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Abstract

The offshore power transmission market continuously grows as government incentives for
Renewable Energy, and technological advancements lead to the exploitation of offshore
wind for electricity generation due to its high capacity factors and the abundant offshore
space. Currently, the High Voltage AC (HVAC) and High Voltage DC (HVDC) transmission
systems (TS) are the commercial options for integrating the wind power to the onshore grid.
The technical and economic efficiency of each approach is evaluated on a case-by-case basis
and is mainly dependent on the Offshore Wind Power Plant (OWPP) capacity and its distance

from shore, with HVAC TS being the most common solution for distances lower than 100km.

The Low Frequency AC (LFAC) technology can provide an attractive transmission solution for
exporting power from vast and remote OWPPs within a distance range of 80-300km. The
basic idea of the LFAC system is to use lower AC frequency to reduce the effective electrical
length of the equivalent HVAC subsea cable, so that its transmission capacity is increased,
and also to eliminate the need for bulk offshore HVDC platforms, so that the installation,
operation and maintenance costs are decreased. Despite the theoretical advantages of LFAC,
the related research and its previous application in the rail and oil industries, there is no prior
operational experience in similar type and scale networks, increasing the uncertainty for
investors regarding the LFAC compliance capability and technology readiness level for

offshore transmission purposes.

The aim of this industrial PhD Thesis is to result in robust and feasible LFAC TS options that
can be realised by common industry practices and comply with typical Transmission System
Operator’s (TSO) grid code requirements. The LFAC TS is designed as a combined offshore
HVAC system utilising an onshore Back-to-Back Modular Multilevel Converter (BtB MMC)
scheme for frequency conversion. Point-to-Point (PtP) and Multi-Terminal (MT) LFAC
topologies are examined for various cable lengths to export the nominal capacity of the
OWPPs or interconnect different OWFs and different grids through single-cable connections
to minimise costs. The technical feasibility of the LFAC TS is assessed through comprehensive
steady-state, frequency and time-domain studies to optimise the system performance, its

transmission capability and identify probable limitations.

Initially, the main transmission equipment specifications are appropriately adapted and rated
for LFAC operation. Frequency scan studies are performed to investigate the low-order

resonances of the LFAC TS, and suitable C-Type harmonic filter combinations are introduced



to avoid potential harmonic stability issues. Power-flow cases are studied to calibrate the
operating conditions of the system (e.g. reactive power compensation, control strategies,
etc.) and optimise the schemes in terms of power losses and shunt cable compensation,
placed only at the onshore side. It is yielded that by utilising the AC voltage control strategy
of the OWPP inverters together with the reactive power capability of the BtB MMCs can

maximise the power transfer through the cables.

Finally, detailed EMT models of the optimised PtP and MT-LFAC TS are simulated to evaluate
its dynamic performance, stability and FRT capability against faults in the offshore LFAC and
AC sides. It is concluded that if the LFAC grid-forming MMC employs a typical islanded control
scheme without Inner Current Controllers (ICCs), it should always use harmonic filtering to
avoid low order harmonic stability issues caused by the system resonance. Even then, its FRT
response against an LFAC side fault would be unacceptable, due to its unconstrained LFAC
fault current. However, by implementing high-bandwidth ICCs with appropriate current
saturation and integrator anti-windup mechanisms to the islanded-control system, the LFAC
TS rides through faults successfully and complies with the respective typical TSO limits. Also,
depending on the system rating, DBRs may need to be applied in the DC sides of the OWTGs

and the onshore BtB frequency converters.
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Chapter 1: Introduction

1.1 Transmission Systems for OWP Exploitation

Over the past decades, the markets for the electric power industry and by proximity, for the
Transmission and Distribution (T&D) equipment and grid solutions, have undergone
profound transformations as a consequence of the pace of Renewable Energy Sources (RES)
penetration to the grid, the concurrent retirement of carbon-emitting sources, and the
fluctuation oil and gas prices. The amount of investment worldwide in the T&D sector is
estimated at $6.9 trillion per year in the next 15 years. Nearly two-thirds of this investment
takes place in emerging economies, with the focus for investment moving beyond China to
other parts of Asia, Africa and Latin America; but ageing infrastructure and climate policies

create large requirements also across the OECD member countries [98].

Recently, the exploitation of Offshore Wind Energy (OWE) for electricity generation has been
expanding rapidly due to technological advancements, the abundant offshore space, the
increased capacity factors of this wind resource and government incentives. However, there
are certain drawbacks associated with remote OWE systems which may increase the cost of
electric power generation. The intermittent wind power supply may lead to lower capacity
credits, while the transmission of bulk amount of power over long distances generally
increases the power losses as well as operational and maintenance (O&M) costs. Thus, the
choice of a technically efficient and economical approach for exporting the wind power to
the AC grid is mainly determined by the Offshore Wind Power Plant (OWPP) capacity and its
distance from shore and can be the principal expenditure affecting the economics of the
system. Currently, the HVAC and HVDC TS are the commercial options for integrating OWPPs

to the grid and a typical break-even distance curve is shown in Figure 1.1 [101].
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Figure 1.1: Typical HVAC vs HVDC Cost Break-Even Distance for Power Transmission.



1.1.1 HVAC

Currently, the HVAC transmission system with subsea cables is the most common scheme for
integrating OWPPs to the grids [93]. The major advantage of this technology is its simple and
robust system design and protection that results in relatively low Capital and Operational
Expenses (CAPEX & OPEX) if adopted for relatively short offshore transmission distances (e.g.
less than 50km, Figure 1.1 [101]).

In typical OWPP arrangements, the OWTGs can be connected to the Offshore Collector
System (OCS) point at Medium Voltage level, as is depicted in Figure 1.2 [102]. In the offshore
substation of an HVACTS, the transformers steps-up the AC voltage to higher levels for power
transmission purposes. Thus, wind power is transferred through HVAC subsea cables to an
onshore substation where it is interfaced to the grid by power transformers that adjust the
voltage level using tap changers. Depending on project-specific characteristics of an HVAC
TS, offshore and/or onshore shunt reactive power compensation is employed in the form of

switched reactors, STATCOM s or SVCs to limit voltage rise and improve efficiency [113].

Wind turbines

Submarine Offshore  Inter-turbine
transmission line substation

Substation —( ),

GRID
OLTC
Zs¢ Offshore
@ compensation

SVC 7 STATCOM

—

Onshore Offshore
<compensation compensation

Figure 1.2: Typical Layout of HVAC TS for Multiple OWF Integration to the Grid.

However, the offshore HVAC TS is mainly limited by the charging current due to the high
capacitance of the submarine cables. Thus, for relatively longer distances (i.e. >50km), there
is a reduction in transmission capacity and an increase in transmission losses. Besides, over
a certain distance, the increased capacitance of the HVAC cables may result in very low-order
harmonic resonances [111]. Therefore, additional equipment may need to be implemented
in order to enhance the stability and/or retain the overall system synchronisation under the
same frequency, since the HVAC TS and the onshore grid are synchronously coupled, and

faults or disturbances on one side of the network can directly affect the other.



1.1.2 HvVDC

The HVDC may be preferred over the HVAC transmission for integrating distant (e.g. >100km)
offshore renewable energy generation to the grid, mainly because it is not limited by the vast
capacitive reactive power and the charging currents in submarine cables [132]. Although the
thyristor-based LCC-HVDC is a reliable, proven transmission system, there are notable
drawbacks associated with its use for OWP exploitation such as reactive power consumption
and low-order harmonic distortion, which requires auxiliary equipment (static synchronous

compensators, AC filters, capacitor banks, etc.)[20].

Offshore
AC substation

Figure 1.3: Typical layout of a PtP HVDC TS Integrating two Interconnected OWFs to the grid, ABB.

Technological advances in the current and voltage ratings of semiconductor switches (e.g.
IGBTs) and improvements in converter control systems made it possible to independently
regulate active and reactive power exchange between the onshore grid and the offshore AC
collection point. The VSCs have been made reliable and economical for integrating remote
OWFs to the grids through HVDC links, increasing wind power penetration and leading many
T&D equipment manufacturers to introduce commercially available and practically regulated
VSC-HVDC systems [125]. Also, developments in the converter valve technology allow higher
DC voltage levels using the Modular Multilevel Converters (MMCs) can reduce the

transmission losses of the system and enable radial, ring or even MT-HVDC schemes.

In principle, MMCs involve several series-connected half-bridge sub-modules, based on IGBTs
that can turn on and off in a controlled manner at high switching frequency using a PWM
technique for each module. These converters can provide independent control of active and

reactive power, black-start and FRT capability. Depending on the number of modules utilised,



they can produce a nearly sinusoidal voltage, and as a result, the filter size is reduced or even
eliminated. The switching frequency for each switch can be around 3 to 5 times that of the

AC line frequency, which leads to much lower switching losses.

However, for the development of a meshed MTDC grid, the flexible and safe operation of the
system must be guaranteed by an effective protection scheme that can isolate only specific
branches in cases of DC faults without interrupting the operation of the whole HVDC grid.
Hence, current zero-crossing equivalent conditions must be created to force the interruption
of current whenever a DC fault occurs. The formation of such conditions relies on the
development of either a mature HVDC circuit breaker technology that can handle fault
situations and withstand the high voltage and current response of the network or an efficient
MMC fault clearing control strategy through the full-bridge submodules since they can
provide negative voltage. Both potential solutions can be technically challenging and
expensive, but the key contributor to the overall HVDC schemes expenditure are the offshore

HVDC platform costs.

HVDC TS
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Transformer Offshore Onshore AC Grid
@_ converter converter
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Figure 1.4: Typical Schematic of a PtP HVDC TS for OWPP Integration to the AC Grid.

Thus, the application of the HVDC TS for OWF integration to the grid, as shown in Figure 1.4,
has the following conceptual and theoretical barriers and limitations:
» The need to place one VSC-HVDC converter, including the corresponding sensitive
equipment on an offshore DC-platform increase the CAPEX and OPEX [130].
» HVDC Circuit Breakers (CBs) are complex components and costly to build [20].
» The space charge accumulation of the cable caused by the DC current during the
construction period and corrosion are always serious concerns for HVDC systems.
> Realisation of multi-terminal DC (MTDC) systems is a principal challenge. Thus, wind
farm parks commissioning must take place in stages; each one individually connected
to the nearest onshore substation; point-to-point connections.
> It is not still possible to achieve a fully co-ordinated offshore DC grid. This happens
mainly because DC circuit breakers (CB) are not yet commercially applicable and extra
DC/DC converters should be used to interconnect DC links of different voltage levels

since it is not possible to change voltage levels in DC networks by transformers.



1.2 LFAC Transmission System

The low frequency AC is an interesting technology which has been developed and used for
several decades by the railway grid operated at frequencies of 50/3Hz, 16.7Hz, 20Hz, and
25Hz. The LFAC systems were introduced to solve a problem in finding an optimum universal
motor for traction applications and reducing the adverse effects of the reactance at 50Hz. In
recent years, though, this technology has become obsolete, thanks to advancements in the
field of power electronics which enabled compact building blocks at low cost and high power,
leading to mass production of power converters that could convert any AC frequency to DC
or even transform single-phase to multiple-phases within the locomotive itself. Hence, some
railways have been converted to standard grid frequencies, and only a few still follow the
path of LFAC. A possible trend in this industry might be that by the end of asset life, the
universal power supply on board of the locomotive that initially used LFAC, would be

adjusted to operate also on the regular grid frequency.

The basic idea of the LFAC system is to use lower frequency to reduce the effective electrical
length of the AC transmission cable, thus increasing its transmission capacity. The principle
of LFAC can be viewed from the perspective of its electrical length. Considering the electricity
transmission velocity equal to the speed of light, (300000 km/s), then the AC wavelength is
~1/3 of the corresponding LFAC wavelength. Thus, for the same range, the electrical length
shrinks three times, increasing the transmission capacity improving system performance. By
establishing an offshore transmission system at approximately one-third of the grid
frequency, the charging current reduces accordingly for the same cable lengths [1][5][8][10].
Therefore, theoretically either the reach of the cable could be approximately three times
longer, or the capacity of the LFAC system can be as much as three times that of 50/60Hz
system [30-45] [49-53].

LFAC technology can provide an attractive solution not only for exporting power from large
and remote OWPPs but also for a potential offshore network development that could enable
the exchange of power among different grids. It could be realised as a combined offshore
HVAC system with onshore frequency conversion schemes, and thus removing the need of
the bulk offshore HVDC platforms. Then, sea and land HVAC cables could be operated at
lower frequencies, eliminating capacitive currents, reactive compensation and losses
compared to HVAC and overcoming the technical and operating constraints of HVDC for the

formation of offshore grids [7].



1.2.1 LFACTS Concepts in the Literature

1.2.1.1 LFAC for Power Transmission

LFAC was proposed as a potential power system transmission technology in 1994 by Xifan
and Xiuli Wang [54]. The authors presented a Fractional Frequency Transmission System
(FFTS) that could reduce the AC reactance by operating at 50/3Hz, increasing the power
transfer capability of the AC system and improving the operating performance of the
network. Computer simulation results in papers [47] and [40], illustrated that the FFTS could
be a promising transmission technology, despite the low efficiency of the magnetic frequency

changer shown in Figure 1.5 which has become obsolete, mainly replaced by PE converters.

50/3Hz 50/3Hz e e S0H
Hydro Transformer Transmission Line Frequency Utility
Generator Tripler Grid

Figure 1.5: First Structure of FFTS with a Magnetic Frequency Tripler.

In 2000 T. Funaki and K. Matsuura studied the feasibility of LFAC for interconnecting grids
that operate at different frequencies and voltage levels using conventional AC XLPE cables to
avoid the high charging currents of HVAC or the space charge accumulation issue related to
HVDC [53]. Simulation results showed high performance of power flow control for the LFAC
system. Based on this work, in 2002, the writers, together with R. Nakagawa, assessed the
possibility of employing cycloconverters for frequency conversion by introducing a novel
control system [52]. However, large filters would be necessary at both ends to suppress low-
order harmonics and adjust reactive power while the need for improvement of its

transmission efficiency is mentioned in[46][49][50].

1.2.1.2 LFAC for Wind Power Integration

In 2009, the authors of [45] and [41] suggested the use of LFAC TS for connecting OWFs to
the grid. The different transmission technologies were compared Equivalent layouts of, and
LFAC system demonstrated considerable advantages. It improved transmission capability and
reduced losses compared to HVAC, while it decreased Capex and maintenance costs over
HVDC for a range of 30-150km, extending the lifespan of subsea cables and eliminating the
need for WTG converters and offshore platforms. In addition, Xifan Wang et al. in [44] and
[33] introduced a novel approach for integrating remote onshore WFs into the grid via a FFTS
using the thyristor-based cycloconverter technology, as shown Figure 1.6, which has also

been addressed for OWP applications in many scientific papers [18][23][34][35][36][36][51].
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Figure 1.6: Configuration of the LFAC TS utilising a Cyclo-Converter.

The majority of the related research suggests various LFAC system arrangements which are
connected at substations via cycloconverters, providing economic connection and
synchronisation with the main grid [6][10][12]. Cost reduction enabled with cycloconverters
can be substantial in comparison to HVDC options, but with many technical constraints such
as the fixed frequency reduction at 50/3Hz or 60/3Hz [24]. For offshore power transmission
at low frequency, subsea cables rated for 50 or 60Hz operation are employed and commercial
transformer designs for 50Hz or 60Hz are adopted in systems that utilise low operating

frequency, typically 16.7Hz or 20Hz, to minimise further the system cost [11][13][14][18].

1.2.1.3  LFAC for Offshore Grid Formation

In 2012, W. Fischer et al. suggested the potential use of LFAC TS for the development of an
offshore grid with OWTGs generating power straight at 16.7Hz and AC/AC cycloconverters
placed onshore for frequency conversion [30]. Simulation studies in which the cable was
modelled as 100 pi-sections showed that the transmission distance at 16.7Hz could reach 300
to 400km. For the same application, in 2015 I. Erlich et al., mentioned that lower installation
and operational costs could be achieved with LFAC transmission of 600MW up to a distance
of 400km by using a 245kV XPLE submarine cable [3]. Moreover, by upgrading the AC circuit
breaker technology, the required (n-1) reliability could be met for the offshore LFAC grid
formation. However, they implied that the onshore BtB converter configuration would need
further investigation (full or half-bridge MMC, Matrix Converter, Cyclo-converter, etc.), while

the transformers and shunt reactors operated at low frequency would be larger and heavier.

Based on these studies, U. Behmann and T. Schiitte proposed LFAC to export wind power
generation in the North Sea as depicted in Figure 1.7 [123], for schemes with long
transmission distances in which the 50Hz AC system would not be technically viable. More
specifically, the offshore LFAC TS can be created by an onshore frequency converter,

converting the grid frequency to a low frequency, eliminating the need for offshore converter



platform which is a crucial contributor to HVDC schemes expenditure, and introducing a

competitive offshore transmission system up to a particular cable length [2][4][7].
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Figure 1.7: Hypothetical North Sea Grid LFAC 220kV at 16.7Hz, route length in km.

Based on these studies, U. Behmann and T. Schiitte proposed LFAC to export wind power
generation in the North Sea as depicted in Figure 1.7 [123], for schemes with long
transmission distances in which the 50Hz AC system would not be technically viable. More
specifically, the offshore LFAC TS can be created by an onshore frequency converter,
converting the grid frequency to a low frequency, eliminating the need for offshore converter
platform which is a crucial contributor to HVDC schemes expenditure, and introducing a

competitive offshore transmission system up to a particular cable length [2][4][7].

1.2.1.4  Advancements in Frequency Conversion and LFAC Equipment

Latest advancements in the field of power electronics have also made the Voltage Source
Converter (VSC) and Modular Multilevel Converter (MMC, Figure 1.8 [107]) technology more
reliable and economical. Back-to-back (BtB) VSC or MMC arrangements located onshore
could be feasible for offshore wind farm (OWF) integration to the main grid using LFAC
transmission system (LFAC TS) [2]. LFAC submarine cables that are designed and optimised
for operation at low frequency and rated at 16.7Hz become available by the manufacturers
for subsea power transmission over long distances [2][7]. Moreover, theoretical designs of
three-phase power transformers are proposed in the literature, that are intended for
operation at low frequency [5], while plenty of lower-rated single-phase-unit LFAC

transformers are commercially available by various manufacturers for rail applications.
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Figure 1.8: Typical Diagram of a DC to Three-Phase AC MMC using Half-Bridge Sub-Modules.

Thus, the LFAC technology could be applied for OWP export over a specific distance range of
approximately 100-400km [3], leading to efficient power transmission and interconnection
between the OWFs and the grids. It could suggest an alternative pathway for cases that the
HVAC TS is not technically and economically feasible and aims at achieving a more
straightforward technical solution than HVDC, without deploying a fully-fledged offshore

HVDC converter station that leads to large platform topsides.

1.2.2 WEF Collection Systems in LFAC TS Concepts

Many alternative medium-voltage collection system technologies are proposed in the
literature for the integration of wind power through the LFAC TS. The DC collection systems
are proposed for onshore and offshore WF configurations in [6][8][11][12][13][27]. The main
reason for a DC collection system with LFAC transmission is that the WTs towers would not
need larger, heavier, and costlier magnetic components (e.g. step-up transformers) to output
their LFAC power. Hence, series and parallel DC WF connections are examined which are

integrated through either radial or meshed LFAC network arrangements [39].

In addition, a fractional frequency system (FFWPS) concept was introduced in [38] and later
on investigated through simulation studies in [34]. This system eliminates the need of the
full-power converter in each WTG and can be beneficial for OWFs, due to the relatively small
wind velocity difference. The FFWPS operates at a variable frequency (VF) that is defined by
adjusting the cycloconverter’s output in real-time, according to the wind velocity, so that
more OWP could be captured. The frequency ranges from 12Hz to 19Hz in different research
papers depending on the application, while in [1] a constant frequency (CF) operation is also
introduced at 50/3Hz, that simplifies the cycloconverter control. Of course, power losses are
caused by the removal of the full converter, but the OWP can be exported with relatively

high efficiency, resulting in a potential future development that needs further research.



However, in several research works consider that the maturity level of the offshore wind
equipment could be quite satisfactory for the application of LFAC technology [2][3][7][9].
Thus, individual OWTGs are interconnected to a medium voltage LFAC power collection
system in a typical HVAC fashion e.g. at 66kV, as in Figure 1.9 [3]and their power is collected
at the OCS where the voltage is increased to the transmission level by a step-up transformer.

The power is then transferred to the grid utilising the LFAC transmission system.
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Figure 1.9: Type 4 OWTG collection system arrangement for LFAC System.

1.2.3 Frequency Selection

The selection of a specific low frequency level is a matter of immense importance for the
overall system design and operation. Most feasibility studies on LFAC transmission for
offshore wind power systems result in the utilisation of 16.7Hz or 50/3Hz, mainly because of
the field-proven equipment that is developed by manufacturers for the rail industry. In
addition, five European countries, namely, Austria, Germany, Switzerland, Sweden and
Norway, standardised on 15kV and 50/3Hz single-phase AC. On 16 October 1995, Austria,
Switzerland and Germany changed from 50/3Hz to 16.7Hz which is no longer precisely 1/3 of
the AC grid frequency. Apparently, this has solved overheating problems of the rotary

converters used to supply some of this power from the grid [123].

A frequency sensitivity study based on a Levelized Cost of Energy (LCOE) concerning
efficiency, weight and cost for all vital wind farm components has been carried out by DNV-
GL under the title of “Power Frequency Optimisation study for Offshore Wind Farms” [120].
The study focuses on the CAPEX, OPEX variations as a function of frequency to determine the
optimal that minimises the lifetime costs of the WFs. The outcomes of this study suggest that:

> A change in frequency has a substantial impact on the LCOE of OWE, Figure 1.10a).

» LFAC of 10Hz-20Hz provides an economically advantageous alternative to 50Hz AC and

HVDC solutions for medium/long-range export distances, as shown in Figure 1.10b).

Considering all frequency sensitivities, an optimal frequency with respect to cost is calculated

at ~14Hz. As this frequency is marginally close to the standardised power frequency of 16.7Hz
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with an established industrial base for electric power apparatuses, a choice of operating at

16.7Hz can be the most fit-for-purpose to reduce development and qualification costs.
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Figure 1.10: Levelized Cost of Energy vs. a) Frequency for OWPP and b) Distance from Shore for OWP.

Consequently, to determine a suitable low-frequency range for offshore power systems
operation, some additional technical and operating aspects may need to be considered such
as the power quality, technology readiness, stability aspects, power losses, etc. [2]. For
optimal frequency selection, further adjustments and limitations may be imposed by other
significant factors, e.g. structural, such as the equipment weight and size, in order to attain

the most economically and technically feasible solution.

1.2.4 Frequency Conversion

Initial studies mentioned the magnetic frequency changer as the key frequency conversion
component in the FFTS [40][42][54]. The frequency changer stepped up the frequency from
50/3Hz to 50Hz and fed power into the grid, as shown in Figure 1.5. At the time, it presented
some advantages over the cycloconverters regarding its simpler structure, lower cost, and
more reliable operation, although its lower efficiency and lack of flexibility made this

technology obsolete by technological advancements in power electronic devices.

The cycloconverter is the most common system mentioned in the literature for LFAC
conversion. It converts three sets of three-phase AC voltages to three sets of single-phase
LFAC voltages through Line Commutated Converters (LCCs) that work collaboratively to
generate the three-phase LFAC outputs, either using the six-pulse or the more promising in
terms of harmonic response twelve-pulse cycloconverter configuration [17][38]. Its structure
is similar to a BtB thyristor-based LCC-HVDC system [42][43][44][45], with the only difference

being the varying DC bus voltage, according to a given LFAC sinusoidal reference [12][34].

The cycloconverter can regulate its voltage level and phase angle at the output side by
adjusting its control references. However, the reactive power at its input side cannot be

controlled and is automatically adjusted according to the modulation index and the
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displacement factor of the output side [18][22][23]. Moreover, its output over input
frequency ratio affects the power quality of the produced voltage waveform, which may
jeopardise the operation of an offshore export system that comprises long cables and low-
order resonances [7]. Since the input side is the offshore system at 16.7Hz, increased size
equipment or FACTS devices could be required to mitigate these effects, even in the case of
a twelve-pulse converter [6]. Studies of a robust model for the six pulse cycloconverter for
OWF integration, together with an advanced time-domain simulation method, were
presented in [35][36]. The situation can improve if Thyristors are replaced by GTOs or IGCTs
for higher power ratings instead, as shown in Figure 1.11 [70], but the compromise between

efficiency, power quality, sophisticated control and the overall cost should be investigated.
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Figure 1.11: Single Line Diagram of a Converter Station (IGCT) for Rail Application.

Nowadays, such advanced frequency cycloconverters transfer electricity between national
and railway grids. Several 15MW frequency converters, as shown in Figure 1.11, have been
employed to supply power to the Swiss Lotschberg tunnel railway system, while larger power
classes are considered in the future, with the most prominent plan being a 413MW IGCT
based cycloconverter station for E.ON in Germany. As stated in the ABB’s “Review” document
[70], by using these static frequency converters, the interconnection of a single-phase and a
three-phase grid can be more demanding than interconnecting two three-phase grids, which
is the case in offshore transmission systems. A principal reason is that the power is basically
constant in a three-phase system, whereas in the single-phase railway grid it oscillates at

twice the operating frequency, with the oscillations being damped by tuned filters.
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Furthermore, this static converter is able to resynchronise effectively with the rest of the
railway system following a grid disturbance, which could resemble the clearance of a grid-

side event during the energisation procedure of the offshore LFAC TS.

Another innovative cycloconverter-based technology is the Modular-Multi-Level Matrix
Converter (MMMXxC) [25][26] that employs H-bridge submodules to overcome the voltage
and frequency constraints. It can be a compact solution in terms of size and weight, but the
large number of submodules required for high power function introduces complex control
strategies. The fact that it can regulate active and reactive power separately and improve the
system’s power quality is significant, though, the lack of DC side aggravates its LVRT and
protection capability, exposing both the AC and the LFAC sides to disturbances occurring in

either of them.

The Hexverters are hexagonal AC/AC MMCs utilising H-bridge submodules, which can be
used for high-power and high-voltage ratings. In [56], the hexverter is utilised for subsea
power transmission through 16Hz LFAC network comprising a 20MW OWF at 132kV, a 5SMW
induction motor that drives pumps and compressors for oil extraction and 5MW general
purpose load. The converter achieves power regulation and minimises the zero-sequence
circulating currents using a novel optimisation technique; though, further investigation of

this concept is needed against system disturbances and for higher power order applications.

Back-to-back (BtB) VSC or MMC arrangements located onshore can be feasible for integrating
OWPPs to the main grid by LFACTS, providing independent active and reactive power control
[2][7]. These arrangements can still decouple the input and output side voltages due to its
DC-link and at the same time eliminate the chance of a DC bus short circuit fault, but even if
a fault like this occurs, both the AC and LFAC side circuit breakers can isolate the faulted
terminal. For such a case in a multi-terminal meshed arrangement, other healthy terminals

would be able to transfer power from the interconnected wind farms to the onshore grid [4].

Finally, several frequency conversion devices are noted in the literature, which have been
used in other industries but their operation may not suitable for an LFAC TS, such as the
rotary converters and transformers [74][97]. The rotary converter is a motor-generator
couple that converts 16.7Hz to 50Hz to feed a load and has been used for power transfer to
railways and subsea systems in the oil industry, while the rotary transformer can allow power

exchange among non-synchronous grids by adjusting the frequency and angle [31][32].
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1.2.5 LFACTS Benefits

Potential cost benefits of using the LFAC technology for OWP exploitation are mentioned in
the literature where it is estimated that the LFAC TS could bridge the gap between short
offshore transmission distances where the 50Hz HVAC is more feasible and much longer
distances where HVDC is the most cost-effective solution [1-4, 7]. This point is also made by
economic feasibility studies, comparing CAPEX and OPEX among HVAC, LFAC and HVDC
technologies for point-to-point, radial connections of OWFs to the grid [126]. However, the
potentials of LFAC technology regarding reliability and power transfer flexibility can be
significant if meshed network arrangements and interconnections among offshore projects
and onshore grids are considered, where at the moment HVAC is not practical, and MTDC
technology is not mature, due to complexity and lack of reliable and field-proven related

protection equipment such as HVDC circuit breakers [77].

Below, some important points are presented that constitute LFAC a potential candidate for

future power transmission in offshore wind applications over the competitive HVAC and

HVDC technologies:

> In an OWPP HVAC export system, the capital and operating costs significantly upsurge
over a certain distance range, as the charging currents of the cable rise. The CAPEX is
affected as the reactive compensation requirements increase, unlike in an equivalent
LFAC TS where these needs can be lower due to the lower cable charging currents and
due to the capability of the onshore frequency converters, depending on the type of the
adopted frequency converter technology. OPEX is affected mainly by the transmission
losses in subsea cables, where a considerable part of these are due to reactive currents
[126]. By using LFAC, the reactive power production in the transmission mediums is lower,
and the losses caused by the skin effect are minimised, allowing more active power
transfer through the same cables.

> In an OWPP HVDC export system, a significant part of its CAPEX is related to the offshore
HVDC platform which in [140] is assumed five times pricier than an HVAC equivalent. Such
a platform is absent in the LFAC TS since the frequency converters are placed at the same
onshore location, without being exposed to environmental stresses and providing easy
access for O&M. Thus, the corresponding OPEX is also reduced, which may be further
improved by future technological advancements in AC/AC multilevel converters [3].

» Cost benefits for OWP industry may also arise if offshore projects are seen from a more

holistic perspective, instead of the typical PtP OWPP connections to the grid. Obtainability
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of high-power LFAC CBs and proven protection systems can allow fast detection and
clearance of faults and guarantee the security of the supply. As a consequence, flexibility
and reliability can be an advantage for LFAC technology if larger scale, interconnected
offshore wind projects are considered, where MTDC might limit the potentials and be
more challenging to apply [30]. Thus, the cost and technology readiness level may be
sufficiently in favour of the LFAC technology for large OWP projects with multiple
connections. Generally, a meshed MT-LFAC offshore grid, in comparison with a
corresponding MTDC grid, could be a less challenging and more realistic solution, that can

be mostly realised by employing currently available equipment [29].

Therefore, the OWPPs initially planned and installed as separate projects, could be
interconnected to offshore multi-terminal, meshed arrangements, as shown in Figure 1.12b),
similar to the onshore AC grids. LFAC submarine cables can be connected with one or more
offshore LFAC platforms where the OCS medium voltage is transformed to a suitable voltage
level for long-distance transmission [3][30]. Also, vast OWFs could be split into smaller blocks
allowing their construction in sequences and offering high power transfer flexibility
compared to a single HVDC platform, as in Figure 1.12a), where a potential single point of

failure in an HVDC-link could make the whole wind farm unavailable [4].
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However, most economic analysis studies that have been performed in the literature
regarding the feasibility of the offshore transmission systems do not consider the potentials
of networks broader than the typical radial connections for OWP export. As a result, the LFAC
TS is evaluated in a comparison field for PtP topologies that has been developed for its
commercially available competitive technologies and in which HVAC has limited but well-

established range, while HVDC excels in the higher range for the corresponding applications.

1.2.6 LFACTS Issues

There are still some challenges associated with the operation of LFAC TS within the offshore
distance range of its probable application. The most obvious are the increased size and
weight of specific system components, e.g. transformers, inductors, etc., the THD due to
converter switching operation or the harmonic stability issues due to the resonances of the
system, and they basically depend on the topology of the system, the equipment rating and

the adopted converter technology [2][3][4][37].

As the core cross-section area of the power transformers and shunt reactors, or their
windings should be increased to achieve the same flux density in LFAC as in classic AC
operation, they shall get bigger in volume and mass [5]. Additionally, DFIG based wind
turbines would need a considerably larger and heavier induction generator [16][28][30],
while the adaptation of the existing fully rated converter WTGs (Type 4) would need
adjustments only for the related inverter components which involve DC capacitors, converter
reactors and low-pass filters. The interface transformers would need to be redesigned for
either of these WTG technologies [120]. Regarding the auxiliary systems, they could be
designed for lower frequency operation, or the same 50Hz components might be used if

power could be supplied through an extra 16.7/50Hz converter according to [3].

In addition, the overall system performance and its dynamic behaviour can be severely
affected by the dynamic impedance of the system [7]. A low resonant frequency may
introduce the necessity of very lossy damping harmonic filters, to avoid low-order harmonic
stability issues [2]. Such issues may arise in an LFAC TS depending on its design, the
implemented converter technologies, the control arrangements and tuning, as well as the
effectiveness of any harmonic mitigation measures. System disturbances could also cause
control interactions with low-order resonances, excite harmonics and jeopardise the
harmonic and dynamic stability of the system, resulting in damaging the converter valves or

disconnecting from the grid.
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Findings from the research conducted in [60-64] provide insights for the impedance-based
stability of PtP LFAC TS arrangements employing a grid-forming two-level VSCs. These studies
have identified that by analysing the LFAC TS impedance measurements, potential high-order
harmonic instabilities can be predicted, and results of certain cases have been verified
through scaled hardware experimentation. In these cases, the system impedance is mainly
dominated by the grid-forming converter control system for lower frequencies and by its LCL
filter for higher frequencies. These results indicate that there is a relationship between the
system impedance characteristics and the designated converter technology, the type of the
applied grid-forming control system, as well as the converter filter design. However, other
arrangements may result in different system impedance profile that would embrace
particular mitigation measures. A natural progression of this work would be to conduct a
more detailed EMT analysis for the offshore LFAC TS and investigate its dynamic response,

FRT ability and stability characteristics under various system operating configurations.

Since the main goal of most studies in the literature was to determine the techno-economic
feasibility of the LFAC TS and the operating characteristics of the frequency converter
arrangements, very little research has been conducted regarding the stability aspects of the
LFACTS. In [57], a six-bus LFAC TS with Over-Head Transmission Lines (OHTLs) connected to
a cycloconverter has been assessed, and its eigenvalue analysis showed that the lower
reactance of the OHTLs due to the lower operating frequency, the better the system voltage
regulation, improving the system’s stability and power transfer capability. On the contrary,
an offshore FFTS assessment using a subsea export cable connected to a cycloconverter
showed that the lower resistive-damping of the cable due to low frequency reduces stability
[58]. Finally, [59] performs a fault analysis in an LFAC system that results in high fault currents
as the frequency converter and the OWF are represented by ideal voltage sources acting as

swing buses, while the dynamic limitations of the system are not considered.

Considering all this evidence, it seems that several questions remain to be answered
regarding the technical feasibility, operation and compliance of practical PtP or MT-LFAC TS
configurations with the required operating and connection standards of modern power
systems. There are many relatively unspecified aspects about the implementation of
appropriate control strategies, the necessary control and protection coordination, the
dynamic performance and stability of the system, the related active/reactive power, LVRT
and FRT capability of the schemes, as well as the unique potential formation of an islanded

offshore LFAC network, functioning totally among power converters.
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1.3 Scope of the Thesis

1.3.1 Research Motivation

The offshore market continuously grows with forecasts indicating that the global OWP
capacity could reach between 154GW and 193GW by 2030 [55]. A greater initiative that could
expand the market availability for the LFAC technology and bring significant benefits for the
OWP industry shall come by the prospective meshed offshore network developments that
would enable the exchange of power among offshore projects and different grids. The
concept of offshore grids could serve the purpose of integrating distant OWPPs and
interconnecting AC grids, for balancing the power flow, enabling alternative power routes,
international trade etc. Still offshore projects shall be seen from a more holistic viewpoint,
than the radial OWF connections to the grid. Either if it is trade-driven or trade
unconstrained, the various technical challenges associated with the formation of offshore
transmission systems should be addressed and solved. In such a context, the offshore LFAC
TS technology can be considered as a serious candidate. A primary task might be to adopt an
approach of building networks that would either evolve from currently existing systems or
organically grow with time from a single initial stage to fully functional integrated networks

with minimum modifications from the perspective of both control and infrastructure.

In reviewing the literature, LFAC technology could be assumed as an attractive transmission
solution Having a theoretical competitive edge over the HVAC and HVDC TS for exporting
power from large and remote OWPPs within a specific distance range of, e.g. 80-250km.
Plenty of academic effort has been devoted to investigating the design of alternative and
inexpensive frequency conversion equipment and developing offshore LFAC TS schemes that
would introduce a more economical solution with reduced footprint. Up to this point, the
only real-time applications of LFAC system involve the supply of passive LFAC load networks
in the Rail and QOil & Gas industries. Besides the promptings regarding the efficiency of the
LFAC TS for medium distance range integration of OWPPs, no offshore power transmission

application has been commissioned or planned to utilise the LFAC technology.

Thus, there has been no prior operational experience of LFAC in other applications that would
correspond to a similar-scale of power exchange between the LFAC and AC systems or fulfil
analogous requirements to an offshore TS. The field-proven HVAC and HVDC TS solutions are
the preferred paths for the T&D vendors, the OWP industry and the investors for the whole

offshore distance range and the different network types (e.g. radial or meshed), mainly due
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to their high industrial readiness level. From the manufacturers’ perspective, the LFAC
technology for offshore transmission could be considered as "new", because there is a
shortage in testing standards and prior LFAC equipment manufacturing experience of the
expected size and ratings, even for key system components such as the power transformers,

inductors, CBs, etc.

Among the various project investors and stakeholders, uncertainty can be precipitated
regarding the LFAC technology readiness level for transmission purposes. Even if an
economic feasibility evaluation of the LFAC TS scheme assures its efficiency in theory, it may
be argued that certain implications could emerge upon operation that would render its
practical implementation difficult. Hence, this ambiguity that the LFAC TS may encounter
some unforeseen pitfalls jeopardising its technical feasibility and compliance with the

demanding modern grid codes shall be tackled through research and development.

Furthermore, the continuous grid transformation with increasing RES penetration and the
concurrent displacement of Synchronous Generation (SG), decreases the available inertia,
the Short Circuit Capacity (SCC) and thus the strength of the AC systems. This leads several
TSOs to employ stricter integration rules for the power converter interfaced generation that
can even challenge the compliance capability of OWP projects using the established HVAC or
HVDC technology. Also, some offshore installations have already encountered difficulties
with, e.g. resonance issues [138][139], lack of suitable condition monitoring systems in the
market for HVDC cable links [137], even OWP outages due to grid faults [136], that may

render such systems vulnerable and challenge investment confidence in the OWP industry.

From the above, it is inferred that any envisaged “new” grid integration and transmission
technology shall demonstrate not only technical and economic feasibility but also ensure safe
and efficient power transfer in compliance with the modern grid integration rules. Despite
the identified theoretical edge of a potential offshore LFAC TS for power transfer over specific
distance ranges and for various configurations, the technical benefits of this technology shall
be effectively communicated through further investigation and analysis in the present or
future power systems frame. Practical solutions shall be achieved that will be based on
realistic configurations with equipment designs and operating approaches closer to the
established industry practice. Thus, interaction with the industry has been continuous during
the course of this research for acquiring information regarding some key LFAC components,

such as the submarine LFAC cables and transformers.
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1.3.2 Thesis Objectives

This industrial PhD Thesis aims to result in realistic and feasible LFAC schemes for PtP and MT

offshore power transmission networks, by identifying and resolving specific technical and

operating challenges that emerge and by evaluating their performance, so that they could be

materialised by the industry in a quite ordinary fashion and comply with typical TSO grid code

requirements. The base to pursuit an economical offshore transmission solution as well,

competitive to the HVAC and HVDC for a certain distance range (100-400km) has been:

> To export the full power output of each OWPP through a single High Voltage LFAC cable
supplied by a manufacturer (Nexans). Thus, the minimum number of cables are employed,
and power is transmitted by maximising the power transfer through them.

» To implement any necessary passive mitigation and compensating equipment in the
onshore frequency converter substations and avoid if technically possible the installation
of additional components on the offshore LFAC platforms which would further increase

their size, weight, cost and total footprint.

Thus, for the LFAC TS arrangements, all the main equipment parameters are suitably adapted
for High-Voltage LFAC operation based on industry practices and the literature. Practical and
straightforward offshore LFAC TS configurations are produced and accordingly rated to
effectively export the nominal capacity of the OWPPs to the grid through PtP arrangements
or interconnect different OWFs among them and to different grids in multi-terminal, meshed
configurations. The operating performance of the designated schemes is assessed to identify
any probable challenges that may emerge through this process and implement practical

solutions towards the exploitation of this innovative offshore transmission technology.

More specifically, the technical feasibility of the different LFAC TS arrangements for various
cable lengths is assessed through comprehensive engineering studies to optimise the system
performance characteristics, its transmission capability and identify probable limitations.
Detailed LFAC TS models are developed in DigSilent PowerFactory and PSCAD-EMTDC, with
an accurate representation of the subsea export cables, the LFAC transformers, the power
converter modules of the OWPP equivalent systems and the onshore frequency converters
with their control systems designed and explicitly tuned according to specified requirements
for the corresponding offshore transmission application. The conducted studies comprise
steady-state, frequency and time-domain simulations for various operating conditions and
different transient and fault events in the AC and LFAC sides. The system’s dynamic voltage

and low order harmonic stability are evaluated against typical performance requirements.
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1.4 Thesis Contributions

The findings of this Industrial PhD Thesis make several contributions to the state-of-the-art

and provide a basis for industrial exploitation of the offshore LFAC TS technology. Its novelty

has been to introduce:

R/
0‘0

X3

%

The formation of realistic and feasible offshore LFAC TS schemes, rated for exporting the
nominal capacity of OWPPs and equipped with components explicitly adapted for LFAC

operation, based on standard industry practices. The key LFAC TS equipment comprises:
1) The LFAC submarine cables, with parameters obtained by a cable manufacturer.

2) The LFAC power transformers for which certain design estimates were investigated
considering practical aspects like transport (size and weight) restrictions and
impedance levels, following standard industry methods and assumptions, and

introducing a trade-off among weight and losses.

3) The BtB frequency MMCs with HBSM capacitors sizing and WTG VSCs rating for LFAC.

The LFAC TS resonance investigation in the frequency domain, by utilising the most
accurate FDPM subsea cable representation to evaluate the impact of its length to the
total isolated LFAC TS. Also, the effect that the added branches of MT schemes have on
the dynamic impedance of the LFAC TS has not been addressed before. Based on this
analysis, passive harmonic-filtering combinations with minimal losses are designed to

mitigate low-order resonances.

Optimised offshore PtP and MT-LFAC TS layouts for minimum active power losses
(maximising the power transfer through the cable), and minimum shunt compensation
placed only at the onshore side. This is achieved through a detailed Steady-State analysis
of cases with different cable lengths that may employ passive harmonic filtering, or not.

Thus, the advocated fundamental conditions to accomplish the Thesis' objectives are

established. This process also results in implementing suitable converter control
strategies that improve stability and increase the power transfer efficiency of the scheme,
such as the ACVC/DCVC mode for the OWTG inverters, and the APC/ACVC mode for the
onshore LFAC side grid-following MMC that is added in MT arrangements. Studies assure
compliance with the equipment loading limits and the network operating standards in
steady-state conditions. The feasibility of the LFACTS, as well as its competitive edge over
the HVAC and HVDC technologies for establishing certain offshore networks, is clarified

through an availability assessment shown in APPENDIX B.
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+»+ Effective coordination of the designated control strategies, together with practical
mitigation measures and system enhancements for a PtP and even an MT-LFACTS, so that
compliance with typical grid code requirements and equipment capability limits is

demonstrated. Compliance is accomplished by:

1) Eliminating the impact of the resonance on the THD and the low-order harmonic
stability of the system. It is shown that its impact is primarily affected by the type of
islanded control mode applied on the onshore grid forming MMC terminal and its
tuning. It can be mitigated by enhancing the islanded controller with a high bandwidth

ICC or by applying passive damping filtering equipment, or a combination of both.

2) Improving the fault handling ability of the system to contain the fault currents within
limits, support voltage recovery and ensure appropriate system response in the LFAC,
the DC and AC sides. The FRT capability of the feasible LFAC TS schemes is examined
against faults in the offshore LFAC and the AC grids, while appropriate enhancements
are adopted, and potential risks are addressed in case of uncoordinated control and

protection operation.

1.5 Author’s Publications

=>» A. Canelhas, S. Karamitsos, , U. Axelsson and E. Olsen, "A low frequency power collector
alternative system for long cable offshore wind generation," 11th IET International

Conference on AC and DC Power Transmission, Birmingham, 2015, pp. 1-6.

Abstract: This paper aims at presenting further results of engineering studies undertaken to
access relevant aspects to design and implement Low Frequency AC Power Transmission
systems (LFAC) associated with large-scale, above 1,000 MW, offshore wind power
generation distant 200 km or more from the shoreline. This technology was proposed in 2010,
to evacuate wind power generation in the North Sea, for schemes with long transmission
distances, for which 50 Hz AC systems are not technically viable. In addition, the application
of this technology aims at achieving a simpler technical solution than deploying fully-fledged
offshore HVDC converter stations proven to lead to large platform topsides. The use of simpler
AC hubs is also proposed comprising a limited number of array cables connected to them such
that the AC LFAC cables can concentrate the power from these AC hubs and export it to the

shore at low frequency.
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=> A. Canelhas, S. Karamitsos, U. Axelsson and E. Olsen, "Low Frequency AC Transmission

on Large Scale Offshore Wind Power Plants - Achieving the Best from Two Worlds?," in

13th Wind Integration Workshop, Berlin, pp. 1-7, Nov. 2014.

Abstract: Today the majority of large scale and remote OWF’s (800— 1200 MW and more than

100km from the onshore connection point) are planned with HVDC solutions in mind. This

paper gives a presentation of the opportunity to use LFAC systems for these large-scale OWFs.

1.6 Thesis Outline

The Industrial PhD Thesis is organised as follows:

In Chapter 2, the main equipment adopted for the offshore LFAC TS is described, and the
necessary adaptations for operating in LFAC systems are discussed, while the impact of
LFAC on the components’ design and performance characteristics is also reviewed.

In Chapter 3, the envisaged PtP and meshed MT-LFAC TS topologies are designated, the
related equipment rating is established, and its parameters are specified in detail.

In Chapter 4, the system is assessed in frequency-domain for harmonic impedance issues.
Frequency scan studies are performed for various cable lengths to assess the harmonic
impedance and potential low-order resonances that could negatively affect stability of
the system, cause converter control interactions or damage the equipment. Passive
mitigation measures are proposed to cease the adverse harmonic impact on the system.
In Chapter 5, the LFAC TS arrangements for several cable lengths are modelled in steady-
state. Power-flow cases are studied to calibrate the operating conditions of the system
(e.g. reactive power compensation, control strategies, etc.) and define acceptable steady-
state operation for each scenario. The availability of the produced LFAC TS cases is
assessed and compared with the other offshore TS technologies in APPENDIX B.

In Chapter 6, the LFAC TS components are explicitly modelled in time-domain, the
requirements for the various converters control systems are defined, and the respective
regulators are tuned though general optimisation algorithms and evaluated through
Transfer Function analysis in time and frequency domain.

In Chapter 7, detailed EMT simulation studies are conducted to evaluate the LFAC TS
dynamic performance for characteristic cases. Adverse performance issues are alleviated
by employing mitigation measures as addressed in the previous chapters or by control
and protection coordination strategies. The stability and FRT capability of the system are
demonstrated against dynamic events and faults in the LFAC as well as in the AC side.

In Chapter 8, conclusions and contributions are discussed, and further-work is suggested.
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Chapter 2: LFAC TS Equipment Overview

2.1 Introduction

In this chapter, some assumptions and constraints for the design and selection of LFAC
transmission equipment are described, based on theoretical background and industrial
practice. The related equipment should be employed with the aim to form a fully-fledged
offshore LFAC grid solution, able to Interconnect different grid systems and transfer power
from big and distant OWFs. Thus, the design considerations for the main system components

and the impact of the selected equipment on the offshore LFAC TS feasibility are discussed.

Currently, there is no clear differentiation between the LFAC and regular AC (50Hz or 60Hz)
equipment or system standards and the international electrical and mechanical standards
applicable to electrical apparatus, might also cover the LFAC systems. Hence, bodies such as
the IEC, ANSI/IEEE, I1SO standards, etc. could constitute a reference even for the LFAC

systems, while some CIGRE recommendations and guidelines could even be applicable.

In addition, most of the commercial LFAC equipment aims at the track and rail market in the
transportation segment, with the vast amount of such applications located in Europe and
North America, while few LFAC submarine power distribution systems can be found for
extracting oil and gas from the seabed. However, there is a broad industrial base that ranges
from T&D power equipment suppliers (e.g. ABB, Alstom, Bombardier, GE, Siemens, etc.) to
small system components vendors and system integrators that have developed some LFAC

products, including transformers, frequency converters and industrial drives.

The offshore LFAC TS in this Industrial PhD Thesis is envisaged as a subset of Power
Transmission and Distribution (T&D) applications and the potential suppliers for providing
the corresponding equipment would be the T&D manufacturers. Hence, interaction with the
industry has been a continuous process throughout this research, resulting in specifying the
key LFAC components design, such as the subsea LFAC cables and the power transformers.
Design estimates of these components are produced according to general industry practices,
while other main system elements such as the WTGs the frequency converters, switchgears,
damping filter capacitors, circuit breakers, etc. are reviewed. The approach has been to adopt
robust, feasible and straight-forward solutions for a nominal operating system frequency of
16.7Hz based on techno-economic feasibility assessments [120][126] and prior industrial

experience [70].
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2.2 Submarine Export Cables and Reactors

2.2.1 Technical Benefits of LFAC for Cables

The main objective in conceiving the LFAC system is to utilise cables at lower frequencies and
overcome the excessive requirement of HVAC for reactive power compensation in case of
offshore long-distance transmission. The lower operating frequency contributes to a low
charging current that does not compromise cable thermal ratings up to a certain degree and

could make LFAC systems feasible for offshore long-distance and bulk power transmission.

Thus, the subsea export cable is the key component for the feasibility of LFAC technology as
an offshore power transmission system and its power transfer capability is also the principal
factor to determine the transmission voltage level of the LFAC TS. Moving to higher offshore
transmission AC voltage levels gives the advantage of higher power transfer per conductor
cross-section and enables manufacturers to assemble longer cables with reduced cost.
However, arise in either the operating voltage or the length of a cable increases the charging
current creating a need for larger compensating reactors. The LFAC operation significantly
reduces the capacitive reactive power effect of the cable system that can limit the voltage

level selection, while compensating inductors can be sized lower in comparison with HVAC.

Assuming that the transmission voltage level can be optimal when it enables maximal power
transfer capability through the cable, then the LFAC-XLPE submarine export cable system
shall be rated in the region of the maximum allowable AC voltages for equipment on the
offshore platform. However, cable dimensioning shall be in line to obtain LFAC cable design
characteristics and electrical parameters by means of industrial cable technology, already

used by the manufacturers.

Thus, the two different voltage levels of 230kV and 345kV have been considered as the
technical basis for designing the HV LFAC export cable system used in this study. An effort
has been made together with a cable manufacturer (NEXANS) to obtain the most suitable
cable solutions, also taking into account results of recent research and development in this
field. Three-core, submarine, XLPE cables are considered using either Aluminium (Al) or
Copper (Cu) conductors of relatively moderate cross-section areas of 1200mm?-1600mm?
adapted to 16.7Hz for offshore LFAC transmission purposes. Below the technical benefits of
the LFAC technology in comparison with HVAC are discussed in terms of power losses,
charging currents, reactive compensation and voltage levels, by examining a three-core,

1200mm? Cu export cable for 50Hz and 16.7Hz operating frequencies:
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2.2.1.1. Cable Losses

In steady-state, the maximum loadability of a subsea cable is mostly limited by the maximum
temperature of the insulating materials. Thus, the lower the losses in the cable, the higher
its loading can be. Figure 2.1 shows the power losses in a 1900mm? export cable at 230kV
and a 1400mm? Al cable at 345kV for 50Hz and 16.7Hz operating frequencies, as measured
by NEXANS [7]. The higher operating voltage leads to lower cable losses, while the losses
produced at LFAC are closer to the DC losses for the same cable type. This means that the

same cable can be utilised for higher power transfer following a transition from 50 to 16.7Hz.

Export Cable Losses

245 kV 1900 mm2 Al 345 kV 1400 mm2 Al
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Figure 2.1: HVAC Al Export Cable Losses at 50Hz, 16.7Hz and DC for: a) 230kV-1900mm?, b) 345kV-1400mm?.

In Figure 2.1, frequency-dependent power losses can occur in various parts of the cable [2]:

a) Inthe conductor: Conductor losses depend on the electrical resistivity of the conductor
that consists of the DC as well as the frequency-dependent resistivity due to the
proximity and skin effect. This explains the reduction of conductor losses in LFAC.

b) In the lead sheath and the armour: Subsea cables are designed with screens and
amours that are made of magnetic materials and can experience induction effects due
to the alternating currents in the conductors. Thus, frequency-dependent circulating
and eddy currents are induced in the lead-sheath and the screen of the cables, causing
losses which are significantly reduced at 16.7Hz.

¢) In the insulation: Dielectric losses are also related to frequency, although their
contribution to the total cable losses is minimal.

Thus, by using LFAC at 16.7Hz, the total resistance is closer to the DC resistance, and the
amount of transmitted power can increase, or lower cable cross-section could be adopted,
reducing the cost. Another important outcome of the measurements performed on these
submarine cables by the manufacturer (NEXANS) is that the cable resistance at 16.7Hz is

nearly independent on current, in contrast with 50Hz where it slightly increases with current.

26



2.2.1.2 Reactive Current, Compensation and Loading

The main advantage of the LFAC power export technology compared with HVAC is the lower
reactive power produced by the cable system at low frequencies, as the charging currents
depend both on operating frequency and cable length. This way, cables that are rated and
normally operated at conventional AC can further increase their capacity when operated at
a lower frequency. Reactive power management is also essential for optimal utilization of
the export cable transmission capability that is achieved when the current flowing through it
is distributed as equally as possible. Theoretically, lower rated cable shunt reactors are
needed at 16.7Hz. Though, to eliminate the impact of the reactor space on the cost of the
LFAC offshore platform, dynamic MVAr from the OWTGs may be utilised if necessary, that

in Figure 2.2 are drawn as a “fictitious” shunt reactor (dotted line).
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Figure 2.2: LFAC Cable System and Potential Compensation Scheme.

Figure 2.3a) shows a comparison in transmission capacity for the same three-core, Cu cable
at 50Hz and 16.7Hz at 230kV according to the manufacturer (NEXANS). Since both the power
losses and charging currents are lower in LFAC operation, the transmission lengths can be
significantly extended at higher power ratings. In all cases, the reactive power becomes more
dominant over a certain length and the power curves decay. Though, LFAC operation
improves this figure drastically, while the mid-point compensation has smaller impact on the
transmission length at 16.7Hz compared to 50Hz, which also suits offshore applications. In
Figure 2.3b), the 345kV LFAC system can transfer 250MW more than the 230kV equivalent .

Although losses are similar for 200km transmission ~7%, they almost double for 300km.
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Figure 2.3: Export Cable Transmission Capacity, for various reactive compensation schemes: a) 230 kV at 50Hz
and 16.7Hz (left) and b) 345kV at 16.7Hz (Right).
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2.2.2 Submarine LFAC Export Cable Designs
There should be no significant difference in cable design, whether it is intended to be
operated at 50Hz or 16.7Hz and therefore one of the most cost-driving components of this
offshore transmission system can be based solely on well-known and field-proven
technology. Subsea cables rated at 50Hz or 60Hz have been used for system studies in
applications that utilise low operating frequency, typically 16.7Hz or 20Hz. However, more
realistic outcomes can be produced for the feasibility of the LFACTS if at least the main export
cables of the investigated schemes are represented by frequency-optimised parameters. This
work employs practical submarine LFAC cables for high-voltage offshore transmission
applications that have been provided by the manufacturer. The two cable designs at 16.7Hz
that have become available for this study are:

1. XLPE - 230kV 3x1x1600 mm? Cu

2. XLPE - 345kV 3x1x1400 mm? Al
As shown in Figure 2.4, both LFAC cables are built with multicore structures containing three-
main phase conductors with a triple-extruded XLPE insulation system, metallic screen/water
barrier, and protective polyethylene (PE) sheath. The cores are bundled with profiled
extruded High Density (HD) fillers with one, two or three submarine Fibre Optical (FO)

elements incorporated for power communication and temperature monitoring purposes.
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Figure 2.4: Export Cable Alternatives - 1) XLPE - 345 kV 3x1x1400 mm? Al, 2) XLPE - 230 kV 3x1x1200 mm? Cu.

