from a previously obtained provisional solution for all the design variables, a better
solution (particularly, an improved solution for the hump amplitudes) is to be obtained by
solving Task 1 until Task 3. For the first task, and as briefly discussed in section 3.1, the
combined variable uc; ¢ o is designed to satisfy the desired change in the total energy of the
MMC

t0+Ts .
/ Wy odt = Wy o(*? — Wy oY) = AWy g
to o+T%s Lo

The total energy of the MMC and its dynamic can also be reformulated as follows
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!/

Le L L ,
We0=Ws0+ (i2 o +it 5) + d§0+16(2 +i2 ), (3.22)
where the contributions from the inductances attached to the MMC are included. Its dynamics

is expressed as below

dW's o ucr . 1 . . . R, .
@ QTZ&O T4 (tg,a ig,a + Ug,gig,8) — [R:ﬂg’o + ?g (ig,o +ig.5) | - (3.23)

The unknown amplitude A for the trajectory of (ucy ic,0) is determined by the energy equation
for the change in Wy,  (3.23) during the transition.

ss sy L[0T L[t
WS - wrssy) —5/ (ucric.0)? dt+1/ (g o ig o+ g gig 8) dt
to

to+Ts ) R rtotTs , (2
+R;/ (ie.0) dt+?"/ (7)) ar
to t()

1 - to+Ts _
—f}i/ P dt
2 to

Except for the trajectory of i, o during the transition, everything in the previous equation
is defined. It can be included iteratively by using i. o(t) &~ z'Sf)l) (1-35(t) + 1(582)8( t) at the
first iteration because its contribution mainly comes from the losses at the resistance R/, which
only produces a small correction compared to the other terms.

= A, (3.24)

3.2.5 Task 2: Trajectory of i. ./ and up o satisfying desired change in
AWga/g and AWA,Q/WO

Once the time evolution during the transition interval for uc, and i. ¢ has been fully defined,
the five unknown amplitudes A;/5/3/4/5 can be calculated in such a way that the five following
equations for the energy components are fulfilled during the transition interval tqg <t < to + T

WE()WZ‘()

j;to—’—Ts W adt 2(5(;;57)“3 — Wy 5(881 AWs
ftO+TS W s, g dt EO-ETS ‘8 ) AWs 5
ftoJrTs W dt | = L . t = | AWa. o (3.25)
fto-i-Ts W A5 dt Wa s 2:2)3 Wa s (%s1) AW, 3
T \ \ AW,
j;t()‘f‘ s WA 0 dt ito-+Ts A0
0 ’ WA70(882) — Wa 0‘(881
o+Ts

to+Ts to+Ts
Nevertheless, the wavy terms, / le, o le, g dt and / le,a/p UA,0dt, which appear in
to to
the third equation in (3.3) and last two equations in (3.4), Wg,g(t) and WAﬂ/ﬁ (t) respectively,
yield nonlinear contribution as a consequence of the product of two design variables. However,
these problematic contributions, which are relevant since no longer proportional to negligible
resistances, can be completely eliminated due to the “orthonormality” conditions as already
mentioned in (3.13)

1 to+Ts _ 1 i=j
— ;b dt = 5;; = =]
Ts Ji, Y ” {O i F ]
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As a result ( together with the condition in(3.18 ) the following relations hold

to+Ts to+Ts
/ Z'e,a’blaﬁ dt =0 = / ie,a/ﬁuA,O dt . (326)
to to
t0+Ts
The only nonlinearity in the unknown amplitudes originates solely from / ('2 + zg 5) dt

in the first two energy equations, which is marked by the double underhne in equation (3.3).
As this integral is proportional to the small resistance R., it only represents a minor correction,
which can be iteratively incorporated into the equations. Based on the discussion in (3.21),
from a provisional (already known) Ag%g/?/él an improved solution Aj/5/3/4 is obtained by

linearization of the quadratic terms
t0+Ts

Tis (ig,a + ig,ﬁ) dt ~ —i2 |:(Agprov)>2 n (Agprov))2 " <A§prov)>2 " <Aé(1pmv)>2:|

to

+ 22 AV AL 1272 AP Ay £ 22 APV Ay £ 232 ATV AL

(3.27)

It is important to recall that, since the circular currents i. /5 are frozen to zero during the
initial and final steady state as previously mentioned in (3.18), the following relations hold

/tHTS i 2dt—0—/t0+TS ; dt = /tO+TS D (iestie,ass) dt. (3:28)
" dtze,a/ﬁ =U= o dtle ale , B o dt Le,0%, /B . .

As a result, the five unknown amplitudes A;/5/3/4/5 can be determined from the five linear
algebraic equations (from AWy, /5 and AW 4 /5/0)-

=0, see (3.28)
W a(ss?) — Ws a(ssl) + E |:( 2522) (652) ) - (Z-gszl)Q _ Z.(ssﬁl)2) :|
b, 4 RERANCERN 2k,
=0, see (3.28)
I
(552) 582 -(551) ssl g -2 -2 582 -2 -2 ssl
+ L [z o il )‘ — iy il a)‘ ] T (i2. o =i ) (52 = (i3 o — 2 5) (V)
to+Ts to to+Ts to

8 2

1 [to+T
+ 1 / (Ug, alg,a — Ug, gig,p) dt
to

R [totTs - 2 2 2 2
+ _g/t (i;a . 1313) dt — & i2 Ts [(Agprov)) + (AgDTOU)) . (Agprov)) o (Aiprov)
0

to+Ts (prow) (prow)
~ OV ~ rov 3L d’Le ~
= A |-R. 2 AY )Ts+z/ (“C; — (R + Re) iy — 2d d; )(I)’ldt]
to
mii1
N _ rto+Ts (prov) 3L d,L(PTOU) ~
+ Ay |[~RPAYT 47 / (“C; — (R)+ Re)ily™ — 2d7dt dY dt
to
mi2

=2 4 (prov) ~2 4 (prov) - to+Te Zg, ,
+ Ay [R P APV 1Ay [Re B2 APTT| 445 |6 -2 Gt |
to

mis

mi3 mi4
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=0, see (3.28) =0, see (3.28)
Ws ﬁ(ssQ) - WE 8 (ssl) |:Zésa2) .(s52) Zészl)l(ézl) :| +L, |:Z(5;2)Z(552) gszl) (ssﬁl)
7 lto+T ‘ 2 | ‘to+T ' ' |to ‘toJrT ' ‘to
=0, see (3.28)
/ / to+Ts
B & |:i(882)i(552) (62‘1)2(551) :| 7& / 0 ig alg, B dt
3 |'g.a tg. |tU+T‘ tg,a'ly, B |t0 i/, ,aly,
1 to+T.
— —/ (u(] alg, g+ Ug glg o) dl
4 to I ’ I ’
to+Ts (prov) (prov)
~ u 3Ld dl ~
~ A i Cr (o) _ ot
3 z/to < 5 — (R, + Re) i, - dt A
ma23
[ pto+Ts [, (prov) (pwv)
5 Uy, 3Lq di; .
Ay i Cr R+ R.) iy — &, dt
+ 4 Z/t0 < 2 ( + ) 2 dt 4
maq
[ to+Ts B
+ A5 | @ / %TB A dt] :
L to
mas
=0, see (3.28)

(ss2) (ss1) & (ss) (ss2) (65) (662) (55) (ss1) (55) (551)
WA,O WA,O + 2 |:( g, ea +Z 7g |t0+T g,a ea +Z e, B |t0

T di R, + R
= A —z‘/ <u‘a+L 9% 4 >®’dt
to 9, g dt 2
m31
[T digo Ry+Re -
+ A fi/ <ug,a+Lg 251; + 5 z'w> P!, dt
L to
m32
- . to+Ts d R, + Re . -
+ As fi/ <ug,g+Lg Z;;‘H 92 z'g,ﬁ)@gdt
L to J
mss3
- ) t0+TS d RI _l’_R T
+ Ay —i/ (1LQ7B+L9 ’Ztvﬂ_’_ 92 g, 8 )(I)’ dt
L to N
m3a4
to+Ts B
+ A5 |© / PGt | |
L to ,
mss
=0, see (3.28)
L,
(ss2) (ss1) (ss) (ss2) (66) (552) [ i(s8):(ss1) _ (s8) (551)
WA,a WA,Q‘ + = 2 |:( g, e,a ,8 )|t T (gaal&a 297,8 e, B )|t:|
0

to+Ts to

+ L, le g @

-(s82) . g,a(552) o Z'Szl)ig,a(551)‘|

to+Ts to
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(prov)

Cr (Rd+R ) (P70'U)

2

/to+Ts U
to

to+Ts d
+ / (2uq ot 2Ly~ ) iPodt
to

3L dz(m ov)
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dt

>igyadt

L [t di Ry, +R
— A |- o+ L, —22 @l dt
1 ’L/to <ug, 4+ g dt + 9 >
maq1
[ [t di R} + R. -
+ As —i/ (1L(7(¥+L 224 ig o )@’ dt
i " g ) dt 2 ) 2
my2
- ) to+Ts d RI _l’_R ~ 7
+ A3 +Z/ (u!hﬁ + Lg ’th’ﬁ + 5 'Lg,ﬂ) (I)/g dt
L to J
mys3
[ [totT. di R, +R. .
+A4 +Z/ (u!hﬁ +Lg ’th’ﬁ + 5 ’Lg ﬂ) (I)ﬁl dt
to m
rv
+ A1A5 -0+ AxA5 -0
=0, see (3.28)
L S8 ss ss S8 88 ss ss S8
Wa 52 W ﬁ‘ssn L {(( i i) (e e é;))‘ ]
0T to+Ts to

+ L, g, 8

i =i o)

to+T's

to+Ts u(cprov)
_ T
Lo
—91; A > %o dt

to+Ts di
+ / <2ug, 5+ 2L,
to

to

— (R + Ry)i%y™ — =

3Ld d’L (prov)

dt

) igygdt

L [fPotTs di R+ R. . -
to
ms1
[ [t dig 5  Rj+Re
+ Ag 7’L'/ <ug‘ﬂ+Lg C-(l]éﬁ + 5 Zg 5> @th
L to
ms2
[ [totTs di R, + R, -
+ A3 +i/ (ug,athg ij + 5 ig,a) Pl dt
- to -
ms3
[t dig.o R+ Re -
+ Ay —l—i/ (1L(7(¥+L & z,a)@ dt
i to g g dt 2 g9 |
ms4

+ A3As5 -0+ A4A5 -0

(3.29)

As was pointed out in (3.26), the yellow terms in (3.29) do not contribute any quadratic
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term in the amplitudes due to the orthonormality conditions of the ® functions.
Therefore, the five equations in the system of equations (3.29) can be rewritten more com-
pactly in the following form:

mi1 M1z M1z Mis M5 Ay vy Ay
M1 M2 Moz Mag Mas | | A2 ) Ay
m31 M3z M33 M34 M35 Az | = | v3 = Ay | = Mg}y k1,  (3.30)
M4l My M43 Maq  Mys Ay V4 Ay
ms1 M2 M53 Mss  Mss As U5 As
——
\Y BN Tsx1

The calculation step of the five unknown amplitudes from the previous system of five
equations runs as follows.

e Firstly, one of the possible combinations of the base functions, ®, is chosen in sequence
as given in Table 3.1. However, for a short transition time, neither i. o nor i. g should
be assigned to two hump base functions ® with solely even hump number ((i)Q /4). Oth-
erwise, the matrix elements my /o and myo/3 might become very small because uc, and

t0+Ts -
Uy, o/ Stay nearly constant during this short Ts. This leads to myq/p ~ / ¢, ~0
t
t0+Ts - ~ ’
and ma3z/4 N/ ®; ~ 0 due to even number of periodic humps in ®3/4. In both
to

cases, a nearly singular matrix Ms5 is produced, resulting in very large and nonsensical
amplitudes of Ay/5/3/4/5. Such combinations will therefore not be considered, as briefly
stated in subsection 3.2 on page 54.

e Subsequently, the provisional amplitudes Ag%o/?ﬂ /5 are initialised to 0, which is the

next step in calculating the five unknown amplitudes. Then, the five linear/linearized
equations for the energy change in the five internal energy components AWy /3 and
AW, o/8/0 are solved for Ay/9/3/4/5, and better solutions for those amplitudes are ob-
tained.

e With the solution just determined for the five amplitudes A /5/3/4/5, the previous steps
are iteratively repeated a few times to get the improved solutions. In the end, a new
combination is used in assigning the hump base functions, ®, in ie,a/p and up . After the
five amplitudes have been calculated for each possible combination of the base functions,
®, the arm energies expressed in W), /,, 1/2/3, are integrated numerically.

e Finally, the best ® combination is selected according to the lowest oscillation strength of
the energy trajectories during the transition interval.

3.2.6 Task 3: Trajectory of u; 4/, and i,.q/, satisfying desired change in
AWSt-{-’ib and AWTC

After the product ucy ie,o has been determined in Task 1, it can be seen that the wavy terms
dWst+ib
dt

in and d%” which appear both in (3.2), contribute to nonlinearity as a consequence

of the product of two design variables ;, - ire. For that reason, the indices for the ® basis
iq 7 1,02

i5 # i3

functions are always selected as { in order to completely eliminate these unwanted
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contributions (highlighted in yellow in (3.31)) and to ensure that the time integration of the
effective power injected in the rectifier during the transition is always linear in the amplitudes

{Ai1/2/3/4/5}7 due to the orthogonality property (3.13).

fot A I
/ (Wib, dire,d + Wib, gire,q) At = / ( 7,;)] dzri at “zg a Sg:)q) dt
t() t()

to+Ts l to+Ts N
+ A, | / i) by dt| + Ay, |0 / i) by, dt
to
to+Ts 1 _ [totTs
+Ai3 / Zr%)q +Ai4 7’/ z(g)dq) dt
to
to+Ts 1
+ A, / uld) By, dt
+ A“AZ4 0 4+ AjA;, -0 + A A, -0 (3.31)

Thus, the only still remaining nonlinearities in the unknown amplitudes all come from the
product of two design variables which is marked by the double underline in equation (3.2).
However, these are proportional to very weak dissipation coefficients (Ry and R,.), thus such
nonlinear terms can be linearized as in (3.21) and iteratively included into the equations. As a
result, during the transition interval tg <t <ty + T, the following two linear equations along
with the result (3.31) are solved for the five unknown amplitudes 4;, , , , .. It is also useful to
note that the compact vector notation, v'-w = vqwg+v4wy, is used in the following discussion.

SS SS 3 t0+TS — - B
U1 = Ws(t—ljl)J Ws(t+11)7 ) /t uz(‘g) : (Zw - ;5%)) dt
0

vamy [, () g () () (ar)’)

3. s (g) 3 ( ) 3 . ( )
— 4i w, cI)z Tlt g (I)z lt 2Ts q'prov
L |: 21)/250 (Z d ZTC d> ! R UA Zb d ! Rf (U) n

!
mi1
_ 3 Ts (9) B 3 Ts ( ) 3 (
A; — g — g O, dt — = (I) dt 2 2TSAAprov)
+ 2 -+2’U/to (’L ,d Zr‘c7d> 2 Rfvlo zbd Rf( ) i J
m2
3 Ts 3 T, 5
A; -0 w. g — (9) (I) Jdt — — / ( ) (I) Ldt — ~ QTSA(prov)
+ 3 _+21) /;O (/L ,q 7/7'(3 q) Rfv " ’Lb q Rf (’U) i3 J
m13
[ 3~ Ts 3. Ts B
+ A;, —_i/ (b)dq) dt | +Ag; ——Z'/ u(g) ;. dt
L 2 to i 3 2 to b, q ]
mig mis
3 [t to+Ts
V9 = WT§£52) — W?"(SSD _ 5 / ﬁig . ;g}é)dt + 3/ (UC’T 1670)(1)7"01)) dt
to to

312'3@ t :o+Ts <{7(§))2 dt — %RC({)?TS (( Agmu)y N <A§fr0“)>2>
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3 Ts ) & 3 Ts @ = 3 T, ~
— Ah |:—{——’L~)/ iri dq)ildt:| +Al2 |:—|——’L~)/ iri d¢i2dt:| —|—A23 |:—}——2~}/ Z&%)qq)23dt:|
2 to ’ 2 to ’ 2 to ?

/ /

ma1 ma2 ma23
[ 3 (T 0 g (" ; 2 4 (prov)|
+ A, —1—52 uib’d)fbudt—?)chZ zmd@udt—?)ch(z) T5 A,
L to to i
ma4
(L3 [T @4 - [T 0 & w2 4 (prov)]
+ Ay | +51 / ugy) ) ®isdt — 3Ry / i & dt — 3R,c(1)* T, A} (3.32)
L to to i
mas5

Therefore, the two equations in the system of equations (3.32) can be reformulated in matrix
form

Ai,
My M1z Mi3 Mg Mis Ai vy
A | = , (3.33)
Mol Moy M2z Moy mas) | ) V2
y i4 ——
Moy s Ajg Uax1
——
A5><1

but it seems that the equation system becomes undetermined, due to the fact that there are five

unknown amplitudes {A } to be solved with only two equations. The extra unknowns

i1/2/3/4/5
are used to minimise the following cost function
s 1

J(A) = 3 [clAfl + e A? + c;;A?S + s A? + C5A225] , with constant weights ¢; > 0, (3.34)
in order to generate uy, 4/, and i, q/4 trajectory with minimal “hump” contributions. Never-
theless, in this circumstance, all amplitudes A; are dependent on each other because they are
related by the constraint (3.32). The minimization of the above specified cost function J is
simply accomplished under such constraints by introducing a Lagrange multiplier vector A into
the following extended cost function

I | . .
T (AX) = 5 [l + 4% + A% + Al + s A2] = 3T (Maxs A7), (3.35)

where now the five amplitudes A together with two Lagrange multipliers X can be treated as
seven independent parameters to be solved from the seven following equations

c1T ... 0 (MQXS)TX
aJ' 5 S -
oL =0= |1 - 1A= M'Msyy5 =0 = 5 equations, (3.36)
‘ 0 ... Cs
aJ’ s, = :
— =0= M54 — U= 0= 2 equations. (3.37)

oN;
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So, the resulting amplitudes are as follows:

-1

c1T ... 0
1 . . . TY
A= P (Maxs)" A,
0 Cs
_ -1
c1T ... 0 !
M2><5f_( =0=\= M2><5 L (M2X5)T {)”
0 Cs
-1 -1 -1
c1T ... 0 clT ... 0
A= - (Mays)™ [Maws [ 0 o 1| Maxs)”| 4 (3.38)
0 ... Cs 0 ... Cs

3.2.7 Resulting trajectory of the remaining state variables and input vari-
ables

The trajectory of seven state variables (ucy ie,0, te,a/8s Wib,d/q> ire,d/q) and one input variable
(ua o) has been calculated, after determining all of the hump amplitudes from the eight equa-
tions for the energy change (AWy /A o/8/0 as well as AWy and AW,..) during the transition.
In order to obtain the eight energy state variables, the same eight energy equations are again
applied, but this time not as an energy change between begin and end of the transition interval,
but rather at each time step during the transition. From the previously calculated energies
Wit and W,., the other two state variables, uc, ( derived in (3.39) ) and ucs ( derived
in 3.44) ) respectively, can be determined. At this point, and after having used the eight
equations of motion as well as being given externally two state variables, a total of seventeen
(74 8+ 2 = 17) state variables and one input variable are known. Of the remaining eleven
equations of motion, two of them (from %) are used for obtaining the remaining still
unknown two state variables (iy q/4) ( derived in (3.43) ). The other nine equations of motion
are used for obtaining the nine remaining input variables:

die, 0 .
dt

o uy (o ( derived in (3.40) ) from designed i, o using equation of motion

® Uy o/p (derived in (3.46) ) from designed i, /3 using equation of motion die;l—?/ﬁ;

. . . . . di
® 5. 4/q (derived in (3.42) ) using equation of motion %;

dist, d/q

® 5. 4/, (derived in (3.45) ) using equation of motion —

The detailed mathematical implementation procedure follows now.

1. As the trajectory of i,. 4/4(t) has previously been determined, the trajectory of uc,(t) is
derived from W,..(t)

ucr(t) = \/ & (w55 (1)) (3.39)

2. As a result, the trajectory of the DC current i. o(t) can be extracted in a separated way
out of the product of the designed (ucy ie 0(t)) together with the previously obtained

UC (t)
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The time derivative of the previous fully defined (ucy ie,0(t)), wip, a/q(t) and ip. 4/4(t) as
well as i, /g is required to derive the remaining states and inputs. Because all of the basis
functions are simple smooth functions, taking their time derivative is straightforward.

