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Abstract

The electricity grid is hastily expanding, and it is anticipated that the global energy
demand will increase up to 40% by 2050 compared to today. Offshore Wind Farms
(OWFs) will play a vital role and grow significantly in the coming years in the
attempt to meet the decarbonization goals in several countries and will contribute
a huge share to the ‘Carbon-Neutral 2050’ goal set by the European Union (EU).
Wind energy harnessing has become the largest form of power generation capacity
in Europe. OWF’s have paved the way for generating and transmitting bulk green
energy and huge investments are being carried over.

Nearly 20 GW of offshore wind capacity has been installed in the EU in 2018
and the current policies support robust growth aiming to multiply offshore wind
capacity by four over the next decade. Alongside Europe, China and the US have
taken strides forward on offshore wind power generation. Guangdong province is
planning to install 30 GW offshore wind along its coastal area by 2030. Offshore wind
development has also started in the US targeting 30 GW along the Atlantic coast by
2035. Recently, NYISO and ISO-NE announced 2.4 GW and 3 GW power purchase
agreements. There are several solutions available for connecting the offshore wind
farm to the main grid. First, the traditional Alternating Current (AC) transmission.
The major drawback of this solution is the high losses related to the long-distance
cable. Thus, this solution is only feasible for short-distanced OWF or intermediate
reactive power compensation devices have to be installed. Second, Voltage-Source
Converter (VSC) based High-Voltage Direct-Current (HVDC) transmission. This is
the most promising solution for such applications. A number of VSC-HVDC offshore
wind projects have been applied worldwide. Third, Line-Commutated Converter
(LCC) based HVDC transmission or diode-based DC connection. Compared to the
VSC technology, the traditional LCC is less costly but usually requires a local Static
Synchronous Compensator (STATCOM) to support the wind farm.

The goal of the project is to compare the AC and DC solutions to effectively
interconnect the OWF to the main grid with robust performance, least possible losses
and cost. Power-Synchronization Control (PSC) strategy will be implemented as the
grid-forming control scheme for the grid-connected VSCs. PSC can be applied to a
VSC-HVDC converter station, a STATCOM, and even to a wind power generator
directly. The entire control scheme should consider the coordination of the various
devices in the wind farm, as well as fault ride-through in the overall system.

Keywords: Grid-forming control, Power-synchronization control, Modular multi-
level converter, STATCOM, Offshore wind farm, HVDC, weak AC systems
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Introduction

This chapter describes the background and motivation of the thesis. The project’s
goal and scope, as well as the thesis’s key scientific contributions are presented.
Finally, the outline of the thesis is presented.

1.1 Background and motivation

The growing concern about climate change due to the emission of greenhouse gases
(GHGs) especially carbon dioxide (CO3) has led to the ‘Green Transition’ by inte-
grating large-scale Renewable Energy Sources (RES) into power system networks.
Integrating more RES into the generation mix would be a key tool to realize the
global transition towards net-zero emission. The electricity grid is hastily expand-
ing, and it is anticipated that the global energy demand will increase up to 40% by
2050 compared to today. OWEFs will play a vital role and grow significantly in the
coming years in the attempt to meet the decarbonization goals in several countries
and will contribute a huge share to the ‘Carbon-Neutral 2050" goal set by the EU.

The European Commission (EC) has set up the ‘European Green Deal’ policy
to become the first climate-neutral continent. The ultimate goal of the EC is to be
on par with the ‘Paris Agreement’ objective to keep the global temperature increase
to well below 2°C and pursue efforts to keep it to 1.5°C [1]. The EU aims to be
climate-neutral by 2050 with net-zero greenhouse gas emissions and to achieve this
goal, the EC has unveiled the EU Strategy on Offshore Renewable Energy [1]. The
strategy targets to increase Europe’s offshore wind capacity from its current level of
12 GW to 60 GW by 2030, and 300 GW by 2050.

It is estimated that nearly 800 billion Euros will be required to execute this
ambitious long-term plan. Huge investments are also being carried out in research
and development to further advance the technology and to address the challenges in
employing offshore wind farms. To achieve this, cost-effective OWF system designs
with improved reliability and efficiency should be realized with the integration of
advanced power-electronics and digital solutions.

Europe being a world leader in offshore wind technology can become a pow-
erhouse for its global development by harnessing all the potential of offshore wind.
Offshore wind generates sustainable energy that competes with and sometimes is
cheaper than the existing fossil fuel-based power plants [1]. OWFs have the ability
to generate more energy at a more consistent pace than their onshore counterparts
due to greater and more consistent wind speeds.

The major concern of today is that as large-scale Variable RES (VRES) such

1



1. Introduction

as wind and solar power are being integrated into the existing AC grid by decommis-
sioning the existing fossil fuel-based power plants (e.g. coal or natural gas-powered
thermal power plants, nuclear power plants, etc.), this induces stability issues to the
AC system network [2]. The VRES is an intermittent source of energy that is un-
predictable and un-controllable as opposed to the traditional controlled source with
synchronous machines. As the existing synchronous machines are being removed
from the AC grid, the voltage and frequency stability are lost causing supply-demand
power imbalance. To combat this major problem, Grid-Forming Converters (GFCs)
are being deployed so that the performance of a synchronous machine can be repli-
cated.

A GFC is a power electronic-based high power converter that behaves as
a voltage source, capable of generating and controlling the required voltage magni-
tude and frequency of the grid. GFCs can operate AC grids with or without rotating
machines. GFCs can imitate the properties of a synchronous machine such as droop-
based load-sharing, synthetic inertial-emulation, synchronized and stand-alone op-
eration (e.g. island mode), and black-start behavior [3]. Flexible Alternating-
Current Transmission Systems (FACTS) and High-Voltage Direct-Current (HVDC)
are power electronic-based devices that are mainly used to regulate the bus voltage
and enhance the active power transfer capability of the power system. These devices
eliminate the bottlenecks in the transmission lines and improve the reliability of the
power system with a high share of RES penetration [4], [5].

Due to large-scale penetrations of RES, especially OWFs, into exiting AC
power system, requires a massive new transmission network that would enable new
power transfer corridors, especially in mature networks such as in Europe, North
America, and China to accommodate the increased development of renewable gen-
eration. This scenario has led to the development of state-of-the-art VSC-HVDC
transmission systems. VSC-HVDC systems have been successfully deployed to inter-
connect large OWFs, not only because they are less expensive and more efficient than
AC transmission systems, but also because of the benefits of VSC-HVDC technology,
such as independent control of active and reactive power, black-start capability, and
support for weak AC systems [6], [7]. Such large-scale RES integrations employing
VSC-HVDC are significantly growing in the North Sea region, China and US.

Therefore, the ultimate solution to solve all the major problems (e.g. grid
disturbances and faults, blackouts, stability issues, etc.) in interconnecting a weak
grid like the OWFs is to employ a grid-forming control strategy integrated with the
FACTS and HVDC devices to pave way for 100% RES in the future.

1.2 Project scope and contribution of the thesis

The objectives of the thesis are:

1. The main goal of the thesis is to present three different system topologies that
could be used to effectively inter-connect the OWF to the main AC grid.

2. Test system 1 will be modeled by interconnecting an OWF to a back-to-
back Modular Multilevel Converter (MMC)-HVDC system. The MMCs will
be modeled and designed using the PSC strategy. The performance of the
entire system will be verified by investigating low-voltage fault-ride-through
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(LVFRT) capability on both offshore and onshore grids during island opera-
tion.

3. Test system 2 will be modeled by interconnecting an OWF to a Diode-Rectifier
Unit (DRU)-HVDC system. The performance of the entire system will be
verified by LVFRT analysis during island operation.

4. Test system 3 will be modeled by interconnecting an OWF to a STATCOM-
HVAC transmission line. The performance of the entire system will be verified
by LVFRT analysis during island operation.

5. The entire modeling and designing of the systems are conducted by time sim-
ulations using PSCAD/EMTDC software. Any kind of experimental work is
out of the scope of the thesis.

6. Detailed modeling of the cables is not included in the scope, however, for
test system 3 the HVAC transmission line is modeled using pi-sections with
adequate cable data from Nexans.

1.3 Thesis Outline

The Master’s thesis is divided into six chapters.

Chapter 1: Adequate background knowledge is given to better understand the
current trends and development in offshore wind technology, and its effect
while integrating it into the AC system.

Chapter 2: The underlying theory behind DC and AC transmission, types of
High-Voltage Direct-Current transmission, application of Flexible AC Trans-
mission Systems, types of wind turbine generators, challenges in interconnect-
ing offshore wind farms, strength of the grid, Grid-Following versus Grid-
Forming Control, and Power-Synchronization Control are briefly explained.

Chapter 3: Testing and Verification of Power-Synchronization Control on a weak
AC system using a back-to-back MMC-HVDC system is performed.

Chapter 4: System studies of test system 1 where an OWF is interconnected to
the main AC grid with a back-to-back MMC-HVDC system. The MMCs are
equipped with grid-forming-power-synchronization control (GFM-PSC).

Chapter 5: System studies of test system 2 where an OWF is interconnected to the
main AC grid with a DRU-HVDC system. As the DRUs are uncontrollable,
a STATCOM is placed at the offshore grid to provide the necessary voltage
support during island mode operation. The onshore MMC and the offshore
STATCOM utilizes GFM-PSC.

Chapter 6: System studies of test system 3 where an OWF is interconnected
to the main AC grid with a STATCOM-HVAC system. This is a complete
AC solution where the OWF is integrated with GFM-PSC. The STATCOM
is equipped with GFM-PSC.

Chapter 7: The effect of replacing vector current control in the wind turbine
converters by power-synchronization control in test systems 1 and 2 are inves-
tigated.

Chapter 8: Summarizes the thesis by comparing all three test systems and pro-
vides suggestions for future work.

Chapter 9: Discusses the ethical and sustainability aspects of the project.
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Theory

This chapter gives a brief explanation of the fundamental theory that is applied in
the thesis. In section 2.1, DC versus AC transmission system is compared. In
section 2.2, two major HVDC' technologies, i.e., HVDC transmission using Line-
commutated converter (LCC-HVDC) and forced-commutated voltage-source convert-
ers (VSC-HVDC) are described. In section 2.3, the application of FACTS is briefed.
In section 2.4, different types of wind turbine generators that are available today are
discussed. In section 2.5, the challenges in interconnecting OWFEs are highlighted.
In section 2.6, the strength of the grid is discussed. In section 2.7, Grid-Following
and Grid-Forming Control strategies are explained. In section 2.8, an overview of
the Power-Synchronization Control strategy is given with other control loops used in

VSC-HVDC.

2.1 The war of currents - DC versus AC trans-
mission

The history of electric power systems originated with Direct-Current (DC) transmis-
sion and the first electric generator was a DC machine. Thomas Edison constructed
the first power system using DC transmission at a low voltage level in 1882.

DC worked well with incandescent lamps and electric motors. DC systems
could be easily integrated and powered with Battery Energy Storage Systems (BESS),
providing indispensable load-leveling (or supply-demand) and backup power during
interruptions or generator outages. DC generators could be easily paralleled, allow-
ing economical operation and improved reliability by using smaller machines during
periods of light load [8]. The major drawback with Edison’s DC system was that
it was not possible to transmit the power more than a couple of kilometers and
only customers close to the power plant could access the power supply. As trans-
mission distance increases, voltage drops significantly due to the IR power losses
and the loads suffered severe voltage variations. The only solution was to increase
the transmission line voltage but unfortunately at that time, there was no method
to boost or control the DC voltage. To resolve this issue, George Westinghouse
(pioneer of the electrical industry) proposed AC distribution and during that time
Nikola Tesla had recently invented the induction motor which works on AC [8], [9].
Later, Nikola Tesla developed the transformer which could easily boost the voltage
in AC transmission.

This breakthrough made the DC transmission system to be quickly replaced by
AC transmission due to the latter’s numerous advantages. The first and prominent
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advantage is that the voltage levels of the AC transmission system could be easily
varied by efficiently stepping up the voltage at the transmission level (long-distance
power transmission) and stepping down the voltage at the distribution point (for
safety reasons) for utilization with reduced losses. Secondly, the AC currents can be
easily interrupted due to the natural zero-crossings that occur twice per cycle and
the AC circuit breaker can take advantage of this making them more compact and
cheaper than the DC breakers [10]. Lastly, AC motors are cheaper and more robust
than DC motors as DC machines require commutation brushes. As a result, AC
won the “war of currents” and hence the modern electric power systems have been
developed using AC rather than DC [11].

Today, the majority of the transmission systems use three-phase HVAC power
but with significant developments in power electronics and DC energy sources, in-
terest in DC power transmission has returned [12], [13].

In 1954, the first commercial HVDC link between the mainland of Sweden and
the island of Gotland was commissioned. Since then, the total installed power of
HVDC transmission networks around the world has increased steadily, with recent
spectacular growth in volume. HVDC transmission has proven to be technologically
and/or economically superior to HVAC transmission in the following applications-

o Submarine power transmission longer than about 50 km. Due to large capac-
itance in the AC cables, AC transmission is impractical for such distances.
As the transmission distance increases, the losses created by the capacitive
current becomes unacceptable resulting in the requirement of reactive power
compensation (RPC) devices like SVC’s and STATCOM’s at the middle of
the cable incurring significant costs. It might also not be always practical
to install an RPC device under the sea. Hence, for long-distance submarine
cable transmission, HVDC is more economical and the only feasible technical
solution.

o Bulk power transmission over long-distance overhead lines. DC transmission
is the preferred solution when it comes to transferring large amounts of power
over longer distances because the overall cost of the transmission system and
the losses are lower than AC transmission. Given the fact that AC trans-
mission won the “war of currents” in the 19th century due to its capability
to transmit power over longer distances, HVDC transmission wins the battle
back after a century. To transmit the same amount of power, the DC line
requires only two conductors per DC circuit (one only for a submarine with
earth return) and it allows the supporting towers to be smaller and hence re-
quires lesser right-of-way [14]. Fig. 2.1 shows a comparison of costs for DC and
AC transmission lines. The initial capital investment for an HVDC transmis-
sion system is higher because of the converter costs but as the transmission
distance increases, the benefits of DC counterweigh the capital investment.
The cost breakeven distance is in the range of 30-50 km for submarine ca-
bles and 600-800 km for overhead lines [12], [15]. Furthermore, intermediate
RPC devices like SVC’s and STATCOM'’s have to be installed for long HVAC
cables. Also, DC transmission does not have stability limitations unlike AC
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Figure 2.1: HVDC vs HVAC transmission cost comparison.

transmission over longer distances.

o Interconnection of Asynchronous grids. AC transmission is impossible between
two asynchronous AC systems because of system stability problems or hav-
ing different frequencies. To overcome this issue, many back-to-back HVDC
transmission links have been built as HVDC links are free from stability and
synchronization constraints.

o Short-circuit current. When new transmission lines are constructed to expand
AC networks, the system’s short-circuit level will inevitably increase. The AC
switchgear in the substation must cope with the short-circuit requirements or
an expensive refurbishment will be required. Two AC systems can be con-
nected through an HVDC link without increasing the short-circuit power as
the reactive power is not transmitted through the DC link and therefore up-
gradation of the substation equipment is not required.

e Losses. DC transmission does not have inductance unlike AC transmission
and hence voltage drop in the line due to inductive reactance does not exist.
Skin effect is completely absent in DC transmission line. Corona losses are
very low in DC compared to AC line. Dielectric and eddy current losses are
also not present in DC transmission lines [12].

o Power system stability and control. Another major feature of the HVDC tech-
nology is its ability to control a large amount of power flow over an HVDC
link hastily and precisely which is beneficial to dampen the low-frequency os-
cillations in the AC system thereby enhancing the system stability [12]. Due
to the absence of inductance in DC transmission, voltage regulation is better
than AC transmission. Voltage control is complicated in AC systems due to
line charging and voltage drops where intermediate RPC devices are used [15].
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o Firewall protection in Asynchronous ties. Interconnection of large AC sys-
tems increases the complexity of system operation. This has resulted in fre-
quent tripping and major blackouts in North America and Europe [16]. Asyn-
chronous grid interconnection by HVDC links can give a “firewall” protection
feature that prevents cascaded AC system outages from spreading from one
network to another [17].

o DC transmission line has less potential stress on the insulator compared to AC
transmission line for the same operating voltage. Hence, DC system requires
less insulation than AC system.

e The AC transmission line has more interference with neighboring communi-
cation lines than the DC transmission line.