The dimensioning of the LFAC cables that are used in this Thesis are based on intermittent

loading, where the dynamic rating calculations are performed by the cable manufacturer.
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The dimensions and electrical parameters of the LFAC export cables are listed in Table 2-1.

Table 2-1: LFAC Export Cable Electrical Parameters for 230kV and 345kV - NEXANS.

Rated/Nominal RMS 230 K 345 K
Voltage (U,) v 45 kv
Rated Voltage Rated/Nominal RMS
Voltage between 127 kV 190 KV
conductor and screen
(Uo)
Highest continuous
Highest Voltage | RMS system Voltage 245 kv 362 kv
(Um)
Maximum
Maximum permissible
90 °C 90 °C
Temperature conductor
temperature
Operational
Frequency Frequency () 16.7 Hz 16.7 Hz
. . Lightning Impulse
Basic Insulation Withstand Voltage 1050 kV 1175 kV
Level (BIL) (1.2/50 msec.)
Conductor DC resistance at 20°C 0.0113 Q/km 0.0212 Q/km
Resistance AC resistance at 90°C
and 16.7 Hz 0.0155 Q/km 0.0277 Q/km
The capacitance
Capacitance between conductor 0.218 mF/km 0.173 uF/km
and screen
Charging C
Charging Current| "€ e -tTentat 3.17 A/km 3.63 A/km
Cablel d Z,, . 0.0307+j0.044
- T:teg;”cc € 10.0174j0.037 Q/km o /kj
Impedance Zero Séq Impedance N
(Zo) at 90°C 0.145+j0.029 Q/km|0.158+j0.032 Q/km
Diameter Cableou(tgg)jlammr 272 mm 267 mm
. Cable Weightin air
Weight (approx) 132 kg/m 98 kg/m

The cables that have been designed for the LFAC voltage levels of 230kV and 345kV are tested
for maximum charging currents for different degrees of compensation. The systems are rated
at approximately 700MW to achieve the maximum power transfer through the designed

export cables, and their parameters are shown in Table 2-2.

Table 2-2: Offshore LFAC Transmission System Design Parameters & Ambient Conditions - Seabed.

Systi It tth L > -
System Voltage | /° o /O ageattne 230kV 345 kV . _ o
onshore receiving end &
Total produced Maximum seabed o
Sending Power (installed) wind 700 MW temperature (q,) 10°¢
power
Thermal resistivity 0.8 K.m/W
Operational N .8 K.m,
Frequency frequency (f) 16.7 Hz smlr(p:
Specific heat
Export cabl t capacity of soil (c,) 4.2e6)/km’
Route Length XPorlca :mu € 200 km pacity ki
engt Soil diffusivity (d,) 2.98e7m’/s
Reactive Reactive 50/50% Separation
Compensation |compensationscheme| (aqual flow of current to each end)  [|distance (s) (if more >20m
End Currents The total currentin than one cable)*)
d % load each cable end with 1700 A 1200A
(used 100% load) perfect compensation Burial depth (L) 20m
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The voltage and current vary over the length of the cable as the contribution of reactive
power changes. Here, the telegrapher’s equations (distributed parameters), that describe
the voltage and current of a cable over distance and time with respect to the voltage at its
sending end (Vsend) are solved to maintain its rated current in both ends (lsena=lioad) at 1700A
or 1200A respectively. Subsequently, the transmitted active power in the cable (Psend) With a

characteristic impedance Z and length | can be yielded by Equations (2.1), (2.2).

Usena = Uioaa - cosh(y-1) + \/§ “lipga + Z - sinh(y - 1) (2.1)

Where: y is the propagation constant of the cable:y = J(R + j-w-L)- (G + j-w-C)

Psena = V3- lIsenal * Usenal - c0s(@sena) (2.2)
Where: ¢send is the angle between the sending end voltage (Vsens) and current (lsend).

The voltage and current profiles of the 1600mm? Cu at 230kV and the 1400mm? Al at 345kV,
for 200km export cables, are shown in Figure 2.5a) and b) respectively, and calculated in

Table 2-3, for a compensation scheme that keeps the total current equal at both cable ends.
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Figure 2.5: Voltage and Current Profile over length for 200km - a) 230kV, 1600mm?Z Cu, b) 345kV, 1400mm? Al.

The preliminary sizing of shunt reactors for 200km cable length provides a rating of 83MVAr
at 230kV on both onshore and offshore sides of the export cables or 177MVAr installed only
on the onshore side also at 230kV. For the 345kV system voltage, the ratings are 210MVAr
and 425MVAr, respectively. The reactors, despite being much larger in rating, they do not

increase in physical size by the same proportion, as they correspond to a higher voltage level.

Table 2-3: System values for 200km - 230kV, 1600mm? Cu and 345kV, 1400mm?2 Al.

Active Power [MW] 702 704.3 670.8 680.1
Reactive Power 98 233.3 -93.1 -227.2
Voltage [kV] 240.6 < 5.3° 356.9 < 2.5° 230.0<0° 345.0<0°
Current [A] 1700.5<13.2° | 1200.4<20.8° | 1700.0<-7.9° | 1200.0 < -18.5°
Power Factor, cos(¢) 0.99 0.95 0.99 0.95
Power Losses [MW] 31.16 24.13
Voltage Drop [%] 4.42% 3.32%




2.2.3 Cable Impact to the LFAC TS Design

The three-core XLPE subsea is one of the most significant main circuit elements of an offshore
transmission system. It appears that the move to LFAC could imply in substantial advantages,
many of which can be the foundations for the LFAC technology to become feasible and cost-
competitive alternative for vast and remote OWFs. The 230kV and 345kV system voltages
that have been selected in order to compare and quantify the impact that LFAC would have
on their electrical response showed that both could be feasible and meet the requirements
for such offshore LFAC TS. Though, further optimisation of cable system parameters could be

dictated by project-specific details, its topology, the compensation degree, etc.

To attain the maximum power-transfer through a single subsea tri-core export cable, the
LFAC transmission system capacity can be set approximately to 700MW. By operating the
designed cables close to their transmission capacity limit for distances greater than the
maximum range of a typical 50Hz HVAC export system (approx. 80-100km) and up to the
point that the HVDC system can naturally become the most economical solution, the range
of the offshore LFAC export system feasibility can be estimated. Moreover, the potentials of
an offshore LFAC grid system formation can be unveiled, as well as the techno-economic
benefits in comparison to a much more complex and technologically challenging offshore

MTDC equivalent system.

In this Thesis, the Tri-Core, Cross-Linked Polyethylene (XLPE) LFAC cable design with
conventional aluminium conductors (XLPE - 345 kV 3x1x1400 mm?2 Al) for a 345kV system is
selected as the most cost-efficient alternative since the long length of the export cables,
together with the number of cables to be laid underwater and the correlated installation
costs form a significant part of the capital expenditure (CAPEX). This way, the offshore LFAC
transmission system voltage level of 345kV is determined, and the corresponding aluminium
conductor seems to be a more favourable solution in the sense of:

o Lower losses

o Less voltage variations

o Larger margin to critical conductor temperature at the given load cases; meaning

that it can maintain higher periods of full load
o The much lower price due to the aluminium conductor
o Lighter weight

o The relatively compact physical size of shunt reactors
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2.3 Switchgears and Circuit Breakers

2.3.1 Switchgears

Generally, the Gas-Insulated Switchgear (GIS) is preferred for offshore transmission systems
either for OWPP or QOil and Gas applications. This occurs because the GIS features long
maintenance intervals, having increased reliability under special conditions and
environmentally challenging areas (e.g. salty, dusty, or polluted air, seismic active or offshore
areas, very low or high temperatures, etc.). Also, it benefits fewer outages at offshore
substations as well as cost savings by reducing the premium space needed in the offshore

platforms due to its compactness.

In the industry, there is a long experience in supplying 16.7Hz GIS equipment for the rail
industry. Hermetically sealed GISs with SF6 circuit breakers for 16.7Hz have already been in
commercial operation for several years in the railway grids. Alstom Grid has also developed
hybrid switchgear specially designed for the railway energy transmission networks in
Germany, Austria and Switzerland, based on a rated frequency of 16.7Hz and a rated voltage
up to 145kV. However, there can be some operational challenges in the 16.7Hz offshore
networks, as their short circuit level in comparison with the single-phase railway networks

may be lower, affecting the short-circuit interruption.

For the proposed offshore system configuration, GISs for the medium and high voltage levels
are needed. Adopting 66kV array cables instead of 33kV can result in less electrical losses,
increased potential connection distance and/or power transfer capacity for a specific
conductor size and even in fewer offshore LFAC substations. Thus, for the medium voltage
level of the OCS, the class of 72.5kV GIS is selected in order to connect the inter-array
connection cables at 66kV. In addition, for the reasons analysed in 2.2.3, the 345kV (IEC
362kV class) is selected for the LFAC transmission system. More specifically, at the offshore

connection decks:

e The 72.5kV class switchgear is chosen to form a 66kV GIS double LFAC busbar
configuration at 16.7Hz which must have enough bays to connect all OWF array cables,

two step-up transformer bays and one bus coupler.

e The 362kV class switchgear is chosen to form 345kV GIS double LFAC busbar
configuration at 16.7Hz with one cable bay to connect to the submarine XLPE cable,
also suitable to accommodate shunt reactor compensation if needed, two step-up

power transformer bays and one bus coupler.
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2.3.2 Circuit Breakers

Currently, there are existing models of circuit breakers (CBs) suitable for 16.7Hz transmission
networks up to a voltage level of 145kV. Low frequency circuit breakers have been in use in
Europe and are part of the railway supply system in Germany, Austria and a few other
countries. For higher insulation voltages the development of the breakers should not pose
any significant technological challenge as, in principle, should be able to operate under low
frequency conditions according to the IEC-62271-100 Standard for High Voltage Alternating

Current Circuit Breakers which gives the requirements for circuit breaker operation.

Nonetheless, the operation of circuit breakers at lower frequencies and higher voltage levels
may raise some concerns due to the longer time between two successive current zero-
crossings, and thus the longer duration of the arc that needs to be extinguished. It should be
noted that in case of a short circuit fault in a system that operates at 16.7Hz LFAC (slower
cycles), the current’s zero crossings may be delayed up to three times more than in a typical
50Hz operation. Hence, certain adjustments shall be addressed in the existing 50Hz CB

designs that could enable them to operate effectively at 16.7Hz.

Maintaining the generated arc for more time may be a challenge and could increase the
probability of current chopping. In this phenomenon, the arc may extinguish before the
current’s natural zero crossing, which could cause equipment damage due to high di/dt as
well as overvoltage at any inductive loads and the circuit breaker. To face this issue, some
manufacturers cut the nozzle of the CB shorter to retain a slower flow of the insulation gas
and thus to maintain the arc. An alternative might be to use CBs with higher interrupting
capability and certify the standing voltage class in question, which for 362kV could result in
the next IEC class and the 345kV and 16.7Hz system might be based on CBs for 400kV and
50Hz rating. Finally, there might also be a need for further verification of capacitive current

switching limits at low frequency operation for specific offshore LFAC network applications.

2.4 Power Transformers

Power transformers are vital components for an offshore LFAC TS, as their weight and
dimensions determine the weight and volume of the OCS topsides. In the offshore LFACTS,
the transformers are employed to step-up the OCS 33kV or 66 kV medium voltage level to
the desired transmission voltage that optimises the cable design. As seen in 2.2.2, this voltage

level can be in the IEC classes of 245kV or 362kV.
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Most of the low frequency transformers designed for the rail industry to support the
operation of frequency converters and adjust the voltage to the appropriate levels, as shown
in Figure 2.6. They are single-phase type converter transformers, and they are energised at
low frequency. They add up the partial voltages to a nearly sinusoidal single-phase 16.7Hz AC
voltage and adapt it to the railway grid voltage at their high-voltage winding, with filters
connected to tertiary windings. The rating of such units is less than 50MVA and therefore far
from the intended application as power transformers. Though, the primary winding voltages

can be in the range of, e.g. 132kV in the Swedish system.
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Figure 2.6: Arrangement of the components in the modular container concept by Alstom, for Railway
application (all components are designed for the transportation via rail and standard road haulage), ALSTOM.

phase modules

In the literature, there are many scientific papers and research projects for OWP exploitation
using LFAC technology in which the power transformers that are employed to transform the
voltage at the OCS substation to a transmission voltage level in a low frequency network, are
originally designed for 50Hz or 60Hz operation [11, 13-15]. The idea behind these designs is
that a higher frequency transformer could be utilised for operation at lower frequencies and
maintain its rated magnetic flux in the iron core, if its nominal voltage rating is scaled down
by an appropriate factor, according to the desired operating frequency of the scheme. In all
cases, the same rated current must be kept. This way, it is claimed that the overall costs of
power transformers for LFAC operation could be reduced by utilising some already existing
assets where possible, whilst hysteresis and eddy current losses in the core could be

eliminated, increasing transmission efficiency [18, 19, 20, 23, 30].

There are certain drawbacks associated with de-rating the transformer voltages for LFAC
operation whilst sustaining the originally nominal current because the power rating is also
reduced by the same factor. In addition, as discussed in 2.2.3, the offshore LFAC system can
benefit from increasing the transmission voltage level due to the lower losses in the subsea

cable. Thus, in a case that power transfer of 1GW is needed at e.g. 345kV, three equivalent
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ultra-high-voltage (UHV) AC transformers rated at 1200kV, 1GW would need to be installed
in an offshore platform, probably as nine single-phase units.

X

250 MVA a) b)
x=5.2m , y=3.5m ) 1.4x _ 16.66Hz Tall
16.66Hz Wide
50Hz
I “ “ I y | || || | 1.4y 1.8y
W=143t
3w
2w

Figure 2.7: Theoretical design of a 50Hz transformer for comparison with the corresponding 16.66Hz,
Theoretical design of a 16.7Hz transformer: a) Wide design, b) Tall design

In order to avoid such scenarios, theoretical designs of LFAC transformers are presented in
the literature for both WTG and coupling transformers by changing either the core width (A)
or the number of turns (N). Two extreme theoretical LFAC transformer designs were
produced by P B Wyllie et al. [5] as shown in Figure 2.7, based on the fact that the magnetic
flux density (B) remains technically the same with the variation of frequency (f), and

according to the transformer Equation (2.3):
E=444-f-B-N-A (2.3)

a) The core thickness increased (A), and the number of winding turns (N) unchanged.

b) The number of turns (N) increased to maintain the required voltage level.

It is evident that by keeping the core diameter constant and varying the number of turns
gives a lighter design (approx. twice the weight of the 50Hz transformer - 2W), as the core is
denser than the windings which means that the wide design is considerably more massive
(approx. 3W). In all cases, the lower operating frequency implies an increase in the size,
weight and footprint of the transformer with approximate 77% weight increase in WF

transformer, and 107% weight increase WTG transformer according to [5][8][12].

The increase in the size of the transformer may also impact the design and cost of the
offshore platform as well which can be expected to be bigger and more expensive than an
HVAC equivalent [140], but still without requiring an additional, more massive and costlier
HVDC converter platform. Lastly, the WT nacelle structure or tower design may be somewhat
affected, as it might be challenging to fit an LFAC transformer unit in a WT tower rated for

the full power, instead of a standard three-phase HVAC transformer.
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2.4.1 LFAC Power Transformer Design Features

Power transformers rated for low frequency operation can be massive and may need project-
specific design to account for weight, size, location and serviceability issues. LFAC
transformer estimates in the literature indicate that lighter designs could be realised by
increasing only the number of turns which could fit for purpose in offshore transmission
applications. However, such lightweight designs severely increase the transformer’s height.
Hence, in this industrial PhD Thesis, the U.K. transportation height limit of 4.875m, with an
approximate shipping weight constraint of 300~350tonnes per transformer unit have been

designated as key factors to define the level of compromise between its weight and height.

4-Limb, 2-Winding, Single-Phase Transformer

H H H
v \' Vv
N N L\

Figure 2.8: LFAC Transformer Design Schematic.

The increased weight and size of the 16.7Hz three-phase transformers lead to the selection
of single-phase units, because the shipping weights of three-phase units exceeds transport
limitations if design heights lower than 4.8m are considered. Furthermore, to allow for the
tallest possible winding within the transport height limitation, the 4-limb core design could
be applicable of which two limbs are fitted with windings as depicted in Figure 2.8. Such

single-phase units could also serve as converter transformers, depending on converter type.

Table 2-4: Parameter Assumptions for Transformer Design Calculations.

3 O er Design A DtIo
Units eometrical A ptio Units a aracte Units
Frequency 16.7/50 [Hz] Core Stacking Factor (SF) 0.91 Tank End Clearance 150 [mm]
Transformer Unit -Rating 141 [MVA] Clearance Core/LV 40 [mm] Side Clearances 800 [mm]
Primary Voltages 66 [kv] Clearance LV/HV 94 [mm] Top & Bottom Clearances 200 [mm]
Secondary Voltages 345 [kv] LV or HV Winding SF 0.44 Total Base + Cover Thickness 80 [mm]
LVJorHVJ 4 [A/mm2]| Clearance HV to Outer Leg 150 [mm] Mean Tank Wall Thickness 25 [mm]

A series of design calculations have been performed for 66/345kV transformers rated at
141MVA, , based on the of the assumptions in Table 2-4 and using the standard industrial
design formulae of Table 2-5 according to [128] [141]-[143]. A range of impedances from 5%
to 15% has been selected for analysis, while all transport heights have been assumed around

~4.8 metres, to produce “matching” designs for the different impedance values.
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The design stage is crucial for the final volume, weight, and losses of the LFAC transformers.
Weight and space are critical for the offshore platform design and transport arrangements
while losses are important for the feasibility of the export system. Thus, the Site Weight of

the transformer given in Equation (2.4) can also define the total loading of the platform.
Site Weight [tonnes] = Total Shipping Weight [tonnes] + Oil Weight [tonnes] (2.4)

The Shipping Weight (or Dry Weight) is determined by the transport limitations that are

translated to design specifications and is given by Equation (2.5).

Total Shipping Weight[tonnes]= Total Core Weight[tonnes]+Total Copper Weight[tonnes]+
+Total Tank Weight [tonnes] (2.5)

The necessary weight characteristics and dimensions of each transformer are calculated by
the equations of Table 2-5 [141]-[143], assuming B=1.7T induction in the core, a steel density

of 7.65g/cm2, and copper density of 8.89 g/cm2 in the windings.

Table 2-5: Transformer Standard Design Equations.

Transformer Geometric and Weight Characteristic Equations

1 Total Core Weight [tonnes] = (Core Leg Weight [tonnes]+Yoke Weight [tonnes])
1.1 Core Leg Weight [! ] = 3*Core Section Main Leg [nm2]*Core Leg Length [mm]*7650/10/°12)

1.1.1 ICore Section Main Leg [mm2] = V/N*1076/4.44/Frequency [Hz]/B [T]

1.1.2 |C0re Leg Length [mm] = Winding Height [nm]+End Insulation [mm]

1.2 Yoke Weight [tonnes] = Core Section Main Leg [mm2]*Yoke Length [mm]*7650/10°12)

1.2.1 |Yoke Length [mm] = Main Leg Centres [mm]+Outer Leg Centres [mm]+Core Dia. [mm]

1.2.1.1 |Main Leg Centres [mm] = HV OD [mm]+2*Clearance between Main Legs [mm]

YOKE 1.2.1.2 |Outer Leg Centres [mm] = HV OD [mm]+2*Clearance HV to Outer Leg [mm]

1.2.1.3 |Core Dia. [mm] = SQRT(Core Section Main Leg [mm2]*4/Core SF/m)

1.2.1.4 |HV OD [mm] =HV ID [mm]+2*HV Radial [mm]

CORE

2.1.1 |HV(N) =Secondary Voltages [kV]/Primary Voltages [kKV]*LV(N)

2.1.2 |HV Section [mm2] =HV Leg Current [A]/HV J [A/mm2] = Transformer Unit Rating [MVA]*1073/Primary Voltages [kV]/2/HV J [A/mm2]

2.1.3 |HVID [mm] =LV OD [mm]+2*Clearance LV/HV [mm] =LV ID [mm]+2*LV Radial [mm]+2*Clearance LV/HV [mm]

2.1.4 |HV Radial [mm] = HV Conductor Section [mm2]/HV Winding SF/Winding Height [mm] = HV(N)*HV Section [mm2]/HV Winding SF/Winding Height [mm)]|

2.2.1 LV Section [mm2] =LV Leg Current [A]/LV J [A/mm2]

2.2.2 (LVID [mm] = Core OD [mm]+2*Clearance TV or Core/LV [mm]

2.2.3 |Core OD [mm] = SQRT(Core Section Main Leg [mm2]*4/Core SF/r)

2.2.4 LV Radial [mm] = LV Conductor Section [mm2]/LV Winding SF/Winding Height [mm]

2.2.4.1 ]LV Conductor Section [mm2] = LV(N) *LV Section [mm2] = Primary Voltages [kV]*1073/Prelim V/N*LV Leg Current [A]/LV J [A/mm2]

3 Total Tank Weight [tonnes] = Cover +Base Weight [tonnes]+Tank Wall Weight [tonnes]
3.1 Cover + Base Weight [ ] = Internal Tank Length [m]*Internal Tank Width [m]*Total Base + Cover Thick [mm]*7650/1076)
3.2 Tank Wall Weight [ ] = 2*(Internal Tank Length [m]+Internal Tank Width [m])*Internal Tank Height [m]*Mean Tank Wall Thick

0il Weight [tonnes] = Oil Volume [litres]*0.88/10/3 = ((Internal Tank Length [m]*Internal Tank Width [m]*Internal Tank Height [m]*1.035)-
-(Total Core Weight [tonnes]/7.65)-(Total Copper Weight [tonnes]/8.89))*0.88

By limiting the shipping height at 4.8 metres in every design, the inter-winding clearances are
also adjusted according to the secondary voltage. This means that if there is an increase in
the core diameter, a corresponding adjustment of the winding height is made without
restriction up to a point over which the shipping height limitation forces it down. As the

winding height decreases, its radial dimensions and core diameter increase to compensate.

In addition, the calculation of the core and winding weights according to the equations in

Table 2-5 provides information for the approximate Total Losses of the transformer design
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which are defined by its No-load or Core Losses and its Load Losses as follows:
Total Losses [kW] = No Load Losses [kW] + Load Losses [kW] (2.6)

For a transformer design with specific shape and type of material (hysteresis) used in the
core, No-load Losses are mainly affected by the core mass and the flux density which may
vary in different parts of the core. Hence, they are a function of the magnitude, frequency,
and waveform of the operating voltage, as these variables affect the magnetic flux waveform
in the core. Assuming that the core losses are in the range of 1.1W/kg at 50Hz, or ~0.3W/kg
at 16.7Hz for B=1.7T [142], it is:

No Load Losses [kW] = Total Core Weight [tonnes] - k [kW /tonne] (2.7)

Finally, the Load Losses are divided into two parts, the Resistive (1°R) and the Stray Losses, as

in Equation (2.8).
Load Losses [kW] = (1 + Stray &Eddy Factor) - I*R [kW] (2.8)

The resistive or dc power losses (I?R) are given in Equation (2.9), and they represent the heat
when the load current flows through the winding resistance. Thus, they do not depend on
the operating frequency, but they are affected by the total copper mass, which is large in

LFAC transformer designs.
I?R [kW] = 236 (LV ] [A/mm?])? - Total Copper Weight [tonnes] (2.9)

On the other hand, for transformer designs with the same core steel laminations and
conductor strands, both the magnetic and electric or winding skin effects that are caused by
the Stray and Eddy Current Losses increase with frequency and copper mass. Hence, in
Equation (2.9) the effect of the operating frequency on these losses is assumed by empirical

factors which are 0.09 for 16.7Hz and 0.12 for 50Hz designs.

Based on the power transformer design considerations above, single-phase, two winding
(1ph2w) 16.7Hz and equivalent 50Hz designs are estimated that utilise the same core
construction type shown in Figure 2.8. They are compared to each other and contrasted in
terms of their Weight characteristics and Total Losses across a range of impedances (%),
because of the wide variations in the conductor to core ratios. Nonetheless, the “natural”
leakage reactance of a transformer solution that could be employed in the offshore LFAC
transmission system, considering only the transport height restrictions, would lie in lower
ohmic and per-unit value (in the range of 6 - 10%) than the impedance of a corresponding

expected inductance at higher industrial frequencies, e.g. for a 50Hz or 60Hz systems.
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2.4.2 Impedance Effects on Transformer Weight

As analysed above, the Shipping Weight is especially crucial in view of transport and hence
design restrictions, while the Site Weight provides information for offshore platform design.
Figure 2.9 shows a Site and Shipping Weight versus Impedance characteristic for an LFAC
single-phase transformer rated at 141MVA and operating at 16.7Hz and 50Hz, respectively.

These Weight figures can be used to identify the relative costs for each design.

TR. WEIGHT 141MVA, 345KV, 16.7HZ TR. WEIGHT 141MVA, 345KV, 50HZ
——Total Shipping Weight tonnes =~ ——Site Weight tonnes ——Total Shipping Weight tonnes = ——S5ite Weight tonnes
500 500
450 450
8 a0 D a00
S 350 \ £ 350
O 300 O 300
B \ £ 0
£ 200 £ 20
© 150 Oy
£ 10 £ 10
50 50
0 [
50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 1L0 120 13.0 140 150
% IMPEDANCE % IMPEDANCE

Figure 2.9: Weight vs Impedance for a Single-Phase 141MVA 66/345kV Transformer at a) 16.7Hz, b) 50Hz.

From Figure 2.9, it is evident that the Weight curves of the transformer designs become
relatively “flat” after a certain impedance point which is in the order of 9% for 50Hz, and 11%
for 16.7Hz designs, exhibiting a steep rise in transport weight for impedance levels lower
than 7-8%. Though, even if a 5% impedance level is considered, the total Shipping Weight for
the LFAC power transformers is in the order of 330 tonnes which is relatively heavy but can

be acceptable for transport in the UK.

2.4.3 Impedance Effects on Transformer Losses
In Figure 2.10, the potential transformer power losses versus Impedance are plotted for the

141MVA designs, operating at 16.7Hz and 50Hz, respectively.
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Figure 2.10: Losses vs Impedance for a Single-Phase 141MVA 66/345kV Transformer at a) 16.7Hz, b) 50Hz.

The above results show that the Total transformer Losses are primarily shaped by the Load

Losses, which are mainly IR losses, with R representing the or the Total Copper Weight of
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the transformer. Obviously, for the same A/mm? and despite the lower operating frequency
of 16.7Hz compared to 50Hz designs, the increased number of windings of the LFAC
transformer has a predominant impact on its Load Losses. As expected, the transformer load

loss component also rises with increasing impedance in both designs.

On the contrary, the No-Load transformer losses are generally low, and although they are
affected by the transformer core mass, the impact of the lower operating frequency
dominates, leading the 16.7Hz designs to have lower such losses (almost half compared to
50Hz) that only slightly reduce in higher impedance levels. This means that their contribution
to the LFAC transformer Total Losses is less significant than at 50Hz, due to the selected LFAC
design process that increases the number of windings and thus, mainly the Load Losses, to

achieve lighter transformers with acceptable height.

Further outcomes could be yielded from this analysis by applying a loss capitalisation formula

to produce a net capitalised value curve for each impedance value.

2.4.4 Comparison of 16.7Hz and 50Hz Transformer Designs

Figure 2.11 shows typical ratios of weights and losses between the 16.7Hz and 50H:z
approximate transformer designs. The ratios of Shipping Weight and Site Weight fall slightly
as the impedance rises and indications that they may start to rise again beyond 14%

impedance. By contrast, the ratio of Total Losses rises with %Impedance.

Ratios of 16.7Hz to 50Hz Approximate Tr. Designs
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[ Ratio of Shipping Weights M Ratio of Site Weights M Ratio of Total Losses

Figure 2.11: Comparison between 50 Hz (1p.u.) and 16.7 Hz Transformer designs.

It can be obvious that an acceptable LFAC transformer design can be 2 - 2.15 times heavier
in terms of weight and consume 45% - 65% times more power than an equivalent 50Hz AC
transformer of the same %Impedance. Hence, for a design based on a specific transformer
impedance, there is a trade-off between transformer weight and losses. Though, in an
offshore transmission system, both the losses and weight of the transformers shall be

reduced as much as possible, to reduce operating costs and the footprint of the LFAC Topside.
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2.5 Harmonic Filtering - Capacitors

Capacitor units and capacitor banks that may be used in passive damping filters do not
impose any operational or performance issues for an LFAC system. Nonetheless, as shown in
Figure 2.12, the capacitive reactive power drops as frequency decreases. In cases where
capacitor banks would be required to accomplish tuned harmonic-filters at the low operating
frequency, larger installations than usual might be necessary for the same MVAr rating,

although, operation at higher voltage levels could mitigate this effect.

Capacitor Impedance and Reactive Power
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Figure 2.12: Capacitive Impedance and Q-Supply of a 10uF capacitor as a function of frequency.

Since the offshore LFAC TS can operate more efficiently at increased voltage levels ( explained
in 2.2.1) in comparison with typical AC for long-length subsea cables (>100km), either the
MVAr production of similarly sized capacitors could be amplified, or smaller capacitor size
increase might be required for similar harmonic mitigation needs. Regardless, any applicable
filtering and shunt reactive compensation equipment, should be sited at the onshore LFAC
sub-station from a reliability, maintenance and cost perspective, so that their increased size

would not occupy the premium space on the topside of the offshore LFAC platforms.

2.6 Wind Turbine Generators

There are various WTG types with the doubly-fed induction generator (DFIG) - Type 3 WT and
the Full Converter - Type 4 WT being the most dominant technologies [79]. The Type 3 WT,
though, is not the preferred solution for offshore applications due to the increased
maintenance requirements of its rotor slip rings and the common gearbox failures that can

impose underlying challenges to the operation of OWFs, especially if located in a rough and
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less-accessible marine environment [5][30]. Besides, connecting a DFIG to a 16.7Hz LFAC
system instead of a typical 50Hz or 60Hz AC grid may necessitate further design revisions,

affecting mainly the transformer, but also the alternator unit [3].

The Type-4 WTs that are currently rated up to 12MW can be more suitable for operating in
an offshore LFAC grid, as the WTG connects to the grid through a full-scale power converter
that optimises its power output whilst it performs independent P/Q control on the grid side.
The basic structure of a typical Type-4 WTG with its BtB VSC interface scheme is shown in
Figure 2.13. It mainly consists of the WT arrangement with the generator, a BtB converter
system, and an interface transformer providing electrical isolation at the AC side [20]. The
most affected component within Type-4 WTGs by the lower operating frequency shall be
inverter transformer. However, the rest of the equipment inside the WTG, such as rotor and

drive train shall not be affected, while minor changes may be needed for the nacelle or tower.
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converter converter converter breaker
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generator wind turbine control

(Source ABB Motors&Drives, Finland ©)

Figure 2.13: Full Converter, Type-4 WTG configuration, ABB.

For the purpose of this research, the Type-4 WTGs can be rated between 6 - 10MW with
reference to the commercially available units that are employed in current OWP projects
[144]. It is expected that the WTGs can adjust their reactive power settings either to unity
power factor or “STATCOM” operating mode, controlling the voltage level at the offshore
sending end of the XLPE cable for the entire load range. Such WTG control function could be

essential if cases of meshed offshore systems with long LFAC export cables are appraised.
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2.7 Frequency Converters

The power electronic converter technology that would be suitable for the integration of the
offshore LFAC TS to the main grids shall be rated in a scale of several MWs, assure the LFAC
network stable operation and comply with Transmission System Operators (TSOs)
requirements at the Points of Common Coupling (PCC) with the modern AC grid systems.
Hence, the power converter capability and control systems intended for power utility
applications can be considered vital features. At the same time, the technology readiness
level for this solution shall be high enough, in order to challenge the competitive and

commercially available HVAC and HVDC transmission system solutions.

In principle, the Thyristor-based cycloconverters is a robust technology and might be able to
transmit more power at a lower cost compared to BtB VSC-HVDC systems [6][12]. However,
they do not engage all the required operating characteristics for integrating OWPPs, as they
lack a robust black-start and LFAC grid forming capability [10], while it could be challenging
to connect to relatively weak grids [89]or comply with modern OWPP integration rules [130].
The absence of a DC-link and probable commutation failures limit even further their fault-
ride-through (FRT) capability, making them vulnerable to main power grid disturbances and
necessitating a strong onshore interconnection grid. Since the cycloconverters also produce
output voltage waveforms with high and complex harmonic content, their application would
require the use of large filters at both LFAC and AC sides to suppress switching harmonics
and handle reactive power. As a result, the cyclo-converters might only be applied in

terminals with low-reliability and operating requirements and enough site space [4].

On the other hand, the BtB MMCs based on VSC technology can allow the formation of an
LFAC voltage sine-wave with minimum harmonic content and adjust the magnitude and
frequency (islanded operation mode), without a need for separate sources for black-start.
Their four-quadrant operation on the PQ-plane enables the power reversal by altering the
current direction and provides independent P/Q control. Thus, the MMCs could energise and
stay connected to an offshore island LFAC network where no SGs would be present, but only
inverter interfaced WTGs and support the system’s voltage by regulating the reactive power

at the connection point of the offshore LFAC network [65].

Such an LFAC system may not only integrate OWFs in radial, PtP arrangements but it may
interconnect different grids or parts of the same grid, exchanging power among those points

and forming a meshed offshore LFAC network. Besides, the BtB MMCs arrangements
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eliminate the probability of DC short circuit faults, distressing the respective MTDC systems
that currently lack a robust and feasible HVDC breaker technology. Hence, they may be able
to integrate the LFAC TS to weak AC grids with relatively low Short Circuit Level (SCL) such as

some modern inverter dominated grids and comply with the respective grid codes.

Finally, employing a high number of modules enables multiple discrete voltage steps that can
reach up to the highest transmission voltages while operating at low switching-frequency per
sub-module, reducing the related switching losses and eliminating the need for harmonic
filters. Potential benefits may arise for an LFAC TS scheme if such filters are not present, as

they can significantly affect its high-order harmonic stability [62][64].

For the reasons mentioned above, the BtB MMC technology has been employed for
frequency conversion in this work. Table 2-6 shows the international experience of MMC
HVDC technology applications with similar power ratings, e.g. ~700MW. As can be seen,
MMCs are being used either for OWFs or Interconnector (IC) projects with commercial

solutions supplied by the power industry.

Table 2-6: International Projects using MMC Technology in Similar Scale ~700MW.

2019 COBRA Cable 700 +320 400 400 IC Siemens
2014 | Skagerrak Pole4 700 +500 400 400 IC ABB
2015 BorWin2 800 +300 155 380 OWF Siemens
2019 BorWin3 900 +320 155 380 OWF Siemens
2015 DolWinl 800 +320 155 380 OWF ABB
2016 DolWin2 916 +320 155 380 OWF ABB
2017 DolWin3 900 +320 155 380 OWF GE-Alstom
2015 HelWin2 690 +320 155 400 OWF Siemens
2015 SylwWinl 864 +320 155 400 OWF Siemens

2.8 Summary and Conclusions

This chapter presents an overview of the main equipment that is selected for the LFAC TS.
The impact of low frequency on the equipment design, physical and operating features, as
well as the potential effect of the components’ electrical attributes to the LFAC TS operation,

are discussed following research developments in the literature and industrial experience.
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More specifically, technical benefits for three-phase subsea cables are presented in terms of
losses, charging currents, reactive compensation and power transfer capability, based on
cable parameters explicitly adapted for LFAC TS purposes by a cable manufacturer. Also, the
LFACTS voltage level is determined by evaluating the performance of different export cables
at 230kV and 345kV. The power transfer capability significantly increases when operating at
345kV voltage level for distances greater than the maximum range of a typical 50Hz HVAC
export system (approx. 80-100km) and up to the point that the HVDC system can naturally
become the most economical solution. To attain the maximum power-transfer through a
single subsea tri-core export cable, the capacity of the corresponding OWPP can be set

approximately to the maximum power transfer capability of the subsea cable.

The effects of LFAC and different voltage levels on potential harmonic filter capacitors are
also discussed. Based on the export cable selection, the 362kV class switchgear is chosen to
form 345kV double LFAC busbar configuration at 16.7Hz, while for the medium voltage level
of the OCS, the class of 72.5kV GIS is selected to connect the inter-array connection cables at
66kV. Certain adjustments are addressed to overcome the operating challenges of CBs at
lower frequencies and avoid the probability of equipment damage or current chopping due
to the longer time between two successive current zero-crossings, while further verification

of capacitive current switching limits may be needed for an LFAC TS.

Furthermore, transformer design calculations are performed implementing practical
constraints regarding their size and weight based on standard equations. The LFAC
transformer designs are evaluated in terms of weight and losses for various impedance levels
and compared with the respective AC. Results show that the estimated LFAC transformers
could be 2-2.15 times bigger in terms of size and weight and consume 1.45-1.65 times more
power than their 50Hz equivalents for the same p.u. impedance. Hence, for the appropriate
transformer impedance selection, there is a trade-off between transformer weight and
losses, although in an offshore transmission system application both the losses and weight

of the transformers shall be reduced as much as possible.

Finally, it could be expected that the commercially available Type 4 WTGs in the range of 6-
10MW and the recent BtB MMC technology that is selected for the formation of offshore
LFAC network could be feasible solutions and comply with specific modern grid code
standards. However, their rating and configuration should be appropriately adjusted for the

needs of the LFACTS, and their operation should be accordingly coordinated.
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Chapter 3: Offshore LFAC TS Electrical Design and Specifications

3.1 Introduction

Most of the OWP systems built so far are based on HVAC or HVDC radial connections,
delivering power through a PtP scheme from an OCS to an onshore grid-connected
substation. An improvement to this usual arrangement could be the introduction of a
meshed, multi-terminal system design solution, e.g. by interconnecting multiple OCS. This
way, in a case of scheduled or forced unavailability of individual elements which would have
rendered a PtP system partially or totally non-operational, power could still be distributed
through neighbouring routes. A truly integrated system could be formed by using LFAC TS
technology, where the offshore system would be managed as a meshed grid and either
alleviate congestion issues in the 50Hz AC grid or even interconnect different AC grids as

depicted in Figure 3.1.
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Figure 3.1: Meshed Offshore LFAC Transmission System for Offshore Wind integration.
The main LFAC transmission system (TS) configurations investigated in this Thesis consist of:

» 1x704MW Offshore Wind Farm being integrated to a 50Hz grid through a PtP LFAC
transmission system for various cable lengths and
» 2 x704MW Offshore Wind Farms that are interconnected to each other through an
offshore LFAC interconnection cable and being integrated to two different grids or
grid points via a meshed or MT-LFC transmission system for various cable lengths.
As shown in Figure 3.1, the LFAC TS design for exporting the power coming from remote

offshore wind resources could be envisaged as multiple interconnected OWF blocks,
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individually integrated to specific grid points in a typical PtP fashion. The electrical data that

are used for representing each block in the LFAC TS EMT models are presented in Table 3-1.

Table 3-1: Electrical Data of the OWF Integration System.

RA O

TOTAL SYSTEM ELECTRICAL DATA
AC Grid Voltage 400 [kv]
AC Grid frequency 50 [Hz]
Total Capacity of the Project 704 [MW]
Transmission Type HYBRID (e.g. LFAC)
Collection Point Step-Up Transformers Total MVA 846 [MVA]
Nominal Voltage at the HV Trasmission Side (AC Collection Point) 345 [kV]
Nominal Voltage at the MV AC Collection Point Side 66 [kV]
Collection Grid / Transmission Frequency 16.7 [Hz]
No of HV AC Transmission Cables leaving the AC Collection Points 1
Desired No of Equivalent WF Power Output Models (EMT) 1
AC Node / Bus to be Controlled by the WF Model 345 [kv]
Offshore Interconnection Point between WF models either in 66[kV] or 345[kV]
Wind Turbine Rated Power 8 [MW]
Full Scale WTG Converter Rated MVA 10 [MVA]

Careful consideration should be taken in the rating and design stage so that technical, as well

as economic feasibility aspects of this innovative transmission system, are satisfied. The total

LFAC transmission system arrangement for OWPP interconnection and integration consists

of three main parts that are vital for the operation of the whole scheme and should be

carefully designed and rated. These are the following:

» Offshore Wind Power Plant System: This system includes the WTGs and several strings
of cables operating at 66kV and 16.7Hz forming the LFAC OCS network. This network
terminates at 72.5kV class switchgear on the topside of the offshore LFAC platform.

> Offshore LFAC TS Layout: The LFAC TS includes the OWPP platforms, where the voltage
is raised to the 345kV level by means of LFAC step-up transformers as well as the
submarine LFAC cables for transferring the power to the onshore converter substation.

> Onshore BtB Frequency Converter: The onshore BtB-MMC station links the 16.7Hz LFAC

TS with the 50Hz AC grid, and at the same time it separates their operation.

3.2 Offshore Wind Power Plant System Layout

The OWPPs are designed based on several radial strings of WTGs connected to an offshore
substation. For larger schemes, the power plant can be divided into subsystems, structured
in @ modular fashion. In this work, full-converter WTGs are adopted, as described in Chapter
2, with a nominal power of 8MW, as presented in Table 3-2. Each WT is connected to a 66kV

medium-voltage power collector system (OCS) that is explicitly described in section 3.2.2.
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Table 3-2: Full-Converter WTG Electrical Rating.
WTG ELECTRICAL DATA

. Ratedpower [ &8 | [mMw] |
Rated Apparent Power 10 [MVA]
Maximum Reactive Power Limit 0.6 [pu]
Max Reactive Power Output @ Full Power Operation| 6 [MVar]
Min PF @ Full Power Operation 0.8
Transformer Total MVA 10 [MVA]
Base Operation Frequency 16.7 [Hz]
Nominal Voltage at the MV AC Collection Point Side 66 [kV]
Nominal Voltage at the VSC Side 8 [kV]

The 704MW OWF comprises 88 WTGs which can be considered here as one equivalent OWPP
block. Each cluster can then supply a nominal power of ~700MW, for which one export LFAC
cable is required at 345kV, as seen in Chapter 2. A maximum of two clusters has been studied
here, with a capacity of approximately 1400MW. This has been assumed based on the current
UK Grid Code standards (SQSS), where it is stated that the capacity for offshore power park
modules should be limited to 1500MW.

The total installed capacity of 1408 MW meshed offshore LFAC TS is split into two OWPP
blocks of 704MW, per each point-to-point LFAC power export system. These blocks are
interconnected offshore on the transmission voltage side of the step-up transformers, at
345kV level, to improve the security of supply and reliability of the scheme. Of course, this
configuration might have been envisaged either on one or two offshore LFAC platforms. The

corresponding arrangements are presented in Table 3-3.

Table 3-3: Investigated LFAC Power Export Arrangements.

1x200 Radial PtP
1x704 6 1 or Connection
1x300... to the Grid
2x200o0r
2x300 + Two
1x50 Independen
2x704 12 2 X t, Inter-
1x200+
1x300+ connected,
Grids
1x50

If 1408MW installed capacity can be built on one topside in such a way that installation can
be done through a single lift with ample availability of installation cranes, one superior OWPP
block could be forming the system. Otherwise, a number of smaller “single cable” radial LFAC
systems could be interconnected by means of cables and form an offshore meshed
configuration that could be connected to the same or different grids or grid points, in a similar

fashion as shown in Figure 3.1.
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As there is no real LFAC system precedent for this application, no definition of such a system
exists within the grid codes. However, this system could be seen as a hybrid combination of
an OWF HVAC system integrated to the grid through an HVDC link. It is worth noting that for
offshore projects the requirements differ between the offshore point of connection that
Offshore Transmission Owners (OFTOs) call ‘Offshore Grid Entry Point’ and the onshore
connection point termed the ‘Interface Point’ or Point of Common Coupling (PCC) shown in
Figure 3.2. For the LFAC TS, the Interface Point would be on the onshore 50Hz side of the
frequency converter while the Offshore Grid Entry Point could be offshore at 16.7Hz.

Therefore, specific requirements would need to be met in two points of the LFAC TS.
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Figure 3.2: Connection Point Terminology.

This is particularly the case if the offshore LFAC TS is utilized to connect multiple offshore
projects and integrate them into different grids, interconnecting AC grid systems as well.
Either new OWPP projects or separate ventures could be interconnected to an offshore grid
same as the commonly used practice in onshore grids. LFAC submarine cables can be
connected to one or more offshore LFAC platforms where the internal grid voltage is
transformed to a suitable voltage level for long-distance transmission. Thus, the LFAC TS
should not only be considered as a simple OWPP integration medium, but it shall be intended
as a potential solution to form meshed offshore networks, where specific requirements

ought to be met by every LFAC grid-connected part.

In this Thesis, each 704MW OWPP block is intended to deliver its rated power output at the
offshore 345kV - sending end of the corresponding subsea export cable. It can be operated
either at unity power factor (i.e. zero reactive power exchange with the rest of the system)
or as STATCOM regulating the 345kV LFAC transmission voltage level at the - 362kV class GIS
that is placed in the offshore LFAC platform. As no tap-changers (OLTCs) have been assumed

here for the LFAC step-up transformers, the function of each grid side WTG’s VSl is not only
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to maintain the DC link voltage that varies due to the generated power being handled by the
direct-drive rectifier but also to support the LFAC voltage by appropriately regulating the

reactive power if required under certain operating conditions.

Since the offshore LFAC transmission system is formed and retained among converter
terminals, it is strongly affected by the controllers’ response at each 345kV point of
connection. It can be assumed that the VSI control system of every WTG unit in a 704MW
OWPP block is identically tuned to regulate the LFAC side voltage or reactive power at the
offshore 345kV side of the step-up transformers. Hence, an equivalent OWPP module could
be implicitly rated only for the relevant EMT studies to avoid the computational complexity
and big simulation times of an EMT simulation software model. For the lumped design
representation of each 704MW OWF cluster, the following parts have been considered:

» Two-Level BtB VSCs rated at 704MW with switching elements and control systems.

» An AC voltage source in the rectifier side and inverter transformers in the LFAC side.

» The equivalent 66kV topology with all the array and inter-array cable impedances

and any other elements at the medium voltage level side.

3.2.1 OWTG / OWF System Configuration

In this Thesis, a BtB VSC configuration is assumed to connect the WTG to the LFAC TS, as
shown in Figure 3.3. The VSCs are connected through a DC link. For both the rectifier and the
inverter schemes, two-level VSCs are considered in a BtB arrangement. The rectifier acts as
a direct drive adjusting the power output of the generator, while the DC-to-LFAC VSI
independently controls the real and reactive power by adjusting the phase angle and
magnitude the of its output LFAC voltage (V). This independent control is a result of VSC’s
separate active and reactive power controllers [108]. The active control loop regulates the
DC voltage, while the reactive control loop adjusts either the reactive power or the voltage
level at the LFAC side. Since the generator is isolated from the LFAC system through the BTB

VSCs, the WT drive-train side is not analysed here.
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Figure 3.3: Type-4, Full Converter WTG Schematic.
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Basically, VSCs could be considered as fast-controllable SGs, with a fundamental LFAC voltage

output as follows:

1 .
chph(t) =omy: Vac - sin(wt + 6,) (3.1)

Where: Ve is the inverter output LFAC phase voltage, miis modulation index, Vg Is the rated
DC link voltage, w is the angular frequency at 16.7Hz, and §; is the phase shift of the inverter

output voltage.

In this work, the total LFAC TS is represented in an EMT software environment, and an
aggregate BtB VSC system rated at 704MW is modelled to represent the equivalent of the 88
WTGs. The BtB VSCs interface an AC voltage source instead of a permanent-magnet or
synchronous alternator system in the rectifier side. Thus, the output of the whole BtB VSC
scheme can be evaluated at 66kV, as the equivalent inverter control strategies of the Type-4
OWTGs are maintained, and the 66kV inter-array cable impedances and the related
equipment is retained in the model. This simplification is assumed, as the framework of this
Thesis is the offshore LFAC TS assessment and not the WTG interactions in an OWPP of the
distinct electromechanical dynamics, which remain relatively unaffected, due to the full

power electronic converter interface.

Hence, the DC-to-LFAC side VSI is the primary focus for rating the BtB system, while the
rectifier VSC is designed accordingly. The electrical parameters of the LFAC grid interface
inverter of the aggregate OWF are presented in Table 3-4, while an equivalent VSC of the
adopted BtB system is shown in Figure 3.4. The converter rating has been set to 880MVA to
enhance the converters reactive power capability. The comprehensive rating procedure, in
conjunction with its low-pass LCL-type filter and LFAC interface transformer, is described in

the following sections.

Table 3-4: Aggregate WTG VSl Electrical Parameter Data.

Wind Farm Equivalent Model Data

Full Scale WF Inverter
Converter Name WE - Inverter
Control Strategy for d axis Vdc
Control Strategy for q axis QorVac
Apparent Power 880 [MVA]
Real power 704 [MW]
Nominal AC Voltage 66 [kV]
Maximum Reactive Power Limit 0.6 [pu]
Max Reactive Power @ Full Power Operation 528 [MVar]
PF 0.8
AC Collection Point Side Frequency 16.7 [Hz]
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3.2.1.1 VSC Control System
Generally, the cascade vector-current control (VCC) shown in Figure 3.4 is the most common
VSC control method. The equivalent VSI of the BtB system can apply both the DC Voltage and

Reactive Power or LFAC Voltage control, while the rectifier regulates the Active Power.
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Figure 3.4: Generic Vector Control Arrangement for the Equivalent WTG VSI Topology.

The cascade VCC strategy is adopted in this Thesis due to its excellent dynamic characteristics
and its inherent over-current limitation capabilities. It consists of faster inner current
controllers (ICCs) and additional slower outer controllers which provide the reference values
for the inner controllers. The outer controllers can be active power (APC) or DC voltage
controllers (DCVC) as well as reactive power (RPC) or AC voltage controllers (ACVC) [108]. The
implementation of a specific outer controller depends on the application and operating
conditions of each VSC Terminal. This flexibility in terms of the controlled quantities provides
two degrees of freedom at the inverter end, as the VCC scheme removes the coupling
between the real and reactive power and ensures the independent control of each quantity,

achieving robust and stable control as described in Chapter 6.

3.2.1.2 Two-Level Voltage Source Converter (VSC)

The VSCs are the core of the equivalent BtB converter system of the Type-4 WTGs. They are
divided into several circuit topologies according to the converter output AC voltage levels.
However, only two basic configurations of VSCs are mainly used on full-Converter WTGs; the

two-level, and three-level forced commutated VSC bridges, which are shown in Figure 3.5 a)
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and b), respectively. The three-level natural point clamp VSCs used to be favoured in the past
due to the higher quality of output voltage waveform (e.g. lower THD), with fewer switching
events, leading to lower switching losses. Low losses were achieved, though, at the expense
of control system complexity and converter cost due to the increased number of valves

(additional clamping diodes required) in the scheme compared to the two-level schemes.
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Figure 3.5: Basic VSC Circuit Topologies for Type-4 WTGs: a) Two-Level, b) Three-Level VSC.

Many full-converter WTGs have adopted the simpler and more compact two-level VSC, as
the evolved PWM switching techniques have made it efficient and its switching losses have
been considerably reduced. A square-wave output AC voltage with only two values is formed

by controlling the switches and by filtering, a quasi-sinusoidal voltage waveform is obtained.

3.2.1.3 DC Voltage

For the equivalent WTGs BtB module, the value of 135kV has been selected, assuming the
LFAC voltage level of 66kV in the converter output. Technically, the maximum operating DC
voltage should be considered for the maximum steady-state acceptable AC - side voltage
level of 105%, as seen on Table 3-5 and Equation (3.2), although this could be set even higher
for this work’s configuration, as the VSCs are arranged in a BtB pattern, and the offshore LFAC

system could be regulated to operate up to 110% voltage level.

Table 3-5: DC Side Parameters of the Equivalent BtB VSC Scheme.

Vdc 135 [kV]
Idc 5.23 [kA]

Before Filtering

Phase-to-DC Midpoint Pulse Voltage Magnitude 67.4 [kv]
Line Pulse Voltage Magnitude 135 [kV]

Accordingly, the minimum DC voltage level required to avoid converter saturation while

using SPWM can be calculated from the corresponding limits shown in Equation (3.2), with



m; = 1 and a minimum steady-state acceptable LFAC-voltage level of 95%, respectively.
7 vCph
95% 2 Vepn < Vge < 105% - 2 i (3.2)
Operating the BtB VSCs in DC voltage limits can increase the reactive power capability of the
OWEF system. Thus, by appropriatly adjusting the LFAC voltage output, this feature could help

towards handling reactive power at the cable sending end.

3.2.1.4 DC-Link Capacitance

The DC link capacitance shall act to retain the DC voltage constant within limits, even if power
oscillations occur in the DC-link during disturbances in the LFAC system side. Its size (Cqc) is
characterised by its time constant (tcq), defined as the ratio of its stored energy at the rated

DC voltage (Wcdc) to the nominal apparent power of the VSC (Svsc), as in Equation (3.3) [90]:

CacVZ
Teae = 52 (3.3)
2 Sysc

The capacitor time constant (tcqac) can be different depending on the converter application
and is typically in the range of 10ms to 50ms according to [90], or it may correspond to 30 -
40kJ/MVA according to [94]. In addition, the amount of energy that needs to be stored in the
DC side capacitors (Wcqc) is proportional to the power rating of the VSC system (Svsc) but
inversely proportional to the DC voltage ripple (AVq4c) and the AC side operating frequency
(we); to cater for unbalances. Consequently, the size of the DC capacitance is then mainly

defined also by the required DC voltage, according to the Equation (3.4) [90]:

_ Sysc
Cac = 20V g AV oS (3.4)
eVdc dc’PVSsC

As can be inferred by Equation (3.4), the value of an equivalent DC capacitance for the BtB
VSC scheme that is connected to a 16.7Hz LFAC system can be up to three times higher than
the corresponding 50Hz value. However, due to the BtB arrangement, the capacitor size may

be compromised, considering a relatively higher DC voltage ripple tolerance.

Table 3-6: DC Capacitor Parameters

DCV Ripple (p2p) 20 [%]
DC-Link Capacitors 0.001155 [F]
Energy Stored in the DC Capacitor 10.5 [MJ]
DC Capacitor Time Constant 0.0119 [sec]

In this study, a DC capacitance value of ~1.15mF is selected that corresponds to ~20% voltage

ripple and a tcac ~12ms, as shown in Table 3-6.
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3.2.1.5 DC-Link Dynamic Braking Resistor

The Dynamic Braking Resistor (DBR) is applied to protect the DC systems from over-voltages.
Such over-voltages can be caused if the inverter system is not able to export the demanded
amount of power that flows through the rectifier, e.g. during a fault in the LFAC system to
which the inverter is connected [115]. Thus, by using DBRs in the WTG DC-Link, the excess
energy is dissipated, offering the advantage of over-voltage protection against faults on the
collector bus, and on the LFAC transmission system between them and onshore frequency

converters. A typical DBR system with its operational characteristic is shown in Figure 3.6.
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Figure 3.6: DBR in the DC-Link Side of the Type 4 WTG and its Typical Operation Characteristic.

The braking resistor for the equivalent 704MW aggregated EMT model should be rated to
dissipate power equal to the whole OWF block. The DBR would be activated once the DC
voltage exceeds 1.15p.u. while it would be turned off once the DC voltage has returned to its
acceptable levels. These voltage thresholds prevent the braking resistor from interfering

under normal operating conditions. The related DBR parameters are given in Table 3-7.

Table 3-7: Dynamic Braking Resistor Parameters.

