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Abstract
Offshore wind has turned into one of the most promising sources of renewable en-
ergy and the offshore wind industry is a rapidly growing business at this moment
in time. This paper compares technical and economic aspects of the export sys-
tems associated with transmitting active power by offshore wind farms using High
Voltage Alternating current (HVAC), High Voltage Direct Current (HVDC), and
Low-Frequency Alternating Current (LFAC).

This study investigated offshore wind farms with installed active power ranging from
300 MW to 1400 MW located 20 km to 200 km from shore. For each configuration,
120 models were dimensioned and implemented in PowerFactory such that load-flow
analysis could be performed. Each model in PowerFactory corresponds to a certain
power level and distance. The load-flow studies resulted in the ratings of the main
equipment for each system, later being used as the input data for the economic eval-
uation. As the ratings of the components were set, Capital Expenditures (CAPEX)
and Levelized Cost of Electricity (LCOE) analysis were performed to evaluate the
techno-economic distance for each configuration.

The Key Performace Indicator (KPI) LCOE concluded that HVAC was the suitable
topology for distances from 0 km up to 140 - 160 km. A steady decline in break-
even distance can be found as the active power increases. HVAC cables became
the driving force of the CAPEX and Operational Expenditures (OPEX) the further
away from shore the wind farm is located. HVDC required a large initial investment
for the platform and converters, but considerably cheaper cables make it suitable
for long-distance transmission. The break-even distance for HVDC was found at
roughly 150 km. Furthermore, the optimal techno-economic range for LFAC was
confined to low-power, long-distance applications. Its break-even point was found
at distances over 160 km, and an installed active power ranging from 300 - 500 MW.
Lastly, a sensitivity analysis was performed at the cost of the SFC (Static Frequency
Converter). If the cost was reduced, the break-even point between LFAC and HVAC
would remain the same while it would gain some distance from the HVDC case. As
the cost was increased, the business case for LFAC according to the LCOE analysis
vanished.

Keywords: Offshore Wind, Transmission System, Export System, HVAC, HVDC,
LFAC, Power Grid Integration, LCOE, SFC, STATCOM
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1
Introduction

Electricity plays a vital role in a well-functioning society. Almost everything in to-
day’s society ranging from homes to industries, and hospitals requires electricity to
function and the importance of having access to electricity cannot be understated.
As the world becomes increasingly more interconnected and more reliant on digital
technologies, the electricity demand will continue to increase. In 2022, the total
global consumption of electricity was 25 530 TWh, an increase of roughly 2% com-
pared to the previous year. Historically, the annual increased use of electricity has
been 2.8% which indicates that the supply of electricity has to increase to meet the
increasing demand [1].

Wind power is an old technology that has been used to aid farmers for centuries,
but at the end of the 19th century Charles Brush implemented the first wind tur-
bine that produced electricity in Ohio, United States. The innovation continued
and in Denmark, Pour La Cour managed to build over 100 wind turbines generat-
ing 20 − 35 kW each. Post World War II, experiments were carried out throughout
the world that proved that wind power had a potential for large-scale production [2].

During the oil crisis with its shortages of oil in the 1970s, and also later on the
anti-nuclear movements, sparked an interest in alternative ways to generate power
to reduce the dependency on oil for countries all over the world. As environmental
awareness increased, countries such as Denmark sought to replace or at least diver-
sify their means of power generation. One way was to replace conventional power
plants powered by fossil-based fuels such as oil, coal, and gas to reduce their carbon
footprint but also to diversify their portfolio by integrating renewable sources such
as wind power. As these conventional power plants are phased out, new types of
generation have to replace the conventional ones which is a challenging task in itself,
especially with the required increase of supplied electricity [3].

Wind farms then started to form and by 2016 the onshore capacity worldwide had
reached 494 GW. As larger and larger onshore wind farms were built in combina-
tion with the increased resistance among residents partly against the visual impacts,
suitable space for these sites started to vanish [4]. The open sea also provides higher
and more even wind speeds causing less fatigue on the wind turbines. In addition,
since the installations are offshore, height restrictions are less of a problem leading
to even higher wind speeds [5]. Hence the focus was shifted to the ocean and its po-
tential of housing offshore wind farms. However, the development of offshore wind
started earlier. The first offshore wind farm, Vindeby in Denmark, was commis-
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sioned in 1991. The wind farm consisted of 11 turbines with a combined capacity of
roughly 5 MW [6]. The expansion early on was slow, by the end of 2009 there was
only 2000 MW of installed capacity offshore. The commissioning increased rapidly
in the 2010s. By 2022 close to 60 GW of capacity was installed offshore, which is an
increase of 30 times in the last 13 years. There was also 12.4 GW under construction
with the largest wind farm yet being built in the Netherlands with a capacity of 1.5
GW [7]. Such large wind farms utilize the big leap in technology when it comes
to wind turbines. The most powerful one installed by 2023 is installed offshore in
China with a capacity of 16 MW. The company Mingyang also unveiled an offshore
wind turbine capable of producing 22 MW expected to be commissioned in 2025 [8].

The first transmission technology used to connect offshore wind farms was High
Voltage Alternating Current (HVAC) with a transmission frequency of 50 or 60 Hz
depending on the location. The major benefit of using HVAC was its simple inte-
gration into the rest of the power grid since HVAC is the most common technology
used to transmit power onshore. Especially since the wind turbines in this con-
figuration generate power at 50/60 Hz at tens of kilovolts. Hence, HVAC is often
the technology of choice for shorter transmission distances as it is a non-complex
and relatively cheap solution. To connect the offshore wind farms by HVAC, each
wind turbine is commonly connected to the switchgear housed on an offshore plat-
form. The voltage is then transformed up at the offshore platform where the subsea
transmission cable then transmits the power back to shore where it is connected to
the power grid. However, HVAC has a major drawback. HVAC utilizes alternating
current in which reactive currents will be generated due to the high capacitance of
the subsea cable. As the cable has a certain current rating, a consequence is that
less active power can be transferred the more reactive current that is carried. Thus,
as the transmission distance increases HVAC becomes a costly solution due to all
the compensation needed to counteract the reactive power [9].

To combat the problems related to longer transmission distances using HVAC, a
new technology was proposed, namely Voltage Source Converter High Voltage Di-
rect Current (VSC-HVDC). The major benefit of VSC-HVDC is that it utilizes
direct current. Since there is no frequency component of the transmission current,
there will be no reactive current produced by the capacitance of the subsea cable.
Hence the transmissible distance of VSC-HVDC becomes technically unlimited. An-
other benefit of VSC-HVDC is that the converter stations have independent control
of voltage and current. The converter station onshore can therefore provide grid
support to the power grid by controlling the active and reactive power injected
by shifting the complex quantities. For VSC-HVDC an offshore platform is needed
since the wind turbines still generate power at AC. Hence, there must be a converter
station placed on an offshore platform that converts AC into DC so that the power
then can be transmitted with DC back onto shore where another converter station
converts the DC back into AC. These converter stations are complex and expensive,
which results in VSC-HVDC often being too costly at short to medium distances [9].

Lastly, a third technology has been proposed to integrate offshore wind power, Low-
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Frequency Alternating Current (LFAC). Historically, LFAC transmission systems
are commonly seen in power systems for the railway due to the distances, as the fre-
quency is directly proportional to the charging capacitance of the cable. Therefore,
a lower frequency will minimize the effects of the charging capacitance which effec-
tively reduces the electrical distance. The result is that the reactive current flowing
through the conductor can be greatly reduced depending on the chosen transmission
frequency. If there is less reactive current passing through the cable, it allows for
more active current to pass through the cable which results in an increased active
power transfer capacity. Since there still is an alternating current, transformers can
still be used which greatly reduces the complexity of the system. As for the LFAC
system, the wind turbines can provide power at the lower frequencies, thus removing
the need of a converter at the offshore platform. However, since the voltage from
the wind turbines currently is lower than the transmission voltage, there must be
a step-up transformer located at the offshore platform that transforms the voltage
to the transmission voltage of the subsea cable. When the power reaches shore, the
frequency is lower compared to the rest of the power system. Therefore a Static Fre-
quency Converter (SFC) is needed to convert the frequency back to the land-based
transmission system frequency which typically is 50 or 60 Hz [10].

1.1 Aim
The aim is to investigate three different transmission technologies for offshore wind
to find the optimal techno-economical range at certain distances and power levels.
The configurations to be studied are HVAC, HVDC, and LFAC for offshore wind
farms. The study aims to initially evaluate techno-economic aspects by steady-state
analysis such that a reliable system can be suggested that meets the relevant grid
code requirements. Then economic key performance indicators will be introduced
to finalize the techno-economical analysis. The final aim, by using standardized
models and the key performance indicators, is to find the suitable topology for a
given distance and power level.

1.2 Scope
The configurations will be modeled downstream from the Point of Common Cou-
pling (PCC). The PCC is the first meshed point of the onshore grid, and the voltage
is assumed to be 400 kV at a substation located close to the shoreline. The reac-
tive power exchange at the PCC is regulated by a Static Synchronous Compensator
(STATCOM) for HVAC, an SFC for LFAC, and an onshore converter for HVDC.
At the PCC, the reactive power exchange for all cases is controlled to unity power
factor, which is the only grid code considered. The SFC is assumed to have sufficient
reactive capabilities to comply with the grid code requirement. The wind farm will
be modeled as an equivalent generator and Inter-Array Cables (IACs) will not be
considered.

Load-flow analysis will be performed for the three different configurations, no dy-
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namic studies will be considered. To be allowed to connect to the Swedish Trans-
mission System Operators (TSO), Svenska Kraftnät (SvK), 400 kV grid, a minimum
installed capacity of 300 MW is required. There is also an upper limit of 1400 MW
per bay in the substation since that is the dimensioning fault in the Nordic syn-
chronized grid [11]. Hence, it was chosen that the power levels to be studied are
between 300 − 1400MW . The alter the power levels, the installed active power of
an equivalent generator was changed. Regarding the distances, the distances are to
be varied from 0 to 200 km in steps of 20 km.

The wind turbines are assumed to operate at a nominal voltage of 66 kV. For HVAC,
typical transmission frequencies are either 50 or 60 Hz. In this study, the transmis-
sion frequency is assumed to be 50 Hz. Regarding LFAC, the transmission frequency
of the subsea cable is assumed to be 162

3 Hz. Therefore the wind turbines are also
assumed to be generating at 162

3 Hz for the LFAC case and 50 Hz for HVAC/HVDC.
The HVDC configuration will be constructed as a symmetrical monopole and is as-
sumed to operate at a nominal voltage of ±320 kV for an active power greater than
500 MW, and ±150 kV for an active power less than 500 MW. Regarding HVAC,
for power levels less than or equal to 800 MW, the voltage is 220 kV. For power
levels greater than 800 MW, 275 kV is used. The LFAC systems operate at the
same transmission voltages as for HVAC.

Levelized Cost of Electricity (LCOE) and Net Present Value (NPV) will be utilized
to evaluate which configuration is suitable given an installed active power capacity
and a distance. Capital Expenditures (CAPEX) and Operational Expenditures
(OPEX) associated with each export system will be gathered from the literature
review. These costs will be merged to include everything relevant to the export
system, hence costs associated with the wind turbines and inter-array cables will
not be included in the economic evaluation.

1.3 Specification of the issue being investigated
• What are the major differences between the three topologies in order to meet

the relevant grid code requirements?
• How does the break-even point between the three topologies change with re-

spect to power level and distance?
• Are there any useful cases where LFAC could be used instead of HVAC or

HVDC and vice versa?