3. However, in order to derive one of the 6 MMC’s input
1 d’Le 0

UE,O(t) = §uCT( ) Ld dt

— Ryic,o(t), (3.40)

the time derivative of the DC curren

equation of motion for the rectifier voltage uc,, as well as the derivatives of W,. and
ire,d/q> yielding the following relationship

1 d (G
Crucy dt \ 2 er

—~ = .
d(uCTie,O) —u dle 0 +i ducy —u die,O ’L'e,O AW, . § % ;
dt g T T T T T e \ ar 2 ar e

dieo 1 [d(uc,.z'e,o)_ ie.0 (34 . , 3 . 3 die ﬁ>]

dt ucy dt Coug,, \ Ui tre =3 (ucrie,0) = 5 Rrclre = SLre—2C ire

(3.41)

4. Meanwhile,because uc,(t) has already been calculated in (3.39), the input components
Spe,d/q(t) during the transition can be singled out from the product (ucrsm d/q), which

is derived from the equation of motion of the current into the rectifier —r<4/e

dt
i £ — " I dirc,d/q R I 0 Zrc d t)
(uC’r '57'c,d/q) ( ) - uib,d/q( ) - Lirc dt - rc — WoLirc 1 0 e Py t)
(3.42)

5. The equation of motion of the island bus voltage, on the other hand, can be used to
determine the trajectory of iy q/,(t) and its derivative

. . . du Uip, d 1 0 1 U; t
ist,d/q(t) = —tw,djq T irc,d/q(t) + Cp—7—= dt . <R_f 0 <—1 0)) ( o §> ’

wip, q(t

dist d/q(t) diw d/q dirc d/q d Uy d/q 1 0 1 dup,
: =—-—— ’ C i — —wC |
dt i a9 T <Rf o (—1 0>> s

(3.43)

6. Following that, the ucs(t) trajectory is defined by the previously established Wi y;(t)

us(t) = \/ = (Wsmb@) 3 Gm) -2 @ zb<t>>2). (3.44)

7. From the equation of motion of iy 4/,(t), inputs s, 4/,(t) follows

1 di st d 0 1 is ¢
SS,d/q(t) = m |:uib, d/q( )+ Lo—— dt & + <R5t —wols <—1 O)) (%?ZE&) .
3.4

(3.45)
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dic,a/p

. Based on the equation of motion for the circular current of the MMC, —2~=, together

with the designed i, o/3(t), the other two MMC'’s inputs are derived

. die,a
uz,a/ﬁ(t) = _Re Ze,a/ﬁ(t) - Le T/B (346)

. Finally, inputs ua ,/s(t) are obtained from the equation of motion for the AC grid

current, for some desired and given trajectory in i, o3 during the transition

. dig, o
a0/ (t) = =Ry ig,aza(t) = 2ug,a/a(t) - Ly —22E. (3.47)



Chapter 4

Differential flatness and flatness-based
control for the AC-DC-AC power
system

In this chapter, the existence of a flat output vector for the complete high voltage AC-DC-
AC power system is discussed and a flatness-based control design for fast trajectory tracking
based on its existence is proposed, in which all variables describing the system state can be
shifted very fast from one operation point to another one. The definition and characteristics
of differential flatness are discussed as an introduction to this chapter.

4.1 Basic idea of flatness-based control

The main task addressed in this work is an accurate calculation of the required input for fast
shifting of the operation point from one steady state (ssl) to a different steady state (ss2).
After having explained in the previous chapter how to design a fast trajectory for all of the
state variables in the considered AC-DC-AC power system as well as the necessary feedforward
input for driving the system along such trajectory (assuming no disturbance happens), in this
chapter, the required theory will be developed for an eventual feedback control to compensate
any deviation from the designed trajectory. This is achieved by finding a differential flat output
for the dynamics [24]. Even though the mathematical definition of flatness is quite abstract,
the main idea behind is simple.

Let us consider a system described by a state vector with n components whose dynamics
are given by n differential equations of first order (in general nonlinear); thus, the order of such
dynamics is n. In general, the system is driven by an input vector with m < n components
and some output variables y; are measured. Now let us assume that, for this system, one is
able to find a vector of m output variables such that the sum of the relative degrees of each
output component equals the dynamics order; the relative degree r; of variable y; is its lowest
time derivative for some component of the input vector to appear explicitly in the differential
equation. This is a flat output vector.

From its very definition, i.e. because the sum of the relative degrees of such m components
corresponds to the full order of the considered dynamics, controlling the dynamics of the flat
output vector components means controlling the full system, even if the number of output
components is less than the dimension of the state vector. In other words, by forcing the
flat output components to follow some desired trajectory, each state component can no longer

65
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freely evolve but is also constrained to follow the flat output. Moreover, since both the flat
output as well as input vector have the same number of components, the relationship between
both can be inverted by writing the input vector as some algebraic combination of the flat
output components and their derivatives until the respective relative degree r;. Also, the full
state vector can be analogously expressed as some algebraic combination of the flat output
components and their derivatives until the respective relative degree minus one (since a further
derivation makes the input appear). Therefore, if the desired trajectories for the flat output
components are given as some smooth functions, the required input as well as the full state
vector are completely determined without the need to solve any differential equation system,
just only algebraic operations are involved.

4.2 Existence of an approximated flat output vector for full sys-
tem dynamics

Since the number of state variables for the considered dynamics is relatively large, in order to
explain how to find a potential flat output vector without being distracted by irrelevant terms
in the equations of motion, the following points should be taken into consideration. The terms
that are quadratic in the current components and proportional to the corresponding resistances
n (3.3) and (3.4), will be neglected in a first approximation when compared to the voltages on
the DC and AC sides (the latter are typically two orders of magnitude larger). It is to be noted
that including their effects does not modify the conclusions regarding the existence of a possible
flat output vector, but it makes the proof more difficult to follow; such approximation will be
removed at a later stage of this section when the main idea of the proof has been discussed.

Firstly, let us consider the MMC. By including the energy contributions at the inductances
which appear inside the total time derivatives in (3.3) and (3.4) into the energy components
describing the energy stored within the capacitances of the 6 MMC arms, the following extended
arm energies in the MMC are defined as follows

L Ly - Ly 2 2
Wso=Wso+— 1 (ea+165)+7160+ 16 (g,a""zg,ﬁ) ’
L r ,
Wia:WZ,a 46 (127 )+L51@ OZea+ 16 (20_2375) )
L !
W, 5= We,5 = Sic,ale,s + Leie,ofe,p = <'ig,ale,5 (4.1)
Le . . .
Wh,o =Wa,0+ 5 (ic,alg a + e, gig, 8)
Le . . L L
Wa,a =Wa,a + 5 (ie.alg,a — e, gig, ) + Leie, 0ig,a
L. . o o
W,A,ﬁ =Wa,z— 76 (e, alg, p + ie, glg,a) + Lele,0lg, 5 »

where 6VVE o is the total energy (factor 6 is just a convention in the definition of 3, 0 com-
ponents) stored in all MMC capacitances as well as in the inductances of the DC and AC
transmission lines connected to the MMC. Assume that the red terms containing L, in (3.4)
are practically negligible, but not the red terms containing Ly, which together corresponds to
a system with a long DC link but shorter AC grid lines. Even if the AC grid transmission
lines are long (Lg ~ 0.1 H), since the trajectory being designed is such to maintain the AC
grid lines at their steady state operation condition, relation ngg%g < g is always satisfied
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for the typical operation state of the AC grid. Taking into account the previously discussed
simplification, the resulting dynamic equations for the 6 energy components (4.1) now become

. UCr . 1 . .

Wé,o ~ Trze,o 2 (Ug,aig,a + Ug, gig,B) »

. 3Ly dic g . UCy . 1 . . UA,0 .

. 3Ly dic o . Uy . 1 . . UA,0 .

Wéyﬁ ~ _7 ;t Ze7ﬁ + Trzeyﬁ + Z (ugaa/lgyﬁ + ugvﬁzgva) + 4 29757

W,A,O ~ — (Ug,a fe,a + Ug, B le, 8) + UA,0%e,0,

. 3Lg dic o . Uy . . ) . )
Waa ™ === o+ —5-ig.a = (Ugaie,a = g gie,p) = 2g,ate,0 + Ua0le,ar
iy 73_deie,0 . ucr

ig, 8+ —5—ig,8 + (Ugate s+ Ug ple,a) = 2Ug glc,0 + UA 0 le,5-

%% ~
A8 2 dt 2

(4.2)
In absence of those contributions proportional to dlsio, these 6 equations could in principle
being used to obtain the 6 variables {iao, be, /B g, /B uA,O} as a function of the 6 derivatives

{Wé,o/a/ﬁ7 W,A,O/a/ﬁ} for some given DC and AC grid voltages {u(;r, ugﬂ/ﬁ}. This is the
starting point for the following discussion.

For the considered nonlinear system equations (3.1), which are described by a state vector
with 19 components flgd = (ucs ist, d/q uib7 d/q irc, d/q ucy ’L'670 Wj=1,...,6 ie, a/B ’L'gya/ﬁ)T
and driven by the 10 dimensional input vector w99 = (ss7d/q Sre,d/q uZ/A’O/a/ﬂ)T, a possi-
ble first candidate for a flat output vector having the same number of components as the input
vector, is the following one

~9
Y1 = Uy,
Y2 = 1¢,0
. _ _Cs 2 3Lst (2 -2 3Cr (,2 2
j=|¥B=Wa=7us +357 <Zst,d+25t7q>+57 Uip q T Uip g ) | . (4.3)
_ _ 3Ly (2 2 Cy 2 3L 2
y4_WB_§ 2 (Zrcd+lrcq)+7u0r+3<7d+l’e) Le,0

Ys/../10 = Wé/A,o/a/g

The selection of the previous 10 variables as flat output components (4.3) might seem quite
arbitrary, but it is not when considering that all of them actually represent energy components:
besides the last 5 output components yg,.. /10 describing the internal energy distribution within
the 6 MMC arms (except for the total energy, described by ys5), y2 = 4.0 and y5 = Wé o allow to
separate the energy stored in the MMC capacitances from that stored in the DC link inductance
(the latter proportional to L i2,). Similarly, y3 = W4 and y4 = Wp describe the energy stored
in each of the two converter stations located in the island bus subsystem, together with the
transmission lines attached to them as well as the filter capacitance at the wind generator: thus,
it is the role of y; = zlgb to separate the filter energy (the latter proportional to Cy ﬁfb) from
the STATCOM energy, both of them added together in y3, and therefore, allow a separated
control of the most relevant energy components; and again s permits the separation in y4 of
the DC link inductance energy from the recitifier energy.

The reason, why energy components are a good choice for candidates of flat output com-
ponents, is actually due to the way where the three converter stations are located inside the
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AC-DC-AC power system: it is the converter where the driving input variables act (the switch-
ing state of the converters determines how the power flow across the different subsystems takes
place) controlling the dynamics of the current(s) attached to the converter. Since these input
variables appear in the dynamic equations of the currents, and the currents also describe the
derivatives of the energy components (in general: energy change ~ power ~ voltage x current),
such energy components display a high relative degree, since in general not until reaching the
second derivative of the energy, and as a result, not until the first derivative of the currents
entering or leaving the corresponding converter, some of the input variables appear. Therefore,
properly chosen energy components are good candidates for flat output variables.

This strategy extends the ideas already published in [14], but this time generalized to an
MMC converter as DC-AC inverter (instead of a conventional converter). Using the 6 energy
components as a flat output vector for describing the current and energy dynamics inside an
MMC has also been proposed in [25], although the derivation in the current work was carried
out independently and without prior knowledge of such papers, which were read much later
when this work was nearly completed.

However, the proposed flat output components in (4.3) are not yet a flat output vector
since the sum of the relative degrees is still only 13,

ylzﬂgb—>’l“1:2,
Y2 =tleo — T2 =1,
Ys = WA —> 3 = 2,
(4.4)
Yq = WB — Ty = 1,
y5:W§;,0—>r5:2,
Y6/../10 = W/ ayp0 WA0 — T6/../10 = 1,

leaving a gap of 6 with respect to the dimension of the original state vector (dim(Z194) = 19).

o : L T
The derivation of these relative degrees when using wi9q = (357d/q Sre,d/q uZ/A,O/a/ﬁ) as
input and the equations of motion (3.1), as well as (4.2) is the following:

~2

i
i (@)

- -

~ Uih Ly Ut Usty Ui~ Urc sy
d - . d- .
— st ™ Ss —lrec ™ Sre
dt dt

~9 — — — — _
) (uzb) ~Ucs Ss Uip, UCr Spe Uip —> 11 = 2.

S - _
® Yo =1le 0 gile, 0~ Unog —> T2 =1.

° y3 = Wa:
d o o
—_ B —_ B ,\2
%WA ~ Uiy L 5 Ui~ Urey Ugp
d - .
E'ch ~ Src
d? /=
@WA ~UCy Spe Uiy —> T3 = 2.
e y, = Whpg:
d

EWB ~ Uy 0le,0 —> T4 = 1.
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® Y5 = W§;70:
d :
%Wé,o ~ UCr Te,0
d . d .
a2 a0 TR0 gt e/s ™ Uhals
S~
ﬁwé,o ~UCE U0, Ug " UA /g — T5 = 2.

® Ys/..10 = W5 a o/5°

%WQ/A,O{/ﬁ ~ uA702'g7a/5 s uA70i670, UA’()Z'&a/ﬁ — 7’6/___/10 =1.

Nevertheless, such a gap between the sum of relative degrees and the dimension of the orig-
inal state vector can be significantly reduced by extending the original state vector, eventually
closing the gap for an appropriate choice of such extended state vector, always assuming the sim-
plification discussed above regarding those contributions proportional to L, in WA a/B/0 (3.4).
As a first step, let us include the following 10 components {src d/q> US/A, 00 US/A, a/fs US/A,0
into the state vector, removing them from the original input vector, and simultaneously by
promoting {émd/q, Us /A, 0 uZ/A,a/ﬁ} as new input components in their place

T = UCs

L2/3 - Z‘st,d/q

Ty4/5 = Ujp,d/q

Le/7 = Z.rc,d/q

g = UcCr

T9 = Z‘e,O U2 = Ss,d/q
zi0/../15 = Wi=1,.6 U3/e = Sped/q

Fong = Z16/17 i Z:e,a/ﬁ g = us i UZO ’ (4.5)

L18/19 = lg9,a/p Ug = UuA,0
Too/21 = Sped/q Uz)s = Us a/p
T22 = us,0 Ug/10 = UA a/p
I23 = uap0

L24/25 = Ux /B

L26,/27 = UA,a/B

Tog = uxo

T29 UA,0

where now the resulting relative degree of most of the 10 components y; in (4.3) increases
significantly (the exact derivation of each respective relative degree will be discussed in the
next section. Here, only the result is stated for better following the derivation)

ylzzﬁb—w’l:Q,
Y2 = le,0 —> T2 =3,
Ysju=Wap —> 134 =3,

Ys/..110 = WA 0fass — T5/../10 = 3-

(4.6)

Despite the addition of following 10 new state components,
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e 2 from “island bus-+rectifier+ HVDC link” subsystem: s, 4/,
e 8 from “MMC+AC grid” subsystem: us/a 0, Us/A, /8, Us/A,0

the relative degrees of the output components related to the first subsystem consisting of
“island bus+rectifier+-HVDC link” profit collectively by an amount of 5, whereas the output
components W5, A, a/B/0 associated with the subsystem “MMC+AC grid” profit altogether by
an increase of 11. As a result, the sum of all relative degrees now equals 29, which is just the
dimension of the extended state vector. Therefore, the 10 output variables in (4.3) define a flat
output vector for the energy stored in the considered dynamics when the latter is being driven
by tagq = (Ss,d/q Sre,d/q  Us/A,0 uZ/A,Q/ﬁ)T, always assuming that the AC grid inductance
is negligible. Table 4.1 provides a brief overview of the relative degree of the flat output vector
when considering the dynamics described by the original state vector 194 as well as when
described by the extended state vector Zagy.

relative degree r; relative degree r;
output components for dynamics described by &9 | for dynamics described by Tagg
ylzﬂ?b T‘1:2 7“1:2
Y2 = e, 0 ro =1 rog =3
ys = Wa r3 =2 r3 =3
ys = Wpg ry =1 ry =3
ys =Wy rs =2 rs =3
Yo/../10 = W5 a ass0 Who T6/../10 = 1 T6/../10 = 3
10
Zri 13 X (gap of 6) 29 V (no gap)
i=1

Table 4.1: Relative degree of the flat output vector for dynamics described using
flgd and using fggd

It is important to note that the proposed flat output vector in (4.3) is an approximated flat
output vector due to the neglecting of the red terms in (3.4) related to the energy stored in
the (relatively) small inductances of the AC grid lines. This can be safely done when such low
energy contributions are compared to the energy stored in the converter capacitances or in the
DC link inductance. Nevertheless, if those AC grid inductance energies were not so negligible
and thus their separated energy has to be controlled, the previously introduced candidate for
a flat output vector would not suffice for fully describing the whole system dynamics.

The complete derivation of the relative degree for each component of the flat output vector
will be discussed in more detail in the section that follows. The reader not interested in the
mathematical proof can skip the next section and continue with the discussion on the feedback
control in the section 4.5 on page 82.

It is worth recalling that the condition for the existence of an approximated flat output
vector is due to the neglecting of the red terms containing L, but not the red terms with Ly in
the dynamics of the energy differences between the upper and lower MMC arms as indicated
in the equation (3.4) on page 46.
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4.3 Derivation of the relative degrees for each component of the
flat output vector

For the system dynamics described by the extended state vector Zogg and driven by the extended
input vector sy as defined in (4.5), let us consider the following output vector

‘ T
y= (y1 =43 y2=ie0 Yy3=Wa ya=Wp ys) ji0= WQ/A,O/CW) :

Firstly, the first and second time derivatives of each output components are calculated in or-
der to determine their relative degrees, where each component of the input vector wsg; =
(ss,d/q Sre,d/q Us/A,0 uE/A,W) is marked by a vertical arrow. Additional auxiliary rela-
tion used in the derivation can be found in the Appendix B on page 127.

2
® Y1 = U

. 2 2 (L = I L=
n (“121)) = *muf}) + C_f (Uib Slw + Uib + Lst — Uib * Zrc) ) (4.7)

d_z(ﬁ?)__ 2 i(@2)+ii(g;) Qi(u {') _ii<g..g’)+_2 Ues 5y -
az N T TR Gy N T ey ae ) T e @ U T ey ae N T) T ey e T

(4.8)
® Y2 = 1¢,0
d . R, . 1 1
—7le - - e, T 4.
gz b0 L:it 0— L:iuz,oJrQL:iuc (4.9)
d? 3 R, d 1 3 -
_/‘e, = 7—/‘6 e, — rc 'rc . 4.1
az'* = Tepne, 0 T I dr‘ et e, Sro -4 (4.10)
® 13 = WAZ
d 3, - 3. = 3
EVV = glliv - tw = S Uib *Ire — Eufb , (4.11)
d? 3 - 3wo ([0 1\ 3 % 3 (R 1 >
— 1 = 35 ~ (_‘i : ‘w) - T _‘i ‘w __‘i : "LU o (_‘i : 'rc)
dt? Va 2R;Cy iv -t 2 <ub -1 0 ! JrQUb ! +2 Lye JerCf ib -t
3 B B - - - - - - 3 A2 3 - = 3 d N
+ E(ﬁu +ive + st w — st - dre — 2irc - Zw)* mufb + TMUCT Sre * Uib — Ea (M[Qb) - (412)
ey, =Wg:
%WB = gﬁib e — 6us, ole,0 — ]; — 6RYyi.. 02, (4.13)
d? 3 (3Rre 1 I 3 [+ = = = = 3R:. = 3 9
FWB - 75 ( me + Rfo) (Uzb . lrc) + E (lrc N + lre * Ust — 'ch) + LTC lre + muy‘,b
d . d 3Ryc - 1
— 61 'e' —12 e e, rore ” 2.7"0 - 5 H7,‘ . 4.14
6ux, ote,0 — Bus, 077 e, Ryie, 0 le,0 + oL % 3, ( i i b) (4.14)

Together with the 6 MMC energy components, it should be noted that the simplification as
discussed in section 4.2 on page 67 regarding the contributions proportional to Ly in Wa /q/s:

di
Ly Z: Pl « ‘ug,a/6| is always applied and marked by (*) when used in the derivation
® Ys = Wé,():
d O _Re 2 ;2 Ry (2 2 d. , Ug, alg,a + Ug, glg, 8
EWé’O T3 (e, 0 e, 5) = ?g (ig,a +1ig,5) + Lftaleﬁo +us, o ) de,0 — —22 1 L2 9P (4.15)
2, R?  , ) 2o, Y 3 R . .
EWE 0 +L_e (i2 o +1ic,5) + 4L’ (ig, 0 + g 5) + ZL_Z (Ug, o tg, o + Ug, g ig, 3)
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& d ? d Uy, o ig. o + g, g1 Ul o+ ul
L e, . . . _ Ug,alg, 9.8, 8 g9, « 9,8
+< d<l Odtzl 0+<dtl 0) >+U2 odtlﬁo> 1 + 5Y7)