Activation DCV 1.15 [pul
Max DCV 1.2 [pul
DC braking resistor 46.6 [Ohm]

3.2.1.6  Converter Reactor

The phase reactors are mostly inductive elements with minimal resistance which are
connected in series with the converter and the rest of the LFAC system. They are special types
of reactors able to withstand high inter-turn voltage stress and need to be designed with a
high degree of interwinding insulation. Their size depends on the converter saturation, its

switching frequency, and the employed PWM strategy. They serve the following purposes:

» Fault-current reduction to the desired level within the rating of the converter. They
protect the converter from the propagation of fast front voltage transients, occurring

during faults and/or circuit breaker operations.
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> Regulate the active and reactive power flow by adjusting the current through them.
They affect the VSC control system tuning and the dynamic behaviour of the AC side.
> Decrease the high-frequency harmonic content of the AC current, caused by the
switching operation of the VSC. As in this work, they can be parts of low-pass filters

and reduce the Total Harmonic Distortion (THD), improving the power quality.

3.2.1.7 ACfFilters

AC filters are used on the LFAC side of the two-level inverter to remove some of the VSC’s
output voltage harmonic components. The low pass filter prevents harmonics from entering
into the transformer and the connected LFAC system, leading to smoother sinusoidal LFAC
waveforms at the point of common coupling (PCC). The most common low pass AC filter

design is the LCL filter, as presented in Figure 3.7.
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Figure 3.7: VSI LCL-Filter Schematic.

Configurations of LCL filters may vary for different applications depending on filter
performance requirements. The equivalent VSI LCL-filter in the LFAC side comprises of two
sets of inductors in the inverter (L1) and grid side (L2) respectively, and one set of shunt-
connected capacitors (Cr) with resistive damping (R¢) which are placed between them. The
capacitor of an LCL filter is essentially a high-pass filter, providing a low impedance path for

high-frequency current components.

The parameters of this filter are carefully selected in order to avoid instability that could be
caused if its resonant frequency is close to the switching frequency of the VSC and its odd
harmonics. Given the fact that the size of the WTG-VSI transformer is quite bigger and
heavier if rated for LFAC operation, its inductance is considered to form the (L2) part of the
LCL-Filter. In order to limit PWM current ripple, the converter side inductors (L1) or phase
reactors, must be much bigger L1>>L2 for a practical LCL-filter. Additionally, many authors
recommend that the converter output current ripple should be limited to less than 10% peak-
to-peak of the rated fundamental current magnitude, in order to comply with standards and

grid codes and avoid potential inductor saturation issues [71].
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For the above reasons, the value of inductor L1 is independently selected to limit the ripple
of the converter output current to less than 10% of the rated current amplitude, asa common
practice, and its value together with the transformer leakage inductance L2 define the filter
capacitance C¢ value. Equation (3.5) estimates the value of inductance for a given DC side

voltage and PWM switching frequency f. of the two-level PWM VSC [72].

[1=—Yde (3.5)

B 84imaxfsw
Where: Aipgy = 2 Iepgse, A < 10%

The LCL-filter capacitor is typically rated to provide reactive power of less than 5% of the
rated power of the converter. The larger the capacitance, the smaller the inverter side
inductance which reduces the efficiency of the scheme, as more current is drawn from the
converter. Equation (3.6) relates converter current and the harmonic current injected to grid
at the switching frequency. By solving this equation for a total attenuation (k,) of 20%, L1

and L2, the value of C¢ can be determined [72].

Igsw| _ 1

ka = |14L2/L1-L2:Crwdy|

(3.6)

Icsw

In addition, since the resonant frequency fiis a function of the filter capacitance and grid
impedance, it can vary under certain operating conditions. Hence, it should lie in a stable
region where supplementary damping is not required, and the fundamental frequency
converter current remains unaffected [111]. This region can be selected to be lower than half
of the switching frequency fs and higher than 10 times the grid electrical frequency f. to
avoid resonance problems. This way, Proportional-Integral (Pl) based current control can be
achieved without active or passive damping if the resonance frequency frs is inside the

interval [femin, femax], as defined by Equation (3.7) below:

1 L1+L2 . 1
fres = Py /Ll-LZ-Cf’ with 10f, < fres < Ef:sw (3.7)

Other correlated oscillations around the resonant frequency can be suppressed by the

resistor (Rf) that is inserted in the capacitive branch as a simple form of damping, although it
negatively affects the filter performance and causes fundamental frequency losses. The value
of this resistance should be equal to one-third of the capacitive reactance at the resonant

frequency and is given by the equation below:

_ 1
f— 3(1)res'Cf

(3.8)
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The inverter side LCL-filter parameters for the equivalent 704MW system model are shown
in Table 3-8, below. In this table, L1 can also be considered as the converter phase reactor,

and L2 is the equivalent converter transformer leakage inductance.

Table 3-8: VSI LCL-Filter Parameters.

Zbase at the VSC Side 4.95 [ohm]
Cbase at the VSC Side 0.0019253 [F]
Filter Capacitance, Cf 0.00000665 [F]
Reactive Power Supplied by the Filter Capacitor 3.04 [Mvar]
Converter Inductance L1 0.02252 [H]
Attenuation Factor ka 0.2
Transformer Leakage Inductance L2 0.00627 [H]
10*fe <Resonant/Cutting Frequency < fsw/2 881.63 [Hz]
Damping Resistor Rf 9.051 [ohm]
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Figure 3.8: Frequency Response of the LCL Filter Design: Impedance Magnitude (Red) and Phase (Blue).

The impedance and phase against frequency plots show its cutting frequency being at 881Hz,
providing a low-impedance route to ground for high-frequency current components, while

for lower frequencies, its impact on the system impedance characteristics can be minimal.

3.2.1.8 Converter Transformer

The WTG-VSIs are connected to the LFAC system by means of converter transformers. Their
primary function is to transform the Medium LFAC voltage to a suitable level for the VSCs to
perform the AC-to-DC conversion. As mentioned in Chapter 2, these transformers may lead
to WT nacelle or tower design modifications due to their increased size and weight. The
electrical parameters for the equivalent inverter transformer models of the 704MW OWF
modules used in this work are presented in Table 3-9, based on the LFAC transformer design

characteristics estimated in section 2.4.
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Table 3-9: LFAC OWF-Inverter Transformer Parameters.

Equivalent WTGs' Part of Total Converter Transformer
Transformer Total MVA 880 [MVA]
Base Operation Frequency 16.7 [Hz]
Nominal Voltage at the MV AC Collection Point Side 66 [kV]
Nominal Voltage at the VSC Side 66 [kV]
Winding Type MV AC Collection Point Side Y
Winding Type VSC Side D
Transformer Positive Sequence Leakage Reactance 0.07 [pul]
No Load Losses 0.000156383 [pul
Copper Losses 0.00233333 [pul

3.2.2 Medium Voltage Collector System Layout

As suggested above, the power from the 88 WTG units of a ~700MW OWF is collected at the
topside of a compact offshore LFAC platform and connected to 72.5kV class switchgear
schemes by means of array connections at 66kV, as mentioned in section 2.3. The
configuration of the 72.5kV class GIS system is described in Table 3-10. Besides the GISs, the
platform houses the step-up transformers (bank of 3 x 141MVA, 16.7Hz single-phase units,
as referred in Chapter 2, the 362kV class GIS, all auxiliaries, control and protection, if there is

no offshore shunt compensation for the export cable.

Table 3-10: The 72.5kV Class Switchgear System Configuration (GIS)

O ON PO BSTATIO
GIS SPECS WF - SIDE , @ kV 66
GIS MAX Rated Voltage 72.5 [kV]
GIS Rated power frequency withstand voltage 140 [kV]
GIS Rated lightning impulse withstand voltage (BIL) [PEAK] 325 [kV]
Min Rated Current 1.25 [kA]
Max Rated Current 2.5 [kA]
Number of WTGs per GIS 22
AC Current per GIS 1.925 [kA]
AC Current Magnitude per GIS 2.722 [kA]

The 704MW OWF requires a total number of 4 x 72.5kV GISs to be utilized, each connected
to 22 WTGs. Thus, the total number of 88 WTGs is divided into twelve arrays, with eight
strings of seven WTG units each and four strings of eight units each, respectively. Each seven
or eight WTG array is shaped by two sub-array WTG-strings that are linked together and is
connected to a 72.5kV class switchgear through one submarine Cu-XLPE, 800 mm? array-

cable operating at 16.7Hz, according to Table 3-11.



Table 3-11: Inter-Array String Cable Parameters.

INTER-ARRAY-STRING CABLES FOR GIS - MAX Loading

Cable Placement (Air,(Under-)Ground, Submarine) S
Cable Isulation Material XLPE

Cable Cores [Single-Core, Three-Core] T
Cable Conductor Material Cu

Cable Operational Voltage 66 [kv]

Cable Rated Voltage Range 3C:10-90 [kV]

Maximum Cable Cross Section to be utilised 800 [mmA~2]
Cable Rated Current 0.775 [kA]
Cable Current (multiplied with 0.9 - Jtubes, etc.) 0.6975 [kA]

Therefore, in each 72.5kV GIS system, there will be 1 x 8 WTGs + 2 x 7 WTGs strings connected
to it through the 800 mm? Cu-XLPE array cable. The medium 66kV voltage offshore system
configuration schematic, as described, is shown in Figure 3.9. All the above-mentioned WTG
units form one OWPP block, providing an installed capacity of 8 x 56 MW + 4 x 64MW giving
a total of 704MW at 66kV.

Schematic representation of one array

Hypothetical layout of a 700 MW windfarm

Figure 3.9: Schematic Representation of the 66kV Offshore WPP Layout, incl. Detail of a Single Array.

The utilization of the submarine array cable with reference to the number of WTGs per array
is given in Table 3-12, where the cable rated current after the effect of J-tubes is considered.
As can be seen for strings with 8 WTGs rated at 10MVA each, the utilization of the cable can
reach up to 100%, while for strings with 7 WTGs its utilization can be as low as 88%.

Table 3-12: Array 800mm*2, Cu-XLPE Cable Utilization.

WTGs TO EACH STRING / STRINGS TO EACH GIS FOR GIS - MAX Loading
Maximum No of WTGs per Cable

No of these Cables per GIS / No of STRINGS per GIS
Maximum No of WTGs per String

Utilization of the Cable for Max No of WTGs per String [%]

Minimum No of WTGs per String

Utilization of the Cable for Min No of WTGs per String [%]

Total No of Strings per GIS 3 Combined
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In each array, the WTGs are connected with 400mm? Cu-XLPE sub-array cables. The length of
each sub-array cable connecting the WTGs is assumed to be 1km, while each of the twelve
800mm? Cu-XLPE array cables is assumed to be 2km long. In Table 3-13, the cables’ electrical

parameters derived from the ABB’s subsea XLPE cables catalogue for 66kV operation at 50Hz.

Table 3-13: Medium Voltage - 66kV - Array and Sub-Array Submarine XLPE Cables (ABB).
CABLE ELECTRICAL RESPONSE-ABB Submarine Power Cables

800 mm’ Cu-XLPE 400 mm? Cu-XLPE
Insulation Capacitance per km Ccab 3.50E-07 2.60E-07 [F/km]
Meas.Cable Inductance per km Lcab 3.20E-04 3.50E-04 [H/km]
Meas. Cable Resistance per km Rcab 2.96E-02 5.14E-02 [ohm/km]

The total 704MW OWPP block is integrated to the grid through one 345kV XLPE-LFAC subsea
export cable. Several cases with various export cable lengths have been studied for up to two
of these blocks interconnected at their OCS through an LFAC cable, assuming a total installed
capacity of approximately 1,400MW. Each OWF block acts as a separate unit facing the

offshore LFAC TS side, although the 66kV medium voltage system is represented.

3.3 Offshore LFAC Transmission System Layout

In the OWPP platforms, mentioned above, the 66kV medium voltage level is raised to a
suitable level for transmission by means of LFAC step-up transformers. The 345kV voltage
level has been selected as the offshore LFAC transmission system voltage with the
advantages of this choice explained in Chapter 2. The power is then transferred through the
submarine LFAC cables to the onshore frequency converter station and subsequently

converted for integration to the 50Hz AC grid.

Depending on the distance from shore, for 704MW power transmission, one submarine
export cable can be sufficient as suggested in Chapter 2. Thus, one OCS with a single topside
can be considered at the offshore platform for a radial, point-to-point transmission
arrangement. In this study, the onshore frequency converter is assumed to be placed in one

single substation site too, for every 704MW OWF power block as can be seen in Figure 3.10.
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Figure 3.10: Simplified Representation of a PtP Scheme Integrating a 704MW OWPP Block to the Grid.
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For the 1400MW meshed offshore LFAC system arrangement outlined in Figure 3.11, two of
the above-mentioned Point-to-Point schemes can be interconnected in their offshore 345kV
side though an additional, identical submarine cable. This cable, depending on its length, may
carry the full capacity from an OWPP cluster or even power coming from one grid,
transferring it to a different grid or grid point. This concept may be extended to include more

offshore generation sources and more grids.
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Figure 3.11: Offshore MT-LFAC System Integrating 1408MW OWF and Interconnecting different Grids.

3.3.1 LFAC Transformer

The LFAC transformer used in this analysis is based on the design calculations performed in
Chapter 2, where a design with relatively increased core area and winding-number is
estimated to compensate for the low frequency. The electrical parameters of the transformer

are presented in Table 3-14.

Table 3-14: LFAC Step-Up Transformer Electrical Parameters

COLLECTION POINT - SUBSTATION

Transformer Total MVA 423 [MVA]
Total No of Step-Up Transformers in the Project 2
Base Operation Frequency 16.7 [Hz]
Nominal Voltage at the HV AC Trasmission Side 345 [kV]
Nominal Voltage at the MV AC Collection Point Side 66 [kV]
Transformer Type 3Single Phase Tr
No of Units per Transformer 141 [MVA]
Winding Type HV AC Transmission Side Y
Winding Type MV AC Collection Point Side Y
Delta Lags or Leads Y -
Transformer Positive Sequence Leakage Reactance 0.07 [pul
No Load Losses 0.00016 [pul
Copper Losses 0.00233 [pul
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It is worth noting that an absolute change in frequency does not result in three times bigger
transformer size as various factors contribute to its overall dimensions. According to the
conclusions presented in the LFAC transformer design section, if the height restrictions
defined by transportation constraints are considered, the leakage reactance of an LFAC
transformer design would lie in the range of 6-10%. Thus, the leakage reactance selected is
0.07p.u., which lies in lower p.u. value than the expected impedance at higher industrial

frequencies, e.g. for a 50Hz or 60Hz.

3.3.2 LFAC Export Cable

The LFAC submarine power export cables adopted in this Thesis are based on the NEXANS
design in coordination with HVDC TECH cable performance studies. All the transmission
cables used for the specific LFAC transmission schemes are based on the 345kV-1400mm? Al
cable which has been selected for the reasons explained in the ‘Submarine LFAC Export Cable

Design’ section 2.2.2. The electrical parameters of this cable are given in Table 3-15.

Table 3-15: 345kV Submarine LFAC — XLPE Export Cable Electrical Parameters (NEXANS).

LFAC CABLE ELECTRICAL RESPONSE - NEXANS
1400mm?2 Al - XLPE

Insulation Capacitance per km Ccab 1.73E-07 [F/km]

Meas.Cable Inductance per km Lcab 4.19E-04 [H/km]

Meas. Cable Resistance per km Rcab 3.07E-02 [ohm/km]
Total Current Limit Imax 1.5 [kA]

The level of detail in representing a cable’s electrical characteristics depends on the study
requirements, as there is always a trade-off between cable parameter accuracy and simplicity
of the model. Thus, models can be based on lumped or distributed parameters throughout
the cable length and on constant or frequency-dependent parameters [110]. As this work
aims at the detailed analysis of the LFAC TS, the explicit characteristics of the subsea cable
are examined in Chapter 4, with distributed and frequency-dependent parameters

representation for accurate investigation of its response in a broad frequency spectrum.

In this section, a simplified estimation of the submarine cable electrical parameters is
intended throughout its length as well as the sizing of the corresponding compensating
reactors. The equivalent ni-circuit representation for various cable lengths is adopted, which
can be used only for steady-state 16.7Hz assessment. A simple way to derive an equivalent
ni-circuit and consider the travelling voltage waves is by developing the cable system as a
quadrupole or a two-ports network. The complete rating and appropriate planning of the
required active and passive compensating measures can be defined after the detailed

frequency, steady-state and time-domain assessments of Chapters 5,6,7, respectively.
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Based on the 345kV submarine LFAC - XLPE export cable electrical parameters supplied by
the manufacturer, the total impedance and admittance of the cable system can be yielded
by the equations below [110]:
Zeap = (Reap + jweLcap) (3.9)
Yeap = jweCeap (3.10)
Where: we=105.93 rad/s is the operating angular frequency corresponding to f.=16.7Hz.

The characteristic or "surge" impedance (Zc) is defined as:

Zp = |Zeab (3.11)
Ycab

The wave propagation constant (y) is given by Equation (3.12).

Y =VZcab Year =@ +jB (3.12)
Where: a is the real part of the propagation constant, which represents the attenuation
(Np/m) and B is its imaginary part which represents phase velocity (rad/m).

The Surge Impedance Loading (SIL) for the cable is:

VZ
SIL = b (3.13)

The propagation speed (v.) for lossy cable can be calculated as:

1

Vp = —— 3.14
€ vV LeabCeab ( )
Finally, the Travelling Wavelength (A) is:
A==t 3.15
7 (3.15)

The above characteristic cable parameters are calculated and presented in Table 3-16. They
are independent of the cable length, but they are affected by the operating frequency. For

this reason, these results are only simplified estimates at the fundamental of 16.7Hz.

Table 3-16: 200km LFAC — XLPE Export Cable Characteristic Parameters.

1400mm2 Al - XLPE - LFAC Cable Characteristics

z Zcab 0.0307+0.044i [ohm/km]
y Ycab 0.000018 [Siemens/km]
Characteristic Impedance Zc 52-16.3i [Ohm]
Propagation Constant ' 0.000296+0.00094i [km~-1]
Surge Impedance Loading SIL 2184 [MW]
Propagation Speed ve 117408 [km/s]
Traveling Wave Length A 7030 [km]
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From Equation (3.15), the travelling wavelength is inversely proportional to the operating
frequency, and thus, for the low operating frequency of 16.7Hz, the wavelength is larger in
comparison with 50Hz for the same cable length. This fact enables the initial estimation of
the cable equivalent lumped parameters through the quadrupole representation as the
travelling wave passes through it with less time delay in comparison with 50Hz operation.
Since, the quadrupole modelling depends on the length of the transmission medium and the
cables examined here can be relatively long (e.g. up to 400km) in comparison with the cable
wavelength, the travelling time (t) as given by Equation (3.16) of the electromagnetic waves
shall not be neglected.

=+ (3.16)

Ve
Therefore, the evolution of the travelling waves and the refraction at the cable ends should
be taken into account. In order to obtain the equations of the power cable at 16.7Hz, the

two-port (ABCD) network equivalent is adopted as presented in Figure 3.12.

lin Ioufl
TL / Cable System
o ——0
+ A B -
Vin Vout
o— | O

Figure 3.12: Two-port, ABCD Network Equivalent for LFAC Cable.

The ABCD are the parameters of the Transmission Matrix as given in Equation (3.17) [102].

o] = (2 5[] 317
Where A, B, Cand D are defined by Equations (3.18-3.20), and each parameter represents:
A) For open-circuit output: the voltage ratio between the two ports.
B) For short circuit output: the negative transference impedance.

C) For open-circuit output: the transference admittance.

D) For short circuit output: the negative current relation.

A=D =cosh(y-1l) (3.18)

B =Z;-sinh(y-1l) (3.19)

¢ =-=-sinh(y-1) (3.20)
Zc
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Three of the above terms are enough to model OTLs and cables with less than 500km,

although the first two terms are usually enough in most cases. Consequently, the equivalent

circuit for long cables is an equivalent "n" circuit as depicted in Figure 3.13, that its impedance

(Zn) and admittance (Yr) can be expressed as follows:

Z. =B (3.21)
y, =221 (3.22)
B
lin Cable System lout
+o L] e
Al Al
Vin B B Vout
- 5 o

Figure 3.13: Two-Port Oriented to a Cable I1-Circuit System in the Phasor Domain.

The transmission impedance and admittance of the LFAC cable’s ni-circuit for a length of
200km are projected in Table 3-17, while Table 3-18 shows its calculated parameters for

various cable lengths.

Table 3-17: LFAC Export Cable 1-Circuit Impedance and Admittance for 200km.

Transmission Parameters Cable Length 200km

Z 6.074+8.776i [ohm]

Y 2 3.4E-06+0.00182i [Siemens]

Table 3-18: LFAC Export Cable MN-Circuit Parameters for Various Lengths.

LFAC Cable M-Circuit @ Various Lengths [km] 50 100 200 300 400
[F] 8.65E-06 | 1.73E-05 | 3.47E-05 | 5.22E-05 | 6.99E-05
[H] 2.10E-02 4.19E-02 8.36E-02 1.25E-01 1.66E-01

[ohm] 1.53E+00 | 3.06E+00 | 6.07E+00 | 8.99E+00 | 1.18E+01

[ohm] 2.64E-08 2.11E-07 1.70E-06 5.77E-06 1.38E-05

The reactive power consumption (Q.) and generation (Qc) occurring in the LFAC cable is:

Pcq Veap”
Q= (GF)* Xean Qc = —4- (3.23)

Bcap

The charging current (len) is given by Equation (3.24), while the total (lot) by Equation (3.25).

Veab

Iep = 3 we * Ceap (3.24)
Lor = |(—222)2 4 J2 (3.25)
tot \/—Vr:ab ch *

Thus, the total cable power losses (Puot) can be estimated by Equation (3.26), while Table

3-19 shows the corresponding LFAC cable electrical performance for various cable lengths.

Preot = 3 Iror” * Rean (3.26)
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Table 3-19: LFAC Export Cable Electrical Performance based on [1-Circuit Analysis, for Various Lengths.

LFAC Cable Electrical Performance

[MVAr] 2.992 6.103 12.120 24.101

[MW] 6.260 12.749 25.171 37.317 48.861
[MVAr] [ 105.888 216.207 431.101 649.887 871.286
[kA] 0.181 0.362 0.725 1.091 1.462
[kA] 1.182 1.192 1.233 1.298 1.386

[MW] 6.425 13.050 27.690 45.465 67.822
[MW]/km  0.129 0.130 0.138 0.152 0.170

Figure 3.14, below shows the LFAC cable total current and losses for increasing cable length.
It is evident that as cable length increases, the MW/km losses of the cable rise, as shown in

Table 3-19, causing the total cable MW losses to upsurge in a non-linear manner.

Cable Losses and Total Current
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Figure 3.14: LFAC Cable Total Current and Power Losses vs Cable Length.

3.3.3 Reactive Power Compensation

Appropriate reactive power compensation should also be advocated wherever it is needed
in the transmission scheme. This may be applied either in one or both the onshore and
offshore sides of the cable. More specifically, active compensation could be applied in both
sides if necessary, by utilizing the VSC-MMC control arrangements at the LFAC side of the
onshore frequency converters and the reactive power capability of the corresponding OWPP

blocks in order to achieve relatively even-loading in the export cables operating at 16.7Hz.

However, if additional active or passive compensation equipment (e.g. by means of
STATCOM or shunt reactors) are considered essential, it would be more beneficial from an
economic feasibility perspective to be installed only at the onshore side of the corresponding
cables. In this work, the application of compensating reactors is considered only onshore for
all the proposed topologies in an attempt to alleviate the weight and free up premium space

on the offshore station topside.
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From this simplified LFAC cable analysis, an approximation of the reactive power to be
compensated and the corresponding inductance needed can be indicated by Equations (3.27-
3.28). The values for various cable lengths are calculated in Table 3-20. In Chapter 5, detailed

load-flow analysis specifies an accurate reactive power compensation for the scheme.

Qcomp =0Qc—0, (3.27)
Vca.b2

L = — 3.28

comp We'Qcomp ( )

Table 3-20: Indicative Reactive Power Compensation of the LFAC Export Cable for Various Lengths.

REACTIVE COMPENSATION

[MVAr]

[H] 10.804 5.399 2.694 1.790 1.336
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Figure 3.15: Approximate Reactive Compensation of LFAC Cable and Shunt Reactor Size vs Cable Length.

3.3.4 System Impedance Damping

System impedance damping measures may be needed in certain cases depending on both
the loci of the low order harmonic frequencies on various spots of the respective LFAC
topology and the control system configurations of the frequency converters. Figure 3.16
presents the export cable impedance for operation at the fundamental frequency (16.7Hz)
up to the fifth harmonic order (83.5Hz), when the distance from shore increases. These
impedance curves are estimated based on the simplified equivalent m-model for long cables

as the cable length is much smaller than the travelling wavelength.

In Figure 3.16, it can be inferred that by increasing the cable length, the ohmic impedance
always increases and even more sharply for higher operating frequencies. Thus, when
operating at higher frequencies, the cable resonance point is much closer to the fundamental

frequency or in much lower harmonic order level.
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Figure 3.16: Export Cable Impedance vs Cable Length, for Various Operating Frequencies.

Although this can be another advantage of LFAC system operation, it shall be clarified that
for the appropriate evaluation of such studies, the frequency-dependent parameter

representation of these cables should be considered, as in Chapter 4.

3.4 Onshore BtB Frequency Converter

In this study, the onshore frequency converter station that links the 50Hz AC grid at 400kV
with the offshore 16.7Hz LFACTS at 345kV is based on MMC-HVDC technology, as mentioned
in Chapter 2. The BtB configuration is implemented for the onshore substation, which allows
the interconnection of two asynchronous networks with different frequencies. It has one
MMC Terminal at each end, as shown in Figure 3.17. The DC rated voltage level of 640kV or
of +320kV is assumed in this work for the onshore frequency converter like many of the
international projects that are rated at 700MW and use the MMC-HVDC technology, as
presented in Chapter 2. Finally, if several steps are assumed for the MMC voltage, the AC side
harmonic filters can be omitted, since the high number of modules allows almost sinusoidal

output AC voltage waveforms.

3.4.1 MMC Control Arrangements

Real power can be transferred either from the 16.7Hz LFAC system to the 50Hz AC system or
vice versa subject to the application, e.g. OWF integration, interconnected grids through
meshed offshore LFAC transmission system, etc. In addition, the LFAC side converter should
be capable of grid forming and grid following operation, as presented in Figure 3.17 and

explicitly described in Chapter 6.
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In the islanded LFACTS, the 345kV voltage level and the 16.7Hz frequency must be imposed.

Thus, the LFAC side MMC shall include black-start capability and be able to form the voltage

waveform for the LFAC TS (grid-forming function). The other converters then apply grid-

following control and require a voltage reference to synchronize their real and reactive

outputs [67]. On the other side, all the 50Hz grid facing MMCs shall establish the DC-Link

voltage of the BtB schemes and fulfil the reactive power requirements at the PCCs.
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Figure 3.17: Onshore Frequency MMCs in BtB Configuration and Potential Control Arrangements.

The reactive power generation and consumption of the MMCs may also be used for

compensating the connected LFAC network. Currently, there is no standardized requirement

for an offshore LFAC network, and each MMC Terminal has been rated to be able to operate

with a power factor of 0.83, even when it transfers the maximum output power of a Wind

Farm block, as can be seen on Table 3-21, where all per-unit values are computed using the

corresponding AC side rated apparent power.

Table 3-21: Back to Back MMCs AC System Electrical Data.

B2B MMC ELECTRICAL DATA

MMC
Control Strategy for d ax!s Islanded or P / Vac Vdc
Control Strategy for g axis Vac
Apparent Power 850 850 [MVA]
Real Power 704 704 [MW]
Maximum Reactive Power Limit 0.56 0.56 [pul
Max Reactive Power @ Full Power Operation 476.0 476.0 [MVar]
Max Apparent Power @ Full Power Operation 850 850 [MVA]
PF 0.83 0.83
AC Side Frequency 16.7 50 [Hz]
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3.4.2 MMC System Configuration

In MMC systems, the DC and AC terminals are connected through the three converter phase
legs, each one comprising two converter multivalves, a positive and a negative, called arms.
Each arm includes a number (N) of series or cascaded submodules (SMs) respectively and a
corresponding arm reactor. The basic structure of a three-phase MMC is shown in Figure 3.18
[66]. In this configuration, each AC or LFAC phase is divided into positive and negative arms,
while in each DC side terminal there is one positive and one negative voltage output that

corresponds to positive and negative arms.

MMC Structure

MMC Voltage Output
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Figure 3.18: MMC Structure and Configuration.

By adjusting the converter arm-voltages-ratio in each phase module, the required sinusoidal
voltage waveform at the AC or LFAC terminal can be attained, while the DC voltage is equal
to the overall voltage of the two converter arms in one phase unit. This means that the MMC
acts as a controllable AC voltage source that provides fundamental-frequency output voltage
waveform, adjusted by the desired active and reactive power output. Moreover, the
generation of harmonics is prevented due to the number of possible discrete voltage steps

through the switching of individual cells.

The commercially available MMC modules can have either full or half-bridge cell
arrangement. For HVDC transmission system with OTLs, the full-bridge configuration may be
preferred due to its DC fault clearing capability to suppress the fault current. The half-bridge
sub-modules (HBSMs), on the other hand, need the corresponding AC breaker opening, so
they are used for submarine and underground transmission systems. Yet, HBSMs can be
employed for BtB HVDC arrangements, due to the low probability of a DC fault. Also, an MMC
with two-level full-bridge submodules requires twice the number of IGBTs of those with half-

bridge submodules, which also lead to higher cost and losses.
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Consequently, the two-level half-bridge MMC technology available from most vendors is
selected for the purposes of the onshore BtB frequency conversion in this work. In the
following sections, the operational principles of the HBSM will be described, the estimation
of the necessary HBSM number and capacitance, as well as the total arm/limb reactance and

resistance in both sides of the BtB MMC-HVDC frequency converter, will be discussed.

3.4.3 Two-Level MMC and Half-Bridge Sub-Module (HBSM)

The main components of each half-bridge sub-module are the two IGBTs with freewheeling
diodes in antiparallel, forming a two-level half-bridge scheme that connects to a capacitor
unit, as shown in Figure 3.18. It also contains a bypass-switch to isolate the module from the
circuitin the event of an IGBT failure, a thyristor for overcurrent protection of the lower diode

in case of DC fault, auxiliary components and electronics.
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The table in Figure 3.19 above illustrates the potential conduction modes of operation for a
half-bridge submodule [90]. The HBSMs are two-level devices that can be switched between
an ON state with full module voltage (+V: effectively equal to the SM capacitor voltage) and
an OFF state with no module voltage (0V) through gate signals to the two valves T1 and T2
respectively, for both current directions. Hence, if T1 is switched on, either the IGBT or the
freewheeling diode of the corresponding valve conducts, depending on the direction of the

current, which defines whether the capacitor is being charged or discharged [107].

Therefore, with this topology, each of the individual sub-modules can be distinctly controlled
in a converter arm, and each MMC'’s arm can behave as a controllable voltage source, with
the minimum voltage variation being equal to the HBSM capacitor voltage. Finally, in blocked
state both switches are off and depending on their voltage and currents, only freewheeling
diodes may conduct, restricting current flow in one of the two possible directions and making
this converter unable to suppress DC side faults which necessitate the utilization of AC circuit

breakers for the development of such a fault protection scheme.
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3.44 PWM Technique

To date, the commonest MMCs’ modulation methods are the Multi-Carrier PWM techniques,
which are classified based on the spatial distribution of their carrier waves, comprising the
Phase-Shifted-Carrier Modulation (PSC-PWM) and the Phase-Disposition or Level-Shifted-
Carrier Modulation (PD-PWM) [73]. The carrier number and frequency depend on the
amount of the MMC levels. For a high number of levels, the effective switching frequency
increases and the THD can be very low (i.e. <2%), but the PWM method may result in being
cumbersome due to a large number of submodules. Figure 3.20 shows PD (a) and PSC-PWM

(b) triangular carrier waveforms being compared with a sinusoidal voltage reference.
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Figure 3.20: PWM Patterns for Two-Level MMC using HBSM: a) PD-PWM and b) PSC-PWM.

The PSC-PWM technique is adopted in this Thesis for the onshore BtB MMCs as it has some
distinctive features on top of suppressing the low-order harmonics. In contrast to the PD-
PWM, it can evenly distribute the power among the sub-modules and the semi-conductor
stress, enabling better capacitor voltage balancing control. This point is critical as each sub-
module has different individual characteristics, and its switching is performed by a specific

triangular carrier waveform which can produce dynamic voltage balancing issues.

In PSC-PWM, the carrier frequency must not be integer multiple of the fundamental as it may
cause the submodule capacitor voltages to diverge [73]. Thus, non-integer multiples of the
fundamental frequencies are chosen here for both T1 and T2 MMC terminals. The HBSM
switching frequency is set at 155Hz, converging the total count of switching per module to

less than 150Hz + 5%, while an amplitude modulation index of Mi=0.945 is selected.

3.4.5 Number of HBSMs — DC Voltage

In order to keep the phase-leg voltage amplitude of the MMC constant and equal to the DC
Voltage, the sum of inserted sub-module cells in each phase leg should also be kept constant.
So, by inserting one sub-module in one arm, one other should be bypassed in the other arm
respectively, at the same time. Additionally, to eliminate any DC offset in the AC voltage
output of each phase leg, the corresponding arm voltage amplitude may vary between zero

to the DC voltage with an average value of half the DC voltage.
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Thus, the HBSM capacitors of each arm can share the DC voltage according to the number of
cells per arm (N) and should be rated as the IGBTs, considering that the necessary blocking
voltage for each arm should be equal to the full DC voltage and twice the DC voltage for the
total phase leg. Therefore, the capacitor voltage balancing is essential, as unequal DC

voltages generated in any of the converter phase legs may cause circulating currents.

Table 3-22: Number of HBSM and Voltage Levels in the MMC.

SM Number

SM Rated DC Voltage set 5 5 [kV]
IGBT Voltage rated 6.5 6.5 [kV]
N: Number of Operating MMC SMs per Arm 128 128
Total Number of Operating MMC SMs 768 768
SM Redundancy 10 10 [%]
Total Number of MMC SMs 846 846
Total Voltage Levels (N+1) 129 129

If an established 6.5kV IGBT module is employed for this application, the rated HBSM voltage
can be set to 5kV, as can be seen in Table 3-22. A total number of 128 operating HBSMs is
then needed to withstand the DC voltage of 640kV pole to pole accordingly, which is also the

required number of HBSMs per arm, as can be inferred by:

Nypsy = —2C (3.29)

Vupsm

Supposing that a typical 10% policy for submodule redundancy is applied, then a total
number of 846 HBSMs would be equipped, out of which only the 768 would be in use, and

384 would be operating at every instance in each MMC of the back to back arrangement.

3.4.6 HBSM Capacitance

Theoretically, since the BtB MMCs that link the offshore 16.7Hz system to the 50Hz grid are
equally rated with the same number of HBSMs, the passive equipment components of the
MMC interfacing the LFAC network should be three times bigger in size and rating than those

of the 50Hz grid side MMC. Though, slight differences result out of practical calculations.

The choice of the HBSM capacitance value is always a trade-off between the capacitor size
and its voltage ripple. A ripple in the range of 5% can be considered acceptable for MMCs,
and the required capacitance value can be estimated by specifying the deviation in the
energy of the converter arm, according to an analytical method suggested by Marquardt et
al. [104]. Moreover, stored energy over 30kJ per MVA of a converter rating can be adequate
to achieve a voltage ripple factor € ~ 5%, as suggested in [130]. The projected HBSM

capacitance value shown in Table 3-23, is calculated by :
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Com = osm — _2Wsu (3.30)

2 2
Vupsm 2-eVypsm

Where: Csum is the sub-module capacitance (no redundant submodules assumed)
Vussm: the desired sub-module rated DC voltage

Wsni: the stored energy in each submodule per MVA

AWsy: Variation in SM stored energy = AWgy, = Warm

Nupsm

Where: AW,m: Variation in the upper arm’s stored energy

Table 3-23: HBSM Capacitance for the BtB MMC Terminals.

SM Capacitance

AWarm: Variation in the upper arm’s stored energy 4.46 1.49 [MJ]
AWsm: Variation in SM stored energy 0.035 0.012 [wJ]

Wsm 0.087 0.029 [MI]

Csm 7000 2350 [uF]

Hence, for a ripple voltage of 10%, the value for the HBSM capacitor of the LFAC side MMC
is estimated near ~7000uF and for the HBSM capacitor of the 50Hz grid side near ~2350uF.

3.4.7 Arm Inductors

The arm inductors, also known as limb inductors, have two main functions:

1) They can limit the fault current rate of rise (di/dt) through the converter to suitable
levels, for faults happening either in or out of the converter.
The arm fault current should not exceed the value of 20A/us in any case [130]. This can
be used as an initial criterion for a minimum value of arm reactor. According to SIEMENS,
the “HVDC Plus” MMC system employs converter reactors that suppress the fault current
to tens of amps per microsecond against the most onerous conditions, such as a DC pole-
to-pole short-circuit fault. The value of limb reactance required to suppress the initial fault
current rate- of-rise to less than 20A/us can be derived by the Equation (3.31), assuming
that for the time period between a fault inauguration and the IGBTs turn-off, the DC

voltage is kept fairly constant [90].

_ Vbc
Loyrm = —2-(dlﬂt/dt) (3.31)

From Equation (3.31), the minimum arm inductor value is 16mH for the MMCs placed in
both AC sides of the BtB scheme. It should be mentioned that the above limit can be
considered for the LFAC side, only in the case that some minor modifications are
considered in circuit breakers’ design to operate at LFAC, for reasons stated in Chapter 2,

e.g. to avoid the current chopping phenomenon.
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2) They can limit the high-frequency arm current components such as the peak circulating
currents.

In normal operation, the converter upper and lower total arm currents of each phase-leg

comprise three current components as described by the Equation (3.32), below:

1 1
lyym = % t+ %h + Leire (3.32)

Where, l.irc is the circulating current caused by unequal DC voltages generated among the
MMC phase legs or differences in the upper and lower arm voltages, e.g. due to different
HBSM switching times. The lq. is a negative-sequence current (a-c-b) at double the
fundamental frequency, which distorts the arm currents and increases converter losses.
They can be further suppressed through an additional Circulating Current Suppression

Control (CCSC) mechanism.

However, the minimum limb inductor value of 16mH calculated above may still result in
unnecessarily high circulating currents even with the CCSC. Hence, the limb reactance may
be increased further as a compromise between the reactor size and the circulating current
magnitude. A general rule is that the selected parameters should be outside a region of
potential resonances that occur in the circulating currents [107]. For the selected HBSM

capacitance, the corresponding region can be calculated by:

— NHBSM . 2-(h2—1)+ml-2-h2 (3 33)
Cypsmw?  8h?(h?2-1) ’

L arm

Where, w: angular frequency in rad/s, h: harmonic orders, with h=2n (n=1,2,...00)

According to [133] this harmful region has a lower limit defined by the 4" harmonic order
and a modulation index of 0.1 (h =4 and m; = 0.1) as well as an upper limit defined by the
highest resonant frequency which is obtained from Equation (3.33), above, for h =2 and m;=
1. Hereafter, the converter should operate above the highest resonant frequency, so that the
dependency on the arm resistance R.m Value eliminated, which should be as low as possible
to avoid increasing losses. Hence, the following constraint is also imposed on the arm

inductor and capacitor values:

5-N
Lorm - Cypsm > ﬁ (3.34)

According to Equation (3.34), the MMC arm inductance that corresponds to the highest
resonant frequency should be 173mH on the LFAC side and 57.5mH on the 50 Hz AC side.
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The arm reactors in an MMC system could also be assumed to have the functionality of Type-
L filters and converter reactors in a two-level VSC system by enabling independent and
continuous control of active and reactive power. Hence, the arm and converter reactors are
finally rated at 0.2p.u. corresponding to 307mH of 16.7Hz LFAC side reactors and 102.5mH
of 50Hz AC side reactors in order to avoid both the circulating current resonances and the
fault current change rate limit, as they were also found to offer a satisfactory performance

level when used in conjunction with the CCSC.

3.4.8 Interface MMC Transformers

The converter terminals are interfaced in both the AC and LFAC system sides through
converter transformers. Their primary function is to transform the voltages of the 400kV AC
and 345kV LFAC systems to a suitable level for the converters which is 370kV in both sides
and to provide electrical isolation between AC and DC sides. The leakage impedance for the
50Hz AC system transformer is 0.15p.u. and 0.07p.u. for the 16.7Hz LFAC transformer based
on their MVA rating and they are much bigger than their corresponding resistance which may

even be neglected in some power calculations.

Table 3-24: MMC Transformer Specifications at both MMC Terminals.

MMC Transformer
Transformer Total MVA 850 850 [MVA]
Base Operation Frequency 16.7 50 [Hz]
Nominal Voltage at the Grid Side 345 400 [kV]
Nominal Voltage at the MMC Side 370 370 [kV]
Winding Type Grid Side Y Y
Winding Type MMC Side D D
Delta Lags or Leads Y lags lags
Transformer Positive Sequence Leakage Reactance 0.07 0.15 [pu]

Table 3-24 shows the electrical parameters of the MMC transformers. Here, Delta
connections are adopted to both AC and LFAC converter-side transformer windings in the
case that MMCs apply a third harmonic injection technique which corresponds to zero
sequence currents that can be blocked by a three-wire connection such as a delta

transformer winding before entering the rest of the AC systems.

3.5 Summary and Conclusions

In this Chapter, offshore PtP and MT-LFC TS LFAC transmission schemes are designed, and
their related equipment is specified and rated in detail. The PtP LFAC TS integrates a 704MW

OWF to the grid through a long submarine export cable connected to frequency converters
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located onshore, while the MT-LFAC TS configuration connects two distant but similar OWFs
in a meshed arrangement that also interconnects two different grids. The layout of each
704MW OWPP system is explicitly defined by the 8SMW Type-4 OWTGs, the 400mm? Cu-XLPE
sub-array and the 800mm? Cu-XLPE array cables and the medium voltage collector system

with 4 x 72.5kV GISs.

Moreover, the electrical parameters of the high voltage components of the offshore LFAC TS
schemes are determined. The LFAC step-up transformers are specified based on the design
estimation of Chapter 2, with a leakage reactance of 0.07p.u. as the “natural” leakage
reactance of an LFAC transformer lies in lower p.u. value than the expected at 50Hz or 60Hz.
The LFAC export cable parameters supplied by the manufacturer are utilised to assess a
simplified equivalent m-circuit for various lengths and estimate the size of the corresponding
compensating reactors. Results show that as cable length increases, the MW/km losses of
the cable rise, causing the total cable losses to upsurge non-linearly. It is also indicated that
when operating at higher frequencies, the cable resonance point could be much closer to the
fundamental frequency or in much lower harmonic order level, introducing the need for

potential mitigation measures for the dynamic impedance of the system.

Regarding the BtB VSC system of the equivalent OWTGs and the onshore BtB MMC-HVDC
frequency converter system for integrating the LFAC TS to the grid, the following

characteristics are specified:

Potential control system principles
Two-Level configurations

DC voltage rating and PWM techniques
The number of modules (in onshore MMCs)
The suitable DC capacitance and DBR unit
Converter reactors

AC PWM Harmonic Filters (in the OWF VSI)

YV V V V V V V VY

Interface transformers

Since the MMCs are equally rated in the BtB arrangement linking a 50Hz grid with an offshore
16.7Hz system and having the same number of HBSMs, the passive equipment components
of the MMC interfacing an LFAC network need to be rated almost three times higher than
those of the MMC interfacing a 50Hz grid. This is obvious in the rating of the DC capacitors

and arm or converter reactors, with slight differences in the result of the calculations.
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Chapter 4: Frequency Domain Assessment

4.1 Introduction

The frequency response assessment of a transmission system and the evaluation of the
impact that some main components have upon it can help to avoid undesired resonances
and harmonics. Harmonic resonances occur in frequencies where the impedance of a system
that contains inductors and capacitors has a minimum or a maximum. Such resonances
should be seriously considered to avoid harmonic distortion issues that can cause a range of

instantaneous and long-term negative effects on a system’s performance and equipment.

The resonance frequencies are of fundamental concern especially in offshore systems which
comprise long submarine AC cables together with step-up transformers, shunt reactors,
inter-array cables, wind collector system, etc. and their power sources are converter
interfaced WTGs that demonstrate characteristic harmonic emission spectrums and power
intermittency. The resonances in such systems can also be amplified when the offshore
installations interact with a weak AC grid that has low short circuit capacity (SCC), making it

difficult for the OWFs to comply with the grid code requirements at their PCCs [110].

The resonance interaction issue can be crucial in the case of islanded LFAC transmission
system that is purely shaped among OWFs and HVDC converters without a straight
connection to a strong grid [96]. There, the additional onshore back-to-back frequency

converters may act as additional harmonic sources, apart from the fully converted WTGs [75].

4.1.1 Frequency Analysis Objectives for LFAC TS

The knowledge of the frequency response for the offshore LFAC TS during the system design
stage can help to avoid wider harmonic propagation problems. System impedance may
resonate near a harmonic frequency produced by VSCs and exacerbate the harmonic voltage
or current of the circuit. Typically, a parallel resonance can cause voltage THD amplification,
and a series resonance can lead to high current THD at the resonant frequency. Except for
the THD, a low-order resonance in the LFAC network could produce sustained overvoltages

during transformer energisation or at fault-clearing which may damage the equipment.

Therefore, the frequency domain analysis of the system is performed to detect resonance
conditions that could excite harmonic voltages and currents and create potential system
performance or stability issues. The frequency scan studies indicate the impedance of the

system in various frequencies. They can be useful for designing the appropriate mitigation
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measures (e.g. harmonic filters, converter control systems, etc.) to damp the system
resonances and prevent interference with other components [111]. In this Thesis, the
frequency scan analysis of the LFAC TS evaluates the equivalent system impedance at the
onshore and offshore 345kV busbars as well as at the 66kV collector bus of the WTGs. The
study assesses the frequency response of the LFAC subsea cable and the transmission system
at normal operation, by varying some of the design parameters such as the cable length and

OWF power dispatch characteristics.

More specifically, static frequency scans are performed in the LFAC transmission system by
applying the PSCAD’s interface to harmonic impedance solution component from PSCAD
master library at the standpoints of the power converters which are considered as potential
harmonic sources. This frequency scanner tool is an impedance measurement module that
is applied between the respective node and the ground. It generates the network’s harmonic
impedance matrix in the phase domain at the corresponding points, starting from 1Hz and
up to the harmonic frequency of interest. In the produced frequency scan graphs, the
resonant peaks or “parallel resonances” represent very high impedance points which can be
excited by harmonic current sources such as the fully-converted WTGs and result in
substantial harmonic voltages. On the other hand, the dips or valleys in the graphs are the

“series resonances” and represent a low impedance path to the harmonic currents.

In the following sections, the modelling of the system is described in frequency domain, and
its resonant frequencies are examined for different LFAC TS topologies and LFAC cable
lengths. The impact of these resonances on the system is analysed, and passive filtering
options are proposed to establish a degree of effective damping. Finally, useful observations

are yielded regarding the projected offshore PtP and MT-LFAC TS designs.

4.2 System Frequency Domain Modelling

There is a high number of system components that shape the offshore LFAC transmission
scheme’s frequency response. In particular, the export and inter-array cables capacitance
can create significant parallel resonance interaction with the 66/345kV LFAC step-up
transformers in the offshore platform and the various converter transformers as well as the
onshore cable shunt compensating reactors, the LCL filters of the OWTGs VSls, etc. In parallel
operation of two or more OWPPs located within close electrical proximity, it is also necessary

to avoid resonance conditions among these plants and the associated system equipment.
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It should be noted that there is no specific value of system impedance magnitude that can
cause harmonic issues in the LFAC TS unless a sufficient level of background harmonic
currents and voltages near the resonant frequencies excite its resonances. However, an
offshore LFAC scheme will generally have multiple such harmonic sources as it may only be
established among various frequency converters. In addition, the impedance at individual
harmonics can significantly change if contingencies occur such as cable and transformer
outages, or operating conditions change under routine system variations, e.g. changes in the
status of reactor banks or WTGs’ disconnection, etc. In general, the LFAC TS impedance
should not be considered as a single value for each harmonic order as it may vary over a
range in the R-X plane due to the system loading condition. Hence, the extent to which the
transmission system should be explicitly modelled depends on the harmonic orders of most

interest and the required accuracy over the specified frequency range.

The measured harmonic impedance is characteristic of the specific system configuration and
requires detailed modelling. Proper representation of the offshore LFAC TS impedance at all
harmonic frequencies of interest is essential to quantify in detail all the probable harmonic
issue. A complete harmonic analysis should be performed with manufacturer-provided data
regarding the harmonic emission spectrum of the related equipment. The model of the
offshore Multi-Terminal 16.7Hz part of the LFAC transmission system (MT-LFAC TS)
developed in PSCAD-EMTDC for the passive frequency scan studies is realised as two OWF
export LFAC systems that are interconnected at their offshore platforms, and it is shown in
APPENDIX A. The system components in the frequency domain are explicitly described in the

following sections.

4.2.1 Modelling of the LFAC Subsea Cable

Comprehensive submarine cable modelling is crucial to analyse the offshore LFAC
transmission system frequency response. The very essence of employing LFAC technology to
form offshore transmission systems is the considerably longer transmission distances that
could be achieved through the subsea cables in comparison with the AC systems. This means
that the LFAC transmission cables are of major importance for these systems and their
lengths will be significant. Modelling of such long cables as lumped circuits with constant
parameters, as seen in Chapter 3, should not be used either for harmonic impedance studies
or EMT dynamic simulations. Instead, distributed-parameter models based on travelling-

wave theory should be adopted.
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There are several different ways to model the electrical parameters of an LFAC cable and
selecting the most suitable model depends on the simulation study objectives. The available
options for modelling cables electrical parameter are shown in Figure 4.1, according to [102].
Cable models are classified into two main categories according to the way they estimate its
electrical parameters, namely lumped and distributed. The latter can be more precise for
longer cables and can be calculated either by constant parameters that are mainly suitable
for steady-state fundamental frequency analysis or by frequency-dependent parameters. For
sufficiently accurate harmonic impedance analysis and EMT dynamic simulations in a wider
frequency spectrum, cable models with frequency-dependent parameters can be used,
although more accurate cable data are needed in the modelling procedure and increased

computational effort during the simulation studies.

Cable
Models
Lumped Distributed
Parameters Parameters
Constant Constant [l;requiﬂﬂt
ependen
Parameters Parameters Parameters
Modal Phase
Domain Domain
Pi series Pi Bergeron 1. Marti Idempotent
Circuit Circuits Model Madel Model

Figure 4.1: Models for Cable Representation.

As illustrated in Figure 4.1, frequency-dependent models can be represented either in the
modal (J. Marti or Mode model) or phase domain (Idempotent or Phase model), and they
have similar fundamentals such as their voltage-source based equivalent circuits, instead of
current sources used by other models, e.g. Bergeron’s. They are distributed travelling-wave
models, and they can be valid for greater cable lengths and a wider range of frequencies
compared to the constant parameter models. The fact that the resistance is distributed along
with its reactance across the cable length and is not lumped at the endpoints allows
modelling the distributed nature of the losses, while both the characteristic impedance (Z)

and the propagation constant (y) are dependent on the frequency.
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However, the Frequency-Dependent Mode model may not be as accurate for short lines or
at low frequencies, due to limitations in the time-domain system which assumes constant
modal transformation and can only be accurate for modelling balanced systems [110]. On
the other hand, the Phase model (FDPM) solves the problem of modal transformation
matrixes by calculating the propagation wave in the phase domain. Thus, it allows accurate
simulation of unbalanced AC/DC systems and provides a more accurate frequency-
dependent representation for cables. In this Thesis, the frequency-dependent Phase model
is selected for modelling the subsea LFAC transmission cables. Below, this method is

evaluated, and its accuracy is discussed.

4.2.1.1 The Distributed Parameters — Frequency-Dependent Phase Model

According to PSCAD EMTDC user guide, the frequency-dependent phase model provides the
most accurate cable representation method. It is based on the Universal Line Model (ULM)
theory and operates on the principle that the frequency dependence of a cable can be
represented by fitting two separate matrix transfer functions, namely the characteristic
admittance Yc(s) and the propagation function H(s). The equivalent circuit of this cable model

(the idempotent model) is depicted in Figure 4.2

k o > € o m
Ik Im
M N
IYk IYm
Vi Y. Y. Vm
™ Imh
k4 v

Figure 4.2: Frequency-Dependent Phase Cable Model Equivalent Circuit.
According to Figure 4.2, the following are derived from the “telegrapher’s equations”:
Yo Vi =1l = Vo +1)-H (4.2)
Yo Vu—ILpn=Uc- Vi +1,)-H (4.2)

Where: H = e™V¥! is the propagation function matrix and y is the propagation constant. Yc
is the characteristic admittance matrix. Vi, Ik and Vn, I are the node voltages and injected

current vectors at k and m ends that also cause incident and reflected currents in the scheme.

83



H(s) and Yc(s) are calculated multiple times by PSCAD’s Line Constants Program (LCP) at
discrete points in the frequency domain, and the resulted representation is used for the
harmonic impedance studies performed in this Chapter. Then, they are approximated using
curve fitting methods and replaced by equivalent low-order rational functions, to allow time
domain migration using computationally efficient recursive convolution techniques of PSCAD
EMTDC. Hence, this cable model can also be used for the dynamic EMT simulation studies of

the LFAC transmission system.

The subsea cable modelling procedure in PSCAD requires some basic physical and
geometrical characteristics as inputs to estimate the equivalent electrical impedance and
admittance matrixes and produce the cable Frequency-Dependent Phase Model. However,
the input template provided by PSCAD comprises scalable concentric, circular and
homogeneous conductor - insulation layers and its graphical representation is depicted in
Figure 4.3. These may approximate but not accurately represent complex cable structures
that may have different layer types (e.g. semiconductors) or other physical characteristics
such as different fill between conductors, segmental or non-concentric strands, etc.
Therefore, the calculated output FDPM parameters represent the input parameters but may

not reflect the actual cable electrical characteristics.

Additional Options Frequency Dependent (Phase) Model Options

Output File DisplaySettings:
Frequency for Calculation: 16.7 [Hz]
Display Zero Tolerance: 1.0E-19
Rated System Voltage (L-L, RMS): 345 [kv]
Rated System MVA: 704 [MVA]
Miscelaneous;

Create PI-Section Component?: Yes

Travel Time Interpolation:

Curve Fitting Starting Frequency:

Curve Fitting End Frequency:

Total Number of Frequency Increments:
Maximum Order of Fitting for Yc:
Maximurm Fitting Error for Yo

Max. Order per Delay Grp. for Prop. Func.:
Maximum Fitting Error for Prop. Func.:

DC Correction:

Passivity Checking:

on

0.1 [Hz]

1.0E6 [Hz]

100

20

0.2 [%]

20

0.2 [%]
Functional Form
Enabled

Resistivity: 100.0 [ohm™m]
Aeriak Analytical Approximation (Deri-Semlyen)
Underground: Direct Numerical Integration
Mutual: Analytical Approximation (Lucca)
7

Pipe # 1

0.915007964 [m] Pipe Quter Insulator
Pipe
Pipe Inner Insulation

Inner Coax Cable

e
0.140 [m] ;—/ :

0.0735932 [m]
Figure 4.3: Graphic Representation of the Three-Phase XLPE cable in PSCAD.
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For the reasons mentioned above, to explicitly represent a subsea cable in PSCAD, some input
parameters of the default template need to be adjusted, as demonstrated in APPENDIX A
[102]. The purpose of this correction is to match the cable electrical parameter values
calculated by PSCAD with those measured by the cable manufacturer (NEXANS), as described
in Chapter 2 and 3. Therefore, some parameters of the conductor, shield and insulation of
the LFAC cable as well as the sea (burial) depth below the ground surface are adapted for

PSCAD modelling.