1.4 Ethics and sustainability
Electric power engineers play a crucial role when it comes to developing electrical
systems and technologies that directly impact society, hence several ethical and
societal aspects need to be considered. This chapter will discuss the impacts that
offshore wind farm has on society with three different aspects in mind: societal,
ethical, and ecological.
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1.4.1 Societal impact
United Nations (UN) formed 17 sustainable development goals in 2015 to pursue
by 2030 with the intent of increasing the living standard and reducing the effect
that climate change has on Earth. One of the goals (goal 7) is to "Ensure access to
affordable, reliable, sustainable and modern energy for all", an ambitious goal that
requires less dependency on conventional power plants such as coal and gas [12].
Increasing the number of offshore wind facilities certainly contributes when it comes
to achieving this specific goal, it is the cheapest energy source per produced kWh
and carbon-neutral once construction has finished. More offshore wind facilities
will reduce the cost of electricity for residents and industries without increasing the
effects of climate change, so certainly an important topic from a societal perspective.

Offshore wind facilities have risen in popularity lately due to their effectiveness
in supplying carbon-neutral electricity. However, the potential visual impacts of
offshore wind facilities have emerged as a major concern among residents of society.
Small offshore wind facilities (25-48 turbines) localized close to land such as at
distances less than 16 km have a large impact on the visual aspects of coastlines.
Large offshore wind facilities (greater than 100 turbines) can easily be visible up to
distances of 35 km. Once reaching distances above 50 km large wind farms can only
be seen after looking at it closely for an extended time resulting in a low assessment
of potential visual impact [13].

1.4.2 Ethical impact
Construction of offshore wind facilities is a challenging task especially as wind farms
are being constructed further from shore in tougher weather and sea conditions.
The offshore industry opposes significantly higher health and safety challenges com-
pared to onshore wind, namely due to injury risks related to remote worksites.
Understanding the safety challenges is important for the offshore industry to ensure
further sustainable growth without significant risks of accidents to occur. Legisla-
tion of detailed risk assessment before construction and maintenance is important
from an ethical point of view such that construction can take place without any
major risks of harming the workforce or the environment [14].

1.4.3 Ecological impact
Data provided by the Federation of European Producers of Abrasives (FEPA) sug-
gests that the natural dynamics and features of the seabed are largely unaffected
by the development of offshore wind farms. However, disturbances are unavoidable
during the construction phase which leads to increased turbidity from suspended
sediment particles. Siltation within the concrete base benefits the settlements of
polychaetes, leading to soft sediment communities surrounding the turbines. Cre-
ations of soft sediment communities are perceived as positive, where studies suggest
that it leads to increased complexity of the habitat which increases the species rich-
ness and biomass [15]. However, exposure to turbidity for a long period during
construction can negatively impact certain marine mammals that lay their egg on
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the seabed such as Atlantic wolffish or Batoidea. High sediment particle exposure of
10 mg/l will quickly cover the eggs, reducing the mammal’s ability to reproduce [16].
Increased noise levels underwater are apparent for offshore wind farms and studies
show that fish can suffer from permanent hearing loss that impacts their behavior
resulting in increased stress levels. As of today, there are no regulations in place
when it comes to noise levels once wind farm construction has finished. However,
regulations are in place regarding piling the seabed, where underwater acoustics
levels have to be below 204 dB re 1µPa for adult fishes [17].

Bird species are affected in numerous ways by wind farms once construction has
finished. They are namely impacted in two different ways: collisions occurring with
either the rotating blades or the supporting tower, and further traveling distances
for especially migratory birds. How many collisions occur is highly dependent on
where the wind farm is constructed, where an avoidance rate of 98% is commonly
used when estimating the number of collisions that occur with the windmill. For
the Poseidon project, it was estimated that roughly 6.3 collisions would occur for
Corvidae annually and 13.6 collisions for Common wood pigeons. Offshore wind
farms will act as an obstacle for especially migratory birds once construction has
finished leading to a further traveling distance for these species. It is estimated that
offshore wind farms increase the traveling distance for migratory birds by up to 1
km, sometimes even more [16]. These aspects are important to note and consider
when selecting where construction of an offshore wind farm should take place.
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Methodology

This chapter explains the methodology and in what order the project will be exe-
cuted to conduct the study.

2.1 Literature review
Firstly, the physical structures and the modeling of offshore wind farms were stud-
ied. Especially the different types of generator technologies and their operating
voltages such that an accurate equivalent representation of the wind turbines could
be modeled in this study. Then, the three export system topologies were studied
such that accurate representations could be implemented. Firstly, HVDC was stud-
ied. There were a lot of decisions to be made for HVDC regarding cables, converter
topologies, and their nominal voltage levels that affected the outcome of the study.
Other projects and research papers were studied such that applicable parameters
were chosen. For LFAC, the type of converter used for the change of frequency
had to be chosen. Therefore available converter types were studied such that an
applicable topology was chosen. Since LFAC utilizes a lower transmission frequency
than the traditional 50/60 Hz, the impact of operating at a reduced frequency was
studied since it affects the choice and dimensioning of components such as cables
and transformers. The last studied export system was HVAC. Since HVAC utilizes
an alternating current, the effects of charging currents were studied. Since charging
currents will be present when alternating current is used, the impact of reactive
power compensation became an important topic to maximize the utilization of the
export system. Finally, how the export systems are integrated into the grid in-
frastructure onshore was studied, namely the grid code requirements that must be
fulfilled. The previously mentioned literature review was conducted by a review of
other research papers, textbooks, and past lectures given by professors at Chalmers
University of Technology.

2.2 System modeling
The electrical modeling was performed in a power system analysis tool called Pow-
erFactory. The system was modeled downstream of the PCC, the point onshore
where the wind farm is connected to the rest of the power grid. The PCC is the first
meshed point of the grid that the offshore wind farm is connected to. Hence the
models contained all components from the PCC out to the wind turbines themselves.
To ease the simulation, an equivalent model of all generating units, transformers,
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converters, and reactive power compensators was implemented instead of altering
the number of parallel units in between each case regarding the power level. Also,
the inter-array cables were not modeled to remove further uncertainties. The initial
part of the modeling consisted of parametrization and dimensioning of the compo-
nents for each case. As the power level and distance were altered, the parameters
had to be changed between each simulation case.

2.3 Load-flow analysis
As the models were completed, load-flow analysis was performed for each topology.
In the simulations, both the transmission distance and the power level were altered.
As the minimum required power input is 300 MW, and the dimensioning fault in
the Swedish grid is 1400 MW, 1400 MW must thereby not be exceeded per bay in
the substation to ensure stability in the case of a fault [11]. Hence the transmittable
power was chosen to be varied from 300 MW up to 1400 MW for each of the three
cases. Regarding the simulations, the power level was altered in steps of 100 MW
to provide sufficient data enough that accurate interpolation is possible. As for the
distances, the distances were varied from 0 to 200 km in steps of 20 km.

2.4 Post processing
As the results of the load-flow analysis performed in PowerFactory resulted in num-
bers and lists, visualization, and data processing were needed to present under-
standable and easily comprehensible results. For the post-processing of the data,
the software Matlab and Python were used. The output files from PowerFactory
were imported into the post-processing software to visualize the results.

2.5 Key performance indicators
Several Key Performance Indicators (KPI) were taken into account when evaluat-
ing each configuration’s effectiveness from an economic point of view, one of them
being the Levelized Cost of Electricity (LCOE). LCOE is defined as the price the
generated electricity should be sold at for the system to break even at the end of its
lifetime. It considers factors such as investment costs, running costs, lifetime, dis-
count rate, and electricity produced in a year. LCOE is an effective indicator of the
cost-effectiveness of the system since calculations can be made without assumptions
regarding the uncertainty of future electricity prices. LCOE can determine whether
an investment is advantageous or not. If the LCOE is lower than the price at which
electricity can be sold, then the investment is disadvantageous. Comparing LCOE
prices for each configuration will determine which investment is most advantageous
[18].

Another KPI of interest was Net Present Value (NPV). NPV is defined as the
capital cost associated with the installation subtracted from the present value of the
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installation. The present value will be given by annual energy production multiplied
by the estimated price of electricity, thus NPV will include the revenue impact of
the transmission system which LCOE does not consider. But NPV as a metric is
dependent on assumptions associated with electricity price, hence it will be included
as a complement to LCOE [19].
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3
Literature review and theoretical

background

This chapter presents the theory regarding power system components and techniques
used to implement offshore wind.

3.1 Power system equations
Most of the world’s electric power supply systems are widely interconnected, and
these interconnections enable an effective transmission network where power plants
can cooperate in supplying diverse loads with electric power. Transmission intercon-
nections enable taking advantage of the availability of generation sources to supply
electric power to the loads at minimum cost with the required reliability. Having
a non-interconnected grid would require more local generation units to serve the
load with the same reliability, hence increasing the electricity cost. Finding the op-
timum balance between generation and transmission for an interconnected network
is a difficult task that requires advanced methods of analysis for system planners,
especially as the transmission network grows larger. Evaluating investments such
as parallel transmission lines and increased power for generation units is important
from a system enhancement perspective. Building parallel transmission lines is use-
ful when it comes to increasing transmission capability, especially in places where
the transmission capability is the limiting factor (bottlenecks) [20]. This section
will focus on the fundamental equations and transformations used in power system
analysis.

3.1.1 Power flow fundamentals
Understanding power flow on a transmission line is essential when it comes to power
system analysis. Consider a simple AC transmission system as shown in Figure 3.1a,
where locations 1 and 2 could be any substation connected by a transmission line.
Substations may have loads, generators, or simply be an interconnecting point of
the system. However, in Figure 3.1a the buses are assumed to be stiff buses. E1
and E2 are the magnitudes of the bus voltages, δ is the angle difference between
the two buses, and the line is assumed to have the inductive impedance XL for a
lossless line. The driving voltage drop in the line is given by the phasor difference
EL between the two voltage phasors E1 and E2 as shown in Figure 3.1b.
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(a) AC power flow two-machine system.This is some
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Figure 3.1: AC power flow for a two-machine system, and its corresponding
phasor diagram.

The line current magnitude is given as the voltage drop divided by the impedance,
hence the current will lag the driving voltage EL by 90°. Splitting the current into
its active (IP ) and reactive (IQ) components enables calculations for the active and
reactive power. The equations for the apparent, active, and reactive current at point
1 are shown in Equation (3.1).

Ī = ĒL

X̄L

IP1 = E2 · sin(δ)
XL

IQ1 = E1 − E2 · cos(δ)
XL

(3.1)

The active and reactive power at point 1 is then calculated by simply multiplying
the bus voltage E1 with the obtained active and reactive current. Formulas for the
active and reactive power at point 1 are shown in Equation (3.2).

P1 = E1 · E2 · sin(δ)
XL

Q1 = E1(E1 − E2 · cos(δ))
XL

(3.2)

Equivalent equations can be obtained for point 2 by simply swapping the bus voltages
E1 and E2 around. Naturally, the equations for the active power will remain the
same at both ends but the reactive power will have swapped bus voltages in the
numerator. The equations obtained above provide the fundamental points regarding
the possibilities of power flow control. Control of the line impedance XL with for
example a thyristor-controlled series capacitor (TCSC) can provide effective control
of the current. When the angle is small which often is the case, control of XL or
the angle provides effective control of the active power. For small angles, controlling
one or the other line voltage can provide effective control of the reactive power flow
through the interconnections [20].

3.2 Power system components, and concepts
This subchapter introduces some of the important components and concepts en-
countered in offshore wind export systems.