Reie,a Reie,ﬁ R;'L'g,a +u97f¥ R;ig,ﬁ +u975 . .
+L—eu2,a+L—euE”@+ 4ng UA, o T 4L; UA, B+ le,0US, 0 - (4.16)
® g = Wé,a:
d Q) . Ry . . d . . )
Ewé,a ~ _76 (Ze a T Zg,ﬁ) - ?g (7/52;,04 - 152;,5) + <Lea7/e,0 — Reie,o +UZ,O) le, a
_ Ug, o lg, o ;ug,BZg,B + ui’oig,a7 (417)
d? R? 2 R? 2 3R, .
Vo0 = U (i —ic,p) + 4]—2 (ig.a —ig.5) + 7 1T, 7 (g, aig 0 — g, pig,5)
d? . R. d . . . Ug, alg, a — Ug, 3 ig,ﬂ “52170 — “521,,8
+ <Leﬁle,0 - L_e <2Leale,0 - Rele,O + UZ,O)) le, a0 — 1 + 2L;
R/ w i 1 LI u Reie,a - Le%ie,o + Reie,O - UE,OU B Reieygu
4L/ A,0%g, 2L;} A, 0Ug, o Le 3, Le 3,8
R;ig,a + Ug,a —UA, 0 R;;ig,ﬁ + g, B . . ig,a .
+ iL, UA, o — WUA,B + te,a Us,0 + —4 Uao- (4.18)
/ .
® Y7 = WZ,/ﬁ'
/
d . . .
WE /3 ~ +R Ze ale B + 4 Zg alg B + (LEEZ&, 0o — Rele,[) +UE,0) le, B
+ Ug,alg,b’zuy,ﬁlgya + ui Olg 5, (4.19)
Loy = 2B fR—?i i 3Rl(u ig, 8+ Ug, pig,a)
di2 3,8 — L. e, ale, B 2L§1 g,alg, B — 4L’ g,alg, B 9,8 %9, a
d? R. d. . Ug, o lg, 8 + Ug, Blg,a  Ug allg, g
+ (LCWZE:O - L_e (2L d Relf 0+ us 0)) le, B + 1 — L;
_ R; w i _ 1 w w 7R5'L'e75u _ Reie,oz+Leé_1i7;e,0_Re7;e,0+uZ,Ou
T T/ L P I S8
Rlig s+u Rligao+tugatu
_ 9974/3[/ g’BUA,a* 99, & 4L1/,a A’OUA5+Ze,8U20+ g4l3uA0 (4.20)
g g
® Yg = W/A,():
d () Ry+R., o , . .
aW/A,o ~ *gTe (ic, alg, o + e, pig, ) — (Ug, a fe, o + Ug, g le, 8) + UA,0%c, 0, (4.21)
d? Ry+R. (Ry R.\, . o Ry+R.  Re. ) )
ﬁw/A,O = QT L_Z + L_e (ic, alg, o + de, gig, 8) + gT + L_e (Ug, e, o + Ug, g Ge, g)
d . . . . (ng + Re)ig, o + 2ug, o (R; + Re)ig, g+ 2ug, g
+ua,0 = dt (ug,aze,a +ug,ﬁle,6)+ 2L, us, o + 2L,
Ry + Re)ic, Ry + R.)i o
( g QL’) : UA,aJr( g 2L,)6’BUA,5+2570UA70. (4.22)
g g
oy =W\,
d () Ry+R., . o d . . .
EW'AA A —QT (ie, alg,a — ic, glg, 8) + (Leaze,o — Ryic,0+ uz:,o) ig, a

— (Ug,a te,a — Ug, Blc,8) — 2Ug, o Te,0 + UA, 0 le, a , (4.23)
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d2 R,+Re (R, R.\, . o Ry +Re R , ,
FW/A,W = +gT <L_/ + L_) (ie,alg,a — tc,pig,8) + (gT + L_) (Ug, o e, a0 — Ug, 3 Te, p)
g e

42 . R, d . . .
+ <Le@ze, 0— L—,g ((L; + Le) Jrie 0 = Ryic,o + uz,o)) ig,a
: /

2 d . . . . . . .
- L <(L + L )d Zc 0 — R;Z&, o+ UE,O) Ug, o — (Ug,cx le,a — Ug, B ’Le,,(i‘) - 27-Lg,a26,0
g
R. . (R; + Re)ig,a + 2ug, 0 — 2ua, 0 (ng + Re)ig, 5 + 2ug, 5
- Le UA,O,LE,(X+ 2Le Us, o — 2Le
(R;; + Re)ie,a 2Le i 'Le o+ 2R 'Le 0— QUZ 0 (ng + Re)ie,ﬁ . . . .
+ QLQ uA,a7TUA,B+19,QUE,O+ZE,QUA,O~
(4.24)
® Yo = W/A,ﬂ:
= Ry+Re . o d : .
VVA 5 A +gT€ (ie,alg, g + te, plg,a) + (L dtle 0 — Ryico+ uz,o) ig, 8
+ (ug, a e, 8 + g, g e, a) — 2Ug, plc,0 + UA,0%c, 8, (4.25)
d? R,+R. (R, R.\, . L R,+ R. R. . .
ﬁWA,B = _QT < 7+ L_) (Ge, alg, g + e, plg,a) — <gT + L_e (Ug, o e, g + Ug, glc,a)

d? R d ‘ '
+ <L ae le 0 — _L'g ((L + L. )d Le 0 — ngle,[) + UE,O)) ig, 8
g

2 d . . . . . . .

-7 (( + Le) Jrie.0 = Ryie,o +u2,0) Ug, p + (lg, o e, s + g, 8 Ge,a) = 2Ug, giec, 0
g

_ e oi _(R + Re)ig, p + 2uy, B _ (Rg + Re)ig, o + 2ug, o +2uA,0u

L, &0t 2L, o 2L, =0

R/ +R ie R, +Re ie,a+2Leiie,( 72R, ie,( +2U2,0 . . . .
_( g 2Lle) »BUA’Q_( g ) ;tL/ ) gle,0 Ua s g5 im0+ e s i

9 g9

(4.26)

It is worth noticing, that the terms containing the 6 components {uE,a/B7 UA, /85 US,0, zlA70}
in the 6 equations (4.16), (4.18), (4.20), (4.22), (4.24) and (4.26) are marked with a wavy line.
Whereas for equation (4.8) (and the following equations below), denotes all terms without

no u

components of the input vector.

Apart from the first component of the flat output vector, y; = ﬂ?b, which already con-
tains the input components s, 4/, in the second time derivative (4.8), the current component,
Y2 = ic0, and the energy components of the flat output vector, y3/4 = Wy /p as well as
Ys/..)10 = Wi, IA,0/0)B7 only require the third time derivative for input components to appear.
Therefore, the first flat output component has a relative degree of v = 2, while the remaining
9 flat output components have a relative degree of 5, /19 = 3.

® Yo = Z.e,O:
d_32, :_Lii Ry d* . 3 ng .;_34‘;0? 0 1§+ 3 -
a0 T e Crdt 0 T Ty a2’ T AL,y Lo T AL, ey e\~ 0) T T ar e,
Y U
2 3 A 1 .
— UGS + e Sre tire — A 4.27
AL, L0, MO T ey o e T I, e (4.27)
o y3 =Wy
43 3 d? 3 d? 3 d, 5 3 d - 3 d
w" = 2dt2(““7 i) 7§dt2(u’b Do)+ e @ ")~ 7e; dt(“”’ ) - R;C;y dt(u'b i) )
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74
ST AN P S S (A S TP DI O 49)
Rfo dt ib re 2Lsth Cs Ss w re Rf ib 2ch Cr Src ib - .
®y,=Wg:
a3 3d? /. - d d? 3Rec d® (= ([ d 2
Ve = B (e B) | i~ busofzio - 5 (2)) 12 (o)
no IL no u
4 3 4. 3R o 1 ¢
- 12 . ‘c e, s ?s "rc = T _"rc ‘ 2'7‘(,‘ - —1; - /‘e, . 42
Ryt OdtQZ o+ 2Lsthuc 55 ire + 2chuc 5 ( i chuzb) 6 s, 0 te, 0 (4.29)
® Ys = Wio:
e, R. d? Ry d* , , 2 d’ dz‘&, 0
Vo= g g leatics)) —Fgm loativs)) +lagg (o5 )|
no u no no u
d2 1d? 1d?
dt2 (UZ 07" 0) 4 dt2 (u(],alg, ) 4 dt2 (ugwglg 5) .
no no u no u
+i éu =z +Re7;e,a \U +Reie,,3 \U ngig»a+u9,0¢ \U +R Zgﬂ+uqﬂ \U
407‘ le,0 Src “lrc Le Uy, o Le us, g 4ng UA, o 4Ll un, g -
(4.30)
o ys =Wy
&, R. d* 5 2 Ry d* 2 d> (. dico 2
ai Voo = = g e —ien)) =g o —iop)) Hheg (fee=g "))~ Fegg (ie,aico)
no no no no o
d? 1 d? , 1 d? 2 .
+ 43 di2 (U’E 07’9 04) 4dt2 (u%az% ) :’_ 4dt2 (ug 5 g, 5) + ZE (UA,O’Lg,a) )
no u no u no u no u
3 L. ?“ 7y Beica— LG 4 Reico—uno b Riup ¥
4C L, e, a Srec “lre Le 3, « _L—e 3,8
Rliga4tga—uno ¥ Ryig 5 +u R L 3 i
429 4L‘2a 2.0 UA,Q*%‘;%BUA,S Jr(l*LZ)Zeauz 0 JrT UA, 0 (4.31)
® Yy = Wé,ﬁ:
a3 2 Ry d® . & (. dico o
ai Voo = HhReg lesote )+ 2P Go.ola ) +Leg (00 %5i%) = e i
no o no no no
d? 1d? , 1d? _ 1d? .
oz (us, ote, ) :F 132 (g, alg, 8) :F 1382 (ug, gig,a)| + 1382 (ua, oig, 8) )
no u no u no u no u
3 L ;u - Reie,ﬁ . U Reie,a + Le (Iijiu — Reie,,O + UE’O y U
+ — 4C L, Ze B Src “lre — L— Us, a — L us, p
Rlig p+u R Rliga+tga+uno ¥ LY., v A
— W UA, o — 9°9, « 4;] Gl 2,0 UA, B +(1 — L—,)’Le’/g us, o +9TB uan,o - (432)
g 9 d
® Yg = W/AJ):
a3, R' + R, d? L d? 2 d2
@WA,O = —T a2 (ie, alg, o + e, pig, g) T ae (g, ade, ) T ae (ug, gie, 8) dtg (ua,oie,0) )
no U no IL no IL no u
(Ry + Re)igo+2us0 b (By+ Roinp+2u b
2L, e 2L, =
R/ Re 'e a U' R/ Re ; ‘U' ‘U'
(Ry + Re)icsa , © | (FotRe)iep 7, ad (4.33)
2L

2L},
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!
® Yo = WA,a
d:i / R/ + Re d2 . . d2 . di“ao / d2 ; 3
ap VA=~ g g leloa —leplop)) +Legg (loa=p™ |1 = Bogg (lgateo))
no u no u no u
d2 d2 d2 d2 . d2 .
dt2 (UZ O'Lg cx) dt2 (ug Qle Ot) dt2 (Uq 5746 ﬁ) + - dt2 (UA»O/L@MX) - 2@ (Ug’ale,,())
no no no no o
3 Le, oz (RutRipat e —2uso b (Rt Rinst 2 b
40 L/ g,a Src “lre 2Le 2Le o
Ry +Re . dic, o /- / 3
_ . L. Rlieo— I R, + R. 4 v N
M Te, o e g + Rgle,0 —us, 0 iAo 7( 9 +2L, )ie, 8 N +<1 ﬁ/ )zg a Us, 0 +ie,a Ua,0 -
g g
(4.34)
® Y10 = W/A,ﬁ:
d? R/ + Re d? d? . dieo 2
EW/A"B = D) a2 (ie, alg, p + e, lg, o) TLEE T j ngﬁ (ig, pic.0) ~
no no no u
d2 d2 d2 d2 d2
dt2 (us, oig, 8) dt2 (ug, ate, 8) dt2 (ug, gle, a) dt2 (ua,ote, 8) dtQ (ug, pic,0)
no no no no i
L3 L, ) :) 7 Byt Re)ig +2u,s uél (R + Reig, o + 2ug, 0 + 2ua,0 uf )
4C, Ly, 7 e e 2L, o 2L,
B+ Ries b B o+ LY — Ryio+us,o Y Le v N
27 Un. o — 7 un, g+ 1— L’ tg, 8 Us, 0 tie, g Un,o -
g
(4.35)

A complete list of all the terms that contain the notation ‘ , as well as other auxiliary

mno

relations, can be found in Appendix B on page 127.

4.4 Derivation of the extended state components in s,

Consider the following scenario: the considered full system is perfectly described by the equa-
tions of motion, with no additional unmodeled effects or disturbances, and the output sensors
measure all flat output components without introducing any noise, allowing the time deriva-
tives to be estimated accurately from a sequence of present and previous values. In this case,
as already mentioned in the introduction to this chapter, the whole information of the system
is contained in the flat output vector and its derivatives. As a result, all components of the
extended state vector Togq can be extracted from the flat output components and their time
derivatives until the respective relative degree minus one, (r; — 1). These steps will be further
explained in the following subsections.

4.4.1 Reconstruction of the 6 extended state components
yud . . . . T
¢ =(iea les fga flgp Uso Uao)
The reconstruction of the 6 components 5: (i&a le,s flg,a fUg,3 UN,0 uA,O)T in the ex-

tended state vector will be obtained from the first time derivative of the flat output components
Us,.../10 in equations (4.15), (4.17), (4.19), (4.21), (4.23) and (4.25). It corresponds to the so-

lution of the nonlinear algebraic equation system g(f )= 0 with the components of function
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vector g(¢) given by

- Re .o .2 R; .2 .2 ,d . Ug, atg,a + Ug, B ig, 8
g1 = *WE,O -5 (’Le,a + Ze,ﬁ) By (Zg,a + 19,5) + Ldale,,o +us,0 | le,0 — 1 )
- Re . : Ry . : d . : :
g2 =—-Wg o — 76 (i2 o — 2 5) — ?g (i2 o —i2 ) + Le rie,0 = Reie.o +uz,0 ) e,
Ug, o bg,a — Ug, B g, UA, 0 .
,9a9a4 gﬂ95+ 4Zg,a,
: o Ry . d . . )
gs = 7W)/:,/3 + Rele,ale,ﬁ + Tglg,oﬂg,ﬁ + (Leala, 0o — REZG,O + Us,0 | %e, B
Ug,abg, g+ Ug, Blg a0 | UAO .
4 + 4 29,8 5 (436)
. Ry +Re . . o . . ,
g4 = *W/A.,O - B - (fe,alg, a t+ de, plg, 8) — (Ug,afe,a + Ug, g lic, ) +UA,0c,0,
. Ry+Re . o d . : .
gs =-Wh o — 2 5 = (e, alg, o — e, gig, 8) + Le—ic.o = Ryic,0 +us,0 | ig,a
- (Ug,cx ie,a — Ug, B ie,,@‘) - 27-Lg,o¢ Z‘&, o+ UA,Oie,a 5
. Ry +R. ,. . o d . . )
ge = 7W/A B + QTE (Ze,alg,ﬁ + Ze,BZg,a) + Le EZ&, 0 — R;Z&, o+ us,0 | 29,8

+ (ug, a e, 8 + g, g le, o) — 2Ug, g lic,0 + UA,0%e, 5 -

This system can be solved numerically by means of the Newton-Raphson algorithm: from a
provisional solution (") still not satisfying the equation system, an improved solution ( is
obtained by linearization

-
L oo aq R,
_ prov et _ Alprov
0= 3(C) ~ 3" >>+( ﬁ)‘ (¢ clrem)
3( C(p'rov)
. ) (4.37)
- — —
7OV g =g TOU
¢ (o) — <—> gy,
(9< C(prav)
with the 6 x 6 quadratic matrix
, .
—Reie, o —Reio _EQFLH’Z—W
. ’ _
~Reie,a + Le 280 — Reie o+ us, 0 +Rei,, g _ZaleaiveieTPA0
} . ’
o5 +Reic g +Reie,a + Le 280 _ Reie o+ us, o AT N R N:]
ac (Ry+Re)ig, at2ug, o (Rg+Re)ig g+2ug g R’2+Rei
n 2 - 2 - 2 e &
_(R;{»Re)ig,azZug,QquA’o +(R’+Re)ig275+2u975 _R/;Re to o Le digt_o — Rlie o +us, o
+(R;+Re)i%15+2ugy/; +(R;+Re)ig,a4;2ug,a+2uA,0 7L1:1:’g42r1:1:e o g

»
_Rgig. ptug. s
P

le. 0 0
R’ +u
9'9, B . B : 1.
+ g 1 4 le, o 2%9, @
/.
L Bolg oty atua,o i 1
, 4 e, B 49, B
R! +Re .
T3 te,B 0 ie,0
Ry +Re .
, 3 te, B 19, le, o
R! +Re dig
g ; e, 0 ’ . .
+t—tg—de,atLe g — Rgico tus,0 g, e,

(4.38)

It should be noted that the existence of the inverse for the previous matrix when calculating
vector ( is related to the controllability condition of the full dynamics, which will be discussed

later. Using matrices N, = (Bl _01> & Ng = <_01 _01> for a more compact notation, the
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0
determinant of matrix Mg = a—g_, is approximately given by

1 die, . . T, . die,
det Mg ~ —— [4 <uz:,o + Le '0) (ie;a des)" (u‘q’Z) +ua, o (fgruq) +8ic 0 (uz:,o +Le—'0) UA, 0

64 dt

- T N

) . T [ty Natg
+ (’Lg’a 2975) <ﬁgTN,Bﬁg) :|

(@ (w75))

die,o\ (=1 - . dic.o\” TN L
(UZ,O+L6 Zdt,o) (Eug)+4le,0(uE,O+Le Zdt,o) +UA,0(;6TU;;)+Z@,0U2A,0

L1
16

2
—ie.o (ug 0+ 5) + (7 (7,7N,) ) ] , (4.39)

after neglecting those small contributions proportional to resistances R; & R.. In steady state,
or close to it, where the AC grid oscillates with 1w, the internal MMC circular currents with
2wy and the internal MMC common-mode voltage with 3wy, all terms in the first square bracket
of det Mg oscillate with 3w, and thus even during a relatively short time interval all those terms
are nearly averaged out and yields no relevant contribution. In contrast, all terms in the second
squared bracket above yield time independent contributions in steady state: the only negative

term, —i. o <u§’a + uz B) (marked by a wavy line in (4.39), is unable to compensate all the
other terms since the power transfer across the MMC in conditions close to the steady state

LqUC <;£17169)
leads to i gus;, o ~ 5 "~ 1 and thus

2
1 (L \2 L N2 (e (2 2\2 Ly
det Mg ~ +16i€,0 1 <zg ug> + 1 <zg ug) — (;—g) (zgug) + O (ie, ua,0)

(4.40)

Since the amplitude of the AC grid current is usually in the order of magnitude %g ~ 2iq = GBie, 0,
the discussed negative term is never able to compensate the other positive terms: assuming a
nonvanishing power being injected into the MMC and subsequently transferred to the AC grid,

o7
det Mg is always strictly positive, ensuring thus the existence of a matrix inverse for Mg = a—g_,

and the corresponding reconstruction of the state variables in f .

4.4.2 Reconstruction of the 6 extended state components,
= . . T
(= (UZ,a Us. g UAa UAB  Us 0 UA,O)
Then, the reconstruction of the next 6 extended state components described by the vector

= . . T .

("= (ugﬂ Us 3 UA o« UA,B Us0 UA70) follows completely the same way as in the pre-
vious subsection, but this time from the second time derivative of the flat output components
¥6,.../10 in equations (4.16), (4.18), (4.20), (4.22), (4.24) and (4.26). As in the previous step,

this corresponds to the solution of the nonlinear algebraic equation system g (5’ )= 0 where
the components of function vector §'(¢’) can be easily obtained by shifting Wy, /A, 0/a/8 tO the
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right hand side of the corresponding equations, for instance

R/2 9 9 3 /
41:2 (Zg,a +19,6) + ZL_/g

R2

2

L.

g1 =—Ws o+ =2 (i2 4 +i2 5) +

Ug, o lg, o + Ug, 8 1g
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(tg, 0 g, o + Ug, gig, 8)

2 2
Ug, o + Uy 5

L (4.41)

g

o VY e ot )

di e, 0 Z,Odt e, 0 4
Ryig o+ Ug,a

AL,

7;6:,0 + <

Reie, B
L.

+ <L:1 </L'Fi,0 d

dt?
Reie, @
L.