4.2.1.2 Frequency Response of the LFAC Subsea Cables

The analysis of the impact that each element has on the LFAC TS impedance profile is the first
step to identify undesired system resonances and optimise its design. The frequency scan of
the 345kV XLPE-1400mmZ2-Al LFAC cable is performed using the harmonic impedance
solution component of PSCAD. Figure 4.4 shows the difference between the frequency
response of the FDPM against a m-model equivalent of the same 200km cable as calculated
by PSCAD EMTDC. Although the m-model provides the same impedance value at fundamental

frequency, it does not accurately represent the cable properties at other frequencies.

e===fDPM [Z+|(ohms)  ss===Pp| |2+|(chms)

1 64 127 190 253 316 379 442 505 568 631 694 757 820 883 946
F(HZ)

Figure 4.4: Impedance Profile Difference of FDPM vs. lN-Circuit Model of the XLPE-1400mm?2-Al LFAC Cable.

Figure 4.5a) and b) depicts the examined FDPM LFAC cable impedance and resonance points,
respectively, against frequency for different cable lengths without any other system

elements connected to it and shows how the impedance of the cable varies with its length.

Impedance vs Freq. for various Cable Lengths Resonance Points for Cable Lengths
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Figure 4.5: a) Impedance vs. Frequency and b) Resonance vs. Harmonic Order Plots for various Cable Lengths.
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It can be observed that as the cable length increases, the shunt capacitance increases and
the point of the natural resonance frequency of the LFAC cable moves to a lower value.
However, cable resistance increases too, introducing more losses and damping that result in
a lower resonant impedance of the cable. Thus, for longer cables the first resonance moves
towards lower frequencies (every time the cable length doubles, the resonant harmonic
order drops to almost half), having lower magnitude. At the same time, higher-order
resonant peaks occur more frequently with lower impedance magnitude in all other resonant

frequencies, due to the higher damping offered by the increasing total resistance.

As the capacitance of the export cable increases with its length, the problem of harmonic
resonances becomes more prominent for long subsea cables, which dramatically affects the
total system resonance, its operation and the other power system components. When the
cable length is increased to 300km, its resonance occurs at 130Hz, and for 400km the cable
resonant frequency appears at 94Hz which could be detrimental for typical HVAC operation
of the system at 50Hz (i.e.~2nd order harmonic resonances) even without considering the
rest of the system equipment that is inductive in nature or other phenomena related to the
charging currents. Besides the cable itself, inductive transmission system components such
as power transformers, shunt compensation and frequency converter reactors influence the

resonant points as well, and they should also be included in the analysis.

4.2.2 Cable Reactive Compensation Equipment

Since the study concentrates on low order harmonics of the passive LFAC system, the usage
of reactive power compensation equipment and power factor correction devices should also
be accounted as they alter the system impedance. Equipment, such as shunt reactors, Static
VAR Compensators (SVCs), STATCOMs, etc. introduce shunt inductance in the LFAC network
and can resonate with the capacitive elements of the system. Here, cable shunt reactors are
assumed only at the onshore side of the cable for its reactive current compensation, and they
are represented as lumped equivalent inductors in series with a resistor having an X/R of 300,

having the values estimated in Chapter 3.

4.2.3 LFAC Transformers

The above subsea cable assessment in frequency domain demonstrates the importance to
evaluate the broader risk of potential system resonances for specific cable lengths. Since the
LFAC step-up transformers are the main inductive components in the offshore LFAC

transmission system, it is expected that inherent harmonic resonance issues could also be
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related to the transformer leakage reactance, making it the main element for the transformer
frequency-domain modelling. However, the transformer representation for harmonic
analysis includes not only resistance and inductance connected in series but also accounts

for its maximum X/R that occurs at a particular frequency.

As mentioned in Chapter 2, the per-unit leakage reactance of a 16.7Hz LFAC transformer can
be naturally lower than this of a 50Hz equivalent with the same MVA rating, due to the
dielectric gaps and core sizes. Figure 4.6 shows the impedance vs. frequency profiles of the
200km LFAC export cable alone and when connected only to the LFAC step-up transformers
of the LFAC TS. Moreover, the impact of their leakage reactance (X)) is showcased for the

values of 0.15p.u. and 0.07p.u.

e | FAC Cable 200km === Cab+2xTr{XI=0.07pu) e====Cab+2xTr{X|=0.15pu)
1400
1200
1000

800

600

|2+ (OHMS)

400

200

Figure 4.6: Frequency Scans of the 200km Cable Alone and Connected to LFAC Transformers with Different X,.

It can be observed that the cable in conjunction with step-up transformers of the offshore
platform can amplify low-frequency harmonics (inherently ~5th harmonic order for a 200km
cable), without considering the converter transformers or the rest inductive and capacitive
elements that are present in such an offshore power system. Furthermore, the lower the
transformers relative leakage inductance in p.u., the higher the frequency of the system’s
first resonance and the lower its magnitude, whilst the fundamental 16.7Hz frequency
impedance magnitude responsible for the system losses is also reduced. Notably, in Figure
4.6, for a transformer leakage reactance of 0.07p.u., the resonance is 770 Ohm and appears
at 78Hz (harmonic order of ~4.7) while for 0.15p.u.the resonance reaches 1266 Ohm at 59Hz

(harmonic order of ~3.5).

By examining Figure 4.7, the beneficial impact of the lower transformer reactance to the LFAC

system impedance harmonics is obtained for various LFAC cable lengths.
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Figure 4.7: Harmonic Order Impedance vs. Distance of LFAC Cable-Transformer pair for XI: a) 7% and b) 15%.

Thus, it can be inferred that in an offshore LFAC system configuration with specific subsea
cable length, the system’s impedance characteristics are mainly a function of the step-up
transformer’s leakage reactance, and the OWTGs harmonic spectrum or the transformer
inrush-magnetization current upon energisation may excite such system resonances.
Consequently, a transformer design with lower X, in p.u. is a better choice for this system if a

reasonable trade-off with its cost can be attained.

4.2.4 Offshore Collector System (OCS) Representation

In an Offshore Collector System (OCS) the transmission mediums are the short submarine
intra-array and array cables. The frequency scan results for a wind plant collector system shall
include these cables as they contribute to parallel resonance due to the interaction of their
shunt capacitance with the rest of the network. The modelling of each string-array is
represented in PSCAD for the frequency domain analysis of the LFAC transmission schemes,

as shown in Figure 4.8

Figure 4.8: Array of 8 x OWTGs for Frequency Scan Studies.

It is sufficient to model these submarine cables having a couple of kilometres length with
simple m-equivalent circuits since they can be considered relatively short and not allowing a
travelling-wave model at a simulation integration step of 50us. This is opposite to the much
longer export cables that are modelled with frequency-dependent parameters, as mentioned

in4.2.1.
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4.2.5 OWTGs and Onshore Frequency MMC Representation

As the LFACTS is formed among power converters, its impedance profile is highly dependent
on the converter types and their control system response and is not explicitly reflected in the
passive frequency scan assessment of this Thesis, but its impact is evaluated through the EMT
dynamic performance studies of Chapter 7 for different VSC control strategies. In this work,
the static frequency scans of the LFAC TS indicate its impedance characteristics regardless of
the implemented converter control systems, but they analyse the impact of the various
passive components (e.g. Transformers, Cables, Filters, etc.) on the formation of the low-
order resonances of the system and examine its behaviour for various configurations.
Subsequently, any passive mitigation measures that are introduced to alleviate the dynamic

impedance of the system is designated neglecting the VSC control system arrangements.

Thus, the Type 4 OWTGs being interfaced to the LFAC TS through their VSIs as well as the
onshore LFAC side MMC Terminals can be considered to have low internal impedance at
harmonic frequencies as viewed by the LFAC bus, and they are modelled as harmonic voltage
sources with their equivalent converter impedance on the LFAC side without considering
converter losses . This simplification is conservative as a voltage source is by definition a short
circuit to ground in frequency scan studies while the actual converter harmonic impedance
may exhibit a more damped resistive behaviour with low phase angle in steady-state
operation and its losses contribute to system dynamic impedance damping as well [61].
Moreover, Type 4 WTGs are considered with their LCL harmonic filters, that are installed in
the LFAC side of their VSIs. Henceforth, the LFAC system VSCs are modelled in the frequency
domain, as shown in Figure 4.9 where the power output is represented as an impedance (Z)

in Ohms, which is an industry practice and has been used in related studies [92].

Coverter Reactor Coverter Transformer

"7 Fiters

I LFAC System Bus
1
P Lo

Figure 4.9: VSC Model for Frequency Scans.

Here, to estimate the influence that these power variations could potentially have, some
resistive values of 0 to 100 Ohm can be assumed for the onshore MMC output impedance
representation to account for probable steady-state conditions, while the OWF equivalent

can be assumed to cover a range from 0 to 10 Ohm [92]. These impedance values could refer
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to cases where either the number of WTGs in service or their output decrease. Figure 4.10,
demonstrates PtP LFAC TS cases with 200km LFAC cable for which the harmonic resonances

are plotted for various converter states.

LFAC Export System Impedance with 200km Cable at Onshore 16.7 Hz Side for different
VSC Ohmic Representation

12Z+1(ohms)

F(Hz)

OWF//MMC [Ohm] =~ ——0//0 ——0//1 ——0//10 ——0//100 ——1/{0 —1//1 ——1//10 1//100 ——10/f0 ——10//1 ——10//10

Figure 4.10: Impedance vs. Frequency Variation of the PtP LFAC TS with 200km cable, for various VSC states.

It is evident that if Z. changes, it causes resonant points to change accordingly. More
specifically, the increase of the equivalent OWF-VSI module resistance may somewhat
reduce the system dynamic impedance magnitude, but also brings the resonance points to
lower frequencies closer to 3" harmonic order (~“60Hz). Since the LFAC transmission system
is formed exclusively among power electronic converters, it can be inferred that their
dynamic operation can dominate the low-order frequency response of the LFAC TS by
changing the frequency range and damping of its resonances. Conversely, as the operating
state of the converters affects the dynamic impedance of the system, any probable non-
passive, unstable response of the connected VSCs might even reduce the system damping

and cause instability.

4.3 Export (PtP) LFAC TS Schemes without Filtering

Frequency scan studies are performed at various LFAC export system points and the MV
collector bus to identify the points of potential harmonic issues and any need for installation
of damping filters tuned around the problematic frequencies according to the loci of the low
order harmonic frequencies. The passive LFAC system without any damping filter is

connected to the cable and the impedance variations with frequency are noticed for different
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cable lengths as seen from the offshore and onshore 345kV busbars as well as the 66kV OCS
busbar at the 16.7Hz side. The export system under investigation with the impedance
measurement points is depicted in Figure 4.11, without showing the inter-array cables for

simplicity, while the obtained results for 100-500km cable lengths are presented in the

graphs of Figure 4.12.
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Figure 4.11: Simplified PtP LFAC TS Schematic with the Impedance Measurement Points.

From the impedance measurement points shown in Figure 4.11, the graphs of Figure 4.12.
are obtained. It is evident that in the investigated LFAC export system, every resonance
measured at the offshore 345kV busbar has relatively higher magnitude than at the onshore
busbar, while the lowest resonance levels of all cases are noticed at the 66kV OWF, compared
at a per-unit scale. Accordingly, as the cable length increases, the resonant frequencies move
lower due to the increasing cable capacitance and inductance but with lower magnitudes as

well, because of the increasing cable ohmic resistance that produces natural damping.
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Figure 4.12: PtP LFAC TS Impedance Profiles vs. Frequency for various Cable Lengths. Measurements at 345kV
Onshore and Offshore and at 66kV OCS.
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It can be observed that the LFAC export system harmonics are inherently amplified at low
frequencies from 41Hz for 500km cable length to 90Hz for 100km cable and up to the 3™
harmonic order for up to ~350km cables respectively. Another drawback of increasing the
cable length is system power losses which could further rise if potential passive mitigation
measures are adopted. Except for the harmonic filter losses that depend on its rating, type
and quality factor (Q), additional shunt compensation may also be required, further

increasing losses and jeopardising the system’s overall life cycle cost.

The resonant frequency of the passive network for 100 to 300km cable length, lies between
53-90Hz, which would have jeopardised the viability of an OWF export system operating at
50 or 60Hz HVAC, while at 16.7Hz LFAC, this resonance lies still over its 3™ harmonic order.
In the characteristic base-case comprising a 200km subsea cable that is also analysed in EMT
simulations, the interaction of the cable’s capacitive component with the inductive parts of
the LFAC TS provokes a resonance at 65Hz with a magnitude of 1147 Ohm (or 1365 Ohm
offshore). Depending on the operating mode of the system (e.g. energisation, full power,
etc.), its resonance at that point may appear even lower than 60Hz, as seen in 4.2.5,
rendering the frequencies around the 3™ and 4™ harmonic order potentially problematic.
Since the LFAC transmission system resonances can amplify the harmonic components of the

OWPP and the onshore frequency converters, mitigation measures must be adopted.

4.4 Harmonic Mitigation Measures

In most OWPP applications with HVAC connections, the export cable lengths are generally
not as long (i.e. <100km), and in the related HVDC configurations where the OWTG arrays
feed into the HVDC platform, the AC cables that connect the OWPP collector stations (OCS)
to the rectifiers together with the inter-array cables have relatively short lengths with
resonances appearing in higher harmonic orders. Nevertheless, related harmonic
amplification and propagation issues are reported in the literature for both offshore HVAC
and HVDC transmission systems with the HVAC systems also being affected by the SCL of the
system at the point of interconnection and the HVDC systems by the control settings of the

offshore rectifier [134].

In HVAC systems, these issues are tackled by employing passive or active harmonic filters or
even a combination of passive filtering with FACTs devices such as STATCOMs, SVCs, etc. at

the onshore substation. In HVDC systems, passive or active harmonic filters can be installed
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in the offshore platform or potential offshore converter control enhancements for high-
frequency harmonics could be applied. In the island offshore LFAC export system
configuration described in 4.3, the low-order harmonic resonances are mainly formed by the
interaction between the impedance of the step-up transformers and the extensive high
voltage cable system (i.e. >100 km). The resonant frequency of this system can range from
6" to 2.5 harmonic order for 100-500km cable lengths, respectively, while the LFAC system
can also be affected by the control settings of the onshore MMC terminal. Hence, to mitigate
the dynamic impedance of the system, the installation of passive or active harmonic filters

or the islanded-control strategy of the grid-forming converter shall be considered [2].

In the following section, passive filtering solutions are analysed as a potential mitigation
measure. They are the most common approach for alleviating the harmonics in OWPPs and
preventing from undesirable harmonic propagation into the transmission systems. If certain
system conditions are not known, or if the filtering equipment needs to be placed at the
offshore platform, then the more compact active filtering solutions employing converters
may be more suitable although more expensive, as they can be dynamically adjusted and

continuously kept in tune to system variations [133].

Thus, the location of low-order passive resonant filters can be critical, as it can determine the
impedance of the whole transmission system and affect the harmonic distortion and stability
levels of the network. There are practical and techno-economic factors that affect the
harmonic filter location. From an economic perspective, offshore, it is possible to directly
connect the passive filters in the medium voltage of the OCS, in contrast to the onshore side
where only high voltage is available, but the increased cost of the premium space in the
offshore platforms, and the access difficulties for maintenance purposes can make it less
feasible solution. From a practical perspective, if wider and meshed LFAC networks would
be envisaged with LFAC inter-connected branches, then any extra filtering equipment that
might be required would inherently necessitate bigger sized or even additional offshore LFAC

platforms that could jeopardise the system flexibility and expandability.

4.4.1 Passive Harmonic Filtering

Passive harmonic filters are connected in shunt configuration and suppress specific harmonic
currents to their corresponding filter branches or by diverting them to ground. At these
frequencies, the filter branches would present only the resistive part of theirimpedance. This

way, they can prevent harmonic propagation from affecting the LFAC TS electric connection
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infrastructure. Some of the most common passive harmonic filter designs in the industry are
the single-tuned or notch filters, the single-damped, the c-type and the double-tuned

damped filters [85], as shown in Figure 4.13.
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Figure 4.13: Harmonic Filters: a) Single-Tuned, b) Single-Damped, c) C-type, d) Double-Damped.

As the notch type filter offers small bandwidth, it can lead to sharp resonances at non-
characteristic frequencies and produce undesirable resonant points that may be detrimental
for a system with low order resonances. The single-damped and the c-type are second-order
filters that are tuned to resonate at a single frequency, having similar impedance
characteristics but offering better damping. In case there is a need for damping at two
desired frequencies, then two of the above filters or the double-damped type filter may be
used that has only one reactor subjected to full line voltage. In this study, the c-type filter is
used as it can be designed to have minimum losses in fundamental-frequency operation and

shunt to ground all frequencies above a specific harmonic.

4.4.2 C-Type Filter Design
The primary parameters that define the impedance characteristics of the damping filters are:
+»* V: The system base voltage [kV].
+» for w: The system frequency [Hz] or angular frequency [rad/s].
+«»* h: The harmonic order for filter tuning.
+»+ Qc: Capacitive reactive power of the filter [MVAr].

¢ Q: The quality factor of the filter (Q=X/R) that defines its selectivity or tuning response.

From Figure 4.13c), neglecting the capacitors’ dielectric power loss and the reactor’s

resistance, the c-type filter impedance can be expressed as [72]:

1 .1 R(w?LC2-1)%+jR?wC2-(w?LC2—-1 .1
(@)= ———j—=X SR 2 N (4.3)
S j— wC1 (RwC2)2+(w2LC2—-1)2 wC1
R wL— 1

wC2

The c-type filter is anticipated to provide damping of the system resonant impedance with a
minimum amount of power dissipated across the damping resistor (R) at the fundamental

frequency (f). For this reason, in Equation (4.3) the inductor (L) and the smaller capacitor (C2)
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must be resonant or impedance matched at the fundamental frequency (w?LC2-1=0). This
way, further system resonance damping is achieved over a wide frequency range and lower
filter power losses during normal operation, as the filter impedance at the fundamental

frequency is determined only by C1, as follows:
Z(w) = j—— = —j—— (4.4)
W=Jlga=™ :

Using the above fundamental filter characteristics (V, f, h, Qc, Q) as inputs, it is:

hv?

L= 0. (2-D) (4.5)
1

C2 = T (4.6)

Considering the total filter capacitance (Csd) as in a single-damped filter equivalent Figure

4.13b), and C1, C2 of the c-type filter in a series connection, it is:

1_1_ 1 (4.7)
Where: Csd = #-9%. &

wh?2 V2

By the quality factor (Q) definition, the damping resistance value is yielded in Equation (4.8).
R=Q— (4.8)

Except for these key filter specifications, an iterative design process is adopted to specify
their suitable harmonic characteristics that includes EMT and frequency domain simulations
for a range of system operating conditions. Since the power losses of this filter in steady-
state are lower than of a single-damped equivalent, Q can be set to lower levels, resulting in
better damping of the LFAC TS resonance. In addition, the tuning points (h) of the filters are
specified based on the “IEEE Guide for Application and Specification of Harmonic Filters”
recommendation, that suggests the tuning of the harmonic filters up to 15% below the
resonant frequency in order to achieve satisfactory harmonic performance across the whole

frequency spectrum, even in a case of slight filter-detuning [85].

A combination of two c-type filters is utilised to mitigate the LFAC TS resonance of a base-
case with 200km cable. The total size of the filtering branches is selected at 300MVAr
comprising of a 100MVAr filter tuned at 64Hz and a 200MVAr filter at 43Hz, while a Q=2 is
used. Initially, the 4" harmonic order filter is applied to mitigate the system’s resonance, but

it produces a new resonance with lower amplitude, closer to 3™ harmonic order which is
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damped by an additional 3™ order harmonic filter. This combination of c-type filters is

depicted in Figure 4.14.

1 x C-Type: 43 Hz, 200 MVAr, Q=2

1 x C-Type: 64 Hz, 100 MVAr, Q=2
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Figure 4.14: Combination of C-Type Filters rated 200MVAr at 43Hz and 100MVAr at 64Hz with Q=2.

Equivalent 300MVAr C-Type, Single and Double-Damped filters for the LFAC TS base-case

with 200km cables are presented in Table 4-1, and their response characteristics are

compared in Figure 4.15.

Table 4-1: 300MVAr C-Type, Single and Double-Damped Filter Parameters for LFAC TS with 200km Cable.
LFAC TS- H-FILTERS-200km - 300MVAr/345kV

H-Filter Type f[Hz] Qc [MVAr] Q C[pF] L [mH] R[Ohm] C2 [pF]
2.5 42 200 3 13.5 11 843.2
4.1 68 100 3 7.5 0.7 933.3
2.6 43 200 2 16.0 1.3 577.8 72.1
3.8 64 100 2 8.0 1.0 776.5 87.7
2.5 42
300 3 21 405 414
3.9 65 3 122 82 78
H-FILTERS_200km - 345 kV H-FILTER Losses for 200km - 345 kv
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o 1.60
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Figure 4.15: Filters Response Characteristics: Left-Impedance vs. Frequency Response, Right-Power Losses.

It is evident that for similar design characteristics, the c-type filters can offer better damping

at the frequencies of interest with lower losses at the fundamental frequency.
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In the above evaluation of the harmonic filter designs for the base case of 200km cable
length, the c-type harmonic filters are the most practical solution in terms of the LFAC system
impedance damping and power consumption. The implementation of such filters can
improve the feasibility of the scheme compared to [2] where single-damped filters were

employed, increasing the transmission system losses.

The damping effect of the applied 300MVAr c-type filters on the PtP LFAC TS resonance is
obvious in Figure 4.16, while the export system impedance after the c-type filter

implementation can be seen in Figure 4.17.
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Figure 4.16: Effect of Harmonic Filter Inplementation on the PtP LFAC TS Resonance for 200km Cable.
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Figure 4.17: PtP LFAC TS Impedance Magnitude and Angle Profile vs. Frequency, after the Implementation of
the Harmonic Filter for 200km Export Cable Length.

The phase angle in the above system impedance frequency scan diagram indicates the effect
of damping on the resonances that appear. The undamped resonances of the system
impedance can lead to undamped oscillatory behaviour of certain harmonic voltages and
currents in the corresponding frequency range. This is why mitigation measures must be

adopted, such as passive or active filters, or even damping through appropriate control
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tuning or other resonance suppression control algorithms implemented in the MMC control

system of the LFAC side terminal.

From the LFAC export system impedance graphs for various cable lengths seen in 4.3, the
magnitude of the undamped system harmonic resonance decreases with increasing cable
length while its frequency falls to lower than 3™ harmonic order for cables longer than
350km. Thus, for the 400km and 500km cable cases, the c-type filters should offer more
damping in a single frequency to avoid tuning closer to 2" harmonic order that could have
been highly impractical. All the c-type filters tested are rated at 300MVAr and Table 4-2 gives

their parameter specifications for different cable lengths of the PtP LFAC TS schemes.

Table 4-2: C-Type Filter Parameters for PtP LFAC TS with various Cable Lengths.
LFAC TS - C-TYPE FILTERS - 300MVAr/345kV

Steady-State Losses

Cable Length [km! h f[Hz] Qc[MVAr Q C[uF] L[mH] R[Ohm] C2[pF] [% MW /MVAr]
100 2.9 48 200 2 16.0 1.0 513.0 94.9 0.120
5.1 85 100 2 8.0 0.6 583.5 160.2
2.6 43 200 2 16.0 1.3 577.8 72.1 0173
3.8 64 100 2 8.0 1.0 776.5 87.7
2.3 38 185 2.0 22.8 1.2 453.9 78.3 0.206
3.1 52 115 2.0 9.2 1.4 834.7 63.4
2.3 38 300 2.0 24.0 1.1 435.0 80.7 0.223
2.1 35 300 2.0 24.0 1.4 472.3 65.5 0.254

The impedance magnitude over frequency characteristics of the c-type filter designs for

various cable lengths of the PtP LFAC TS are shown in Figure 4.18, below.
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Figure 4.18: Impedance vs. Frequency Profiles of the C-Type Filters to the PtP LFAC TS.
In these plots, the lower the tuning frequency of the c-type filter, the less becomes the
damping it can offer to higher frequencies for the same MVA rating and the higher its power
consumption in the fundamental frequency can be, as presented in Table 4-2. However, as
mentioned in 4.2.1.2, with increasing LFAC cable length, the resonant amplitude of the PtP
LFAC TS becomes lower due to the increased cable resistance, offering natural damping to

the system.
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4.5 Export (PtP) LFAC TS Schemes with Filtering

The implementation of the c-type harmonic filters is shown in Figure 4.19, and their impact
on the LFAC export system impedance for various cable lengths is shown in the impedance

over frequency plots of Figure 4.20.

Harmenic
Filters

35 kY
WF1 66 kv MR- = 2o = - N

704 MW @ 66 kV 16,7 H LFAC Cable1 : “EE:_' ! MMC1
2 @_I_.I @—L, : X ACGRID 1

1 x1400mm? AFXLPE

Reactor

850MVA

O @ e L b e | o[ Xxjerd)

6x141 MVA

Figure 4.19: Simplified PtP LFAC TS Schematic with Harmonic Filters and the Impedance Measurement Points.
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Figure 4.20: Impedance vs. Frequency Profiles of the PtP LFAC TS with Harmonic Filters.

The LFAC export system impedance profile has been drastically improved, eliminating the
undamped resonances noticed in section 4.3. Although the highest amplitude impedance
points have been shifted to lower harmonic orders, they are effectively damped without
posing concerns for either the steady-state system operation or transient response.
Nevertheless, higher system losses shall be expected not only because of the c-type filtering
active power consumption but mainly in case larger shunt reactors are needed to
compensate for the added reactive power generation of the filtering equipment to keep the

LFAC side MMC operating within its capability range.
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Figure 4.21 shows a side-by-side comparison of resonances in the LFAC export case examined
for all cable lengths before and after the application of the harmonic filters. The illustrated

peak positions are based on the impedance measurements at the offshore 345kV busbar.

NO FILTER - OFFSHORE 345 kV C-TYPE - OFFSHORE 345 kV

100km
145 500km

3000

Resonances [Ohm]
N
8
=]

1 2z 3 4 5 6 1.0 1.2 14 1.6 18 2.0 2.2 24 2.6 2.8 3.0

Harmonic Order Harmonic Order

Figure 4.21: PtP LFAC TS Resonances for various Cable Lengths without (Left) and with (Right) H-Filters.

It can be observed that applying harmonic filters of the same size has a greater effect on
damping the higher-order resonances that appear in cases with lower cable lengths (100km-
300km) and slighter effect on the very low harmonic order resonances that appear in cases
with 400km and 500km cable lengths. The 300MVAr c-type filters designed for this
assessment bring the voltage distortion levels to the range of 0.5% and current THD to ~1%
for all cases, as can be noticed by the EMT simulations of Chapter 7. This approach is
conservative according to the current and voltage distortion limits set by IEEE-519, 2014 as
shown in Table 4-3 and Table 4-4, but it enables the understanding of the LFAC system
response with and without the implementation of such filters for various cases. In a detailed
and project-specific assessment, optimisation of filter sizes and characteristics should be

performed for the explicit needs of the study.

Table 4-3: Voltage Distortion Limits for General Transmission Systems.

Individual Total harmonic
Bus voltage ¥V at PCC harmonic (%0) distortion THD (%)
1kV<F=69kV 3.0 5.0
69 kV < ¥ <161 kV 1.5 2.5
161kV<V 1.0 1.5°

Table 4-4: Current Distortion Limits for General Transmission Systems >161kV.

Maximum harmonic current distortion
in percent of Iy

Individual harmonic order (odd harmonics)

I/ 3<h<11l | 11<h<17 | 17Sh<23 | 23<h<35 |35=h<50 TDD

<25 1.0 0.5 0.38 0.15 0.1 1.5
25<50 20 1.0 0.75 0.3 0.15 25

=50 3.0 L5 1.15 0.45 0.22 375

Where Is is the maximum Short Circuit Current and I_ is the fundamental frequency

component of the maximum load current at the PCC under normal operating conditions.
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4.6 Meshed (MT) LFAC TS Schemes without and with Filtering

Meshed LFAC offshore systems are examined, in which the OWFs are either 200km or 300km
away from the shore and connected to different grids while being interconnected to each
other through a 50km submarine cable. This Multi-Terminal LFAC (MT-LFAC) system

configuration, as well as the impedance measurement points, are presented in Figure 4.22.
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Figure 4.22: Simplified MT-LFAC TS Schematic with its Inpedance Measurement Points.

4.6.1 MT-LFAC TS with 200km-50km-200km Cables
In Figure 4.23, the low-order resonance profile of the system without passive damping filters

is assessed and compared with the respective 200km PtP base case examined in 4.3.
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Figure 4.23: Impedance vs. Frequency Profile (Onshore/Offshore) of PtP and MT-LFAC TS for 200km Cables.
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The impedance profile in the two offshore 345kV busbars of the MT-LFAC TS is identical as
well as in the onshore 345kV busbars. The resonance in each 345kV cable side is greatly
reduced compared to the 200km PtP base case, due to the natural damping introduced by
the parallel cable paths and the addition of the 50km subsea interconnection cable. Even so,

the resonant points lie at 60Hz instead of 65Hz, and damping may still be needed.
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The same c-type harmonic filters designed in 4.4.2 for the LFAC export system with 200km
cable are also applied in each onshore Terminal of the MT-LFAC system, and the meshed

system impedance plot is shown in Figure 4.24 in conjunction with the respective PtP system.
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Figure 4.24: Impedance vs. Frequency Profile(Onshore/Offshore) of PtP and MT-LFAC TS with Harmonic Filters
for 200km Export Cables.

Since the harmonic filters that are designed for the respective PtP LFAC TS configurations,
are also effective for the MT-LFAC TS, they shall be installed in the scheme because they can
guarantee, if necessary, the satisfactory standalone PtP system operation under certain
conditions. However, for complying with the MT-LFAC TS requirements, some switching

steps may be introduced to reduce their MVAr and losses or avoid extra compensation needs.

4.6.2 MT-LFAC TS with 200km-50km-300km Cables

In the above LFAC meshed system arrangement, one of the 200km cables together with its
related compensating and potential harmonic filtering equipment is replaced by the
equivalent 300km counterparts. The impedance profile of the resulted scheme without and

with the implementation of passive damping filters is shown in Figure 4.25.
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Figure 4.25: Impedance vs. Frequency Profile (Onshore/Offshore) of PtP and MT-LFAC TS before (Left) and
after (Right) the Implementation of the Harmonic Filters, for 200km and 300km Export Cables.
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The system resonance points seen from the offshore 345kV sides lie between the resonant
frequencies of the corresponding individual PtP LFAC TS cases with 200km and 300km cables,
but they are more damped. The filters also provide effective damping that greatly reduces

the resonant impedance magnitude.
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4.7 System Impedance and Operating Frequency

The selection of a specific low frequency level is a matter of immense importance for the
overall system design and operation. Most feasibility studies on LFAC transmission for OWPP
systems result in adopting 16.7Hz or 50/3Hz, mainly due to the field-proven assets developed
by the manufacturers for the rail industry. As explained in this frequency domain analysis of
the LFAC TS, the harmonic impedance profile may also affect the overall system technical
performance and its dynamic behaviour. In general, this effect could be mitigated easier, and
the system operation could be more efficient if the following occur in a specific scheme:

1. Arelatively low impedance magnitude at the fundamental frequency,

2. The first resonance in the highest possible harmonic order,

3. The lowest possible impedance magnitude at the first resonant frequency,

4. The smallest number of harmonic resonances near the fundamental frequency or

tuned to significant harmonics.

In this section, the correlation between the operating frequency and the dynamic impedance
of an offshore system is discussed, through the investigation of simplified subsea cable-
transformer pairs at 230kV level, using the corresponding cable parameters described in
Chapter 2. Frequency scan studies are performed for various operating frequencies (i.e. 5,
10, 14, 16.7, 20, 25, 50, and 60Hz) utilising the same 200km cable in all cases and the same
rated p.u. impedance values of the transformer. Thus, when changing the operating
frequency, the percentage of transformer p.u. leakage reactance is kept constant, altering
the total inductance of the system, while by using the same subsea cable, only the system’s

resistive response is affected, due to the skin effect.

Hence, the system’s steady-state impedance and its resonances change for different
operating frequencies. For higher operating frequencies, the resonance magnitude
decreases due to the increased cable damping, and it occurs at higher resonant frequencies,
although at lower harmonic orders, due to the lower transformer inductance. At the same
time, the fundamental frequency impedance is larger, as both the resistive and reactive parts
are higher. Figure 4.26 shows a correlation between the resonant points and the operating
frequency of the system. Moreover, in Figure 4.27, the system resonances and their
harmonic orders are plotted against various operating frequencies. It is evident that if the
system operates at 16.7Hz the equivalent system resonant frequency lies within the range of
the 4™ harmonic order, which makes it a relatively better choice than 20Hz and beyond, while

the resonance magnitude is relatively lower than the equivalent of 14Hz or 12Hz and below.
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Figure 4.26: System Frequency Scan approximations for various Operating Frequencies.
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Figure 4.27: System Impedance Resonance (blue) and Resonant Harmonic Order range (orange)
approximation for various Operating Frequencies.

From Figure 4.26 and Figure 4.27, it can also be inferred that an offshore system using such
long cables operating at 50Hz may imply critical operating risks or pose severe harmonic
stability issues. For this distance range, it would most certainly be into current amplification
and undergo severe voltage distortion close to the second (2") harmonic. At any transient,
or even a routine, credible system event such as switching a transformer or a cable could
cause severe harmonic interactions, or even potential OWTGs PLL’s synchronisation issues,
that could lead to disconnections. In such cases, if the HVAC system design is conceded, it

must be optimised with very efficient project-specific harmonic mitigation solutions.

As a consequence, in terms of the desired impedance profile characteristics and low-order
resonance of an offshore system, the harmonic order of the resonant point and the
resonance magnitude can be higher for lower operating frequencies. Other conditions
though, might be more important for indicating the operating frequency of a specific
configuration from a technical point of view, while further limitations imposed by other
significant factors should be counted, such as technology readiness, equipment weight and

size, etc. to attain the most technically and economically feasible solution.
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4.8 Summary and Conclusions

In this chapter, the LFAC TS frequency response is evaluated through a frequency-scan
assessment. The LFAC TS is modelled in frequency-domain, and the impact of each of the
system’s main components to its passive frequency response is assessed. The frequency
response of the LFAC subsea cable (frequency-dependent phase model) with its shunt
reactors, the LFAC step-up transformers, the OCS with its inter-array cables (pi-equivalent
models), as well as the MMC and OWTG systems with their transformers and LCL filters are
explicitly analysed. Potential mitigation measures are introduced in the form of passive
filtering equipment for damping the harmonic resonance of the passive system. Various filter
designs are compared in the frequency-domain for mitigating the LFAC TS resonance. The
more efficient c-type filter combinations are adopted for multiple cable lengths that can also

reduce the filtering losses compared to single or double damped filters.

More specifically, passive frequency-scan studies of the PtP and MT-LFAC TS schemes, as
designed and rated in Chapter 3, are performed for various cable lengths. Their resonance
response with regards to the length of the cables, and the effect of the implemented
mitigation measures, are evaluated. The LFAC TS resonance has been found to have a
relatively higher magnitude at the offshore side busbar, while the lowest resonance
magnitudes in per-unit appear at the medium voltage OCS. In addition, as the submarine
cable length increases, the resonant frequencies decrease due to the higher cable
capacitance and inductance, although, lower resonance magnitudes are noted due to the
increasing cable ohmic resistance, which produces natural damping. Furthermore, the lower
the transformers relative leakage inductance in p.u., the higher the frequency of the system
resonance and the lower its magnitude, whilst the fundamental 16.7Hz frequency impedance

magnitude affecting the system losses is reduced.

Additionally, in the MT-LFAC TS schemes, the resonance magnitude and frequency are
reduced compared with the corresponding PtP base cases, mainly due to the natural damping
introduced by the parallel cable paths and the added cables. Thus, harmonic filters designed
for the PtP schemes can be effective for MT systems as well. Finally, the correlation between
the operating frequency and the dynamic impedance of an offshore system is discussed,
through the investigation of a subsea cable-transformer pair that typically dominates the
system’s resonance characteristics. It is estimated that for PtP offshore schemes, both the

resonance harmonic order and magnitude can be higher for lower operating frequencies.
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Chapter 5: Steady-State Analysis

5.1 Introduction

The load-flow assessment of a transmission system evaluates the steady-state system
response under credible sets of operating conditions, only for the fundamental frequency.
Essential information can be obtained from the load-flow analysis of the LFAC system by
assessing its voltage profile and the flow of active and reactive power through it. The studies
determine if the system voltages are within limits and currents do not cause equipment
overloading under the specified conditions. This way, suitable reactive power compensation
plans are defined to bring the voltage at the corresponding system busses at an acceptable
level or relieve components overloading, decreasing the risk of equipment damage and
unplanned system outages. Such plans include additional passive equipment installation or

coordination between the converters and the passive elements of the system.

Moreover, other critical operating aspects of the LFAC TS are addressed by solving its nodal
equations in steady-state. Since the shunt capacitance of the LFAC cable generates charging
current that increases with cable length, then for a relatively high OWF power dispatch, the
total load current may exceed the rated current of the cable. The overloading of the LFAC
cable together with the voltage increase along the cable can lead to excessively high voltage

at the respective onshore bus, a phenomenon known as the Ferranti effect [110].

Lastly, the availability of the resulted feasible offshore LFAC TS radial and meshed
arrangements is estimated, followed by the energy availability comparison among the LFAC,

the HVAC and HVDC offshore export technologies for matching configurations (APPENDIX B).

5.1.1 Steady-State Assessment Objectives for the LFAC TS

In this Thesis, power-flow studies are performed using DigSilent PowerFactory to determine
the steady-state operation of the LFAC TS. More specifically, the Newton-Raphson algorithm
is employed to solve the network’s non-linear nodal equations using an iterative method that
constitutes the inner calculations loop. Once these iterations converge to a solution within a
defined tolerance, an outer calculations loop is applied to reach the requested target values,
by imposing limitations according to the system input data which involve minimum or
maximum P or Q limits, converter capability curves, voltage or power-dispatch response
dependency, etc. Solving the inner and outer loops involves computational effort until

convergence is reached that depends on the network size, complexity and set conditions.
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The load-flow studies of the offshore LFAC TS aim to attain practical bus voltage profiles,
minimize the system power losses and estimate the real and reactive power flow under
various conditions for PtP and meshed network configuration. The voltage level at each bus,
the voltage-drop on each feeder and the power flow in all branches and feeder circuits of the
system are monitored. In this work, the steady-state assessment of the LFAC TS focuses on:
> Converter control strategies for reactive power compensation and efficient operation

of the transmission system under various conditions, such as different subsea cable

lengths, PtP OWF export systems and multi-terminal/meshed network development.

» Onshore passive shunt compensation requirements to achieve a desired steady-state
operation, comply with the equipment limitations and increase the power transfer

capability of LFAC cables, mitigating the charging currents and the Ferranti effect.

» Reactive power management combining the system’s resources (e.g. passive reactors

and VSCs capability) for cases without or with low-order passive harmonic filters.

» Compliance with system operator (SO) requirements at the PCC.

5.1.2 Offshore LFACTS Grid Integration Requirements

Currently, as there is no real LFAC system precedent for offshore transmission network
application, no “Grid Code” equivalent has been developed to define the principles and
procedures for connecting generation or demand to such a system. Though, the system
closely resembles an OWF that connects to the main grid via an HVDC transmission link.
While there is no specific HVDC code either, converter stations are defined and included
amongst the general requirements [120]. Here it is assumed that the onshore LFAC converter

station should conform to requirements set out for HVDC converter.

Although the requirements for OWFs depend on the characteristics of each specific
transmission system, the structural harmonization study for the grid codes is meant to
establish a general scheme with fixed specifications in a generic layout agreed by TSOs,
developers of WPP, and WT manufacturers [130]. According to this approach and regardless
of any specific grid codes, WPPs should meet some common requirements that comprise:

a. Control of active power,

b. Control of reactive power and voltage,

c. Operating ranges of frequency and voltage,

d. Fault Ride-Through (FRT) capability.

Grid codes indicate active and reactive power requirements by P/Q and V/Q curves, as in
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Figure 5.1a) and b), while the system’s FRT capability is evaluated through EMT studies [78].
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Figure 5.1: a) Typical P/Q Variants required by TSOs on the PCC and b) WTG PQ Capability Curve.

In steady-state operation, the OWTGs and onshore MMCs participate in the grid power
regulation by either balancing or limiting their active power output. All the related generating
units should be able to support active and reactive power at their LFAC grid entry point. In
Figure 5.1a), the reactive power regulation depends on the real power export at the PCC, and
also on the grid properties at this point, such as its SCC, X/R ratio, etc. Thus, the converter
outputs at their PCCs should be adjusted according to the references advocated by the

system operators (SOs), in response to voltage variations [82].
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Figure 5.2: Typical V-Q/Pmax Envelopes of OWPP at the PCC over 110kV, as TSO requirements.

TSOs require the HVDC stations to follow certain U-Q/Pmax profile envelopes at the
connection point, as presented in Figure 5.2 [122]. The converters need to maintain the
required reactive power exchange with the grid at maximum active power output within the
specified boundaries for the designated voltage range. Generally, their reactive power

output shall be fully available within a voltage range of £5% in steady-state operation.
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5.2 System Steady State Modelling

5.2.1 AC Grid Representation

For the load flow studies, the onshore 50Hz grid is represented as a Slack Bus type, imposing
1 p.u. voltage at the 400kV busbar that is also the PCC of the MMC terminal with the grid. A
relatively strong AC system with a Short-Circuit Capacity (SCC) of 3400MVA corresponding to
an SCR of 4 is assumed for the examined point-to-point cases, while the second AC grid of
the multi-terminal (MT) LFAC arrangement has an SCC of 2550 (SCR of 3). An X/R value of 20

is selected for both AC systems.

5.2.2 LFAC Transmission System Representation

The LFAC step-up power transformers, as well as the delta/star converter transformers in the
model, are represented in fundamental-frequency studies as series-connected inductance
and resistance. As in Chapter 3, the transformer leakage reactance is set to 0.07p.u. and the
copper losses to 0.0023p.u., while no tap-changers are employed on the transformer

windings to assist with voltage regulation.

5.2.2.1 LFAC Subsea Cable

For the load flow studies, the Bergeron cable model is adopted that represents the
inductance and capacitance of the m-section analysed in Chapter 3 in a distributed manner
with lumped resistance that is split between the middle and both ends of each cable
segment. Thus, the voltage rises due to the Ferranti Effect that is prominent in subsea cable
circuits can be assessed in the studies. This effect is more apparent when energising an
unloaded or lightly loaded cable, as its charging current becomes higher than its active
current and increases the voltage along the cable. Below, Figure 5.3 shows an equivalent

cable m-circuit based on which Equation (5.1) describes its receiving end voltage.
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Figure 5.3: Equivalent Cable -Circuit Representation.
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Since the receiving end voltage (Vr) rises with increasing frequency (w), inductance (L),
capacitance (C) and cable length (1), the Ferranti Effect is less noticeable in LFAC cables than
in HVAC for the same cable length. Though, for significant cable lengths, inductive

compensation is also applied.

5.2.2.2 Reactive Compensation Management

The main objective of reactive power management is to enable optimum utilisation of the
LFAC export cable and minimize its current by compensating the reactive current flowing
through the cable. The reactive power generated by the subsea cables varies with cable
length and the amount of transmitted active power. Thus, studies for a range of transmitted
active power are performed as well as for the cases that the full OWF power is transferred,
and the total active current flows through the cable. If the charging current is optimised and
reduced for such cases, the total cable current can be reduced. For this purpose, cable
reactive power compensation is needed, especially for long distances. In principle, MVAr
compensation in both sides of a cable is preferred for long-distance power transmission and

can be attained by employing passive or dynamic compensation or a combination of both.

As discussed in Chapter 3, the amount and location of shunt compensation affects the voltage
profile along the cable, but it would be beneficial for the LFAC TS costs to place the necessary
amount of shunt reactors at the onshore side of the cable only. To achieve this, the OWTGs’
capability can be exploited to control the reactive power flow at the OCS or regulate the
voltage level in the power entry point of the export LFAC cable, while the frequency MMCs
capability is utilised by imposing the voltage level at the onshore 345kV LFAC busbar. Besides,
the degree of shunt compensation required for the export cables is defined for many LFAC

TS configurations, by means of shunt reactors.

During the system energisation or no-load condition, the voltage rise due to the Ferranti
Effect at the receiving offshore cable end that is kept open should be lower than the
maximum continuous operative voltage (MCOV) or temporary overvoltage (TOV) capacity of
surge arresters and other system components. At the same time, the no-load current on the
onshore side of the cable must not exceed the rated capacitive switching current capability
of the circuit breakers. In the latter case, it is vital to reduce the cable charging current only
by the implementation of passive shunt reactors at the onshore cable end as the MMC
islanded and LFAC voltage controllers act to maintain the voltage level and not necessarily to

reduce the capacitive current at this point where the CBs are placed. It should be noted,
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though, that shunt reactors are only likely to be in service during relatively light-load
conditions to limit excessively high system voltages, limiting the duration for which shunt

reactor losses would be present on the system.

The shunt reactors employed are modelled here as inductors connected in series with
resistors and in shunt with the LFAC cable system having a typical X/R ratio of 250-300 as
small but constant losses in these devices are unavoidable. The system studies performed in
this chapter, identify compensation schemes that can maintain acceptable voltage profiles

and still be economically feasible.

5.2.3 Onshore BtB Frequency MMC-HVDC System

The implementation of a control strategy for the MMC terminals of the BtB frequency
converters depends on the application and the operating conditions of the system. The
particular control adopted by each MMC of the LFAC TS defines its bus-type representation
in the power flow assessment. Typically, grid codes for WF integration demand unity power
factor operation at their PCC with the grid to prevent conduction losses [120]. In the case of
an LFACTS, this requirement can be met if the AC grid side MMCs apply RPC at their PCC with
the grid. Thus, they can be represented as Vdc/Q buses, ensuring zero reactive power
exchange at their PCCs. For the LFAC side MMC Terminals, the control modes depend on the
LFACTS arrangement. In a PtP application, it must operate on islanded control, adjusting the
LFAC Voltage while imposing the 16.7Hz frequency and it can be modelled as Vac/ bus. In
MT-LFAC TS, only one MMC Terminal operates at this mode while the rest operate in P/Vac
modes. Figure 5.4 shows the desired capability curves of the grid-following MMCs, where the

blue circle corresponds to their rating and the red square defines their operating limits.
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Figure 5.4: P/Q Capability Curves of the Grid-Following MMC Terminals.
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5.2.4 OWTGs Representation
Although the analysis mainly focuses on the LFAC transmission system in steady-state, each
OWTG is also modelled as a controlled PQ or PV source interfaced by an 8/66kV LFAC inverter

transformer and utilising the reactive power capability curves shown in Figure 5.5
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Figure 5.5: Power Capability Curves for OWTGs: a) Voltage-Dependent and b) P/Q Curves (WEA).

The modelled OWTGs are added in a Station Control arrangement that regulates either the
reactive power at the sending end of the LFAC cable or the voltage level at the offshore 345kV
busbar. In Figure 5.6, the diagram represents P-Q profile boundaries at the LFAC connection

point, expressed by the maximum capacity (Pmax) in per unit, against the reactive power (Q).
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Figure 5.6: P-Q Capability Profile of the OWPP for 352 MW/440 MVA part of the 704MW OWF.

The blue line denotes typical (EWEA-EPIA) requirements for connecting WPPs to the grid,
defining the P-Q - profile of a WF for under and over-excited operation. The red line shows
the calculated capability curve for the 352MW part (half) of the OWF at the 345kV LFAC
busbar for 100 different power-flow dispatch-cases, which affirms compliance with these

requirements.
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5.3 Power-Flow Studies for LFAC TS Schemes

In Figure 5.7, the single line diagram (SLD) of the 704MW offshore PtP LFAC TS is presented.
For this scheme, a single submarine cable is utilised, and there are two transformer sets of
three single-phase units each, on a single offshore LFAC platform. This schematic is vital for

the power-flow studies evaluation and for estimating the LFAC TS availability (APPENDIX B).
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Figure 5.7:SLD of the PtP LFAC TS Configuration.
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5.3.1 Set-Up of LFAC Export Power Flow Cases

The scenario-cases that are investigated in the power flow assessment engage potential
point-to-point or export and multi-terminal or meshed offshore LFAC transmission system
topologies, for various cable lengths, under different control arrangements and reactive
power management strategies as well as harmonic filtering considerations. Initially, point-to-
point cases are examined for 100km to 400km cable lengths (PF1-PF4) in which the OWTGs
capability is utilised to either establish a unity power factor/zero reactive power exchange
operation at the subsea cable offshore end (a-cases, RPC) or support the voltage level at the
offshore 345kV busbar (b-cases, ACVC). The point-to-point export cases that are further

analysed and compared are shown in Table 5-1, below.

Table 5-1: List of the Power-Flow Cases for the PtP LFAC TS.

List of PtP Power Flow Cases

OWF CONTROL H-FILTERS @ Shunt Reactor [MVAr] for different Cable Lengths
@345kV.OFFs || 345kons  ETEATEETIIES) Pr2(1x200km) | IETEYETERTIM | PF4 (1x200km)

No Load - - 230
_ a) NOHF 0 230
Full Load : eas ah) HF g 230
b ACVC b) NOHF 0
bh) HE 0 | 0 1 0 ] 150 |

Since the steady-state studies are conducted at the fundamental frequency, any probable
employment of harmonic filters may only be evaluated using frequency and time-domain
simulations, while in these studies only the reactive power generation and MW losses
footprint of their potential application can be utilised to seize the appropriate reactive
compensation equipment. Hence, the above cases are studied either for implementing the
300MVAr Harmonic-Filter solutions (h-cases) as obtained by the frequency-domain
calculations with their estimated losses at the 16.7Hz fundamental frequency or for applying

no passive filters at all, assuming potential active control system arrangements.

No-Load and Full-Load power flow studies have been performed for each case, as referred in
Table 5-1, with the aim to determine the appropriate reactive power compensation for each
scheme to comply with the operating criteria that are described in section 5.3.2. The Full-
Load cases require the maximum power output of each 8MW OWTG, generating a total OWF
output of 704MW at the 66kV busbars of the offshore LFAC platform. In No-Load studies, the
offshore-end circuit-breaker is opened to simulate a perilous case of the system energisation
procedure that could lead to restrike at the onshore-end CB in case it tries to isolate the LFAC
cable system. Finally, the amount of passive shunt reactors installation has been selected

after thoroughly assessing each case for the conditions defined in the following section.
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5.3.2 Power Flow Cases Evaluation Principles

5.3.2.1 System Operating Criteria for Individual Cases

In order to attain only operational and efficient LFAC transmission system designs with the
appropriate converter control system strategies and reactive compensation management
comprising the converter's capability in conjunction with the selection of the fitting shunt
reactors, as mentioned in Table 5-1, each PtP load flow case has been systematically assessed

to meet the following criteria:

a. The voltage regulation for each busbar as well as the voltage drop between two
interconnected points of the system should not exceed +/-10%. The formula used for

obtaining the percentage of voltage regulation in each busbar (i) is:

VR; = 100 - Z2ese=i [os)] (5.2)

base

Where: Vpase is the base voltage as defined by the respective transformer voltage ratio.

b. System equipment such as transformers and subsea cables should not be overloaded,

and converters should operate within their desired capability limitations.

c. According to the IEC, the preferred value for the cable charging-breaking current (No-

Load operation) should be less than 0.355 kA, (i.e. AC CB current limit standard).

d. Passive reactive power compensation and harmonic filtering equipment, if needed,
should be preferably placed at the onshore 345kV substation while power losses due

to compensating reactors and harmonic filters should be kept as low as possible.

e. The voltages and currents should be as equally distributed as possible along the cable.

Apart from the cable charging breaking current limitation, all the other criteria mentioned
above are determined by the Full-Load cases, including the offshore end voltage rise and
cable active power reduction due to cable charging current. Besides, the capability of the
LFAC side converters at full-load conditions can define the extra cable shunt reactors to be
installed at the onshore 345kV bus, in case the MMCs cannot provide the required reactive

power to retain the target bus voltage to 1p.u.

No-Load cases provide information about the shunt reactors required in each scheme during
the system energisation process. They represent scenarios in which the onshore-end CBs are
closed to energise the subsea cable that is left open in its offshore side. Then, the Ferranti
effect causes a voltage-rise from the sending end towards the remote end. This effect can

get more pronounced for longer cables and higher voltages. If only the charging current flows
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in the 345kV cable, there is an inherent risk of CB malfunction causing arcing 'restrike'
because of severe voltage stress after interruption which is unlikely to occur in normal
operation that the load-current dominates. Restrike can cause overvoltages like capacitor

switching, that may damage circuit components depending on the network topology.

These concerns are reflected in the relevant IEC standard (IEC60056) under consideration.
The IEC suggests a cable-charging breaking current limit value of 0.355kA as the maximum
current that the CB can break at a rated voltage of 345kV. In a special arrangement, such as
the LFAC system that comprises long cables to supply embedded generation like OWTGs, this
condition can occur during the system energisation procedure as well as in case of a
disconnection following a fault event at the offshore collector system (OCS) or another
interconnected system if the breaker at the other end is called upon by an operator

command or by a trip order to interrupt the cable’s charging current.

In this work, the cable voltage and loading profiles are analysed across its length, assuming
an open CB at the offshore end for each No-Load case. The compensation that needs to be
placed between the cable and the onshore end CB is implemented in the form of shunt
reactors to reduce the charging current into the limits and help the MMCs regulate the
onshore bus voltage to 1p.u. The rating of the shunt reactors to be installed may be smaller
than the total reactive power needed for adequate compensation during regular system
operation, as supplementary compensating means can be available at the 345kV busbar for
different loading conditions, e.g. utilising converter reactive power capability. Then, the

continuous operation of the reactor and its default active power losses may be avoided.

5.3.2.2  Evaluation Criteria for Comparing All Cases
The various LFAC TS radial cases are assessed from the OWTGs 8kV buses at the 16.7Hz
system to the onshore 50Hz grid at the 400kV level. The operating characteristics of each
scheme are compared to each other and result in optimised PtP LFAC TS arrangements for
each cable length. The cases in section 5.4 are used as a base to introduce the meshed
offshore LFAC network structures, and the study cases are further evaluated in the dynamic,
time-domain simulations of Chapter 7. The conditions that set the evaluation base for the
PtP schemes are reviewed, and the corresponding cases are compared according to the
following overall system percentage quantities defined for each case separately:
» A quantitative Total Voltage Regulation index for the overall topology with N=7 main
busbars can be assumed for comparing the total voltage deviation of the scheme under

different operating conditions. The lower percentage indicates a more stable system
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voltage and the total voltage regulation in each case can be calculated as follows:
TVR = ZiL1IVR;| [%] (5.3)

The Total Power Losses over the generated power in each case.

The Total Reactive Power Compensation degree for normal system operation.

The Maximum Loading of the LFAC cables, transformers and converters of the scheme.

YV V V V

The Total Passive Compensating Reactors that need to be installed in the scheme

either for normal system operation or for energisation and low demand operation.

5.4 Point-to-Point LFAC TS Schemes for OWF Integration

This section discusses the design considerations and results for the PtP power-flow cases as

listed in Table 5-1, with one LFAC cable and possible shunt reactors only at the onshore end.

In No-Load cases, the minimum shunt compensation to keep the cable charging breaking
current lower than 0.355kA for each case is: 1I5MVAr for PF1-100km, 230MVAr for PF2-
200km, 460MVAr for PF3-300km and 705MVAr for PF4-400km transmission. This amount of
shunt compensation, together with the MMC capacity, keep the onshore 345kV busbar
voltage to 1p.u. in No-Load conditions. Though, these shunt reactors may be full in service
only during light-load conditions to prevent the high voltages of the Ferranti Effect or the

high breaking currents and may be switched off or partially used in other loading conditions.

In Full-Load cases the frequency converter reactive power contribution can be up to 0.56p.u.

or 476 MVAr per MMC according to 5.2.2.2, while converter transformers absorb 45MVAr.

a) OWF RPC with Q..=0 at 345kV Offshore Cable Sending End.

Since the full cable inductive compensation needed for PF1 is 210MVAr as calculated in
Chapter 3, no shunt compensation would be necessary for either case PF1- without or PFlah-
with 300MVAr of damping harmonic filters, as the 16.7Hz side MMC Terminal (T1) is able to
operate at both of these states and maintain onshore 345kV busbar voltage at 1p.u.