3.2.1 Grid code requirements
Increased installed capacity of wind power will greatly impact the electricity sys-
tem’s steady-state and dynamic properties where previously wind power plants were
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allowed to be disconnected during system disturbances. However, with increased
penetration of wind power, disconnection of wind farms during disturbances can
worsen the disturbance and thereby prevent a recovery to normal operation con-
ditions again. Therefore TSOs have implemented certain grid code requirements
for wind power plants when it comes to the steady-state and dynamic conditions.
Wind power plants must have voltage and frequency regulation under steady-state
conditions with the ability to stay connected during voltage dips to provide reactive
power to fulfill the recovery requirements of voltage dips to help the system recover
back to normal operating conditions [21].

Steady-state grid code requirements regulate the power factor, voltage operating
range, frequency operating range, and voltage quality. The steady-state grid code
conditions for wind power plants are often specified at the PCC. Reactive power
and power factor requirements concern the reactive power capability at the PCC
under specified voltage ranges. These requirements differ between countries, some
have more demanding requirements than others. For example, Ireland has a power
factor requirement of 0.95 lagging to 0.95 leading when the active power output is
between 12 − 100% of the installed capacity. This means that the wind power plant
is required to have a reactive power capability range of −33% to +33% of the rated
active power. Other countries such as Denmark, have reactive power and voltage
requirements that are dependent on the size of the wind farm, while Germany has
reactive power requirements that are solely dependent on the voltage at the PCC
[21].

3.2.2 Wind turbine generators

Regarding the conversion from mechanical rotating energy into electrical energy,
there are currently four alternatives to choose from where one operates at a fixed
speed and three at variable speeds. The variable speed variants are beneficial since
production at maximum power over larger variations in wind speed is possible.

3.2.2.1 Grid connected induction generators

The directly grid-connected induction generators can be split up into two versions,
one with fixed rotor resistance and one with variable rotor resistance. The version
with the fixed rotor resistance variant can be found in Figure 3.2. The turbine blades
are connected to a shaft that is connected to a gearbox which in turn is connected
to an induction generator. Since it utilizes an induction machine, the operational
speed of the machine will be close to the frequency of the system it is connected to.
The reactive power is commonly compensated by shunt-connected capacitors [21].

13



3. Literature review and theoretical background

G

Figure 3.2: Overview of a fixed rotor resistance induction generator.

The next variant is the variable rotor resistance induction generator as seen in
Figure 3.3. It is a derivative of the fixed rotor resistance induction generator. The
key difference is that the rotor resistance is variable which to some extent enables
control of the slip of the induction machine [21].

G

Figure 3.3: Overview of a variable rotor resistance induction generator.

3.2.2.2 Double-fed induction generators

The next topology is the Double-fed Induction Generator (DFIG) as seen in Figure
3.4. As can be seen in the Figure, the stator windings are connected to the grid
side, and the rotor windings are connected to the back-to-back VSC converter. The
operational principle is that the converter connected to the grid should control the
DC-link voltage while the converter connected to the generator controls the apparent
power of the generator. An operation point for the desired speed of the machine is
set, and if then the slip is negative, the rotor feeds power to the grid. If the slip
instead is positive, the generator draws power from the grid. These converters allow
for a greater operational area compared to the fixed- and variable rotor resistance
but are still to some extent restricted [21].

G

Figure 3.4: Overview of a double-fed induction generator.
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3.2.2.3 Full power converter

The last generator topology is the full power converter seen in Figure 3.5. The full
power converter can either be equipped with an induction machine or a synchronous
machine where a permanent magnet synchronous machine (PMSM) is commonly
used due to it being self-excited. For this topology, a VSC back-to-back converter
is used to convert power from the generator at its current speed to the frequency of
the connected grid, thus allowing for an even larger operational area. The full power
converter variant is preferred for offshore applications due to the lower maintenance
required compared to the DFIG [21].

G

Figure 3.5: Overview of a full power converter.

3.2.2.4 Wind turbines for low-frequency applications

For LFAC applications, two generator technologies are primarily named. The first
proposed WTG type is the DFIG. By using a DFIG for low-frequency applications,
the size of the gearbox could be reduced since the gear ratio is reduced. If applied to
a 16 2

3 Hz system, the ratio of the gearbox can be reduced to a third of its nominal
size. Since the gearbox is located in the nacelle, the size of the tower could also be
reduced due to the lower weight up in the nacelle if the larger transformer is placed
at the bottom of the tower. Therefore the LFAC wind turbine with a DFIG could be
cheaper compared to a 50 Hz DFIG wind turbine [22]. However, according to [23],
the generator size would need to drastically increase which most likely deprives the
saved size of the gearbox. Therefore the goal of the LFAC turbines is to minimize
the size of the generator. Hence, when it comes to the full power converter, it is
suggested that a PMSM would be used since the PMSM is often directly connected
to the turbine without a gearbox. It stated that the generator and the converter
would take up the same space as for the 50 Hz version, but the converter would
need some reconfiguration. The only component that will increase in size for a full
power converter solution is therefore the transformer [23].

3.2.3 Offshore platforms
Offshore platforms are used to reduce electrical losses by increasing the voltage be-
fore exporting the active power to shore. There are different ways to construct the
substructure of an offshore platform. Most substructures deployed to date are jacket
structures, which is a submerged steel structure fixed to the seabed by suction an-
chors. Floating substructures have emerged in recent times, which utilize mooring
chains cemented to the seabed to provide stability and buoyancy for the offshore
substation. The electrical systems on an offshore platform contain HV switchgear,
transformers, converters (if HVDC), passive/active reactive power compensation,
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earthing systems, and monitoring systems. An offshore platform also contains facil-
ities for accommodation needed for the service and maintenance of the substation.
These components namely consist of cranes, helidecks, winches, and control rooms
to ease the maintenance process.

The topside of an HVAC platform is typically mounted 25 m above sea level with
an area of roughly 800 m2. An HVAC platform normally weighs between 1200-3000
tonnes and a 1 GW wind farm is likely to have two or three substations. However,
an HVDC platform would only have one platform for a 1 GW wind farm to house
all the equipment. An HVDC platform also needs to house the converter which an
HVAC platform does not need, which increases the weight and cost of the HVDC
platform. An HVDC platform normally weighs 12000-18000 tonnes for a 1 GW wind
farm [24].

3.2.4 Parameters of installed, or wind farms under con-
struction

In the last two decades, a lot of wind farms have been installed offshore. Since
this thesis is conducted from a Swedish point of view data from European offshore
wind farms was gathered. Table 3.1 presents some offshore wind projects with their
installed capacity, distance onshore and offshore, export system, and the voltage
level used. The data is then applied to a scatter plot seen in Figure 3.6 which
indicates the relation between installed capacity and distance for the export system
used.

Table 3.1: Offshore wind farm projects.
Project Capacity [MW] Distance offshore [km] Distance onshore [km] Configuration Voltage level
BorWin1 400 125 75 HVDC ±150
BorWin2 800 125 75 HVDC ±300

Borssele 1 & 2 752 24 0 HVAC 220
DolWin 3 900 75 90 HVDC ±320

Doggerbank A 1200 131 19 HVDC ±320
Doggerbank B 1200 131 19 HVDC ±320
Doggerbank C 1200 196 7 HVDC ±320

East Anglia ONE 714 43 25 HVAC 220
HelWin2 690 85 45 HVDC ±320

Hornsea Project 1 1218 120 40 HVAC 220
Hornsea Project 2 1386 130 39 HVAC 220

Kriegers Flak 605 15 32 HVAC 220
Moray East 950 22 30 HVAC 220
Race Bank 573 32 12 HVAC 220
Seagreen 1075 27 15 HVAC 220

Sofia Offshore wind 1400 220 9 HVDC ±320
Triton Knoll 857 33 52 HVAC 220
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Figure 3.6: A plot presenting the capacity vs. distance for offshore wind projects.

3.3 Transmission system topologies
To bring the power from the offshore wind farm onto the transmission system on-
shore, there are a few offshore transmission systems that can be chosen. This study
researches three options, HVAC, LFAC, and HVDC. The three topologies are pre-
sented in this subchapter and an overview of the studied system is found in Figure
3.7.

50 Hz

Hz

Wind
Farm

DC
AC

AC

DC

Onshore
substation.
400 kV bay

(PCC)

Offshore Onshore

HVDC

LFAC

HVAC 50 Hz

Figure 3.7: An overview of the studied transmission system topologies.
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3.3.1 HVAC
In the early 1880s, DC was used to power lights but due to the high losses at low
voltages the transmission distances were highly limited. Then two major inventions
gave rise to the AC system. Firstly the transformer was invented by William Stan-
ley in 1885, which enabled an easy way to step up the voltage for transmission and
thereafter step it down for the end consumers. The second invention that revolu-
tionized the electricity system was the induction machine by Nikola Tesla in 1888
such that the AC voltage could be used to drive the machine. Since then countries
all over the world adopted the AC system for the transmission of power due to the
ease of transformation and the ease of use with the induction machine for the end
consumer. The AC system kept evolving into common transmission voltages be-
tween 220 - 750 kV today. Additionally, a system in the Soviet Union managed to
commission an 1150 kV system between today’s Siberia and Kazakhstan. Today’s
systems typically consist of a meshed transmission system to transfer the bulk power
in or between countries. The voltage is then stepped down into a radially connected
sub-transmission grid to transmit power from a connection point at the transmission
grid into cities or large industries. The voltage is then stepped down again to the
distribution grid where most consumers such as houses and smaller industries are
connected. Typically the system is a three-phase system where each phase is shifted
120◦ from one another. Motors and other three-phase loads can be connected to the
three-phase supply. For single-phase loads, the loads are usually spread out evenly
between the phases to minimize the unbalance of the system such that the neutral
conductor carries as little current as possible [25].

3.3.1.1 Transformers

Transformers are an essential part of the electric grid, and their main purpose is to
change voltage levels to enable efficient transmission and distribution of electric en-
ergy. The transformer can step up the voltage for long-range transmission and step
down the voltage for local distribution, hence minimizing energy losses and ensuring
a reliable power supply. It is an effective way of adjusting the voltage level depend-
ing on the application without any major losses in the conversion. A transformer
accomplishes this change in voltage through a process of electromagnetic induction.
When running an alternating current through a conductor, a moving magnetic field
is created around the conductor. When a second conductor is placed within the
moving magnetic field, the moving flux lines within the magnetic field will induce a
current in the second conductor. Electromagnetic induction is used to increase or
decrease the voltage between the two conductors. This is achieved by wrapping two
conductors into coils around an iron core with different numbers of turns compared
to one another. When the coil with more turns is energized, a current will be in-
duced in the coil with fewer turns at a lower voltage than present in the first coil [26].

Understanding how a transformer functions can be explained by looking into how
an ideal transformer functions. An ideal transformer is lossless meaning that the
windings have no resistance and the magnetic circuit has no reluctance, an illustra-
tion of an ideal transformer is shown in Figure 3.8. A transformer normally consists
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of two windings that are galvanically isolated from each other. The two coils are
wound around the same iron core resulting in them being magnetically coupled to
each other. The number of turns of the primary and secondary winding are noted
N1 and N2 in Figure 3.8.

+

-

+

-

Figure 3.8: Schematic diagram of the ideal iron-core transformer.

Since the windings have no resistance in an ideal transformer it might seem that the
current through the windings will be infinite when a voltage is applied. However, the
current through the winding will generate a magnetic field and induce a voltage in
the winding which counteracts the current. The magnetic field will limit the current
from becoming infinite, meaning that the induced voltage from the magnetic field
will be of equal magnitude to the applied voltage. The relation between the magnetic
flux and the voltage at the primary winding is shown in Equation (3.3a). Since an
ideal transformer is lossless (no reluctance or resistance) the magnetic flux generated
in the secondary winding will be equal to the flux in the primary winding as shown
in Equation (3.3b).