2.2 High-Voltage Direct-Current transmission

This section presents the two core HVDC converter technologies that are used in
modern transmission systems i.e., LCC-HVDC and VSC-HVDC.

2.2.1 LCC-HVDC

LCCs are conventional, mature and well-established technology used in HVDC ap-
plications. The world’s first commercial HVDC link between the mainland of Sweden
and the island of Gotland which was commissioned in 1954 employed mercury-arc
valves as the converter technology. This trend continued for around two decades.
However, the mercury-arc valves suffered from the arc-back fault where the valve
conducts in the reverse direction when the voltage across it is negative. This conse-
quently destroyed the converter valve and created high short-circuit currents in the
external circuit and also lead to other problems [13]. To overcome these problems,
thyristor-based LCC-HVDC technology was introduced in the late 1960s and since
then it became the conventional HVDC transmission. LCC or CSC (current-source
converters)-HVDC is also known as HVDC Classic due to its capability to transmit
bulk power over long distances. The technology now reaches power up to 1.2 GW
[18]. The LCC requires a synchronous voltage source to operate.

The basic building block of an LCC is the three-phase, full-wave bridge circuit
referred to as a six-pulse converter or Graetz bridge as shown in fig. 2.2. The term
six-pulse refers to the fact that there are six commutations each period, resulting
in a characteristic harmonic ripple in the DC output voltage that is six times the
fundamental frequency. The AC side current harmonics will have frequencies of
6nt1. Each of the six-pulse bridges comprises six controlled switching thyristor
valves. To reach the desired DC voltage rating, each valve is made up of a reasonable
number of series-connected thyristors. The modern HVDC link is constructed as a
12-pulse converter (as shown in fig. 2.3) using two Graetz bridges connected in
series with AC voltage sources phase-shifted by 30° to increase the DC voltage and
eliminate some of the characteristic harmonics on the AC and DC sides. In a 12-
pulse operation, the AC side current harmonics will have frequencies of 12n+1 and

8
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Figure 2.2: Graetz bridge for LCC-HVDC system.

12n for the DC side voltage harmonics. The 30° phase shift is achieved using the
star-star-delta connection transformers [19]. The main reason to use such a 12-pulse
configuration is to reduce filtering requirements for six-pulse operation. In this case,
the fifth and seventh harmonics from the AC side and sixth from the DC side will
get canceled out at the primary side of the converter transformer as they are 180°

out of phase.
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Figure 2.3: 12-pulse LCC [17].
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The Graetz bridge can be used for transmitting power in both directions, i.e., th
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rectifier mode and the inverter mode. This is achieved by regulating the firing angles
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of the LCC valves. The two operating modes are:

o Ifthe firing angle is less than 90°, direct current flows from the positive terminal

of the dc circuit, transferring power from the ac to the dc side.

o If the firing angle is greater than 90°, the direct voltage reverses polarity, and

the direct current flows from the dc circuit’s negative terminal, transferring
power from the dc to the ac side.

Detailed explanation and working of the 12-pulse LCC can be found in [19]-[21].

The LCC-HVDC technology has been very successful with numerous world-

wide installations and is still growing in a steady phase. The LCC technology, on
the other hand, has several inherent weaknesses as follows:

10

o LCC always consumes reactive power in either mode of operation as they can

only operate with the ac current lagging the voltage, and hence, the conversion
process requires reactive power. The reactive power consumption of an LCC-
HVDC converter station ranges from 50 to 60% of the active power, depending
on the firing angles [22]. Large AC filters or capacitors must be connected to
compensate for the same and this increases the cost and also the footprint of
the converter stations. Furthermore, when connected to a weak AC system,
these large filters or capacitors contribute to the HVDC link’s temporary over-
voltage (TOV) and low-order harmonic resonance issues [23].

Commutation failures are a common problem with the LCC-HVDC system
which are often triggered by disturbances in the ac system. The extinction
volt-time area of the inverter valve is reduced due to voltage depression or
phase-angle shift of the alternating voltage [24], [25]. If the inverter valve’s
extinction angle is less than 5-6°, the previously conducted valve will regain
current, resulting in a commutation failure creating a short-circuit on the dc
side, which temporarily halts the power transmission [26]. The converter valves
and the ac system are usually unaffected by a single commutation failure but
multiple commutation failures may force the HVDC link to trip [27].

Weak AC' grid interconnection: The major problem with the LCC-HVDC tech-
nology is that the current commutation between the valves relies on the stiff-
ness of the alternating voltage i.e., the strength of the AC grid. If the LCC-
HVDC link is connected to an AC system having a low short-circuit ratio
(SCR), the system will not operate stably and reliably resulting in problematic
interactions between the AC and DC systems. Moreover, low SCR also im-
poses an upper limitation on the HVDC power transmission [23]. If the LCC is
connected to a weak AC grid, static VAR compensators (SVCs), STATCOMs
and synchronous condensers will be required to increase the short-circuit level
and improve the voltage control [22]. Another problem with weak AC grid
interconnections is the low-order harmonic resonances that occur due to the
interaction between the high inductances of the AC system with the large ca-
pacitors of the HVDC link. This can result in deteriorating the performance
of the converter control system.
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Hence, LCC is a less attractive technology for weak AC grid interconnections e.g.,
integration of offshore wind farms.

To address some of these issues, Capacitor-Commutated Converters (CCCs)
were introduced in the late 1990s for weak AC system connections, back-to-back
applications. It is an extended version of the LCC technology where capacitors are
inserted in series between the transformers and thyristor valves as shown in fig. 2.4.
The series capacitor automatically provides a part of the reactive power compen-
sation as per the converter’s requirement based on the load current and provides a
portion of the commutation voltage, thereby enhancing the voltage stability of the
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Figure 2.4: Capacitor-Commutated Converter.

system [17]. However, this technology had a major drawback of increased insulation
cost of the valves due to series-connected capacitors. Hence, the CCC-HVDC was
only applied to a very few projects with back-to-back HVDC links where the voltage
level of the valves is much lower.

2.2.2 VSC-HVDC

VSCs are constantly evolving, new converter technology for HVDC transmission. It
is commercially known as HVDC Light, introduced in 1997. The first commercial
VSC-HVDC link with a rating of 50 MW, DC voltage of +80 kV (connected to an
OWF of length 70 km) was commissioned in 1999 in Gotland island of Sweden, near
to the world’s first LCC-HVDC link. The technology now attains a power rating of
3,000 MW and +640 kV enabling power transmission over 2,000 km that is enough
electricity to power several million households [18].

VSCs use self-commutating switches with either gate turn-off thyristors (GTOs)
or insulated-gate bipolar transistors (IGBTs) which can be turned on or off rapidly.
This is in contrast to the LCC where the thyristor valve has only turn-on control
and requires the line voltage to be reversed (reverse biased) or wait until the load

11
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current falls to zero or through an external commutation circuit to turn off. A VSC
can produce its own sinusoidal voltage waveform with high-frequency pulse-width
modulation (PWM) technology independent of the ac system. Several topologies
have been investigated for VSCs. Although, for HVDC applications, the choices
were limited to two-level, three-level and MMCs [19], [28], [29].

The most simplest grid-connected VSC topology is the conventional two-level
three-phase bridge as shown in fig. 2.5. The three-phase bridge consists of six valves
and each valve consists of a switching device (typically IGBT) with an anti-parallel
diode to ensure four-quadrant operation of the converter. It is suited for low-voltage
motor drives and grid-connected applications (e.g. integration of RES). This design
benefits from its simplicity and the ease with which power is transferred between
the phase legs, resulting in smaller capacitor energy storage requirements.
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Figure 2.5: Two-level voltage source converter.

The working principle is also very simple. The output AC voltage waveform
is produced by varying the width of the pulses and switching very fast between
two fixed voltages. The desired fundamental frequency voltage is produced through
low pass filtering of the phase reactors and shunt filters. Due to the lack of power
semiconductors (switches) with sufficient blocking capability, it is very hard to im-
plement two-level VSCs beyond a few kilovolts. A possible way to realize this is
to directly connect the switches in series but it is an expensive technology that has
never gained widespread use [28].

Fig. 2.6 shows a three-level VSC or neutral point-clamped (NPC) VSC. This
topology is an extension of a two-level VSC where mainly two clamping diodes are
added in each phase leg to clamp the switch voltage to half of the dc voltage. As
a result, each phase of the VSC can switch to three different voltage levels, i.e.,
+Vdc,0,-Vde. By doing this, the output voltage waveform produced by the VSC
will be much closer (more sinusoidal) to the reference voltage resulting in lesser
harmonic content [29]. Furthermore, the three-level NPC VSC has lower switching

12
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losses.

The NPC concept can be further extended to a five-level VSC (or flying
capacitor) and even more levels to achieve higher voltage levels which further result
in a good sinusoidal output waveform with much lower harmonics and switching
losses [29]. However, for high-voltage converter applications, extension to more than
three levels is cumbersome as many clamping diodes are required and all of these
need to be connected to a common dc link. Additionally, it also complicates the
insulation and cooling design of the converter valves. Therefore, the NPC concept
with voltage levels higher than three is only applied for medium-voltage applications
up to several kilovolts whereas for HVDC applications, voltage levels higher than
three have never been considered [28], [29].
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Figure 2.6: Three-level neutral-point-clamped voltage source converter.

To overcome the aforementioned issues, high-power converters that can gener-
ate very high voltages came into realization when Professor Marquardt had made a
breakthrough in the year 2002 by introducing the concept of MMC with half-bridge
submodules [30]. A major feature of the MMC is that no common capacitor is
connected at the dc side, unlike the above two topologies.

An MMC comprises of N identical half- bridge submodules that are stacked
up in series to form an arm. The upper and lower arm together in one phase
represents a phase leg. The configuration of an MMC is shown in fig. 2.7. Small-
sized inductors are equipped in the converter arms to suppress the circulating current
(negative sequence) and limit fault currents. The half-bridge submodule comprises
one two-level phase leg connected in parallel to a DC capacitor which will maintain
a direct voltage. The cascaded series-connected submodules split the switched DC-
link voltage amongst numerous DC capacitors to avoid the series connection of the
IGBTs. The MMC is controlled using a capacitor voltage balancing algorithm.

13
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Figure 2.7: Three-phase MMC with half-bridge submodules [28].

The capacitor voltages of each submodules must be balanced to maintain all
the DC capacitors on the same voltage level and to distribute the stress (power
losses) equally to the power units. The control of an MMC is determined by the
number of submodules that have to be inserted or bypassed during each switching
cycle. The half-bridge cells generate two output voltage levels due to the two-
quadrant operation and the switching states are depicted in table 2.1 and fig. 2.8.
The output voltage of each sub-module is given by V,, = s.V., where s is the
switching function.

Switches on | Cell output voltage
T1 +V.
T2 0 (bypassed)

Table 2.1: Half-bridge switching states.

The capacitor voltages of all submodules (cells) are periodically sampled at a high
frequency and sorted in ascending or descending order each time the control demands
a cell to be inserted or bypassed. The control system inserts or bypasses a certain

14
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Figure 2.8: Half-bridge commutation cells.
number of cells as per the criteria stipulated in table 2.2.
Cell state i, >0 i,. <0

Insert cell(s)

Insert and charge cells with
the lowest voltages

Insert and charge cells with
the highest voltages

Bypass cell(s)

Bypass and prevent charging of
cells with the highest voltages

Bypass and prevent charging
of cells with the lowest voltages

Table 2.2: Capacitor voltage balancing criteria.

The capacitor voltages of all the cells are balanced continuously by this method
ensuring optimized utilization of the stored energy [31]. Fig. 2.9 shows an example
of integrating a capacitor balancing algorithm in an MMC control. Further insights
on different topologies of MMC are given in [32].
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Figure 2.9: Capacitor Balancing Algorithm [18].

The MMC concept stands out especially for high-voltage grid-connected ap-
plications due to its modularity, excellent output voltage waveform and superior
control characteristics. MMC has become the foremost promising technology due
to its robust design, high efficiency and reliability [28], [31]. Tt can be easily scaled
to different high-power and voltage levels by simply stacking up the submodules .
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Furthermore, in high-voltage grid-connected applications, the number of submod-
ules in each phase leg would be approximately 100, and each module theoretically
only needs to be switched on and off once in a time period which greatly reduces
the switching losses of the valves. The switching frequency is also greatly reduced
to just a few times the fundamental frequency [28]. The MMC delivers an excellent
harmonic performance which may eliminate the requirement of additional filtering
equipment. As the submodules are modular and identical, it reduces the time in
the design and manufacturing process making it more available [28]. Another ad-
vantage of the MMC is that the control system has more flexibility in dealing with
dc side faults. During dc faults, the capacitors are not necessarily discharged and
as a result, the fault recovery can be faster [33].

On the negative side, the number of components is significantly increased.
The design and control of the MMC are complex. Furthermore, at low frequencies,
MMCs suffer from significant internal energy fluctuations, which must be absorbed
by the submodule capacitors [28]. This implies that the total energy stored in the
capacitors needs to be much larger at least than a two-level converter resulting in a
bigger capacitor size and hence an increase in cost.

It is also indispensable to consider the converter’s limitations in terms of active
and reactive power transfer capability for control design and stability analysis. The
active power capability of the VSC is determined by the converter-current limitation
which is imposed by the current-carrying capability of the converter valves. Since
both, active and reactive power contributes to the current flowing through the valves,
this limitation appears as a circle in a P-QQ diagram as depicted in fig. 2.10. The
maximum active power of the converter has to be limited when the VSC is supporting
the AC system by supplying or consuming reactive power to ensure that the valve
current is within its limit.
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Figure 2.10: P-Q diagram for a typical VSC-HVDC converter [26].

The reactive power capability of the MMC is determined by the under/over
voltage magnitude of the VSC (known as modulation index limitation). The VSC’s
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direct-voltage level imposes an overvoltage limitation. The under-voltage limit is
imposed by the main-circuit design and the active-power transfer capability, which
requires a minimum voltage magnitude to transmit the active power [26]. In this
regard, the converter transformer’s tap-changer can play a vital role in extending
the VSC’s reactive-power restriction and this could be an argument to use converter
transformers in VSC-HVDC systems. Fig. 2.10 illustrates the active and reactive
power capability curve with the aforementioned limitations for a typical VSC-HVDC
converter [18].