In PF2, the full cable compensation is 420MVAr which is within the LFAC side MMC-T1
capability, and thus no shunt compensation is needed for case PF2a. However, case PF2ah
should utilise the 230MVAr shunt reactors installed due to the No-Load PF2 case, in
conjunction with the MMC capability.

In PF3, since the full cable compensation is 635MVAr, both PF3a and PF3ah cases should
utilise the 460MVAr shunt reactors installed for the No-Load PF3 case, in conjunction with

the MMC capability to avoid voltage drop at the 345kV busbar.

117



Theoretically, 850MVAr of inductive compensation is needed for full cable compensation in
PF4. However, bus voltage limit violations and overloading of cables and transformers in the

system do not allow the load-flow algorithm to converge and reach a steady-state operation.

b) OWF ACVC with V,e=1p.u. at 345kV Offshore Busbar.

In Full-Load cases examined in which the OWFs apply ACVC, no shunt reactors were needed,
and cable reactive power compensation can be entirely dispensed among the LFAC side

converters, except case PF4bh that requires using extra 150MVAr out of the 705MVAr
installed for the No-Load PF4 case.

5.4.1 Overall Results Evaluation
For the PtP LFAC TS schemes, Table 5-2 presents the Total Power Losses, Reactive Power
Compensation and Voltage Regulation of the examined Full-Load cases listed in Table 5-1.

The results are reviewed graphically in Figure 5.8 and compared in the analysis that follows.

Table 5-2: Evaluation Criteria for the PtP LFAC TS Cases (Dark Colouring for Higher Values).
Total System Voltage

Total Power Losses Total Reactive Power

Regulation Compensation
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Figure 5.8: Top Graphs: Total Power Losses and Voltage Regulation, Bottom Graphs: Total and Passive
Reactive Compensation, for the PtP LFAC TS Cases.
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As expected, the most dominant factor that considerably increases the total power losses,
voltage regulation and reactive power compensation of the system, is the length of the LFAC
export cable. For the same cable lengths, the application of harmonic filters that attenuate
the system resonances at the onshore 362kV GISs largely increases the onshore reactive
compensation needed and to a smaller extent the power losses of the system. Moreover, the
bottom graphs demonstrate that when the system employs passive harmonic filters (h-cases)
in full-load operation, it is more probable to utilise (even partly) the shunt reactors that are

installed for system compliance with the breaking charging current limit at no-load operation.

In addition, when the OWFs apply RPC (a) instead of ACVC (b) the total voltage regulation of
the scheme upsurges significantly, and more reactive compensation per case is needed to
keep the system operation stable. Thus, passive shunt compensation is added to the cable at
the onshore end, increasing further the total power losses for the respective cable lengths.
Shunt reactors are also needed in (ah)-cases with added harmonic filtering, for cables longer
than 150km while in (bh)-cases they may only be partly utilised for cables longer than 350km.
Hence, from a system techno-economic feasibility perspective, the ACVC strategy shall be

selected for operating the OWTGs, while the damping filters shall be avoided if possible.
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Figure 5.9: Top Graphs: Cable Total and Compensated Currents Loading, Bottom Graphs: OWF and MMC-T1
Loading, for the PtP LFAC TS Cases.

Apart from the overall system steady-state performance, there are some critical aspects
regarding the operation of specific components such as the cables’ charging currents, the

loading of converters, etc. that should be kept within a specified range. The loading
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percentages of the active and reactive power of the OWTGs and MMCs (in %(P, Q/S)?), as
well as the total current of the LFAC export cable and its current after compensation, are

illustrated in the related graphs of Figure 5.9, for all the export cases.

It is obvious that the loading of the cable is significantly reduced in (b) cases that utilise the
reactive power capability of the OWTGs, without the need for additional shunt compensation
in most cases. The WTGs can provide the amount of compensation needed to adjust the
voltage level offshore without reaching their reactive power capability limits. This facilitates
the desired absence of shunt reactors at the offshore end of the cable. The onshore MMC-
T1 reaches its reactive power capability limit in all the (ah) cases adopting harmonic filters or
even in (a) cases for cables longer than 250km, while in (b) cases is reached only for cables

longer than 350km that also adopt damping filters (PF4bh).

In particular, PF3a and PF3ah cases show that by using RPC arrangement in the OWF, the
LFAC cable reaches its maximum loading before being compensated at its onshore receiving
end. Thus, cables longer than 300km should not be used for such single-cable LFAC export
schemes without utilising any offshore reactive power support either from the OWTGs or

from any additional shunt reactors, as both-ends compensation should be applied.

Generally, exploiting the reactive power capability of the OWF means that almost 500MVAr
of dynamic reactive power compensation are available into the offshore side of the cable,
minimising the need for placing additional passive shunt compensation in the offshore
platform, regulating the system voltage profile adequately, reducing the power losses and
charging current through the cable and improving the overall system stability. It also refines
the onshore compensation management, as less reactive power is required by the onshore
MMCs and no shunt reactor is needed in Full-Load operation, except for cases with LFAC
cables longer than 350km. Then, part of the already installed reactors that are applied during

the system energisation (No-Load) to mitigate the cable braking current shall be used.

Since the (b) set of cases with WTGs applying ACVC outperforms the (a) set in every operating
aspect for the selected scenarios with only onshore shunt compensation, an overall
optimised LFAC TS reactive power strategy shall include the offshore 345kV voltage support
offered by the reactive power capability of the OWTGs. Therefore, the (b) cases for 100km-
300km long LFAC cables that are also more practical in terms of power losses compared to
longer cables are more thoroughly examined in section 5.4.2 and they are employed to form

the meshed, Multi-Terminal LFAC arrangement that is assessed in section 5.5.
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5.4.2 Feasible Point-to-Point Cases Examination

In this section, a detailed overview of the PtP LFAC TS (b) cases is presented for Full-Load
operating conditions. Figure 5.10 shows the Power Losses, Voltage deviation and Reactive
Power Compensation degree in each main busbar of the examined export cases utilising the

OWTGs ACVC approach, for 100km-300km cable lengths.
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Figure 5.10: Power Losses, Voltage Regulation and Reactive Power Compensation, in each Main Busbar,
for the Optimised PtP LFAC TS Cases.

It is evident that the main contributing factor to the power losses, voltage deviation and the
amount of reactive power compensation in the scheme is the LFAC subsea cable. Depending
on its length it can cause from 3.5% losses for 100km to 10.5% for 300km, while the onshore
BtB MMC system with its converter transformers and other related equipment present
almost fixed losses of ~2%. The biggest voltage deviation in each scenario appears in the
offshore 345kV busbar that is droop controlled by the OWTGs absorbing the corresponding
reactive power at the 8kV VS| output, without reaching their capability limits. Relatively high
divergence can be also noticed in the 370kV MMC output voltage for cases in which harmonic
filters are employed, as the MMC tries to maintain the onshore 345kV busbar voltage at

1p.u., absorbing reactive power that reaches its capability limits for 300km cable length.

Figure 5.11 shows the voltage and current distribution in the cable for these cases. The
highest voltages and currents occur at the offshore cable end. Yet Again, the bigger the cable
length, the higher the current and voltage values are at the offshore end of the cable as well

as the power losses, and the bigger are the variations of both quantities within the cable. The
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maximum loading of the cable, though, is less than 90% even for the 300km case and the

maximum voltage difference between the two ends of the cable is 4%, respectively. Hence,

no shunt reactive compensation is needed in any of the cable-ends for these cases.
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Figure 5.11: Current and Voltage Distribution in the Cable, for the Optimised PtP LFAC TS Cases.

Finally, Figure 5.12 shows a linear approximation of the LFAC cable current profile between

its offshore and onshore ends plotted against its real and reactive current counterparts and

its maximum current limit. In addition, the operating points of thel6.7Hz and 50Hz side

MMCs are plotted in the active-reactive power domain against their desired capability limits.
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Figure 5.12: LFAC Cable Current Profile and Operating Points of the Frequency MMC against their Real and
Reactive Counterparts, for the Optimised PtP LFAC TS Cases.

In these plots, the active current flowing through the cable decreases due to its resistance,

while the reactive part due to the dynamic compensation offered by the VSCs in both ends

of the cable, resulting in a total much lower current at the onshore 345kV end of the cable

than its maximum current limit (1.5kA). Moreover, the grid-forming MMC facing the 16.7Hz

network operates close to its specified maximum reactive power limit in case PF3bh. Hence,

for schemes using cables longer than 300-350km, shunt compensation is needed. In general,

as the LFAC cable length increases, more reactive power is needed by the VSCs to adjust the

voltage level on the LFAC network, while there is no impact to the VSCs facing the 50Hz grid.
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5.5 Multi-Terminal (Meshed) Offshore LFAC TS Schemes

Figure 5.13 shows a meshed-interconnected offshore LFAC TS approach that can be utilised
to enable the exchange of power between different grids or different substations (points) of
the same grid, as well as the power export of two interconnected offshore windfarms. For
this scheme, two cables are utilised, and there are four transformer sets of three single-phase

units each, placed in two distant platforms.

400KV GRID BUSBAR 1
ONSHORE B2B MMC

-0
202
LFAC

OFFSHORE AC
PLATFORM

Figure 5.13:SLD of the MT-LFAC TS Configuration.

In the above arrangement, the shunt passive elements placed in the onshore 362kV busbars
may be case-dependent, as it may even be possible to mitigate the effects of potential system
resonances by applying suitable active control arrangements in the onshore MMC system. In
addition, the compensating shunt reactors represent the additional reactive power that

needs to be absorbed by the converter system in case it provides dynamic compensation.
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5.5.1 Set-Up of Meshed LFAC TS Power Flow Cases

In this section, the steady-state performance of an offshore MT-LFAC TS scheme is assessed.
This MT-LFAC system comprises of two equivalent PtP schemes, the Side 1 and Side 2
systems, each having a 704dMW OWF, an offshore LFAC platform with two step-up
transformers and a 200km subsea export cable that is integrated to a separate 50Hz grid
through an onshore BtB MMC-HVDC system, with one of its terminals facing the 16.7Hz side
(MMC-T1) and the other the 50Hz grid (MMC-T2). The systems are interconnected at their
offshore 345kV high-voltage side though an identical 50km, 1400mm?AI-XLPE, LFAC subsea
cable. The ACVC strategy for the OWTGs that results in a more efficient export system, as
seen in section 5.4.2, is also applied here to establish a more feasible MT-LFAC TS, that could

also support a practical standalone Side 1 and/or Side 2 OWF power export operation.

Power flow study PF5 (and PF5h - with harmonic filters) is set-up for five separate cases with
different operating scenarios. These cases are listed in Table 5-3, and described below. The
various scenarios are assessed to determine the maximum size of shunt reactors that would
need to be installed at the onshore end of the 200km LFAC cables (315MVAr without and
620MVAr with H-Filters) regardless the specific amount of MVAr needed for each operating
scenario. In this work, only cases PF5d and PF5e are explicitly analysed in the next sections

of this chapter and further investigated in EMT simulations of the MT-LFAC TS in Chapter 7.

Table 5-3: List of the Power-Flow Cases for the MT-LFAC TS.
List of Meshed Power Flow Cases

Cables & q Power Shunt Reactor [MVAr]
Cases Scenario ) ) ) .
Control Transfer PF5-Sidel PF5-Side2 PF5h-Side1 PF5h-Side 2
2:‘2‘:’;\?? No Load 315 315 315 315
0 Loa
a) LFAC TS ENERGISATION T OWEIN Sido 2
x 315 315 315 315
ACVC ONLY
2 x OWF OUT Max Load Side 2
315 0 620 0
P 2x200km | ) GRip INERCONNECTION NOACVC ~380MW
+
POWER EXCHANGE ONLY 2 X OWFIN Max Load Side 2
1 x50km x * 315 0 450 0
F " ACVC ONLY 530MW
Wi
Half Load
2 X OWFIN
2XOWFs | c)1xOWFFULLEXPORT& [ F’l‘JLL POWER Side 1,2 0 0 150 150
AcvC GRID IC POWER EXCHANGE X Full Load Side 2
1xACVC 150 0 450 0
~Z04MW
d) 2 x OWF EXPORT & 2 X OWFIN Full Load Side 2 120 0 420 0
GRID IC POWER EXCHANGE 2/3 OF POWER
)2 x OWF FULL POWER 2 X OWFIN Full Load 0 0 0 0
EXPORT FULL POWER

The listed cases in the above Table are described as follows:

e Case-a: examines the meshed LFAC TS energisation with Side 1 MMC-T1 (or MMC1-T1)
forming the LFAC voltage in the system, without a load in Side 2. In the first scenario of
case-a, both OWFs are disconnected from the scheme, while in the second scenario OWFs

are connected to the system applying ACVC to their respective offshore 345kV busbars,
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without supplying real power. In all energisation scenarios, 315MVAr of onshore cable

shunt reactors can be adequate in both Side 1 and 2.

Case-b: examines the meshed LFACTS that interconnects the two 50Hz grids, with MMC1-
T1 forming the LFAC voltage in the system and supplying the maximum possible load in
Side 2. In the first scenario of case-b, both OWFs are disconnected from the scheme, and
the maximum load that can be supplied in Side 2 is 380MW. In the second scenario, the
OWFs are connected to the system, only applying ACVC, and then the maximum possible
load that can be supplied in Side 2 becomes 530MW. Without employing harmonic filters,
the application of 315MVAr of shunt reactors in Side 1 can be adequate for both scenarios,
though, with 300MVAr of damping filters, the installation of up to 620MVAr of shunt

reactors is required in Side 1 for scenario 2, utilising up to 450MVAr for scenario 1.

Case-c: examines the meshed LFAC TS that interconnects the two 50Hz grids and exports
full power from the OWF of Side 1 (or OWF1), while OWF2 applies ACVC to its respective
offshore 345kV busbar and produces zero power. In the first scenario, each of the MMC1-
T1 and MMC2-T1 absorb half the amount of power produced by OWF1, while in the
second scenario, MMC2-T1 demands 704MW which is more than the OWF1 can supply
considering the losses of the LFACTS. Hence, MMC1-T1 supplies the rest of the demanded
power to MMC2-T1, interconnecting the two grids. This operation needs adopting shunt

reactors in Side 1 that can be up to 150MVAr or even 450MVAr with harmonic filters.

Case-d: examines the meshed LFAC TS that interconnects the two 50Hz grids and exports
power from both OWF1 and OWF2. Each OWF supplies 1/3 of the total power to MMC2-
T1 and applies ACVC to its corresponding offshore 345kV busbar. In this scenario, MMC2-
T1 constantly demands full power with both OWFs supplying 2/3 of it and MMC1-T1
supplying the rest 1/3 of the requested amount of power to Side 2 load, interconnecting
the two grids. Only 120MVAr of onshore shunt reactors are needed in Side 1 to achieve

this operation without harmonic filters and 420MVAr if damping filters are adopted.

Case-e: examines the meshed LFAC TS for exporting full power from both OWF1 and
OWF2 with MMC2-T1 demanding full power, and thus MMC1-T1 also receiving the full
power output of OWF1. This case integrates the two different interconnected OWFs to
different grids using separate LFAC export systems since almost no power is exchanged
through the 50km interconnection cable. Hence, PF5e and PF5eh cases can be seen as an

aggregation of two PF2b or PF2bh cases, respectively, having no need for shunt reactors.
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5.5.2 Full Power Export of the Two OWFs — (PF5e)

The MT-LFAC TS Power-Flow case PF5e (and PF5eh) that uses 200km subsea cables to export
the full power output of OWF1 and OWF2 is equivalent with two PF2b (and PF2bh) Full-Load
export cases in which the offshore platforms are interconnected through a 50km subsea
cable. The Power-Flow results obtained for this operating scenario show that the total system
power losses are 9.5% and 9.7% for cases PF5e and PF5eh respectively, which is 0.4% higher
than the equivalent export cases, due to the extra losses introduced by the 50km cable link.
Moreover, their total voltage regulation is almost double compared to the PtP cases, as the
meshed scheme comprises twice the number of buses, while the reactive compensation has

increased by 15% to reach 110%, all supplied by the converters of the LFAC TS.

The highest system voltage (1.03p.u.) is noticed in the offshore 345kV busbars, while the
lowest voltage (0.963p.u.) in the output of both the MMC1-T1 and MMC2-T1 370kV busbars
of PF5eh, as the converter voltage response is reduced to compensate for the 300MVAr
harmonicfilters added to each of the onshore 345kV busbars if no MVArs from shunt reactors
are utilised. The damping filters are also responsible for the increase in the output currents
of the onshore 345kV busbars from 1.114kA to 1.321kA. Finally, as in most cases, the steady-
state operation of MMC-T2 converters facing the two separate 50Hz grids of Side 1 and Side

2, remain relatively unaffected by the operating conditions of the 16.7Hz LFAC TS.

5.5.3 Partly OWFs Export & Grid Interconnection Power Exchange (PF5d)

In the MT-LFAC TS Power-Flow case PF5d (and PF5dh), the MMC2-T1 demands full power
with both OWF1 and OWF2 generating 2/3 and MMC1-T1 supplying the rest 1/3 of the
requested power. In these conditions, to supply MMC2-T1 with full power, 120MVAr of
shunt compensation shall be applied at the onshore 16.7Hz Side 1, out of the 315MVAr
installed for energisation. Though, if damping filters are employed, then 420MVAr out of the
installed 620MVAr shall be used. For these cases, the total voltage regulation is much better
than for cases PF5e and PF5eh (9.9% and 11.7% instead of 13.6% and 18.6 % respectively),
but they employ almost the same amount of compensating MVArs to those utilised in the
full-power (1408 MW) meshed cases for nearly half of total generated power in the LFAC TS.
Besides, the losses here (120MW and 122MW) are lower than in the cases PF5e and PF5eh
(134MW and 137MW), although the percentage of total system losses corresponding to the
power input to the LFAC scheme can be much higher 15.8% and 16.1% instead of 9.5% and
9.7%. The corresponding graphs of Figure 5.14 demonstrate the results in terms of power

losses, reactive compensation and voltage regulation in the busbars of this scheme.
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Figure 5.14: Power Losses, Voltage Regulation and Reactive Compensation in each Main Busbar of the MT-
LFAC TS, for Cases PF5d and PF5dh.

As discussed, the losses in Side 2 are ~6.5% for the cable and ~2% for the BtB MMC-HVDC
system, which is almost the same in MWs with the equivalent PF2b and PF2bh export cases.
However, in cases PF5d and PF5dh, this percentage comes along with ~4.5% of additional
losses in the 200km cable of Side 1 and ~1.5% in the 50km offshore interconnection cable.
On top of these, there is an additional ~1.5% of losses in the OWFs and their VSCs, resulting

in a total of ~16% losses, with respect to the total input power of 759MW to the MT-LFAC TS.

The lowest voltage drop is retrieved at the MMC1-T1 370kV level for both examined cases,
as the MMC reduces its voltage output to keep the voltage level of the onshore 345kV busbar
at 1p.u., by absorbing the reactive power coming from the LFAC cable system (and the
harmonic filter for PF5dh). Even though additional shunt compensating reactors are applied

utilised, the MMC1-T1 still operates near its reactive power limit, as shown in the ‘Converter
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Operation’ graph of Figure 5.15. Furthermore, the highest current (1.364kA) is noticed at the
offshore 345kV busbar of Side 1, while the lowest is in the onshore part of the corresponding
cable, after the reactors. This occurs because power is induced to the system by the MMC1-
T1 to supply the MMC2-T1 through an equivalent 450km subsea cable, while more active
power is added at 200km and 250km respectively. The cable is compensated by the dynamic
voltage support of MMC1, OWF1, OWF2 and MMC2 at 0, 200km, 250km and 450km of its
length, with extra passive compensation at Okm. More details for the loading of the export

cables in the scheme are shown in Figure 5.15.
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Figure 5.15: LFAC Cable Current Loading and Operation of the MMCs against their Real and Reactive
Counterparts, for the MT-LFAC TS Cases PF5d and PF5dh.

The impact of the onshore compensation on the reactive current of the cable in Side 1 can
be observed in the ‘LFAC Cable Loading’ graph of Figure 5.15. In case PF5dh the current
becomes inductive on the offshore side of the 200km cable. However, the added 50km cable,
in combination with the extra amount of power by OWF1 and OWF2 leads the cable to be
further loaded and get closer to its maximum loading limit in offshore Side 2. The dynamic
compensation offered by the OWF2 and the MMC2-T1 at the respective offshore and
onshore sides of the cable leads to an inductive current at the onshore Side 2, which is useful

especially if passive damping filters are present.

Overall, this case investigates an MT-LFAC TS that exports power from two OWFs and
interconnects them, also enabling the power transfer between two different 50Hz grids. This
MT-LFAC TS transfers power utilising only one subsea cable from each point of connection to

the other over 450km without any passive shunt reactor installed in an offshore platform.
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5.6 Summary and Conclusions

In this chapter, the LFAC TS steady-state performance is evaluated through a power-flow
assessment. Steady-state models of the offshore PtP and MT-LFAC TS arrangements are
produced for various export cable lengths, as designed and rated in Chapter 3. The LFAC TS
main components are explicitly represented in these steady-state models that comprise the
AC grids with their SCL and X/R characteristics, the LFAC export system with its LFAC
submarine cables (distributed-constant parameter models), their shunt reactors (when
needed), the LFAC step-up transformers and potential filtering equipment (as defined in
Chapter 4), the OCS with its inter-array cables (pi-equivalent models), as well as the onshore

BtB frequency MMC system and the OWTGs with their envisaged capability limits.

Power-flow studies of the PtP and MT-LFAC TS schemes are performed under Full-Load and
No-Load operating conditions (LFAC TS energisation procedure) for various cable lengths with
or without harmonic filtering application. Initially, a particular set of power-flow studies is
designated for PtP LFAC TS arrangements to determine the most feasible schemes in terms
of voltage regulation, total power losses, total reactive power compensation, the amount of
the extra passive compensating equipment needed as well as the components loading. The
produced PtP schemes are further assessed to evaluate the impact of cable length as well as
the implemented mitigation measures on the system, and they are employed to establish
and coordinate an efficient offshore MT-LFAC TS design that could be suitable for OWP

export and grid interconnection.

Thus, optimised PtP and MT-LFAC TS schemes are produced in terms of minimum power
losses and shunt compensation, placed only onshore. The efficient DCVC/ACVC OWTGS’
inverter strategies are adopted while the reactive power capability of all the existing
converters in the scheme is utilised, maximising the power transfer through the cables up to
certain lengths in which the Ferranti effect or excessive losses would prevail. In addition, the
LFAC TS compliance with operating standards is assured in terms of bus voltage levels, CBs’
charging breaking currents, equipment loading and converter capability limits under various

operating conditions for cases with and without passive harmonic filters.

Based on the optimised configurations produced in this Chapter, a comprehensive EMT
analysis of the LFAC TS is performed in Chapter 7, while a quantitative LFAC TS availability
assessment is presented in APPENDIX B. There, a comparative availability study is performed

for the competitive offshore export technologies on a like-for-like basis.
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Chapter 6: System EMT Modelling and Controller Design

6.1 Introduction

In this chapter the detailed equivalent time-domain models are developed that are used in
the EMT simulations of Chapter 7. EMT simulations are performed, as the phenomena
involved in the dynamic performance of the offshore LFAC TS can be significantly outside the
bandwidth of RMS simulations that use phasor equations to represent the positive-sequence
phasor-time response of the electrical network. EMT analysis solve the system differential
equations, as the models include the non-linear response of electrical devices (e.g. switching
components, transformer saturation, surge arresters, etc.) and they are suitable for
investigating dynamic performance, harmonic stability issues, resonant conditions, transient

overvoltages and the control interactions among power electronic devices and the network.

The detailed modelling of each element of the system using manufacturer data could have
been an ideal solution for accurately representing the dynamic response following events
such as faults and evaluate the EMT stability. Though, as the number of nodes increases in
the model, it becomes more challenging to model and computationally intensive to simulate
the dynamic performance of a complex system. To achieve a reasonable balance between
the accuracy and the computational burden involved in the time-domain simulations of such
large-scale models, aggregation modelling techniques are employed with proper

representation of the necessary functionalities for the specific EMT assessment [86].

To assess the dynamic performance of the optimised PtP and MT-LFAC TS configurations
produced in Chapter 5, the cases with 200km submarine export cables and 50km OCS
interconnection cables are further investigated. Each aggregate OWF module corresponds to
several OWTGs and comprises a BtB VSC-HVDC system with two-level IGBT bridges. At the
same time, the onshore frequency MMC terminals include several sub-modules that shall be
aggregated without compromising the required accuracy. Moreover, as the transmission in
the offshore LFAC networks occurs through long subsea cables, accurate representation
using the frequency-dependent phase model described in Chapter 4 is essential, at least for

those cable lengths that allow a travelling-wave within a reasonable simulation time step.

In the following sections, the time-domain modelling of the key LFAC TS components is
described and evaluated in PSCAD EMTDC, while the related control systems’ transfer

function analysis is performed using MATLAB.
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6.2 System EMT Modelling

6.2.1 AC Grid Representation

The 50Hz AC grid must be strong enough to exchange power with the LFAC TS, as this is
interfaced to the grids through back-to-back frequency MMCs. The AC system should have
certain Short-Circuit Capacity (SCC) and sufficient inertia to maintain the required voltage
and frequency. The strength of the AC system at the PCC with an MMC can be characterised
by the Short-Circuit Ratio (SCR) as defined by Equation (6.1), where V; is the grid voltage at
the PCC, Py is the rated power of the BtB frequency converter and Zmsg is the network
impedance magnitude, with an angle Z,n; defined by its resistance R and reactance X.

13 /
SCC [/ Zmag

Prat Prat
Zmag =\JRZ+]X? and  Zgy =tan () (6.2)

A system with SCR between 2 and 3 is considered weak, and if its SCR is greater than 3, it can

SCR =

(6.1)

be considered strong. As mentioned in the Load Flow studies of Chapter 5, the AC networks
used in this work have an X/R of 20, while an SCC of 3400 has been assumed for the network
in the point-to-point schemes corresponding to SCR of 4 and an SCC of 2550 for the second
grid in an MT-LFAC configuration with an SCR of 3 respectively. A Thevenin equivalent circuit
AC grid representation is adopted with a 50Hz-400kV voltage source connected to a parallel

R-L branch in series with a resistor, as in Figure 6.1.

Ls Vn
PCC Rs

B B U
Converter
Trasformer

AR
VW

Rp

Figure 6.1: Equivalent Circuit for AC Grid Representation.

Table 6-1 presents the electrical parameters of the equivalent AC Grids used in this work.

Table 6-1: Equivalent AC Grid Parameters.
AC Grid System Characteristics
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6.2.2 Cable EMT Model and Energisation

The three-phase LFAC submarine XLPE-Al cable with a conductor cross-section area of
1400mm? is modelled in PSCAD EMTDC using the distributed parameter frequency-
dependent phase model representation as described in Chapter 4. A trefoil configuration
inside a pipe has been considered following the manufacturer’s specifications and applying
the required adjustments between the provided data and cable constants. Regarding the
intra-array and array cables, only m-sections are used, as these cables are relatively short, not

allowing a travelling-wave model with a 50us EMT simulation time step.

With a sharp voltage variation in a system, like a step or a pulse, most frequencies of the
harmonic spectrum are excited. Thus, it is possible to assess the results in conjunction with
their frequency responses. In the LFAC export system, cable energisation takes place only
from the onshore end. Energization transients are simulated to examine any need for pre-
insertion resistors, synchronized switching or line surge arresters or if the cable insulation is
adequate. The cable models developed in the preceding sections are examined to
characterize different frequency-dependent effects like EM propagation, damping due to
skin effect and reflections, according to [95]. However, instead of a DC voltage step, an AC
voltage step is used, i.e. an AC voltage source is suddenly connected to the cable. Therefore,

the transient response of the designed cable model is obtained for a voltage step.

The LFAC cable is energised by a 345kV voltage source, as presented in Figure 6.2 and the
results of the simulations carried out in PSCAD EMTDC are depicted in the following graphs
of Figure 6.3. To carry out this analysis, a simulation of overvoltage and overcurrent during
cable energisation is performed by closing the breaker in the worst-case scenario; when the

LFAC voltage has the maximum value in phase-a at 0.0748s.

LFAC I
r

s
Source _—
) LFAC Cable )—/
'er
Shunt
Reactor

Figure 6.2: Equivalent Circuit for LFAC Cable Energisation Study.

Figure 6.3a,b, shows the graphs of the phase voltages and currents at the sending and

receiving ends of 200km and 300km cables, during the energisation of each cable alone.

The symbols of the presented time responses in the graphs of Figure 6.3 are:
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= Vsa: phase Voltage of the sending end [kV],
= |sa: current in the sending end [kA],
= Vra: phase Voltage of the receiving end [kV],

= |ra: current in the receiving end [kA].
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Figure 6.3: Cabe Energisation Graphs as they appear from Top to Bottom: Vsa, Vra, Isa, Ira and the Three-
Phase Breaker Current, for a 200km (Left) and a 300km (Right) LFAC Subsea Cables.

The graphs show the phase voltages and currents at the sending and receiving ends of 200km
and 300km cables when energising each cable alone (Figure 6.3), for the worst-case scenario;
at the instant of phase A LFAC voltage peak. From these graphs, it can be inferred that the
maximum overcurrent of ~8.8kA occurs in this phase for both cable lengths. However, the
electromagnetic transients in the 200km system happen in higher frequency (~210Hz) than
in 300km (~130Hz), which is an indication for the probable mitigation measures (e.g. for the
insulation coordination). Finally, the reduced oscillations in the graphs of the 300km cable
are mainly due to its increased damping offered by the increased cable resistance. This is also

in accordance with the frequency scan studies in Chapter 4 for the respective cable lengths.
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6.2.3 Onshore BtB MMC EMT Model

The representation of MMC VSC-HVDC systems in time domain presents challenges because
of the large number of switches that can lead to computationally intensive EMT iterations. In
this work, the onshore frequency MMCs operate with half-bridge sub-modules that are
individually controlled. Due to the rated voltage of IGBTs and the associated sub-module
capacitor ratings, the number of HBSMs per arm of each converter bridge is 128. Thus, the
simulation of one or more full back-to-back MMC-HVDC systems can involve thousands of

nodes, that can substantially reduce the simulation speed and become impractical.

The MMC modelling techniques range from very complex physics-based models with
detailed semiconductor representation to simple voltage source equivalents. Very detailed
models of these converters are very complex and impractical for EMT simulation studies due
to the high number of switching operations performed by the MMC HBSMs, as every time a
switch operates the whole network admittance matrix is inverted [86]. In contrast, Average

Models (AVMs) compromise accuracy for computational efficiency and simulation speed.

There are three leading detailed modelling techniques which can simulate the HBSM
capacitor voltages and the MMC arm currents that indicate whether the converter operates
within its capacity limits during transient events. Those techniques are the Traditional
Detailed Model (TDM), the Accelerated Model (AM) and the Detailed Equivalent Model
(DEM). The DEM is used in this Thesis that has proven to be faster than the AM and the TDM

while more accurate than the AM, offering a similar level of accuracy to the TDM [104].

In the DEM, each HBSM is replaced by an exact, but computationally simpler Thevenin
equivalent circuit, as seen in Figure 6.4. The IGBTs and antiparallel diodes of each HBSM are
patterned as a resistor (Russm) with two states (ON/OFF) with each state dependent on the
arm current direction (l.rm) and the IGBT firing pulse gate signal, while if the MMC is blocked
the states of R1 and R2 only rely on the arm current direction [69]. The HBSM capacitance is

assumed as an equivalent voltage source (Vcapeq) cOnnected in series with a resistor (Rcap).

Half-bridge MMC Madular Cell Modelling

leap
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Figure 6.4: HBSM Switching Circuit (Left) to Thevenin Equivalent Circuit (Right) for MMC Cell Modelling.
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The calculations require calculated as well as measured values from the current and the last
time step by applying the trapezoidal integration method used in PSCAD EMTDC to solve the

system’s differential equations.

VCap @) = VCapeq (t—41) + RCapICap ) (6.3)

AVeap(®) At

Where: I, (t) = C and  Reqp = 3

The voltage at the terminals of the HBSM is given by

Viupsm(t) = Vupsmeq(t — At) + Rypsylarm(t) (6.4)
R2
RHBSM - RZ * (1 - m) (65)

Solving Equation (6.4), using the trapezoidal integration method gives:

R2

m) VCapeq (t - At) (6.6)

Vupsmeq(t — At) = (

Since all the sub-modules in each converter arm are connected in series, a single Thevenin
equivalent circuit can be calculated for each converter arm, with an equivalent voltage source

(Varmeq) and resistance (Rarmeq) and as shown in Equation (6.7), below:

n
Req = Z?:l(RHBSMi) and Req = Z 1(RHBSMeqi) (6.7)
i=

The DEM version developed by PSCAD in Manitoba Hydro HVDC Research Centre team based
on the work by Udana and Gole [127] is employed for modelling the MMC configurations in
the course of this work. As explained above, the module significantly decreases the size of
the admittance matrix for the EMT solver by representing the IGBTs and diodes with a two-
state resistance improving the simulation speed and maintaining sufficient accuracy by

calculating each HBSM capacitor voltages and currents separately [66] .

Hence, the DEM model is suitable to perform EMT studies for LFAC and DC side dynamic
performance analysis as well as for the design and tuning of both higher and lower level
controllers such as the circulating current suppression controllers or the capacitor balancing
algorithms. However, there are some general limitations associated with its use because the
user cannot access individual HBSM components for studies that require internal converter
access. Further details mentioned in the CIGRE TB 604 WG B4-57 “Guide for the development
of models for HVDC converters in an HVDC grid” [86].

135



6.2.4 OWPP EMT Model

In contrast with MMC simulation models, the Two-Level VSCs have series connected IGBTSs,
and they need only two switches per phase and bridge, leading to a model with fewer nodes.
Thus, a detailed representation of the power electronic switching elements can be utilized.
As mentioned in Chapter 3, an aggregate 704MW back-to-back Two-Level VSC-HVDC full-
switching model is developed for the time-domain representation of the total OWPP

equivalent that includes 88 OWTGs.

The control strategy of the OWPP in the LFAC application remains the same in principle as in
a conventional case shown in Figure 6.5, so the desired dynamic response could be achieved.
The back-to-back equivalent system is composed of two identical VSCs and a DC-Link
capacitor which is connected in between them and acts as a filter for the voltage variations
or ripple produced by the VSCs. The DC-Link decouples the generator from the LFAC TS, and
so the generator part can be simply represented as an AC voltage source connected to the
rectifier terminal [82]. Thus, the wind turbine, drive train and generator side are not
modelled in detail to avoid the slow dynamics of a detailed OWPP model, as the study focuses
on the electromagnetic dynamics in the LFAC transmission system side [87]. The main
electrical characteristic that could affect the active power control of the generator by the
rectifier VSC is the DC-Link voltage which is controlled by the LFAC side inverter and is

monitored throughout the EMT simulation studies [80] [84].

Voltage
Source VsC + b Transformer
. viectorive| T Ve | [ Fitter | -
WTGs Rectifier _T Offshore
LFAC LFACTS

[ —;

Vi =1p.u.
Q": Oor VL:Ac=1D-u-

Figure 6.5: Layout of the Equivalent OWPP EMT Model.

The VSI is connected to the MV-66kV LFAC collection system through LFAC interface
converter transformers and controls the DC-Link voltage and either the reactive power or
LFAC voltage at the offshore 345kV busbar. Although the OWTGs VSI output is at the 66kV
busbar and the 66 kV LFAC inter-array system with its associated equipment is retained in
the model, the equivalent OWF output for the LFAC TS EMT studies can be considered at the
offshore 345kV busbar after the 66/66kV and the 66/345kV LFAC transformers which are
designed with 7% leakage reactance. No frequency control is needed by the OWF inverter as

it is imposed by the corresponding LFAC side converter.
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6.3 VSC Control System Structure and Design

6.3.1 VSC Models Control Hierarchy

The VSC HVDC converter controls are classified within two functional levels, namely the
upper or high-level and lower-level controls, while their combination establishes the
converter pole control. The high-level controls regulate the dispatch of the overall VSC
regardless of the converter technology, while the lower-level controls, such as the converter
PWM settings described in Chapter 3, correspond to a specific valve topology. This separation
of the upper-level controls from the valves and their respective controls enables the usage
of the same high-level control structure independent of the valve topology (e.g. two-level,

modular multilevel, etc.) [86]. The control level hierarchy is shown in Figure 6.6.

Control Hierarchy for Dynamic VSC Models
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Figure 6.6: Control Hierarchy of the Dynamic VSC Models.

This approach provides a modular design of the VSC dynamic model that corresponds to most
AC and DC side systems. The AC side system includes the converter transformers, phase
reactors, filters (if utilised), current limiting resistors with bypass switches for start-up, etc.
The DC side system comprises the DC capacitors, smoothing inductors, DC choppers, etc.
Hence the primary control levels can be considered in a modular fashion as:
» The upper-level controls that have as input the dispatch setpoints directed by the
operator or station control and the measured quantities from the AC and DC side

systems and produce the three-phase voltage reference waveforms as output.

» The lower-level controls that take as input the three-phase voltage waveforms
produced by the upper-level controls and output the suitable IGBT switching pulses for

the respective VSC valve arrangements.
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Hence, it is possible to substitute control schemes with others in each level without replacing
the whole VSC model, provided that there is a consistent structure of the interfaces between
the different levels, with the interface boundary between upper and lower-level controls
being the three-phase voltage reference waveforms. Within the upper-level control, the
correct configuration should be selected with regards to the system in which the VSC is
connected. In a VSC connected to a passive AC system or an islanded AC network with partial
or converter interfaced generation, the controller shall configure the AC voltage level and
frequency. In the case of a non-islanded AC system that already has a reference voltage
waveform, it may operate in a grid-following mode, adjusting either the real power or DC

voltage level and the reactive power or AC voltage level of the system at the PCC.

6.3.2 VSC Synchronisation

The vector theory is the most widely used for the upper-level control of VSCs. The analysis of
the VSC technology using VCC involves three-phase currents and voltages being expressed as
vectors in the complex dqO0 rotating reference frame through Park Transformation. This
rotating coordinate system must be synchronised to the AC or LFAC grid so that the
calculated voltages and currents occur as constant vectors during steady-state, producing

static errors which can be eliminated by simple Pl regulators in the control loops.

More specifically, the d-axis direction is aligned to the PCC voltage vector, while the g-axis
voltage vector is assumed to be zero (V4=0), locking on the instantaneous phase angle 6 of
the rotating AC voltage vector. This angle is vital for synchronising the output control
quantities of the VSC with the system and achieve independent control of active and reactive
power. The rotating angle reference is either calculated by a Phase Locked Loop (PLL-Bp..) in
a grid-following VSC mode or generated using an independent internal oscillator (VCO-6yco)

in an islanded mode. Figure 6.7 shows a generic structure of the synchronisation techniques.

vCo
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transformation | - % abe [ Ve

Figure 6.7: General Phase Lock Loop (PLL) and Voltage Controlled Oscillator (VCO) Structures.

The transformation from the three-phase abc stationary system to the dqO synchronous

rotating frame as well as the PLL and VSC functions are presented in APPENDIX C.
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6.3.3 Generic VSC Control System

6.3.3.1 The Upper-Level Control

The high-level control systems of the equivalent 704MW Type-4 OWF modules that comprise
BtB VSCs and the onshore BtB frequency MMCs are based on the same VCC principles. All
converters in the LFAC TS, apart from the onshore LFAC grid-forming MMC Terminal that
forms the system voltage level and frequency, apply a classic cascade VCC structure with
faster inner PI current controllers (ICC) and additional slower outer Pl controllers (OC) as
referred in Chapter 3. The types of outer controllers that calculate the reference values of

the VSC current controller depend on the application.

Only one AC operating variable (either the AC/LFAC voltage or reactive power) and one DC
operating variable (either the DC voltage or active power) can be controlled at each VSC when
it functions at its grid-following operating mode. The outer control loops provide the
reference values for the inner controllers in the dq domain. The inner current controllers
regulate the converter AC voltage reference in the dq domain (v'4q). Then, this signal is
transformed into the three-phase coordinate system and subsequently provided as a
modulation signal to the PWM algorithm, providing two degrees of freedom through the
modulation index and phase angle. Thus, this technique provides decoupled real and reactive
power control as well as fast dynamics. The control loops can be reviewed as follows:
» Outer Controllers:

I. Active Power (APC) or DC Voltage Control (DCVC) provide d-axis current demand I'4.

Il. Reactive Rower (RPC) or AC Voltage Control (ACVC) yield g-axis current demand I.
» Inner Controllers:

I. D-axis, Active Current Control (ACC) provides d-axis voltage demand V's.

Il. Q-axis, Reactive Current Control (RCC) provides g-axis current demand V',.

However, one of the MMCs that interfaces the 16.7Hz LFAC side must impose the LFAC
voltage magnitude and the frequency at its connection point (e.g. act as a slack bus) to form
the LFAC voltage waveform, offer black-start capability and effectively energise the offshore
LFAC TS. This MMC system shall operate in islanded control mode which does not typically
include an ICC scheme [86], and the LFAC voltage can be directly controlled by varying the
modulation index through an ACVC while the frequency can be imposed through an internal
oscillator (Voltage Controlled Oscillator - VCO) that defines the valve firing-pulse sequence.
In this work, an ICC scheme is also implemented, and its operation is contrasted with the

typical islanded operation mode (Chapter 7) in order to enhance the functioning of the LFAC
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TS and potentially improve rejection to current perturbations. Thus, the islanded control
arrangements that could be applied in this MMC terminal can be:
I.  Thelslanded LFAC Voltage and Frequency Control employed without ICC.

II.  The lslanded Cascade VCC with LFAC Voltage outer Control and Frequency Control.

It should be mentioned that if the onshore MMC terminal that imposes the LFAC TS voltage
reference trips because of a contingency or disturbance in an OWF export system, then the
LFAC voltage reference will be lost and no power can be transmitted, as in the case of the
offshore converter in an HVDC export scheme. In a multi-terminal LAFC TS that also
interconnects different grids, all the other onshore VSCs shall be synchronised on this LFAC
voltage reference and operate in a grid-following mode as well; thus, no power balance can
be achieved if such an event occurs. Hence, in an MT-LFAC TS, other onshore converters must
have a backup island-control configuration, to re-synchronise the rest of offshore TS from

another point of connection.

The upper-level operating VCC principles for the inner and outer control arrangements
mentioned above can be applied to all grid-following converters of the LFAC TS. As a result,
a parallel demonstration of their design, tuning and analysis is chosen that corresponds to
both two-level VSC and MMC types. The only difference would be the supplementary lower-
level circulating current suppression control (CCSC) regulators of the BtB frequency MMCs,

which are used for circulating currents elimination and capacitor voltage balancing.

6.3.3.2  P.U. System for the Control Functions

Because of the number of VSCs that need to be tuned for the offshore LFAC system schemes,
the analysis of their control systems should ensure that these models can easily be reset and
re-used. Accordingly, their generic VCC structures are designed in p.u. basis with reference
to the corresponding VSC ratings. The quantities that have been chosen as base values for
the VSCs in this study are in accordance with the rating of each converter terminal as

obtained in Chapter 3. These base quantities are presented in Table 6-2.

Table 6-2: Base Parameters of the LFAC TS for p.u. Representation

P.U. System Base Values for each Converter

Where:

850 [MVA] | #Sbis the rated three-phase power of the AC or LFAC side converter transformer
53.89 302.10 [kV] #Vb is the nominal peak-phase voltage at the AC or LFAC side
10.89 1.88 [kA] #1b is the nominal peak-phase current
4.95 161.06 [ohm] #2Zb is the base impedance calculated by Vb/Ib
16.7 16,7 / 50 [Hz] #fe is the corresponding AC or LFAC frequency
104.93 04.93 / 314.1¢ [rad/s] |# wbisthe corresponding AC or LFAC angular frequency
107.78 604.21 [kV] #Vdcb is the minimum DC voltage level for a unity modulation index (mi=1)
8.16 1.41 [kA] #1dcb is the corresponding DC current for an invariant power transformation (i.e. 3/4lb)
13.2 429.49 [ohm] | #Zdch is the base DCimpedance calculated by Vdcb/Idcb
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6.3.3.3 PWM Converter

The high carrier frequency of the PWM pattern in a two-level VSC leads to a high switching
frequency of the VSC, also resulting in a high resonant frequency of the low pass harmonic
filter. Similarly, the high number of HBSMs in an MMC leads to a high effective switching
frequency of the converter as described in Chapter 3, without any need for harmonic filters.
Thus, the impact of a PWM-VSC in the VCC scheme can be considered as a delay, represented
as a time delay block, before the voltage demand gets on to lines as shown in Figure 6.8 [88].

The lower the delay, the higher can be the ICC bandwidth that is crucial for LFAC TS.

PWM VSC
Vions 1| Ve,
1 + Tn’ )

Figure 6.8: Equivalent PWM VSC Time-Delay Block Diagram.

The output voltage of the converter is assumed to follow a voltage reference signal with an
average time delay (T,) that equals half of a switching cycle (Ts/2), due to VSC switches. The
general PWM converter Transfer Function (TF) is:

_Ve_ _ 1
Ve 14Tgs

TF, (6.8)

The time constant of the two-level VSCs that interface the 704MW equivalent Full-Converter
OWTG models with the LFAC system is Tqvsc=256us, while the corresponding time constant

of the onshore back-to-back frequency MMCs is set at Tammc=323s.

6.3.4 Non-Island Control for Grid-Following Converters
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Figure 6.9: General VSC Outer Controller and Current Saturation Structure.
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The cascade vector current control pattern for the grid-following VSCs connected to non-
islanded and sufficiently strong systems is accomplished by outer controllers that provide the
reference values for the inner controllers. In particular, the outer controllers of each VSC
include a DCVC or an APC that derive the active current reference values for the d-axis ICC
loop and an ACVC or an RPC that derive the reactive current reference values for the g-axis
ICC loop as depicted in Figure 6.9, as mentioned in [86]. The output currents of this stage
(igx* and ig1*) are then given to a current limiter block and the final references (iq* and iq*)

are led to the decoupled current-regulator loops.

The Proportional-Integral (PI) regulators of the outer controller loops that are applied in this
work also employ output limiters and integrator anti-windup mechanisms. This strategy is
implemented to turn off the integral part of the controller when the maximum set-limit of
the controlled quantity is met. This helps the controlled quantity to recover faster in case of

severe disturbances and avoid potential system instability.

6.3.4.1 Current Saturation Scheme for Cascade VCC

In Figure 6.9, a typical current limiting scheme is implemented between the inner and the
outer control loops. It is technically a hard-limiter for the converter current level that
saturates its magnitude to a maximum value depending on the VSC capability and device
temperatures [86]. This current saturation scheme besides protecting the equipment during
normal operation, e.g. after a module failure or during wind gusts, etc., it can also limit the
VSC fault-current contribution to AC or LFAC system faults. However, during the current
saturation mode, the ICC loop cannot effectively control the current, introducing an outer
loop controller steady-state error. Thus, in order to prevent the outer loop output from
continually rising and jeopardising system stability, an additional integrator anti-windup
mechanism is employed that deactivates the outer control loop integrators whenever a

difference between the input and output values of the current-limiter block is detected.

This setup applies to all the grid-following converters of this Thesis employing non-island
control. The current limiting algorithm adopted by the VSlIs of the equivalent OWF modules
also prioritizes the d-axis current, at the expense of the g-axis vector counterpart. This can
be more useful for the LFAC system's power balance, while the g-axis prioritization could
benefit its fault recovery and post-fault voltage support. It should be mentioned, though, that
all the above current restrictive approaches limit the total current vectors and do not act on

the individual phase currents in the abc frame.
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6.3.4.2 Droop Characteristics for Multi-Terminal LFAC TS

Standard droop controls need to be implemented in some of the outer controllers if an LFAC
network is formed, allowing several converters to connect to the same system [86].
Particularly, onshore frequency converters can implement DC voltage droop characteristics
in the DCVCs of their AC grid side MMCs, while the VSIs of the equivalent OWF modules can
implement LFAC voltage droops in their ACVCs. This way, the LFAC voltage regulators can
operate in conjunction with each other on the same LFAC system. The generic droop

characteristics for the DC and LFAC voltage controller references are shown in Figure 6.10.
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Figure 6.10: Generic Droop Characteristics for the DC and LFAC Voltage Controller References.

A DC current-based droop control that is integrated with the DC voltage control loop is
intended to modify the DC voltage reference as well as to allocate unbalanced power in the
multi-terminal LFAC network. The higher the droop coefficient (Koc) is, the lower the
unbalanced power allocated to the MMC. This DC current-based droop control scheme
benefits from its linear behaviour, as any DC current deviation will result in an equivalent DC
voltage deviation as expressed in Equation (6.9). Since the back-to-back MMC-HVDC
arrangements do not use any transmission mediums (e.g. Cable or TLs), they can tolerate
high DC voltage variations, and the DC current-based droop control could be employed only

to reduce the DC side current losses and smoothen the DC side dynamics.

Kpc = (6.9)

Controlling the DC-Link voltage of the back-to-back frequency MMC-HVDC system that
interfaces the offshore LFAC TS would only ensure that the energy output of the OWFs is
transmitted to the AC grid according to predefined power dispatch criteria. However, in an
MT-LFAC system, the use of DC voltage droop control can balance power, the same way it
compensates power imbalances in an MTDC network. This can be assumed as equivalent to
the frequency droop control that is typically used in AC systems; though since the LFAC
system is formed only among converter terminals, it is preferred to keep the frequency

constant and benefit the synchronisation of other power converters in the scheme.
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Moreover, as seen in the steady-state assessment of Chapter 5, as the reactive power of the
OWF VSCs in the offshore LFAC grid tries to adjust the voltage level of the buses to which
they are connected, the voltage difference between these buses can produce additional
reactive power flow. In the investigated MT-LFAC TS, the reactive power output of the
OWTGs is managed by adopting LFAC voltage droop control at their VSIs, when operating in
an ACVC mode. This is done by adjusting the LFAC voltage demand level at the offshore 345kV

busbars with the reactive power output according to the gain (Kq) shown in Equation (6.10).

_ 4Virac
Ko ==, (6.10)

As it would be challenging to explicitly define a relationship between reactive power sharing
and the voltage droop gains in such case of highly capacitive, islanded offshore network for
each of the OWTGs, the high voltage droop gains shall be avoided because the controller

interaction among the VSCs at the station controlled busbars may be significant.

6.3.4.3 Inner Current Controllers

The objectives of the inner current controllers are to determine the converter voltage output
waveforms so that the desired AC/LFAC or DC voltage level and power flow characteristics
are attained. They evaluate the necessary voltage drop over the series converter and
transformer inductance to adjust the converter voltage output and send it to the lower-level

controls. This voltage demand can develop the required AC current.
[. ICC Implementation Strategy and Plant Derivation

The implementation strategy of the ICC in a VSC/MMC system is shown in the block diagram
of Figure 6.11. It comprises a dual-closed-loop design with decoupling and feed-forward
voltage compensation terms for independent control of active and reactive power and faster

dynamic response of the cascade control pattern, respectively [118].
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Figure 6.11: General ICC Block Diagram Implementation into a Grid Following VSC/MMC System.
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The VSC output current and voltage vectors are measured, and the dg domain currents are
compared with the corresponding reference signals. The yielded error signals are carried
through the Pl-controllers, which then provide the suitable converter voltage modulating
signals after being compensated by the cross-coupling and feedforward terms. This way, the
d and g-axis current controllers can operate independently. By defining the total equivalent
resistance (R) and inductance (L) between the converter and the grid, a generic system for

each converter up to its corresponding point of connection can be described as follows:

Ly di
_ Zpu  “ldqpu L - L
Vagpu = Vedapu = )" gy + Rpu * lagpu + Lpu * lqapu (6.11)

From a control point of view, these cross-coupling terms can be considered as disturbances
for each axis and a dual-closed-loop dq inner current controller with decoupled current
compensation terms is required to obtain satisfactory control performance. Considering the

above and by applying the Laplace transformation (LTF) on Equation (6.11), it is:

p

L . .
Ucdg,pu (s) = w_: 'S ldq,pu(s) + Rpu ' ldq,pu(s) (6.12)

This equation relates the applied converter side voltage and the resulting current at the PCC
for a purely inductive filter as in case of the onshore MMCs in the LFAC TS. From the transfer
function of damped LCL filters with resistors (R¢) installed in series with the capacitors (Cs),
key information can be extracted regarding the resonance of the filters applied to the OWF
VSls. Thus, appropriate resonance damping, and attenuation of their harmonic components

can be assessed:

_ laq(s) _ CrRps+1
Thia = Vedq(s)  Li-LyCps3+CpL-Rps?+Ls (6.13)

However, in this case, a suitable resistor Rt is installed in series with the capacitance Cs so that
the LCL filter resonance is well-damped, at the expense of increased losses, while its
capacitance slightly affects the filter’s impedance below its cutting frequency of ~880Hz, as
explained in Chapter 3. Henceforth, an equivalent L-filter can be assumed for tuning the ICC,
by neglecting its shunt capacitive branch, since the study does not focus on high order
harmonics. The yielded TF for this AC branch, up to the point of connection, Equation (6.14),
can be used as a generic Plant for the ICC loops and be accordingly adjusted for the equivalent

OWF two-level VSC and the onshore frequency MMC modules.

ldgpu(s) _ 1
Vedg,pu(S) Rpu‘l'Lpu/wb'S

TFAC—System -

(6.14)
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Il. ICC Design and Tuning

Based on the above, the ICC closed-loop block diagram can be derived by eliminating the

cross-coupling and feed-forward elements, as shown in Figure 6.12.
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Figure 6.12: General ICC Closed-Loop Block Diagram.

The resulted Open Loop Transfer Function (OLTF) from the above block diagram is [88]:

_ . . — . (HTesy, 1 ). (.1
OLTFicc = TFpy  TF¢ * TFyc—system = Kp ( Ts ) (1+Ta-s) (Rpu 1+T-s> (6.15)
Lpu/
Where: T = = “p is the AC line time constant, almost three times higher for an LFAC line.

pu

The produced ICC generic equivalent plant, as seen in Figure 6.12 and described in Equation
(6.15) is a second-order TF that only includes the PWM VSC and the respective AC/LFAC side
TFs up to the point of connection disregarding the rest of the AC or LFAC parts. Having a
dominant pole that corresponds to the AC or LFAC side time constant (t) and a minor one
that corresponds to the converter time constant (T4), it could be adjusted accordingly to tune
all the ICCs of the different converters in the scheme. Of course, to adopt a common tuning
method for all ICCs, it shall also comply with some specific controller response requirements

of each VSC at its point of connection.

In general, a fast and damped response is desired for an ICC loop. However, an explicit tuning
requirement for each of the ICCs of the converters in the various LFAC TS arrangements
described in Chapter 5, would be to mitigate the effect of the transmission system dynamic
impedance as much as possible. To achieve this, the required bandwidth for each ICC of the
scheme must be higher than the low-order resonant frequencies of the LFAC TS, as identified
in the frequency assessment of Chapter 4. Thus, all the potential LFAC TS low-order
resonances of the examined arrangement shall fall within the ICC bandwidth, so that the VSC
controller can dominate the total system impedance characteristics and cancel their impact.
Therefore, the ICC loops need to have higher bandwidths than the highest possible low-order
resonant frequency in the scheme, which corresponds to the natural resonance frequency of
the submarine export cable and could be excited during typical system energisation as in no-

load cases studied in Chapter 4.
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It is evident though that high PWM-VSC delay (T.) can decrease the ICC bandwidth, so the
VSCs that face the offshore LFAC TS shall have high switching frequency (fsw) even though the
fundamental is reduced to 1/3, as described in Chapter 3. This occurs due to the controller
requirement to dominate the low-order dynamic impedance of the specific offshore LFAC TS
schemes and not because the system operates at the frequency of 16.7Hz. Though, LFAC may

not lead to an inherent reduction of the VSC switching losses in this particular application.