U1 = N1
dΦ
dt

(3.3a)

U2 = N2
dΦ
dt

(3.3b)

Combining Equations (3.3a) and (3.3b) results in Equation (3.4)

U2 = U1
N2

N1
(3.4)

which showcases the fundamental relation between the voltage on the secondary side
as a function of the voltage on the primary side.

The ideal transformer neglects several linear aspects of a real transformer which
includes unavoidable losses and inefficiencies. Firstly, the windings in a real trans-
former have a resistance (R1) which will lead to joule losses across the windings.
Secondly, the magnetic circuit in a real transformer has reluctance meaning that
some of the flux will escape out of the core. This leakage flux (Φσ) will not con-
tribute to the transformed voltage on the secondary side, generating a need for
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magnetization current (I0) to increase the magnetic field. The losses associated
with the core consist of hysteresis losses caused by nonlinear magnetic effects in the
transformer core and eddy currents caused by joule heating in the core. These losses
are modeled as a shunt resistance where RF e is heating losses associated with the
iron core connected in parallel with a magnetization reactance Xm.

+

-

+

-

Figure 3.9: Schematic diagram of the iron-core transformer with resistance and
flux leakage.

The design of a transformer is dependent on several parameters. According to basic
electromagnetic theory on transformers the electromotive force can be calculated
according to Equation (3.5)

Erms = 2πfNBA√
2

= 4.44fNBA (3.5)

where f is the rated frequency, N is the number of winding turns, B is the magnetic
flux density and A is the area of the core. For an LFAC system, the frequency is
reduced by 1

3 , which means that the other parameters have to increase by a factor
of 3 to maintain the same electromotive force. Based on the fact that magnetic flux
density remains the same with the variation of frequency, the only way of maintaining
the required voltage is to increase the number of turns or increase the thickness of the
core. According to [27], increasing the thickness of the core and keeping the number
of windings unchanged increases the width and height of the transformer by a factor
of 1.4. This increases the weight of the transformer by a factor of 3. However,
keeping the same core diameter and increasing the number of turns gives a lighter
design, approximately twice the weight of a 50 Hz transformer. It is evident that a
reduced frequency leads to a heavier transformer, hence impacting the required size
of the offshore platform.

3.3.2 HVDC
The history of HVDC started with the invention of mercury arc rectifiers in the
1930s. In 1941 the first HVDC link was ordered to supply Berlin with 60 MW,
but due to World War II it was never operational. Some years later, in 1944 Uno
Lamm had developed a test system in Ludvika that was capable of transmitting
2000 kW at a voltage level of 60 kV. In 1954 the first commercial HVDC system
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was operational with a rating of 20 MW supplying the island of Gotland from the
Swedish mainland at a voltage of 100 kV. Thyristors were later developed and put
into service at the Gotland link increasing the transmission capacity by 50 % at a
voltage level of 150 kV in 1970. Since then the technology has matured due to some
of its characteristic features. HVDC has long transmission capabilities due to lower
losses at long distances mainly related to the absence of reactive components that
exist in AC systems. Since it converts AC to DC and then DC back to AC, it is also
capable of interconnecting non-synchronous systems. The HVDC links can also be
used to improve the stability of the AC system [28]. Therefore a lot more HVDC
links have been installed and in December 2019 an HVDC link spanning over 3300
km with a capacity of 12 GW at 1100 kV was completed [29].

3.3.2.1 Line-commutated current-source converter HVDC

As HVDC was developed and commercially available in the 1950s and onward, the
three-phase converter technology used was the Current Source Converter (CSC)
based on mercury-arc valves, and during the 1970s the thyristor valve was commer-
cialized [30]. The characteristical difference between a CSC and a VSC is that for
a CSC, the DC-current always flows in a single direction whilst for a VSC the DC
voltage always has the same polarity. So for a power reversal to take place in a CSC,
the DC voltage has to be reversed. An illustration visualizing the CSC’s operational
principles is presented in Figure 3.10.

Figure 3.10: Operational principles of a LCC.

Since a CSC is a thyristor-based technology, the only possible control is the firing
angle. A thyristor can be controlled to start conducting when the voltage from
the anode to the cathode of the thyristor is positive, and a firing pulse is given.
Considering a three-phase half-wave rectifier as seen in Figure 3.11, the output
voltage can be controlled by varying the firing angle α.
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Transformer

+

-

Figure 3.11: Schematic diagram of a half-wave three-phase converter.

In a three-phase rectifier operation, α is measured from the point where the supplied
voltages from the three phases cross over each other since at that point the thyristor
becomes forward-biased. As seen in Figure 3.12, the voltage of phase A is greater
than the voltage of phase C from 0◦ until 180◦. Therefore the theoretical range to
fire the gate pulse for the delay is when the thyristor is forward biased, hence when
α is between 0◦ until 180◦. However, due to commutation problems α is slightly
reduced.

Figure 3.12: One period of normalized three-phase voltages where the area of
Va ≥ Vc is shaded.

Transformer
+

-

Figure 3.13: Schematic diagram of a full-wave three-phase converter.
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To increase the average DC-output voltage, more thyristors are added such that
two groups of three-phase half-wave rectifiers are used which compose a so-called
three-phase full-wave converter as seen in Figure 3.13. The three thyristors on top
will produce a positive voltage compared to the neutral, and the group of three at
the bottom will generate a negative voltage compared to the neutral. Therefore
twice the DC voltage will be generated with the full-wave rectifier compared to the
half-wave. Since both the negative and the positive periods are utilized, no DC
component will be present in the transformer windings. This technique is widely
used because a special transformer is not needed and it works as a six-pulse rectifier.
Furthermore, since the converter utilizes the full sinusoidal waveform, it can operate
both as a rectifier and an inverter by controlling the firing angle of each thyristor.
Therefore the converter will theoretically operate as a rectifier if α is less than 90◦

and an inverter if α is greater than 90◦. However, due to the non-instantaneous
commutation, an overlap period is needed.

Because of the low switching frequency, low-order harmonics will be present. If the
phases are balanced third multiple harmonics will be trapped in the ∆-side of the
transformer but positive sequence multiples, 6n + 1, while the negative sequence
multiples, 6n − 1, will not. One solution to reduce the impact of harmonics is
to use shunt-connected filters that are tuned to eliminate specific undesired orders
of harmonics. If a six-pulse converter is used, then the filters would be tuned to
eliminate the 6n±1 harmonics. There are converter solutions as well, where a typical
converter solution for LCC-HVDC is the 12-pulse converter. The power transformer
of the 12-pulse converter has two branches, one Y/Y branch, and one Y/∆ branch.
Each of these branches is then connected to a full-wave converter as seen in Figure
3.14. The 12-pulse converter allows odd multiples of 6n±1 to cancel each other out
if the transformer ratios are chosen correctly. Hence the 12-pulse converter only
contains harmonics of the order 12n±1 which reduces the size of filters since the
harmonic content is pushed up in the frequency spectra [31].

Transformer

+

-

Figure 3.14: Schematic diagram of a 12-pulse converter.
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3.3.2.2 Voltage source converter HVDC

In the 1990s self-commutating switches such as the Gate Turn-Off thyristor (GTO)
and the IGBT became commercially available, and the operational principles are
presented in Figure 3.15. The major difference between self-commutating switches
and line-commutating switches is that the self-commutating switches can be con-
trolled to both start and stop conducting. Since the switches can be controlled to
stop conducting, multiple switching events per switch per period are possible com-
pared to the line-commutated switches where only one switching event per period
is possible. Since the thyristor commutates at the current natural zero-crossing, it
is reliant on an AC source. As the VSC commutation can be fully controlled, it
can operate independently of an AC source. Therefore a benefit is the independent
control of voltage and current, the result is that active and reactive power can be
fully controlled independently of one another. Since the VSC can be operated with
frequencies in the kHz range, the harmonic content is pushed up in the spectra. The
result is that the size of filters can be drastically reduced because of the higher-order
harmonics [30], [28].

Figure 3.15: Operational principles of a VSC.

A common modulation technique is Pulse Width Modulation (PWM). In PWM,
commonly a sinusoidal modulating wave with the frequency f1 equal to the desired
power system frequency is compared to a triangular wave with its frequency equal
to the converter switching frequency fsw. The purpose of the comparison is to
determine when the IGBTs should conduct or not. If the magnitude of the sinusoidal
modulation wave is V̂mod, and the magnitude of the triangular wave is V̂tri, then the
amplitude modulation index ma, and the frequency modulation index mf can be
determined as in Equation (3.6)

ma = V̂mod

V̂tri

mf = fsw

f1
. (3.6)

In a half-bridge single phase VSC is considered, see Figure 3.16, where the output
voltage Vout is the voltage between terminals A and 0. The switch to be turned on is
determined by comparing the reference and the carrier waves. The first event that
results in Vout = Udc

2 , is when T1 is turned on, and T1 will conduct when Vmod > Vtri.
The other event that results in Vout = −Udc

2 , is when T2 is turned on, and T2 will
conduct when Vmod < Vtri. Depending on the relation between the sinusoidal and
the triangular wave the output voltage will vary between either positive or negative
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Udc

2 as seen in Figure 3.17a where the gate signal is presented. Hence it is important
to keep ma ≤ 1, otherwise, the amplitude of the sinusoidal wave is greater than
the triangular. If ma > 1, Vmod > Vtri will be satisfied for longer than desired
which results in overmodulation as seen in Figure 3.17b. Overmodulation decreases
the switching frequency which brings the harmonics further down in the frequency
spectra [32].

Figure 3.16: Diagram of a single-phase half-bridge VSC.

(a) ma = 0.8. (b) Overmodulation. ma = 1.5.

Figure 3.17: PWM output depending on the amplitude modulation index.

If a three-phase full-bridge converter is considered as seen in Figure 3.18. Three
sinusoidal modulating waveforms shifted 120◦ from each other can be used that
are compared to one triangular carrier wave. This reproduces three phase shifted
voltages between the terminals Va, Vb, and Vc to the neutral point N [32].
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Switching signals
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T3

T2
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Figure 3.18: Diagram of a three-phase full-bridge VSC.

3.3.2.3 Multilevel- and modular multilevel converters

The previously mentioned VSC converters are two-level converters meaning that
the output voltage is switched between the polarities of the DC supply. By in-
stalling more DC-link capacitors, more output voltage levels can be achieved since
the blocking capability is determined by the DC-link capacitor instead of the DC-
supply voltage. Due to there being more semiconductors in a multilevel converter
that does not have to be switched at the same time, the frequency of the output
voltage can be increased without increasing the switching frequency of a single semi-
conductor. Hence pushing the harmonics upwards in the spectrum. Also, since there
are more voltage levels, the amplitude of the harmonics will be reduced due to the
reduced change in voltage level between the switching events for the output voltage.
If more levels are added, a closer voltage level to the desired sinusoidal waveform can
be obtained. Hence the outputted voltage appears more sinusoidal for each voltage
level added [33].

The simpler versions of multilevel converters such as the diode clamped converter,
and flying capacitor converter are suitable for low- to medium-voltage applications.
However, when it comes to high-voltage applications their circuits and their control
become too complex. Hence the Cascaded Multilevel Converter and the Modular
Multilevel Converter (MMC) were developed. The Cascaded Multilevel Converter
introduced semiconductor submodules that can be series connected to achieve more
intermediate voltage levels. Each submodule consists of either a half-bridge or a
full-bridge connected in parallel with a capacitor. Therefore the output of each half
bridge submodule can either be zero or the capacitor voltage. Since the full bridge
has four switches its submodule can provide four switching states. A series connec-
tion of these submodules is called a string where the half-bridge has N + 1 levels,
and the full bridge has 2N + 1 stages [33].