R;ig,ﬁ + Uy, g

UA, « +
AL,

+ Us, o + us, g+

2L},

UA, g+ le,0Us, 0,

and similarly for the other 5 components. These 6 equations are again solved by means of
—

—

the Newton-Raphson algorithm, where the quadratic matrix o0

is nearly identical to that in

(4.38), only this time each column is multiplied by the inverse of the corresponding inductance

Ryig, atug, o

Reie, o Reic g
Le Le 4L27
) dic, 0 ] )
Reie, a—Le —gi—+Reic, 0—ux, 0 _ Reig, g Riig, atug, a—ua o
Te Le 4Ly,
) ) dic, 0 >
, 7R616,B 7Rele,a+L67dt —Reic 0tus o 7Rglg,ﬂ+ug,/3
93 Le Le 4Ly
ac’ (Ry+Re)ig, at2ug, o (Ry+Re)ig, g+2uy g (Ry+Re)ie, o
2L¢ 2L¢ 2L£7
R/ +Re dig o
(R3+Re)i97a+2u97a—2uA70 7(Ré+Re)ig,B+2ugyﬁ ——ic, a—Le I +ngie‘0—u270
2L¢ 2L¢ Lé;
_(RgtRe)ig gt2ug 5 _ (Rg+Re)ig, a+2ug, at2up o _ (Rg+Reie g
2L¢ 2L¢ 2L/g
(4.42)
R’ +u
9'9. BT%g. B i 0
4ng e, 0
’ s
_Rgig, ptug. s ’ 1.
4L/y e, a 19, @
ngiy,(‘r*”y,a*”A,o . 1.
— 7 I
4Ly e, B 1'g, B
(Rg+Re)ig o B
2L7 te, 0
(Ry+Re)ic g ) )
- 2rnl R te, o
g
R +Re dig o
 —I5—ic,atLe—g— —Ryic otus o
‘g, B e, B

7
LQ

The existence of the inverse of this latter matrix is guaranteed by the same discussion as that
following equation (4.39): the matrix can be inverted as long as there is a nonvanishing power
injection into the MMC which is also transferred to the AC grid.

4.4.3 Reconstruction of the remaining extended state components

Once {ie,a/ﬁ’ lg,a/8) US/A, 00 US, a/fs UA,a/B uE/M} have been determined, the remaining
components of the extended state vector can be calculated as follows:

e From g5 = %ie,() (4.9) state component uc, can now be obtained:

d . .
ucy = 2 <L2l 77 le0 + Rlyico+ u2,0> (4.43)

e Amplitude i,. follows now from y; = W35 (combined with 1, = ie,0 and the solution of

the previous step).

4
3ch

(4.44)

re —

1 .
(WB — 5 Cr u%r — 3L2l 16702>
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e Phase ¢,,, is determined by 73 = W4 together with 74 = Wp; state components u;, d/q
are thus fully determined (together with y1).
\/ 43 - COS(% — ¥iy,)

: : 3T , 302 3Ryes
Wi+ Wg = 5 b i —6us: oie.0 — > R%b 2“ i2, — 6Ric o? (4.45)
f

Wy - 1,
Duyy = Puy, — ALCCOS i — (4.46)
TER
e Phase ¢;,. by y3 = W 4; state components ire,d/q are thus fully determined
\/ ﬂ?b Ure COS(SDZ‘TC - %Duib)
Wz By T 3 1 Sl (4.47)
= —Up - Ty — = Usp * & .
A 2 b " lw 2 ib " lre — 2Rf
@iy - 1.
i, = Pu,, + arccos Lfc (4.48)
\ U’z2b irc
e iy from the following two equations
i(,az)_,i,a2+i(g. i ;) L2 a7
dt ib) — Rfo ib Cf ib w ib re Cf ib " lst 4
d%i 3 - 3R - 3w 0 1)\- 3 R
o d 6,0_7 = o rC 7 7_0 _,T 7 0=
WB + VVA 4 chc Ucr dt2 = 2Rfo (Uzb Zw) Lo (Uzb 'ch) B (uzb <_1 O) Zw) + 2Uzb Tw
v ib . . ie, 0 ;. dieo
— = T Gis i, — 6 — 12Rji..
+ 20, 9R; dt O Um0te 0T RUR0TG, dte. 07 gy
SREC ~2 6R7‘c 4R'rc / die, 0 4R'rc .
+ Lo lre + Lo UCrZe 0o+ —— Lo RdCTuCT dt + Lo CTU/CTUE,O
PR
2Cf w st -
i (T i) = (0 B) (T o) iy () = (- 70) (7 )
o T st " Uib ) — | Wib * Tw st * tw Uip st " lw | — | Wib * Tw Tst * Uib |
Tot = - @iy + \ o (4.49)
~2 "2 — - A2 22 — g
WUip oy — (uib . Zw) Ui Vo — (uib . ’Lw)
(Nl a (Nl
ib 1 0 w ib ] 0 w
e 5. from the following two equations
dieo _ 3 . _BRgd, 1 L3 s
ez~ 20,C, ¢ Lydt YL uz,0 ALLC, e
o 3 N - 3wo [ _r 0 1\~ 3. > 3 [ Rre 1 N e
V - - (1w)7_ i w FUb clw T S (i‘rc)
Va 2R;Cy ib -t 2 <ub(—1 0)Z>+QUb ! +2<LTC+Rfo tiv
3 i 3 d ’Az)‘i’iUCrﬁib‘grc-

- (Wb

=~ s w T s rc72?'rc'?w)7 57 Wib —
+2()(““““*”Z Tt - tre e )T o 2Rfdt( 2L,.
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- - - -

(DI N g N N L2 [~ N — - N -
lre (uib . Src) - (Zrc . Src) (u b Zrc) Uy (Zrc . Src) - (uib . Src) (uib clre o ( )
Src = Uip + re 4.50
52 72 Loz )2 L2 22 L=\
Uip Ure — \Uib * lre Uip bre = | Wib * Tre
2 2
(0 1\- (0 1\-
Uip 1 0 lre Uip 1 0 lrc

It is important to note that the previously discussed reconstruction of ist (4.49) and S,
(4.50) is dependent on a non-vanishing reactive power at the two parts in the island bus,

ﬁg,; (_01 (1)> iw # 0 and ulb (_01 (1)> e # 0, respectively. In other words, without some

reactive power flowing across the island bus, there is no way to drive the system by just only
controlling the flat output components.

4.5 Derivation of the extended input components

Once all of the extended state vector, #5994 has been determined, the components of the extended
input vector, gy = (Ss,d/q Sre,dfq  Us/A,0 uZ/A,W), are algebraically derived from the
highest time derivatives of the flat output components ( which is from those derivatives of order
corresponding to the respective relative degree, (r1 =2, 79/ /5 = 3) ).

(),

22 /oo ho i Mo
dtZ (uzb) e
ax bii b2 0O 0 0 0 0 0 0 0 Ss,d
’(1115 Lc 0 ao 0 0 b2,3 b2,4 b2,5 0 0 0 0 0 Ss,q
«55 Wa as bg’l 63’2 b3,3 b3,4 0 0 0 0 0 0 Sre.d
a3 Ws a4 bag bao  baz  baa  bas 0 0 0 0 0 Sre,q
%VVQ o| _ | as n 0 0 bss  bsa 0 0 bs7 bss  bsg  bsi0 U, 0
dtg W3 o | as 0 0 be;s  bea bes bes bsr  bss  bso  bsi0 UA, 0
d® it ar 0 0 brs  bra  brs  bre  brz  brs  bro  brio Us, o
dt% VVZ v as 0 0 0 0 0 bg’e 68’7 bg’g bg,g bg,m 1.1/2. 8
(WM/A 0 ag 0 0 bo,s  boa bos boe bor  bag  bog  bg10 UA, o
df" A« aio 0 0  bio,3 bioa bios bioe bior biog  bioe  bio10 UA, 8
de WA B
(4.51)

The complete derivation of all entries in matrix My and vector A can be found in Appendix
C on page 132. It is worth mentioning that the inversion of the extended input vector as a
function of the highest derivatives of the flat output components, which corresponds to a control
design, requires that the matrix Mg, the so-called controllability matrix of the subsystem, to
be regular. In other words, the determinant of the controllability matrix Mg cannot be zero

in order for it to be invertible.
fter neglecting every contribution proportional to the small internal resistance Re, t

following is the simplified form of the controllability matrix Mg

he

T -
+L5tcf ugs Uiy O1x2 0
3 1 =T 1
lez +Z—L;CT1TC _Z
z = 2 T 3 T
+2 T th UCs (Zw — lre — Ry uib) +2ch uCr Uip 0

=T

P P - T
3 3 - -
+2Lstcf UCs tpe T 2L, YCr (uib _QRT‘CZTC)

5 3 . =T
O1x2 t 76, e, 0 tpe 0
ie, o ie
3 L ’ =T L
022 szeriaall ire (1* ﬁ‘) )
d le, B d le,
O1x2 012 0
i 7
g, @ g,
3 L =T L
022 +4cTﬁ; < >'rc (1_?;‘) <
7 1
9,8 9,
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0 g1><2 q1><2
0 O1x2 O1x2
0 O1x2 O1x2
0 O1x2 O1x2
a5 1 (= 12 \T
0 O1x2 +q (ug+Rgzg)
dic, 0 ug, a+Rig a—u u +R!i
ig, 7“2,0*5: I o +—2= iLgéa £.0 ——free.b
ig. 0 _ziotle die, 0 _Ug, Bzi'giy,ﬂ _ Uy, CV*R%;LQ; atua o
e 9 9
. 1 . = T ng =T
le, 0 P + = ig ﬁze
’ ’ die o ) R! R!
i ug, at 5 ig, a~uA, 0 g B*%ig B8 _motlegi —Rgle,0=Flie.o Zies
( ¢ “) Le I Ly Ly
. R/ R/ R/ i R/
te. B ug. 8t 5 ig. 8 vg, at—lig atua o i, B uy; otLe dljt'O*Rg,lc.o+42£ie,a
Le - Le A - 2

Mi0,simplified
(4.52)

The existence of the inverse for the matrix Mjq is simply the controllability condition in
the full dynamics, allowing each (extended) input components to be expressed as an algebraic
relation of the derivatives of the flat output components from their lowest (zero) derivative to
that corresponding relative degree. The determinant of the above simplified square matrix Mg
in the case where all resistances are neglected (a robustly controllable system cannot depend
on a weak dissipation at the resistances) is given by

=T —
le Ug

€q. (439) 1 die,() . . T [Ug, o - T . di@,()
detMg = 6l [4 (uz,o + Le 7 (i, e, ) UZ,B +ua,o0 (lg ug) + 8ic,0 | us,0+ Le g ) vao
. 2
. N Naﬁg>
+ (ig,a g, e
( g g 6) <ugTN5ug :|
(7 (2N, )
1 dic,0 (7 - : dic,0)” T
+ I <u2,0 + Le 0t ) (Zg ug) + 4ic,o (uz,o + Le 0t ) +ua,o0 (Ze Ug) + e, 0UA, 0
2
e ) + (7 (7N, ] |
27 (ucs)” ucr (0 +1\ L\ [ (0 41, Le
det Mo ~ _gLﬁtC;LTCCTL&L’SLg wo |y o )t ey o )T det Mg + O L_fi , (4.53)

with additional corrections proportional to L./L!, which are negligible since the long DC link
has a larger inductance than the internal conductors within the MMC: L/, > L. Tt is also worth
noting that, as already mentioned on page 76, the controllability condition is determined by the
matrix Mg being used to reconstruct the (extended) state components related to the MMC,

f: (z’e,a le,s lg,a flg,3 US,0 uA70)T Hence, in the considered 29d full dynamics, the
simultaneous conditions for a feasible calculation of the (extended) input vector a9y from the
derivatives of the flat outputs read

1. STATCOM at the beginning of the island bus operating and not fully discharged: ucs # 0.

2. Reactive power being injected into the island bus generators as well as into the rectifier:

(i

—

w

(0
-1

+1
0

)

—

Usp

RNEE

+1
0

)

—

Usp

i

3. Rectifier at the end of the island bus operating and not fully discharged: uc, # 0.
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4. Nonvanishing power flowing across the long DC link from the rectifier into the MMC

converter, the latter transfering this power as effective power into the AC grid, as already
derived from det Mg # 0.

In other words, matrix My can be inverted if all of the following aforementioned conditions
are satisfied. Provided that these conditions are satisfied, the full system dynamics can be

exactly linearized as follows

Ss,d ’ds o0
qs3 te
Ss,q Callts
: awWa
Sre,d pa W
STC,q %tB B
’ilz 0 e %Wé 0
ol =y |- (4) — | &0 =7 (4.54)
UA,0 ‘no i dt; Y
U Kesdhy i
o s, s
uys, Neadh 7 v/
UAﬁ ae? Va0
, & d- /
i aWa,a
Aa[j d /
LW
dtS A7ﬁ

where now the vector ¥ can be designed in such a way to produce the desired trajectory.

e Either as a feedforward control, if the system dynamics is accurately described by the
considered equations of motion and no disturbance occurs, and additionally the system
starts very close to the initial state of the desired trajectory. Hence, a perfect trajectory
tracking can be attained by driving the system with the following extended input,

G =Mjo) " [7- A& 7= (7 §500)" (4.55)

where the desired trajectory is denoted by * (no complex conjugation).

Or as a feedback control, if there is some unmodelled disturbance and for a relatively
strong deviation from the desired trajectory. Therefore, to ensure an asymptotic stable
trajectory tracking to compensate the error between the actual flat output components
y; and the desired behaviour in such components y;, the system will be driven with the
following resulting extended input,

iy = (Mio) ™" |7 A (4.56)

however, this time ¢ equals to

d’y; 0 % 1), . -
g — (=) — i~ 97)
. d°ys . (0 ) « 1) . -
U= 7261@3 [e— Cy /)...,/10(92/---/10 - y2/.../10) - Cé/.../w(y?/---/10 - y2/.../10) (4.57)
(2) . o
_02/.../10(y2/m /10 = Y2/ /10
with positive constant coefficients {cgo), cl(.l), cl(.z)} (t=1,...,10) in order to ensure the

asymptotically stable behavior (v; — 7;") X0 according to the Hurwitz-Routh crite-
rion. In the case of a linear differential equation of third order, the additional condi-

tion cl(-l)cl(-z) — c@(p) >0 for ¢ =2, ...,10 is also required for the asymptotical stabilitiy
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N - t

(yy-, - yi*) -
1
7.72
1

CZ(O) _ ng)

. /10
(4.58)

~
Il
[N}
\
\
—
(an]
Yes
o~
Il
[\
\
\
—
(e
|eo
~
I
[N}
\

with 7; some time scale describing the decay time of the trajectory error e; = (y; — y7).
In order to implement this type of feedback control, it is necessary to make an estimation
of the high order derivatives v, ;10 and @, /10, as shown in the previous equation
(4.57).

4.6 Alternative method of feedback control in the form of model
predictive control

There is, however, a downside to the flatness-based feedback control that must be addressed
for achieving the desired trajectory tracking. On the one side, a small time scale 7; is required
for designing a feedback capable of compensating a small deviation in the flat outputs back
to the desired trajectory; on the other side, a small 7; implies large values ¢; in the feedback
(4.58), such that a sudden disturbance producing a large deviation will lead to a large input.
This will have detrimental effects on the system’s ability to provide the proper input because
of the usual physical limitations of producing too large arm voltages in the MMC arms and,
as a result, will lose the control for achieving the desired trajectory tracking. Alternatively,
one may select a larger time scale, but doing so would not serve the purpose of the thesis of
fast trajectory control. In order to overcome this problem, an alternative approach of feedback
control is proposed in this section.

This, nevertheless, does not mean that the full derivation regarding the existence of a flat
output vector discussed in the previous sections of this chapter has to be discarded. With the
hindsight gained in this chapter regarding some energy variables acting as flat output compo-
nents, the trajectory design developed in Chapter 3 is actually constructing the trajectory of
those flat output energy components. Hence, from the very definition of flatness, the trajectory
design of the previous chapter allows calculating the driving inputs for the full system with-
out worrying that some component may uncontrolled "slip away". If this trajectory design is
now being constantly repeated in periodic short intervals of duration 7, any sudden deviation
which may sudden occur can be compensated in the same spirit as the usual model predictive
control. In other words, by calculating the necessary future input sequence during each interval
T., would lead the disturbed dynamics back to the desired state after such time interval.

Let’s consider the following two scenarios by referring to the Figure 4.1. The first scenario
takes place between ty and ty 4+ Ts. This corresponds to a change during Ts between two
different steady states. By driving the system with the input generated using the technique
described in Chapter 3 and assuming there is no deviation between the desired and actual
variable, a fast smooth transition from the old steady state to the new steady state during
to <t <tg+ Ts has been achieved. However, in the second scenario, after a period of time
being operating in steady state (ss2), some sudden deviations take place at ¢ = ¢, (or have
accumulated until this time step) and a new input needs to be recalculated (again applying the
technique described in Chapter 3) in order to drive the system during a shorter control time
interval T, back to the desired final steady state (ss2). Besides any physical disturbance, there
are also other sources for persistent deviations:
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State, x
Disturbed steady state (ss2), x(ss2)*
{ new :
| i steady \ :
old steady state | state iback to steady
(ss1) : fast transition | (ss2) state (ss2)

x(ssZ)

to to+T, to' ty'+T,

Figure 4.1: Transition between two different steady state with a disturbed steady
state

e finite number of submodules inside the MMC and thus, impossibility of accurately im-
plementing the exact calculated arm voltages; this situation is even worse in the island
bus rectifier, where only a single capacitance is available;

e additional delays in the transmission of input or measurements.

By repeating this trajectory recalculation in regular time intervals, and then generating the
sequence of future inputs for driving the system, an alternative feedback method for compen-
sating deviations is proposed. Although this will require more computing time, it will prevent
the controller from producing a large input if the deviation is quite significant. In order to im-
plement this feedback, a smooth transition function (denoted by (g)) similar to the one stated in
subsection 3.2.1, but now with a little modification, is introduced as follows, where z* denotes
the disturbed steady state:

A9 =2t =1) (1= 5(1)) + 2Dt =ty + To) 5(t) ,
39) = <z(352) (t=1t)+T.) — 2" (t = tg)) 5(t) + <z'(532) (t=th +T,) — 2*(t = t6)> 5(t))
+ 25t =t;), (4.59)

with

5(t): Et=ty)=0; st=th+T.)=1;, 5(t=ty)=0=5t=ty+T.),
Thus

At =tg) =2t =t5); 2Dt =ty+T) =2t =14+ T.),

Ot =t) =2 t=t); 9Dt=ti+T)=:Dt=t)+T.).

However, it is important to recall that in the steady state phase, the variables being used
for the trajectory design are constant for the d/q components in the island bus, DC voltage
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and DC current, whereas zero for the circular currents and common-mode voltage in MMC.
The only exception is the AC grid current, which is required to remain in an unchanged
oscillation the whole time and thus, cannot be used for the trajectory design. Therefore,
the time derivative of the state components in the final steady state to be reached is zero
(2052 (t =t + T.) = 0) and only the derivative of the suddenly disturbed state, 2*(t = t}),
must be considered. Nevertheless, such derivative will be forced (by means of the resulting
input) to stay equal to zero to avoid any further increase after the sudden deviation. Hence,
the time derivative of the smooth transition function described earlier will be simplified as
follows

29 = <z<ss2> (t=th+T,) — 2*(t = t6)> i) (4.60)

4.6.1 Feedback control applied to MMC subsystem

In this subsection, for the sake of clarity and simplicity, the feedback control is only focused
on the MMC dynamics for the three internal energy components, Wé,a /8/0" The control is
implemented to compensate within a very fast control time interval, T, (in the order of one
tenth of the AC period), for a sudden deviation in i, ,/5/0 as well as in Wé,a/ﬁ/O’ but not
in the other components (particularly the common-mode voltage). Only three variables are
designed to satisfy the changes in the three aforementioned energy components. These three
design variables are formulated as a linear superposition of smooth transition function (4.59)
as well as 3 hump contributions (3 because of the 3 considered internal energy components) of
still undetermined amplitudes Ag/; /o, along with an adequate current scale i, for instance, the
current in the DC link:

)

i9) (1) + AT (t), (4.61)
)
B

In this particular case, the same hump function ®; is used for all three current components in
(4.61) because no orthogonal property is required to facilitate the calculation of the undeter-
mined amplitudes. In contrast, the orthogonal property was used in Section 3.2.3 to eliminate
the nonlinear terms in the third equation of (3.3). However, now the terms proportional to the
small resistance R, which contributes to this nonlinearity, have been safely neglected.

4.6.1.1 Task 1: Controlled trajectory of i. ( satisfying sudden change in AW’y
and ie,O

The ¢ o is designed to compensate the sudden change that arises in the total energy of the
MMC as well as in i o during the control interval ¢, <t < ¢{, + T,

(o (s52)

17! _ / s$82 !k /

// Wy, odt =Wy, —Ws o =AWg .
L ty+Te o

It is important to note that, unlike in (3.24), uc, is now no longer a design variable and is
considered to be constant at all times. From the dynamics of total energy in MMC,

dW's o ucr . 1 . . . R, .
dt7 — 27’1670—Z(ugﬂzg,a—}—ug,gzgﬁ)— Rszg,o—{—gg(z;a—}—z;ﬁ) ,
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the unknown amplitude Ap for the trajectory of i, o is determined by the following energy
equation for the sudden change in Wé,o during the control time interval, T..