In such control systems with low order plants (i.e. less than 3™ order) and no poles near or at
the origin, the Modulus Optimum (MO) method can be used for tuning the Pl regulators [100]
[48]. This can be the common tuning method for all ICCs of the LFAC TS as it is simple and
provides high-bandwidth-fast and non-oscillatory closed-loop tracking response. By applying
the MO technique to the ICC, the following tuning criteria are adopted:

I. Increase of the resulting cut-off frequency so that that faster response can be
achieved. For this reason, the integral time constant (T;) that defines the controller
zero can be chosen to eliminate the dominant pole of the ICC-OLTF, as follows:

T, =1 (6.16)

II. The closed-loop gain should be larger than unity for the highest frequencies possible,
so that small overshoot and proper oscillations damping can be achieved [88]. Thus,

the proportional gain of the Pl controller becomes:

TRpy
2Ty

Because of the zero-pole cancellation, both the ICC-OLTF and the CLTF result in second-order
TFs with the ICC-CLTF being:

OLTFicc 1

CLTFiec = 1+OLTFcc 2T 2s2+2Tgs+1 (6.18)
From the CLTF, the damping factor { and the natural frequency w, are:
-1 - <
{= 5 and w, = T (6.19)

The above-mentioned ICC loop set-up is used for the current control tuning. Though, for
further analysis of the outer control loops, the second-order ICC-CLTF can be approximated

by a simplified equivalent first-order TF with a total equivalent time constant (Teg), as follows:

11
2TeS+1  Teqs+l

CLTFjee = (6.20)

This simplification is calculated by the respective error functions of the original second-order
ICC-CLTF and the approximated first order CLTF in steady-state for a unit step input and is

only used to simplify the OLTFs of the outer controller loops.
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6.3.4.4 Outer Controllers

Here, the outer controllers of the cascade control scheme and their tuning processes are
described. For the control system analysis, the ICC loops can be approximated by equivalent
time delays with respect to the outer control loops transfer functions, since the outer control

loops are much slower.
I. DC Voltage Controller

The main objectives of the DCVC in every HVDC system are to establish the demanded DC
voltage level and achieve active power balance. The DC side voltage must be maintained in
steady-state but also during faults, severe disturbances and input or output power variations.
This is the reason why one of the two HVDC converter terminals in any BtB VSC scheme in
this Thesis must adopt DCVCs, including the inverter terminals of the BtB VSCs that represent
the fully converted WTGs. Therefore, the power balance highly depends on the DC voltage
measurement and can be attained by providing or absorbing sufficient charge to maintain
the required voltage level across the DC capacitance. As mentioned in Chapter 3, the DC
voltage level should be high enough, preventing saturation of current that cannot be

controlled linearly when the AC voltage reference vector lies in the overmodulation region.
DCVC Implementation Strategy and Plant Derivation

The DC voltage outer controller utilises a Pl regulator to eliminate the steady-state error
between the measured and demanded quantities, adjust the DC-link voltage to the reference
value and maintain it within limits. Its output is the d-axis current reference input (i"qpu) of

the ICC, as shown in Figure 6.9.

To tune the DC voltage Pl controller, the TF between the d-axis current reference value (ig,pu)
and the DC-link voltage (voc) shall be defined. However, the DC-Link system, as described by

Equation (6.21) where Cpc,q is the total DC capacitance, has a non-linear characteristic.

1 i dde _ vd‘pu

—1i 6.21
wpCpceqpu  dt UDC,pu Lpu ( )

Thus, system linearisation around a steady-state reference point is performed, using Taylor
series expansion [116] and the equation is further simplified by assuming that i_p, acts as a
disturbance, while iqpy is the only system input. By applying LTF to the yielded reduced linear

expression, the TF of the DC system, which is the Plant for the DCVC becomes:

AVDC,pu(S) Vapu Wb'Cpceqpu
TFDC—System =0 = )
Aig pu(s) UDC,pu S

(6.22)
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DCVC Design and Tuning

The DCVC closed-loop block diagram of Figure 6.13 the feed-forward terms are employed for

faster dynamic response of the cascade control system and to enhance its stability.

i Lpu inu

Pl Controller W e eiTRe
. \ en
Vet K 1+705] s | 1
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Vde,pu

The resulted Open Loop Transfer Function (OLTF) from the above block diagram is:

DC System TF
1
Ie-s

Videpu

v

Figure 6.13: General DCVC Closed-Loop Block Diagram.

14T 1 1
OLTFpcyc = TFpy - CLTFi¢cc  TFpc—system = Kpac - ( e S) ' ( ) : ( ) (6.23)

Tidc's 1+Teq's Te's

Where: K = 2" gnd T, = L

UpC,pu %Tc.m,pu

The DCVC equivalent plant, as described by Equation (6.23) is a second-order TF that
comprises the d-axis ICC CLTF and the DC system TF. The dominant pole here is at the origin.
The other minor one corresponds to the ICC-CLTF total equivalent time constant (Teq). In
control systems where the OLTFs have two poles at or near the origin, the Symmetrical
Optimum (SO) method can be used for tuning the PI regulators. The SO method maximizes
the phase margin for given frequencies providing disturbance rejection attributes to the
system and hence, enhancing its stability [99]. Therefore, the SO tuning technique can specify
the Pl gains of the DCVC for maximum OLTF phase margin, as follows [88]:

» From the phase condition, the desired maximum phase margin occurs at the crossover

frequency wg, which is symmetric about the (1/Teq) and (1/Tigc) and is expressed as:
1
\/Tidc'Teq

Where a > 1 is the symmetrical distance between wq and 1/ Teq or 1/Tiqc, respectively.

wg = = Tige = a®  Teq (6.24)

» Then, the magnitude condition provides the proportional gain of the Pl controller as:

Tc
Kpde = o (6.25)

The value of a should be greater than unity, as for a=1 there is a real and a pair of complex
conjugate roots on the imaginary axis of the CLTF. For a=3 the pair turns into real and equal
root, while for further increase (a>3), the roots move become real and distinct. Thus, low a
values (1<a<2) result in more oscillatory system response with reduced stability phase
margin, while a values (a>3) lead to slower but more damped system response. Figure 6.14

shows a locus demonstrating the location of the roots in the complex plane with varying ‘o’.
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Therefore, the only tuning criterion of the SO method is the variable damping, once it results
in the value of a in an acceptable region that is defined by the desired phase margin.
However, this method may produce large overshoot, and thus there is a small degree of

freedom with a minimal range of variations in such a simplification.
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Figure 6.14: Locus demonstrating the Location of the Roots in the Complex Plane for Varying ‘a’.

Instead of limiting the rate of change of DC voltage reference in case of such an overshoot, a
particular case of SO method can be applied to closed-loop systems having complex poles
(1<a<3) and tune the DCVC PI controller parameters by using pole placement. This technique
assumes a second-order system by neglecting the real pole that is located far from the origin
and extends the SO criteria so that the damping factor (¢) can also be specified as part of the
system’s tuning procedure . The DCVC CLTF is then approximated by a second-order TF. As
referred above for 1<a<3, the characteristic equation has a real s1 and a pair of complex

conjugate roots s,3, which can be assumed as:

S;=y'0 and s;3=01%jw (6.26)

Where y>1 is a constant showing the distance between the poles.

Then, the relation between the damping factor { and the complex roots s, 3 is given by:

_ 52
w? =15 52 (6.27)

Hence, the Pl controller parameters can be expressed in terms of y and ¢, which, as follows:

LI S o Teq(y+2)-(1+2y3%)
K”dc_@-(wz)z KToq and  Tige = Y (6.28)

Subsequently, there is a definite physical meaning in specifying the damping ratio  for the

controller gain calculation. With the above Pl parameters, the DCVC CLTF becomes:

OLTFpcyc Y+ (Teq(v+2)-(14+2y{?))

CLTF, = =
DCVE = 140LTFpeve — (¥+2)3Teq> 0253 +(Y+2)3Teq 2252+ (Y+2) (1+2Y (D) Teqs+y

(6.29)
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II. AC Voltage Control

The ACVC regulates the AC or LFAC voltage at the points of connection to follow the voltage
demand. By doing this, it adjusts the reactive power flow of the VSC to ensure that the
measured voltage value follows the reference. The more significant the voltage difference,
the more reactive power flow is needed to compensate for it. With ACVC mode, the VSC can
assist voltage stability and also operate as a STATCOM, enhancing dynamic voltage support,

diminishing voltage variations and helping the voltage recovery following a disturbance.
ACVC Implementation Strategy and Design

The VSC’s AC voltage is measured at the connection point and compared with the AC voltage
reference to obtain the AC voltage error. A Pl controller is utilised to eliminate the steady-
state error and maintain the AC voltage within the required limits. Its output is directed to

the g-axis ICC as a current reference input (i"qpu).

Pl Controller 1CC CLTE* Eq. ACVC-System Plant
— S e s
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Figure 6.15: Generic ACVC Closed-Loop Block Diagram for the Equivalent OWF VSl.

PI Controller Icc CLTF‘

Eq. ACVC-System Plant .
[ Vims,pu
fore —ﬂR Al+7- \)'— S Vagut Vag \Jz ey
1+Teq S -

wlid

Figure 6.16: Generic ACVC Closed-Loop Block Diagram for the Grid-Following MMC facing the LFAC Side.

The ACVC plants for the equivalent two-level VSIs of the OWTGs and the onshore frequency
MMCs can be fundamentally different, due to the presence of LCL-harmonic filtering in the
former. The closed-loop block diagram for the OWTG-VSI systems can be seen in Figure 6.15
with Cs being the capacitance of the LCL filters, while for the MMCs in Figure 6.16. They both
comprise a Pl controller, the g-axis ICC loop and a block describing the respective electrical

system up to the converter point of connection, disregarding the rest of the AC or LFAC parts.

The desired ACVC requirements comprise stable response, zero-steady state error and strong
disturbance rejection. Because of the ACVC’s lower bandwidth in comparison to the inner
control loops, typical voltage perturbation may only produce negligible offset on the current
references points which might only slightly affect the harmonic stability of the system.

Theoretically, the ACVC loop is stable for any Pl controller gains, if its bandwidth is kept low.
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Since the offshore LFAC TS is formed only among static power electronic devices (only VSCs),
the developed inertia-less system can also be relatively weak in terms of its available SCC. In
such case, any fault, disturbance or sudden change that can create a power imbalance in the
network may also directly impact the system voltages [89]. Although the ACVCs shall ensure
network stability, its stable but slow response may not allow handling such transient events
which may destabilise the VSC system, activate protection systems and jeopardise the

stability of the whole LFAC TS.
[ll.  Active and Reactive Power Controls

The power control is accomplished by adjusting the phase angle of the converter AC voltage.
The power flow in a grid-following BtB MMC arrangement is defined by one of the two
converters while the other must establish the DC voltage control. On the contrary, the
reactive power flow can be independently controlled in each converter station within the
converter limits and according to each AC system requirements. This is achieved by modifying

the amplitude of the converter output voltage waveform to regulate reactive power.
APC or RPC Implementation Strategy and Design

The VSC's active or reactive power is measured at the PCC and compared with the
corresponding reference to obtain the P or Q error, respectively. In any case, a Pl controller
is utilised to eliminate the steady-state error and establish the specified set point. The
controller output is directed as a current reference input to the corresponding ICC axis (i 4 pu
ori"qpu), @s shown in Figure 6.9, above.

The active power and reactive power are given in p.u. by Equation (6.30).

= Vg py i
ppu dpu ‘dpu (6.30)

Tpu = ~ Vapu  lgpu
From the resemblance of the above active and reactive power equations, it can be inferred
that the APC and RPC have the same structure and similar closed-loop transfer functions with
the APC comprising the d-axis ICC loop, while the RPC the g-axis ICC loop. Their equivalent
closed-loop block diagram is shown in Figure 6.17 and consists of a Pl controller, the d or q

axis current control loop, and a gain regulator as in Equations (6.33) above.

Pl Controller Eq. Plant for
ICCCLTF* APC or RPC
* G i System
PQpu K I+ Tig S | Hetma 1 ldq,pu ”W PQpu e
p q 1 _+_' % ‘ \
P qu .8 1 eq* S

PQpu

Figure 6.17: Generic APC and RPC Closed-Loop Block Diagrams.
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6.3.5 Island Control of the Grid-Forming Converter

A passive system or one that has limited or only power converter-interfaced generation like
the offshore LFAC network can be considered islanded. Although other WTG types can have
mechanical inertia, the BtB VSC modules that interface the generators of the Type 4 OWTGs
eliminate their inertial impact on the LFAC network [87], while the onshore BtB frequency
converters decouple the grid generators from the LFAC network. Since the LFAC TS is an
inertia-less network, its frequency can be subjected to severe perturbations, but the power
injected to, or absorbed from the LFAC system may not necessarily alter the OWTGs power
output or modify the LFAC system frequency. Thus, the grid-forming MMC terminal that
establishes the voltage level of the LFAC TS shall impose a constant frequency of 16.7Hz on

the offshore LFAC network and be able to absorb any abrupt power disturbances.

The LFAC side MMC terminal of the onshore frequency converter acts as a controlled LFAC
voltage source, as it can energise the LFAC TS and impose its internal voltage and frequency
reference, independently of the system size. To achieve this, the respective onshore 50Hz
grid side MMC terminal must effectively control the HVDC voltage, so that the grid-forming
MMC terminal can inherently absorb power variations of the network and embrace both the
rectifying and inverting processes. The rectification occurs when the MMC exports power
coming from the offshore LFAC TS to the main grid by absorbing the OWF generated power
in a PtP arrangement or also the power that is not consumed by other terminals in an MT-
LFAC TS. Inversion occurs when the MMC imports power coming from the main grid to the
LFAC TS, either during the offshore system energisation or when the power demand of

another MMC terminal cannot be covered only by the OWFs generation in an MT-LFAC TS.

In this Thesis, only one of the onshore MMC stations interfacing the LFAC side is allocated to
establish the offshore LFAC network frequency at 16.7Hz and voltage at 345kV busbar, whilst
balancing the transmitted active power in the offshore network. It employs an islanded
control strategy, similar to the rectifiers in the HVDC connected OWPPs, regulating its output
voltage magnitude and angle directly without any inner controller and utilising VCO
algorithms to set the frequency. At the same time, the other VSCs of the LFAC network
operates in a grid-following mode and synchronise their outputs to the system voltage
through PLL devices. Nevertheless, an alternative islanded control strategy is also considered
that implements an ICC loop based on the cascade VCC principle. This method still uses the
VCO angle to impose the LFAC voltage waveform in the transmission system at the MMC's

370kV output and synchronises it according to the measured voltage at 345kV busbar.
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6.3.5.1 Islanded Control System

The closed-loop offshore LFAC voltage control is performed through driving the d-axis value
at its point of connection, vg, providing that the g-axis voltage, vq, equals to zero, as in Figure
6.18. The error signal between the dq voltage references and the measured voltage vector
enters the Pl controller blocks that regulate the voltage output signal of the MMLC. Since the
MMCs adopt the PS-PWM method, the LFAC voltage level can be directly adjusted through
the modulation index of the reference signals. Hence, the point of connection is turned into

a controlled voltage source adjusted by the immediate output of the converter terminal.
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Figure 6.18: General Islanded Control Block Diagram Implementation into the Grid-Forming MMC System.

The inherent coupling between the d and q voltage vectors is avoided using the cross-
coupling terms shown in Figure 6.18. These improve the transient response and diminish
voltage oscillations. Also, a DC voltage feed-forward signal is inversely applied on the LFAC
reference voltage waveforms when forming the modulation signals and before comparing
them with the constant carrier waves of the PS-PWM method to prevent the DC side
turbulences and harmonics from propagating into the LFAC side. The islanded LFAC voltage
controllers are tuned using a recursive EMT simulation-based optimisation method that
employs simplex algorithm to minimise the sum of the “Integral Time Absolute Error” (ITAE)
of the LFAC voltage and obtain a suitable response. This technique is applied to the developed

MMC models in PSCAD EMTDC and is described in APPENDIX D.

Since the LFAC voltage controller bandwidth is much lower than that of an equivalent current
controller, its effect on the system impedance cannot be as dominant, and the current may
be subject to severe perturbations following slighter LFAC system disturbances. Thus, due to
the low-order resonances described in Chapter 4, the implementation of passive damping
filters may be necessary, while due to the absence of ICC loops in this grid-forming MMC,
there is no converter current saturation mechanism which may result in over-currents that

may damage the equipment during faults, despite the LFAC CBs action to clear them.
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6.3.5.2 Islanded Control System enhanced with ICC

As mentioned above, an inner current loop may need to be present in order to alleviate
potential current perturbations and provide a faster response. These VSC control response
characteristics can be accomplished as the ICC has inherently much higher bandwidth than a
voltage controller, in which it dominates the LFAC TS impedance and cancels the impact of
low-order resonances that fall within. One more benefit of implementing the cascaded vector
current control structure is that the current reference for the fast inner current control loops
can be saturated between the outer and inner controllers limiting the valve currents, as seen
in 6.3.4.1. Thus, the islanded control structure with ICC may not only provide better and
faster controller response but also protect sensitive equipment from over-currents,

preventing converter failures and overloading of cables and converter inductors [106].

Viretpu  + C}' pI - i:re'.w":::

-4 4

MMC
Vi,pu Ta,pu
—'\_’abc abc — — dq N
fabe dg [— _ abc

Vapu [
16.7 Hz| (:]
veo

v:mi.pu:0 = i;el.w -3
—O A e "O—

Figure 6.19: Enhanced Islanded Control with ICC Block Diagram Implementation into the Grid-Forming MMC.

This island cascade control system shown in Figure 6.19 is a combination of the typical
islanded control system described in 6.3.5.1 and the non-island controller structure used by
the grid-following VSCs, as seen in 6.3.4.3. More specifically, the above-mentioned island
LFAC voltage control loops in both the d and g-axis are used here as outer controllers. The
decoupled current control loops of the grid-forming converter have the same structure as
the ICCs in the grid-following converters with a VCO providing the reference angle (Bvco) from

the ordered frequency, instead of a PLL.

This ICC produces a reference voltage for the MMC based upon the current demand from the
outer LFAC voltage controllers that determine the current needed to control the voltage at
the PCC. The inner current loops use this as a reference to adjust the current flow through
the equivalent converter inductor. In particular, they define the required converter output
LFAC voltage for eliminating the voltage drop across the inductor, which can be substantial
depending on the system condition and if the converter impedance is relatively large, as in

the case of LFAC side inductor.
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To attain the desired grid-forming MMC response, the regulator parameters for the
implemented ICC also need to be specified. Its tuning requirements match those defined for
the ICCs of the grid-following VSCs and the MO criterion described in 6.3.4.3 is adopted, with
the controller’s zero cancelling the time constant of the MMC impedance. Its outer LFAC

voltage controllers are tuned using the ITAE optimisation method described in APPENDIX D.

6.3.6 Circulating Current Suppression Control (CCSC) in MMC Systems

In this work, the Circulating Current Suppression Controller (CCSC) based on the VCC theory
is implemented to all the MMCs. According to Equation (6.31), the current that flows in each
arm, i, comprises a part of the DC current (l4./3) and the circulating current. The latter is a
negative sequence (a-c-b) - second harmonic order current that depends on the difference
between the sum of the arm voltages and the DC voltage [68].

_La L

:]£+I“ e

+1,.,1,= el
ua 3 2 cire> "l 3 2 (631)

The CCSC (Figure 6.20) is synchronised to twice the line-frequency as tracked by either a PLL

or a VCO and tuned using the MO method, with the Plant including only the arm inductor.
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Figure 6.20: General CCSC Block Diagram Implementation into an MMC System.

6.4 Converter Control System Analysis

The VSC control system analysis is conducted to effectively tune the dynamic converter
modules that are developed for the EMT models of the offshore PtP and MT-LFAC TS
configurations, based on the generic optimisation methods analysed in the sections above.
Here, the ICCs of all the VSCs, as well as the outer DCVCs and ACVCs of the grid-following
VSCs in the LFAC TS are tuned by analysing their transfer functions. The calculated
parameters are applied to the related VSC modules developed in PSCAD-EMTDC software,
where by performing the recursive simulation-based optimisation procedure described in
APPENDIX D, [76] for the OWF and the BtB MMC-HVDC modules separately, the rest of outer

controllers are tuned and implemented in the total LFAC TS model for the EMT assessment.
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The VSC modules that are analysed and tuned in this section correspond to the following

offshore LFAC TS configurations:

e Point-to-Point LFAC TS scheme for grid integration of a 704MW OWF with a 200km

export submarine LFAC cable.

e Multi-Terminal LFAC TS scheme that interconnects two of the above Point-to-Point
LFAC TS schemes, offshore, through a 50km submarine cable, forming a meshed LFAC

TS arrangement that connects to two different grids.

As explained in 6.3.4.3, the ICC loops in the onshore MMC terminals of the LFAC TS need to
have high bandwidths regardless whether they are implemented in a grid-following (MT-
LFAC arrangement) or the LFAC grid-forming MMC. Apart from the desired fast ICC response,
high ICC bandwidth is required because if the potential low-order resonances of the
corresponding LFAC TS configuration fall within the ICC bandwidth for any operating
condition, then the VSCs “source” impedance dominates the total system impedance at this
point and can effectively diminish the impact of the dynamic impedance of the passive LFAC

TS to the LFAC network for normal operating conditions.

Depending on the operating mode of the PtP LFAC TS with 200km export cable, its low-order
harmonic resonance at the onshore 345kV substation may range from ~55Hz to ~65Hz (3™ to
4™ harmonic order), as seen in 4.2.5, while the highest resonant frequency of the system can
be the natural resonance of the 200km cable at ~210Hz. In the MT-LFAC TS arrangement, the
corresponding worst-case characteristic resonant frequency for tuning of the ICC bandwidth
would also be the 210Hz for a 200km cable, while for a total cable length of 450km, this
would lie at ~84Hz. Hence, the ICC regulator parameters that are selected for the PtP case
can also be applied in the additional VSCs of the respective MT-LFAC TS arrangement without

any potential adverse effect of the low-order dynamic impedance of the LFAC TS.

6.4.1 Transfer Function Analysis

Transfer Function analysis is performed for the upper-level controllers of the equivalent OWF
VSls and both the LFAC and the AC grid side MMC terminals. The lower-level CCSC loops of
the MMCs and all the ICCs are tuned for their desired characteristics, using the Modulus
Optimum method described in 6.3.4.3. The outer DCVC gains are acquired by the pole
placement technique discussed in 6.3.4.4 as a special case of the Symmetrical Optimum

method for closed-loop systems that have complex poles.
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6.4.1.1 Time and Frequency Domain Analysis

The values of the Pl compensators for the upper-level controllers are obtained by applying
classic frequency and time response design techniques to the simplified linear models of the
systems’ Transfer Functions (TFs) in MATLAB. However, the simplified TFs only include the
AC system up to the point of connection, while the linear analysis does not inform on the
extent of the controller stability region, especially for the outer DCVC. Since the design of the
controllers is based on linearizing the equations of the converter and neglecting the rest of
the system, the stability of the controllers in the frequency domain analysis shall be

considered only as “local” stability around the operating point.

With the OLTF of the systems calculated based on the above analysis, the Bode magnitude
and phase are plotted while the phase and gain margins are identified by the stability criteria:

|GV,0LTF(ja))| = 1,and 4Gy g 7r = 180 + @), , where Qu is the phase margin.

The related time-domain Transfer Function analysis of these systems is performed by exciting

their total CLTFs through a unit-step function.

In this Thesis, all upper-level controllers tuned through the TF analysis have {=0.707, while
for the DCVCs tuning that the placement of the real pole and the damping of the complex

pole can be specified, a distance of y=10 is assumed between the poles, according to [48].

6.4.1.2 Tuning of Equivalent OWTGs VSI Modules
The Pl regulator gains for the equivalent OWF VSI modules are presented in Table 6-3. The
VS| ACVC gains are selected through MATLAB-SisoTool for fast, stable response, with

adequate bandwidth, zero-steady state error and strong disturbance rejection.

Table 6-3: Tuning Parameters of the Equivalent OWF VSI Modules.

VSI Control System Tuning

Parameter VSI Unit
fe 16.7 [Hz]

Parameter VS|
fe 16.7 [Hz]

T 0.8928 [s] Teq 0.00051 [s]
Ticc 0.707 Tc 0.0152 [s]
whicc 2763.2 | [rad/s] K 0.8
11.3620 {dcvc 0.707

0.8928 [s] 10
5.6898
0.0068 [s]

In Figure 6.21, the Pole-Zero Maps of the ICC and DCVC of the yielded CLTFs are shown, after
linearizing the systems TFs, while the Root-Loci of the OLTFs poles and zeros plot all the
potential locations of the CLTF poles in the complex plane and demonstrate the “locally”

stable behaviour of the CLTFs.
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Table 6-4: Control System Response Characteristics of the Equivalent OWF VSI TFs.

VSI Control System Response

Parameter VS| Unit Parameter VAl Unit Parameter VAl Unit
fe 16.7 fe 16.7 fe 16.7 [Hz]
RiseTime: 0.00078 RiseTime: 0.0033 RiseTime: 0.0022 [s]
SettlingTime: 0.0022 SettlingTime: 0.0217 SettlingTime: 0.0210 [s]
Peak: 1.043 Peak: 1.246 Peak: 1.246
PeakTime: 0.0016 PeakTime: 0.0097 PeakTime: 0.0068 [s]
GainMargin: Inf GainMargin: 12.1 GainMargin: 7.5 [dB] |

Inf GMFrequency: | 2656.4 2675.4 | [rad/s

65.53 PhaseMargin: 56.027 61.45 [deg]

1778.4 PMFrequency: | 327.5822 502.4 [rad/s

Also, the system response results in Table 6-4 show that fast regulation can be achieved with

this high-bandwidth ICC loop, BW=2763rad/sec or ~440Hz; much higher than the 16,7Hz

LFAC TS frequency. The fact that it is higher than even the natural resonance of the 200km

cable at ~“210Hz can indicate that the dynamic impedance of the LFAC TS shall not cause any

severe low-order harmonic stability issues to the LFAC network for normal operating

conditions. Its time response in Figure 6.22 displays a stable and non-oscillatory closed-loop

response, as through the MO method C is defined and the controller zero (Ti) eliminates the

dominant pole of the ICC-OLTF, as shown in the Pole-Zero Map.
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Figure 6.21: ICC (Left) and DCVC (Right) Pole-Zero Maps of CLTFs and Root Loci of OLTFs for the OWF VSl.
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The resulted DCVC may not have the largest possible phase-margin at 56°, but the desired
closed-loop pole-zero configuration and system response is attained by specifying the
damping factor ({=0.707; optimal damping) its complex poles, resulting in a bandwidth of
512rad/sec or 82Hz, while a slight decrease in overshoot but slower response would be

achieved for higher values of y.

Regarding the ACVC tuning, the phase-margin reaches its maximum value at 61.45° close to
its crossover frequency, ensuring effective disturbance rejection and having a bandwidth of

840rad/sec. Generally, phase margins greater than 45° result in reasonably stable systems.

6.4.1.3 Tuning of Frequency MMC-HVDC System

Here the ICCs for both the 16.7Hz LFAC and the 50Hz AC side MMCs are tuned according to
the MO method for a bandwidth of 2192rad/sec and a damping factor of 0.707, presented in
Table 6-5, which leads their corresponding controller zero eliminating their dominant poles
of T;1=0.2564sec and T,=0.0885sec, as plotted in Pole-Zero Maps of Figure 6.23 and Figure
6.24, respectively. This leads to the same frequency and time response characteristics,
although the LFAC system operates with almost three times lower fundamental frequency.

In the LFAC TS side, this ICC tuning corresponds to a bandwidth of ~350Hz, which is higher
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than even the natural resonance of the 200km cable (~¥210Hz). This can indicate that the
dynamic impedance of the LFAC TS shall not cause any severe low-order harmonic stability
issues to the LFAC network for normal operating conditions. As expected, its bode plot in

Figure 6.24 demonstrates stable response with infinite gain and phase margins.

Table 6-5: Tuning Parameters of the Equivalent BtB MMC Modules

MMC Control System Tuning
Parameter MMC T1 MMC T2 Unit

fe 16.7 50 [Hz]
tpuccsc 0.4547 0.1352 [s]
{cesc 0.707 0.707
wncesc 2192.0 2192.0 | [rad/s]
Kp_ccsc 2.8005 0.8325
Ti_ccsc 0.4547 0.1352 [s]
0.2564 0.0885 [s]
0.707 0.707

2192.0 2192.0 | [rad/s]
2.5113 1.2333
0.2564 0.0885 [s]
0.00065 | 0.00065 | [s]

0.0237 [s]
0.944
0.707
10
Kp_dcvc 5.9336
Ti_dcvc 0.0085 [s]
Kp_rpc 1
Ti_rpc 0.0355 [s]
Kp_acvc 1
Ti_acvc 0.0103 [s]

The DCVC of the 50Hz AC side MMC terminal is tuned by specifying its complex poles
characteristics, as shown in Figure 6.25, leading to a closed-loop bandwidth of 407rad/sec or
65Hz, and a slightly smaller than maximum phase margin, shown in Figure 6.26, which would

have been achieved by the classic SO tuning method, but here with lower overshoot at 25%.

Finally, the ACVC tuning can attain a stable response and strong disturbance rejection. As can
be seen in Table 6-6, ACVC presents a phase-margin of 61.45° at its crossover frequency, and
an adequate bandwidth of 659 rad/sec, zero-steady-state error and a settling time of

0.0265sec, that is almost ten times higher than the corresponding ICC.

Table 6-6: Control System Response Characteristics of the Equivalent MMCs TFs.

MMC Control System Response

Parameter MMC T1 MMC T2 Unit
fe 16.7 50 [Hz]
RiseTime: 0.00098 0.00098 [s]
SettlingTime: 0.0027 0.0027 [s]
Peak: 1.043 1.043
PeakTime: 0.0020 0.0020 [s]
GainMargin: Inf Inf [dB]
GMFrequency: Inf Inf [rad/s
PhaseMargin: 65.53 65.53 [de
PMFrequency: 1410.8 1410.8 [rad/s
RiseTime: 0.0027 0.0044 [s
A SettlingTime: 0.0265 0.0274 [s
Peak: 1.167 1.249
PeakTime: 0.0086 0.0123 [s]
GainMargin: 7.5 121 [dB]
GMFrequency: | 2122.4 2107.0 |[rad/s
PhaseMargin: 61.45 56.03 [de
PMFrequency: 398.6 259.9 [rad/s]
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MMC-T1 Interfacing LFAC System with ICC
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Figure 6.23: ICC (Left) and ACVC (Right) Pole-Zero Maps of CLTFs and RL of OLTFs for the MMC-T1 with ICC.
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MMC-T2 Interfacing AC Grid
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Figure 6.25: ICC (Left) and DCVC (Right) Pole-Zero Maps of CLTFs and Root Loci of OLTFs for the MMC-T2.
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6.4.2 OWF Module EMT Implementation

Based on the OWF VSI controller tuning in 6.4.1.2 and the recursive optimisation procedure
described in APPENDIX D and [76], for the OWF rectifier APC, the OWF module dynamic
performance is shown against APC demand variations in PSCAD EMTDC. The OWF is
connected at 66kV to the OCS, the offshore 66/345kV step-up transformers and an ideal

16.7Hz voltage source at the 345kV connection point busbar.

Following the equivalent OWF module energisation procedure from the LFAC side at 3sec,
the power ramps up to full within 1sec. Then, a power-step down to half occurs at 5sec and
a power step-up at 6sec. The response of the rectifier's APC and the VSI’s DCVC and ICC are

presented in Figure 6.27, while the OWF response at 345kV busbar is shown in Figure 6.28.
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6.5 Summary and Conclusions

In this chapter, the main LFAC TS components are modelled in time-domain, while the
associated converter controllers are designed and tuned. The LFAC TS that is explicitly

modelled for the EMT assessment of Chapter 7 comprises:

» The AC grids modelled as Thevenin equivalents based on their SCL and X/R characteristics.

» The LFAC subsea export cables which are modelled with frequency-dependent phase
parameters (FDPM), as designed in Chapter 4.

» The OCS that is formed by its inter-array cables (pi-equivalent models) and the LFAC step-
up transformers.

» The OWF module that aggregates 88 OWTGs modelled as an equivalent 704MW BtB VSC-
HVDC system with two-level IGBT bridges, its LCL filters and 88 VSI transformers.

» The onshore BtB MMC-HVDC system, in which the HBSMs are represented by their
Detailed Equivalent Model (DEM), for a reasonable trade-off between accuracy and
simulation speed.

In addition, the control structures for the dynamic VSC and MMC models are introduced, and

their upper-level control hierarchy is described. The generic VSC system Transfer Functions

are presented for its AC and DC system sides up to the point of connection. The linearised

TFs for the cascade VCC-based non-island control system of the grid-following converters and

the island control system of the LFAC grid-forming converter are introduced. The desired

VSCs’ control system design and tuning requirements are assessed for the corresponding

LFAC TS application, and suitable tuning methods are adopted.

More specifically, the cascade control systems adopt the MO method for tuning the inner PI
controllers and a particular case of SO method for the outer DC voltage control loop. This can
be considered an optimal combination for the offshore LFAC TS as the MO offers fast
response and large ICC bandwidth, while the SO enhances system stability by improving its
tolerance to disturbances. The upper-level controllers’ tuning is evaluated through TF
analysis in frequency and time domain. The outer APCs and RPCs of the grid-following
converters, as well as the LFAC islanded voltage controller of the grid-forming MMC are
tuned by employing a recursive simulation-based optimisation method that minimises the
sum of the ITAE of the respective controlled quantities for the developed models in PSCAD
EMTDC, as presented in APPENDIX D. Finally, the dynamic performance of the equivalent

OWF module with its control system is examined for power output variations in PSCAD.
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Chapter 7: Dynamic Performance Time Domain Evaluation

7.1 Introduction

The previous chapters advocate that LFAC technology can be adopted for designing offshore
transmission systems to integrate distant OWFs or even interconnect OWFs and grids with
each other. However, the frequency scan studies in Chapter 4, as well as the power flow
assessment in Chapter 5, demonstrate probable operating complications that may be
surmounted by careful system design, effective harmonic filtering and proper VSC control
arrangements. In prospective offshore developments using LFAC technology, long LFAC
submarine cables would be associated with power converters on a much larger scale than
the HVAC or HVDC OWFs. Accordingly, in these weak and inertia-less offshore LFAC systems,
low-order harmonic resonances and control interactions can jeopardize the stable dynamic

operation and economic feasibility of the systems.

In this section, the offshore LFAC transmission network is evaluated in time-domain, using
EMT simulations. The EMT analysis of PtP and MT-LFAC TS arrangements is performed to
produce technically feasible solutions that can assure stable operation in steady-state and
dynamic conditions and comply with generic connection requirements for specific fault
events and contingencies. The EMT studies assess the energisation procedures and evaluate
the dynamic performance and fault handling ability of the LFAC TS arrangements following
disturbances to the steady-state conditions. Such disturbances range from sudden OWF
output power variations to onshore AC and offshore LFAC system faults in which the
frequency converter station shall stay grid-connected for a predefined period of time, while

the OWF converters shall stay connected to the LFAC TS, respectively.

Initially, PtP arrangements are assessed to discover any credible operating limitations, assess
the different grid-forming converter control system configurations presented in Chapter 6
and evaluate potential passive mitigation measures (e.g. the harmonic filters designed in
Chapter 4) that could improve the power quality and dynamic performance of the LFAC
system. After a feasible PtP LFAC TS solution is established for the examined contingencies,
the outcomes are adopted for the set-up of a multi-terminal connection that could
potentially arise by merging multiple PtP systems or by expanding and interconnecting
several LFAC terminals through submarine cables. The resulted cases can produce the
foundations for practical meshed offshore LFAC TS arrangements and benefit the

development of offshore LFAC grid systems.
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7.1.1 LFACTS Scheme Model for EMT Simulation Studies

The offshore LFAC TS design aims to achieve a technically feasible and straightforward
solution, which would enable the power transfer among the interconnected OWFs and the
respective grids as well as the exploration of its performance capabilities and thereof
potential limitations. The focus is to study the transmission system dynamic stability and
uncover potential interactions among its converter terminals and the rest of the system [96].
The PtP LFAC TS configuration under study is an OWF integration scheme using a 200km
submarine cable export system, while the multi-terminal LFAC system comprises two similar
OWF integration schemes (namely, Side-1 and Side-2) inter-connected with a 50km
submarine cable linking the two different OCSs at the 345kV side. It is assumed that each

OWEF integration scheme connects to a different AC grid.

The LFAC TS configurations that are simulated here have been formerly reviewed in the
steady-state assessment of Chapter 5, and the required conditions for the model set-up and
initialisation in the EMT environment have been acquired. The converter control systems of
the LAFC TS EMT models are developed using the standard control functions, and they are
tuned using the general optimisation algorithms (e.g. MO, SO, ITAE), analysed in Chapter 6.
The representation of the MMC systems is based on the DEM, while the Two-Level VSCs
utilise an actual switching model with IGBTs, per the methods described in Chapters 3 and 6.
In addition, each 704MW OWF is represented as one BtB VSC-HVDC model without being
concerned with electromechanical transients related to the WT functioning or intra-WTG
dynamics but reflecting the inter-array and OCS impedance characteristics of the OWPP
configuration. Finally, the fidelity of subsea cable model is of particular importance for such
offshore schemes and thus it is represented using the frequency-dependent phase model,

which does also have an impact on the overall system response and simulation time.

The LFAC system EMT models need to produce a relatively accurate response for a range of
studies, but the issue of accuracy against computational efficiency is of great concern for
radial and meshed arrangements. The converter models are based on IGBTs that operate in
microsecond scale, while their control systems cycles are in the order of 200-500us, making
them much faster and computationally intensive processes than those involved in classical
transient stability analysis. Consequently, these timescales would have been too short for
electro-mechanical phenomena or governor response effects on the LFAC TS and since the
rotor-angle stability is not assessed here, the 50Hz AC grid systems can be represented by

Thevenin equivalents, as presented in Chapter 6.
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7.1.2 Offshore LFAC TS Energisation

As seen in Chapter 6, the energisation transient of the cable is similar to that of a capacitor
bank, although the cable capacitance is distributed and surge propagation occurs along the
cable, damping the transient. Since the cable's capacitance is in series with the transformer
characteristic, isolating the LFAC transformer and cable can cause interactions between the
capacitive cable component and transformer saturable iron-core inductive component due
to the Ferro-Resonance of the system [110]. This may even result in sustained transient or
temporary over-voltages with substantial time derivatives that can damage surge arresters
and other equipment. In an equivalent HVAC system with long cables, the transformer-
terminated switching energisation method [95] would be applied in which line is energised

with an unloaded transformer already connected to the remote end.

However, when energising the cable or in a transformer-cable pair energisation process, the
voltage can be gradually ramped up by the island-controller of the onshore frequency
converter minimising the risk of high resonant over-voltages and high transient inrush
currents in case of the energisation failure of un-loaded transformers. Thus, transient current
and voltage stresses at the equipment can be avoided, and the restoration process can
speed-up. Therefore, the MMC operation can present several advantages regarding black-
start and energisation or restoration following blackouts in the LFAC grid. Naturally, during
the energisation process, the LFAC system can be substantially disturbed, and thus a series

of FFT measurements monitor the harmonic frequencies that are excited.

Another transient issue that can occur while energising cables using shunt reactors with a
reactive power compensation ratio higher than 50%, that can be an LFAC TS case as seen in
Chapter 5, is the zero-missing phenomenon [110]. During the energisation of a shunt
compensated cable, the reactor current contains both an AC and a decaying DC component.
The initial DC value reaches its peak if the terminal voltage value at the instant of energisation
crosses zero, as the AC components of the cable capacitive and reactor inductive current are
in phase opposition and partially cancel each other. Then, the breaker line current is
dominated by the DC component and does not cross zero for several cycles, with the decay
of the DC current depending on the cable and reactor resistance values. This DC component
might also saturate nearby current transformers effectively “blinding” protection devices.
Thus, for a fault during energisation, it may not be possible to open the CB’s healthy-phase
poles without damaging the breaker. Such breaker failures may be avoided if re-synchronised

switching is applied where the three phases are connected at voltage zero crossing.
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7.1.3 Offshore LFAC TS LVRT/FRT Requirements

As power converter interfaced systems are set to become key components of the power
systems, their ability to ride-through AC system faults is of great importance. Depending on
the grid strength at the PCC, a potential disconnection of a large OWF or interconnector (IC)
that may occur during either an internal or a grid fault event can cause the voltage and
frequency to drop further that may only disturb the grid, or even initiate cascade effects by
triggering the disconnection of other devices and destabilise parts of the grid. Therefore, the

grid code requires large OWFs and HVDC ICs to have certain LVRT and FRT capability [120].

A challenge when connecting OWFs via radial or multi-terminal LFAC TS to the host power
systems can be to fulfil the related grid code requirements during power systems faults. It is
essential to demonstrate that the OWFs and the rest of the LFAC TS can stay connected
during AC grid fault conditions in order to meet the FRT requirements specified by grid codes.
For faults in the offshore LFAC TS, a combination of suitable protection strategies and proper
control system design for the various power converters of the scheme is required. The
control shall ensure that the converters limit the fault current below the valve limits, but the
output is enough for the system protection scheme to detect and isolate the fault. Once the
offshore fault is cleared, the LFAC voltage and frequency of the offshore transmission system
shall be imposed by the grid-forming converter that operates in islanded control mode, while
the voltage levels to the various busbars of the system shall be promptly adjusted to their set
points by all power converters, so that the stability of the offshore LFAC TS is maintained,
and the power transfer is resumed. Depending on the control and protection strategy used,

the FRT capability of the scheme can be further assisted by a DBR that absorbs excess power.

This Thesis solely focuses on the dynamic response of this converter dominated LFAC TS, on
its inherent low-order harmonic issues as well as on its dynamic stability and FRT capability
at the PCC with the AC grids. The system dynamic voltage stability is evaluated against typical
requirements, though, no frequency or rotor-angle stability aspects are assessed. The
developed LFAC TS models investigate the system’s ability to meet grid code requirements
for disturbances in the AC grid and the LFAC sides. The EMT simulation studies determine if
the system is able to meet specific AC and potential LFAC FRT, voltage and reactive power
requirements, and comply with related THD limits (e.g. the IEEE 519) in the tested cases.
Furthermore, the system performance is reviewed for two control alternatives in the onshore
grid-forming MMC and for applying of passive harmonic filters in the power export schemes.

The most feasible approach is used for integrating a meshed MT-LFAC TS.
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Consequently, the voltage-ride-through (VRT) capability for integrating OWPP to the grid
system is essential for its stable operation. To evaluate the dynamic performance of the LFAC
TS following a disturbance to a steady-state condition such as a sudden power variation or
fault, the frequency converter station shall stay grid-connected for a predefined period of
time, while the OWF converters shall stay connected to the LFACTS, respectively. Typical grid
connection requirements include a well-defined envelope of pre-fault, fault and post-fault
voltage levels against time. Since the TSOs voltage profile requirements for SGs are usually
different to 'Power Park Modules' or 'PPMs', the LFACTS that is connected to the AC network
through power electronic converters can be considered as a PPM. The plot in Figure 7.1
presents general voltage against time profile curves for PPMs proposed by ENTSO-E FRT
Requirements for Generation (RfG) where the fault duration period shown can be defined by
the specific critical clearing times of the respective power system [130].

Voltage (p.u)

RFG Min
RFG Max

1.0

0.85

0.5

0.25

0 —

0 0.14 0.25 15 3.0 Time ()
Figure 7.1: ENTSO-E RfG - Voltage Against Time Profile for PPM connected at or above 110kV.
In the horizontal-time-axis of Figure 7.1, Twu=0sec is fault time, Tdearmin=0.14sc or
Taearmax=0.25sec are the minimum and maximum fault clearing times, and Trec~1.5sec to

3secis the recovery time, while their respective voltage points are marked in the vertical axis.

In the GB grid, generating units shall remain connected and transiently stable without
tripping for a close-up solid three-phase short circuit fault or any unbalanced short-circuit
fault on the transmission system operating at super grid voltages for a total fault clearance
time of up to Tcear=140msec and for voltage dips bigger than 140msec in duration. The zero-
voltage duration and the fault clearance time depends on local protection and circuit breaker
operating times and is specified in an individual agreement between the TSO and the owner
of the generation unit. Following fault clearance, recovery of the super grid voltage to 90%

may take up to a certain period of time, even minutes [116].
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7.2 EMT Studies Set-Up and Scenario Cases for LFAC TS Schemes

The EMT simulation studies are conducted using a 50us time-step on a Dell Precision T7600
workstation including two Intel(R) Xeon(R) CPU at 3.10GHz, with a total of 16 Core(s) or 32
Logical Processor(s) and 32GB of RAM. The PSCAD X4.6.3 version with Parallel Network
Interface (PNI) feature was utilised, splitting the model at each transmission cable segment
so that each part of the system can be simulated separately by different dedicated cores. The
EMT studies performed for the PtP LFAC TS as well as for the MT-LFAC TS are presented in
Table 7-1 and Table 7-2. Each study comprises the following three different dynamic cases:

a) System Energisation-to-Full Power

b) System Response to OWF Power Output Variations

c) FRT performance for solid three-phase to ground faults at the 50Hz AC grids as well

as at the OCS of the 16.7Hz LFAC side of the transmission system.

Table 7-1: List of EMT Studies and Cases for PtP LFAC TS.

LFAC TS Dynamic Performance - Point-to-Point EMT Cases

CASES Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - NO ICC
i) System Energisation-to-Full Power Without H-Filter, equivalent to PF2b study
i) System Energisation-to-Full Power With H-Filter, equivalent to PF2bh study
Power Demand Variations
i) FRT-1: 50 Hz Grid Side Fault at 400kV
i) FRT-2: 16.7 Hz OCS Side Fault at 345kV
Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - With ICC
System Energisation-to-Full Power Without H-Filter, equivalent to PF2b study
Power Demand Variations
FRT: 50Hz Grid Side Fault at 400kV and 16.7Hz OCS Side Fault at 345kV

Table 7-2: List of EMT Studies and Cases for MT-LFAC TS.

LFAC TS Dynamic Performance - Meshed EMT Cases (MMC-1, ISLANDED - WITH ICC)

(o328 Multi-Terminal Offshore LFAC TS Interconnecting 2 x 704MW OWFs and 2 Grids with a 50km and 2 x 200km Cables

a System Energisation-to-Full Power Without H-Filters, equivalent to PF5a and PF5e studies

Power Demand Variations in Generation and Interconnection, equivalent to PF5d and PF5e studies

C FRT: 50Hz Grid Side 1 Fault at 400kV, 16.7Hz OCS Side Fault at 345kV and 50Hz Grid Side 2 Fault at 400kV

More specifically, for the PtP LFAC TS with 1x200km OWF export cable, two EMT scenarios
are considered in terms of their dynamic performance. In EMT 1 the frequency MMC
Terminal facing the 16.7Hz side (MMC-T1) applies a typical island control to the LFAC system
as presented in Chapter 6, without adopting an Inner Current Controller (No ICC). In this
study, case-a also weighs the efficacy of Harmonic-Filters (H-Filters). In EMT 2, the MMC-T1
applies island control by engaging an Inner Current Controller scheme (With ICC), and the
results between EMT1 and EMT 2 are compared. Finally, in EMT 3 the LFAC grid-forming
MMC Terminal facing the 16.7Hz system Side-1 (MMC1 T1) employs the more suitable island
control with ICC, while the MMC Terminal facing the 16.7Hz Side-2 (MMC2 T2) applies classic
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grid-following VCC using ACVC. All the above cases are set-up according to their
corresponding Power-Flow studies of Chapter 5 with the OWF VSI employing ACVC and DCVC.

7.3 Point-to-Point LFAC TS Schemes for OWF Integration

The schematic of the EMT model for the PtP LFAC TS scheme is illustrated in Figure 7.2.

' N\
il AC
owPP 66/345kV LFAC CABLE R s 57
- L okY 7 400kv
k — k
~ = 345/370kV| ~, || — 370/400kV
APC DCVC/ACVC 850MVA Il ,\/ 850MVA
Al1400mm’- XLPE ISLAND CONTROL ~ DCVC/RPC
2x423MVA g )
OFFSHORE

Figure 7.2: Schematic of the EMT model for OWPP Integration using the PtP LFAC Export System.

7.3.1 EMT1: Island Control without ICC on the LFAC Side MMC-T1
The cases assessed in EMT1 study are specified in Table 7-3, and further explained below:

Table 7-3: List of Cases for EMIT1 Study.

LFAC TS Dynamic Performance - Point-to-Point EMT Cases

CASES Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - NO ICC
i) System Energisation-to-Full Power Without H-Filter, equivalent to PF2b study

ii) System Energisation-to-Full Power With H-Filter, equivalent to PF2bh study
Power Demand Variations
i) FRT-1: 50 Hz Grid Side Fault at 400kV
ii) FRT-2: 16.7 Hz OCS Side Fault at 345kV

» Cases EMT1ai and EMT1aii demonstrate the energisation procedure of the LFAC export
system and validate the effect of passive damping harmonic filters on the transmission

system operation.

» Case EMT1b shows the dynamic performance of the LFAC export system and its

associated control schemes on imposed power demand variations in the OWF.

» Cases EMT1ci and EMT1cii demonstrate the system’s fault-ride-through (FRT) ability in
case of a solid three-phase to ground faults at the 400kV busbars of the 50Hz grid as well

as the offshore platform 345kV busbars of the 16.7Hz system.

a) LFACTS Energisation-to-Full Power without and with Filtering
The timeline of system dynamic events for the LFAC TS energisation case EMT1a is shown in

Table 7-4.
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Table 7-4: Simulation Sequence for Case EMTl1a.
LFAC TS Dynamic Performance - Point-to-Point EMT Cases

Case a Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - NO ICC

Time
10

[s] LFACSystem Energisation-to-Full Power: i)Without and ii)With H-Filter, equivalent to i)PF2b and ii)PF2bh studies
0.0 |Initialization: The 50Hz Grid-Side AC Voltage Source Ramps Up to 400kV within 0.05 [s]

tl

0.5 |Grid Side MMC Terminal Deblocks: Imposes Vdcand Q control at the 400kV PCC (vdc_ref=1pu, q_ref=0)

t2

1.0 |LFACSide MMC Terminal Deblocks: Imposes Vifacand freq islanded control (vac: 0-->1pu within 1[s], freq=16.7Hz)

t3

3.0 |OWF Equivalent Back-to-Back VSC Module Connects

t4

3.5 |OWF Inverter Deblocks: Imposes Vdcand VIfac control (vdc ref=1pu, vac ref=1pu with 0.0834 vac/q droop)

t5

230MVAr LFAC Cable Shunt Reactor Located Onshore Gradually Reduced to OMVAr within 1[s],

3.7
according to Power Flow Studies i)PF2b and ii)PF2bh for No-Load and Full-Load Operation respectively

t6

4.0 |OWF Rectifier Deblocks: Imposes P control (Pref=0)

t7

4.7 |LFAC Cable's Shunt Compensator Circuit Breaker Opens, Disconnecting the Reactor

t8

5.0 |OWEF Active Power Ramps Up to Full Power with p_ref: 0-->1pu within 1 [s]. Active power increase rate: 1pu/s

t9

8.0 |End of Simulation

More explicitly, the simulation sequence of the LFAC export system Energisation-to-Full

Power studies can be described as follows:

t0: Initialization - The 50Hz grid-side AC voltage source ramps up to 400kV within
0.05s, energizing the grid side MMC Terminal (MMC-T2) transformer. Although MMC-
T2 is blocked at that moment, the DC voltage can never be zero as the modules used

in the MMC converter are half-bridge (HBSMs) and not full bridge.

tl: Grid Side MMC Terminal Deblocks - Imposes V4. and Q control at the 400kV PCC
(Vac_rei=1pu, grer=0). The HBSM capacitors are being charged and DC voltage reaches

the demand value. This causes a transient current surge at the PCC but damps out fast.

t2: LFAC Side MMC Terminal Deblocks - Imposes Virac and freq islanded control
without ICC scheme at the onshore 345kV LFAC busbar (vi: 0-->1pu within 1s,
freq=16.7Hz), black-starting the 16.7Hz system with its H-Filters and energizing the
LFAC submarine cable with its compensating reactors and the OCS transformers. LFAC
voltage increase rate is 1pu/s. During this period, the system absorbs some active
power from the 50Hz grid to feed the LFAC TS online equipment. The MMC-T1 absorbs
a great amount of reactive power when the voltage reaches the demanded value,

although the onshore 230MVAr LFAC cable shunt reactor is connected.

t3: OWF Equivalent Back-to-Back VSC Module Connects - The Circuit Breaker that

connects the 66kV inter-array cable system and the OWF Module closes.

t4: OWF Inverter Deblocks - Imposes Vg and Vieac control at the offshore 345kV busbar
(Vde_reF=1pU, Vac_ref=1pu with va¢/q=0.05/0.6=0.0834 LFAC Voltage Droop). This can be
considered analogous to t1 when the MMC-T2 de-blocks. However, the DC Voltage of
the OWF BtB VSC system is already established by pre-charging the capacitors, and the

ACVC adjusts the voltage level without causing a surge current in the LFAC system.
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t5: 230MVAr LFAC cable shunt reactor located onshore gradually reduces to OMVAr
within 1s, according to Power Flow studies PF2b PF2bh for No-Load and Full-Load
operation respectively. This increases the reactive power that is absorbed by MMC-T1

and produced by the OWF.
t6: OWF Rectifier Deblocks - Imposes P control (Pr=0).

t7: LFAC cable's shunt compensator circuit breaker opens, disconnecting the reactor

and avoiding the zero-missing phenomenon explained in 7.1.2.

t8: OWF Active Power Ramps Up to Full Power with pres: 0-->1pu within 1s - Active
power increase rate: 1pu/s. Thus, within 1s, the power output of the OWF reaches
704MW. As projected by the corresponding Power-Flow cases; the increase in the
active current component of the system gradually increases the reactive current
component in the offshore cable end while reducing it in the onshore cable end,

resulting in a greater amount of total current.

Without Passive Filtering

The EMT1ai) study result graphs of Figure 7.3 display from top to bottom the Voltage,

Current, Real Power, Reactive Power, and the bar charts of Voltage and Current THD, in the

order that they appear, for the offshore (WF1 Graphs-Left) and onshore (T1-16.7Hz Graphs-

Right) submarine LFAC cable sides.
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Figure 7.3: EMT1ai) Study Result Graphs at the Offshore (Left) and Onshore (Right) LFAC Cable Sides.
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From the above graphs, it can be evident that during the energisation procedure of the
export system, almost 29MW of real power are consumed by the subsea cable and the
230MVAr shunt reactor. Since there is no passive harmonic filter element installed in the
onshore side of the subsea cable, the current measured at the 345kV busbar from 2sec to
3.5sec is the cable charging-breaking current after having been compensated by the shunt
reactor which is less than 0.5kA peak phase current. This agrees with the PF2b No-Load case
and the IEC preferred value of 0.355kA, although in PSCAD model, the step-up transformers
are also included during energisation to accelerate the initialisation procedure. Besides, after
3.5sec, when the OWF BtB VSCs deblock applying ACVC without producing real power and
the shunt reactors are gradually removed, the reactive power in the system is rearranged to
support the corresponding voltages at each side of the cable. Thus, at the time that the OWF
system generates full power, the reactive power value at the 345kV offshore cable side is

close to -300MVAr and 115MVAr at the onshore that coincide with the PF2b Full-Load case.