The fundamental base apparent power is defined as S, = P+ jQ = /3. V,. I’
The control of the active power flow between the converter and the AC system is
achieved by varying the phase angle (6) between the fundamental frequency voltage
generated by the converter V. and the AC bus voltage V,. If the reactor X; is
assumed to be lossless, the power is calculated by

V.V, sind
— 5,

P (2.1)

Similarly, the reactive power flow between the converter and the AC system is con-
trolled by varying the amplitude of the converter by adjusting the width of the
pulses from the VSC.

V2 — V.V, cosf
= - cn 2.2
Q o 22)

The converter’s maximum fundamental voltage is determined by the DC volt-
age. An HVDC Light converter’s reactive power generation and consumption capa-
bility can be utilized to compensate for the needs of the connected network while
staying within the converter’s rating. This makes the VSC-HVDC technology flexi-
ble for long-distance transmission of electricity without the need for any additional
reactive power compensation devices. The reactive power can be controlled inde-
pendently in both rectifier and inverter stations. Additionally, as mentioned earlier
there is no reactive power flow in an HVDC link which significantly reduces the
losses. The reactive power capabilities of an MMC can be traded against the ac-
tive power capability as the converter ratings are based on maximum currents and
voltages [34].

VSC-HVDC technology overcomes most of the inherent weaknesses of the
LCC-HVDC technology, especially the interconnection of weak ac systems where
the LCC technology requires a certain minimum network strength to ensure stable
operation. The two notorious weak ac system-related problems such as Temporary
Overvoltage (TOV) and low-order harmonic resonances are no longer major issues
when VSC-HVDC technology is deployed. VSC-HVDC has made the integration
of RES easy. It can provide black-start functions and in an emergency scenario,
it can function as the last defense to prevent the grid from blackouts [2]. From a
system point of view, the VSC acts like a motor or generator without mass that
can instantaneously control active and reactive power independently. Moreover, it
does not contribute to the short-circuit power as the AC current can be controlled.
As discussed earlier, no additional RPC devices such as huge capacitors, SVC’s and
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STATCOMs are required when VSC-HVDC technology is employed. With enormous
technology advancements in IGBT switching and conduction losses, increased volt-
age and current rating per device (6.5 kV /2000 A), compact MMC design, efficient
PWM switching techniques, and overall control system design and optimization,
today, the losses per converter station are brought down to less than 1% [10], [35].

Further advantages compared to the LCC-HVDC technology are the smaller
footprint of the converter station site, insignificantly small filters, fast active power
reversal, and inherent dynamic reactive power support in each converter station. The
VSC avoids commutation failures arising from disturbances in the ac network. The
extruded polymeric cable system enables long stretches of land cable installation and
reduces the cable cost [36]. This technology also minimizes environmental impact
and improves the quality of the power supply. By utilizing VSC-HVDC technology,
power can be manipulated as per the grid-code requirements and also maintain
power security.

Aside from the advantages listed above, the most salient feature is that a VSC-
HVDC system has an unlimited connection capability with ac systems, meaning that
with properly designed control systems, a VSC-HVDC system may be connected to
any type of ac system (especially connecting asynchronous grids) with N number of
links. The HVDC Light technology has taken great strides with outstanding features
and has arguably become one of the two main alternatives for HVDC transmission
eventually extending the dc transmission technology to ever broader application
fields. This technology will be the backbone of a DC Super grid to transmit bulk
power through congested areas. These massive overall advantages make the VSC-
HVDC technology the most attractive choice for integrating large OWFs.

2.3 Application of Flexible AC Transmission Sys-
tems

FACTS are power electronic-based devices that are mainly used to regulate the bus
voltage and enhance the active power transfer capability of the power system. Also,
FACTS devices are used at the distribution level to enhance power quality. These
devices alleviate large dynamic swings between different parts of the system and
bottlenecks in the transmission lines thereby improving the reliability of the power
system [37]. They are very much flexible in control. The application of FACTS is
categorized into transmission level and distribution level:

o At the transmission level, FACTS devices are mainly used for power flow en-
hancement and control, voltage and reactive power control, power oscillation
damping, maintaining system stability and stabilizing voltages in weak net-
works. These deal with the system dynamics.

o At the distribution level (1 kV - 38kV), FACTS devices are mainly used for
voltage dip mitigation, interruption mitigation, flicker mitigation, active filter-
ing and reduces reactive power absorbed from the main AC grid. These deal
with the power quality and custom power devices are typically used.
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2.3.1 Power Quality

In order to meet the ambitious ‘Carbon-Neutral 2050” goal set by the EU, tremen-
dous efforts are being made to decommission the existing fossil fuel-based power
plants and to generate sustainable green energy through RES like wind, solar, hy-
dro, etc. Huge projects in terms of RES integration are being planned and executed
all over the world today. When this bulk power is being generated, it is indispensable
to ensure that the generated power is efficiently integrated into the existing grid and
utilized with the least possible losses. For this, the quality of the power should be
maintained well throughout the system right from generation to transmission and
distribution. To address the power quality issues, FACTS and custom power devices
are deployed.

Power quality includes all possible circumstances in which the waveform of
the supply voltage (voltage quality) or the load current (current quality) deviates
from the sinusoidal waveform at the rated frequency with amplitude corresponding
to the rated value for all three phases of a three-phase system. The power quality
phenomena can be classified into two categories:

1. Voltage quality phenomena. The quality of the voltage is affected due to
the following disturbances that occur from the source side:

o Lightning surges on an overhead transmission line can cause transient
overvoltages in the power system.

e Switching surges can occur while energizing or disconnecting a transmis-
sion line and during capacitor switching resulting in transients or TOV
in the system.

e Another most common cause is the short-circuit faults in the power sys-
tem which causes voltage dips/sags.

These phenomena cause overvoltage and undervoltage issues. Overvoltages

can permanently damage a sensitive load while undervoltages can cause mal-

functioning of the equipment.

2. Current quality phenomena. The quality of the current is affected due to
the following disturbances that occur from the load side:

o Starting of huge induction motors in industries can cause transient over-
currents in the power system. The motors draw a significant amount of
reactive power from the grid thereby increasing the load current.

e Non-linear loads such as diode or thyristor rectifiers produce a lot of
harmonics in the system.

o Rapidly varying loads such as arc furnaces can cause periodic current
fluctuations leading to power-line flicker.

These phenomena cause overcurrents and harmonic current distortion issues.
Overcurrents heats the system and permanently damage a sensitive load while
harmonic current distortion can cause increased losses and overheat. More-
over, a distorted current affects the voltage quality of the system as current
and voltage are tightly co-related.

To combat all the aforementioned power quality problems, appropriate FACTS de-
vices are installed in the AC system. A list of FACTS devices with their application
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Power Electronics Applications in Power Systems

Transmission level Distribution level
Device Function Device Function
SVC elements
such as Thyristor
Controlled Shunt connected Reactive power
Reactor (TCR), | devices that regulate | SVC com ensart)ion
Thyristor bus voltage. P '
Switched
Capacitor (TSC).
Voltage regulation
Shunt connected and reactive power
power electronics- control, flicker
2;[;?;5(301\/[ o based VSC used for | Distribution mitigation, current
reactive power Static active filtering.
Synchronous . e
Condenser compensation. Compensator Mitigation of voltage
Dynamic operation | (D-STATCOM) | dips and short
(STATCON) o . . .
due to fast switching interruptions is
times of the IGBT’s. possible by integrating
energy storage.
Series compensator
used to enhance
Thyristor active power ﬂ'ovsf,
boosts transmission e
Controlled . . Mitigation of voltage
. capability, dampen Static Transfer . . .
Series 1 . dips and interruptions
: power oscillations, Switch (STS)
Compensation . by fast load transfer.
improved voltage
(TCSC) .
regulation and
reactive power
balance.
Series variant of
STATCOM Mitigation of voltage
used to regulate dips, voltage active
Static active and . filtering. Drawback-
. Dynamic "
synchronous reactive power, Voltage Cannot mitigate
series dampen Res to%er interruptions due to
compensator power oscillations. (DVR) series connection
(SSSC) Drawback- and also complex
problematic issues with protection
protection issues schemes.
with the VSC.

Table 2.3: FACTS devices and functions.

is shown in table 2.3. From table 2.3, it is evident that the STATCOM’s are capa-
ble of carrying out more functions in both the transmission and distribution level.
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The STATCOM’s are an attractive choice especially for providing dynamic volt-
age support in interconnecting weak ac grids eg., integrating OWFs and hence the
STATCOM will be used in the analysis of the thesis. A detailed explanation of the
FACTS devices and their applications can be found in [37], [38].

2.4 Types of Grid-connected Wind Turbine Gen-
erators

1. Type 1: Induction generator (WT-IG)

This type is a fixed-speed wind turbine system equipped with a multiple-stage
gearbox and a standard squirrel-cage induction generator (SCIG) which is di-
rectly connected to the grid through a step-up transformer as shown in fig.
2.11. The induction machine (IM) rotates with a rotor speed (close to the syn-
chronous speed) which is determined by the frequency of the grid and it does
not need to be controlled. Since the SCIGs always draw reactive power from
the grid, typically, this type of WTGs is equipped with mechanically switched
capacitor banks to provide the necessary reactive power compensation. The
circuit breaker acts as a protection device that disconnects the generator and
the capacitor from the grid in the event of a fault.

SCIG wT
/.\ transformer I L E
OO0
Grid
PFC I Collector
Capacitors = Bus

Figure 2.11: Type 1 WTG

This basic concept is robust, easy and comparatively cheap for mass pro-
duction. It enables stall-regulated or pitch-controlled WTGs to operate at a
constant speed and frequency when connected to a large grid [39]. The main
disadvantage is that the speed is not controllable (fixed rotor resistance) and
variable only over a very narrow range. Furthermore, the system is subjected
to severe mechanical and fatigue stresses due to the fixed speed concept where
the wind speed fluctuations are directly transformed into electromechanical
torque variations [39).

2. Type 2: Wound rotor induction generator (WT-WRIG)
This type is similar to type 1 WTG but uses a WRIG with variable rotor resis-
tance (VRR) connected to the rotor and is controlled using power electronics
as shown in fig. 2.12. The machine’s stator is directly connected to the grid.
In this way, the torque (rotor speed) of the generator can be controlled by
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varying the slip [40]. Typically, the limited variable speed range is less than
10% above the synchronous speed. The major drawback of this concept is that
big resistors are required to have a good dynamic speed control range but this
eventually also results in significant power loss [39].

WT
SCIG transformer 3 E
THO—T——CO— -0
I Grid
Collector
VRR L prC Bus

Capacitors

Figure 2.12: Type 2 WTG

3. Type 3: Doubly-fed induction generator (WT-DFIG)

This type utilizes a DFIG machine which is a variable speed wind turbine with
a WRIG as shown in fig. 2.13. The rotor is connected to partial-scale back-
to-back voltage source power electronic converters (PECs), typically 25-30%
of the size of DFIG [39]. The machine’s stator is directly connected to the
grid. Conventionally, the rotor side converter (RSC) regulates the generator’s
active and reactive power, while the grid side converter (GSC) regulates the
DC-link voltage to maintain DC voltage stability [40].

WT
SCIG transformer L E
g Q D0
Collector erid
—G + ﬂ— Bus
RSC GSC

Figure 2.13: Type 3 WTG
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The PEC controls the rotor frequency and speed. This concept utilizes and
controls the energy in a much efficient way rather than dissipating the energy
(loss) through the VRR as in type 2 WTG. In this way, the rotor speed of
the DFIG is controlled in a much wider range converter, typically, the variable
speed range is +30% around the synchronous speed [39]. The active and re-
active power can be effectively controlled from the WTG to the grid through
the PEC and hence the need for a capacitor bank is eliminated. This concept
is also attractive from an economic point of view due to the small-sized PEC.
Furthermore, type 3 WTGs have FRT capability but during severe grid fault



2. Theory

conditions, this becomes an issue as the large stator currents induce large rotor
currents, so the PEC has to be protected from getting damaged [39]. Large
stator peak currents, on the other hand, may result in significant torque loads
on the drive train of wind turbines. As the speed range for a DFIG is far from
an ordinary turbine speed of 10-25 rpm, a multi-stage gearbox is still neces-
sary for the drive train. Moreover, slip rings are required to transfer the rotor
power along with the PEC which requires regular maintenance and might also
result in machine failures and losses.

4. Type 4: Induction or Synchronous generator with full-scale con-
verter interface (WT-PMSG)
This type utilizes an IG or PMSG (Permanent Magnet Synchronous Gener-
ator), a variable speed wind turbine with a direct-drive generator (without a
multi-stage gearbox) connected to the grid through a full-scale back-to-back
PEC with the same power rating as the machine as shown in fig. 2.14. The

PMSG Wt
transformer I E
_L n
13+ [BH——— )—&—m«—@
Grid
RSC GSC Collector

Bus

Figure 2.14: Type 4 WTG

control scheme of the RSC and GSC is the same as type 3. Type 4 is a more
attractive technology as it overcomes the problems of type 3 WTGs. The full-
scale PEC can perform smooth grid connection over the entire speed range
as compared to type 3. The type 4 WTG has good isolation from the grid
side disturbances and hence, it offers better reactive power compensation and
LVFRT capability compared to type 3. Additionally, by omitting the gearbox,
heat dissipation from friction, regular maintenance and noticeable noises are
eradicated giving a robust performance [39]. The drive train is also simpli-
fied. Typically, PMSG with self-exciting magnets in the rotor is used as it has
a higher power factor and efficiency [40]. Furthermore, the absence of rotor
windings reduces the excitation losses and size of the generator and also very
low maintenance. The drawback is that this technology is costly due to the
full-scale PEC and also higher power losses from the power electronics since
all the generated power has to pass through the converter. This also makes
the protection system complex. As the overall advantages of type 4 WTGs
outweigh type 3, type 4 is a more attractive and promising option that is
typically used in OWFs. Therefore, in this thesis type 4 WTG is used.
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2.5 Challenges in interconnecting Offshore Wind
Farms

e The main challenge lies in transmitting the bulk power that is generated from
the OWF to the onshore AC grid as efficiently as possible with minimum losses.
Losses are the biggest "enemy" when it comes to electric power transmission
for longer distances. To realize the full potential of the OWF, new electric
connections and cost-effective designs with improved reliability and efficiency
are required.

o A critical issue of the HVDC-based OWFs is the LVFRT, in which the wind
farms are required to be connected to the AC grid during grid faults and
disturbances. The OWF system should have LVFRT capability for effective
resilient grid operation during severe faults.

o As the existing synchronous generators are being de-commissioned to pave
way for 100% RES in the future, the voltage and frequency stability is lost.
To overcome this major problem, grid-forming converters must be integrated
to provide the necessary voltage and frequency support during island mode
operation and blackouts.