26



3. Literature review and theoretical background

DC
Side

AC
Side

Figure 3.19: MMC design and its current paths for HVDC applications.

As for the MMC, instead of the valves for a two-level converter, the MMC uses strings
of submodules. The MMC differs from the Cascaded Multilevel Converter majorly in
one way, which is that for the Cascaded Multilevel Converter, each submodule needs
an isolated feed from a transformer and is thereby not classified as fully modular.
Typically the MMC is built with three phase-legs like the two-level converter but
with two submodule strings for each phase with a midpoint connection in between
as seen in Figure 3.19. One string from the positive DC-polarity, and one from
the negative DC-polarity. These strings contain a certain number of submodules
which corresponds to the number of levels the converter can operate at. The AC
terminals are then formed at those midpoint connections for each phase-leg. For
other applications that require another amount of phases, the number of phase legs
of the MMC can be altered. The operational principle is to switch on a certain
number of submodules such that the combined voltage of the phase-legs reaches the
desired voltage level. As each string consists of a high number of submodules, a
very sinusoidal output can be achieved by turning on or off one submodule at a
time. Another benefit of the great number of submodules is a very high switching
frequency which raises the harmonics high up into the spectra. If the DC-side
current is constant the MMC will provide a constant voltage on the DC-side, and
if the MMC provides symmetric AC voltage the AC-side current will be symmetric.
As seen in Figure 3.19, the DC-side current will be distributed evenly among the
three phase-legs and so does the currents on the AC-side. If the AC side currents
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are distributed symmetrically, the currents in the three phases will be canceled at
the converters DC side. Hence no AC harmonics will be injected to the DC side
[33].

3.3.2.4 Grid-following vs grid-forming converters

There are two different operational principles for a converter, it can either be grid
following or grid forming. The grid-following converter acts like a current source.
To inject a certain power into the connection point, the converter varies the active-
and reactive current it provides. However, in case of a disturbance in the connected
grid, it requires an additional voltage source for the voltage and frequency set points.
Therefore the grid-following converter is not suitable for handling disturbances in
the grid since it synchronizes via a phase-locked loop (PLL). The next converter type
is the grid-forming converter which acts like a voltage source. Some grid-forming
strategies do not rely on the PLL to synchronize with the grid and therefore instead
act like a synchronous machine. Hence the grid forming converter can vary its
injected power and is therefore a suitable solution during disturbances or island
operation [34].

3.3.2.5 HVDC link configurations

Monopolar
There are several methods used to connect point-to-point configurations of HVDC.
The first and simplest configuration is the monopolar link, an example of an LCC-
based point-to-point HVDC connection is seen in Figure 3.20. There are two differ-
ent types of monopolar links available and the commonality is that both types use a
single converter in each station. The first one is the asymmetrical monopole. For the
asymmetrical monopole, the neutral is grounded and the return either flows through
a ground return or a conductor [35]. The operational principle of an asymmetrical
monopolar link is that there is one pole and one return path [28]. In VSC-HVDC,
commonly the return current goes through a conductor. As there is only one pole,
the applied voltage can either be positive or negative. However, if a negative voltage
is used, the effects of corona can be heavily mitigated. Hence a negative polarity
is commonly used for the monopolar configurations [30]. The second type is the
symmetrical monopole. The difference from the asymmetrical monopole is that the
symmetrical monopole is grounded in between the positive and negative poles [35].

Figure 3.20: Line diagram of a point-to-point LCC based asymmetric monopolar
HVDC configuration.
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Bipolar
Another configuration of point-to-point HVDC link is the bipolar link, an exam-
ple of a VSC-based point-to-point HVDC connection is seen in Figure 3.21. As its
name states, the bipolar link has two poles, one with negative voltage, and one with
positive voltage. The neutral points between the positive and the negative poles
are grounded. During steady-state operation, the current is split among the two
poles, and therefore at steady-state operation, no current will flow through the re-
turn path. A benefit of the bipolar link is that in case of a failure at one of the poles,
the other pole can still be operated as a monopolar link using the ground return [28].

Figure 3.21: Line diagram of a point-to-point VSC based bipolar HVDC
configuration.

Homopolar
Another configuration is the homopolar. For a homopolar link, there are two poles at
the same polarity, usually negative polarity due to corona discharges, with a ground-
or conductor return. As the two poles have the same polarity, insulation distances
can be reduced due to the reduced voltage gradient which lowers the investment
cost. As in a bipolar link, the return current is canceled out due to the opposite
polarities. However, a ground return is required for a homopolar link to carry the
return current, hence a bipolar link is often preferred over a homopolar link [31].

3.3.3 LFAC
LFAC is a commonly used frequency used within the railway network. The railway
power supply has a frequency of 16 2

3 Hz whereas the frequency for public electricity
supply is 50 Hz. Using the frequency 16 2

3 Hz within the railway network dates back
to the 20th century as the earliest electric motors for trains required this frequency
to function. European countries (including Switzerland) commonly agreed after
various trials to adhere to the frequency of 16 2

3 and it is still in use today. The
railway network is powered by the public grid which has to be converted to 16 2

3 Hz.
The voltage must also be stepped down to a suitable voltage level required voltage
level by locomotives [36].
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3.3.4 LFAC specification
For an AC transmission system, the transmitted active power is expressed in Equa-
tion (3.2). Under the assumption of a fixed angle δ, and fixed sending and receiving
voltage, then the only way of improving the transmission capability is to reduce
the impedance of the cable. The cable is reactance-dominated, meaning that the
reactance of the cable is much larger than the resistance. The reactance of the cable,
X, can expressed as Equation (3.7)

X = 2πfL (3.7)

where X is the cables reactance, f is the power frequency and L is the total induc-
tance of the cable. This equation visualizes the main concept of LFAC, a reduced
frequency increases the transmitted power proportionally. Another fundamental
concept of an LFAC configuration is its ability to improve voltage stability given
the same amount of reactive power transmission. The relation between voltage drop
and reactive power is expressed in Equation (3.8)

∆V % = QX

V 2 · 100 (3.8)

where ∆V is the voltage drop over the cable, V is the nominal voltage and Q is
the reactive power flow of the cable. Since the reactance of the cable is reduced
due to the lower grid frequency, the voltage drop across the cable is also reduced
proportionally [37].

3.3.4.1 Frequency converters

To convert the export systems grid frequency of 162
3 Hz into the grid frequency

of 50 Hz a frequency converter is needed. There are multiple converters that are
capable of this such as a back-to-back VSC, or an AC-DC-AC converter. There are
also AC-AC converters such as the cycloconverter, and Modular Multi-level Matrix
Converter (MMMxC or M3C). The cycloconverter as seen in Figure 3.22 is a common
converter type used in railway systems to step down the grid frequency.
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LFAC 50 Hz
Grid

Figure 3.22: Circuit diagram of a cycloconverter.

The cycloconverter is a thyristor-based converter where each phase connected through
a single-phase transformer is connected to a 12-pulse converter, one positive 6-pulse,
and one negative 6-pulse converter. Hence the cycloconverter is typically a 36-pulse
converter where the output is controlled by varying the firing angle of the thyris-
tors. When a cycloconverter is used to step down the frequency, the ratios of the
two frequencies typically have to be below 0.7 due to power quality constraints. The
harmonics of the cycloconverter are dependent on the ratio between the two frequen-
cies, for some ratios the order of the harmonic content can be below the order of
the output frequency, these are called sub-harmonics. Also, inter-harmonics will be
present which occurs when the output frequency is higher than the input frequency.
In the case of LFAC, the ratio is 3 which results in harmonic content at multiples of
the output frequency. Therefore as harmonics are present at low order, it becomes
complex to filter out the harmonics from the desired waveform which results in large
filters [23].

To combat the issues of the low order harmonics and its related problems, a matrix
converter, as seen in Figure 3.23a, can be used. As observed, a DC-link is not present
because bi-directional switches are used which results in direct AC-AC conversion
and an increased efficiency compared to when a DC step is present. However, for
the standard matrix converter, the voltage is limited which has been proposed to
be solved by using the M3C as seen in Figure 3.23b. For the M3C, the switches
are replaced by submodules containing full-bridges made up of four IGBTs and one
capacitor just like the MMC. Hence a combination of the matrix converter and the
MMC achieves high-order harmonics with a highly sinusoidal output. However, due
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Figure 3.23: Schematic diagram of matrix- and multi-level matrix converters [38].

to the great number of switching devices, the complexity is increased. Due to the
benefits of using an M3C such as high order harmonics, highly sinusoidal output,
and grid forming capabilities, it has been suggested as a solution for integrating
offshore wind by utilizing a low-frequency export network with the M3C placed
onshore. Future converter topologies have also been proposed, namely the Hexverter
that uses six arms which is fewer compared to the back-to-back VSC and M3C.
Another proposed converter topology to solve the problem of circulating currents
which results in losses is the Y-connected YMMC converter. The collective name for
all these frequency matrix converters in this report is Static Frequency Converters
(SFC). The hexverter can be found in Figure 3.23c and the YMMC converter in
Figure 3.23d [23], [38].
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3.3.5 Reactive power compensation
To alter the impedance characteristic and thereby the response of the system to
different operational scenarios, compensators are used. This sub-chapter presents
different solutions for passive and active shunt and series-connected compensators
widely used in power systems.

3.3.5.1 Passive shunt compensation

The first types of shunt compensators are the passive shunt compensators. Passive
shunt compensators are either reactors or capacitors connected in shunt with the
system. The purpose of the shunt-connected components is to permanently alter
the impedance characteristics of the system for power factor correction. The shunt
reactors are typically installed in capacitive systems to limit the capacitive effects.
In systems where the Ferranti effect is suspected to cause problems, shunt reactors
can be installed to limit the effects of line charging and thereby preventing the
receiving end voltage from violating the voltage limits. Vice versa, the passive shunt-
connected capacitors are mainly used to boost the voltage by producing reactive
power. The shunt-connected capacitors are widely used in distribution systems for
power correction since most installed loads are of an inductive nature. Although the
shunt capacitors have one major drawback, as the voltage decreases, the produced
VArs decrease as well since it scales with the voltage squared. Hence, when the most
reactive support is needed, the shunt-connected capacitors produce less reactive
power [39].

3.3.5.2 Thyristor controlled reactor

The first controllable shunt compensator is the Thyristor Controlled Reactor (TCR).
It is commonly implemented with a reactor in series with two thyristors connected
in anti-parallel, this can be seen in the single-phase diagram of the TCR presented
in Figure 3.24.

Figure 3.24: Schematic diagram of a single-phase TCR.

By connecting the thyristors and the inductor this way, the current passing through
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the reactor is easily controlled by controlling the firing angle (α) of the thyristors.
If the current lags 90◦ behind the voltage (sinus reference), and α is equal to 0◦, the
thyristor will start to conduct at the voltage maximum amplitude. According to the
equation of an inductor, the current will increase until the voltage reaches its natural
zero-crossing, then the current will decrease until the thyristor stops conducting at
the current’s natural zero-crossing. If a firing angle is introduced, the thyristor will
start its conduction later but the current will still reach its maximum at the voltage
natural zero-crossing. Hence the amplitude of the current will be reduced if the
firing angle is increased. So by altering α, the current through the inductor can be
controlled, which in turn affects the reactance seen by the circuit. The current can
be calculated as in Equation (3.9)

IL(α) = V

ωL

(
1 − 2

π
α − 1

π
sin(2α)

)
(3.9)

where L is the inductance of the reactor, IL(α) is the controlled reactor current, V
is the AC voltage, ω is the angular frequency, and α is the firing angle in radians.
Hence, if the firing angle is equal to 0◦, the inductor is fully inserted. If α is equal
to 90◦, the point where the voltage reaches its natural zero-crossing, the thyristor
won’t conduct hence the inductor is fully taken out [20].