In all the EMT cases studied in this Thesis, the sets of 8 harmonic bar-charts, as the one shown
in the bottom of Figure 7.3, are drawn with a maximum displayed value of 10.0%, and as they
appear from left-to-right, they present: the THD, the 1° or fundamental frequency, the 2",
31, 4%, 5% and 7™ harmonic orders. Since no harmonic mitigation measures are applied in
EMT1ai) and the LFAC grid-forming MMC does not control the current, the system resonance
formed between the 3™ and 4™ harmonic orders, as seen in Chapter 4, is not damped
affecting the harmonic spectrum accordingly. This parallel resonance amplifies the harmonic
currents and the harmonic voltages in the onshore LFAC side, as the “source” impedance of
the islanded control system without an ICC does not dominate the LFAC TS impedance. As a
consequence, these harmonics get more excited when the OWF output increases to full
power as can be seen in Figure 7.4, where the current distortion (THDi~38%) is higher than

the corresponding voltage THDv~16% at the onshore cable side.
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Figure 7.4: EMT1ai) Onshore 345kV-Top: THDv and THDi [%], Bottom: Voltage Harmonics [kV-Vipear] (15 out).
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With the amplification caused by the dynamic impedance of the LFAC TS, a high voltage
distortion appears mainly consisting of low order harmonics, despite the MMC converter
being able to generate its own “timing voltage” and impose it upon the system. The harmonic
distortion is also affected by the dq voltage controller, as shown in the plots of Figure 7.5.
After 5.5sec, the controller’s attempt to adjust the severely distorted LFAC voltage waveform
produces a disturbed converter output voltage in the absence of any ICC scheme, which leads

to further amplification of current harmonics.
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Figure 7.5: LFAC DQ-Voltage of the Islanded Controller in the MMC-T1 for EMT1ai), (d-green, q-purple).

Under the examined conditions, the LFAC system performance is unacceptable due to the
THD produced by system resonance and uncontrolled system currents. As a first step, the
impedance profile needs to be improved in order to sustain the operation of the BtB MMC
system. If the system resonances remain undamped, they jeopardise low-order harmonic
stability and may even create voltage stability issues f during system disturbances. In
Chapters 4 and 6by, relevant mitigation measures are proposed that comprise either passive
filtering with a proper compensation adjustment or ICC implementation on the LFAC side

MMC controller or a combination of both.

Nevertheless, this harmonic distortion on the 16.7Hz side does not seem to affect the DC-
Link voltage and current of the OWF equivalent module, but it has an impact on the DC side
of the BtB frequency converter, increasing the DC-link current ripple to a level of 7% peak to
peak. At the 50Hz AC side, an undistorted voltage (THDv=0.35%), and a relatively distorted
2" harmonic order current (THDi;~1%) waveforms are noticed. From the rest of the graphs,
during the energisation procedure of the LFAC export system, almost 36.5MW of real power
need to be transferred from the 50Hz AC grid to the 16.7Hz LFAC system, while for full OWF
power output, the system delivers to the grid 637MW which corresponds to ~9% of power
losses, introducing 0.5% of harmonic losses. Finally, the MMC-T2 RPC always manages to

maintain Q near zero at the 400kV PCC.
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Figure 7.6: EMT1ai) Study Result Graphs at the PCC with the AC Grid.
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Hence, the offshore LFAC export scheme with 200km long subsea cable that does not employ
passive filtering equipment or other active mitigation measures should not utilise typical
islanded control system without ICC in its onshore LFAC side frequency converter. Such an
arrangement with its LFAC grid-forming MMC acting as a voltage source dependent only on
the DC voltage condition without controlling the system current can be prone to low-order
harmonic instability due to interactions with the system dynamic impedance that varies with

its operating conditions.
ii) With Passive Filtering

In this case, 300MVAr of harmonic filters are implemented in the onshore 345kV busbar to
mitigate the system resonances for the most critical low order frequencies. More specifically,
the LFAC export system with 200km long submarine cable is set-up according to power flow
study PF2bh, utilising two c-type filters, a 200MVAr tuned at 43Hz and a 100MVAr tuned at
54Hz as designed in Chapter 4. The aim is to eliminate the harmonics excited in the
energisation case EMT1ai and ensure the stable operation of the system without modifying
the MMC-T1 control system. Figure 7.7 displays the related results in the offshore and

onshore 345kV LFAC busbars, respectively.

Due to the presence of 300MVAr passive damping filters installed in the onshore side of the
subsea cable, the current measured at the 345kV busbar during energisation of the system
is not the cable charging-breaking current. Thus, for full-power operation, the reactive power
consumption by the onshore LFAC side MMC-T1 at the 345kV can be close to 415MVAr,
which matches the PF2bh results. Moreover, the harmonic bar-charts in Figure 7.7. confirm
the effectiveness of the passive H-filters as both the offshore and onshore LFAC side voltage

and current harmonics are diminished without amending the MMC-T1 control system.
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As can be seen in Figure 7.8., the THDiI~0.25% and the THDv~0.1% at the onshore cable side
are much lower than the specified IEEE-519, 2014 limits shown in Table presented in Chapter
4, so the harmonics neither affect the steady-state operation nor the transient stability of
the scheme. Although in Figure 7.8, the THD values seem to get disturbed during transients,
it can be contemplated as a harmonic measurement artefact, and the THD calculation should

be considered valid only for the various steady-state conditions of each case.
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Figure 7.8:EMT1aii) Onshore 345kV-Top: THDv and THDi [%], Bottom: Voltage Harmonics [kV-Vipeai] (1% out).

kv)

It is apparent that the LFAC system performs better in EMT1aii) than in the case without
passive filtering, and apart from the additional filtering equipment losses (~0.5MW), no
additional compensating reactors are employed which leads to only marginally higher system

operating losses ~1MW, instead of almost 3MW of harmonic losses in EMT1ai). In addition,
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no voltage distortion appears in the islanded dg-voltage controllers shown in Figure 7.9, and

the converter output voltage effectively follows the dg-domain references.
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Figure 7.9: LFAC DQ-Voltage of the Islanded Controller in MMC-T1 for EMT1aii), (d-green, g-purple).

Hence, no related distortion is noticed either at the OWF or the MMC HVDC sides, while at
the 50Hz AC side, the slightly excited second harmonic order current that is noticed in
EMT1ai) does not appear in this case, as can be seen in Figure 7.10.
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Figure 7.10: EMT1ai) Study Result Graphs at the PCC with the AC Grid.

This LFAC case resembles with offshore HVAC export schemes but having more extended
potential submarine cable reach (e.g. up to 400km). In an equivalent HVAC export scheme,
the grid could be considered as an independent 50Hz voltage source without a current
control mechanism at the PCC, so a common approach to suppress system harmonics would
also be to employ harmonic mitigation measures either in the form of passive damping filters
or in the form of FACTS devices (e.g. STATCOMs, active filters, etc.). Similar harmonic
mitigation measures might also be applied to the collector system at the offshore platform
of an HVDC export scheme for much shorter AC cables and thus, for higher-order harmonics.
Hence, the harmonic filtering equipment, as assessed in Chapter 4, can effectively be used to

avoid harmonic instability on the 16.7Hz side of the LFAC TS as well.
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b) Power Demand Variations with Filtering

The EMT1b case examines further the dynamic performance of the above point-to-point
LFAC system arrangement for power demand variations in the equivalent OWF rectifier when
employing passive damping filters in the onshore side. The timeline and sequence of
simulation events for the LFAC export system dynamic response to OWF power demand

variations in case EMT1b is demonstrated in Table 7-5.

Table 7-5: Simulation Sequence for Case EMT1b.
LFAC TS Dynamic Performance - Point-to-Point EMT Cases

Case b
Time [s] Power Demand Variations

t9 8.0 |OWF Active Power Ramps Down to Half Power with p_ref: 1-->0.5pu in 0.5 [s]. Active power decrease rate: 1pu/s

t10 10.5 |OWF Active Power Ramps Up to Full Power with p_ref: 0.5-->1pu within 0.5 [s]. Active power increase rate: 1pu/s

| 111 13.0 |End of Simulation

Figure 7.11 displays the relevant results in the onshore 16.7Hz/345kV LFAC busbar and the
50Hz/400kV AC grid busbar at the PCC, respectively.
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Figure 7.11: EMT1b Study Results at the Onshore LFAC Cable Side (Left) and the PCC with the AC Grid (Right).

The above graphs show that when the power output of the OWF reduces to 50%, generating
352MW, the MMC-T2 inverter delivers ~310MW to the 50Hz grid. During these active power
variations, the AC grid side voltage remains unaffected, while the MMC-T2 RPC promptly

responds by bringing reactive power to zero at the 400kV PCC. The MMC-T1 islanded
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controller also manages to maintain the LFAC voltage seamlessly during the current and
power variations. This is also verified by the dq islanded LFAC voltage controller shown in
Figure 7.12, where the converter output voltage suitably follows the dq LFAC voltage
demands without any apparent distortion. As the voltage and current harmonics in the
system are not excited due to an interaction with its damped resonant impedance, the
islanded LFAC voltage controller accurately adjusts the voltage level of the system regardless
of the current variations. Thus, it acts as a low-frequency controlled voltage source that
depends only on the HVDC voltage conditions, while the rest of the system with damped

resonance determines the current.
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Figure 7.12: LFAC-DQ Voltage of the Islanded Controller in MMC-T1 for EMT1b, (d-green, q-purple).

The BtB frequency converter HVDC-Link voltages and currents from both the MMC-T1 and
the MMC-T2 sides can be seen in Figure 7.13. The DCVC satisfactorily adjusts the DC voltage

at 640kV, without being disturbed by the fixed DC current variations.
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c) Solid Three-Phase to Ground Faults (FRT) with Filtering

The timeline and sequence of the simulation events for the LFAC export system FRT

performance against solid three-phase to ground faults in case EMT1c is shown in Table 7-6.

Table 7-6: Simulation Sequence for Case EMTIc, i) and ii).
LFAC TS Dynamic Performance - Point-to-Point EMT Cases

Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - NO ICC

50 Hz Grid Side Fault Ride Through

t9 8.0 |Three Phase to Ground Fault applied at the 400kV, 50Hz AC Grid Side PCC, for 150ms
t10 8.15 |Faultis Cleared
t11 11.0 |End of simulation
Casec ii) 16.7 Hz OCS Side Fault Ride Through
t9 8.0 |Three Phase to Ground Fault applied at the offshore 345kV Busbar, 16.7Hz LFAC Export System Side, for 150ms
110 8.15 |Faultis Cleared
111 11.0 |End of simulation

In both simulation studies performed for case EMT1c, DBRs are adopted to protect the DC-
link of the OWF BtB VSCs and the onshore BtB MMC-HVDC system from over-voltages. Each
DBR is activated if the related DC-link voltage exceeds 1.15p.u., with a maximum operating
point set to 1.2p.u., while it is deactivated once the DC voltage returns to its acceptable
levels. These voltage thresholds define the operating region of the braking resistor,

preventing it from interfering with the system under normal operating conditions.

i) FRT-1: 50 Hz Grid Side Fault at 400kV

In case EMT1ci, a 150ms solid three-phase to ground fault is applied at the 400kV PCC of the
onshore MMC- HVDC system with the 50Hz AC grid, after 8 seconds of simulation. The sets
of graphs in Figure 7.14 display the EMT3ci FRT study results in the onshore 16.7Hz/345kV
LFAC busbar of MMC-T1 and the 50Hz/400kV AC grid busbar at the PCC of MMC-T2,
respectively.
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Figure 7.14: EMT1ci) Results at the Onshore LFAC Cable Side (Left) and the PCC with the AC Grid (Right).
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During the 50Hz AC grid side fault applied at the 400kV busbar, no power is transferred at
the PCC and the MMC-T2 limits the fault-current to 1p.u. Since the active power on the
rectifier side is not reduced accordingly, there is an active power imbalance in the HVDC
system, as the power injected into the HVDC link from the LFAC system is not fully transferred
to the 50Hz grid. This leads to charging of the DC capacitance and, as a result, the DC voltage
rises to a level that the DBR located in the HVDC side of the BtB frequency MMC is activated.
The DBR temporarily absorbs the excess energy from the OWPP, which cannot be
transmitted to the onshore grid. Thus, this large DC chopper rated (rated here for nearly the
full power) is a robust and practical solution that “isolates” the disturbance in the onshore

AC grid and prevents it from affecting the offshore LFAC TS, enhancing its stability.

The 16.7Hz LFAC TS perceives the fault as a minor disturbance and recovers within 1sec, as
seen by the dg-voltage output graph of MMC-T1 in Figure 7.15. No severe over-voltage is
noticed in the onshore 345kV busbar during the transient caused by the AC fault on the
onshore grid thanks to the DC chopper as well as the LFAC voltage control function of MMC-

T1, while the impact on the OWF collector system waveforms can be assumed negligible.
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Figure 7.15: Left: DC-Voltage (Top), and DQ-Voltage (Bottom), Right: DQ-ICCs in the MMC-T1 for EMTI1ci).

When the fault at the 400kV HV side transformer is cleared, the MMC-T2 responds by
injecting higher active current (ig) into the system in order to balance the HVDC voltage and
hence the active power flow, as presented in Figure 7.14. Since the voltage dip is large, the
MMC-T2 current limiter restricts the further increase of igto 1 p.u. At the same time, the post
fault recovery at the PCC is also handled by the RPC of MMC-T2, and hence the reactive
current (i) controller effectively adjusts its value to achieve zero reactive power ~1.5sec
later. The post-fault oscillations seen in the reactive power graph at the PCC with the 50Hz

grid in Figure 7.14 and the reactive current of Figure 7.15 are known as “Pseudo-inrush”
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phenomenon, and they are related to the saturation of the MMC transformer that occurs
due to the voltage recovery following the voltage sag caused by the fault [95]. Therefore, the
LFAC TS with harmonic filtering equipment and typical islanded control on MMC-T1

successfully rides through this fault at the PCC.

ii) FRT-2: 16.7 Hz OCS Side Fault at 345kV
In case EMT1cii, a 150ms solid three-phase to ground fault is applied at the offshore 345kV
LFAC busbar of the OWF, after 8 seconds of simulation. The sets of graphs in Figure 7.16
display the EMTl1cii FRT study results in the offshore 16.7Hz/345kV LFAC busbar of the OWF
collector system and the onshore 16.7Hz/345kV LFAC busbar of MMC-T1, respectively.
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When the three-phase to ground fault occurs, the fault current is effectively controlled to
1p.u. on the OCS side by the OWF equivalent VSI, while when the fault is cleared, the reactive
current is prioritised by the OWF-VSI and the current limiter slightly delays the active power
flow by restricting any harsh increase of the active current. The DC voltage rise in the

equivalent OWF BtB VSC module during the transient is handled by its DBR, as in Figure 7.17.
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Figure 7.17: Equivalent DC-Voltage (Top), and DC-Current (Bottom) of the BtB VSCs in the OWF for EMTlIcii).
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Nonetheless, on the onshore 16.7Hz side, the current is uncontrollably increased to almost
4.5p.u. during the fault, and real as well as reactive power reverse the direction of their flow
to feed the fault. This high current mainly appears because the typical islanded control
system applied in the MMC-T1 cannot limit the current, e.g. through a current saturation
technique, while the power reversal is also related with the contribution of passive damping
filters to support the voltage at the onshore LFAC side. Power reversal in the 50Hz system
does not only force current saturation on the MMC-T2 controller but also harshly increases
the HVDC voltage, so the integrator anti-windup mechanism is energised which turns off the
integral part of the DCVC when the maximum current limit is met to help the system recover.
At the same time, the DC side DBR acts recurrently to restrain the voltage rise. Hence, this
operation introduces unacceptable current spikes and a highly oscillatory response on the
50Hz AC grid side that damps out after 2 seconds. The sets of graphs in Figure 7.18 display
the EMTl1cii FRT study results in the 50Hz/400kV AC grid busbar at the PCC of MMC-T2.
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Figure 7.18: EMT1cii) Study Result Graphs at the PCC with the AC Grid.
The LFAC transmission system Fault Ride Though performance against a three-phase to
ground fault on the OCS 345kV side is unacceptable, although it reaches a steady-state
following the fault and can be detrimental for the operation of the scheme. Although this
arrangement might be used for exports schemes with over-rated MMCs and proper
operation and coordination of LFAC CBs isolating the faulty region, it would not be a suitable
choice if a system expansion or if an LFAC meshed grid system would be considered, as

equipment could be exposed to high fault currents during disturbances.

Consequently, the frequency converter system of this type together with other equipment

elements of the scheme would need to be rated higher to provide additional fault current in
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case of such onerous offshore system faults which could make the scheme impractical. It
would be even more unreasonable to base a MT-LFAC TS design on this frequency converter
arrangement, as the increased current from a potential LFAC system fault in the offshore
region could damage the power converters, cables and other equipment of the scheme in
case of a CB failure. Hence, there is a need to control the fault current in the whole LFAC TS,
and thus the LFAC side MMC that forms the voltage waveform in the system should be

enhanced with an ICC and a current saturation arrangement in its islanded control system.

7.3.2 EMT2: Island Control with ICC on the LFAC Side MMC-T1

The cases assessed in EMT2 study are specified in Table 7-7 and further explained below:

Table 7-7: List of Cases for EMT2 Study.

LFAC TS Dynamic Performance - Point-to-Point EMT Cases

CASES Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - With ICC
a System Energisation-to-Full Power Without H-Filter, equivalent to PF2b study
Power Demand Variations
c FRT: 50Hz Grid Side Fault at 400kV and 16.7Hz OCS Side Fault at 345kV

» Case EMT2a simulated the energisation procedure of the LFAC export system when
implementing an ICC with current saturation employed, as described in Chapter 6, to the
onshore LFAC side MMC-T1 without passive damping harmonic filters applied during the
transmission system operation. The simulation follows the sequence of case EMT1a),
while its steady state response is in accordance with case PF2b with the same power
losses measured on the 50Hz AC side.

In contrast to EMT1a), when the OWF generates full power, the system harmonics are not
excited, leading to acceptable harmonic operation. Thus, by adding ICCs with a bandwidth
of ~“350Hz, as noted in Chapter 4, the steady-state voltage and current THD attains low
values in both sides of the subsea cable, with THDv~0.09%, THDi~0.23% at the offshore
side and THDv~0.05%, THDi~0.13% at the onshore side, respectively. These values are
almost half compared to the distortion levels noticed in EMT1aii) that employs harmonic
filters without ICC in the LFAC side MMC, while their AC side THD levels are similar.

Finally, a minor harmonic current excitation at the very beginning of each transient during
the energisation procedure fades out fast and is due to the fact that the resonance of the
passive system is not inherently mitigated by filtering equipment, but it is actively
dominated by the “source impedance” of the VSC due to its high ICC bandwidth. Hence,
when transients are triggered, the controller acts to reject disturbances, but the harmonic

impedance of the LFAC system may slightly interact with the system currents.
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> Case EMT2b assesses the dynamic performance of the LFAC export system and its
associated control schemes for imposed power demand variations in the OWF. The
simulation sequence is the same as in case EMT1b), described in 7.3.1.
During these power variations, the AC grid side voltage remains unaffected, and the 50Hz
side dynamics are almost identical to case EMT1b. In contrast to EMT1b, the dq LFAC
voltage components that can be seen in Figure 7.19. appear to be somewhat sensitive to
current variations. The converter output voltage appropriately follows the dq LFAC
voltage demands with minor deviation during these transients. Due to the proper tuning
of the MMC controllers as described in Chapter 6, the phenomena damp out relatively
fast and in reasonable time. Figure 7.19, except for the MMC-T1 outer ACVC, also presents
the dg current response of the supplementary ICC scheme that is added to the islanded
control system. It is evident that the high bandwidth ICC of the LFAC grid-forming MMC
responds fast and stable, without triggering any low-order harmonic issues in the system.
Hence, the MMC-T1 acts as a low-frequency, “high impedance” controlled voltage source

that needs an established DC-Voltage and it suitably controls the LFAC side currents.
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Figure 7.19: EMT2b) DQ-Voltage (Top), and DQ-ICCs (Bottom) of the Enhanced Islanded Control in MMC-T1.

» Case EMT2c demonstrates the system’s FRT ability in case of solid three-phase to ground

faults at the 400kV AC busbars as well as the offshore 345kV busbars of the LFAC system.
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c) Solid Three-Phase to Ground Faults at 400kV-50HZ Grid and 345kV-16.7Hz LFAC OCS

To investigate the fault current-limiting capability of the proposed control system, the EMT2c
examines the LFAC export system FRT against 150ms solid three-phase to ground faults
applied in the AC grid at 8.5sec and the LFAC TS at 10.5sec, in a single simulation study. The

timeline and sequence of the events for the LFAC export system FRT are shown in Table 7-8.

Table 7-8: Simulation Sequence for Case EMT2c.
LFAC TS Dynamic Performance - Point-to-Point EMT Cases

Case c Point-to-Point LFAC TS with 704MW OWF and 1 x 200km Export Cable (ISLANDED - WITH ICC

Time [s] FRT: 50Hz Grid Side Fault at 400kV and 16.7Hz OCS Side Fault at 345kV
t9 8.5 |Three Phase to Ground Fault applied at the 400kV, 50Hz AC Grid Side PCC, for 150ms
t10 8.65 |Faultis Cleared
t11 10.5 |Three Phase to Ground Fault applied at the offshore 345kV Busbar, 16.7Hz LFAC Export System Side, for 150ms
t12 10.65 |Faultis Cleared
113 12.0 ]End of simulation

The graphs in Figure 7.20 display the EMT2c study results at the PCC with the AC grid (top),
and the 16.7Hz/345kV LFAC busbar of the OCS with the onshore 345kV LFAC busbar (bottom).
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Figure 7.20: EMT2c Study Result at: Top - PCC at AC Grid, Bottom - OCS (Left) and Onshore (Right) LFAC Sides.
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When a three-phase to ground fault is applied at the 400kV, 50Hz AC grid side PCC at 8.5sec,
no power is transferred at the PCC, causing active power disparity and voltage rise in the
HVDC system, and the LFAC transmission system response is almost the same as in case
EMT1ci). Although both the MMC-T1 and the MMC-T2 ICCs control the current in this case,
there is no significant change on the AC side response, as it is only the MMC-T2 current
saturation mechanism that limits the fault current to 1p.u. Furthermore, neither a DBR nor
an over-voltage protection scheme is adopted in the DC-Link of the frequency converter,
allowing the HVDC voltage to reach up to 1.4p.u. and slightly delay recovery, as in Figure 7.21.
Hence, if no DBR is installed in the HVDC side of the back-to-back MMC, there is a need for

the converter valves to withstand up to ~1.4pu of DC voltage during an AC Grid fault.

After the fault clearance, the DC voltage is brought back to its pre-fault value by the MMC-
T2 DC voltage controller (DCVC), and the active power transfer is resumed, driving its ICC to
inject higher active current (ig~1p.u.) into the system. Concurrently, its RPC adjusts the
reactive current controller value to achieve zero reactive power (ig~0), while the current
limiter restricts any further current increase, as presented in Figure 7.21. The post-fault
oscillations noticed at the reactive power graph of the PCC in Figure 7.20 are because of the
“Pseudo-inrush” phenomenon described in case EMT1ci).
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Figure 7.21: DC-Voltage (Top), and LFAC DQ-Voltage (Bottom) of the BtB Frequency MMCs for EMT2c.

When a three-phase to ground fault occurs at the OCS 345kV busbar of the LFAC TS in
10.5sec, the equivalent OWF VSI effectively controls the fault current on the OCS side to 1p.u.
The response of the equivalent OWF BtB-VSC module against this fault is very similar to case
EMT1cii), though, with lower pre and post-fault reactive power contribution, as this case

does not employ passive harmonic filters in the onshore 345kV busbar. The DBR that protects
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the OWF BtB-VSCs DC-link from over-voltages is also utilised with the same min. and max.

voltage thresholds at 1.15p.u. and 1.2p.u., respectively as in case EMT1cii).

The MMC-T1 current saturation mechanism manages to limit the fault current to 1p.u. at the
onshore 345kV busbar, as seen in Figure 7.22 that demonstrates the ICCs’ response, while its
integrator anti-windup mechanism enables the LFAC voltage to recover. No power flow
reversal is noticed on the LFAC side, although certain amount of power is reversed in the
50Hz AC side during the fault. However, they do not significantly contribute to the short
circuit level (SCL) of the system, and during the fault, the voltage drop at the onshore LFAC
345kV busbar is deeper compared to case EMT1cii). Also, no DBR is adopted in the DC-Link
of the onshore frequency converter, but the DC voltage rise during the LFAC side fault is

lower, causing less disturbance to the AC network at the PCC, compared with case EMT1cii).
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Figure 7.22: EMT2c) Total and Saturated Current (Top), and DQ-ICCs (Bottom) of the BtB Frequency MMCs.

The above results prove that the combination of Type-4 WTGs with VSI technology based on
the VCC and this type of MMC islanded control system employing ICC can maintain the fault
currents in the total LFAC export system. Therefore, the LFAC TS with an enhanced islanded
control system employing an ICC in MMC-T1 but without implementing any harmonic
filtering equipment or other mitigation measures can successfully ride through 150ms three-
phase to ground faults in the AC and the LFAC systems and could potentially be used to
establish an MT-LFAC system.
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It is necessary that in offshore meshed or multi-terminal LFAC systems, the LFAC grid forming
converter implements an islanded control enhanced with ICC and a current saturation
scheme to impose the LFAC voltage waveform on the transmission system in order to avoid
vast fault currents in case of CB failures and mitigate any high voltage and current harmonic
excitation of the system. Thus, even in the case that further harmonic filtering might be
needed for low or high-order system harmonics, it might be lower-rated and not necessitate
installing more reactive power compensating equipment that could also increase power

losses and affect the system economic feasibility.

7.3.3 Evaluation of the Point-to-Point LFAC TS Schemes

Table 7-9 summarises the EMT studies, showing their fundamental set-up configuration
differences and the status (pass/fail) of each dynamic case examined that reflects the
performance of the PtP LFAC TS schemes that integrate a 704MW OWF with a 200km export
submarine LFAC cable. This status is classified according to the operation and recovery of the
system following a fault, with fail (red) being due to high harmonic distortion, problematic

fault response or post-fault recovery is observed.

Table 7-9: Summary and Evaluation Table for the PtP LFAC TS EMT Cases.

LFAC TS Dynamic Performance - Point-to-Point EMT Cases

Grid Integration of 704MW OWF with 1 x 200km LFAC Export Cable
Configuration| Study EMT1 EMT2
Mode Case i i

MMC-T1ICC

Onshore 345kV
H-Filters
MMC-HVDC
DBR
System Harmonic

Distortion

System Stable Perfomance

Below, a summary of the examined export cases is presented. The results of the simulation
studies are compared, to identify and evaluate potential key characteristics that could be
utilised for implementation to the MT- LFAC TS arrangements and make them feasible. More

specifically, the LFAC grid-forming MMC terminal that employs islanded-control system:
e Without inner current controller (ICC) — EMT1:

o The LFACTS does not employ onshore passive filters for damping of system resonance:
It leads to high THD in the LFAC side and harmonic losses, especially as the OWF power

output increases, it jeopardises harmonic stability. Interactions of the system voltages
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and currents with its resonance are introduced that can vary with the system operating
conditions and depend on the cable length, system topology and the specific rating of
each component. The islanded controller, in its attempt to adjust the severely
distorted LFAC voltage waveform, produces a converter output voltage that in the

absence of a high-bandwidth ICC scheme can lead to further harmonic amplification.

The LFAC TS employs onshore passive c-type filters for damping of system resonance:
It leads to very low THD both in the AC and LFAC sides, as there is no interaction of the
LFAC system voltages and currents with its damped passive resonance. The LFAC grid-
forming converter accurately adjusts the voltage level of the system as its islanded
controller output voltage suitably follows the dq voltage demands and remains
unaffected by the power and current variations. Thus, it acts as a low-frequency
controlled voltage source that depends only on the HVDC voltage conditions, while the
rest of the system determines its current.
The FRT response of this PtP LFAC TS against a solid three-phase to ground fault:
= At the PCC with the 50Hz AC grid is acceptable.
During the 50Hz AC grid side fault, the grid side MMC limits the fault-current to 1p.u
and no power is transferred at the PCC, while post-fault it outputs full power until
full DC voltage recovery. Post-Fault reactive power oscillations at the AC side are
mainly due to the “Pseudo-inrush” phenomenon. The 16.7Hz LFAC transmission
system perceives the fault as a minor disturbance. No over-voltage is noticed in the
onshore 345kV busbar during this transient thanks to the DBR as well as the LFAC
voltage control function of LFAC grid-forming MMC, while the impact on the OWF
collector system waveforms is negligible. Therefore, the LFAC TS with harmonic
filtering equipment and typical islanded control on the LFAC grid-forming MMC

successfully rides through this fault at the PCC.

= At the OCS 345kV busbar is unacceptable.
During this fault, although the OWF VSI effectively controls the fault-current on the
OCS side to 1p.u., with a DBR protecting its DC-link from over-voltages, the onshore
side equipment is exposed to very high fault-currents due to lack of a current
saturation scheme in the LFAC grid-forming MMC terminal. This condition that can
be detrimental for the operation of the system happens concurrently with massive
power flow reversal on the LFAC side and AC system sides during the fault, although

the system reaches a steady-state following the fault.
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Hence, this arrangement might be barely adopted in Point-to-Point schemes. Only if
the faulty region could be isolated with proper coordination and seamless operation
of LFAC Circuit Breakers and protection devices, while the frequency converter
together with other equipment elements of the scheme would be over-rated to
provide and withstand very high fault current which most likely would make the
scheme impractical. However, it would be unreasonable to base a Multi-Terminal LFAC
TS design on this frequency converter arrangement, as the increased current in case
of such onerous offshore system faults could damage the power converters, cables

and other equipment of the scheme, especially in case of Circuit Breaker failure.
e With inner current controller (ICC) — EMT2:

o The LFACTS does not employ onshore passive filters for damping of system resonance:
It leads to low THD in the AC and LFAC sides, and the LFAC TS low-order voltage and
current harmonics vanish as the high bandwidth ICCs that are implemented in the LFAC
grid-forming MMC terminal, dominate the system impedance at these frequencies
without the need of passive filtering equipment. The MMC’s output LFAC voltage
accurately follows the dq voltage component demands, and the response of the inner
current controllers is fast and stable. Nonetheless, the harmonic currents to a greater
extent and the harmonic voltages to a lesser extent are somewhat excited at the
beginning of any transient also due to instantaneous interaction with passive system
resonance. Still, these transients fade out quickly due to the proper tuning and fast
action of the decoupled current regulators. Moreover, the cascade controller
operation introduces some minor voltage deviations during the current variations, e.g.
when the OWF power ramps-up, which fade away quickly. Thus, the grid-forming MMC
acts as a high-impedance and low-frequency controlled voltage source that needs an
established DC-Voltage and suitably controls its LFAC side currents.

The FRT response of this PtP LFAC TS against a solid three-phase to ground fault:

= At the PCC with the 50Hz AC grid is acceptable.
During and following the 50Hz AC grid side fault, the grid side MMC response is
similar to the corresponding fault of case EMT1. Although in this case, the LFAC
grid-forming MMC terminal current is controlled, it does not have a major impact
on the overall system response. The BtB MMC-HVDC acts as a “firewall” preventing

the disturbance from entering the offshore LFAC transmission system. Though if no
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DBRis installed in the HVDC side, the valves shall be able to withstand up to ~1.4pu

of DC voltage and the post fault system recovery can last slightly longer.

= At the OCS 345kV busbar is acceptable.
During this fault the power flow reversal level from the 50Hz AC network is not as
eminent, the DC voltage is disturbed with no major increase and no power reversal
is noticed in the LFAC side. The MMC terminal that employs islanded control system
with ICC and current saturation mechanism limits the fault current to 1p.u. at the
onshore 345kV busbar, whilst its integrator anti-windup mechanism enables the
LFAC voltage to recover by disabling the outer voltage integrators. Since the
equivalent OWF module effectively responds, limiting the fault-current on the OCS
345kV side to 1p.u. as in the previous equivalent case, the current in the LFAC

export system is maintained, and the system successfully rides through this fault.

The above results prove that the combination of Type-4 WTGs with VSC technology and the
BtB MMC frequency converter with an LFAC grid-forming MMC that employs islanded control
enhanced with ICCs and appropriate current saturation, and integrator anti-windup
mechanisms can maintain low THD levels without low-order harmonic issues under normal
system operation. It can demonstrate satisfactory dynamic performance for OWF output
power variations and effectively ride-through faults and limit fault-currents in the LFAC
export system. Even if additional harmonic filtering strategies or other mitigation measures
need to be applied, they may be less complex, or lower-rated without necessitating further
reactive power compensating equipment that would also increase power losses and affect
the system economic feasibility. However, the converters with such limited fault-current may

not significantly contribute to the SCL and thus, the strength of the offshore LFACTS.

Hence, to establish a feasible offshore Multi-Terminal LFAC TS, the LFAC grid-forming

converter must implement in its islanded-control system:

» An ICC to control its output currents fast and dominate the system impedance at its
bandwidth. Thus, a high ICC bandwidth is desired as noted in Chapter 6 so that all the
potential resonant points of the LFAC system regardless of its operating condition lie
within it, and no current and voltage interactions occur with the resonance of the passive

LFAC network.

> A current saturation mechanism to limit the fault-currents which could severely damage

the LFAC TS equipment and devices, especially in cases of LFAC CB failures.
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> Integrator anti-windup mechanisms that temporarily disable the integral parts of the
outer voltage controllers under current saturation conditions to support the voltage

recovery and avoid potential control instability.

Besides, DBRs shall be applied in the DC sides of the OWTGs and the onshore BtB frequency
converters to temporarily absorb the excess energy and mitigate DC over-voltages, if the

converter valves cannot withstand high DC voltage levels.

In the PtP cases, the implementation of adequately tuned ICCs in the islanded-control system
of the LFAC grid-forming MMC eliminates the need for harmonic filtering equipment. Since
the MT-LFAC arrangement examined in this Thesis is actually the merging of two equivalent
PtP LFAC export systems, the potential system resonances that are seen from the onshore
MMCs’ points of connection lie within lower frequencies than the equivalent PtP case, as
explained in Chapter 4. Hence, according to the ICC controller analysis in Chapter 6, the same
converter tuning could be utilised for the onshore converters of the MT-LFAC TS
arrangement, upsurging the LFAC-TS techno-economic feasibility and improving its

expandability, as more flexible meshed arrangements can be envisaged.

7.4 Multi-Terminal (Meshed) Offshore LFAC TS Scheme

The schematic of the EMT model for the offshore LFAC network, integrating two OWFs and
interconnecting them with two different AC grids through a meshed MT-LFAC TS

arrangement is illustrated in Figure 7.23.
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Figure 7.23: Schematic of the EMT model for OWPP Integration and Interconnection using the MT-LFAC TS.
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7.4.1 EMTS3: Island Control with ICC on the LFAC Side MMC1-T1

The cases assessed in EMT3 study are specified in Table 7-10, and further explained below:

Table 7-10: List of Cases for EMT3 Study.
LFAC TS Dynamic Performance - Meshed EMT Cases (MMC-1, ISLANDED - WITH ICC)

(o328 Multi-Terminal Offshore LFAC TS Interconnecting 2 x 704MW OWFs and 2 Grids with a 50km and 2 x 200km Cables

a System Energisation-to-Full Power Without H-Filters, equivalent to PF5a and PF5e studies

Power Demand Variations in Generation and Interconnection, equivalent to PF5d and PF5e studies

FRT: 50Hz Grid Side 1 Fault at 400kV, 16.7Hz OCS Side Fault at 345kV and 50Hz Grid Side 2 Fault at 400kV

» Case EM3a shows the energisation procedure of the MT-LFAC TS when implementing an
ICC with current saturation technique to the onshore LFAC side MMC1-T1 and the typical
grid-following VCC with APCs and ACVC outer controllers to MMC2-T1, as designed in

Chapter 6, without passive damping harmonic filters o the transmission system operation.

» Case EMT3b presents the dynamic performance of the meshed MT-LFAC TS and the
associated control schemes when imposing power demand variations in OWF1 and

OWEF2.

» Case EMT3c demonstrates the MT-LFAC transmission system’s fault-ride-through (FRT)
ability in the case of solid three-phase to ground faults at the 400kV busbars of the 50Hz
AC grid as well as the 345kV busbars of the OWF2 collection platform of the 16.7Hz

system.

a) LFACTS Energisation-to-Full Power without Filtering

The timeline of system dynamic events for the MT-LFAC TS energisation case EMT3a is

described in Table 7-11.

Table 7-11: Simulation Sequence for Case EMT3a.
LFAC TS Dynamic Performance - Meshed EMT Cases (MMC-1, ISLANDED - WITH ICC)

Case a Multi-Terminal Offshore LFAC TS Interconnecting 2 x 704MW OWFs and 2 Grids with a 50km and 2 x 200km Cables
Time [s] LFAC System Energisation-to-Full Power Without H-Filters, equivalent to PF5a, PF5d and PF5e studies
t0 0.0 Initialization: AC Voltage Sources Ramp Up to 400kV within 0.05 [s] in both 50Hz Grids 1 and 2

Both 50Hz Grid Side MMC Terminals Deblock: Impose Vdc control to their respective HVDC terminals and

H 05 Q control to their corresponding 400kV grid-side PCCs (vdc_ref=1pu with 0.2 vdc/idc droop, q_ref=0)

t2 1.0 |LFACSide MMC-1Terminal Deblocks: Imposes Vifac and freq islanded control (vac: 0-->1pu in 1[s], freq=16.7Hz)

t3 4.0 |LFACSide MMC-2 Terminal Deblocks: Imposes Vlfac and P control at its 345kV Onshore side (vac=1pu, p=0pu)

t4 5.0 |Both OWF-1and OWF-2 Equivalent Back-to-Back VSC Modules Connect

- 55 Both OWF-1 and OWF-2 VSIs Deblock: Impose Vdc control to their respective DC Terminals and and Vifac control
to their corresponding offshore 345kV LFAC-side busbars (vdc_ref=1pu, vac_ref=1pu with 0.0834 vac/q droop)

® 57 315MVAr LFAC Cable Shunt Reactor Located at the Onshore MMC-1 Side Gradually Reduced to 120MVAr in 0.65[s]

for EMT3b Study according to PF5d or to OMV Ar for EMT3c according to PF5e, respectively

t7 6.0 |Both OWF-1and OWF-2 Rectifiers Deblock: Impose P control (p_ref=0)

t8 6.35 |LFAC Cable's Shunt Compe nsator Reaches the 120MVArs

Both OWF-1 and OWF-2 Active Power Demands Ramp Up to Full Power with p_ref: 0-->1pu within 1 [s]. Active
t9 7.0 power increase rate: 1pu/s

LFAC Side MMC-2 Terminal Active Power Demand Ramps Up to Full Power with p_ref: 0-->1pu within 1 [s] as well.
t10 10.0 |End of Simulation

196



The simulation sequence of the MT-LFAC TS with 2 x 200km and 1 x 50km submarine cables
for the Energisation-to-Full Power study EMT3a can be considered as a dynamic path from
power flow case PF5a to PF5e, without implementing any passive harmonic filters, since the
MMC1-T1 employs island control with additional ICC and current limiting schemes according
to case EMT2. In case PF5a, 315MVAr of shunt reactors are utilised for system initialisation
in each of the onshore 345kV busbars of the LFAC system, to avoid the high cable charging-
breaking currents and maintain the system voltages to an acceptable level, while for OWF1
and OWEF2 full power export case PF5e, no shunt reactors need to be in operation. Hence, at
5.7sec each of the 315MVAr onshore shunt reactors gradually reduces to OMVAr within 1s
for the full OWF export case, increasing the amount of reactive power being produced by the

OWFs and absorbed by the onshore back-to-back frequency converters.

Figure 7.24 displays the EMT3a study results corresponding to the Side-1 (left) and Side-2
(right) parts of the MT-LFAC TS. The top sets of graphs refer to the 400kV PCC1 and PCC2 at
the respective 50Hz grid sides of the MMC1-T2 and MMC2-T2. The sets of graphs in the
middle correspond to the onshore 345kV busbars at the 16.7Hz transmission system sides of
the MMC1-T1 and MMC2-T1, while the final sets of graphs refer to the offshore 345kV
busbars of the LFAC system that correlate with the output of OWF1 and OWF2, respectively.
From these graphs, it can be evident that this study follows the two associated cases PF5a
and PF5e, having the same active power losses (i.e. Y80MW at no-load and~135MW at full-

load), reactive power distribution and busbar voltage profiles in the MT-LFAC system.

When both OWFs generate electricity at full-power, a minimal amount of current is being
transferred through the 50km interconnection cable, while when the generation is lower
than nominal, MMC2-T1 APC-demand defines the amount of power that results to each
terminal. Thus, proper coordination among the onshore MMC-HVDC controllers and the WF
must be established to track the requirements of the operator. Furthermore, the
compensated cable charging-breaking currents measured at each onshore 345kV busbar
from 2sec to 5.5s are also in agreement with the IEC preferred value for No-Load operation,
while the higher current and reactive power consumption noticed in MMC1-T1 between 2sec
and 4sec is only because all the offshore step-up transformers were included during the

energisation procedure in the PSCAD model to accelerate the system studies.
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Figure 7.24: EMT3a Study Results at: = Top - PCC with the AC Grid, (MMC1-T2 and MMC2-T2)
= Middle - Onshore LFAC Cable Side (MMC1-T1 and MMC2-T1)
- Bottom - Offshore LFAC Cable Side (OWF1 and OWF2)
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During the very early stages of the LFAC TS energisation procedure, particularly at the time
when only the grid forming MMC operates in islanded mode and the LFAC voltage is building
up with no wind power being generated as the OWF that is blocked, the system resonances
may be poorly damped. At the time that the OWF system generates full power, the system
harmonics are not excited, due to the high “source” impedance of the associated converters,
leading to stable harmonic operation. The voltage and current THD under full-load conditions
are kept at low values in all offshore and onshore system sides. In both offshore system
345kYV sides the THDv is ~0.1%, and the THDi is ~0.2%, while in onshore 345kV sides that as
can be seen in Figure 7.25, the THDv is ~0.05%, and the THDi is ~0.15%, respectively, which
is very similar to the EMT2a case for a point-to-point LFAC export scheme.
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[%] &.0-]

Harmonic

vy
vy

SrNWRnDI®
coooboobo
SrNWRnDI®
coooboobo

o
Ry
&
&
o
o~
=
o
o
o
e
@
&
w
o
P
o
o
o
&
&
o
o~
=
o
o
)
&
@
o
w
o
o
o

It can be inferred that from 2sec up to t3=4sec, the THDi at the onshore LFAC Side of MMC2-
T1 is ~4%, while there is almost no THDi at MMC1-T1. After the MMC2-T1 is deblocked at t3
and its grid-following controllers are activated, applying ACVC and APC with ICCs, the current
harmonic distortion significantly reduces. This also shows the benefit of implementing ICC to
all converter terminals of the scheme but also verifies that the 16.7Hz part of the LFAC
networks may be operated without extra low-order harmonic mitigation measures for

relatively longer overall subsea cable systems in the region of up to 450km.

For meshed LFAC system applications, the implementation of Islanded Control with ICC in
MMC1-T1 instead of passive filtering strategies can be beneficial. This can become evident if
a potential offshore transmission system expansion leads to a dramatic alteration in its
impedance profile. Then, H-Filters might be detuned, or necessitate enhancements that
could also require additional shunt reactive compensation, resulting in increased power

losses and affecting CAPEX, OPEX, reliability, etc.
b) Power Demand Variations without Filtering

The timeline and sequence of simulation events for the meshed MT-LFAC TS dynamic

response to both OWFs power demand variations in case EMT3b is described in Table 7-12.
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Table 7-12: Simulation Sequence for Case EMT3b.
LFAC TS Dynamic Performance - Meshed EMT Cases (MMC-1, ISLANDED - WITH ICC)

Case b Multi-Terminal Offshore LFAC TS Interconnecting 2 x 704MW OWFs and 2 Grids with a 50km and 2 x 200km Cables

Time [s] Power Demand Variations in Generation and Interconnection, equivalent to PF5d and PF5e studies
Both OWF-1and OWF-2 Active Power Demands Ramp Down to 1/3 of their Full Power with p_ref: 1-->0.34puin
0.66[s]. Active power decrease rate: 1pu/s

t10 10.0 |LFACSide MMC-2 Terminal Active Power Demand Remains Unchanged at Full Power; Pref=650MW
LFAC Side1 Back-to-Back Frequency Converter Must Deliver the Rest 1/3 of Power from Grid-1 to MMC-2:
It automatically reverses its power output from ~+645MW to ~-275MW in 0.66 [s], according to PF5d
Both OWF-1 and OWF-2 Active Power Demands Ramp Up again to Full Power with
p_ref: 0.34-->1pu in 0.66 [s]. Active power increase rate: 1pu/s
t11 13.0 |LFACSide MMC-2 Terminal Active Power Demand Re mains Unchanged at Full Power: Pref=650MW
LFAC Sidel Frequency Converter Must Absorb the Rest of Generated Power from the LFAC System to Grid 1:
It automatically reverses its power output from ~-275MW to ~+645MW in 0.66 [s].
t12 16.0 |End of Simulation

This study can be perceived as a combination of power flow cases PF5e and PF5d, without
harmonic filters, as MMC2-T1 demands full-power with both OWFs supplying approximately
2/3 of it and MMC1-T1 supplying the rest ~1/3 of the requested power to MMC2-T1, through
the interconnection submarine cable. The MMC2-T1 APC-demand of 650MW remains
constant during the course of this study. In case PF5d, 120MVAr of shunt reactors are utilised
for voltage support only in the onshore 345kV LFAC busbar of MMC1-T1, while in the OWFs
full power export case PF5e, the dynamic compensation from MMC-T1 can be adequate
without utilising MVArs from shunt reactors. Still, the 120MVAr shunt reactors do remain
connected during the whole simulation study, reducing the reactive loading of MMC-T1

during OWF full power export.

The sets of graphs in Figure 7.26 display the EMT3b study results corresponding to the Side-
1 (left) and Side-2 (right) parts of the MT-LFAC TS in the same manner that Figure 7.24 does
for EMT3a study. It is evident that this study follows the two associated cases PF5e and PF5d,
having the same active power losses (i.e. ¥135MW at OWF full-power export and ~120MW
at the partly export and interconnection case), similar reactive power distribution and busbar
voltage profiles in the MT-LFAC system. As happens in case PF5e, when both OWFs generate
electricity at full-power, a minimal amount of ~3.5MW is being transferred through each side
of the 50km interconnection cable, while when each OWF generates 1/3 of its nominal
output and MMC1-T1 supplies the remaining power to MMC2-T1, almost 475MW are
transferred through the 50km submarine cable, having ~10MW losses. Following the power
reversal at 10.5s, the 50Hz AC grid Side-1 supplies ~280MW to the system, in order to meet
the demanded power of MMC2-T1, which results in almost 640MW being delivered to the
Side-2 grid system. In EMT3b no harmonic excitation and interactions with system
impedance are apparent since the MT-LFAC TS resonance is more mitigated than in the

export systems.
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Figure 7.26: EMT3b Study Results at: = Top - PCC with the AC Grid, (MMC1-T2 and MMC2-T2)
= Middle - Onshore LFAC Cable Side (MMC1-T1 and MMC2-T1)
- Bottom - Offshore LFAC Cable Side (OWF1 and OWF2)
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During the dynamic power changes in the system, both the 400kV AC grid voltages remain
unaffected. Power variations cause only consequent reactive power changes at the onshore
345kV busbar in the Side-2 part of the LFAC TS. At the same time, they do not affect the DC-
Link of BtB MMC2-HVDC shown in Figure 7.27, or the Side-2 50Hz AC grid system response.
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Figure 7.27: DC-Pole Voltages (Two-Top Graphs) and DC-Pole Currents (Two-Bottom Graphs), in MMC1 (Left)
and MMC2 (Right) BtB Frequency Converters, Respectively, for EMT3b.

On the contrary, they introduce slight and damped current oscillations in the Side-1 50Hz AC
grid system response at the time that power is reversed which are eliminated 1sec later, and
they can be spotted on the matching active and reactive power graphs. These oscillations are

apparent in the DC-current of the BtB MMC1-HVDC as seen in Figure 7.28.
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Figure 7.28: EMT3b) DQ-Voltage (Top), and DQ-ICCs (Bottom) of the Enhanced Island Controller in MMC1-T1.
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Although the oscillations that are noticed in the onshore MMC1-T1 345kV busbar are
mitigated, the MMC1-T1 LFAC output voltage dg components shown in Figure 7.28. appear
to be sensitive to these variations, slightly deviating from the dq LFAC voltage demands
during transients but with a damped oscillatory response and adequate settling time. The dq
currents of the ICC configuration follow their references very fast resulting in damped

converter output currents.
c) Solid Three-Phase to Ground Faults at 400kV-50Hz Grids 1&2 and 345kV LFAC OCS2

The EMT2c examines the FRT of an MT-LFACTS arrangement against 150ms solid three-phase
to ground faults applied in the AC grid Side-1 PCC at 10.25sec, in the LFAC Side-2 OCS at
13.75sec, and in the AC grid Side-2 PCC at 17sec, respectively, in the same simulation study.
The timeline and sequence of the simulation events for the LFAC meshed system FRT

performance study case EMT3c is defined in Table 7-13.

Table 7-13: Simulation Sequence for Case EMT3c.
LFAC TS Dynamic Performance - Meshed EMT Cases (MMC-1, ISLANDED - WITH ICC)

FRT: 50Hz Grid Side 1 Fault at 400kV, 16.7Hz OCS Side Fault at 345kV and 50Hz Grid Side 2 Fault at 400kV
t10 10.25 |Three Phase to Ground Fault applied at the 400kV, 50Hz AC Grid Side 1 PCC, for 150ms
111 10.40 |Faultis Cleared
t12 13.75 |Three Phase to Ground Fault applied at the offshore 345kV Busbar, 16.7Hz LFAC Side2 OCS, for 150ms
t13 13.90 |Faultis Cleared
t14 17.00 |Three Phase to Ground Fault applied at the 400kV, 50Hz AC Grid Side 2 PCC, for 150ms
t15 17.15 |Faultis Cleared
t16 20.00 |End of simulation

This simulation study follows case PF5e having the same active power losses, reactive power
distribution and busbar voltage profiles in steady-state operation without implementing any
harmonic filters or shunt reactors. Furthermore, neither a DBR nor an over-voltage
protection scheme is adopted in the DC-Link of MMC1-HVDC scheme, while a DC-chopper is
employed on the frequency converter of Side-2 (MMC2-HVDC) with a DC voltage operating
region for the braking resistor between 1.2p.u. and 1.3p.u, because of the applied DC-Voltage
droop characteristic as described in Chapter 6 for the MT-LFAC arrangements, on the
frequency converters. Finally, both of the equivalent OWF modules also utilise a DC-link DBR
for over-voltage protection with minimum and maximum voltage thresholds of 1.15p.u. and

1.2p.u., as applied in EMT1cii) and EMT2c).

The sets of graphs in Figure 7.29 display the EMT3c study results corresponding to the Side-
1 (left) and Side-2 (right) parts of the MT-LFAC TS at the 50Hz/400kV PCC with the AC grids
(top), the onshore 16.7Hz/345kV LFAC busbar (middle) and the 16.7Hz/345kV LFAC busbars

of the OCS (bottom), respectively.

203



SIDE 1 SIDE 2

T2-50Hz : Graphs T2-50Hz : Graphs
=ymsT2 = Phase woltages T2 msT2
1 I I 1 L | 1 1 1

= Phase voltages T2
) 1

L L

400,000 400,000
200,000
ERL L
200,000
400,000
a0 =lac T2 a0
20
10
= P
£ R
20
o] | | | | | | | | |
agip2
800,000 — t 800.000 1
500,000 1 500,000 'y h[
= 400000 = 400000 1Y
£ 200.000 [ £ 200.000 1
0.000 L 0.000
- -
200,00 22— I 200,00 122
150,00 I I 150,00 £
100,00 T 100.00
. 50.00 4 . 50.00
E v - E
= " | | = " [ |
< 100.00 I I < 100.00 |
-150.00 i i -150.00 1
200,00 <l 200000 5
=C 10 10 120 130 140 150 160 170 18.0 120 20.0 =c 100 110 120 130 140 150 160 170 180 120 20.0
T1-16,7Hz : Graphs T1-16,7Hz : Graphs
= Phase voltages T1 =ymsT1 B = phase voltages T1 =ymsT1 =

85 080k ﬂ
060k T 060k —
o~ 0tk A f o~ 0tk n i
= \ Ly S \Jd =
£ 2% ¥, E D v
5k ¥ 0.50k
-0.60k: L] = -0.60k: =
®|C 100 10 120 130 140 150 160 170 18.0 180 20.0 ®C 100 110 120 130 140 150 160 170 180 180 200
WFL: Graphs WFL: Graphs
=vwfL =ymswfl B =2 =ymswfa =
400,000
200,000
0.000
-200.000
= 4 T T i T T T T 1 =Gl g T T i T T T T
o WL = Irmew f1 0 = Irmew 2
20 20
10 10
P P
2 1 2 1
20 20
3.0 3.0
- -
e e h—
500,000 HF 500,000 I H
500,000 HE 500,000 ¥
< 400,000 1 < 400,000 L
Eon . Eon
100.000 100.000 ul
0.000 0.000
- -
son.000 20 so0.000 1 2282
400,000 I 400,000
200,000 i 200,000
% 20000 Al % 20000 T, N
£ -400.000 L Il £ -400.000 \ \
-500.000 -500.000
800,000 T N || -so0.000 L =
®|C 100 10 120 130 140 150 160 170 18.0 180 20.0 ®C 100 110 120 130 140 150 160 170 180 180 200

Figure 7.29: EMT3c Study Results at: = Top - PCC with the AC Grid, (MMC1-T2 and MMC2-T2)
= Middle - Onshore LFAC Cable Side (MMC1-T1 and MMC2-T1)
= Bottom - Offshore LFAC Cable Side (OWF1 and OWF2)
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Regarding the three-phase to ground fault imposed on the AC grid Side-1 PCC at 10.25sec,
the frequency converter (MMC1-HVDC) that forms the LFAC voltage waveform in the meshed
LFAC scheme responds as in LFAC export case EMT2c). During the fault, the MMC1-T2 current
saturation mechanism limits the fault current to 1p.u, while no power is transferred at the
PCC due to the collapsed AC voltage and DC-voltage rises in the BtB-HVDC system up to
1.4p.u., as no DBR is adopted. Post-fault, the DCVC of the MMC1-T2 restores the DC voltage
to its pre-fault value by injecting high active current (ig~1p.u.) at full power output, and the
RPC adjusts the reactive current controller value to attain zero reactive power (iz~0), as
presented in Figure 7.30. The post-fault oscillations on the Side-1 AC grid response are mainly
due to the MMC1-T2 transformer saturation or “Pseudo-Inrush” phenomenon that occurs
during the AC voltage recovery following the voltage sag. The effect of this fault to the rest

of the MT-LFAC system or the Side-2 AC grid dynamic performance is insignificant.
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Likewise, in the three-phase to ground fault that occurs at the Side-2 OCS 345kV busbar at
13.75sec, the LFAC TS responds very similar to the LFAC export system in case EMT2c), with
both the equivalent OWF1 and OWF2 BtB-VSC modules controlling effectively the fault
current on their corresponding OCS to 1p.u., and their DBRs protecting their DC-links from
over-voltages. Moreover, the MMC1-T1 islanded control system with its ICC, and the MMC2-
T1 with its typical grid-following VCC strategy manage to limit their output fault currents to
the maximum of 1p.u. To achieve this, their integrator anti-windup mechanisms turn off the
integral parts of their outer controllers to support the system recovery and avoid the loss of
control, under current saturation conditions. Since the converters manage to control and
limit their current during this disturbance, their SCC contribution to the LFAC system is
relatively small, and the voltage at the onshore LFAC 345kV busbar is very low (almost
collapsed especially since no passive harmonic filters utilised here), forcing the power flow
of the LFAC side to reach almost zero but without being reversed. However, power is slightly
reversed in both the Side-1 and Side-2 AC systems during the LFAC side fault, the DC-Link
voltages decrease but without seriously disturbing the 50Hz AC network voltages and the

reactive power at the corresponding PCCs.