] * 1 t6+TC ucr . . 1 t6+TC . .
<WZ,O(552) - Wso ) = B / ( 5 ﬁﬂi%) Ze,g)o dt — 1 / (Ug,alg, o+ g pig,p)dt
tg

it +T. t t
to+Te
~ u .
z/ (% — 2R, Zgg) Oydt
th

R/ t6+TC N2
" (7)) dt+ Ag

8 Jy
caz|-rye [T e
2 | R 244 (4.62)
t(, .

4.6.1.2 Task 2: Controlled trajectory of i /3 satisfying sudden change in AW, /B
and ie, a/B

After the time evolution during the control time interval, T, for i. o has been fully determined,
the two remaining unknown amplitudes A;,, can be obtained in such a way that the two
following equations for the energy components are fulfilled during the sudden change interval
th<t<th+T,

th+Te < W o2 =g o

t{? Wiadt _ Z,a‘t6+Tc E7oz6 _ AWia (4.63)
g par) W =W | T AW ) |
1o ’ t6+Tc /0

Therefore, the two unknown amplitudes A; /5 can be calculated from the two simplified (after

neglecting the terms proportional to the very small resistance R.) linear algebraic equations
as follows:

Wé, a(SSQ) - Wé, «

fotTe 3La d
* 7/ (“CT _obad. R+ R.) zo) i), dt
t)+Te

), > 2 a0l
to 0

1 [totTe Ry [ttt 2
+Z/t (Ug,alg,afug,ﬁlg,ﬁ)dtﬁL?/t/ (zgﬂfzg,ﬂ)dt
0

’
0

- ot (e, 3Lg d
z/ (“C — 2 . 0 — (R, + R.) ieyo><1>1dt
t/

=A 7 le )
! 2 2 dt'©
mii1
) % to+Te ucy 3Ly d . . .
Wé,ﬂ(SéQ) _ Wé,ﬁ — /t, ( 5 — Taze,o - (RZI + Re) ’Le,0> ’L((;])ﬁdt
to+Te t(, 0
to+Te R rtot+Te
1 . . ; o

T y (Ug,a g, g+ Ug, 5 ig,a)dt — a1 y (ig,atg,p)dt
0] 0]
Lt fue, 3Lg d

= AQ Z/ ( g - ngie,o - (Réi =+ Re) ie,0> q)l dt (464)

to

ma2
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Therefore, the two equations in the system of equations (4.64) can be reformulated more
compactly in the following form:

mi1 Mmi2 Ay (v Ay gl -
<m21 m22> <A2> o <v2> - <A2> = My 5 Vax1, (4.65)
) g
Moo Tax1

It is worth mentioning that if the other three internal energy components of the MMC,

/A,a/B/O’ also display some sudden deviation, the same steps as in Section 3.2.5 are carried
out, applying the design variables specified in Section 3.2.3. In this instance, the orthogo-
nal property plays a significant role, where the nonlinear terms that appear in the last two
equations of (3.4), WAya/ﬁ(t) can be completely eliminated.

4.6.1.3 Resulting trajectory of the input, us »/3/0

Finally, after the evolution of the designed variables i, ,//0(t) have been fully calculated,
the three input that drives the three MMC internal energy components W5, 18/0 from the
deviated state back to its original steady state are derived based on the equation of motion for

. di . . . .
the circular current of the MMC, Ze(’;/ £ along with the equation of motion of the current in
the DC link, %

> dz@?“/ﬁ
,u27(1//3(t) =—R, Ze,oz/ﬁ(t) — L, 7 ,
1 die70 .
i oft) = Suen ) ~ 50 i o)

Therefore, the trajectory design is being constantly repeated in a manner similar to the model
predictive control in order to be able to react in a very short time interval to any deviation
that may suddenly happen.
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Chapter 5

Simulation Results and Discussion

This chapter is dedicated to demonstrating the simulation results based on the approach of
fast trajectory design between two steady states for the AC-DC-AC power systems developed
in Chapter 3 as well as the compensation algorithm based on the model predictive control
developed in Section 4.6. Its efficiency will be investigated and verified by means of simulations
performed in Matlab.

5.1 Structure of the simulation

Before proceeding with the simulation results, it is preferable to have a brief understanding of
how the simulation results are organized. The parameters of the considered AC-DC-AC power
system, which can be seen in Figure 2.2, are first initialised. These parameters are provided
in Table 5.1. In addition to this, the time step, At and the duration of the transition Ty that
takes place between the initial steady state and the new steady state are both defined. In this
model, At = 0.1ms will be used to numerically solve and integrate the system’s equations of
motion as been discussed in Section 2.3.2. The same time step At = 0.1ms also serves as the
time resolution for the input that drives the dynamics. It is important to keep in mind that
the aim of the thesis is to develop a fast trajectory that allows for shifting the operation point
of a high voltage AC-DC-AC power system within a time scale in the order of 10ms (half of the
AC period). This corresponds to a transition duration of Ty < 10ms for a transition between
two different operation points. However, since Ty is an integer multiple of 24 time steps which
is necessary for a smooth definition of the hump function, T will be adjusted to Ty = 9.6ms or
Ts = 19.4ms. Next, the first steady state (ssl1) and the second steady state (ss2) of the state
components

o . . . . T
$19d=(ucs Ust,d/q Wib,d/q lrc,d/q UWCr le,a/B/0 lg,a/B Wj:l,...,G) )

along with the input components for both steady states

= T
Ui9d = (Ss,a/q  Sre,d/q Us/Aa/8/0) -

are calculated based on the parameters listed in Table 5.1 and Table 5.2. The corresponding
steady state computations have already been discussed and can be referred to Section 2.5.1
and Section 2.5.2.

After both steady states (ssl) and (ss2) for the state components and input components
have been calculated, the fast trajectory design for a transition interval tg <t < tg + T for the

89
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full system will be carried out. As a result, the full system will be driven using the input derived
from the trajectory design being used as a feedforward. The details on how to implement such
algorithm can be found in Section 3.2.

5.2 Simulation parameters

Parameter Definition Value
Cy STATCOM’s DC capacitor 20mF
Ly STATCOM'’s inductance 2mH
R STATCOM'’s resistor 10m¢?
C, Rectifiers’s capacitor %
Ly Rectifiers’s inductance 4mH
R, Rectifier’s resistor 20 m§?
Cy Capacitor at island bus filter | 20 uF
Ry Resistor at island bus filter 4k
Ly HVDC link’s inductance 140 mH
Ry HVDC link’s resistor 30
R, MMC’s arm resistor 10 mf)
L, MMC’s arm inductance 1mH
R, AC grid’s resistor 842 mS)
L, AC grid’s inductance 27mH

Csnyr Submodule’s capacitance 3mF
Nsp Number of submodule 200
At Time step 0.1ms

Table 5.1: List of values for the simulation parameters

The set of simulation parameters that would be used in Matlab can be found in Table
5.1. Tt is essential to point out that the capacitor on the AC-DC rectifier side of an HVDC
system is assumed to theoretically have a voltage of up to 4kV with a capacitance in the order
of 2mkF. In order to store 400kV of HVDC-link voltage on the rectifier side, uc, = 400kV,
an effective total of 100 capacitors that are connected in series are required such that the

m
effective capacitance would be =00’ which corresponds to a quite small value. However, to

make it more difficult to control the dynamics, the capacitor at the rectifier side of the HVDC

system will be set to 10kV. Hence, 40 capacitors are connected in series and the rectifier’s

2mF
effective capacitor would be C, = 0 which is larger in comparison when working with 100

capacitors. Moving on to the steady state, the first steady state (ssl) and second steady state
(ss2) are calculated for the parameter values mentioned in Table 5.1 together with the freely
chosen variables as well as externally given variables, that are summarized in Table 5.2.
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Freely chosen Definition (ssl) (ss2) (ss2)
variables Scenario 1 | Scenario 2
UCs Effective capacitance voltage of STATCOM | 500kV 500kV 500kV
UCy HVDC-link voltage of the rectifier side 400kV 360kV 440kV
Pu,ib Phase of the island bus voltage 0° 0° 0°
Pi,re Phase of the current into the rectifier 30° 30° 30°
%Weff Grid effective power 0.8GW | 08GW 0.8GW
i g Phase of the AC grid current 30° 30° 30°
le Amplitude of the circular current 0A 0A 0A
i e Phase of the circular current 0° 0° 0°
Ve Reserved factor 1.3 1.3 1.3
U Amplitude of the common-mode voltage 0kV 0kV 0kV

A~

Externally given variables for (ss1): 4., = 4.5kA, ¢; ., = 20°, 1y = 250kV, ¢, 4 = 0°

Externally given variables for (ss2): i, = 3.6 kA, ¢; ., = 20°, 4, = 250KV, ¢, , = 0°: Scenario 1
Externally given variables for (ss2): tw = 6.3KA, i w = 20° 1y = 290kV, ¢, 4 = 0°: Scenario 2

Table 5.2: Parameters of the first steady state (ssl1) and the second steady state
(ss2)

5.3 Considered cases for the simulations

This section will describe briefly the cases that will be considered for the simulation.

e Firstly, in Subsection 5.4.1, the studied high voltage AC-DC-AC power systems work in
the steady state mode according to the parameters listed in Table 5.1 and Table 5.2. This
case will be denoted as Case 0. Here, two scenarios will be considered, both of which will
be driven by the steady state input. In the first situation, the initial state corresponds
exactly to the steady state. In comparison, the initial state in the second situation is
perturbed from its corresponding steady state.

e In the subsequent sections, the fast transition from the first steady state (ssl) to the
second steady state (ss2) that occurs at tg (start time of transition) will be presented for
2 different transition periods: Ty = 14.4ms (for Case 1 and Case 2) and T = 9.6 ms (for
Case 4 and Case 5). These cases will be covered in Section 5.4.2 and 5.4.3, respectively.

e Next, Section 5.4.4 will present the effect of the different start time of transition, tg.
These cases will be referred to as Case 3.0 until Case 3.9 (for 75 = 14.4ms), and Case
6.0 until Case 6.9 (for Ts; = 9.6 ms).

e Finally, the feedback control applied to a part of the MMC subsystem for compensating
any sudden deviation within a short time interval will be discussed in Section 5.4.6 and
denoted as Case 7.

It is worth mentioning that in the transition phase between the two steady states, 3 freely chosen
variables have been selected to have a change in their second steady state values: {ucy, g, ty}-
The values of these variables are highlighted in magenta.



92 CHAPTER 5. SIMULATION RESULTS AND DISCUSSION

Case No. || to [ms] | Steady state | uc, [kV] | 44 [KV] i [kA]
0 (ss1) 400 250 4.5
Transition from initial steady state (ssl) to second steady state (ss2)
1 8 (552) 360 250 3.6
2 8 (552) 40 200 6.3
3.0 9 (552) 440 200 6.3
3.1 10 (552) 440 200 6.3
3.2 11 (s52) 440 200 6.3
3.3 12 (ss2) 440 290 6.3
34 13 (552) 140 200 6.3
35 14 (552) 140 200 6.3
3.6 15 (ss2) 440 290 6.3
3.7 16 (552) 40 200 6.3
3.8 17 (552) 440 200 6.3
3.9 18 (552) 40 200 6.3

Table 5.3: Parameter of Case 1 until Case 3.9 for time step At = 100us and period of transition
Ts = 14.4ms

Case No. || to [ms] | Steady state | uc, [kV] | 44 [KV] i [kA]
0 (ss1) 400 250 15

Transition from initial steady state (ssl) to second steady state (ss2)
1 8 (552) 360 250 3.6
5 8 (552) 40 200 6.3
6.0 9 (552) 440 200 6.3
6.1 10 (552) 40 200 6.3
6.2 11 (s52) 440 200 6.3
6.3 12 (ss2) 440 290 6.3
6.4 13 (552) 140 200 6.3
6.5 14 (552) 140 200 6.3
6.6 15 (ss2) 440 290 6.3
6.7 16 (552) 40 200 6.3
6.8 17 (552) 40 200 6.3
6.9 18 (552) 40 200 6.3

Table 5.4: Parameter of Case 4 until Case 6.9 for time step At = 100us and period of transition
Ts = 9.6ms

5.4 Results of numerical simulations

5.4.1 Case 0: Steady state simulation results

In this subsection, the simulations are carried out when the considered system is in the steady
state. The results that are depicted on the left-hand side of Figure 5.1 to Figure 5.4 together
with a prefix “a” means that the initial state of the system is identical to the steady state that
has been calculated in advance. On the other note, the results that took place when the initial
state of the system does not exactly correspond to the pre-calculated steady state are shown
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At=0.1ms, ss1: u_._=500kV, u. .=129.219kV, u_. =400kV, ampl.i =4.84548kA
Cs ib,d Cr rc

At=0.1ms, ssl: qu=500kV, Uy d=129.219kv, uC'=4OOkV,
' iDc=2.03166kA, ampl.ig=2.46336kA, AC eff.power=800MW

ampl.irc=4.84548kA, iDC=2.03166kA, ampl.ig=2.46336kA, AC eff.power=800V
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Figure 5.1: Simulated g and i,. for Case 0. Figure 5.1a shows the resulting steady state
when the initial state exactly corresponds to the steady state, whereas Figure 5.1b shows the
resulting steady state when the initial state does not exactly corresponds to the steady state.

At=0.1ms, ss1: U =500kV, u, =129.219kV, u. =400kV, At=0.1ms, ss1: u; _=500KV, u, =129.219KV, u, =400kV, ampl.i =4.84548kA
ampl.i =4.84548kA, i, =2.03166kA, ampl.i =2.46336kA, AC eff.power=800MW ip=2.03166kA, ampl.i_ =2.46336KA, AC eff.power=800MW
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Figure 5.2: Simulated i, o/5/0 and i, o/5 for Case 0. Figure 5.2a shows the resulting steady
state when the initial state exactly corresponds to the steady state, whereas Figure 5.2b shows
the resulting steady state when the initial state does not exactly corresponds to the steady
state.

on the right-hand side of each of the figures from Figure 5.1 to Figure 5.4 together with a prefix
“b”. For instance, the following is one way of describing this last possible scenario:

.(ss1 . .(ssl
Zst,d/q(t = 0) =1.1 th,d}q’ Ze7a/5/0(t = O) =1.1 Zi,a/)B/O
ssl . .(ssl
Uiy, ayq(t = 0) = 0.9ugs"y) iga/p(t=0) =110 (5.1)
. .(ssl ssl
ire,d/q(t = 0) = 0'917(@7 d)/q’ Wp/n,1/2/3(t = 0) = 1.1 W]{E/n,)l/Q/S

It is important to note, despite the fact that the initial state does not begin exactly at their
steady state, the resulting steady state of the state components (except W),y 1/2/3) was able to
reach the desired steady state over the duration of the simulation as depicted in Figures 5.1b,
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At=0.1ms, ssl: ug =500KkV, U, d=129_21gk\/, Ug =400kV, At=0.1ms, ssl: Ue, —500kV Uy —129.219kv, uCr=400kV, ampl.irc=4.84548kA
S 1D, r
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Figure 5.3: Simulated ucy, ucs and uy, 4/4 for Case 0. Figure 5.3a shows the resulting steady
state when the initial state exactly corresponds to the steady state, whereas Figure 5.3b shows
the resulting steady state when the initial state does not exactly corresponds to the steady
state.
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Figure 5.4: Simulated W), 1/2/3 for Case 0. Figure 5.4a shows the resulting steady state
when the initial state exactly corresponds to the steady state, whereas Figure 5.4b shows the
resulting steady state when the initial state does not exactly corresponds to the steady state.

5.2b, and 5.3b. This is due to the asymptotical stability of the current dynamics when driven
by the input of the steady state. In other words, the difference between the actual steady
state and the desired steady state for the current dynamics decreases exponentially towards
zero when such dynamics is driven by the input required for the considered steady state, as
explained in the following;:

Assuming that an external voltage, uest, is measured, while the resistance as well as in-
ductance, R and L respectively, are exactly identified whereas input «* can be implemented
accurately, in general the actual current dynamics reads

d
EHRZ__ — Uegt ,
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while the desired current dynamics is similarly given

d
L—i" 4+ Ri" = —u* — Ueyy ,

dt
where both of them are driven by the same input u*. By considering the error in the current
dynamics, e; =1 —¢* 220
d d R
L%ei 4+ Re; =0 = %ei = —Zei, (5.2)

the resulting dynamics proves that such error e; decays exponentially to zero within a dissipa-

tion time scale of 7 = = Therefore the dynamics of such error is asymptotically stable, as

long as R > 0.

On the other hand, Figure 5.4b shows that the resulting steady state for W, 1/2/3 18
stable but not asymptotically stable, since the resulting energy trajectories asymptotically
deviates from the desired behaviour by a constant vertical shift that is determined by the
initial condition. This can be briefly explained as follows. Assuming the same conditions as for
the current dynamics, an external voltage, weqt, is measured and input «* can be implemented
accurately, the actual energy dynamics reads

d . .
EW = (u" + Uext) 7,

whereas the desired energy dynamics is

d * * .k
EW = (U" + Uegt) 1",

leading to the following equation of motion for the energy error e,, = W — W*

d

aew = (u" + Uegt) € -

t

Since the error in the currents e¢; = i — i* ' = 0 due to the asymptotical stable character of

t2e0 0, or equivalently e, 2% const. (and in general

d
the current dynamics, it follows —e,,
nonzero). This explains the observed asymptotical vertical shift of the resulting energy tra-
jectories (compared to the expected steady state behaviour) when the system starts from a
deviated steady state but is being driven by the input of the unperturbed steady state.
Referring back to the simulation results, Figure 5.1b and Figure 5.2b indicate that the

deviation in the currents decays exponentially towards zero within a time scale of approximately

L L
5T T = RSt = 0.2ms for AC current issuing from the STATCOM, 7., = ch = 0.2ms for
st rc
L L
current entering the AC-DC rectifier, 7 = R—‘f = 47ms for the DC current and 7. = R—e =
d e

100 ms for the circular current.

5.4.2 Simulation results for Case 1 and Case 4

In this subsection, the cases for Scenario 1 are analysed and evaluated, with simulations con-
ducted according to the following settings as described in Table 5.3 and Table 5.4. The
HVDC-link voltage of the rectifier side, uc,., has a change of 10 % from its first steady state
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(Aucy, = —0.1 ugfl)), whereas amplitude of the wind generator current has a change of 20 %
from its first steady state (Az, = —0.2%5;931)). However, in relation to the amplitude of the

AC grid voltage, 14, there is no change in its steady state (Adg, = 0V). In other words, the
AC grid being supplied by the HVDC transmission system must remain unchanged during the
transition between both steady states. The transition between the two steady state starts at
to = 8ms with two different transition intervals: Ty = 14.4ms and T = 9.6ms, which are
assigned to Case 1 and Case 4, respectively.

As shown in the figures from Figure 5.5 until Figure 5.11, the resulting state components
(full lines) almost accurately follow their reference trajectories (dotted lines) for both cases,
Case 1 and Case 4, which are driven by the input components depicted in Figure 5.12 and
Figure 5.13. A possible source of such deviation are the inaccuracies in the time discretization
or roundings in formulas and calculations. Apart from that, the derivation of the equations
for the energy shift is based on differential equations, which in turn assumes an arbitrarily fine
time resolution in the input. Therefore, in order to remove such deviation, a finer or shorter
time step, At can be used and will be discussed further in subsection 5.4.5. On the other hand,
such small deviations, in addition to any other physical disturbances that may occur within the
system, are able to be compensated for by the suggested state feedback control that was covered
in subsection 4.6. The results of this control will be provided in subsection 5.4.6. Furthermore,
it is also worth noting that the period of the transition, Ty, has a considerable influence,
particularly in the current components. It can be concluded that the resulting amplitude of
the current components during the transition intervall increases as Ty decreases. For instance,
the circular currents are able stay within a range that is less than 2kA, which can be safely
implemented by an HVDC MMC. Apart from that, the AC grid current remains unchanged as
desired throughout the transition. On the other hand, the resulting amplitudes for the voltage
of island bus, ug, /4, indicate a similar behaviour for both cases. The resulting amplitudes
in wu;, ¢ are able to achieve a minimal value, whereas the resulting amplitudes in w;, , remain
1 order of magnitude smaller than wu; 4. This is important to make sure that the injected

3 -
effective power from the wind generators into the island bus, §ﬁib - 1y, can be transferred into

the AC grid without any problem. In regards to the energy trajectories for the MMC, it can
be seen that they are being maintained within a tight tolerance band for both cases.
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ist,d/m ir'(:,{i/q [kA]

Figure 5.5: Simulated iy 4/, and i, q/4 for Case 1 (top:

Ts = 9.6ms)
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Case 1: At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW;

u . =500—500kV, u.
Cs ib,d
=2.03166—2.2658kA, i
DC g

=129.219—162.794kV, uCr:4OO—)360kV;
=2.46336—2.46336KA;

best @, combination(island bus): 1 3 3 2 1

best ® combination(MMC): 1 3 2 5 4

5 T T
istq (result)
S zst 4 (desired)
istq (vesult)
— — — Qg4 (desired)
3r ire,a (vesult)
41— — = “ipcq (desired)
2 | |——dcq (result) )
1 — lyeg (des1red) iy
1r —
0 =
_1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
t[sl
Case 4: At=0.1ms, t =8ms, T =9.6ms, power=800—800MW;
qu=500—)500kV, Uy —129 219—)162 794kV, Ue —400—>360kV
DC:2.03166—)2.2658kA, |g—2.46336—)2.46336kA,
best @, combination(island bus): 1 3 3 2 1
. best ® combination(MMC): 2 5 3 4 1
isq (vesult)
4r |- —— ~istq (desired) [ 7
g (result)
3 |~ — — “istq (desired) §
ire,a (result)
2+ |- ~ipe,q (desired) 4
———— g (result)
1 b |— = = ireg (desired) [~ ]
0 - -
1tk ]
) I I I I I I
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t[s]

Ty = 14.4ms) and Case 4 (bottom:
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Case 1: At=0.1ms, t0:8ms, Ts:14.4ms, power=800—800MW;
uCr:4OO—>360kV, iDC:2.03166—>2.2658kA, ig:2.46336—>2.46336kA;
min(ie’a/ﬂ)=-0.492772kA, max(ie’a/ﬂ)=1.11875kA;

best e, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 1 3 2 5 4

1k le,o (result)
— — — “i¢ o (desired)
0.8 ie,p (result)
1— — — -4, (desired)
_. 06 ie,0 (result)
i 0.4 - |~ = = “ieo0 (desired)
S o2t
< L
-0.2
0.4+
_06 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
tls]
Case 4: At=0.1ms, tO:8ms, TS:9.6ms, power=800—800MW;
U, =400—+360KV, i .=2.03166—2.2658KA, ig:2.4633642.46336kA;
min(ie’a/ﬂ):-2.24597kA, max(ieya/ﬂ):1.9537kA;
best e, combination(island bus): 1 3 3 2 1
5 best ® combination(MMC): 2 5 3 4 1
15k Ge,o (result) ]
— — — “i¢ o (desired)
1r te, 3 (result) 8
— — — ¢, (desired)
_ 051 —— ¢ (result) i
i oF{——— “4¢,0 (desired) ""\i |
S-05F 1
< |
-15F 1
2+ J
25 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.6: Simulated 4. /3/0 for Case 1 (top: Ts = 14.4ms) and Case 4 (bottom: Ty = 9.6ms)
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Case 1: At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW;
U~,=500—500kV, uib’d:129.219—>162.794kv, U, =400—360kV;
ipc=2.03166—2.2658KA, ig=2.46336—)2.46336kA;
best @, combination(island bus): 1 3 3 2 1
b?st P cpmbina}tion(M!\AC): 1 T3 2 5‘4

S

_— ‘ -
o ig. (result)
— — — -igq (desired)
g (result) |
1F |~ igp (desired) |\
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=3
=~ 0
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aF
ot
Z -
L L IS . o F L e L .