3.3.5.3 Thyristor switched capacitor

The next shunt compensator is the Thyristor-Switched Capacitor (TSC) shown in
Figure 3.25. Like the TCR, the TSC is a shunt device, but instead of an inductor, a
capacitor is connected in series with the thyristors. An inductor is also connected in
series to limit the surge current passing through the components in case of abnormal
operating conditions. Due to di

dt
, to have transient free switching, control of α to

vary the reactance is not possible. Hence the TSC can either be fully on and thereby
provide reactive power to the circuit, or it can be turned off [20]. Hence a TSC is
not controllable, just switchable.

Figure 3.25: Schematic diagram of a single-phase TSC.

34



3. Literature review and theoretical background

3.3.5.4 Static VAR compensator

To control the reactive output of the TSC it can be combined with the TCR into one
shunt device called the Static Var Compensator (SVC). SVC is a collective name for
various configurations of shunt-connected inductors and capacitors. One example
would be the TCR-TSC that is found in Figure 3.26. By combining the controllable
TCR and the switchable TSC, the combined reactance can be controlled and thereby
also the reactive power consumed or produced. If the TSC is on, and the firing angle
α of the TCR is equal to 90◦ the SVC will produce its maximum VAR output. Vice
versa, if the TSC is off and the firing angle α of the TCR is equal to 0◦ the SVC
will consume its maximum VAR capability. By altering if the TSC is on or off, and
the firing angle, the SVC can produce or consume any VAR amount in between the
previously stated limits. Therefore it is also possible to have multiple TSC branches
connected while the TCRs reactive capacity can be equal to the reactive capacity
of one TSC stage, that is a so-called nTSC-TCR. So if two equal TSC branches are
turned on, the controllable TCR could then vary the reactive power output of the
SVC between the two capacitive stages. However, since the TCR will have to absorb
some amount of reactive power from the TSC, a current will go from the TSC to
the TCR resulting in non-contributing losses. If one compares it to an SVC with a
fixed capacitor (FC) stage (non-switchable), since the capacitor stage is constantly
on, there will be losses at zero reactive power contribution which is not the case
when a switched capacitor is used [20].

Figure 3.26: Single-phase diagram of a TCR-TSC.

3.3.5.5 Static synchronous compensator

The next shunt device is the Static Synchronous Compensator (STATCOM). For the
TCR and the TSC, inductors and capacitors were used as reactive energy storage
to control the produced or absorbed reactive power. But for a STATCOM there are
no such components to store the reactive energy, instead the currents are circulated
between the AC systems phases. A diagram of the STATCOM can be found in
Figure 3.27.
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PCC

STATCOM

VDC

Figure 3.27: Single-phase diagram of a STATCOM.

The operating principle of a STATCOM is that by using a VSC, the complex voltages
and currents can be controlled to obtain either leading or lagging VAR production.
At the DC side of the VSC, a DC capacitor is connected to the VSC to enable the
operation of the VSC since the VSC itself has no means of providing the power.
To keep the DC-capacitor charged, a small active current is drawn by lagging the
STATCOMs output slightly. On the AC side after the VSC, a smoothening inductor
is installed to remove high-order harmonics and to enable the voltage difference
[32]. The complex quantities can simply be controlled to either produce or consume
reactive power just like a synchronous machine can be over- or under-excited to
regulate VAR production. If a synchronous machine is considered with its internal
voltage E, connected to a bus with voltage V over X, then the exchanged reactive
power Q could be calculated as in Equation (3.10)

I = V − E

X

Q =
1 − E

V

X
V 2. (3.10)

Therefore by controlling the amplitude of E and V , the injected or absorbed reactive
power can be controlled. If for the synchronous machine E > V , the machine is
over-excited. The result of the machine being over-excited is that the current leads
the voltage, hence the synchronous machine is seen as a capacitance by the rest of
the system. If instead E < V , the current instead lags the voltage and the machine
is seen as an inductor by the rest of the system.

By letting the VSC of the STATCOM mimic the behavior of the synchronous ma-
chine, the same results can be accomplished, although with a power electronic so-
lution instead [20]. Since the STATCOM has no energy storage, only VAR control
is possible. Therefore, if the circuit losses of the STATCOM are neglected, only
reactive power is exchanged with the PCC by producing a current either leading
or lagging by 90◦ compared to the voltage at the PCC. In Table 3.2, the operating
modes are presented [32].
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Table 3.2: Operating modes of STATCOM depending on complex voltage
quantities [32].

Complex voltage component Operating mode
VHV −bus > VV SC Absorb VAR
VHV −bus < VV SC Produce VAR

−δ Absorb Watt
+δ Produce Watt. Only possible with energy storage.

3.3.5.6 Enhanced STATCOM

The Enhanced STATCOM (E-STATCOM) is a shunt-connected device that is a
combination of a conventional STATCOM with added energy storage. The major
difference between STATCOM and the E-STATCOM is that due to the added en-
ergy storage, the E-STATCOM is able to produce and absorb both reactive and
active power as seen in Table 3.2. Therefore the E-STATCOM can aid the con-
nected system with voltage control, unbalances, faults, oscillation dampening, and
frequency regulation. The energy storage can consist of battery cells, supercapac-
itors, fuel cells, or combinations of them. The amount and duration of the active
power support is therefore limited by the size of the installed energy storage [40].

3.3.5.7 Series compensation

As previously stated, shunt compensation is effective to regulate the voltage along a
line, or at the load of a two-bus system. It is also possible to regulate the transmitted
active power but it is highly ineffective. A more effective method to increase the
transmitted power is to use series compensation. To increase the active power
transmitted by ∆P , the required reactive power relation between series and shunt
compensation is as seen in Equation (3.11)

∆QSeries

∆QShunt

= tan2(δ

2). (3.11)

The equation for the transmitted active power from one bus to another is described
in Equation (3.12)

P = V1V2

Xeq

sin(δ), (3.12)

a viable option is to change the equivalent reactance of the line. If an inductive
overhead line is considered, a solution to reduce the equivalent reactance is to install
a capacitor in series along the line since the equivalent reactance is Xeq = XL −
XC . Therefore, if the equivalent reactance is reduced the active power will increase
since the reactance is in the denominator of the formula. Another benefit of series
compensation is that the transient stability margin is increased. If Xeq is reduced
while the voltages V1 and V2, and the transmission angle δ are unchanged, the
amplitude of the electrical active power will be increased in Figure 3.28. Therefore,
since more active power can be transferred at the same transmission angle, the
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margin of the decelerating area is increased compared to the case without series
compensation as seen in Figure 3.28 [20].

(a) P − δ curve - Uncompensated line (b) P − δ curve - Series compensated line

Figure 3.28: Comparison of transient stability related to series compensation.

The previously mentioned method of series compensation is a passive method mean-
ing that the reactance of the line cannot be altered. A similar method to the shunt-
connected SVC (FC-TCR) can also be applied as series compensation. Instead, a
TCR in parallel with an FC is connected in series with the line as seen in Figure 3.29,
which is called Thyristor-Controlled Series Compensation (TCSC). For a TCSC the
equivalent reactance of the TCSC can be varied both in the inductive and the ca-
pacitive region such that the equivalent reactance of the line can be altered. This
is achieved by changing the firing angle α of the thyristors in the inductor branch.
However, all values of α are not possible due to resonance in the TCSC between the
inductive and capacitive branch [20].

TCSC

Figure 3.29: Single-phase diagram of a TCSC.
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4
Economical overview

This chapter showcases the fundamental equations used when evaluating the three
configurations from an economical point of view.

4.1 Net Present Value - NPV
A metric of interest is Net Present Value (NPV) which captures the revenue impacts
of the installed energy source. The NPV of a renewable energy project is calculated
by using Equation (4.1)

NPV =
N∑

i=1

(AR − AC)
(1 + r)t

− CC (4.1)

where CC is the capital cost (investment) of the system in $, AR is the annual
revenue of the system in $, AC is the annual cost of the system in $, r is the
discount rate, and n is the expected lifetime of the installed technology. The annual
revenue of the system is given by the price at which electricity can be sold at
multiplied by the produced electricity. The annual cost of the system includes the
cost of operating and maintaining the installed system. An NPV with a greater
value than 0 represents a profitable investment. Despite the fact that NPV is an
effective metric for capturing the profitability of an investment, it cannot rank and
compare the configurations. Configurations with higher initial investment costs have
a higher NPV but they might not necessarily have the best return on investment,
hence why other metrics have been developed to enable ranking of the investment
options [41].

4.2 Levelized Cost of Electricity - LCOE
The next metric is the Levelized Cost of Electricity (LCOE) which is defined as the
cost at which electricity should be sold at for the investment to break-even at the
end of its lifetime. LCOE is an effective indicator of the cost-effectiveness of the
system since calculations can be made without assumptions regarding the uncer-
tainty of future electricity prices. Comparing LCOE prices for each configuration
will determine which investment is most advantageous. LCOE is mathematically
defined by Equation (4.2)

LCOE = CAPEX + OPEXi

AEPi

(4.2)
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where CAPEX is the cost in $ to build the entire offshore windfarm, OPEXi is the
cost in $ of operating the windfarm in the year i, and AEPi is the annual electricity
produced in MWh in the year i [41]. The annual electricity produced is calculated
using Equation (4.3)

AEP = CF · PP CC · t (4.3)

where CF is the capacity factor (a ratio between annual electricity production and
maximum annual energy capability), PP CC is the active power flow in the point of
common coupling, and t is the number of hours in a year. CAPEX is assumed to
be paid upfront for all the configurations which includes the cost of all the electrical
components, platforms, transportation, and installation. The OPEX cost is as-
sumed to be paid annually, which means that the discount rate has to be considered
when calculating the costs of operation and maintenance. Hence the OPEX and the
AEP are based on their NPV at a given time. The finalized formula for determining
the LCOE for each configuration is showcased in Equation (4.4)

LCOE =
CAPEX + ∑N

i=0
OPEXi

(1 + r)i∑N
i=0

AEPi

(1 + r)i

(4.4)

where r is the discount rate in % and N represents the economic life of the wind farm
[42]. Obtaining the point where the LCOE intersects between two configurations
will determine the break-even distance with respect to the specific active power level
studied. The configuration with the lowest LCOE is the most suitable configuration
given a specific distance and installed active power level.
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Electrical modeling

The electrical modeling consisted of parameterization of the components, and the
methodology behind the modeling is showcased in this chapter. For the three export
system topologies, some components shared parameters. As transformers are usually
custom-made products where the parameters can vary substantially depending on
the required specifications and on-site conditions. However, in this study, the same
parameters were used for all transformer models, as presented in Table 5.1.

Table 5.1: Transformer parameters used for load-flow simulations [43].

Resistance [p.u] Reactance [p.u] No-load losses [kW/MVA]
0.005 0.15 0.04

In PowerFactory the wind turbines were modeled as an equivalent generator. For all
topologies, the generators operate at 66 kV. The only difference is that for LFAC,
the generator operates at 162

3 Hz, while it operates at 50 Hz for HVAC and HVDC.

All components, as well as the subsea cable, were rated to be less than 100 % loading
at full generation conditions of the wind farm for all distances and power levels.
The operating temperature of the cables was set to 90◦C since the resistance of the
cables increases with the operating temperature. The rating also involved that the
voltage limits of under/over 0.95 - 1.05 p.u were not violated. As all models were
implemented for all configurations, distances, and power levels, load-flow studies
were performed. The following sections present the topology-specific modeling and
parameterization.