2.6 Strength of the Grid

As discussed in section 2.2.1, the strength of the AC grid affects the operation of an
LCC-HVDC system. The strength of an AC system is measured by the SCR which
is the ratio of the AC system’s short-circuit power to the rated power of the HVDC
link. If this value is less than 2-3, the AC system is considered weak. As per [23],
SCR is defined as

Sac
Pdc

where Py is the rated DC power of the HVDC link and S,. is the short-circuit
capacity of the AC system at the filter bus which is expressed as

SCR =

(2.3)

Sac = V7f2 ~ Vf2
Z wiLy,
where Z is the equivalent impedance of the ac system, wy is the angular frequency
of the ac system and L, is the inductance of the ac system. Eq. 2.3 can be further
simplified by assuming the filter-bus voltage to be identical to the base value of the
AC system, i.e., V; = V,. and Py, to be equal to the base power of the ac system,
ie., Soe = Pye. If wiL, is expressed in per unit value, then from eq. 2.3 and 2.4,

(2.4)

1

SCR =
wan

(2.5)

The strength of the AC system as per [23] is classified as shown in table 2.4.
In a weak AC system, reactive power can be compensated by placing RPC devices
such as SVCs, STATCOMs and synchronous compensators at the point of common
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SCR of AC system | Strength of the grid
SCR >3 Strong
2 <SCR <3 Weak
SCR <2 Very weak

Table 2.4: SCR and strength of the grid

coupling (PCC) to improve the SCR [41]. The characteristics of a strong and weak
grid are given in table 2.5.

No. Strong grid Weak grid
Low inertia (e.g. island mode)

and high equivalent impedance
of the AC network.

High inertia and low equivalent
impedance of the AC network.

High short-circuit current

2. | capacity and protection capability
against faults.

3. | More stable against perturbations. | Unstable against perturbations.
High damping against

High short-circuit current capacity
and vulnerable to faults.

4. destabilizing torques. Very low damping effect.
Seoiiiat?[i(z)lriacg; ziiiirezzznfl}e/nce Unstable voltage and frequency,
5. & p Y ’ and thus prone to flickering and

lesser voltage and frequency

fluctuations. outages.

Table 2.5: Strong grid vs Weak grid

2.7 Grid-Following versus Grid-Forming Control

Grid-following (GFL) employs voltage-based synchronization that measures or es-
timates the voltage angle and frequency of the grid to synchronize the converter
with the grid. If a converter’s control strategy does not employ a voltage regulator
and the frequency is obtained from sensing the phase of the voltage bus, then the
frequency is locked to the corresponding bus by a Phase-locked loop (PLL), then
it’s called grid-following control. It is called GFL control since they follow the phase
of grid voltage. A generic control structure of a GFL control is shown in fig. 2.15.
GFL controls the current injection and phase angle with respect to a PLL. Existing
grid-tied converters operate as grid-following sources that rely on the high stiffness
of the grid as it works with vector current control (VCC) for regulating the active
and reactive power exchanged with the grid. In this way, the active and reactive
power can be controlled independently through decoupling similar to the control of
flux and torque of a motor with d and g- axis control. In GFL control the active
and reactive power is controlled d and g- axis current respectively. The obtained
current reference generates the three-phase voltage reference to the converter. As
the control strategy works on VCC, it does not work well with weak grid conditions
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Figure 2.15: Generic structure of a grid-following control

that require self voltage and frequency regulating capability. Standalone operation
is not possible.

Grid-forming (GFM) employs power-based synchronization to utilize the active
power-frequency droop control similar to the synchronization of SGs to synchronize
the converters with the grid. If a converter’s control strategy directly incorporates
a voltage regulator by giving the desired voltage reference and if its frequency is
generated (and not sensed from the voltage bus), then it’s called grid-forming con-
trol. GFM converter can generate and control the required voltage magnitude and
frequency of the grid. A generic control structure of a GFM control is shown in fig.
2.16.

PCC
+ Lc | L” E
Va == Cu | 228 D — 0
- iabc Vabc GI'ld
T ;
PWM abc/ N P abe/ | Y —o
T dq dq
) 1%
abc 0 . dq
dq Lag
v " v
Current | ag Voltage *
Controller Controller v

Figure 2.16: Generic structure of a grid-forming control

GFM converter can operate AC grids with or without rotating machines. GFM strat-
egy allows a VSC to mimic synchronous generators for droop-based load-sharing,
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synthetic inertial-emulation, synchronized and blackstart capability. GFM converter
behaves as a voltage source that can be fully utilized in weak grid conditions such
as the interconnection of large OWFs and photovoltaic systems, standalone opera-
tion (island), and HVDC systems. As the current electricity generation is aiming
towards 100% RES in the future to meet the de-carbonization goals, GFM must be
a requirement to have grid resiliency and smooth operation after severe faults and
blackouts in the system. Further insights on GFL and GFM control strategies can
be found in [3], [42]-[44]

2.8 Power-Synchronization Control

PSC is a grid-forming control introduced in [26]. PSC strategy is used in this
thesis as it has demonstrated strong performance in weak networks such as the
interconnection of OWF. Two major problems of vector current control in weak
AC system interconnection are resolved using PSC. First, the presence of low-order
harmonic resonances can interfere with the fast-inner current control loop which in
turn limits the control performance of the VSC [45], [46]. Second, the resonances
and non-linearities due to the interaction between the PLL and AC filter which again
induces difficulty in controlling the VSCs [46]-[48]. By using PSC, these problems
are avoided.

dw dw

J, d:l:Tml_Tel J2d—;12:]-'e2_Tm2
SM, SM,

Figure 2.17: Synchronization mechanism between SMs in an ac system

PSC emulates the principle just like the synchronization mechanism between syn-
chronous machines (SMs) connected to an AC grid as shown in fig. 2.17. SM1 and
SM2 operate as a generator and motor respectively. X denotes the total reactance
of the SMs and the AC line interconnecting the machines. The maximum power
that can be transmitted from SM1 to SM2 is given by

E1 EQ sin 0

e (2.6)

where 6 denotes the angle between Electromotive Forces (EMFs) E1 and E2. The
well-known Swing equation governing the synchronization of a synchronous machine
is given by

dw,y,

J T T, —T. (2.7)
where J is the total moment of inertia of the rotor mass, w is the rotor speed, T,, is
the mechanical torque supplied by the prime mover and T, is the electrical torque
output of the alternator.
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As P = wT, the generated power of an SM is directly proportional to the torque.
Hence eq. 2.7 becomes

dw dw
J —= - Pm - Pe 9 —=

Yt dt
where P,, and P, respectively are the mechanical and electrical power. Disparate
the swing equation where double integration is required to obtain the electrical angle
from the electric power; which inherently leads to low stability due to poor phase
margin, the Power-Synchronization loop (PSL) directly gets the phase angle by only

employing a single integration as eq. 2.9

— (2.8)

dAf
J— =K, (P, — P.) (2.9)
dt
which yields a higher stability margin [26]. Just like a synchronous machine, the
terminal of the VSC can provide strong voltage support for a weak AC grid intercon-
nection system. The PSC strategy controls the active and reactive power directly

using the phase-angle and voltage magnitude of the AC system without using the
PLL.

2.8.1 Power-Synchronization Control of Grid-connected VSCs

This section describes the overall control design of the MMC-HVDC with PSC used
in the thesis. The overview of the control loops is shown in fig. 2.18
» Power-Synchronization Loop (PSL). The control law is given by

K
0y = —L (Pt — P) (2.10)
S

where 6, provides the synchronization angle to the MMC, i.e., wt = wyer t +6,.
This is the fundamental control loop of the PSC which maintains synchronism
between the MMC and the AC system, and is also the active power control
loop as shown in fig. 2.18. The output signal wt is obtained by converting the
power control error between the measured PCC (point of common coupling)
power and the reference power to a frequency deviation and then integrating
it to an angle increment. The converter voltage reference V<, is transformed
from dq to stationary frame with the angle information provided by wt signal
[49]. The mathematical steps involved in the abc to dq transformations is
described in appendix A.1

o Alternating Voltage control (AVC). The control law is given by

k.,
AV = = (Vg = V) (2.11)

where AV provides the change in the voltage magnitude which is then fed
to the voltage control law as the reference. The AVC loop is designed as an
integrator with a gain to suppress high-frequency disturbances.
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Figure 2.18: Overall control scheme with Power-Synchronization Control

o Reactive Power control (RPC). The control law is given by

AV = (qu + ) {Qref Q} (2~12)

It is recommended to operate the MMC—HVDC in AVC mode to give the AC
system best possible voltage support especially when the system is intercon-
nected to a weak system. Reactive power control could be added to the refer-
ence of AVC loop if required and then the added amount should be limited [26].

» Voltage Vector Control (VVC). The proposed control law for the voltage vector
of the MMC is given by

where Vj is the nominal voltage 1 p.u. and AV is derived from the AVC.
Hyp (s) is a high-pass filter that is used to dampen out the grid-frequency
resonant poles for low resistance grids, expressed by

ref

K,s
54
where bandwidth «, is selected low enough in the range 30 rad/s - 50 rad/s
to cover all the possible resonances in the AC system and the gain K, deter-

mines the level of damping effect which is mostly selected between 0.2 p.u.
and 0.6 p.u. [26].

Hyp (s) = (2.14)
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o Direct Voltage Control (DVC). The control law is given by

K\ (Vi) = Vi
) 7

If the MMC is assumed to be lossless with a much faster AC control loop than

the direct voltage control loop, the power that goes into the DC-link is the

input active power from the PCC, i.e., iy = P/V4.. The energy stored in the
DC capacitor is Cy.VE/2 Then the DC-link dynamics can be written as [46]

Pref - (Kpd + (215)

1 dVig
3G =P-P (2.16)
CacVy, dAdi/dc = AP — APy (2.17)

where P, = Vg.i2 The closed-loop dynamics will depend on the operating
point V{. if the DVC directly operates on the error between Viet — V.. To
overcome this issue, the DVC is designed as a PT controller that operates on
the error between [(Vieh)2 — V2]/2 [46], [50].

Backup Phase-Locked Loop. The PSL cannot be applied in two scenarios.
First, when the MMC is blocked and during this period, the PLL provides the
synchronization angle before deblocking the MMC. Second, during AC system
faults, the converter has to limit the fault current, so it switches to backup
PLL. This is due to the fact that during the current limitation process of the
converter valve, it follows the vector current control and moreover PLL works
by the coordination of the VCC whereas PSL cannot be applied as it works
on voltage control law. The backup PLL and PSL switching scheme is shown
in fig. 2.19

Angle
correction

K ,.PLL O +
>
A

Backup-PLL

Pref + k[,
A S
P PSL

——> Imfuf} > K+

Figure 2.19: Bumpless-transfer angle synchronization scheme [26].
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o Anti-windup scheme for AVC. With PSC strategy, the AVC controls the d

component (voltage-oriented system) of the voltage reference (V}*') which is

the magnitude of the VSC. However, Vdref might be limited during AC system
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faults or transients. During such scenarios, occasionally, V}*f becomes higher

than the maximum value of voltage that the VSC can produce resulting in
over-modulation. This is more common with weak ac network connections,
where a relatively higher VSC voltage magnitude is required to maintain the
filter-bus voltage at its nominal value. In such scenarios, it is important to
design the anti-windup for the AVC. The anti-windup scheme of the AVC
works on the same principle as the bumpless-transfer strategy of the PSL as
shown in fig. 2.20 When the AVC is limited, the anti-windup scheme integrates
the error between Vi and Vdref, and feeds it back to cancel the integrator of
the AVC [26]. v is chosen large enough such that the output Vi tracks the
limited d component reference Vjef and once the limitation is lifted, the AVC
resumes normal operation.

Modulation
Currrent index
limitation limitation

ref aref

Uref + AV+ Vy _/_ _/_ vd
U_ AVC

f
Vo — Hyp (8)iy,

\ 4

©“ ‘;*

1
A

Figure 2.20: Anti-windup scheme for alternating voltage controller [26].

o Current-Limitation Controller (CLC). As the PSL cannot limit the over-current
during the fault, a current controller as eq. 2.18. is proposed in such a way
that during fault scenarios it limits the current to the maximum current rating
of the valve (IGBT) and during normal operation simplifies itself to voltage
vector control law (inserting eq. 2.18 in eq. 2.19 gives eq. 2.13). Hence,
during a fault, the converter control goes to CLC mode and at the same time
generates a signal to seamlessly switch to PLL to keep the MMC synchronized
with the AC system [26]. Once the fault is cleared, the system resumes normal
operation by switching back to PSL.

1

oL,

[(Vb + AV) — Hyp (s)i; — Hup(s)V§ — jwchiZ} +i;  (2.18)

lref =

Viet = el (fref — 17) + jwi Ll + Hyp(s)u§ (2.19)

ref

2.9 MMC Control and Design

In this section, a brief explanation of the lower-level controls and design aspects of
the Modular Multilevel Converter are given.
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2.9.1 Lower level controls

The lower level controls generate the firing pulses for the submodules to produce
the desired AC voltage waveforms. The three-phase voltage references generated
by the upper-level controls are fed as input to the lower-level controls. The lower
level controls are responsible for the modulation scheme, capacitor voltage balancing
controller (explained in section 2.2.2) and Circulating Current Suppression Control

(CCSC).

 Phase-shifted Pulse-Width Modulation (PS-PWM) is a carrier-based PWM

that defines the switching pattern of the IGBTs in the submodules . Due to
the N number of submodules in each arm, N number of triangular carrier waves
is required. All triangular carriers have the same frequency and peak to peak
magnitude but phase-shifted between two adjacent carrier waveforms given
by # = 27 /N. Due to the phase-shift between the carriers, the first band of
harmonics gets shifted more towards the higher side of the harmonic spectrum
and hence the resultant voltage waveform’s harmonic content is extremely low.
The modulating reference signal is a sinusoidal wave with adjustable magni-
tude, frequency and phase angle. The firing pulses are generated by comparing
the modulating wave with the carriers as shown in fig. 2.21. By having high
MMC levels with an effective switching frequency, the total harmonic distor-
tion (THD) is very low (< 2%) and as a result, different modulation schemes
exhibit similar harmonic performance [51]. The requirement of a filter is al-
most eliminated due to excellent harmonic performance.

Triangular functions

\Y

Figure 2.21: PS-PWM technique [51].
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o Circulating Current Suppression Control (CCSC). As the three-phase legs of

the MMC are stacked with several cells that are connected in parallel to a DC
terminal, there exists an inner-circulating current between the phase legs that
rotates with a double-fundamental frequency (negative sequence) due to the
inequality between the three-phase generated voltages [52]. This circulating
current distorts the arm current and hence the quality of the sinusoidal wave-
form is affected. This problem can be reduced by increasing the size of the
arm inductors, but the cost incurred would be high. Hence, the CCSC is im-
plemented based on the double-fundamental frequency to eliminate the inner
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circulating currents by transforming the three-phase circulating currents to dq
frame and then controlled separately by PI (Proportional Integral) controllers
as shown in fig. 2.22 [52]. The outer dynamics (voltages and currents) of the
MMC at the AC side are not affected due to this control strategy. Detailed
explanation of CCSC is given in [52].

Figure 2.22: Circulating Current Suppression Control in dq frame.

2.9.2 Selection of Number of Submodules and Redundant
Submodules

The number of submodules (SMs) is calculated in such a way that the total voltage
of one arm sums upto the DC link terminal voltage, i.e., Va1 = Ngm.V. = Vg where
Ny is the number of SMs, V. is the DC capacitor voltage rating of the SM or IGBT
voltage rating. Therefore, Ny, = Vge/Ve.