0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
t[s]
Case 4: At=0.1ms, t0:8ms, Ts:9.6ms, power=800—800MW,;

qu:500—>500kV, uib’d:129.219—>162.794kv, uCr:400—>360kV;
ipc=2.03166—2.2658KA, ig:2.46336—>2.46336kA;
best @, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 2 5 3 4 1

T —— Y
o | ig, (result) . i
— =~ lga (desired) A
ig5 (result) N\,
1+ |~ — iy (desired) \ |
N

<

2,
= 0r A
aF ]
2F ]
L L = 1 e

0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t[s]
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Figure 5.7: Simulated i, /g for Case 1 (top: Ts = 14.4ms) and Case 4 (bottom: Ty = 9.6ms)
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Case 1. At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW;
U=500—500KV, uib’d=129.219—>162.794kv, U, =400—+360kV;
I5c=2.03166—2.2658KA, ig=2.46336—>2.46336kA;
best 2, combination(island bus): 1 3 3 2 1
b§st P Cmebine}tion(M!\AC): 1‘3 2 5‘4

600 T T
ucs (result)
500 - — — -ug, (desired)
ucy (result)
400 [ 1— — — -ucy (desired) — .

UCsy UCTy Wib,d/q [kv}
N w
o o
o o

100

0

upg (vesult) | ———
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600

500

400

300

200

UCsy UCr; Wibd/q [kV]

100

0

-100

t[s]
Case 4: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;

U=500—500kV, uib‘d:129.219»162.794kv, u.,=400—360kV;
i5c=2.03166—2.2658KA, ig:2.46336—>2.46336kA;
best 2, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 2 5 3 4 1

T T

ucs (result)
M |—— —-ugs (desired)
(
(

ucy (result)

F{—— — uc, (desired)
Uipq (result)
F|—— —-uipq (desired) 4
Uibq (result)
L |—— — -uipq (desired) ]

0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.8: Simulated ucs, ucr and ug, 4/4 for Case 1 (top: Ty = 14.4ms) and Case 4 (bottom:

T = 9.6ms)
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Case 1: At=0.1ms, t;=8ms, T_=14.4ms, power=800—800MW;
U, =400—360kV, i, .=2.03166—2.2658kA, ig=2.46336—>2.46336kA;
/n,1/2/3)=0'928897/2'37146M‘]' min/max(ip/nY1/2I3)=-1.3933/2.55982kA;
best 2, combination(island bus): 1 3 3 2 1

best ® combination(MMC): 1 3 2 5 4
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2.4 —
1 (result)
2204 __ Zl (desired)
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— — — W,z (desired)
518t »3 (result)
= — — — - W3 (desired) | )

g 16 Wy (result) ¢
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E\“ 1.4 + w2 (result)

— — — - W2 (desired)

1.2+ w3 (result)

— — —-W,3 (desired)

1 |-

.8
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
t[s]
Case 4: At=0.1ms, t0=8ms, TS=9.6ms, power=800—800MW;
uCr:4004360kV, iDC=2.03166a2.2658kA, ig=2.46336a2.46336kA;
/n'1/2/3)=0.738614/2.56263MJ, m|n/max(lp/n’1/2/3):-2.26974/3.57334kA;
best ‘I>i combination(island bus): 1 3 3 2 1
best ® combination(MMC): 2 5 3 4 1
[ T T ,—\ T T T ]
25 result)

pl (

b1 (desired)
b2 (result)
P2 (
p3 (
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2F |~ — Wy (desired)
——— W, 3 (result)
— — —-Wp3 (desired)
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— — — W2 (desired)
w3 (result)
R P (desired)

V[/jz)/n‘l/Z/?) [1\'1‘]]

0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t[s]

Figure 5.9: Simulated W), 1/2/3 for Case 1 (top: Ts = 14.4ms) and Case 4 (bottom: Ty =
9.6ms)
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Case 1: At=0.1ms, tO:8ms, Ts:14.4ms, power=800—800MW;
U=500—500kV, Uip g =129.219-+162.794kV, u . =400—360kV;
ipc=2.03166—2.2658KA, ig:2.46336%2.46336kA;
best e, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 1 3 2 5 4

o b |[——— Wsy (result)
— — —-Ws, (desired)
19
18
1.7
1.6 L 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

Wy [MJ]

t[s]
Case 4: At=0.1ms, t0=8ms, TS:9.6ms, power=800—800MW,

U=500—500kV, uib’d:129.219—>162.794kv, U, =400—360kV;
ipc=2.03166—2.2658KA, ig=2.4633642.46336kA;
best 2, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 2 5 3 4 1

T T
oL [——— Wy (result) ]
— — —-Wsxy (desired)
191 7
18 .
1.7 .
1.6 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.10: Simulated Wy, ¢ for Case 1 (top: T = 14.4ms) and Case 4 (bottom: Ty = 9.6ms)
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Case 1: At=0.1ms, tO:8ms, Ts:14.4ms, power=800—800MW;
U=500—500kV, uibyd:129.219—>162.794kv, U, =400—360kV;
ipc=2.03166—2.2658KA, ig=2.46336—>2.46336kA;
best e, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 1 3 2 5 4

0.2 T T
Way (result)
0.1r Wa, (desired) |
o -
= -01r 1
SP .
-0.3 .
04+ .
_05 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
t[s]
Case 4: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;
uCS:SOOHSOOkV, Uy d:129.219»162.794kv, uCr:4004360kV;
iDC:2.03166»2.2658kA, ig:2.46336%2.46336kA;
best e, combination(island bus): 1 3 3 2 1
o1 best ® combination(MMC): 2 5 3 4 1
Way (result)
oF Wayo (desired) ]
-0.1 .
’:>
=3
= -02F .
<
=
-0.3r .
0.4 .
-05 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.11: Simulated Wa ¢ for Case 1 (top: T = 14.4ms) and Case 4 (bottom
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: Ts = 9.6ms)
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Case 1: At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW,;
U =500—+500kV, uib’d=129.219—>162.794kv, U, =400—360kV;
iDC:2.03166—>2.2658kA, ig:2.46336—>2.46336kA;
best e, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 1 3 2 5 4
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Case 4: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;

U=500—+500kV, uib’d:129.219—>162.794kv, U, =400—360kV;
i5c=2.03166—2.2658KA, ig:2.46336—>2.46336kA;
best @, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 2 5 3 4 1

0.5 T T
Ss,d
0.4 Ssq 1
Sre,d
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w 0.2F 1
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T 01f 1
=
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t[s]

Figure 5.12: Simulated s 4/, and s, q/q for Case 1 (top: Ts = 14.4ms) and Case 4 (bottom:
Ty = 9.6ms)
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Case 1. At=0.1ms, t0=8ms, TS:14.4ms, power=800—800MW,
uCS:500—>500kV, uib,d:129'219_)l62'794kv’ uCr=400—>360kV;
Ipc=2.03166—+2.2658KA, ig:2.46336a2.46336kA;
best 2, combination(island bus): 1 3 3 2 1
best ® combination(MMC): 1 3 2 5 4
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0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
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Case 4: At=0.1ms, tO:8ms, Ts:9.6ms, power=800—800MW;

U=500—500kV, uib’d:129.2194162.794kv, U, =400—360kV;
i5c=2.03166—2.2658KA, ig:2.46336*)2.46336kA;
best <I>i combination(island bus): 1 3 3 2 1
best?combiqation(MMC): 25 ? 41

15 T

T

05 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.13: Simulated w,/, 1/9/3 for Case 1 (top: Ts = 14.4ms) and Case 4 (bottom: Ts =
9.6ms)

5.4.3 Simulation results for Case 2 and 5

While maintaining the start time of the transition at ¢ty = 8ms and the transition period at

Ts = 14.4ms (for Case 2) as well as Ty = 9.6ms (for Case 5), however this time, ucy, g4

and 4, display changes in their second steady state (ss2): {Auc, = +0.1 u(csil), Aty =
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0.16'&(9851), Al = 0.4 5&}981)}. The following figures show the simulation results for these pa-

rameters.
Case 2: At=0.1ms, t,=8ms, T_=14.4ms, power=800—800MW;
U,=500—+500kV, uib’d:129.219—>91.5482kv, U, =400—440kV;
ipc=2.03166—1.83733KA, ig=2.46336—>2.12359kA;
best @, combination(island bus): 1 3 3 2 2
b?st P CPmbina}tion(M!\AC): 3 T4 2 5‘1

7 T T
6l ist,d (vesult)
— — — -isq (desired)
5| ist,q (result)
. — — — g4 (desired)
< 1 ireq (result)
M 4 F re,d
= — — — “lipc,q (desired)
T 3L | g (vesult)
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1 = -
0 -
_1 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

t[s]
Case 5: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;

U=500—500kV, uib,d:129.219—>91.5482kv, U, =400—440kV;
iDC:2.03166%1.83733kA, ig:2.46336ﬂ2.12359kA;
best ®, combination(island bus): 1 3 3 2 2
best ? combin‘ation(Ml\/‘IC): 45 } 23

T

istd (result)
— — — -istq (desired)
F | —— 45,4 (vesult)
— — — ig, (desired)
tre,a (result)
— — — “iyeq (desired)
ireq (result)
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ist,d/qv Z.rc,d/q [kA]

o |l N w N [ (o2} ~
T

'
-
T

) 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.14: Simulated iy 4/, and i, q/, for Case 2 (top: Ts = 14.4ms) and Case 5 (bottom:
Ts = 9.6ms)
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Case 2: At=0.1ms, tO:8ms, Ts:14.4ms, power=800—800MW;
uCr:4OO—>44OkV, iDC:2.03166—>1.83733kA, ig:2.46336—>2.12359kA;
min(ie‘a/ﬂ)=—1.3979kA, max(ie’a/ﬂ)=1.11111kA;
best e, combination(island bus): 1 3 3 2 2

best ® combination(MMC): 3 4 2 5 1
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tls]
Case 5: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;

U, =400—440kV, i =2.03166—1.83733kA, ig:2.46336—>2.12359kA;
min(ie’a/ﬂ):-4.l7624kA, max(ie’a/ﬂ):4.12872kA;
best @, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 51 2 3
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Figure 5.15: Simulated i, o/g/0 for Case 2 (top: Ts = 14.4ms) and Case 5 (bottom
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: Ty = 9.6ms)
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Case 2: At=0.1ms, tO:8ms, TS:14.4ms, power=800—800MW,
U,=500—+500kV, uib’d:129.219—>91.5482kv, U, =400—440kV;
ipc=2.03166—1.83733KA, ig=2.46336—>2.12359kA;

best @, combination(island bus): 1 3 3 2 2
b?st P chbina}tion(M!\AC): 3 T4 2 5‘1
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Case 5: At=0.1ms, t0:8ms, Ts:9.6ms, power=800—800MW;

uCS:500—>500kV, uib’d:129.219—>91.5482kv, uCr:4OO—>44OkV;
ipc=2.03166—1.83733KA, ig:2.46336—>2.12359kA;
best @, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 51 2 3
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Figure 5.16: Simulated i, /g for Case 2 (top: Ty = 14.4ms) and Case 5 (bottom: Ty = 9.6ms)
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UCs, UCr, Wind/q [KV]

UCsy UCr; Wib,d/q [kV]
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Case 2. At=0.1ms, t0=8ms, TS:14.4ms, power=800—800MW;
U =500—+500kV, uib’d=129.219—>91.5482kv, U, =400—440kV;
iDC=2.03166—) 1.83733kA, ig=2.46336—)2.12359kA;
best @, combination(island bus): 1 3 3 2 2
b?st P chbina}tion(M!\AC): 3‘4 2 5‘1

600 T T
ucs (result)
500 - — — -ug, (desired)
uey (result) o o
400 |~ — — ug, (desired) T 1
Uip,q (result)
300 F |— — — - uip,a (desired) 4
Uip,q (result)
200 |- |— — — - ibq (desired) ]
100 -—//A\/\
0Fr J—\_}/—\;‘
_100 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
t[sl
Case 5: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;
uCS=500H500kV, U d=129.219491.5482kV, uCr=4OO%440kV;
iDC:2.03l66—)1.83733kA, ig:2.46336—)2.12359kA;
best @, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 51 2 3
600 T T T T T T
ucs (result)
500 [ |- — — g, (desired) 1
ucy (result) o -
400 |~ — — ucy (desired) [ ' a
Uipq (result)
300 F |— — — - uipq (desired) 4
Uib,q (result)
200F | — — ~Uib,g (desired) A
100 | /\N i
of——m8 T~
-100 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t[s]

Figure 5.17: Simulated ucs, uc, and uy, 4/4 for Case 2 (top: T = 14.4ms) and Case 5 (bottom:

Ts = 9.6ms)
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Case 2: At=0.1ms, t =8ms, T_=14.4ms, power=800—800MW;
uCr:4OO—>440kV, iDC:2.03166—)1.83733kA, ig:2.46336—>2.12359kA;

min/max(Wp/n‘112/3)=O.925374/3.2267MJ, min/max(ip/n'112/3)=-1.31283/3.23364kA;
best 2, combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 3 4 2 5 1

b1 (result)
3F |- —— Wy (desired)
2 (result)
— — — W2 (desired)
|——— W, 3 (result)
1= ——-Wp3 (desired)
W1 (result)
Wi, (desired)
2 (result)
— — — Wy (desired)
w3 (result)
1F |———-Wys (desired)

N
a1
T

Wp/n,1/2/3 (MJ]
N

=
o
T

05 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
tls]

Case 5: At=0.1ms, t0=8ms, TS=9.6ms, power=800—800MW;

uCr=400%440kV, iDC=2.03166ﬂ1.83733kA, ig=2.46336ﬂ2.12359kA;

m|n/max(Wp/n’1/2/3):0.761917/3.81174MJ, m|n/max(lp/n'1/2/3)=-4.17491/6.36634kA;
best ®, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 4 51 2 3
1 (result)
351 |-~ — W, (desired) 1
b2 (result)
3 |- Wpa (desired) 1
=} b3 (result)
S o5t |=——-W,3 (desired) |
% W1 (result)
3 o2t W1 (desired) J
%a‘ n,2 (result)
15k [~ o (desired) |
’ 5 (result)
N 3 (desired) |
05 Il Il Il Il Il Il
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.18: Simulated W),/ 1/2/3 for Case 2 (top: Ts = 14.4ms) and Case 5 (bottom: Ty =
9.6ms)
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Case 2: At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW;
U=500—500kV, uib’d:129.219491.5482kv, U, =400—440kV;
ipe=2.03166—1.83733KA, ig:2.463364,2.12359kA;
best e, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 3 4 2 5 1

2.5 T T
——— Wy (result) e ————
— — —-Wsy (desired) 7z
24 .
=23 -
=3
=
=22+t -
21 .
2 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

tlsl
Case 5: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW,;

U-=500—500kV, u, ,=129.219-91.5482kV, u =400—440kV;
ipc=2.03166—1.83733KA, ig=2.4633642.12359kA;
best e, combination(island bus): 1 3 3 2 2

ot best ® combination(MMC): 4 5 1 2 3

— Wsyo (vesult) | ===
— — —-Wsy (desired) -

24

2 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]
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Figure 5.19: Simulated Wy, ¢ for Case 2 (top: T = 14.4ms) and Case 5 (bottom: Ty = 9.6ms)
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Case 2: At=0.1ms, t0:8ms, Ts:14.4ms, power=800—800MW;
U=500—500kV, uib’d2129.219—>91.5482kv, U, =400—440kV;
ipc=2.03166—1.83733KA, ig=2.46336—>2.12359kA;
best e, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 3 4 2 5 1

0.6 T T
Way (result)
0.5 Way (desired) |
0.4 .
=
= 03 .
< o2t 1
0.1r J
or N
'Ol 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
t[s]
Case 5: At=0.1ms, tO:8ms, TS:9.6ms, power=800—800MW,;
qu:SOOASOOKV, Uy d:129.219491.5482kv, uCr:4OO»440kV;
iDC:2.03166»1.83733kA, ig:2.46336%2.12359kA;
best e, combination(island bus): 1 3 3 2 2
1 best ® combination(MMC): 4 5 1 2 3
Way (result)
0.8 [ Wa, (desired) i
0.6 4
S o04r 1
o2t 1
0 - -
-0.2 | .
04 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t[s]

Figure 5.20: Simulated Wa ¢ for Case 2 (top: Ty = 14.4ms) and Case 5 (bottom: Ts = 9.6ms)
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Case 2: At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW,
U=500—+500kV, uib‘d=129.219—>91.5482kv, U, =400—440kV;
iDC:2.03166—>1.83733kA, ig:2.46336—>2.12359kA;
best ®, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 3 4 2 5 1

©
o

Ss,d
Ssq
Sre,d

I
N
T

Sreq

o
w
T

Ssdfq and S,/
o
)
T

o
=
T

1 1 1

0.1 I I I I I
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

t[s]
Case 5: At=0.1ms, t0:8ms, TS:9.6ms, power=800—800MW;

U=500—+500kV, Uip g =129.219—91.5482kV, u =400—440kV;
i5c=2.03166—1.83733KA, ig:2.46336—>2.12359kA;
best @, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 5 1 2 3

0.5 T T
Ss.d

0.4 Ss,q 1
Sred
Sreyq

Ss,d/q and Sre,d/q
o o

N w

T T

g
=
T

.l 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t[s]

-0

Figure 5.21: Simulated s 4/, and s, q/q for Case 2 (top: Ts = 14.4ms) and Case 5 (bottom:
Ts = 9.6ms)
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Case 2: At=0.1ms, t0:8ms, TS:14.4ms, power=800—800MW;
qu=500—>500kV, uib.d:129'219_>91'5482kv’ UCr:4OO—>44OkV;
iHc=2.03166—1.83733KA, ig:2.46336»2.12359kA;
best e, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 3 4 2 5 1

0.2

_0.4 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

t[s]
Case 5: At=0.1ms, t0:8ms, Ts:9.6ms, power=800—800MW;

U=500—+500kV, uib‘d=129.219—>91.5482kv, U, =400—440kV;
I5c=2.03166—1.83733KA, ig:2.46336—>2.12359kA;
best<I>i combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 51 2 3

15 7
1 |- I—— -
4705} -
O |- -
/ ~N__
\\\lr/
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
t[s]

Figure 5.22: Simulated w,/, 1/9/3 for Case 2 (top: Ts = 14.4ms) and Case 5 (bottom: Ty =
9.6ms)

As can be seen from the Figure 5.14 until Figure 5.18, it can be concluded that the state
components can still follow their reference trajectories, either with a long or a shorter transition
period, Ty = 14.4ms or Ts = 9.6ms, respectively. In comparison to Case 4, the resulting
amplitudes for the circular currents for Case 5 are approximately 4kA, which is relatively
high, but it is still within the safe range that can be managed by an HVDC MMC. As for
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the Case 1 and 4, the AC grid current stays unchanged for both cases, Case 2 and Case 5.
Regarding the resulting amplitudes in u;, 4/4, both Case 2 and Case 5 display the same pattern,
where the resulting amplitudes in u;, 4 are able to achieve a minimal value, while the resulting
amplitudes in u;, 4 remain 1 order of magnitude smaller than u; 4. In terms of the energy
trajectories for the MMC, it is possible to draw the conclusion that they are being kept within
a tight tolerance band. This holds true for both Case 2 and Case 5.