5.1 HVDC models
The HVDC models were developed as symmetrical monopoles where two different
DC-link voltages were used depending on the active power capability of the offshore
wind farm. A DC-link voltage of ±150 kV was used for a wind farm with an in-
stalled active power ranging from 300 - 500 MW, while ±320 kV was used for a
wind farm with an installed active power ranging from 500 - 1400 MW. Depending
on the power level, the converter bus voltage was set to either 187.5 or 400 kV [44].
An overview of the two HVDC models is presented in Figures 5.1 and 5.2.
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Figure 5.1: HVDC model for an installed active power ranging from 300 MW to
500 MW.

Figure 5.2: HVDC model for an installed active power ranging from 500 MW to
1400 MW.

The HVDC converters were modeled as PWM converters of the half-bridge MMC
type with an efficiency of 99.3% each. The equipped station controller is the main
difference between the rectifier and the inverter. The former uses Vac-phi control
mode which controls the offshore AC voltage to 1 p.u and the phase angle to 0◦ at
the AC node, whereas the latter was equipped with Vdc-Q control mode to control
the DC voltage to 1 p.u and maintain zero reactive power exchange at the PCC.
The parameters for HVDC submarine copper cables in moderate climate concerning
closed laying are presented in Table 5.2.

Table 5.2: Parameters for HVDC submarine copper cables in moderate climate
[45].

Area [mm2] Ampacity [A] Resistance at 20◦C [W/km]
400 765 0.0439
500 883 0.0351
630 1023 0.0278
800 1175 0.0219
1000 1335 0.0175
1200 1458 0.0146
1400 1594 0.0125
1600 1720 0.0110
1800 1830 0.0097
2000 1953 0.0088
2200 2062 0.0079
2400 2170 0.0073
2600 2275 0.0067
2800 2373 0.0063
3000 2473 0.0058
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The ratio of the transformer is 1:1 for an active power capability ranging from 500-
1400 MW to provide galvanic isolation between the grid and the DC system. An
overview of the complete HVDC model in PowerFactory is showcased in Figure 5.3.

PCC 400kV

700MVA-400kV/400kV
Transformer 400kV/400kV

Inverter700MW

320kV800mm2
DC_LinePos320kV200km

320kV800mm2
DC_LineNeg320kV200km

Rectifier700MW

700MVA-66kV/400kV
Offshore Transformer 66kV/400kV

Windfarm 700 MW 66kV

AC_Onshore400kVAC_OnshoreBus400kV

DC_Onshore_Neg320kV

DC_Onshore_Pos320kV

DC_Offshore_Neg320kV

DC_Offshore_Pos320kV

400 kV Bus66kV Bus

Figure 5.3: Overview of the symmetric monopole, 700 MW, 200 km HVDC model
in PowerFactory.

5.2 HVAC models
The HVAC model was constructed for AC transmission with a transmission fre-
quency of 50 Hz. At power levels less than or equal to 800 MW, a transmission
voltage of 220 kV was used, while 275 kV was used for power levels above 800 MW.
An overview of the two HVAC models is presented in Figures 5.4 and 5.5.

Figure 5.4: HVAC model for an installed active power ranging from 300 MW to
800 MW.
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Figure 5.5: HVAC model for an installed active power ranging from 800 MW to
1400 MW.

HVAC subsea copper cables are used for the power transmission and their parameters
are showcased in Table 5.3.

Table 5.3: Parameters for HVAC submarine copper cables in moderate climate.
Voltage [kV ] Area [mm2] Ampacity [A] Resistance at 20◦C [W/km] Inductance [mH/km] Capacitance [µF/km]

220 500 732 0.0489 0.43 0.14
220 630 808 0.0391 0.41 0.17
220 800 879 0.0319 0.41 0.17
220 1000 942 0.0270 0.39 0.19
220 1200 1055 0.0221 0.38 0.21
220 1400 1110 0.0189 0.37 0.22
220 1600 1155 0.0166 0.36 0.23
220 2000 1220 0.0132 0.35 0.24
275 500 732 0.0489 0.43 0.14
275 630 808 0.0391 0.42 0.16
275 800 879 0.0319 0.41 0.17
275 1000 942 0.0270 0.40 0.18
275 1200 1055 0.0221 0.38 0.20
275 1400 1110 0.0189 0.37 0.21
275 1600 1155 0.0166 0.37 0.22
275 2000 1220 0.0132 0.36 0.23

Since data for 275 kV cables was not widely available, the ampacity and the cable
parameters were assumed to be the same for corresponding areas between the 220
kV and 275 kV cables. An onshore step-up transformer with an on-load tap-changer
(OLTC) equipped is then used to increase the voltage to 400 kV at the PCC. A
STATCOM was connected to the low-voltage side of the onshore transformer which
controls the reactive power exchange at PCC to zero.

As shunt reactors cost less per MVAr than STATCOMs, shunt reactors were used
to minimize the size of the STATCOM between its most capacitive and inductive
stages, full- and no production respectively. In this case, the STATCOMs size is
minimized when the absolute value of its capacitive and inductive range are equal.
A shunt reactor was first placed onshore for short distances since a shunt reactor
placed onshore costs less than a shunt reactor placed at the offshore platform. The
quality factor of the shunt reactors, the relation between reactance and resistance
which affects the losses of the reactor, was set to 300 [46]. As the distance increased,
the need for offshore compensation increased in order to maintain an acceptable
voltage profile along the line due to the presence of the charging current. Once the
voltage range of 0.95-1.05 p.u could not be maintained, only then was a shunt reac-
tor installed at the offshore platform. As the distance increased further, midpoint
compensation was required in order to maintain an acceptable voltage profile along
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the export cable. The voltage level was controlled by controlling the reactive power
which is a local phenomenon, hence the voltage level is also a local phenomenon. To
simplify and standardize the modeling process, these shunt reactors were kept equal
in their MVAr size and changed in steps of 5 MVAr until the size of the STATCOM
was minimized. A grid code requirement of cos(φ) = 0.95 states that a third of
the installed active power must be available as reactive support at the PCC. To
take height for the impact of the dynamic studies and thereby give a more accurate
STATCOM rating, the STATCOM size is set to 40% of the installed active power
added to the required STATCOM rating to compensate the export system [44]. The
complete HVAC model in PowerFactory is showcased in Figure 5.6 and a flowchart
behind the dimensioning of the shunt reactors is shown in Figure 5.7.
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Figure 5.6: Complete model of the 700 MW 200 km HVAC transmission system
in PowerFactory.
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Figure 5.7: Flowchart showcasing the dimensioning of FSR.

5.3 LFAC models
The models for the LFAC were based on AC transmission with two different trans-
mission frequencies. The export transmission frequency was 162

3 Hz which is then
converted to 50 Hz by an onshore SFC. Similarly to the HVAC systems, the nominal
voltage level was assumed to be 220 kV for power levels less or equal to 800 MW
as seen in Figure 5.8. For power levels greater than 800 MW, 275 kV were used as
seen in Figure 5.9.

Windfarm Transformer Transformer

Submarine Cable 
PCC~

~

Transformer SFC

Figure 5.8: LFAC model for an installed active power ranging from 300 MW to
800 MW.
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Windfarm Transformer Transformer

Submarine Cable 
PCC~

~

Transformer SFC

Figure 5.9: LFAC model for an installed active power ranging from 800 MW to
1400 MW.

The setup for the LFAC export system was modeled similarly to the HVAC system
with two differences. As the turbines were assumed to be producing at 162

3 Hz,
there was no need for a frequency conversion at the offshore platform. The second
difference compared to the HVAC system was the AC-AC frequency conversion that
takes place at the onshore substation.

Firstly the voltage was stepped up from 66 kV to 220/275 kV through an equivalent
step-up transformer located on the offshore platform. The power was then trans-
mitted over one or multiple parallel copper subsea cables. As the SFC modules are
rated at 24 kV AC, the voltage was first stepped down from 220/275 kV to 24 kV
through a step-down transformer connected to the SFC [44]. As the frequency was
converted by the SFC, the voltage was then stepped up again from 24 kV to 400 kV
before the connection to the PCC. For load-flow calculations, the SFC was modeled
as a BtB converter with the converter towards the PCC controlling the reactive
power exchange to zero, and the converter towards the export cable controlling the
voltage at the onshore 220/275 kV bus to 1 p.u. However, note that the SFC is not
a BtB converter, but it can be modeled as such in load-flow simulations. The losses
of the SFC were set to 1%. The structure of the LFAC system model is seen in
Figure 5.10.

PW
M

 C
on

ve
rte

..

Line
LFAC 220kV ..

220/24 kV ..
220/24kV

Line(1)
LFAC 220kV ..

LF
AC

 2
20

kV
 ..

Li
ne

(1
8)

Line(14)
LFAC 220kV ..

Line(13)
LFAC 220kV ..

Line(12)
LFAC 220kV ..

Line(11)
LFAC 220kV ..

Line(10)
LFAC 220kV ..

Line(9)
LFAC 220kV ..LFAC 220kV ..

Line(8)

LF
AC

 2
20

kV
 ..

Li
ne

(5
)

PW
M

 C
on

ve
rte

..

Line(2)
LFAC 220kV ..

Line(3)
LFAC 220kV ..

Line(4)
LFAC 220kV ..

66/220 kV 700 MW
66/220 kV

Line(19)
LFAC 220kV ..

Line(17)
LFAC 220kV ..

Line(16)
LFAC 220kV ..

Line(15)
LFAC 220kV ..

LF
AC

 2
20

kV
 ..

Li
ne

(7
)

LF
AC

 2
20

kV
 ..

Li
ne

(6
)

PC
C

/P
O

C
 - 

Ex
te

rn
al

 G
rid

24/400 kV 700 MW
24/400 kV

Eq
. W

in
d 

Tu
rb

in
e

O
ns

ho
re

 L
FA

C
 2

20
kV

10
 k

m

15
0 

km

14
0 

km

13
0 

km

12
0 

km

11
0 

km

10
0 

km

90
 k

m

60 km

O
ns

ho
re

 L
FA

C
 2

4k
V

SFC Neg

SFC Pos30
 k

m

40
 k

m

50
 k

m

20
km

O
ffs

ho
re

 2
20

kV

19
0 

km

17
0 

km

16
0 

km

18
0 

km

70 km

80 km

O
ns

ho
re

 4
00

kV

O
ns

ho
re

 2
4k

V

O
ffs

ho
re

 6
6k

V

Grid: Summary Grid

C
reated w

ith D
IgSILEN

T Pow
erFactory Thesis Licence

Figure 5.10: Complete model of the 700 MW 200 km LFAC transmission system
in PowerFactory.