Finally, in the three-phase to ground fault imposed on the AC grid Side-2 PCC at 17sec, the
MMC2-T2 responds in a very similar manner to MMC1-T2 against the equivalent three-phase
to ground fault imposed on the AC grid Side-1 PCC at 10.25sec. Thus, during the fault, it limits
the fault current to 1p.u, while the post-fault oscillations on the MMC2-T2 reactive power
response are also due to the MMC2-T2 transformer saturation or “Pseudo-Inrush”
phenomenon that occurs during the AC voltage recovery following the sudden voltage drop
because of the fault. Nonetheless, as the MMC2-T1 power demand remains unchanged, it
causes ~1.25p.u. HVDC over-voltage that activates the DBR and an LFAC over-voltage that
instantaneously reaches up to 1.4p.u. at the onshore 345kV busbar. This increases the ICC g-
reference rapidly as the converter that needs to absorb instantly the maximum amount of
reactive power, which is set at 0.56p.u. of reactive current (iy), both during and after the fault.
Though current saturation occurs, and the integrator anti-windup mechanism is energised
that turns off the integral parts of the outer controllers. This action somewhat delays the
active power restoration in the converter LFAC terminal, but it enables the LFAC system

voltage recovery to avoid potential system instability.

Through this onerous fault, the LFAC over-voltage and the active power delayed response,

without the simultaneous coordination of the OWPP modules disturbs the LFAC TS. More
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specifically, the 345kV over-voltage is propagated to the MT-LFAC TS busbars leading all the
converters of the scheme to respond close to their reactive power limit. At the same time,
since the amount of real power produced by the OWF2 cannot be absorbed by MMC2-T1
due to its APC integral part disengagement, the generated power is redirected to flow
through the 50km submarine interconnection cable towards the MMC1-T1 that acts as a
“power-sink” for the system, absorbing part of the excess current, as long as it is within its
current limit of 1 p.u. This active power growth also gives rise to its HVDC-Link voltage, since
no DBR is applied and passes to the AC grid Side-1 through the LFAC-grid-forming frequency
converter, whilst no significant disturbance is observed at the AC side voltages except for
certain harmonic excitation during the transient. In the meanwhile, the DC voltage of the
OWF2 equivalent module rises over 1.15p.u., triggering its DBR and temporarily reducing its
active power output. These power variations can be easily addressed in the LFAC TS graphs
of Figure 7.29, and they can be noticed in both AC grid Sides 1&2 as two consecutive power

drops in AC grid Side-2 and as increased power consumption in the AC grid Side-1.

Although there are no related standards for high voltage LFAC systems that mention any
limits for the change in the rms value of the Temporary Over-voltage (TOV) and its duration,
a point could be made if the National Grid Technical Guidance Note (TGN(E) 288 — Issue 1 —
May 2016) “Limits for AC-RMS Value of TOVs in England and Wales Network” is assessed, as
shown in Figure 7.31 [120]. In this plot, the p.u. values are on the base of system continuous
voltage of 420kV and 300kV rms for phase to phase nominal system voltages of 400kV and
275kV respectively. For the needs of the examined LFAC-TS, a phase to phase nominal system

voltages of 345kV would correspond to a base of 362kV.

145 4
14

1.35 =—w.r.t. System Continuous
Voltage (420kV and 300kV)

-
2o
N w

Voltage (pu)

-
|
[

1.05

0.01 0.1 1 10
Time (s)

Figure 7.31: Limits for RMS Value of TOVs for 400kV and 275 kV in GB Network.

The maximum value of 1.4p.u. would then match an equivalent of ~507kV in the examined

system, which together with the requirements of 7.1.3 could substantiate an overall
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acceptable MT-LFAC FRT response for the tested cases. Therefore, an MT-LFAC system
utilising only offshore submarine cables can have a satisfactory dynamic response on
transient events and ride through faults that occur either in AC grid systems or in the offshore
LFACTS. DBRs in the DC sided of the OWTGs as well as the onshore frequency converters are
essential, except if the valves could withstand specific HVDC instantaneous voltage rise.
Considering a certain degree of technology readiness for High-Voltage LFAC circuit breaker
and protection devices, it could be inferred that forming offshore meshed LFAC transmission
systems for exporting power from OWFs and interconnecting different grids can be
technically feasible for certain distances without implementing offshore passive

compensation and harmonic filters.

7.4.2 Performance Evaluation of the Feasible LFAC TS Cases

In these feasible cases, a properly tuned ICC is implemented in the islanded-control system
of the LFAC grid-forming MMC. The resulted configurations are effectively energised, as
demonstrated in cases EMT2a) and EMT3a), by ramping-up the voltage of the onshore grid-
forming frequency converter, avoiding high cable charging-breaking currents and
maintaining the system voltages to an acceptable level. This way, the risk of transient voltage
and current stresses at the equipment is minimised, and the black-start or restoration

processes following system black-outs can be accelerated.

The dynamic response of these arrangements to OWFs output power variations, as examined
in EMT2b) and EMT3b), is satisfactory as all converter-controllers suitably follow their
reference values and their response in the LFAC, as well as the AC side, is within their capacity
limits. In some cases, the output dg-voltage of the grid-forming MMC can be sensitive to
power variations when the ICC is employed, slightly deviating from the demanded values

during transients but with damped oscillatory response and reasonable settling time.

Finally, the Fault-Ride-Through capability of the resulted LFAC TS arrangements is

investigated in cases EMT2c) and EMT3c) and discussed below:

e A solid three-phase to ground fault is imposed at the high-voltage side of the LFAC
offshore collector system. During this fault, the OWTG VSI modules and the onshore
frequency MMCs ICCS and current saturation mechanisms effectively feed the fault and
limit the fault-currents on their corresponding LFAC busbars to 1p.u., whilst the WTGs
DBRs protect their DC-links from over-voltages the integrator anti-windup mechanisms

enable the LFAC voltage to recover by disabling the outer voltage integrators. The power
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flow in all parts of the LFAC TS drops to zero, and a certain amount of power is
instantaneously reversed in all the 50Hz AC networks. This amount depends on the
electrical proximity of the AC network to the fault and the number of the interconnected
AC networks and flows to the corresponding HVDC sides, while the frequency converters
DC-Link voltages reduce. Thus, the harsh AC side current decrease slightly disturbs the
50Hz AC network voltages and the RPC response at the corresponding PCCs. Although the
system rides through this fault, the limited VSCs fault-current contribution may result in

a relatively weak LFAC transmission system with low SCL, if it is not adequately meshed.

During a solid three-phase to ground fault occurring in any of the connected 50Hz AC
grids, no power is transferred at that PCC, and the operation of the respective grid side
MMC terminal is essentially the same, as it limits its fault-current to 1p.u., while post-
fault, 1p.u. of active current is injected until the full DC voltage recovery and the rather
oscillatory RPC response is mainly due to the “Pseudo-Inrush” phenomenon. However,
the effect that an AC grid side fault has on the 16.7Hz LFAC side, or even on other LFAC-
Interconnected AC grid systems in case of an MT-LFAC TS, depends on the control system
adopted by the MMC facing the 16.7Hz LFAC TS side. Hence, regarding the LFAC TS

response against a three-phase to ground fault imposed on:

o The PCC with the 50Hz AC grid that interfaces the frequency converter operating in
grid-forming control mode: This fault is independent of the LFAC TS arrangement type
as all the PtP, and the MT arrangements engage a grid-forming MMC. Moreover, all
systems demonstrate very similar response on this fault, since the LFAC side perceives
the fault as an trivial disturbance, while the effect it has on the dynamic performance
of another interconnected AC grid can be negligible. This happens because the LFAC
grid-forming BtB MMC-HVDC acts as a “firewall” preventing the disturbance from
entering into the offshore LFAC transmission system, but if no DBR is installed in its DC

side, the valves shall be able to withstand up to a specific DC over-voltage.

o The PCC with a 50Hz AC grid that interfaces a frequency converter operating in grid-
following control mode: This onerous fault occurs only in MT-LFAC TS arrangements
that interconnect different AC grids or grid points, and so they can have grid-following
MMCs in the LFAC side. Since these MMCs employ APCs, if their power demands
remain constant during such an AC fault, the generated excess power that cannot be
handled by the corresponding frequency converter’s DBR is redirected to flow through

the submarine interconnection cable towards the grid-forming frequency converter.

209



Hence, the grid-forming MMC acts as a “power-sink” for the system, absorbing part of
the excess current, as long as it is within its current limit of 1 p.u. rapidly increasing its

AC grid system currents and slightly disturbing the AC system’s voltage.

However, if there is more excess power in the system, it can cause further rise to the
HVDC voltages of the frequency-converters which together with the simultaneous
power flow redirection inside the LFAC TS can develop over-voltages in the LFAC side.
The LFAC over-voltages can be propagated to multiple LFAC TS busbars and prompt
the respective converters to respond close to their reactive power capability limits.
This may not only disturb the dynamic response of the LFAC TS, but also cause cascade
effects by triggering control and protection measures of the related parts, creating
more implications in the active power flow of the system which can be reflected to the
power output of the AC grids. Still, the system may ride through the fault successfully
and comply with equivalent AC overvoltage regulations in case EMT3c). Nevertheless,
it is clear that for such fault conditions in meshed or MT schemes, proper coordination

among the OWTGs and the APC demands of the grid-following MMCs shall be attained.

7.5 Summary and Conclusions

In this chapter, the LFAC TS dynamic performance is evaluated through time-domain EMT
assessment. The representative offshore PtP and MT-LFAC TS arrangements with 200km
export cable lengths are modelled in time-domain adopting the design principles and
operating features defined in Chapters 3,4,5 and 6, and a set of EMT studies is introduced to
estimate the system’s technical performance. The EMT studies comprise the offshore LFAC
system energisation, power output variations for OWF power export and grid
interconnection scenarios as well as three-phase to ground faults in the AC and LFAC sides.
Through these studies, the characteristic offshore LFAC TS schemes are suitably configured
in terms of VSC control system functions, low-order harmonic filtering and reactive
compensation needs, while appropriate coordination of the VSC control modes and

protection strategies is attempted.

More specifically, the EMT assessment of the PtP LFAC TS arrangements demonstrated stable
steady-state and dynamic response as well as compliance with typical grid code requirements
for specific fault events and contingencies. The typical islanded control mode without ICCs

and the enhanced islanded control with ICCs, appropriate current saturation, and integrator
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anti-windup mechanisms were compared. If the typical islanded control mode is employed,
it shall be implemented with passive harmonic filtering to avoid excessive voltage and current
THD and low order harmonic stability issues caused by the system resonance. However, an
uncontrolled and excessive fault-current can be produced in case of an offshore LFAC side
fault, which may severely damage the power converters, cables and other equipment of the

scheme, especially in case of a CB failure.

If the enhanced islanded control mode with ICCs is employed for the PtP arrangement, then
no passive harmonic filtering for damping low-order resonances may be needed as long as
the ICCs are tuned to attain a suitable bandwidth and dominate the system impedance at the
potential low-order resonant point. This way, low THD levels can be achieved without low-
order harmonic issues under normal operation while the scheme can effectively ride-through
AC and LFAC side faults by limiting the fault-currents in the LFAC export system, utilising a
typical current saturation technique. Consequently, this control configuration shall be

considered for the grid forming converters in MT-LFAC TS designs.

It can be inferred that forming an offshore meshed MT-LFAC TS can be technically feasible,
even without passive, shunt compensation placed offshore if the reactive power capability
of the converters is utilised, and without employing harmonic filters if the islanded-controller

of the grid-forming MMC implements:

> ICCs to regulate the output currents with a desired high bandwidth to dominate the
system impedance.

» Current saturation mechanism to limit the fault-currents that could damage the
MMC valves and other LFAC system devices.

> Integrator anti-windup mechanisms that temporarily disable the integral parts of the

outer voltage controllers under current saturation conditions.

In addition, DBRs shall be applied in the DC sides of the OWTGs and the onshore BtB
frequency converters to mitigate DC over-voltages, by absorbing the excess energy

temporarily.

Thus, coordinated control and protection strategy shall be applied to support the voltage
recovery and avoid potential control instability in PtP and MT-LFAC TS schemes. Therefore,
technically feasible offshore PtP and MT-LFAC TS arrangements are produced that can assure
stable steady-state and dynamic operating response and comply with generic connection and

grid code requirements for specific faults and contingencies.

211



Chapter 8: Conclusion and Future Work
8.1 Summary and Discussion

The main goals of the current industrial research were to define and investigate robust and
feasible LFAC TS schemes for offshore applications that could be materialised by the industry
in a quite ordinary fashion and achieve straightforward and compliant offshore system
solutions to effectively transfer the rated capacity of bulk OWPPs to the grid. This was
attempted through the examination of PtP and multi-terminal, meshed network schemes
that could interconnect different OWFs to each other and different grids. Also, the
designated transmission equipment design and rating were appropriately adapted for High

Voltage LFAC operation based on standard industry practices and the literature.

Another aim of this study has been to determine the respective LFAC TS operating aspects
(e.g. control arrangements, potential compensation and mitigation measures, etc.) that
would enable the designed schemes to be technically and economically competitive over a
certain distance range to the already established HVAC and HVDC alternative technologies
for OWPP integration. Accordingly, the power transfer capacity of a single LFAC export cable
was optimised to transfer the full power output of each OWPP, while any necessary passive
mitigation and compensating equipment was placed in the onshore frequency converter
substations. This way the minimum number of cables is utilised for power transmission and
the installation of additional components on the offshore LFAC platforms that could further

increase the size, footprint and cost of the schemes is avoided.

With respect to the research aims, the main LFAC equipment parameters have been
obtained, and the designated LFAC TS arrangements have been optimised. The technical
feasibility of LFAC TS was assessed for different subsea cable lengths and network
arrangements, through engineering studies in order to explore the system's performance
capabilities, potential limitations and compliance issues. Detailed system models were set-
up in DigSilent PowerFactory and PSCAD-EMTDC to conduct steady-state, frequency and
time-domain dynamic simulation studies of several LFAC TS configurations under various

operating conditions and for different transient and fault events.

High-fidelity EMT models were developed even for the complex MT-LFAC TS scheme for the
dynamic performance assessment. They comprise the onshore BtB frequency MMCs with
DEM employed for its HBSMs and switching aggregates for the OWF BtB VSCs. Optimum
control strategies were obtained by steady-state analysis and controllers were generically
tuned through TF analysis. Finally, FDPM is used for the export cables, suitable transformer

and filter parameters are included, while the AC grids are modelled as Thevenin equivalents.
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8.2 Conclusions and Recommendations

Summarising, some of the most significant concluding points and findings to emerge from

this study are discussed below:

Subsea cable parameters explicitly adapted for LFAC TS purposes were obtained by a

cable manufacturer (NEXANS). The LFAC operation of the adjusted cables presents:

> Benefits in power losses, reactive current, compensation, loading conditions, and
power transfer capability for extended cable lengths.
» Benefits if operating at higher voltage levels as the power transfer capability

significantly increases but for relatively reduced cable lengths.

LFAC and AC power transformer designs were estimated for various impedance levels
based on transport limitations, according to standard industrial design methods and
assumptions [128]. The corresponding Site Weights that primarily define the LFAC
platform weight and the Total Power Losses were yielded and compared. Results
showed that the estimated LFAC transformers could be 2-2.15 times bigger in terms of
size and weight and consume 1.45-1.65 times more power than their 50Hz equivalents
for the same p.u. impedance. Hence, for the appropriate transformer impedance
selection, there is a trade-off between transformer weight and losses, although in an
offshore transmission system application both the losses and weight of the transformers

shall be reduced as much as possible.

In case of equally rated converters having the same configuration and equal number of
modules and switching elements, the passive equipment components of a converter
facing a 16.7Hz LFAC network need to be rated almost three times higher than those of
an equivalent converter interfacing a 50Hz grid. This is considered based on typical

calculations performed for the rating of DC capacitors and arm or converter reactors.

PtP and MT-LFAC TS resonance responses were evaluated, and the impact of the LFAC
cable length and the LFAC transformer leakage reactance to the system dynamic
impedance frequency and amplitude were investigated. At the offshore side, the
resonance has a relatively higher magnitude than at the onshore busbar, while the
lowest resonance levels are noticed at the OWTGs, compared in a per-unit scale.
Accordingly, with an increasing submarine cable length, the resonant frequencies

decrease due to the higher cable capacitance and inductance, but as cable ohmic
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resistance increases, it produces natural damping, and lower magnitudes are noted.
Furthermore, the lower the transformers relative leakage inductance in p.u., the higher
the system’s resonant frequency and the lower its magnitude, whilst the fundamental

16.7Hz frequency impedance magnitude affecting the system losses is reduced.

Suitable C-Type harmonic filter combinations were introduced to mitigate the LFAC TS
resonances for various cable lengths and reduction of the filtering losses was attained

compared to former studies where single-damped filters introduced excessive losses [7].

In the MT-LFAC TS schemes, the resonance magnitude and frequency are reduced
compared to the corresponding PtP base cases, mainly due to the natural damping
introduced by the parallel cable paths and the characteristics of the added cables. Thus,
the harmonic filters designed for the PtP schemes can be effective for MT systems as
well, also supporting the standalone radial operation of these schemes. However, to
efficiently accommodate the MT operation, switching steps may be introduced to the

filters to reduce their MVAr and losses and avoid any additional compensation needs.

The correlation between the operating frequency and the dynamic impedance of an
offshore system is discussed, through the investigation of simplified subsea cable-
transformer pairs that were found to dominate the system resonance characteristics. It
is estimated that in a radial offshore arrangement, the harmonic order of the resonant

point and the resonance magnitude can be higher for lower operating frequencies.

Optimised PtP and MT-LFAC TS arrangements were yielded by steady-state analysis in
terms of minimum active power losses and shunt compensation, only at the onshore
side. The power-flow studies resulted in efficient DCVC/ACVC strategies for the inverters
of the OWTGs while the reactive power capability of all the available converters was
utilised for maximising the power transfer through the cables up to a length that the
Ferranti Effect or excessive losses would prevail. At the same time, the LFAC TS
compliance with operating standards is assured in terms of bus voltage levels, charging
breaking currents in the CBs, equipment loading and converter capability limits under

various operating conditions for cases with and without passive harmonic filters.

Higher PtP LFAC TS availability was attained based on the optimised steady state export
cases compared to corresponding HVAC and HVDC systems over the cable length, while
the superior availability of a potential meshed MT-LFAC was showcased. This is a strong

indication of the system's reliability and economic feasibility, as seen in APPENDIX B
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X. The EMT assessment of the optimised PtP LFAC TS arrangements revealed that they
could be technically feasible. Stable steady-state and dynamic operating response was
demonstrated, and compliance with typical connection and grid code requirements for
specific fault events and contingencies was attained. In a PtP LFAC TS, the LFAC grid-

forming MMC of the onshore BtB frequency converter can employ:

= The typical islanded control mode without Inner Current Controllers (ICCs):

It should always be implemented with passive harmonic filtering to avoid excessive
voltage and current THD and low order harmonic stability issues caused by the
system resonance. This option combined with suitable C-Type filters demonstrated
acceptable dynamic performance during energisation and for OWF output power
variations as well as sufficient FRT capability against a 150ms solid three-phase-to-
ground fault at the PCC with the 50Hz AC grid. However, an uncontrolled and
excessive fault-current was produced in case of an offshore LFAC side fault, which
could have severely damaged the power converters, cables and other equipment of
the scheme, especially in case of Circuit Breaker failure. Hence, these settings could
be barely applied only in a PtP scheme by over-rating the frequency converter
modules and with proper coordination and seamless operation of LFAC CBs and

protection devices, but they should not be considered for any MT-LFAC TS design.

= The enhanced islanded control mode with ICCs, appropriate current saturation, and

integrator anti-windup mechanisms:

If the ICC could be tuned to attain a suitable bandwidth in order to dominate the
system impedance at the potential low-order resonant points, then no passive
harmonic filtering for damping the low-order resonance would be needed, as low
THD levels could be maintained without low-order harmonic issues under normal
operation. In this study, the system demonstrated adequate dynamic performance
for OWF output power variations; it effectively rode-through AC and LFAC side faults
and limited the fault-currents in the LFAC export system. Even if additional harmonic
filtering strategies or other mitigation measures need to be applied, they may be less
complex, or lower-rated without necessitating further reactive power compensating

equipment that would also increase power losses the system overall costs.

Xl. To establish a feasible offshore MT-LFAC TS, coordinated control and protection should

be applied. Thus, the islanded-controller of the grid-forming MMC should implement:
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XIl.

» ICCs to regulate the output currents with a desired high bandwidth to dominate the
system impedance. As explained in Chapter 6, most low-order resonant frequencies
of the LFAC system regardless of its operating condition should lie within it, so that
no current and voltage interactions occur with the passive system resonance.

» Current saturation mechanisms to limit the fault-currents that could damage the
MMC valves and other LFAC system devices, especially in cases of LFAC CB failures.

» Integrator anti-windup mechanisms that temporarily disable the integral parts of the
outer voltage controllers under current saturation conditions to support the voltage
recovery and avoid potential control instability.

Besides, DBRs shall be applied in the DC sides of the OWTGs and the onshore BtB

frequency converters to temporarily absorb the excess energy and mitigate DC over-

voltages, if the converter valves cannot withstand high DC voltage levels.

The EMT simulations of the MT-LFAC TS demonstrated satisfactory dynamic response,
as all the converter-controllers suitably followed their reference values and their
outputs in the LFAC, and AC sides were within their capability limits. The fault response
was similar to the corresponding PtP cases for faults imposed at the LFAC side and the
PCC with the 50Hz AC grid of the grid-forming frequency MMCs side. However, a fault
at the PCC with the AC grid system of the grid-following frequency converter side caused
severe over-voltages in the LFAC system that were propagated to multiple LFAC network
busbars. This condition could prompt the respective converters to respond close to their
reactive power capability limits, depending on specific system settings. Such event could
potentially disturb the dynamic response of the total LFAC TS and even cause cascade
effects by triggering control and protection measures of the related parts, creating more
implications in the active power flow of the system which would be reflected to its
power output to the AC grid. Still, the examined system managed to ride through this

onerous fault successfully and comply with the respective AC overvoltage limits.

In general, the combination of Type-4 OWTGs and onshore BtB MMC frequency converters

with one LFAC-grid-forming MMC employing islanded control enhanced with ICCs,

appropriate current saturation, and integrator anti-windup mechanisms can be a feasible and

straightforward solution for the formation of an efficient and compliant offshore LFAC TS.

This LFACTS set-up can benefit from low THD levels without low-order harmonic issues under

normal system operation, while it can demonstrate satisfactory dynamic performance for

OWEF power output variations and effectively ride-through faults and disturbances.
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The investigation of LFAC technology has shown that the design, engineering and production
of the main LFAC power transmission components would not be a major technical challenge,
considering the minor technical differences with the components for 50Hz AC systems.
Moreover, there is a prior operational experience in the area, as many parts of the single-
phase version of LFAC are entirely developed by rail track electrification system. The fact that
most of this LFAC experience can be found concentrated in some of the most reputable T&D
vendors advocates that they may be able to combine the knowledge of the rail industry with

that of power T&D, regulating solutions with the least amount of development burdens.

Nevertheless, LFAC in the proposed form and size is a new technology with no prior design
or operating experience and development can be expected. The practical implementation
may come across some unforeseen difficulties, and it may still be necessary to undertake
efforts in order to optimise the equipment for low frequency operation such as new type
testing, certification, etc. The time until components become physically available may also
depend on the certification period, especially regarding WTGs, cables, transformers, CBs and
switchgears. Finally, it needs to be considered whether there can be a standardisation of the
LFAC grid solution in order to rely on suppliers’ components as is the case for conventional
AC systems or will there be a need for a design authority to study the system as a whole and

then specify and integrate each of the components in a functional or optimised system.

8.3 Thesis Contributing Points

As mentioned in section 1.4, the findings and conclusions of this Industrial PhD Thesis
contribute to the state-of-the-art and provide a path to accelerate the industrial exploitation

of the offshore LFAC TS technology, by introducing:

¢ Explicit adaptations in the design and rating of key transmission components for LFAC
operation, based on industry practices. Parameters were obtained for the main
transmission equipment:

1) The LFAC submarine export cable parameters acquired by a cable manufacturer.

2) The LFAC power transformer parameters were estimated based on industry methods
and assumptions (aspects like transport size and weight restrictions for various
impedance levels were considered).

3) The BtB frequency MMCs with HBSM capacitors sizing and WTG VSCs rating for

interfacing a 16.7Hz system.
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Accurate investigation for the passive resonance of the isolated LFAC TS in the
frequency domain with FDPM subsea cable representation.

A low-order resonance in the LFAC network could produce sustained overvoltages during
transformer energisation or at fault-clearing which may even damage the equipment. By
knowing the frequency response for the offshore LFAC TS, wider harmonic propagation
problems can also be avoided that can create potential system performance or harmonic
stability issues. In this Thesis, the impact of the cable length to the total LFAC TS
impedance profile is evaluated, while the effect of adding branches to form Multi-
Terminal LFAC schemes is addressed. Also, the implementation of passive harmonic

filtering equipment to mitigate the system low-order resonances is assessed.

Optimised offshore PtP and MT-LFAC TS layouts for minimum power losses and

minimum shunt compensation are placed only at the onshore side, through Steady-

State analysis. Thus, the fundamental conditions to achieve the Thesis' objectives are

established that include using only one-single LFAC export cable to maximise its power

transfer capability and installing only onshore any passive mitigation and compensating
equipment needed, where possible. This assessment results in:

1) Efficient operation by implementing the appropriate control strategies for the OWTG
inverters (ACVC/DCVC mode), and the added grid-following MMC terminals
(APC/ACVC) in the MT arrangement, within their capability limits.

2) Conforming operation to the equipment steady-state loading limits (i.e. avoiding
overloading) and typical network operating standards, e.g. voltage regulation to +-5%.

Moreover, the edge that the LFAC technology can have over the HVAC and HVDC for

certain offshore TS is indicated through an availability assessment in APPENDIX B.

Effective tuning of the LFAC TS designated control strategies, in coordination with
appropriate mitigation measures and system enhancements in EMT domain, so as to
comply with typical grid code requirements and equipment capability limits for
transient conditions (e.g. ENTSO-E LVRT Requirements -for minimum and maximum
fault clearing and recovery times as well as the GB Network TOV Limits). This
coordination is considered both for PtP and MT-LFAC TS schemes in order to achieve:
1) Elimination of the low-order resonance impact on the THD and the harmonic stability
of the system. The resonance effect can be mitigated by the proper islanded control
type selection on the onshore grid forming MMC with a high bandwidth ICC or by

applying passive damping filtering equipment, or a combination of both.
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2) Improvement of the FRT capability of the system to contain the fault currents within
limits, support voltage recovery and ensure appropriate system response in the LFAC,
the DCand ACsides. The FRT of the feasible LFAC TS schemes is examined against faults
in the offshore LFAC, and the AC grids and appropriate enhancements are adopted.

Hence, by combining some operating principles from the analysed PtP cases and by

appropriately coordinating converter control schemes with protection mechanisms,

technically feasible offshore MT-LFAC TS arrangements are designed that demonstrate

stable dynamic operating response.

8.4 Limitations and Future Work

LFAC technology can provide an attractive transmission solution for exporting power from
large and remote offshore wind power plants (OWPPs) within a specific distance range of e.g.
80-300km. As seen, it can be realised as an equivalent offshore HVAC TS combined with an
onshore BtB MMC-HVDC, with long HVAC sea and land cables operated at lower frequencies.
Thus, it can eliminate capacitive currents, reactive compensation and losses compared to
HVAC, while at the same time, offering a potentially more cost-efficient and reliable

approach, especially for MT arrangements in comparison to HVDC.

However, there can be certain limitations towards the commercial exploitation of the LFAC
TS. Currently, the only real-time applications of LFAC system involve the supply of passive
LFAC load networks in the Rail and Qil & Gas industries. Thus, there has been no prior
operational experience of LFAC in other applications that would correspond to a similar-scale
of power exchange between the LFAC and AC systems or fulfil analogous requirements to an
offshore TS. From the T&D equipment vendors' perspective, the LFAC technology for offshore
transmission could be considered as "new", because there is a shortage in testing standards
and prior LFAC equipment manufacturing experience of the expected size and ratings, even

for key system components such as the power transformers, inductors, CBs, etc.

Consequently, among the various project investors and stakeholders, uncertainty can be
precipitated regarding the LFAC technology readiness level for transmission purposes. Even
if an economic feasibility evaluation of the LFAC TS scheme assures its efficiency in theory, it
may be argued that certain implications could emerge upon operation that would render its
practical implementation difficult. Hence, this ambiguity that the LFAC TS may encounter

some unforeseen pitfalls jeopardising its technical feasibility and compliance with the
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demanding modern grid codes shall be tackled through further research and development.

Hence, additional research should be undertaken to explore more operating aspects of the
LFAC technology for offshore power transmission and to suggest a clear path towards
industrial development. The fact that practical LFAC TS arrangements may be “isolated” from
the grid, and only formed among power electronic converters presents a challenging task for
analysis. The dynamic nature of the systems’ impedance profiles implies that the related
converters’ control system regulation, their bandwidth requirements and the coordinated
response would highly vary with the specific conditions of each project. Thus, for potential
system planning or insulation coordination purposes and in order to achieve adequate
system performance, accurate EMT simulations would be required with project-specific data
and the full-knowledge of the detailed control schemes, component parameters and
proprietary information from cable and transformer manufacturers and vendors of the

WTGs, the frequency converters, etc.

Recommendations for further work may involve:

e The stability assessment of individual OWTGs for different OWF layouts operating in LFAC
and the detailed investigation of interactions among the OWTGs and the onshore MMCs,
to calibrate the offshore system control and protection. Related aspects regarding wind
power fluctuations, aerodynamics and electro-mechanical dynamics may be considered.

e The analysis of the impact that PLL has on the dynamic response and stability of the
isolated and converter dominated LFAC TS.

e Fault assessment considering asymmetric faults at the onshore AC and offshore LFAC
networks and respective negative sequence controllers to evaluate the system response.

e Larger OWPPs or more OWF connections integrated to various grids through multiple
onshore frequency MMC Terminals for which further control adjustments might be
required, e.g. alternative synchronisation control, decentralised power-sharing control,
extra DC and LFAC voltage droop regulation schemes.

e Detailed and optimised designs for essential transmission equipment, in order to attain
accurate dimensions and weights and for estimating the corresponding offshore LFAC
topside characteristics for the economic evaluation of the scheme.

e If the LFAC TS proves itself worthy of development, different topologies might be
developed as well in the future, and innovative frequency converter solutions designed
explicitly for LFAC (e.g. hexverter and matrix converter) might be further improved to

comply with grid code requirements and move towards industrial development.
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APPENDIX A

FDPM Subsea Cable Parameters Adjustment

The PSCAD Model for the frequency scan studies of the MT-LFAC TS is depicted in Figure 1.

[

ApA kb

Figure 1: MT-LFAC TS Model in Frequency Domain.
The calculated output phase model parameters represent the input parameters but may not
reflect the actual cable electrical characteristics. To explicitly represent a subsea cable in
PSCAD, some input parameters of the default template need to be corrected before. The
purpose of this correction is to match the cable electrical parameter values calculated by
PSCAD with those measured by the cable manufacturer (NEXANS), as described in Chapter 2
and 3. Therefore, some parameters of the conductor, shield and insulation of the LFAC cable

and the sea (burial) depth below the ground surface can be adapted for PSCAD Modelling.

As the cable conductor is considered as solid-core, circular and homogenous according to the
PSCAD template then its actual Ar and its effective cross-section area Ac will be different.
These cable geometrical characteristics affect its resistive component [102]. Thus, in the
conductor PSCAD input data, the resistivity value of the conductor material (pc pscap) is

changed to maintain the same absolute resistance of the conductor as follows:

Ay
Pc_pscaDp = Ps " (A.0.1)



Where: p. pscap. is the PSCAD input equivalent conductor resistivity value, [Ohm/km].
A, is the effective cross-section area of the conductor (1400 mm?).
A, = - r2, would be the real cross-section area for a circular conductor [mm?].

ps = Rpcao * Ay, is the conductor specific resistivity at 20°C, [Ohm/km].

In addition, since the cable insulation or shield may have more complex forms, some
adjustments shall apply to the shield dimensions to fill in the PSCAD template. These will alter
the insulation layer input dimensions which affect the capacitance of the cable as well. Then,
according to Equation (A.2), the equivalent relative permittivity (&r pscap) Of the insulation
needs to change in PSCAD input data to represent the capacitive component of the subsea

cable correctly.

oy s
In ( s;z;m)

& _pscap = Ceap * e, (A.2)

Where:g, pscap, is the PSCAD input equivalent relative permittivity value.
£, is the relative permittivity (vacuum).
C.qp, is the characteristic capacitive component given by the manufacturer, [F/m].

7, is the conductor radius and 7y, i, is the inner radius of the shield conductor, [mm].

According to the above correction procedure, the LFAC cable manufacturer (NEXANS)
geometrical and physical data as presented in Table 3 of Section 2.2.1.3 and Table 16 of
Section 3.2.2.2 are adjusted for modelling in PSCAD as shown in the Table below.

ATIO ORP AD AD

GEOMETRICAL CHARACTERISTICS - DIMENSIONS

Radius of the Conductor rc 23.2 [mm]

Outer Radius of Shield Conductor rsh_out 50.7 [mm]
Inner Radius of Shield Conductor rsh_in 50.12 [mm]
Distance Between Conductor Axes - Trefoil s @ 147.05 [mm]

PHYSICAL CHARACTERISTICS - ASSUMPTIONS

Initial Cond. Specific Resistivity@20 C ps 2.968E-08 [ohm/km]
Equiv.Cond. Resistivity@20 C PSCAD pc_pscad 3.585E-08 [ohm/km]
Absolute Permitivity € 2.214E-11
Equiv. Relative Permitivity PSCAD (Insulation) | er pscad 2.395E+00

As a result, the Table below shows that the positive-sequence cable electrical parameters
supplied by the manufacturer are the same as those calculated by PSCAD Line Constants

Program (LCP)

CABLE ELECTRICAL RESPONSE-PSCAD

Insulation Capacitance per km @ 1.73E-07 [F/km]
Meas.Cable Inductance per km @ 4.19E-04 [H/km]
Meas. Cable Resistance per km @ 3.07E-02 [ohm/km]




APPENDIX B

Availability Estimation of Offshore Transmission Technologies

Scheduled and forced outages on transmission assets connecting OWFs to the onshore
transmission network restrict the exported power, which leads to loss of revenue. Reliability
studies are performed for power grids and transmission systems to analyse the probability
that the system can deliver a specific amount of power to the grid at the PCC, under defined
conditions for a specified period. The availability for the offshore export system can be
considered as the probability of all individual transmission assets being in an operational
state but can also be used as a reference to the overall systems ability to transmit power.
Each component is assigned an estimated downtime in case of failure and a failure frequency
rate. The availability of the system’s transmission components indicates its reliability and
estimates the potential short and long-term financial impact of these outages.

The availability of individual components can be determined by two separate parameters,
namely the Mean Time to Repair (MTTR, or the component Downtime) which is the time
required to repair a failed module and the Mean Time to Failure (MTTF, or the component
Uptime), which is the meantime expected until the failure of the quoted equipment [119].

The availability (A) and unavailability (U) of a component are probabilistic measures:

UPTIME MTTF

_ - B.1
UPTIME+DOWNTIME MTTF+MTTR ( )
MTTR
U=—10R __1_4 (B.2)
MTTF+MTTR

Where the sum MTTF+MTTR in the denominator can be defined as the reciprocal of a
component’s failure rate (A):

MTTF + MTTR == (B3)
The availability with regards to an offshore export system can be assessed by specifying the
related conditions such as the electrical system topology, operating state, availability of
components within the system and the duration required to maintain and repair apparatus
or plant. Since there is a shortage of reliability assessments and standard definitions for LFAC
systems, a high-level availability investigation is performed, comparing the existing
transmission technologies and LFAC TS. Conditions related to any power quality issues that
would typically require detailed dynamic system analysis are not covered here as generic
system designs are assumed. An availability estimation for the offshore MT-LFAC TS is also
endeavoured only for the full power export case, as the detailed calculation for other

operating states should also account that are out of the scope of this Thesis.



1. Assumptions

Failure rates used in the availability calculation of the main components are reflective of the
relevant values as given in the literature [109]. MTTR and MTTF data for the calculations have
been sourced by the relevant CIGRE working group information papers, published reports, as
referenced in the availability assumptions Table 1.

Table 1: Availability Parameter Assumptions.

Availability
Assumptions
0.499 24 17532 [31]
0.4949 168 17532 [31]
0.02 1440 436560 CIGRE 2017
0.04 2160 216840 CIGRE 2017
0.0007/km 1440 12512846 [31]
0.0007/km 1440 12512846 [31]
0.007 24 1250690
0.313 10.9 27976 ABB data
0.1428 24 61320 [31]
0.1424 192 61320 [31]

Assessing the MTTR for submarine cables and other offshore assets depends on many
factors, some of which may be controllable, but others may not. For example, an important
consideration would be the ability to obtain suitable vessels in combination with the
appropriate weather windows. In general, MTTR for assets placed offshore is higher than for
those placed on the shore particularly for major plant components such as transformers,
cables or switchgears, e.g. repairing a defective submarine cable involves undertaking a
major engineering operation. Though, it is possible to considerably reduce repair time with
proper planning procedures that include, among others:

e Ease of fault finding

e Spares and repair facilities, such as cable repair vessels

e Accurate records of the as-laid cable's position

e Standardisation and inter-changeability of cables and accessories

Nowadays, subsea cables are identified as key components affecting the availability of export

schemes regardless of the utilised transmission technology, i.e. HVAC, HVDC, or LFAC.



According to CIGRE, the annual failure rate of a DC submarine cable is estimated to be 0.07
failures per 100km based on the distance between the converter stations and not the
installed length of cable, while the average repair time for submarine cables is approximately
60 days [109]. Up to a certain extent, submarine cable failure rates are somewhat subjective
because of the scarcity of reported failures and as they are heavily influenced by factors such
as the mechanical protection provided, shipping and fishing activity around cable routes,
anchor drags, seabed hardness and water depth. Since most subsea cable failures occur due
to external damage, their failure rate is directly proportional to the length of the cable,

regardless of its type or voltage rating.

Other fundamental components of the export systems are considered including converters,
transformers, reactors, harmonic filters, etc. As expected, although the MTTF levels of an
equivalent onshore and offshore (considered only for HVDC) converter can be the same, the
MTTR is almost 7 times higher when the converter is placed offshore. Likewise, an MTTF
value of 50 years is assumed for an onshore placed grid type transformer, while for an
offshore converter transformer 25 years, with a failure rate of 0.02 (onshore) and 0.04

(offshore) per year respectively.

Except for the bulk components of the export systems mentioned above, control and
protection (C&P) equipment with bigger MTTF and smaller failure rates, circuit breakers (CBs)
and switches should also be included and referred as “bay” elements in Table 1, to
compensate for data-scarcity regarding less basic equipment of such schemes. Further
availability data regarding auxiliary system failures that may have an impact on primary
equipment downtime or their redundancy characteristics that act to prevent system outages

may be reflected in the main components availability values.
2. Availability Network Models.

Once the availability of each component has been determined regarding the operational
framework, a wider availability assessment for the corresponding offshore export system can
be performed by combining the availability records of the individual components. The
utilised method is based on the average interruption rate, providing an estimate of continuity

rather than service quality.

Each PtP offshore system comprises components connected in series and parallel
configurations. These set-ups can be represented either with Fault-Tree or with Availability

Block Diagrams that map a process from start to finish. In this study, component failures are



assumed to be independent, and a probability of simultaneous failure is not considered.
Thus, if a subsystem is not operating, the system is down regardless of the status of another
subsystem. Therefore, system components only operate in two states: available or
unavailable. The availability rate of a component is represented as “a”, while the probability

of it being unavailable is given by its outage rate “u”. It is always:
a+ u = 100% (B.4)
» Series Connections

In a serial process, all components must be available for power to flow to the receiving
point, creating an “OR-Gate” connection of events. A series network is shown in Figure 1,
where several components of the system are represented by availability blocks connected

in series.

Figure 1: Series Connection Network.

The availability of the series connection is a multiplication of the estimated availability of

each individual, repairable component:
A =TIN (4D =4, -Ay- LA+ Ay (B.5)

Where: As = Availability of the series connection
- N = Number of components in the series connection

- A; = Availability of component number i
» Parallel Connections

In parallel processes of offshore export systems, all components must be unavailable for
no power to flow into the receiving point, like “AND-Gate” connections. A parallel network
is shown in Figure 2, where several components of the system are represented by

availability blocks connected in parallel.

1P
2p
.
. .
. .
. .
. .
Aw

Figure 2: Parallel Connections Network.




The availability of the connection depends on the number of components required for a
specific type of operation, which may be either the normal nominal or lower power flow

operation:
e One out of NP

In a system with parallel-connected components, all of them must fail before no power
flows into the receiving end, so the system availability is significantly improved. The
system requires at least one out of the total number of components connected in parallel
NP to be available so that the connection can be operational even at a minimum power
flow level. The unavailability of this parallel connection is a multiplication of the estimated

unavailability of each individual, repairable component:
Up = [1iZ1p(U) = [Ti1p(1 — 4)) (B.6)
Hence, the minimum level availability of the scheme for repairable components is given:
Apmin =1-Up=1-TINp(1=4) =1 [(1 = A1p) . (1 — A) - .. (1 — Ayp) (B.7)

Where: Up = Unavailability of the parallel connection
- Apmin = Availability of the parallel connection for a minimum power flow level
- NP = Number of components in the parallel connection
- U; = Unavailability of component number i

- Ai = Availability of component number i
e kp out of NP:

In a system with NP parallel-connected components, at least kp need to operate under
certain conditions. For repairable components that have the same individual availability
(Ar), the availability of the parallel network for specific conditions can be calculated as

follows:
Apse = (") (4) - (1 = AN (8.8)
Where: Apsc = Availability of the parallel connection for specific power flow level
e NP out of NP:

This system requires all NP components connected in parallel to be available so that the
connection can operate at the rated standards. In such a system, even though all

components are connected in parallel, if one component fails, not all the required power
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flows into the receiving end, and thus the system availability for full or maximum power
operation is significantly reduced. Hence, the series connection approach can be used to
estimate the availability of such active parallel networks, as the product of the estimated

availability values of each individual, repairable component:
Apmax = [N (A) = Ay - Ay - o Ap - o Ayp (B.9)
Where: Apmax = Availability of the parallel connection for a maximum power flow level
» Combined Series and Parallel Connections

Many pragmatic systems, including the offshore export transmission systems, are
combinations of series and parallel components, as shown in the Availability Block

Diagram of Figure 4.

Figure 3: Combined Series and Parallel Connections Network.

To solve this network, the above-mentioned series and parallel formulas are applied to
decompose and recombine the network step by step. Detailed system SLDs are needed
to identify the key segments and yield the respective relationships between the

components.

3. Availability Assessment

The overall system performance can be projected by identifying the fundamental elements
in the main segments of the SLDs and their system dependency [119]. The block diagrams
have been proved to be an effective method to assess the availability of such export systems.
Figure 4 shows the availability block diagram of the examined 700MW LFAC radial system
and a potential 1400MW meshed LFAC arrangement formed by connecting two separate

point-to-point systems with equal export cable lengths, through a 50km submarine cable.
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Figure 4: Availability Block Diagrams of the PtP and MT-LFAC TS Configurations.

The components of the transmission topologies that are not explicitly modelled are assumed
to have almost 100% availability record, i.e. unavailability of 0%. Since this work studies only
the transmission segments, the unavailability indices of inter-array components, array cable

circuits and the related WTGs are not considered, i.e. assumed 100% available.

The scenario cases are compiled based on the estimated component failure rates and repair
times, as referenced in the assumptions section above. Three availability indices are yielded
for each studied topology, namely:

» The availability of a connection for the maximum power flow level of 700MW
(Apmax=A700). It gives the probability that the full OWF output power can be available at
the onshore connection point. Thus, “NP out of NP” availability calculation is
considered for the export system.

» The availability of a connection for a minimum power flow level, the value of which
depends on the number of parallel branches of the examined topology (e.g. Apmin=Asso
for LFAC and HVDC, Apmin=Ax3 for HVAC). This means that the “one out of NP”
availability calculation is considered for all parallel connections of the export system.

» The percentage of energy availability of the scheme (Ag). This is yielded by the energy
unavailability (Ue) of the system that is calculated by summing the potential energy
loss per year (ELoss) because of each of the components failure rate in the scheme. The
energy loss because of each component in [MWhs/Year] is given by:

E;oss =A*MTTR - Py (B.10)

Where: Py is the power loss in the scheme if the component is unavailable, [MW].



The percentage of energy availability of the scheme is then:

A =1-U, =1 — 2= Flioss | g _ B.11
E — E — 8760-Pyqp ( pLoss) ( )

Where: P, is the rated power of the scheme, [MW] and pioss is the power losses [p.u.].

The Apmin and Apmax indices for the PtP LFAC export system, as appears in the availability block

diagram of Figure 4 are shown in Figure 5 from 100km to 400km cable lengths.

LFAC P2P Availability Calculation
99%
98%
97%
96%
95%
94%
93%
92%
50 100 150 200 250 300 350 400 450

Availability Apmin [%] @ Availability Apmax [%]

Figure 5: Minimum and Maximum Availability Indices for PtP LFAC TS Configuration.

The availability of the PtP LFAC connection for the maximum power export level of 700MW
is around 1.8% lower than for the 350MW for almost the entire 300km range, due to the
different parallel power flow paths that the lower power can take when two LFAC
transformers and four GISs operate in the offshore platform. In addition, there is a difference
of 3.3% between the 100km and the 400km availability values, mainly because of the failure
rate (A) dependency on increasing cable length. This availability range or “window” between

the minimum and maximum power export is useful for assessing the reliability of the scheme.

Nevertheless, this information should be evaluated in conjunction with the competitive OWF
integration technologies for equally rated configurations, corresponding to the power that
could be transferred using a single LFAC cable. Below, Figure 6a) and b) depicts the availability
block diagrams of the corresponding offshore HVAC and HVDC transmission systems

respectively, for exporting 700MW [114].

From these block diagrames, it is obvious that the HVAC system is actually configured as three
identical PtP schemes, which can be the case for 700MW capacity and distances over 50km,
with its minimum power level availability (Apmin) corresponding to ~233 MW (700/3 MW), in
contrast to the 350MW of the HVDC and LFAC systems.
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Figure 6: Availability Block Diagrams of the: a) HVAC, and b) HVDC TS Configurations.

Figure 7 shows the availability indices of the three competitive transmission solutions for the
offshore PtP schemes as well as for the LFAC meshed system arrangement, for various cable

lengths that can be considered feasible for each technology.

Availability Apmin [%] Availability Apmax [%]

50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

——HVAC ——LFAC ——HVDC LFAC-Grid ——HVAC ——LFAC ——HVDC LFAC-Grid

Figure 7: Minimum and Maximum Availability Indices for HVAC, HVDC, PtP and MT-LFAC TS Schemes.

The multiple parallel paths of the potential HVAC topology lead the HVAC system to present
the highest Apmin for 233MW, where its value is almost constant at 99.6% for the whole 50km
of its range, while its 700MW availability reaches as low as 92.3% for 100km HVAC cables, as
the increased amount of components, increases the probability of at least one failure. By
ignoring the related power losses, the LFAC TS has steadily higher availability rate than HVDC
for cable lengths between 100 and 400km, mainly due to the added offshore infrastructure
and the related equipment O&M hurdles. For the same range, the HVDC and LFAC
technologies have a similar availability “windows” (Apmax-Apmin), With the MT-LFAC technology

having the smallest, as its Apmax is almost equal to its minimum availability index Apmin. Due to
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its meshed arrangement, the MT-LFAC TS also has the highest maximum power availability,
Armax, Which is equal to the minimum availability of the PtP LFAC configuration, as expected.
This verifies that utilising the increased LFAC transmission range to form offshore LFAC grids

can lead to much higher reliability levels for offshore transmission systems.

The percentage of energy availability for each scheme (Ag) is shown in Figure 8, disregarding
the power losses of the systems. Based on these results, it is clarified that the PtP LFAC TS
linearly extends the energy availability characteristic of the HVAC system and can enable
more distant connections. Moreover, it can supply more energy to the grid than HVDC system

over time, especially if meshed offshore LFAC connections are designed.
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Figure 8: Energy Availability Comparison among the HVAC, HVDC, PtP and MT-LFAC TS
Configurations.

The above analysis does not assess power losses in the cables and the related infrastructure.
If the corresponding the LFAC TS losses are considered from the power flow cases, then the

percentage of the expected available energy at the PCC can be seen in Figure 9.
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Figure 9: Energy Availability Comparison between PtP and MT-LFAC TS with and without Losses.
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APPENDIX C

Transformation to dq(0) Domain

The analysis of the VSC technology using vector control involves three-phase currents and
voltages being described as vectors in the complex (dg0) rotating reference frame. Zero
declares that the zero-sequence components for unbalanced three-phase modelling could
be taken into account. This rotating coordinate system must be synchronized to an AC/LFAC
system so that the calculated voltages and currents occur as constant vectors during steady
state. This way, the fundamental current and voltage components become DC variables and
produce static errors in the control system, which can be eliminated by simple Pl control

structures that offer great controlling possibilities.

The transformation from the three-phase abc stationary coordinate system to the dq

synchronous rotating frame is shown in Figure 1 and involves two steps:
1) The transformation from abc to the of stationary reference frame using Clark-equations.

2) The transformation from the of stationary to the dq rotating frame using Park-equations.

- Fixed fB-axis
\
i
&
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¥ : . .
. 1 dq-axis rotation
in * /1' S
B / at ot P
Vs ~ . &
S \ {\1\%
Y vevg | qe®
Vg V4 > |
/ ¥
Y ’ T
/<‘/("’
ATk
L 38 o
& N > Fixed a-axis
Iy Va

Figure 1: Direct-Quadrature Rotating Reference Frame Transformation

The stationary a-axis is aligned with the a-axis for simplicity. The dq reference frame rotates
at synchronous speed we [rad/sec] with respect to the aff frame, and the position of d-axis
with reference to a-axis is given by 8(t)=wet, at any instant. The following abc to dq0 and its
inverse transformation (IT) return the dq0-axis quantities in a rotating reference frame from

the three-phase sinusoids and vice-versa [129]. The same also apply for three-phase currents.

Vg = %(va sin(wt) + Vj, sin(wt - 27 / 3)+ V, sin(et + 27 / 3)) Vo = Vg sin(wt) + V, cos(at) + V

118
v, =§(Va cos(at) + Vj, cos(at - 27 / 8) + V. coslat +2x [ 3)) | <> | Vy, = Vy sinlwt -2 I 3)+V, coslat - 27 /8)+ V) (C.1)
Vo =%(Va fVy+ VL), V, =V, sin(et+ 2t /3)+V,, coslat +2r / 3)+V}
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The peak-convention is adopted by the above transformation equations. If x stands for either

voltage or current vector, then the peak-convention can be demonstrated as:

Xaq = [X3+x2=V2 Xy (C.2)
3 Vg=0T""3
P==-(Vala+Vy-lg) =P == Vg o)
The active and reactive power are: 5 Vy=0 - (C.3)
Q=E'(Vd'[q+v:1'1d)=> ng'(Vd‘Iq)
3 ) 3 Vg
Also, the DC current can be calculated as: [l = . M;- iz = P (C.4)
DC

Since the PCC voltage vector is aligned with the d-axis direction, the g-axis voltage vector is
assumed to be zero (V4=0) in the equations above. The angle between the a-axis of the af-
frame and d-axis of the dg-frame is used for transformation between the af and dq
coordinates. The information on this instantaneous phase angle of each AC network voltage
is vital for synchronizing the output control quantities with the system and achieve
independent control of active and reactive power. The value of the angle 6 is calculated by

using a synchronization technique called Phase Lock Loop (PLL).

PLL and VCO - Setting the LFAC Offshore System Frequency

One of the main differences between the non-island and the island control systems is the
origin of the rotating angle reference, which in the former comes from the phase locked loop
(PLL-Bp.), shown in Figure 2 In this PLL module, the g-axis reference signal is always set to

zero resulting in the lock of its output on the phase angle of the measured AC voltage vector.

vVCo
mod
Vv, =0
1ZEOE L[ A
5 2r J
‘gpu,
| Park Vg
transformation o abe [ Vase

Figure 2: General Phase Lock Loop (PLL) and Voltage Controlled Oscillator (VCO) Structures.

In the islanded operation mode, the grid-forming MMC terminal employs an independent

internal oscillator (VCO, Figure 2) with constant frequency demand that generates a
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reference angle (Bvco) to transform the modulating signals for the PS-PWM that determines
the valve pulse firing sequence. Since only one grid-forming MMC terminal may impose the
constant frequency of 16.7Hz even to a meshed offshore MT-LFAC networks with multiple
converters, all other VSCs shall synchronise their current outputs to the LFAC voltage

reference at their connection points using PLLs to avoid undesirable power oscillations.

The VCO produces the rotating angle reference output Byco by integrating the demanded
16.7Hz frequency, as shown in Equation (C.5) and resetting at every 2m rads, to avoid
continuous ramping to infinity. The resulted output signal is a sawtooth waveform in the time

domain. Thus, all the offshore system voltages and currents synchronise at 16.7Hz as well.
2
6(s) =f(s) (C.5)

Thus, the island control structure can produce a set of three-phase voltages at the frequency
of 16.7Hz, imposing the LFAC system frequency in an open-loop manner so no PLL related
delays or de-synchronisation issues are assessed in the system analysis. The default PLL
module of the PSCAD EMTDC library that uses an automatic gain Pl controller to eliminate

the g-axis component is employed for the grid-following converters of this Thesis.
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APPENDIX D

Pl Controllers Design and Tuning Methods

The Proportional-Integral (Pl) regulator is used in all VCC loops. In Equation (C.1), a PI
controller is expressed in Laplace transform form as a function of its design parameters K,

and T..

1+T;'s
Ti's

TFP] = Kp ) (Cl)

Where: K; is the proportional gain and Tithe integral time constant.

The outer APCs and RPCs of the grid-following converters, as well as the LFAC islanded
voltage controller of the grid-forming MMC terminal, are tuned by employing an optimisation
method based on the simplex algorithm to obtain suitable performance. The simplex
algorithm is a classic iterative process that is used to solve the optimisation problem of linear
programming (LP), which is to maximize a linear objective function (O.F.). Thus, the selection
of an appropriate objective function is vital. Simplex starts from the origin of the n-parameter
vector space that may range from 2 to 20. For any number of variables in this range, it can
be faster compared to other optimisation techniques making it an ideal choice for the VSC-
HVDC outer Pl controller tuning. It goes through a sequence of vertices that form a geometric
polytope object comparing the values of the objective function, each time, discarding the

worst case to eventually reach the optimal vertex for which the function is maximized.

The adopted recursive simulation-based optimisation method minimizes the sum of the
“Integral Time Absolute Error” (ITAE) of the available AC voltage, active and reactive power
outer controllers in the respective converters. The ITAE is an error-integral index that can be

used to evaluate the dynamic response of a control system [76] and is expressed as follows:

T
Jirag = Jy t-le(®ldt (C.2)
Where: t can be the time after the disturbance is applied,

|e(t)] is the absolute value of the respective control system error and

T is chosen to allow the system to reach a steady-state (i.e. end of simulation time).

The objective function minimizes the sum of ITAE indices (i) of each control system is:

T
O.F.yrap = XiJirag = i [, t- lei(t)]dt (C.3)
The optimisation process is based on a recursive procedure, as shown in Figure 1, that is

applied to the developed electromagnetic transient (EMT) models of the OWF VSC and BtB
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MMC systems in PSCAD EMTDC software. To obtain optimised Pl compensator parameters,
these models are tested against various disturbances, such as step and ramp changes in
power order as well as a solid three-phase-to-ground fault, while facing a relatively weak
system with a Short Circuit Ratio (SCR) of 2.5 and an X/R ratio of 20. The system variable
values are taken straight from the simulation results as can be seen in Figure 1, where the
flow chart of the adopted optimisation procedure is depicted. This method can be very
convenient and efficient, especially when considering extensive and complex networks [76].
The system time domain response to these disturbances is evaluated to achieve specific

control system design requirements in terms of rising and settling times, overshoot, etc.

New C " l
‘ Gain Selection

YES

$ Return Gains

Convergence?

Initial Gain Values
>| acvora P O.F. (ITAE SIMPLEX
ACVC or RPC, APC orQ.pmor | 0> (ITAE) = =

Figure 1: Recursive Simulation-Based Optimisation Process for Controllers Tuning using PSCAD EMTDC.
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