5.4.4 Simulation results for Case 3 and Case 6 at different start of transition
to,1..10

This subsection presents the results of the study that investigates how the time at which the
transition starts, fy, has an effect on the previous results. As far as the MMC is concerned,
the arms of the MMC are subjected to different loads depending on the waveform of the AC
voltage , ug 1/2/3, together with the waveform of the instantaneous AC phase power. Thus,
a different load on the individual arms is also to be expected at the start of the transition,
to, in a manner that is determined by the waveforms of the AC voltage and AC phase power.
Therefore, the start time of the transition, tg, is chosen to vary from tg = 9ms to {g = 18 ms in
time increments of 1 ms. In order to allow a comparison of the results, the following subsection
will only display the worst and best cases graphically. These cases are classified according to
the energy band AW, 1/2/3 during the transition interval. The lowest energy band will be
considered as the best case, whereas the highest energy band as the worst case. All the cases
that were investigated are included in Appendix D.

Case No. || to [ms] | AW, 1273 [MJ] | Case No. || to [ms] | AW, 1/9/3 [MJ]
3.0 9 2.22 6.0 9 2.62
3.1 10 1.91 6.1 10 3.33
3.2 11 2.57 6.2 11 2.83
3.3 12 2.04 6.3 12 2.72
3.4 13 2.08 6.4 13 3.27
3.5 14 3.15 6.5 14 2.75
3.6 15 2.11 6.6 15 1.99
3.7 16 2.42 6.7 16 2.70
3.8 17 3.12 6.8 17 2.78
3.9 18 2.30 6.9 18 3.05

Table 5.5: Energy difference of MMC AW, ,, 1/2/3 at different start time of transition o 1 10

As can be observed from Table 5.5 that were retrieved from the simulation results, apart
from the different combination ' of the hump base function ® in the designed variables, the
selection of the start time of transition, ¢, will also yield different resulting trajectories. These
indicate that there is another suitable combination depending on the start time of transition.
In this regard, it might be the case that the presumed worse combinations of ® function that
were found in the results of the previous simulation would be more suited at a different start
time of transition. From Table 5.5, it can be concluded that the best (denoted in green colour)
and worst case (denoted in red colour) for Case 3 are Case 3.1 and Case 3.5, respectively. On
the other hand, for the Case 6, the best and worst case are Case 6.6 and Case 6.1, respectively.

! As already discussed in Chapter 3, the best hump base function ® combination is selected according to the
lowest oscillation strength of the energy trajectories during the transition interval.
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These cases are shown in Figure 5.23 and Figure 5.24.

5.4.4.1 Simulation results for Case 3.1 ({92 = 10ms) and Case 3.5 ({p,¢ = 14ms)

for T, = 14.4ms

Case 3.1: At=0.1ms, t0=10ms, Ts=14.4ms, power=800—800MW;
uCr=4004440kV, iDC=2.O3166%1.83733kA, ig=2.46336a2.12359kA;

m|n/max(Wp/n’1/2/3):1.18505/3.09231MJ, m|n/max(lp/n‘1/2/3):-1.3816/3.05004kA;
best ®, combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 2 51 3 4
b1 (result)
— — — -Wp1 (desired)
31 ———— W (result) 1
— — — -Wpa (desired)
=) b3 (result)
2250 |___ b3 (desired) i
% 5~ Wi, (result)
E Wi, (desired) / »
B 2r 2 (result) X __ i
— — — Wiy (desired)
3 (result)
15y __ _. w3 (desired) )
l 1 1 1 1 1 1 1 1 1
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

tls]
Case 3.5: At=0.1ms, t0=14ms, TS=14.4ms, power=800—800MW;

uCr=400—>440kV, iDC=2.03166—>1.83733kA, ig=2.46336—)2.12359kA;

min/max(Wp/n’1/2/3):0.479069/3.62987MJ, min/max(ip/n’1/2/3)=-2.87171/4.527kA;
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 1 4 3 5 2
| b1 (result)
E - b1 (desired)
3l | W (result)
— — — W (desired)
g 25| 03 (rest'llt)
= — — —-W,3 (desired) |\
% 2 F Wi (result) |\
E W1 (desired)|
§“ 15F w2 (result)
— — —-W,,2 (desired)
1r w3 (result)
— — —-W,3 (desired)
05
O 1 1 1 1
0.01 0.015 0.02 0.025 0.03

Figure 5.23: Simulated W, 1/2/3 for Case 3.1 at 9,2 = 10ms and Case 3.5 at {96 = 14ms.
Case 3.1 is considered as best the case whereas Case 3.5 as the worst case.
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5.4.4.2 Simulation results for Case 6.1 ({2 = 10ms) and Case 6.6 (tp,7 = 15ms)
for T, = 9.6ms

Case 6.1: At=0.1ms, t0:10ms, TS=9.6ms, power=800—800MW,;
uCr=400—>440kv, iDC=2.03166—>1.83733kA, ig=2.46336—)2.12359kA;

min/maX(Wp/n‘1/2/3)=0.638354/3.96442MJ, min/max(ip/n’1/2/3)=-2.00648/3.65571kA;
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 3 4 1 2 5
T T T T T T
b1 (result) d
351 |- — — W, (desired) 7
b2 (result)
3 |-~ Wy (desired) b
=) 3 (result)
S5t [-——- 3 (desired) i
g = Wi (vesult)
E 2L W, (desired) J
E& n2 (result)
15— W (desired) i
' n.3 (result)
P - W3 (desired) |
0'5 1 1 1 1 1 1
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022

t[s]
Case 6.6: At=0.1ms, t0=15ms, TS=9.6ms, power=800—800MW;

U, =400—440kV, i, .=2.03166—1.83733KA, ig=2.4633642.12359kA;
m|n/max(Wp/n'1/2/3)=0.978854/2.97264MJ, m|n/max(lp/n’1/2/3)=-3.14345/5.06955kA;
best d>i combination(island bus): 1 3 3 2 2

a5 best ® combination(MMC): 1 3 4 5 2

3L |-——-

»1 (result)
b1 (desired)
b2 (result)
— — — Wy (desired)
b3 (result)
—— — — - W3 (desired)
W, (result)
W, (desired)
2 (result)

N
a1
T

V[/jz)/n‘l/Q/?) [1\'1']]
N

15~~~ W, (desired) |
w3 (result)
1E |——— W, (desired) |

1 1 1 1 1 1 1

0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028
t[s]

Figure 5.24: Simulated W)/, 1,23 for Case 6.1 at {p,2 = 10ms and Case 6.6 at {p,7 = 15ms.
Case 6.1 is considered as the worst case whereas Case 6.6 as the best case.

5.4.5 Simulation results for Case 1 with finer time step, At = 10us

A finer time step, At = 10us for driving and integrating the dynamics of the system can be
used to remove the deviations appeared in the previous simulations, where the source of these
deviations has been discussed in subsection 4.6 and subsection 5.4.2. To demonstrate this point,
this chosen finer time step will be implemented in Case 1. As can be clearly seen, for example,
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from Figure 5.25, the resulting iy q/q and .. 4/, (full lines) accurately follow their reference
trajectories (dotted lines). However, such a finer time step usually cannot be implemented, as
has been discussed in subsection 2.3.2 on page 17.

Case 1. At=0.01ms, t0=8ms, TS=14.88ms, power=800—800MW;
U=500—500kV, uib’d:130.331—>164.207kv, u,,=400—360KkV;
pc=2-04901-2.28523KA, ig=2.46336—>2.46336kA;
best 2, combination(island bus): 1 3 3 2 1
bes‘ttb combinatiorg(MMC): 142 ? 3

4F |—— a4 (result) 4
— — — -igq (desired) \‘—"
g, (vesult) S

. 3F |—— — igay (desired) i

i ire,a (result)

= — — — -dyeq (desired)

Tol ireq (result) ]

" — — — “lpegq (desired)

L |
or W B
0.005 0.01 0.015 0.02 0.025

t[s]
Figure 5.25: Simulated iy 4/, and i, q/4 for Case 1 with finer time step, At = 10us

5.4.6 Simulation results for Case 7: Using trajectory design as feedback
control

As of now, the presented simulation results have been limited to feedforward control. In that
case, it has posed no problem, provided that the model perfectly describes the system under
consideration and the start conditions correspond to the desired steady state. This means that
the system will be driven solely by the designed input and it will not have the capability to
compensate for any deviation that may arise within the system. Nonetheless, this is not always
the case. If the model is not properly modelled or has some deviations at the start, a feedback
control needs to be implemented to compensate the deviations and to achieve an asymptotic
trajectory tracking.

The feedback algorithm discussed in subsection 4.6 on page 83 is now used to calculate
the required input for driving a part of the MMC dynamics during a correction time interval,
T. = 1ms, in order to compensate the deviations indicated in Table 5.6. In this particular
case uc, is assumed to remain unchanged. The details on how to calculate such input are
explained in subsection 4.6.1 on page 85. Meanwhile, Figure 5.26a, Figure 5.28a and Figure
5.29a show the time evolution when the system is being driven solely by the input of steady state
without trying to compensate any deviation (dotted lines denote the reference trajectory and
full lines refer to the measured trajectory). As expected, the current dynamics is asymptotically
stable and the deviation in current exponentially decays towards zero within a time scale of
approximately 57, where 7 refers to the time scale for dissipation in the current dynamics.
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Variables | Unit | Initial steady state Deviation
le, o kA 0 Aie o = 0.265
le, B kA 0 Aig g = —0.243
ie,0 kA 0.362 Aie o = 0.205
Ws o M.J 0.053 AWs, o = 0.004
Wy g M.J 0.103 AWs, g = 0.025
Ws o M.J 25.35 AWs o = 0.063

Table 5.6: Sudden (random) deviation in i, o/8/0 and Wx o/3/0

In this particular instance, 75 = % = 50ms refers to the dissipation time scale for the DC
d

current, whereas 7, = % = 100ms for the circular current. On the other hand, the energy

dynamics is stable but not asymptotically stable. In this case, only the time derivative of the
energy deviation goes to zero and therefore, the energy deviation itself goes to a constant value
as depicted in Figure 5.28a, Figure 5.29a and Figure 5.30a.

In the event that these sudden deviations take place, the resulting input from the feedback
control is capable of driving the system back to its original steady state within a very short
time interval of T, = 1 ms. These results can be seen in Figure 5.26b, Figure 5.28b and Figure
5.29b. It is worth mentioning once again that such a design for a fast trajectory to compensate
deviations can be repeated in regular time intervals in the manner of a typical model predictive
control in order to keep the dynamics on the desired track.

ss: uCr=400kV’ id=1.09kA, ampl.ug:lSOkV, ampl.ig:Z.OOkA; ss: uCr:4OOkV' id:1.09kA, ampl.ug:lSOkV, ampl.igzz.OOkA;
, cos(phii,g):0'94’ W,y =152.1M3 , cos(phli)g)=0.94, W,1a=152.1MJ
iq (result) iq(result)
(s9) s

= ] = g
i 151 i¢,q (result) i ie, o (result)
- B S oo

g ie, (result) g ie, p(result)
D e —— -l . —— =iy
S 1 RS
2 g
8 2

w wn
g =

s 051 &
2 2

n 171
= \ 3
= =

= [ e T} =

g //— 8

05 L L ! ! L 25 L L L L L L L L L
0 50 100 150 200 250 3 0 02 04 06 08 1 12 14 16 18 2
t [ms] t [ms]
(a) (b)

Figure 5.26: Simulated iq and i, /s With deviation at start in iq and i, /3 as well as Wy /43
Figure 5.26a shows the resulting steady state slowly decaying towards the desired trajectory
without feedback control. Figure 5.26b shows the resulting trajectory when feedback control
is activated during a control time interval T, = lms.
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ss: UCr:4OOkV’ id=1.09kA, ampl.ug=150kv, ampl.ig=2.00kA; ss: uCr:400kV, idzl.OQkA, ampl.ugzlSOkV, ampl.igzZ.OOkA;
cos(phi; )=0.94, W, . =152.1MJ cos(phi; ,)=0.94, W, ,=152.1MJ
07 — . . 1 T = T : . .
06 (ia(result) — i) ig(result) — iy

(i, o (result) — i)

(ic.p(xesult) — i)

ie,o(result) — 7,(;:3 ]

i, p(result) — i) | |

051

-0.1 1

-0.2

03 \ \ \ \ \
0 50 100 150 200 250 3 0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
t [ms] t [ms]

(a) (b)

deviation (result — steady state) in i, icq/g [kA]
deviation (result — steady state) in ig, icq/g [KA]

Figure 5.27: Simulated Aiy and A, /3 with deviation at start in iy and 7, /3 as well as
Ws 0/a/8- Figure 5.27a shows the resulting steady state slowly decaying towards the desired
trajectory without feedback control. Figure 5.27b shows the resulting trajectory when feedback
control is activated during a control time interval 7T, = 1ms.
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ss: UCr=400kV, id=1.09kA, ampl.u_=150kV, ampl.i_=2.00kA;
cos(phi, )=0.94, W,  _=152.1M] g g

275 ‘ : cos(phlivg)=0.94, thalzlsz.lMJ
255 . i ! | ! ! .
. 25.48
=] 27 F 4 —_—
= =
< = 25.46 i
5 e
B ' 2544 g
v 2651 | %
h=1 ]
< -
£ T 2542 1
. |77]
k=) >
g 26 {1 T 254 i
@ ]
7
jj; - 2538 g
E] =
g 255 1 2 2536 1
[
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, g
25.34 4
25 ; ' ! ' ! 25 32 L L L L L L L L L
0 50 100 150 200 250 30( .
0 02 04 06 08 1 12 14 16 18 2

Figure 5.28: Simulated Wy o with deviation at start in i and i, o/ as well as Wy ¢/q/3-
Figure 5.28a shows the resulting nonzero vertical shift without feedback control. Figure 5.28b
shows the resulting trajectory when feedback control is activated during a control time interval
T. = Ims.
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§S: U, =400kV, i;=1.09kA, ampl.u =150kV, ampl.i =2.00kA; ss: u_ =400kV, i =1.09KA, ampl.u_=150kV, ampl.i =2.00kA;
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Figure 5.29: Simulated Wy, /g with deviation at start in ig and i, /g as well as Wy, /3.
Figure 5.29a shows the resulting nonzero vertical shift without feedback control. Figure 5.29b
shows the resulting trajectory when feedback control is activated during a control time interval
T. = 1ms.
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Figure 5.30: Simulated AWy, /4,8 With deviation at start in ig and i, /5 as well as Wy, /3.
Figure 5.30a shows the resulting nonzero vertical shift without feedback control. Figure 5.30b
shows the resulting trajectory when feedback control is activated during a control time interval
T. = 1ms.
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Chapter 6

Conclusions and Future Work

With their various advantages over conventional converter technologies, modular multilevel
converters (MMCs) are quickly becoming the preferred choice for HVDC power transmission
and renewable energy applications such as offshore wind farms. Driving high voltage AC-
DC-AC power systems with a conventional rectifier and MMC as an inverter, on the other
hand, poses huge difficulties. The current work develops new techniques to solve some of these
difficulties.

The thesis begins with deriving the equations of motion for the power systems under consid-
eration, which form the basis for the control analysis. Following that, the steady state analysis
for this system will be carried out using the derived equations of motion.

One of the main task addressed in this work is an accurate calculation of the required
input for fast shifting of the operation point from one steady state (ssl) to a different steady
state (ss2). This shifting should occur during a time interval Ty less than or equal to 10
ms (Ts < 10 ms). Chapter 3 explains a comprehensive technique for generating such fast
trajectories for all of the state variables in the considered AC-DC-AC power system as well
as the necessary feedforward input for driving the system along such trajectory (assuming no
disturbance happens). Due to the fact that the dynamics of the five internal energy components
of the MMC are strongly influenced by the three internal MMC degrees of freedom, namely
the two internal circular current and the common-mode voltage, these components have been
chosen as the design variables for the trajectory design. On the other hand, none of these
three internal MMC degrees of freedom influence the dynamics of the total energy. As the
current and voltage at the AC grid are externally fixed by some strict requirements (power
level, operating voltage) and can not be modified, only the product of the current and voltage
at the DC link remains as the only variable that is influencing the dynamics of the total energy.
Therefore, this product is also selected as one of the design variables. Regarding the island bus
subsystem, the two energy components in this subsystem are clearly influenced by the d and
q components of the island bus voltage along with the current issuing from the rectifier. As a
result, these components are selected as the design variables.

Furthermore, in order to compensate for any potential deviation from the previously de-
signed trajectory, additional feedback control is, in general, needed. This is achieved by finding
a differential flat output for the considered dynamics as discussed in Chapter 4. However, adopt-
ing the flatness-based control as a feedback-driven compensation for any sudden deviation has
a limitation that needs to be taken into consideration. When a small time scale is chosen to
compensate for such deviation, this may result in a significant amount of input. Due to the
physical limitations of providing very large input, particularly the arm voltages in the MMC
arms, this will put a limitation on such control to achieve the desired trajectory. Although a
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larger time scale might be chosen, this is not the aim of the work of having a fast trajectory
control. In light of the hindsight gained in Chapter 3 and Chapter 4, an alternative technique
for feedback control is developed and implemented. The trajectory design presented in Chapter
3 appears to be an indirect representation of the trajectory design of the flat output energy
components addressed in Chapter 4. If such trajectory design is now being constantly repeated
in periodic short intervals of duration T, (in the order of one tenth of the AC period), any
sudden deviation which may suddenly occur in the system can be compensated, in the same
spirit as the usual Model Predictive Control (MPC). In other words, by repeating this trajec-
tory recalculation in very short regular time intervals and afterwards generating the sequence
of future inputs for driving the system, such control is expected to lead the disturbed dynamics
back to the desired state after such short time interval.

Next, the methods discussed in Chapter 3 and Chapter 4 have been simulated in Matlab
and demonstrated promising performance under different conditions, some of them even cor-
responding to energy changes that are quite hard to be managed. At first, the system starts
exactly at the initial steady state (without any additional deviation) and the feedforward in-
put drives the system in the event of fast transition from the first steady state (ssl) to the
second steady state (ss2) during an interval of duration Ts. Two different transition intervals,
Ts = 9.6 ms and Ty = 14.4 ms, have been presented. The simulations revealed that as expected,
the resulting amplitudes of the state components are inversely proportional to the transition
period Ts. In other words, if Ts decreases, the resulting oscillation strength of the energy and
current variables during the transition, increases. Therefore, a reasonable transition period
Ts must be selected for the resulting trajectories to be kept within a safe range that can be
actually managed by the corresponding converters. From the simulation results, it can be con-
cluded that the implemented technique outlined in Chapter 3 has demonstrated the ability of
the designed feedforward input to drive the system along the designed trajectory in 9.6 ms. For
clarity and simplicity, the feedback control in this thesis merely considers the MMC dynamics
for the three internal energy components. Thus, in the event of a sudden deviation within the
MMC dynamics, the previous trajectory design, which now has been constantly repeated in
periodic short time intervals of duration, 7. = 1 ms, such deviation can be compensated in
principle. This control has demonstrated its efficiency by restoring the deviating dynamics to
their desired state after such very short time interval, T, = 1 ms.

In the current thesis, it has not yet been mathematically proven that the continuous rep-
etition of the trajectory design in short time intervals described in Subsection 4.6.1 on page
85 will asymptotically drive the system to the desired final steady state. Up to now, such
behaviour is expected in analogy with the Model Predictive Control (MPC). It is important
to note that in MPC, nevertheless, there is an underlying cost function that is minimized at
each time step. However, this cost function is not yet considered in the proposed technique
and a proof requires, for instance, the existence of some form of energy (or Lyapunov) function
that is continuously decreasing. Hence, an additional superposed feedback correction, which
has not yet been implemented, might be needed to ensure that the repetition of the trajectory
planning can remove slight deviations. This topic could be the subject of a future work. On the
other hand, the findings of this thesis were obtained only through simulations. Therefore, for
future study, the results should be verified through experimental evaluation in order to ensure
their applicability in the real world.