It is also important to consider the redundant submodules while designing
the MMC because the highest failure rate of the components in any converter valve
occurs from the power electronics part such as the IGBT module and its driving
electronic circuit [36]. In case of such sub-module failures, the MMC must continue
its normal operation without deteriorating its performance and to achieve this fault-
tolerant operation additional SMs called Redundant SMs are integrated into the
arms [53]. Due to these redundant submodules, even if a sub-module fails, the
faulty submodule will be shorted out and the healthy ones will continue their normal
operation without any interruption. The faulty IGBT can be replaced during the
time of the next scheduled maintenance. In this thesis, 10% redundant SMs are

added [53].

2.9.3 DC Capacitor sizing of Submodules

The size of the DC capacitors must be significant enough to maintain an approximate
constant direct voltage while carrying significant currents at low harmonic order,
usually fundamental and second [28]. Oversizing the submodule capacitance simply
increases the overall cost of the MMC significantly whereas an insufficient capacitor
value produces a high voltage ripple. A detailed methodology is presented in [54]
for calculating the energy storage requirements in an MMC. The nominal energy
stored in one submodule capacitor is given by
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1
Esm = 5 Csm‘/;il (220)
where Cy,, is the SM capacitance and Vj,, is given by
Vdc
Vom = 2.21
N (2.21)

where Vg, is the DC link voltage and N, is the number of SMs per arm. The
nominal energy storage per arm then becomes

Nsm
Enom = 7 C’sm‘/s?n (222)

Therefore,
2 Ngm E.
Csm — Ssm nom
VdQC

The required nominal energy storage in the MMC per transferred VA (Volt-Ampere)
is approximately 42 kJ/MVA if the system injects nominal reactive power into the
grid with the maximum modulation index [54], [55]. In this approach, the nominal
energy storage by arm is calculated by

(2.23)

b _ A2KI/MVA. Spe
nom 6

(2.24)

2.9.4 Selection of Arm Inductance

The role of the arm inductance is to suppress the transients in the circulating current
(negative sequence) and limit fault currents. For grid-connected applications, the
arm inductors could very well be in the range of approximately 0.10-0.15 p.u. [28],
[54] In this thesis, a value of 0.28 p.u. is chosen as used in [54].
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Verification and Validation of
Power-Synchronization Control

In this chapter, the designed overall control scheme of Power-Synchronization Con-
trol will be verified and validated by applying it in the interconnection of two AC
grids.

3.1 System description and modeling

The back-to-back MMC-HVDC system is connected to a very weak AC grid of
SCR=1 as depicted in fig. 3.1. The back-to-back MMC’s are equipped with GFM-
PSC. The converter station connected to the weak grid controls the Active power
transfer whereas the converter station connected to the strong grid controls the
DC link voltage. The technical details of the system are given in appendix B.1.
The simulations will be carried out using PSCAD/EMTDC to demonstrate the
performance of PSC.

PCC PCC
HVDC Link
E L 400/183 kV 4| @ J_ I }_ 183/400 kV I E
i +£150 kv i
Weak AC grid Rectifier station Inverter station strong AC grid
MMC MMC

Figure 3.1: Back-to-Back MMC-HVDC interconnected to two AC grids.

3.2 Step tests for Active power control and DC
link voltage control

The performance of active power control and DC link voltage control is verified by
giving step changes as per [56]. In fig. 3.2, active power is varied in steps of +0.2

p.u. to verify whether the controller follows the reference. Initially, the system is
energized and the converters are deblocked. The reference steps are manually given
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3. Verification and Validation of Power-Synchronization Control

from 0.6 s. In fig. 3.3, DC link voltage is varied in steps of +0.2 p.u. to verify
whether the controller follows the reference.
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Figure 3.2: Active power control for SCR = 1.

3.3 Low-Voltage Fault Ride-Through Analysis

In this section, the LVFRT capability of the system is analyzed by applying a three-
phase fault at the weak ac grid while transferring active power from the weak grid
to the strong grid.

Fig. 3.4(a) shows the three-phase voltages at the MMC terminal. Fig. 3.4(b)
depicts the deblocking and power ramping-up process of the MMC. From fig. 3.4(c),
it is clear that before deblocking the MMC, PLL (fpyy,) is used as its synchronization
angle and during this time the PSL angle (fpgy,) is forced to be equal to fprr,. When
the MMC is deblocked at 0.3 s, PSL takes over the synchronization angle and ramps
up the active power. As the power is being ramped up, the PLL traces the PSL
and becomes equal when the system reaches a steady state. At 1.3 s, a three-
phase fault with a duration of 0.2 s is applied on the weak AC grid. The control
system on detecting the fault (either by current limitation controller or by sensing
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Figure 3.3: Cascaded DC-Link and Active-Power Control.

the voltage magnitude drop of the AC system) switches the synchronization angle
of the MMC seamlessly to the backup-PLL. Once the fault is cleared, the PSL takes
over the synchronization angle and resumes normal operation. This demonstrates
the bumpless-transfer scheme between the PSL and the backup-PLL. The converter
valve current increases (over-current) during the fault and after sensing the fault,
the current is limited to half of the load current by the current limiter as shown in
fig. 3.4(d). Fig. 3.4(e) shows the limitation of the d component of the MMC voltage
reference (V%) by the current controller during the fault. The anti-windup scheme
of the alternating voltage controller is similar to the bumpless-transfer scheme of
the PSL, where the voltage output of the AVC is re-directed to follow the limited
voltage reference [26]. Fig. 3.4(f) depicts the total capacitor voltages of the upper
and lower arms (zoomed).
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Figure 3.4: (a) Three-phase MMC terminal voltages. (b) Active power of the
MMC-HVDC link. (c¢) PSL and PLL synchronization angle. (d) MMC valve current.
(e) d component of the MMC voltage reference. (f) Total capacitor voltages of upper

and lower arms (zoomed).
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Test System 1: Back-to-Back
MMC-HVDC

In this chapter, state-of-the-art back-to-back MMC-HVDC' system with the intercon-
nection of the Offshore Wind Farm will be modeled and studied. The overall system
will be analyzed during LVFRT conditions, island mode and passive mode operations.

4.1 System description and modeling

The back-to-back MMC-HVDC system is connected to an OWF as depicted in
fig. 4.1. The wind system is obtained from the PSCAD model which uses the
traditional Grid-following-Vector Current Control (GFL-VCC) to control the back-
to-back converters of the wind turbine. The GSC regulates the DC link voltage
and AC voltage whereas the RSC controls the active power and AC voltage at the
terminal of the PMSG machine. Later in the thesis, the control system will be
replaced with GFM-PSC to study its benefits.

The back-to-back MMC’s are equipped with GFM-PSC. Usually, the onshore
MMC controls the DC link voltage and the offshore MMC controls the active power
transfer. But, for a weak AC system interconnection, it is recommended to have
DVC control on both of the converter stations for faster recovery of the DC link
voltage [26]. For instance, if there is a fault on the offshore grid, the onshore MMC
can control the DC link voltage and vice-versa so that the DVC can be maintained
around its nominal value. The bandwidth of the inner PSC should be atleast four
times greater than the DVC loop [26]. The technical details of the system are given
in appendix B.1.

PuSG RSC G5 0.69/33 KV
— ;i ) PCC
_"(} T - OWF collection DC Chopper pcc
I | transformer 400/183 kV L 183/400 kV L E
| ! _i }7 "
i Wind Farm T@W T
| | 33/400 kv Onshore grid
_K:# T #:}'_ _(I)_l Offshore grid Offshore MMC RVDCLink  gnghore MMC
T Rectifier *150 kv Inverter
PMSG  mec P R

Figure 4.1: Back-to-Back MMC-HVDC interconnected to an offshore wind farm.
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4. Test System 1: Back-to-Back MMC-HVDC

4.2 Interconnection of Offshore Wind Farm into
AC grids

In this section, the interconnection of OWF into the offshore and onshore grids by
the back-to-back MMC-HVDC link is analyzed as shown in fig. 4.1. The perfor-
mance of the MMC-HVDC system is analyzed with a LVFRT condition at both
the converter stations with two scenarios. First, the LVFRT performance is tested
by transferring the active power from OWF to the Onshore AC grid. Second, the
LVFRT performance is tested by transferring the active power from the Onshore
to Offshore AC grid to demonstrate the bi-directional power transfer capability of
the IGBT’s. The MMC’s operate with the GFM-PSC strategy which forms and
controls the voltage and frequency of the respective offshore and onshore grids. The
simulations will be carried out using PSCAD/EMTDC.

4.2.1 LVFRT Analysis (active power transfer from Offshore
to Onshore)

Fig. 4.2 shows the graphs from the onshore station (inverter station). The OWF
is deblocked and ramped up to 160 MW at the beginning. The MMC’s are then
deblocked and the active power is transferred from OWF to the onshore AC grid.
At 1.6 s, a three-phase AC fault for 0.2 s is applied at the offshore grid (rectifier
station). The HVDC link voltage dips to 0.3 p.u. due to the sudden loss of power
from the OWF. The converter valve current of both the stations increase (over-
current) during the fault and after sensing the fault, the current is limited to half
of the load current by the current limiter.

At 3.6 s, a three-phase AC fault for 0.2 s is applied at the onshore grid (inverter
station). The offshore grid is not affected by the fault and hence the converter valve
current is within the limit but there is an over-current at the onshore side which
is limited by the current limiter. During an onshore fault, the HVDC link gets
overcharged as the OWF is not affected which continuously pumps power into the
HVDC link and it is not possible for the power to be evacuated at the onshore
side as the PCC voltage during the fault is zero. To overcome the HVDC over-
voltage problem, a chopper is integrated. Chopper resistors that are controlled by
IGBT switches are placed on the offshore HVDC converter station. The chopper is
designed with a hysteresis control in such a way that the HVDC link voltage does
not exceed 1.1 p.u. The chopper gets activated as soon as the HVDC link voltage
reaches 1.05 p.u. and will dissipate the excess power using the resistors thereby
avoiding an over-voltage situation as shown in fig. 4.2.

4.2.2 LVFRT Analysis (active power transfer from Onshore
to Offshore)

From fig. 4.3 shows the graphs from the onshore station (inverter station). In
this scenario, the system operation is the same as before except that the active
power is transferred from the onshore to offshore AC grid. At 1.6 s, a three-phase
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Figure 4.2: LVFRT capability of the MMC-HVDC link during three-phase AC
system faults at offshore and onshore grids while transferring active power from
OWF to the onshore grid.

AC fault for 0.2 s is applied at the offshore grid (rectifier station). The HVDC
link voltage actually increases to around 1.2 p.u as the current from the onshore
grid continuously charges the HVDC link during the fault and the power cannot
be evacuated similar to the previous case. The chopper gets activated when the
HVDC link voltage reaches 1.05 p.u. and prevents it from further over-charging
by dissipating the excess power. There is an over-current issue at the offshore side
which is limited by the current limiter. The onshore grid is not affected, and the
converter valve current is within the limit.

At 3.6 s, a three-phase AC fault for 0.2 s is applied at the onshore grid

41



4. Test System 1: Back-to-Back MMC-HVDC

(inverter station). The HVDC link voltage dips to 0.45 p.u. due to the sudden loss
of power from the OWEF. The converter valve current of both the stations increase
(over-current) during the fault and after sensing the fault, the current is limited to
half of the load current by the current limiter. After the fault is cleared, the system
resumes its normal operation.
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Figure 4.3: LVFRT capability of the MMC-HVDC link during three-phase AC
system faults at offshore and onshore grids while transferring active power from the
onshore grid to the offshore grid.

These two test scenarios clearly depict the bi-directional power flow capability
of the back-to-back MMC’s due to the IGBT switches.
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4.3 Island mode operation studies

In this section, the island mode operation of the OWF with the MMC-HVDC link is
investigated. The islanded system represents a weak grid. The system shown in fig.
4.4 is simulated using PSCAD/EMTDC which represents a typical island system.
The island mode operation is demonstrated by tripping the offshore AC grid.

oo ———————— n
Passive |
PCC assive
(( A load :
; S
<
( Q ) I
Offshore —> + :
e I
I

) ' MMC-
_< ZZ >_‘—<_ HVDC

|
+ I,

e LoL
1:)—0/ o—| v
-
|
|
|
|

AC network

v

Offshore

|

|

|

|

I

I

|

[

!

Wind Farm g: g L

|

|

[

|

|

|

|

|

|

I ACgrid
|

Figure 4.4: A typical island system.

4.3.1 Frequency droop control

During island mode operation, the MMC-HVDC will not have constant power con-
trol but it’s possible to control the frequency of the system. A frequency controller
is proposed with a low-pass filter with a gain as per [26]. A schematic of the same
is shown in fig. 4.5

= (121 Y "

where wyor and w are the reference and measured value of the angular frequency
respectively. K; and T} are the gain and time constant of the frequency controller
respectively. w is measured by taking the derivative of the angle output of the
active power controller (PSL) and the output of the frequency controller is added
to the power reference of the active power control. The frequency droop of the
MMC-HVDC link can be expressed as

1
Aw = —— (Pt — P) (4.2)
Kip Ty

The frequency control gives a frequency droop characteristic and with this feature,
the power shared by the MMC-HVDC and the OWF can be determined. If there are
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any other power generating units in the island system, the load sharing is determined
by the frequency droop of each power generating unit which is given by

o Wref — W
- *
APdroop

Rq

(4.3)

k A0, Island
s system

ref

Aw S

A

Figure 4.5: Frequency droop controller.

The performance of the MMC-HVDC system is analyzed with a LVFRT condition
at the offshore grid in three different scenarios as follows:

4.3.2 Island system exporting active power from OWF to
the onshore grid.

This test is to demonstrate the capability of MMC-HVDC during island mode oper-
ation while exporting the generated power from the OWF (160 MW) to the onshore
AC grid. The MMC-HVDC will provide voltage and frequency support to the off-
shore grid during island mode operation with GFM-PSC.

From fig. 4.6, the OWF is deblocked and ramped up to 160 MW at the
start of the simulation. The MMC’s are deblocked at 0.3 s and the generated OWF
power is transferred to the onshore grid. The offshore AC system is tripped at 1 s
which means that the system is now operating in island mode and the voltage and
frequency support is provided by the MMC-HVDC system. At 1.5 s, a three-phase
AC fault with a duration of 0.2 s is applied at the offshore grid. The system rides
through the fault smoothly. There is an over-current in the converter valve during
the fault which is limited by the current limiter. After riding through the fault, the
system resumes normal operation. The frequency of the offshore grid is maintained
at 50 Hz throughout the entire operation except for slight fluctuation after the fault
from 1.7 s to 1.9 s in the range of 49.95 Hz to 50.9 Hz.

4.3.3 Island system feeding the offshore load

This test is to demonstrate the MMC-HVDC’s bi-directional power transmission
capability during island mode operation. In this test case, the load at the offshore
is considered as 160 MW.
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Figure 4.6: LVFRT capability of the MMC-HVDC link during island mode oper-
ation.
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From fig. 4.7, during normal operation, the OWF will supply 80 MW to the
load, 50 MW by MMC-HVDC link with constant power control and the remaining
30 MW is balanced by the offshore grid. After entering into island mode operation
at 1 s, the power supply that is lost from the local grid (30 MW) will be powered by
the MMC-HVDC with frequency droop control which gets activated by detecting
the frequency using a transient frequency measurement device. The frequency of the
offshore grid slightly deviates to 49.9 Hz during island mode due to the frequency
droop characteristics.

At 1.5 s, a three-phase AC fault with 0.2 s is applied at the offshore grid.
There is an over-current in the converter valve during the fault which is limited by
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4. Test System 1: Back-to-Back MMC-HVDC

4.3.4 Passive mode operation

This test is similar to the previous one where the OWF is also tripped along with
the offshore AC grid at 1 s, and now it is a passive network with a load.
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Figure 4.8: LVFRT capability of the MMC-HVDC link during passive mode op-
eration.

From fig. 4.8, the system operation is the same as the previous case except that
when both the offshore AC grid and the OWF are tripped at 1 s, the MMC-HVDC
link powers the entire load. The frequency of the offshore grid further deviates to
49.7 Hz during passive mode due to the frequency droop characteristics. The power
order can be adjusted with the load to keep the frequency constant at 50 Hz. At
1.5 s, a three-phase AC fault with 0.2 s is applied at the offshore grid. There is an
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over-current in the converter valve during the fault which is limited by the current
limiter. The system again resumes normal operation after riding through the fault.

4.4 Summary

The simulation results illustrate the dynamic and versatile performance of the back-
to-back MMC-HVDC system during different operating conditions in providing the
necessary voltage and frequency support to the grid. This topology provides robust
performance during LVFRT scenarios at the offshore and onshore grids, and island
mode operations. The bi-directional power flow capability of the IGBT’s enables
the converter to reverse and transfer the power smoothly in either direction. It
is worth noting that when the MMCs are equipped with GFM-PSC, the voltage
and frequency are generated by the converters which resemble the behavior of a
synchronous machine. With such a control strategy the converter will be able to
overcome disturbances originating from the grid. The main highlight of this system
is that it provides robust performance while integrating weak grids such as OWFs
and that is why it is the preferred solution up to date.
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Test System 2: DRU-HVDC

In this chapter, the DRU-HVDC system with the interconnection of the Offshore
Wind Farm will be modeled and studied. The overall system will be analyzed during
LVFRT conditions and island mode operation.

5.1 System description and modeling

The DRU-HVDC system is connected to an OWF as depicted in fig. 5.1. The diode
rectifier is the most simple and robust AC-DC converter in high-power applications.
A small STATCOM is placed on the offshore grid to provide the system with the
required voltage support during island mode operation. Initially, the STATCOM
is assumed to be 100 MVA, which is half the rating of the onshore MMC. Later in
this thesis, the size of the STATCOM will be reduced as per the requirement during
island mode operation. The diode rectifier being a non-linear load distorts the line
current thereby introducing harmonics in the range of 12n+1 and hence, filters for
the same have been placed to compensate for it.

As the diodes are uncontrollable, the offshore side does not have any controls.
The STATCOM does not have an energy storage unit rather has a DC capacitor
which is maintained at its nominal value throughout by direct-voltage control. By
controlling the direct voltage, the reactive power exchange between the STATCOM
and the PCC can be effectively controlled. The onshore MMC controls both the DC
link voltage and active power transfer. The MMC and the STATCOM are equipped
with GFM-PSC. The technical details of the system are given in appendix B.2.
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Figure 5.1: DRU-HVDC interconnected to an offshore wind farm.
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5.2 Interconnection of Offshore Wind Farm into
AC grids

In this section, the interconnection of OWF into the offshore and onshore grids by a
DRU-HVDC link is investigated as shown in fig. 5.1. The performance of the DRU-
HVDC system is analyzed with a LVFRT condition at both the converter stations.
In this test case, STATCOM is not required due to the interconnection of two AC
grids. The simulations will be carried out using PSCAD/EMTDC.
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Figure 5.2: LVFRT capability of the DRU-HVDC link during three-phase AC
system fault at the offshore grid.
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5.2.1 LVFRT Analysis at Offshore grid

In order to transmit the generated power from the OWF to the HVDC link, the input
voltage of the DRU should be higher than the HVDC link voltage for the diodes to
start conducting. Fig. 5.2 shows graphs from the onshore MMC station (V}.. depicts
offshore PCC voltage). From 0-1.5 s, the OWF is ramped up to its rated power (160
MW) and the MMC is deblocked thereby transmitting the generated power to the
onshore grid through the HVDC link. At 2.2 s, a three-phase AC fault with 0.2 s
is applied at the offshore grid and during this time, the HVDC link voltage dips to
0.6 p.u. due to the sudden loss of power. The fault current at the converter valve
is reduced by the current limiter. Once the fault is cleared, the system resumes its
normal operation.
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Figure 5.3: LVFRT capability of the DRU-HVDC link during three-phase AC
system fault at the onshore grid.

51



5. Test System 2: DRU-HVDC

5.2.2 LVFRT Analysis at Onshore grid

Fig. 5.3 shows graphs from the onshore MMC station. The system operates as ex-
plained in the previous case but here the fault ride-through performance is analyzed
at the onshore side. During the fault, the HVDC link voltage slightly increases to
1.07 p.u. as the current from the OWF is not affected during the fault which keeps
pumping power into the HVDC link. The chopper gets activated when the HVDC
link voltage reaches 1.05 p.u. and prevents it from further over-charging by dissi-
pating the excess power through the chopper resistors. The power is evacuated after
the fault is cleared and the system regains its normal operation again. The current
limiter limits the converter valve current during the fault.
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Figure 5.4: DC link control of STATCOM.
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5.3 Step test for DC link voltage control of STAT-
COM

The performance of the DC link voltage control is verified by giving step changes.
In fig. 5.4, DC link voltage is varied in steps of £0.2 p.u. to verify whether the
controller follows the reference. Initially, the system is energized and the STATCOM
is deblocked. The reference steps are manually given from 0.4 s. As there is no energy
storage (e.g. battery) integrated with the STATCOM, the STATCOM cannot supply
active power to the grid. It can only inject reactive power to provide the necessary
voltage support to the grid. When the grid’s PCC voltage is less than the terminal
voltage of the STATCOM, the STATCOM injects reactive power.

5.4 Island mode operation studies

In this section, the island mode operation of the OWF with the DRU-HVDC link is
analyzed. The system shown in fig. 5.5 is simulated using PSCAD/EMTDC which
represents a typical island system. The island mode operation is demonstrated by
tripping the offshore AC grid. Unlike the back-to-back MMC-HVDC system where
the MMC can provide the voltage support during island mode operation with the
GFM-PSC feature, here it is necessary to equip the system with a STATCOM to
provide the required voltage support at the offshore grid. The performance of the
DRU-HVDC system is analyzed with a LVFRT condition at the offshore grid in two
scenarios as follows:

pcc  Passive
load

((%

| |
| |
| |
| |
| |
i @ |
Offshore _’: + :
Wind Farm ¢ | % L, |
: CI) I DRU-
| | HVDC
| th + |<i_
| staTcom —( J{ — e, | v
| -
| |
| |
: @ : AC network
| —O/O—— |
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: Offshore :
I AC grid I
| |
| |

Figure 5.5: A typical island system.
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5.4.1 Island system exporting active power from OWFEF to
the onshore grid

Fig. 5.6 shows graphs from the onshore MMC station (V.. depicts offshore PCC
voltage). During normal operation, the generated power from the OWF is trans-
ferred to the onshore grid via the DRU-HVDC link. The offshore AC grid is tripped
at 1.9 s and hence the system enters island mode operation. The STATCOM pro-
vides the necessary voltage support by injecting reactive power (13.8 MVAr) to the
grid (negative sign indicates that the STATCOM is supplying reactive power to the
grid) and the power transmission is still smoothly generated and transmitted with-

out any interruption as shown in fig. 5.7. This depicts the dynamic nature of the
STATCOM in stabilizing the grid.

0 0.5 1 1.5 2 25 3 3.5 4

Figure 5.6: LVFRT (offshore) capability of the DRU-HVDC link during island
mode operation.
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Figure 5.7: (a) Active and reactive power from OWEF. (b) Active and reactive
power from STATCOM. (c) Frequency of the offshore grid.

At 2.4 s, a three-phase AC fault with 0.2 s duration is applied at the offshore
grid. The OWF is tripped during this scenario and the HVDC link voltage drops
to 0.56 p.u. due to the sudden loss of power. After detecting the voltage dip, the
OWTF supplies 31.6 MVAr to support the grid voltage. The excess reactive power (17
MVAr) is absorbed by the STATCOM. The current limiter limits the fault current
of the MMC and STATCOM during the fault. The frequency of the offshore grid is
maintained at 49.98 Hz during island mode operation except for a slight dip to 48
Hz immediately after the fault for 52 ms.

LVFRT Analysis at Onshore grid

The system operation is the same as the previous case. Fig. 5.8 shows graphs from
the onshore MMC station. During an onshore fault, the DRU is still conducting as
the offshore side is not affected. Due to this, huge OWF power is fed to the HVDC
link (current flows in the lowest impedance path) which charges it continuously
(power cannot be evacuated to onshore during an onshore fault as the voltage at the
PCC is zero) and will not retain to its normal operation. The solution is to stop the
conduction of DRU during fault by reducing the power generation of OWF to 0 [57].
During FRT, instead of having an over-voltage issue, the OWF starts to decelerate
at 2.4 s and during this time the HVDC link voltage drops to 0.83 p.u. After the
fault is cleared (at 2.6 s), the OWF ramps up to the rated power (160 MW) and
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Figure 5.8: LVFRT (onshore) capability of the DRU-HVDC link during island
mode operation.

the power is delivered to the onshore smoothly. The STATCOM provides voltage
support throughout the operation as shown in fig. 5.9. It is better to have an under-
voltage/current rather than over-voltage/current as it would induce more damage to
the power system. The fault current of the MMC is reduced by the current limiter.
As the fault is on the onshore side, there is no over-current issue in the STATCOM.
The frequency of the offshore grid is maintained at 49.98 Hz during island mode
operation except for a slight dip to 49.55 Hz during the fault for 9 ms.
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Figure 5.9: (a) Active and reactive power from OWEF. (b) Active and reactive
power from STATCOM. (c) Frequency of the offshore grid.

5.4.2 Island mode operation feeding the offshore load

In this analysis, the island system with a load of power factor (pf) 0.95 is connected
to the offshore grid. The result from this test will also be used to determine the
rating of the STATCOM in the next section. In this case, the locally connected load
at the offshore side must not exceed the output power of the OWF system due to
the uni-directional power flow of the diodes. Unlike the back-to-back MMC-HVDC
system where the power flow is bi-directional, here as the DRU system comprises
diodes, it is not possible to utilize the HVDC link to transfer additional power to
feed the loads connected on the offshore. This is the biggest setback of this topology.
A high voltage circuit breaker is used to disconnect the DRU when the power is not
transferred to the Onshore.

From fig. 5.10, the OWF is ramped up to its rated power (160 MW) and
the power is transferred to the offshore load. At 0.7 s, the system enters into island
mode and the STATCOM provides the voltage support by injecting 70 MVAr to
the PCC. Compared to the previous case, the reactive power demand is more here
due to the additional reactive power requirement by the load. The frequency of the
offshore grid is maintained at 50 Hz during island mode operation except for a slight
dip to 48.3 Hz after the fault for 56 ms.

Passive mode operation is not possible with this topology due to the uni-
directional power flow of the diodes.
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T R

Figure 5.10: (a) Active and reactive power from OWF. (b) Active and reactive
power from STATCOM. (c) Frequency of the offshore grid. (d) PCC voltage of the
offshore grid.

5.5 STATCOM sizing

The size of the STATCOM also plays a crucial role in determining the overall cost of
the system. The size of the STATCOM depends upon the amount of reactive power
required during island mode and locally connected load to maintain the offshore PCC
voltage at the nominal value. As the requirement of the reactive power increases,
the size of the STATCOM also increases. It’s also recommended to design the
STATCOM with an additional 10% of the required STATCOM rating so that the
device operates smoothly without stress throughout the operation. Considering
these aspects and from tests 5.4, table 5.1 depicts the required size of the STATCOM.

Typically in large OWF projects, the generated offshore wind power is ex-
ported completely to the onshore AC grid and then utilized /distributed from there

to feed various loads. In that case, when compared to test system 1 (back-to-back
MMC-HVDC), the required STATCOM rating is approximately 19 MVAr. Compar-
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No. | Island mode operation condition | Required STATCOM size

L 160 MW ac.tlve power transfer to 17/0.9 = 18.89 MVAT
Onshore grid

5 With offshore load S=160 MVA, 70/0.9 = 77.77 MVAr
pf=0.95

3. z\ffig ggfs}lore load 5=160 MVA, 93.5/0.9 = 103.88 MVAr

Table 5.1: STATCOM sizing

ing the size of the STATCOM with the MMC of test system 1, MMC : STATCOM
= 200/18.89 = 10.58 times lesser size.

5.6 Summary

The simulation results from the previous sections reveal the dynamic behavior of the
STATCOM when utilized with GFM-PSC. The STATCOM instantly injects reactive
power to the offshore grid when the PCC voltage is less than the terminal voltage
of the STATCOM thereby providing the best possible voltage support. With the
support of the STATCOM, the overall performance of the DRU-HVDC system can
match the performance of the back-to-back MMC-HVDC system. This topology
makes it attractive by reducing the cost of the system and also by eliminating
complex controls at the offshore station. The only drawback of this system is that
power reversal is not possible due to the uni-directional property of the diodes. On
the other side it is also worth noting that in large-scale offshore wind projects, the
main goal would be to export the entire generated power from the OWF to the
onshore AC grid and then distribute it to various loads. Hence, in such scenarios, it
is not mandatory to have a bi-directional power flow feature. As the DRU draws line
current harmonics in the frequency range 12n+1, filters are required to compensate
for the same. The STATCOM could be eliminated if the wind turbine is equipped
with a GFM feature that can form and control the voltage and frequency of the
offshore grid. This will be later investigated in this thesis.
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Test System 3: STATCOM-HVAC

In this chapter, the STATCOM-HVAC system with the interconnection of the Off-
shore Wind Farm will be modeled and studied. The overall system will be analyzed
during LVFRT conditions and island mode operation.

6.1 System description and modeling

The STATCOM-HVAC system is connected to an OWF as depicted in fig. 6.1.
This topology is a complete AC solution in contrast to the previous test systems.
The wind turbines are equipped with GFM-PSC strategy so that they can form and
control the offshore voltage and frequency. The RSC uses the traditional GFL-VCC
with decoupled currents where ¢4 controls the DC link voltage and 7, controls the
AC voltage at the machine side. The GSC works with GFM-PSC.