Appendix A

Derivation of hump function, ®

During the time interval tg < t < tg 4 T, the following general “hump” functions are introduced

as follows:
1 4 2 (t — ¢ 1 4 t—t
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All of these ® functions and their first, second and third time derivative vanish at both ends
of the transition interval, i.e., at the start (¢ = ty) and at the end (¢ = to + Ts) of the specified
interval.
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Because of its previous mentioned properties, following relations are automatically satisfied :

1 to+Ts 1 to+Ts
= By Bodt =0 = — By by dt

S tU S tU

1 to+Ts 1 to+Ts 1 to+Ts
- <I>2<I>3dt:0:—/ <I>2<I>4dt:—/ By &5 dt
Ts to Ts to Ts to

1 to+Ts
— P3P, dt =0,
T to

1 to+Ts
— / by P5dt =0,
Ts to

Therefore, the unknown constants Cy, C1, Co can be determined as below :

1 to+Ts 1 to+Ts 1 to+Ts
—/ (I)lq)gdt:—/ (133(I>5dt=—/ P Psdt =0
7. J,, T J, T. /.,

where Cy = 1.63684, C; = 1.66657 and Cy = 1.24894.
From
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Te J,, ! T, /to ? Ts /,g0 * 727
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— $35 dt = 0.53786,
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By normalizing each ®;(¢) with the corresponding [T / P? dt} , the resulting “hump”

s Jig

functions ®;(¢) are expressed as in (3.12) on page 50.



Appendix B

Auxiliary relations for the derivation
of the relative degrees for each
component of the flat output vector

It is worth recalling that

the condition for the existence of an approximated flat output vector

is due to the neglecting of the red terms containing L, but not the red terms with L; in the
dynamics of the energy differences between the upper and lower MMC arms as indicated in the
equation (3.4) on page 46. By neglecting the power losses at R, following useful relations result
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Appendix C
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d2 d2 d2 d2 d2
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136 APPENDIX D. SIMULATION RESULTS FOR CASE 3.0-3.9 AND CASE 6.0-6.9

Appendix D

Simulation results for Case 3 and Case
6 at different start of transition ¢ 1 g

D.1 Simulation results for Case 3.0 and Case 6.0 at ¢, ; = 9ms

Case 3.0: At=0.1ms, t,=9ms, T_=14.4ms, power=800—800MW;
uCr:4OO—>440kV, iDC:2.03166—)1.83733kA, ig:2.46336—>2.12359kA;

min/max(Wp/n‘112/3)=O.91527/3.13573MJ, min/max(ip/n'112/3)=-3.08855/4.9594lkA;
best 2, combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 4 5 2 3 1

b1 (result)
3F |- —— Wy (desired)
2 (result)
— — — W,z (desired)
3 (result)
— — — - W3 (desired)
Wy (result) [~
Wi, (desired)
2 (result)

N
a1
T

Wp/n,1/2/3 [MJ]
N

150 2 (desired) ]
w3 (result)
1} |——— Wys (desired) k_ .
05 1 1 1 1 1 1 1 1 1
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026

t[s]
Case 6.0: At=0.1ms, t0=9ms, TS=9.6ms, power=800—800MW;

uCr=400—>44OkV, iDC=2.03166—>1.83733kA, ig=2.46336—)2.12359kA;

min/max(Wp/n’1/2/3):0.340639/2.96087MJ, min/max(ip/n’1/2/3)=-2.712/4.33278kA;
best 2, combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 3 4 2 5 1
b1 (result)
31 |~~~ W, (desired) 1
Wy (result) |_
25 |- —— W, (desired) 1
=) b3 (result)
E oL |——— W3 (desired) 4
g W1 (result)
E 15 Wi, (desired) A
B w2 (result)
L b= W (desired) |
.3 (result)
05 L [Z== Was (desired) |
O 1 1 1 1 1 1 1

0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022
t[s]
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D.2 Simulation results for Case 3.1 and Case 6.1 at ¢) 2 = 10ms

Case 3.1: At=0.1ms, tozloms, TS=14.4ms, power=800—800MW,;
uCr:4OO—>44OkV, iDC:2.03166—>1.83733kA, ig=2.46336—>2.12359kA;

min/max(Wp/n'1/2/3):1.18505/3.09231MJ, min/max(ip/n’1/2/3):-1.3816/3.05004kA;
best 2, combination(island bus): 1 3 3 2 2
a5 best ® combination(MMC): 2 51 3 4
b1 (result)
— — —-W),1 (desired)
31 b2 (result) )
— — — W2 (desired)
=} b3 (result)
25| __. 3 (desired) )
g 5 W1 (result) )
E W1 (desired) / /
B 2r o (result) X NG )
— — —-W,2 (desired) |
n,3 (result)
15— —. .3 (desired) ]
N\
l 1 1 1 1 1 1 1 1 1
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

t[s|
Case 6.1: At=0.1ms, tozloms, TS:9.6ms, power=800—800MW,

u Cr=400—)440kV, iDC=2.03166—) 1.83733KA, ig=2.46336—)2.12359kA;

m|n/maX(Wp/n‘1/2/3)20.638354/3.96442MJ, mln/max(lp/n’1/2/3)=-2.00648/3.65571kA;
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 3 4 1 2 5
T T T T
b1 (result) d
351 |- — — W, (desired) 7
b2 (result)
3 |-~ — Wy (desired) 9
=) 3 (result)
Sogl |———- »3 (desired) i
% = W (vesult)
E 2k W, (desired) 7L i
E& n2 (result)
15— W (desired) | / i
' n.3 (result) N ~_
1L mm = Was (desired) |
0'5 1 1 1 1 1 1
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022

t[s]

Figure D.2: Simulated W), 1/2/3 for Case 3.1 (top: Ts = 14.4ms) and Case 6.1 (bottom:
Ts = 9.6ms) at tg o = 10ms
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D.3 Simulation results for Case 3.2 and Case 6.2 at #) 3 = 11ms

Case 3.2: At=0.1ms, t0=llms, TS=14.4ms, power=800—800MW,
uCr=400444OkV, iDC=2.03166a1.83733kA, ig=2.46336a2.12359kA;

m|n/max(Wp/n’1/2/3):0.842198/3.41291MJ, m|n/max(lp/n'1/2/3)=-1.91125/4.21078kA;
best <I>i combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 2 5 3 4 1

1 (result)
3+ |——— Wy (desired)
b2 (result)
— — — Wpa (desired)
b3 (result)
— — — W3 (desired) =<
W1 (result)

N
a1
T

Wp/n,l/2/3 [NIJ]
N

W1 (desired)
n,2 (result)
15— o (desired) 1
3 (result)
1F|-—- 3 (desired) 1
0.5 Il Il Il Il Il Il Il Il Il
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

t[s]
Case 6.2: At=0.1ms, t0=1lms, Ts=9.6ms, power=800—800MW;

uCr=400—)440kV, iDC=2.03166—)1.83733kA, ig=2.46336—)2.12359kA;
min/max(W, )=0.934536/3.76771MJ, min/max (i )=-4.09979/5.76914KA;

p/n,1/2/3 p/n,1/2/3
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 1 4 2 3 5
b1 (result)
351 |- — — W, (desired) 1
b2 (result)
3 |-~ Wpa (desired) 1
=} 3 (result)
£ 251 |———-Wp3 (desired) J
g Wn1 (result)
vy 1 (desired)
EQ 2 (result) }
151 — Wy (desired) [
w3 (result)
M (desired)
0.5 1 1 1 1 1 1 1
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

t[s]

Figure D.3: Simulated W), 1/2/3 for Case 3.2 (top: Ts = 14.4ms) and Case 6.2 (bottom:
Ts = 9.6ms) at tg 3 = 11ms
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D.4 Simulation results for Case 3.3 and Case 6.3 at #) 4 = 12ms

Case 3.3: At=0.1ms, t0=12ms, Ts=14.4ms, power=800—800MW;
uCr:4OO—>440kV, iDC=2.03166—>1.83733kA, ig=2.46336—>2.12359kA;
/n,1/2/3):1'1419/3'18391'\/"]' min/max(ip/n’1/2/3)=-2.7099/4.51292kA;

best<I>i combination(island bus): 1 3 3 2 2
best ® combination(MMC): 3 5 1 4 2

min/max(Wp

3.5

b1 (result)
1 (desired)
3r|. W) (result)
— — — W2 (desired)
——— W, 5 (result)
251 |- _ _.W,5 (desired)
W1 (result)
W (desired)
(result)
(
(
(

Wp/n.l/2/3 [I\IJ]

1

1

n,2

— — — W2 (desired) \
.3 (result)

— — — W3 (desired)

15

l 1 1 1 1
0.005 0.01 0.015 0.02 0.025 0.03

t[s]
Case 6.3: At=0.1ms, tO:12ms, TS:9.6ms, power=800—800MW,;

U, =400—440kV, i, =2.03166—1.83733kA, ig=2.46336—)2.12359kA;
/n‘1/2/3)=0.740873/3.46228MJ, min/max(ip/n’1/2/3)=-3.74486/5.58236kA;
best 2, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 5 1 3 2

min/max(Wp

35

b1 (result)
3F |——— Wy (desired)
———— W) (result)
— — — W2 (desired)
3 (result)
— — —-W,3 (desired)
Wi (vesult)
W, (desired)
n2 (result)

[
ol
T

Wp/n.1/2/3 [NIJ]
N

O i n.2 (desired)
n.3 (result)
1+ |———Wyg (desired)
0'5 Il Il Il Il Il Il Il
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

t[s]

Figure D.4:  Simulated W), 1/2/3 for Case 3.3 (top: Ts = 14.4ms) and Case 6.3 (bottom:
Ty = 9.6ms) at tg 4 = 12ms
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D.5 Simulation results for Case 3.4 and Case 6.4 at #) 5 = 13ms

Case 3.4: At=0.1ms, t0=13ms, TS=14.4ms, power=800—800MW,
uCr=400a440kV, iDC=2.0316641.83733kA, ig=2.4633642.12359kA;
p/n’1/2/3)=O.86893/2.94393MJ, min/max(ip/n’1/2/3)=-1.31002/3.27344kA;

best @, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 5 2 3 1

min/max(W

——— W, (result)
— — — - W,,1 (desired)
W, (result)
71— — — W2 (desired)
N (res1.11t) /
— — —-W,3 (desired)
W, (result)
W1 (desired)
4——— Why2 (result)
— — — W,z (desired)
——— W,3 (result)
— — — - W3 (desired)

2.5

Wo/naj2/s [MJ]

05 1 1 1 1 1 1 1 1 1
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03
tls|
Case 6.4: At=0.1ms, t0=13ms, Ts=9.6ms, power=800—800MW;

U, =400—+440kV, i, =2.03166—1.83733KkA, ig=2.46336—>2.12359kA;
/n’1/2/3)=O.471147/3.74352MJ, min/max(ip/n,1/213)=-3.49791/5.63436kA;
best 2, combination(island bus): 1 3 3 2 2
best ® combination(MMC): 4 5 1 3 2

min/max(Wp

4
| |——— W1 (result) 7 N\ |
3S5r___. b1 (desired)
sb | W (result) |
— — — W2 (desired)
S o5l |——— W3 (result) |
= 1— — — - W3 (desired)
% 2t Wi (result) y
= W1 (desired)
Ei 15F | ——— W2 (result) .
— — — W, (desired)
1r |——— W3 (result) q
— — —-Wiy3 (desired)
05 ]
O 1 1 1 1 1 1 1
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026

t[s]

Figure D.5: Simulated W), 1/2/3 for Case 3.4 (top: Ts = 14.4ms) and Case 6.4 (bottom:
Ts = 9.6ms) at tg,5 = 13ms
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D.6 Simulation results for Case 3.5 and Case 6.5 at #) s = 14ms

Case 3.5: At=0.1ms, t,=14ms, T_=14.4ms, power=800—800MW;
U, =400—440kV, i, .=2.03166—+1.83733KA, ig=2.46336—>2.12359kA;

min/max(Wp/n‘1/2/3):0.479069/3.62987MJ, min/max(ip/n‘1/2/3):-2.87171/4.527kA;
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 1 4 3 5 2
| |——— W), (result) |
Sl »1 (desired)
b | W (result) i
— — — W2 (desired)
25 | |[——— W3 (result) N
— — —-W,3 (desired) |\
L Wi (result) | 4

Wo/nay2/3 [MJ]
N

=
o

( L\
W1 (desired)

.2 (result)

— — — W2 (desired)

1 |—— W, (result) .
— — —-W, 3 (desired)
05 1
0 1 1 1 1
0.01 0.015 0.02 0.025 0.03 0.035

t[s|

Case 6.5: At=0.1ms, tO:14ms, TS:9.6ms, power=800—800MW,

u Cr=400—)440kV, iDC=2.03166—) 1.83733KA, ig=2.46336—)2.12359kA;

min/max(Wp

)=0.764318/3.51821MJ, min/max(ip

)=-1.95713/3.03084KA,;

/n,1/2/3 /n,1/2/3
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 4 5 1 2 3
——— W1 (result)
351 |- — — W, (desired) S/ 7
———— W) (result)
3 |-~ — Wy (desired) - 1
= ——— W, 3 (result) / ~ =
E py N / = —
£ 25 |——— Wy (desired) P ~ |
& W (vesult) %~
o9 W1 (desired) // \ 4
= ’ N\
B ———— Wy (result) -
151 |7 W (desired) i
' ——— W, 3 (result)
P A (desired) |
0'5 1 1 1 1 1 1 1 1
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

Figure D.6:

Simulated W),y 1/2/3 for Case 3.5 (top: Ty

Ts = 9.6ms) at tg ¢ = 14ms

t[s]

= 14.4ms) and Case 6.5 (bottom:
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D.7 Simulation results for Case 3.6 and Case 6.6 at #) ; = 15ms

Case 3.6: At=0.1ms, t0=15ms, Ts=14.4ms, power=800—800MW;
uCr:4004440kV, iDC:2.0316641.83733kA, ig:2.4633642.12359kA;

m|n/max(Wp/n’1/2/3)—1.05878/3.16752MJ, m|n/max(lp/n’1/2/3)—-0.915756/2.62229kA,
best ®, combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 1 2 4 5 3
——— W1 (result)
— — —-Wp,1 (desired)
SP|l—— b2 (result) i
— — — Wy (desired)
=} ——— W, 3 (result)
250 |___. jg (desired) i
g W1 (result)
5 W1 (desired)
§ 2r| w2 (result) 1
— — — W2 (desired)
——— W, 3 (result)
L5 |- = . W,s (desired) i
l Il Il Il Il
0.01 0.015 0.02 0.025 0.03 0.035

t[s]
Case 6.6: At=0.1ms, t0=15ms, Ts=9.6ms, power=800—800MW;

uCr=400—)440kV, iDC=2.03166—)1.83733kA, ig=2.46336—)2.12359kA;
min/max(Wp )=0.978854/2.97264MJ, min/max(ip )=-3.14345/5.06955KA,;

/n,1/2/3 /n,1/2/3
best 2, combination(island bus): 1 3 3 2 2
35 best ® combination(MMC): 1 3 4 5 2

——— Wp1 (result)
3+ |——— Wy (desired) - 1
———— W, (result) : % -
— — — W2 (desired)
——— W3 (result)
| — — — - W3 (desired)
Wi (result)
W1 (desired)
———— Wy (result)

N
ol
T

W inas2/3 [MJ]
N

(
1.5 =] ( : d
: — — — W, (desired)
——— W3 (result)
1F |——— W3 (desired) y
0.5 Il Il Il Il Il Il Il
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

t[s]

Figure D.7:  Simulated W),y 1/2/3 for Case 3.6 (top: Ts = 14.4ms) and Case 6.6 (bottom:
Ts = 9.6ms) at tg,7 = 15ms



D.8. SIMULATION RESULTS FOR CASE 3.7 AND CASE 6.7 AT Ty g = 16MS 143

D.8 Simulation results for Case 3.7 and Case 6.7 at ¢) s = 16ms

Case 3.7: At=0.1ms, t0=16ms, TS=14.4ms, power=800—800MW,
uCr=4OOa44OkV, iDC=2.0316641.83733kA, ig=2.4633642.12359kA;
/n'1/2/3)=0.904052/3.32482MJ, m|n/max(lp/n’1/2/3):-2.24442/3.98416kA;

best ‘I>i combination(island bus): 1 3 3 2 2
best ® combination(MMC): 2 3 4 5 1

min/max(Wp

35
——— W1 (result)
3F |——— Wy (desired) .
———— Wy (result)
— — — Wy (desired)
251 | 3 (result) }

— — —-W,3 (desired)
W, (result)
W, (desired)

———— W2 (result)

— — — W2 (desired) |\

——— W, 3 (result)

— — — W3 (desired) | \_ .

V[/jz)/n‘l/Z/?) [1\'1‘]]
N

=
o

1 o
05 Il Il Il Il
0.01 0.015 0.02 0.025 0.03 0.035

tls]
Case 6.7: At=0.1ms, tO:16ms, TS:9.6ms, power=800—800MW,;

U, =400—440kV, i, =2.03166—1.83733kA, ig=2.46336—)2.12359kA;
min/max(Wp/n‘1/2/3)=0.564684/3.26384MJ, min/max(ip/n’1/2/3)=-2.16197/4.49153kA;
best 2, combination(island bus): 1 3 3 2 2

a5 best ® combination(MMC): 1 2 4 5 3

——— W1 (result)
— — — W)y (desired)
———— W)y (result)
— — — W2 (desired)
——— W3 (result)
— — —-W,3 (desired)
W (vesult)
W, (desired)
———— Wy (result)

[
3

Wp/n.1/2/3 [NIJ]
N

O i W2 (desired) ]
——— W, 3 (result)
1+ |——— Wyg (desired) i

'5 1 1 1 1 1 1 1 1
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03
t[s]

Figure D.8:  Simulated W), 1/2/3 for Case 3.7 (top: Ts = 14.4ms) and Case 6.7 (bottom:
Ts = 9.6ms) at tg g = 16ms
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D.9 Simulation results for Case 3.8 and Case 6.8 at #) ¢ = 17ms

Case 3.8: At=0.1ms, t0=17ms, TS=14.4ms, power=800—800MW,
uCr=400a440kV, iDC=2.0316641.83733kA, ig=2.4633642.12359kA;

min/max(Wp/n’1/2/3)=0.686164/3.80294MJ, min/max(ip/n'1/2/3)=-2.4629/4.12861kA;
best @, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 1 3 4 5 2
——— W, (result)
3.5 o

3 |- —— W,y (desired)
= ——— W3 (result)
SEogl |——— 3 (desired)

% W, (result)
E) W1 (desired)
§' ———— W2 (result)
15 |~ =~ Waz (desired)
——— W,3 (result)

1

0.5

0.01

1 (desired)
b2 (result)

w3 (desired)

0.015

0.02

0.025 0.03 0.035

tls|
Case 6.8: At=0.1ms, t0=17ms, Ts=9.6ms, power=800—800MW;

uCr=400—)440kV, iDC=2.03166—)1.83733kA, ig=2.46336—)2.12359kA;

min/max(Wp/n’1/2/3)=0.960276/3.73793MJ, min/max(ip/n,1/213)=-1.90424/3.23465kA;
best 2, combination(island bus): 1 3 3 2 2
4 best ® combination(MMC): 1 2 3 4 5

———— Wp1 (result)
351 |- — — W, (desired) 1
———— W2 (result)

3 |- Wy (desired) . ) 1
=} ——— W3 (result) a8 i
E 25t |——— W (desired)
% Wi (result)
) W1 (desired)
Ei ———— W2 (result)
150 |7~ W (desired)
——— W3 (result)
M (desired)
0.5 Il Il Il Il Il Il Il Il
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

t[s]

Figure D.9: Simulated W, 12,3 for Case 3.8 (top: Ts = 14.4ms) and Case 6.8 (bottom:
Ts = 9.6ms) at tg,9 = 17ms
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D.10 Simulation results for Case 3.9 and Case 6.9 at ¢y ;9 = 18ms

Case 3.9: At=0.1ms, t0=18ms, TS=14.4ms, power=800—800MW,
uCr=4004440kV, iDC=2.03166%1.83733kA, ig=2.4633642.12359kA;

min/maX(Wp/n’1/2/3)=0.92536/3.22669MJ, min/max(ip/n’1/2/3)=-1.31283/3.23364kA;
best 2, combination(island bus): 1 3 3 2 2
a5 best ® combination(MMC): 3 4 2 5 1
1 (result)
3F|—-—-— (desired) §
o (result)
- W 2 (desired)
=} 251 W 3 (result) 1
= — — —-W,3 (desired)
% 2 b W1 (result) y
E W1 (desired) [
§ | n,2 (result) |
15— W2 (desired)
.3 (result) J
1b [=—— W3 (desired) N s |
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Case 6.9: At=0.1ms, tO:18ms, TS:9.6ms, power=800—800MW,;

u Cr=400—)440kV, iDC=2.03166—) 1.83733KA, ig=2.46336—)2.12359kA;

min/maX(Wp/n‘1/2/3)=0.761907/3.81172MJ, min/max(ip/n’1/2/3)=-4.17491/6.36634kA;
best 2, combination(island bus): 1 3 3 2 2
4 best P combination(MMC): 45123
b1 (result)
351 |- — — W, (desired) 7
b2 (result)
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Figure D.10:  Simulated W), 1/9/3 for Case 3.9 (top: Ts = 14.4ms) and Case 6.9 (bottom:
TS = 96ms) at t(],l() = 18ms
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