Problems with long-distance HVAC' cable: High capacitance, charging current in-
creases and Ferranti effect due to high reactive power flow in AC cables. Due to
these reasons, it is indispensable to have a RPC device at the mid-point of the HVAC
transmission system. STATCOMs are selected as the RPC device due to their very
fast and dynamic behavior which are capable to overcome a variety of problems as
discussed in section 2.3. The technical details of the system are given in appendix
B.3.

pmsGg  RSC GSC

0.69/33 kv PCC

4@ + al__@—‘ OWF collection

PCC

| transformer
i HVAC cable | I, E
Wind Farm rw\_@

I | 50 kms 50 kms | ]
Onshore grid

: 300/400 kv

—|® + @I— —((O—  offshore grid /
0.69/33 kv

| 33/400 kv
PMSG
RSC Gse STATCOM —{@
]

Figure 6.1: STATCOM-HVAC link interconnected to an offshore wind farm.
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6.2 Island mode operation and LVFRT studies
without STATCOM

In this section, the interconnection of OWF into the onshore AC grid by an HVAC
link is investigated as shown in fig. 6.2. Initially, this system is simulated to see
how much distance can the power be transferred without the STATCOM? The
performance of the system is analyzed with a LVFRT condition at the offshore grid.
The simulations will be carried out using PSCAD/EMTDC.

pmMsg  RSC GSC
0.69/33 kV

L
—( Zj | PCC
_|® T #:)'_ + OWF collection

. transformer

: HVAC cable | L, E
i Wind Farm |_@ | | -
I 337400 kV ? kms Onshore grid
L j  Offshore grid
WG forao- °

0.69/33 kV
PMSG  Rsc GSC /

Figure 6.2: HVAC link interconnected to an offshore wind farm.

From fig. 6.3, the OWF starts in island mode and the power is ramped to its rated
value (160 MW) and the power is exported to the onshore grid. At 2 s, a three-
phase AC fault with a duration of 0.2 s is applied at the offshore grid. The system
demonstrates LVFRT capability and smooth grid operation after the fault is cleared.
The frequency of the offshore grid is maintained at 50 Hz throughout the operation
except for a dip to 45.25 Hz after the fault for 0.13 s. A chopper is used in the WTG
to protect the DC link from over-voltage (1.1 p.u. max) as shown in fig. 6.4. The
three-phase AC voltages produced by the GSC of the WTG is also shown in fig. 6.4.

6.3 STATCOM sizing

The transmission distance (or cable length) determines the amount of RPC required
by the STATCOM. As transmission distance increases, the Ferranti effect increases
and hence losses increase. The over-voltage at the receiving end (load side) can
damage the equipment such as transformers and wind turbine converters. A number
of simulations were carried out with different cable lengths to estimate the rating of
the STATCOM as shown in table 6.1.

Typically, in large-scale OWF projects, the distance from onshore would be
around 100 km so this distance is chosen and the corresponding RPC for the same
is 1055 MVAr. A STATCOM with a rating of 1200 MVAr (with 10% extra) will be
used for analyzing the system in the next section.
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Figure 6.3: LVFRT capability of the HVAC link during island mode operation.

No gi;ﬁl ;er?;::;f;eorli’ower Sending end | Receiving end | Power loss
(km) | (MVAr) voltage (kV) | voltage (kV) (MW)
1. 10 78 400 404 1.5
2. 20 160 400 408 2
3. 50 429 400 424 5
4. 100 1055 400 462 10
D. 150 1900 400 515 20

Table 6.1: STATCOM sizing

6.4 Island mode operation and LVFRT studies

with a STATCOM

In continuation from the previous section, a STATCOM is added at the mid-point
of the HVAC transmission line for RPC as shown in fig. 6.1. The STATCOM is
equipped with GFM-PSC and does not have an energy storage unit rather has a
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Figure 6.4: Upper plot: DC-link voltage of the WTG. Lower plot: Three-phase
AC voltages of the WTG.

DC capacitor which is maintained at its nominal value throughout by direct-voltage
control. By controlling the direct voltage, the reactive power exchange between
the STATCOM and the PCC can be effectively controlled. The performance of
the STATCOM-HVAC system is analyzed with an LVFRT condition at the offshore
grid.

From fig. 6.5, the system operates in the same way as discussed in the
previous case. When the grid’s PCC voltage is higher than the terminal voltage
of the STATCOM, the STATCOM absorbs the excess reactive power (produced
by the HVAC cables) from the grid to maintain the PCC at 400 kV. The system
demonstrates FRT capability and smooth grid operation after the fault is cleared
due to the dynamic performance of the STATCOM and grid-forming feature of the
wind turbines. The STATCOM absorbs 870 MVAr from the PCC as shown in fig.
6.6. The OWF generates 9 MVAr throughout the operation. During the fault, the
reactive power increases. The frequency of the offshore grid is maintained at 50 Hz
throughout the entire operation except for a short spike to 50.7 Hz after the fault
for 0.15 s.

If this big STATCOM (1200 MVAr) has to be placed in the middle of the sea,
a substation should be built which incurs a higher cost to the system. So, rather
than placing one big STATCOM at the center of the sea, two STATCOMs with
ratings split have been proposed to be placed on offshore and onshore platforms. In
this way, the reactive power compensation will also be more effective.
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Figure 6.5: LVFRT capability of the STATCOM-HVAC link during island mode
operation.

6.5 Island mode operation and LVFRT studies
with two STATCOMs

Further to the discussion from the previous case, two STATCOMs each rated 600
MVAr are placed on the offshore and onshore platforms as shown in fig. 6.7. The
technical details of the system are given in appendix B.4.

From fig. 6.8 and 6.9, the STATCOM’s together absorb 912 MVAr from the
PCC (STATCOM1= 490 MVAr, STATCOM2= 422 MVAr) to maintain the offshore
and onshore PCC voltage as 400 kV. In the previous case, with one STATCOM
placed at the mid-point of the system, the STATCOM absorbs 870 MVAr from the
PCC to maintain 400 kV but there was slightly higher voltage at the offshore and
onshore PCC (402 kV) and this is again due to the reactive charging current of
the HVAC cables. But when two STATCOMSs are placed, the inverse effect could
be observed where the offshore and onshore PCC voltage is maintained to 400 kV
and the mid-point PCC voltage was 402 kV. The STATCOMSs are better utilized
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Figure 6.6: (a) Active and reactive power from OWF. (b) Active and reactive
power from STATCOM. (c) Frequency of the offshore grid.
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Figure 6.7: Two-STATCOM-HVAC link interconnected to an offshore wind farm.

with this topology. OWF generates 16 MVAr throughout the operation. During the
fault, the reactive power increases. The frequency of the offshore grid is maintained
at 50 Hz throughout the entire operation except for a short spike to 51.6 Hz after
the fault for 0.12 s.This topology is good in terms of performance but the issue with
the HVAC cables is still a big problem that makes it not feasible for long-distance
power transmission. Of course, the STATCOM size is huge and hence the cost.
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Figure 6.8: LVFRT capability of the Two-STATCOM-HVAC link during island
mode operation.
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Figure 6.9: (a) Active and reactive power from OWF. (b) Active and reactive
power from STATCOM. (c) Frequency of the offshore grid.
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6.6 Summary

The STATCOM-HVAC system is not a good choice for interconnecting OWFs mainly
because of the reactive charging current of the HVAC cables due to high capacitance.
From the simulation results of the previous section, it is evident that GFM control
cannot solve this problem. Apart from this major drawback, the system shows good
performance when the STATCOMs and the WTs are utilized with GFM-PSC. The
sizes of the STATCOM should be big enough to absorb the bulk reactive power from
the grid. This increases the overall cost of the system tremendously, in fact, the cost
would be more than the back-to-back MMC-HVDC system.
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Results with OWF GFM-PSC of
Test system 1 and 2

In this chapter, test system 1 and 2 is analyzed by replacing the GFL-VCC of the
wind turbines with GFM-PSC as modeled in test system 3. The overall system will
be analyzed during LVFRT conditions and island mode operation.

7.1 Test system 1 with OWF GFM-PSC

The control strategy of the wind turbines (WTs) with GFL-VCC is replaced with
GFM-PSC and interconnected to the back-to-back MMC-HVDC system as shown
in fig. 7.1. The performance of the system is investigated with an LVFRT condition
during island mode operation at the offshore grid. This test is to demonstrate
the capability of the offshore WTs to provide the required voltage and frequency
support to the offshore grid during island mode operation with GFM-PSC while
exporting the generated power from the OWF (160 MW) to the onshore AC grid.
The simulations will be carried out using PSCAD/EMTDC.

PMSG ReC g 0.69/33 kv
—( gj ] PCC
%G T - OWF collection DC Chopper PCC
| I transformer 400/183 kv J_ 183/400 kv L E
| ! n
| Wind Fam ’_@—\_@* 4‘ T }7
| : 33/400 kV Onshore grid
%G L #:}'_ _OO_I Offshore grid Offshore MMC RVDCLink  gnghore MMC
T Rectifier *150 kv Inverter
PMSG RSC Gsc 0.69/33 kv

Figure 7.1: Back-to-Back MMC-HVDC interconnected to an offshore wind farm.

From fig. 7.2, the OWF starts in island mode and exports 160 MW to the
onshore grid. The OWF supplies 14.4 MVAr throughout the operation for support-
ing the offshore grid voltage. At 1.5 s, a three-phase AC fault with a duration of 0.2
s is applied at the offshore grid. The system rides through the fault smoothly and
resumes normal operation. The over-current in the converter valve during the fault
is limited by the current limiter. The frequency of the offshore grid is maintained at
50 Hz throughout the entire operation except for slight fluctuation during the fault
recovery. The DC-link voltage and three-phase AC voltages of the WTG are shown
in fig. 7.3.
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Figure 7.2: LVFRT capability of the MMC-HVDC link during island mode oper-
ation.

With the traditional VCC of the WTs in type 4 back-to-back converters, the front-
end converter (GSC) relies on the offshore voltage and frequency and hence the
offshore wind system’s (OWS’s) power output will be affected if the voltage and
frequency are not maintained leading to overall system instability. During island
mode operation, the MMC-HVDC system will provide the necessary voltage and
frequency support so that the OWS remains connected with the offshore AC grid
throughout.

If grid-forming control is equipped in the WT converters, then the WTs do
not have to rely on an external voltage source to keep them connected with the AC
grid during severe faults or outages as the WT’s can produce their own sinusoidal
voltage for a given reference. Likewise, the frequency of the offshore grid can also
be controlled using the frequency droop controller discussed in section 4.3.1. With
such a control strategy implemented in the WTs, the system can have an added
advantage while black-starting the system.
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7.2 Test system 2 with OWF GFM-PSC

In continuation with the previous section, in this section, the offshore WTs equipped
with GFM-PSC are interconnected to the DRU-HVDC system as shown in fig. 7.4.
A similar test like the previous section will be carried out to analyze the system.

PusG RS ¢ 0.69/33 kv
L @ _GO—I PCC
%G T l_ I OWF collection DC Chopper PCC
| transformer 183/400 kV E
| I J_ L,
i Wind Farm | —|—
| | 33/150 kv Onshore grid
HVDC Link
‘G + @" ‘( § )‘ Offshore grid Offshore DRU +150 kV Onshore MMC
0.69/33 KV Inverter
PMSG  Rsc GsC

Figure 7.4: DRU-HVDC interconnected to an offshore wind farm.

From fig. 7.5, the operation of the system is the same as discussed in 5.4, except
that during island mode, the wind turbines will provide the necessary voltage and
frequency support to the offshore grid without the need of a STATCOM. The OWF
supplies 24.5 MVAr throughout the operation for supporting the offshore grid volt-
age. The system rides through the fault and resumes normal operation smoothly.
The over-current in the converter valve during the fault is limited by the current
limiter. The frequency of the offshore grid is maintained at 50 Hz throughout the
entire operation except for a slight dip to 48.5 Hz during the fault recovery. The
DC-link voltage and three-phase AC voltages of the WTG are shown in fig. 7.6.
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Figure 7.5: LVFRT capability of the DRU-HVDC link during island mode opera-
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Figure 7.6: Upper plot: DC-link voltage of the WTG. Lower plot: Three-phase

AC voltages of the WTG.
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This study demonstrates how grid-forming control can play an indispensable role
by eliminating the STATCOM. The overall cost of the system is further reduced by
eliminating the STATCOM and footprint of the offshore platform.
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Conclusions and Future Work

This chapter presents the conclusions of the thesis and provides suggestions for future
work.

8.1 Conclusions

Three possible OWF design topologies to effectively interconnect the main AC grid
have been investigated in this thesis. The comparison of the three test systems are
as follows-

Test system 1, i.e., back-to-back MMC-HVDC system exhibited robust perfor-
mance with the integration of the OWF during island and passive mode operations.
The overall system coordination during LVFRT scenarios was also excellent. By
equipping the back-to-back MMCs with GFM-PSC, the converter could indepen-
dently control the active and reactive power of the system. Moreover, the offshore
MMC could form and control the voltage and frequency of the offshore grid smoothly
during island and passive mode operations with LVFRT situations. The MMC’s
voltage waveform is good especially during island mode operation due to the MMC
technology. The most prominent feature is that bi-directional power transfer is
feasible due to the IGBT’s capability. On the negative side, the control system
is complex and the cost of the system is more due to a large number of submod-
ules. This also requires a considerable amount of footprint at the offshore substation.

Test system 2, i.e., DRU-HVDC system also demonstrated robust performance
with the integration of the OWF during island mode operation and LVFRT condi-
tions. A small STATCOM equipped with GFM-PSC at the offshore side provides
the necessary voltage support during these conditions. The STATCOM being a
dynamic RPC device regulates the reactive power exchange between the grid and
the converter. Later in this thesis, it was also demonstrated that if GFM-PSC is
directly integrated into the offshore type 4 WTGs, the STATCOM could be removed
as the WT'G’s could form and control the voltage and frequency of the offshore grid.
Thus, making the system more compact and cost-effective. This also eliminates the
sophisticated controls at the offshore side unlike test system 1.

One negative aspect of this topology is that the diode rectifiers being non-
linear, distorts the line current inducing harmonics in the frequency range of 12n+1
and hence, tuned filters are required to compensate for the same. The major draw-
back compared to test system 1 is that bi-directional power transfer is not possible
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due to the uni-directional feature of the power diodes. Hence, passive mode oper-
ation is not viable. Typically in large-scale offshore wind projects, the generated
power from the OWF is completely transmitted to the onshore grid and then uti-
lized /distributed. In such scenarios, there is no need to have bi-directional power
transfer capability so this topology can be effective as the overall cost of the system
is less compared to test system 1. Furthermore, as the components count is very less
with the DRU as compared to the MMC, the footprint of the offshore substation is
reduced. As per Siemens Energy, the volume and transmission losses are reduced
by 80% and 20% respectively, while the total cost can be reduced by 30% [58], [59].

Test system 3, i.e., STATCOM-HVAC system which is a complete AC solution also
exhibited robust performance with the integration of the OWF during island mode
operation and LVFRT situations. The reactive power compensation of the STAT-
COMs is better utilized by placing one each at the offshore and onshore station
rather than placing a big STATCOM at the mid-point of the HVAC transmission
line which also results in significant cost in building a substation at the center of
the sea. The STATCOMs and the offshore wind turbines equipped with GFM-
PSC demonstrated very good results in smooth grid operation where the W'Ts were
capable to form and control the offshore voltage and frequency of the grid. The
biggest setback of this topology is due to the HVAC cables as it generates a signif-
icant amount of reactive power resulting in huge sizes of STATCOMs. Moreover,
the losses from the HVAC cables are also significant. Therefore, even though the
performance of the overall system is robust due to the dynamic STATCOMs and
grid-forming strategy, this topology is not feasible to integrate long-distance OWFs.
This also proves that HVDC transmission is the ultimate solution for integrating
large-scale RES effectively.

While the existing synchronous machines are being decommissioned /removed
from the AC grid, the voltage and frequency stability is lost, and this performance
can only be replicated with grid-forming converters. Therefore, GFM converters are
the ultimate solution to effectively inter-connect large-scale RES and to also realize
green energy through 100% RES in the future as they can independently form and
control the voltage and frequency of a weak grid and can handle disturbances from
the grid. The STATCOM’s will definitely play a vital role in the integration of RES
due to their dynamic performance that can provide the necessary voltage support
by injecting or absorbing reactive power for effective grid resilience.

To conclude, the back-to-back MMC-HVDC system and the DRU-HVDC
system are the most effective ways to interconnect offshore wind farms. The selection
of the topology depends upon the project specification and requirements. If bi-
directional power transfer is not required and also to be more cost-effective, the
DRU-HVDC system will be an excellent choice!

8.2 Future Work

This thesis has investigated the state-of-the-art OWF' interconnection topologies
with grid-forming control. Offshore wind generation and grid-forming control strate-
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gies are currently the hot topics being discussed in research and development to
accelerate the carbon-neutral 2050 goal. Hence, plenty of further research work can
be stipulated from this thesis. The following is a list of some possible future work:

o This thesis has used type 4 WTGs for all analyses. Type 3 WTGs could be in-
vestigated with grid-forming control to see how the overall system coordinates
and whether it could reach close to the performance of type 4 WTGs. This
can reduce the overall cost of the WTGs as the power electronic converters
are rated for only 25-30% of the machine.

« An interesting research area would be to analyze the grid-forming capability in
an Enhanced STATCOM (E-STATCOM) with supercapacitors. Supercapaci-
tors have an extremely high energy density that can store and release energy
instantly. Hence, active power can be exchanged with the grid which could
further enhance the efficiency and stability of the power system. This tech-
nology could be very beneficial especially for integrating large-scale RES into
a weak AC grid.

e Detailed modeling on the stability of the systems is not considered in this
thesis. It would be interesting to analyze the subsynchronous torsional inter-
actions (SSTI) and small-signal stability studies of the implemented systems.

o Half-bridge MMC configuration cannot ride through DC short-circuit faults.
To overcome this issue full-bridge MMC can be implemented.

o A study on integrating the OWF with hydrogen storage would also be a hot

topic to investigate as hydrogen storage is gaining attention these days to
accelerate the green transition.
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9

Ethics and Sustainability

This chapter discusses the ethical and sustainability aspects of the project.

9.1 Code of Ethics

The IEEE (Institute of Electrical and Electronics Engineers) Board of Directors
adopted a set of ten codes called the IEEE Code of Ethics in 2020, with amend-
ments, to ensure a safe working environment for everyone in any workplace by up-
holding the highest standards of integrity, responsible behavior and ethical conduct
in professional activities [60]. Throughout this thesis work, the IEEE code of ethics
as per [60] was applied to ensure that all aspects of the project were carried out
ethically. Three out of ten codes are discussed as follows.

9.1.1 Codel

Code 1 is "To hold paramount the safety, health, and welfare of the public, to strive
to comply with ethical design and sustainable development practices, to protect the
privacy of others, and to disclose promptly factors that might endanger the public
or the environment" [60]. This thesis has depicted ethical designs and sustainable
development practices by combining the OWEF technology with the HVDC trans-
mission using grid-connected VSCs with GFM control. It is worth stressing that by
applying GFM control, the reliability and security of the power system are enhanced
ensuring that the contingencies like faults and other disturbances from the grid will
not cause any adverse effects to humans and the environment in the vicinity.

9.1.2 Code 5

Code 5 is "To seek, accept, and offer honest criticism of technical work, to acknowl-
edge and correct errors, to be honest and realistic in stating claims or estimates
based on available data, and to credit properly the contributions of others" [60].
The design of the entire system in this project has been carried out ethically. The
source of contributions has been referenced and credited with respect. Honest criti-
cism of technical work has been accepted from the supervisors and opponents which
further improved the quality of the thesis. Similarly, honest criticism was offered
during the opposition of another thesis work.
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9.1.3 Code 7

Code 7 is “To treat all persons fairly and with respect, and to not engage in dis-
crimination based on characteristics such as race, religion, gender, disability, age,
national origin, sexual orientation, gender identity, or gender expression” [60]. This
thesis was carried out in Hitachi ABB Power Grids Research, where all persons are
treated equally with respect without any discrimination.

9.2 Sustainability

The United Nations General Assembly established 17 Sustainable Development
Goals (SDGs) in 2015, intending to achieve them by 2030. The main purpose
of these goals is to achieve a better and more sustainable future for all. From a
sustainable standpoint, this research project can induce numerous benefits.

9.2.1 Goal 7

Goal 7 is to ensure access to affordable, reliable, sustainable and modern energy.
This goal is strongly related to the project as it provides state-of-the-art topolo-
gies (MMC-HVDC and DRU-HVDC systems) to effectively transmit the generated
power from the offshore wind farm to the onshore ac grid. By harnessing the avail-
able power from the wind, clean and sustainable energy is produced. The share of
OWFs will play a crucial role to meet the energy requirements in the upcoming years.
The EU strategy on offshore renewable energy strategy targets to increase Europe’s
offshore wind capacity from its current level of 12 GW to 60 GW by 2030 [1]. When
green energy is generated with the least amount of power losses in the transmission
system, the prices of the energy will also reduce making it affordable. HVDC trans-
mission is the key to interconnect large-scale OWFs with minimum losses. When it
comes to reliability, GFM control is the only solution for grid resiliency. When GFM
control is employed in grid-connected VSCs, it can form and control the voltage and
frequency of the grid and effectively ride through ac system faults and blackouts.
Furthermore, it is important to integrate FACTS devices in the ac transmission lines
for reactive power compensation and enhancement of active power flow.

9.2.2 Goal 13

Goal 13 is to take urgent action to combat climate change and its impacts. The
increase in global warming due to the emission of greenhouse gases especially CO,
has brought drastic changes in the earth’s atmosphere (eg. depletion of the ozone
layer) and climate. This has increased the average global temperature by about
1.2°C since 1900 [61]. The goal is to stay at or below 1.5°C as per the ‘Paris
Agreement’ [1]. The ultimate solution to combat this major problem is to realize
100% RES in the future to achieve net-zero emissions. This ambitious goal can
only be achieved with large-scale penetration of RES into the generation mix and
at the same time decommissioning the existing fossil-fuel-based power plants. This
thesis has demonstrated how OWFs can be effectively interconnected to the main
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ac grid with the HVDC transmission system and most importantly the effect of
equipping GFM control such that the GFM converters can mimic the behavior of a
synchronous machine.

9.2.3 Goal 15

Goal 15 is to preserve life on land by protecting and restoring nature. This thesis
also contributes to this goal, by utilizing OWF to generate power, the footprint of
the converter station is reduced as only one station will be built on the land. This
is a big advantage as compared to the long overhead HVAC lines running on the
land which requires a significant amount of land area. Moreover, the advancement
of semiconductor technologies and other electrical components used in the converter
station do not pollute or cause damage to the environment /land.
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Appendix 1

A.1 Implementation of a5 and dq transformations

In this section, the mathematical expressions for abc-af8 and af-dq transformations
are described.

A.1.1 abc-af transformation

The abc-af transformation is called Clarke transformation. The three-phase volt-
ages in a symmetric and balanced three-phase system can be described as

va(t) = vcos(wt)

R 2T
vp(t) = deos(wt — 43)
vel(t) = deos(wt — §> (A1)

where ¥ is the voltage amplitude and w the angular frequency. Since the zero-
sequence quantities in the three-phase system are neglected,

Va(t) + up(t) + ve(t) =0 (A.2)
As shown in fig. A.1(a), the complex vector v is defined as
2 - 27 41

vi(t) = 3 (vat) + vp()e/T + ve(t)e ) (A.3)

where superscript s denotes the stationary af reference frame. v*(t) can be decom-
posed into its real and imaginary parts as

Vo(t) = va(t) + jus(t) (A.4)

where a and 3 are the real and imaginary components respectively of the rotating
vector. Equating the real and complex parts of A.3 and A.4 results in the following
transformation

Va(t) = va(t)
V3

(t) = —;va(t) + 200

v(t) = —;va(t) _ \égvg(t) (A5)

Therefore, as long as the three-phase system is symmetric, a8 perfectly represents
abc frame.
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Figure A.1: Reference frame transformations. (a) abc frame to a rotating vector
in the stationary af frame. (b) Stationary «f frame to synchronous dg frame.

A.1.2 «af-dq transformation

The af-dq transformation is called Park transformation. By using Park’s transfor-
mation, it becomes easier to analyze and control the oscillating signals (from the
system) in the DC system than the AC quantities. When a system is controlled with
its DC quantities, the gain of the integral controller grows infinitely resulting in a
zero steady state error. This can be realized by rotating the af reference frame to
a fixed one, a rotating dg reference frame is introduced, as shown in fig. A.1(b) The
dq frame rotates in the same direction as v*(t) at the same speed as the ac system’s
angular frequency w;. Hence, the vector v(t) in the dg frame is related to v*(t) in
the stationary frame by v*(t) = ve/*1*() and can be mathematically formulated as

VA (t) = valt) + Juglt) = (va + jug)e ! (A.6)

where wt is the synchronization angle from the PSL or PLL of the VSC. v*(t) can
be decomposed into its component form as

va(t) = v, (t) coswt + vg(t) sinwt
Uy(t) = —v4(t) sinwt + vg(t) coswt (A.7)
Similarly, the vector v*(¢) in the stationary «/ frame is related to v(¢) in the syn-

chronous dq frame by v*(t) = ve/!(t) which can also be decomposed in its compo-
nent form as

Va(t) = va(t) coswt — v,(t) sinwt
vg(t) = va(t) sinwt + vy(t) coswt (A.8)
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Appendix 2

B.1 Technical Data of the MMC-HVDC system

OWF Rated power P,y 2 x 80 WT= 160 MW

OWTF collection transformer rating 200 MVA, 33/400kV, X; = 12%
MMC Rated power Py 200 MVA

Rated AC Voltage (L-L) V,. 183 kV

Nominal AC system frequency f; 50 Hz

Arm inductance Ly, 0.28 p.u.

Phase-reactor resistance R, 0.01 p.u.

Number of SMs per arm Ny, 111, 10% redundancy

SM capacitance Cyy, 3456 uF

IGBT rating V. 3.3 kV

Nominal energy storage per arm E,on | 42 kJ/MVA

Switching frequency fg 150 Hz

Maximum valve current I., 1.08 p.u.

Rated direct voltage V. +150 kV

DC capacitance Cy. 0.0226 p.u.

Converter transformer rating 220 MVA, 183/400 kV, X; = 12%

Table B.1: Technical data of the MMC-HVDC system. AC: per unit based on 200
MVA and 183 kV. DC: per unit based on 200 MW and 150 kV.
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B.2 Technical Data of the DRU-HVDC system

OWFEF Rated power P,.¢

2 x 80 WT= 160 MW

OWF collection transformer rating

200 MVA, 33/150 kV, X; = 12%

Onshore MMC rating

MMC Rated power Py 200 MVA
Rated AC Voltage (L-L) Vi 183 kV
Nominal AC system frequency f; 50 Hz

Arm inductance Lg,., 0.28 p.u.
Phase-reactor resistance R, 0.01 p.u.
Number of SMs per arm Ny, 111 , 10% redundancy
SM capacitance Cyy, 3456 uF
IGBT rating V. 3.3 kV
Nominal energy storage per arm Eyo, | 42 kJ/MVA
Switching frequency fiy 150 Hz
Maximum valve current I, 1.08 p.u.
Rated direct voltage V. +150 kV
DC capacitance Cy. 0.0226 p.u.

Converter transformer rating

220 MVA, 183/400 kV, X; = 12%

DRU rating

12- pulse Transformer (Y-Y-A)

220 MVA, 150/114 kV, X; = 12%

Smoothing inductor Lgy,

0.2 H

Filters- Reactive Power Compensation

12n£1, 28 MVAr

STATCOM rating

MMC Rated power Py 100 MVA
Rated AC Voltage (L-L) V,. 75 kV
Nominal AC system frequency f; 50 Hz

Arm inductance Ly, 0.28 p.u.
Phase-reactor resistance R, 0.01 p.u.
Number of SMs per arm Ny, 80, 10% redundancy
SM capacitance Cyy, 7439 uF
IGBT rating V. 1.7 kV
Nominal energy storage per arm Fyon, | 42 kJ/MVA
Switching frequency fg 150 Hz
Maximum valve current [, 1.08 p.u.
DC capacitance Cy. 0.01 p.u.

Converter transformer rating

120 MVA, 75/150 kV, X; = 12%

Table B.2: Technical data of the DRU-HVDC system.
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B.3 Technical Data of the STATCOM (1200 MVA)-
HVAC system

AC Grid Voltage (L-L) E 400 kV

OWFEF Rated power P,.¢ 2x 80 WT= 160 MW

OWF collection transformer rating 200 MVA, 33/400kV, X; = 12%

STATCOM (MMC) rated power Py. | 1200 MVA

Rated AC Voltage (L-L) V,. 300 kV

Nominal AC system frequency f; 50 Hz

Arm inductance Lg,pm, 0.28 p.u.

Phase-reactor resistance R, 0.01 p.u.

Number of SMs per arm Ny, 121, 10% redundancy

SM capacitance Cyy, 8434 uF

IGBT rating V. 4.5 kV

Nominal energy storage per arm Fyon, | 42 kJ/MVA

Switching frequency fay 150 Hz

Maximum valve current [, 1.08 p.u.

DC capacitance Cy. 0.01 p.u.

Converter transformer rating 1333 MVA, 300/400 kV, X; = 15%

HVAC cable data (100 km length) R = 0.0149 Q/km, L = 0.369 mH/km,
C = 0.207 pF /km

Table B.3: Technical data of the STATCOM (1200 MVA)-HVAC system.
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B.4 Technical Data of the STATCOM (600 MVA )-

HVAC system

AC Grid Voltage (L-L) E

400 kV

OWFEF Rated power P,.¢

2 x 80 WT= 160 MW

OWEF collection transformer rating

200 MVA, 33/400kV, X; = 12%

STATCOM (MMC) rated power Py,

600 MVA

Rated AC Voltage (L-L) V,. 200 kV
Nominal AC system frequency f; 50 Hz

Arm inductance Lg,pm, 0.28 p.u.
Phase-reactor resistance R, 0.01 p.u.
Number of SMs per arm Ny, 91, 10% redundancy
SM capacitance Cyy, 7116 uF
IGBT rating V. 4.5 kV
Nominal energy storage per arm Fyon, | 42 kJ/MVA
Switching frequency fay 150 Hz
Maximum valve current [, 1.08 p.u.
DC capacitance Cy. 0.01 p.u.

Converter transformer rating

666 MVA, 200/400 kV, X, = 15%

HVAC cable data (100 km length)

R = 0.0149 Q/km, L. = 0.369 mH /km,
C = 0.207 pF /km

Table B.4: Technical data of the STATCOM (600 MVA)-HVAC system.
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