The cables used for LFAC transmissions were the same as for the HVAC case.
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However, there were some differences in the cable ratings. As the transmission
frequency was reduced, more current would flow closer to the center of the conductor
as the skin effect was reduced. In other words, the effective utilized area is increased
which decreases the AC resistance of the cable. Hence, if the same cable is used,
the ampacity rating of the cable will be higher compared to the HVAC case. As the
documentation found for export cables with a transmission frequency of 162

3 Hz was
limited, some estimations had to be computed. The ampacity for 162

3 Hz and 50 Hz
for cables up to 1000 mm2 were compared. As seen in Figure 5.11, it was found that
the average increase in ampacity was roughly 21%. Hence the ampacity for LFAC
with a cross-sectional area greater than 1000 mm2 was estimated by multiplying the
HVAC ampacity by the average increase in ampacity. The cable parameters used
can be found in Table 5.4.
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Figure 5.11: Plot showcasing ampacity estimation for LFAC export cables as a
function of the cross-sectional area.
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Table 5.4: Parameters for LFAC submarine copper cables in moderate climate.
Voltage [kV ] Area [mm2] Ampacity [A] Resistance at 20◦C [W/km] Inductance [mH/km] Capacitance [µF/km]

220 500 890 0.0324 0.43 0.14
220 630 982 0.0270 0.41 0.17
220 800 1069 0.0211 0.41 0.17
220 1000 1145 0.0179 0.39 0.19
220 1200 1283 0.0146 0.38 0.21
220 1400 1349 0.0125 0.37 0.22
220 1600 1404 0.0110 0.36 0.23
220 2000 1483 0.0087 0.35 0.24
275 500 890 0.0324 0.43 0.14
275 630 982 0.0270 0.42 0.16
275 800 1069 0.0211 0.41 0.17
275 1000 1145 0.0179 0.40 0.18
275 1200 1283 0.0146 0.38 0.20
275 1400 1349 0.0125 0.37 0.21
275 1600 1404 0.0110 0.37 0.22
275 2000 1483 0.0087 0.36 0.23
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6
Economic modeling

This chapter presents the CAPEX and OPEX costs associated with each transmis-
sion configuration as well as the economical modeling approach that was performed
in Python.

6.1 HVDC costs
All the costs associated with the HVDC export cables were gathered from [38] and
its costs are showcased in Table 6.1.

Table 6.1: CAPEX and OPEX costs for the HVDC export cables including
burying.

Export cables CAPEX [$/km] OPEX [% of CAPEX] Source
630mm2 ±150 kV 363 250 2.50 [38][47]
1000mm2 ±150 kV 431 000 2.50 [38][47]
1600mm2 ±150 kV 541 500 2.50 [38][47]
630mm2 ±320 kV 533 750 2.50 [38][47]
800mm2 ±320 kV 565 000 2.50 [38][47]
1000mm2 ±320 kV 601 500 2.50 [38][47]
1200mm2 ±320 kV 638 500 2.50 [38][47]
1400mm2 ±320 kV 644 525 2.50 [38][47]
1600mm2 ±320 kV 712 000 2.50 [38][47]
2000mm2 ±320 kV 785 500 2.50 [38][47]
2200mm2 ±320 kV 823 850 2.50 [38][47]
2400mm2 ±320 kV 859 100 2.50 [38][47]

The simulation contains cables rated for a voltage of ±150 kV and ±320 kV, which
differ in cost due to a difference in the required insulation rating. The OPEX costs
were estimated as a percentage of the CAPEX in accordance with the ten-year net-
work development plan developed by ENTSO-E [47]. It is important to note that
the HVDC transmission system was modeled as a symmetric monopole and these
costs are given per km of cable. This means that these costs must be multiplied by
a factor of two since this configuration has two export cables, one for each DC pole.

The CAPEX cost for the HVDC converter is expressed per installed MW and was
gathered from the cost set data 2 in [47], which is an average cost developed by
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6. Economic modeling

the German TSO TenneT and the European TSO ENTSO-E. Costs for the HVDC
platform were estimated from [48] where the cost for the topside and jacket are
specified depending on the installed active power. These costs were averaged in
order to linearize the cost of the platform per installed megawatt. Costs for the
transformers were gathered from [49], which is a network development plan for
offshore wind approved by BNetzA. The cost for the transformer was then averaged
in order to provide a generic cost for the transformers. The OPEX costs were
estimated as a percentage of the CAPEX cost in accordance with [50], and their
costs are specified in Table 6.2.

Table 6.2: CAPEX and OPEX cost for the HVDC transmission system.

Component CAPEX [$/MW] OPEX [% of CAPEX] Source
OSS Converter 299 750 2 [47][50]

Transformer 19 620 0.15 [49][50]
Platform 484 290 2 [48][50]

OnSS Converter 299 750 0.7 [47][50]

6.2 HVAC costs
Costs associated with the HVAC export cables were gathered from [38] and are given
per km. It is important to note these costs have to be multiplied by the number of
parallel cables if parallel cables are needed to transmit the active power. OPEX of
the cables was estimated as a percentage of the CAPEX in line with the ten-year
network development plan for offshore wind developed by ENTSO-E [47]. The cost
associated with the HVAC can be found in Table 6.3.

Table 6.3: CAPEX and OPEX costs for the HVAC export cables including
burying.

Export cables CAPEX [$/km] OPEX [% of CAPEX] Source
500mm2 220/275kV 1 035 050 2.50 [38][47]
630mm2 220/275kV 1 079 500 2.50 [38][47]
800mm2 220/275kV 1 274 000 2.50 [38][47]
1000mm2 220/275kV 1 437 000 2.50 [38][47]
1200mm2 220/275kV 1 600 000 2.50 [38][47]
1400mm2 220/275kV 1 763 000 2.50 [38][47]
1600mm2 220/275kV 1 926 000 2.50 [38][47]
2000mm2 220/275kV 2 251 000 2.50 [38][47]

Costs associated with the offshore platform were gathered from [24] and it includes
switchgear, lightning protection, facilities, and the steel structure. Shunt reactors
had to be implemented offshore at a certain distance which requires space on the
offshore platform. The cost of the platform was then increased by the required
MVAr of the shunt reactors in order to account for the required space needed on

52
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the platform. The cost for the onshore substation was collected from [24], which
includes buildings, access, security, and monitoring systems. Numerous electrical
components were similar in specification to the offshore substation but constraints
such as weight and space are not as critical onshore. The cost of the STATCOM,
the onshore shunt reactor, and the transformer was then added to the total cost of
the onshore substation since space and weight are not as essential onshore. OPEX
for the HVAC components was collected from [50] and is given as a percentage of
CAPEX. Costs for the components associated with the HVAC configuration are
showcased in Table 6.4.

Table 6.4: CAPEX and OPEX cost for the HVAC transmission system.

Component CAPEX [$/MW] OPEX [% of CAPEX] Source
Platform 203 200 2 [24][50]

Midpoint Platform 203 200 2 [47][50]
Transformer 19 620 0.15 [49][50]
SR Offshore 28 340 0.15 [49][50]
SR Midpoint 28 340 0.15 [49][50]
SR Onshore 28 340 0.15 [49][50]
STATCOM 125 760 0.7 [51][50]

OnSS 38 100 0.7 [24][50]

6.3 LFAC costs
As costs for low-frequency components for high-power applications were not widely
available, some estimations had to be made. Firstly, since the same cables were
assumed to be used for LFAC and HVAC respectively, the costs are equal as well.
Then the per unit cost of the SFC was assumed to be the same as that of an onshore
VSC-HVDC converter. The size of the low-frequency transformer increases with a
decreased frequency, which increases the materials used and subsequently the total
cost. Based on the transformer materials percentage costs of the transformer’s total
cost, the cost of materials that depends on the frequency can be re-scaled such that
the cost is adapted to the desired frequency. A transformer materials percentage
cost of the transformer total cost is presented in Table 6.5.

Table 6.5: A transformer materials percentage cost of the total transformer cost
[52].

Material Percentage of total cost [%]
Carbon steel 16.4

Fabricated parts 15
Insulation 14.1

Magnetic steel 32.5
Windings 22

As the costs are known, the cost of a transformer for a given frequency can be
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estimated as in Equation (6.1)

CT r =
0.325fr + 0.22fr + 0.164 3

√
f 2

r

0.325 + 0.22 + 0.164 · CT r50Hz = 2.7872 · CT r50Hz (6.1)

where CT r is the cost of the transformer with the new frequency, CT r50Hz is the cost
of a 50 Hz transformer, and fr is the ratio between 50 Hz and the desired frequency,
fr = fnominal

fnew
. The equation essentially computes a ratio between the 50 Hz trans-

former and the transformer for the new frequency. Therefore if 162
3 Hz is analyzed,

the cost of the transformer is 2.7872 times the 50 Hz transformer [52].

The same procedure can then be applied to the cost of the offshore platform. From
[52], the weight of the transformer is assumed to be two-thirds of the capacity of the
platform. Then the cost of the offshore platform can be estimated as in Equation
(6.2)

CSS = 2530 + 88.7Prated

(1
3 + 2

3fr

)
(6.2)

where CSS is the cost of the LFAC platform in k€, and Prated is the installed active
power.

To estimate the cost ratio between the LFAC platform and the HVAC platform,
Equation (6.3) was used. In the equation, the platform cost in $ for each power
level is calculated for both HVAC and LFAC and thereafter normalized with the
installed active power such that a cost per MVA price is obtained. Then the average
cost per MVA is averaged such that the average cost per MVA for all power levels
is obtained. Lastly, the cost per MVA ratio between LFAC and HVAC is calculated

Platform cost ratio = LFAC
HVAC =

12∑
i=1

(
2530 + 88.7Prated(i)(1

3 + 2
3fr)

)
· Ce→$

Prated(i)
12

12∑
i=1

(
2530 + 88.7Prated(i)(1

3 + 2
3fr,50Hz)

)
· Ce→$

Prated(i)
12

→ Platform cost ratio = 2.28 (6.3)

where Ce→$ is the conversion rate from e to $, and Prated(i) is the installed active
power which is equal to i · 100 + 200 MW. As the transformer and platform cost
ratios were determined, the rest of the costs were gathered. CAPEX and OPEX for
the LFAC components are presented in Table 6.6.
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Table 6.6: CAPEX and OPEX cost for the LFAC transmission system.

Component CAPEX [$/MW] OPEX [% of CAPEX] Source
SFC 299 750 0.7 [50]

Transformer 16 2/3 Hz 54 685 0.15 [50]
Transformer 50 Hz 19 620 0.15 [50]

Platform 463 296 2 [50]
Substation 38 100 1.5 [50]

6.4 Economic modeling in Python
The total system losses from the load-flow analysis were used as input for the eco-
nomic analysis and the ratings were used as input for the evaluation of CAPEX and
OPEX. As the required data was gathered into two separate Excel files, the data
was converted into CSV files for data processing. As Figure 6.1 indicates, a python
jupyter notebook was used for the economic modeling. Firstly the CSV files con-
taining electrical data and cost data were imported and converted into data frames.
As the files were imported, the electrical data were matched with its correspond-
ing costs such that the capital expenditures of the system could be retrieved. This
part of the code also distributes the corresponding OPEX related to the electrical
system and installation. As the expenditures were determined, the LCOE could be
calculated for each configuration. For all cases, the life span was assumed to be
27 years, 100% availability, and the bond rate was set to 6% [24]. The LCOE was
calculated in a for-loop where the annual energy produced is based on the installed
active power and the losses from the electrical data. Estimation of the capacity
factor was determined from historical data gathered from various countries around
the world, the capacity factor averages between 39-43 % according to historical data
[53]. A capacity factor of 40% was selected when determining the LCOE for each
configuration.

Electrical
data from

PowerFactory

Cost
tables

Import CSV files
to a Python
notebook

Apply cost tables to
the electrical data

Output tables
and plots

Figure 6.1: Principles of economic modeling in Python.

The initial resolution of the data was 12 power levels and 10 distances, every 100
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6. Economic modeling

MW and 20 km, resulting in 120 data points. To increase the resolution, and thereby
be able to present a more accurate break-even point between the topologies, three-
dimensional interpolation was implemented between neighboring data points. The
new data frame contained data for every 10 MW and every other km. Hence the
increased resolution based on the actual 120 data points became 111 power levels
and 91 distances, resulting in 10101 data points.
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7
Electrical results

This chapter presents the electrical findings from the dimensioning and the per-
formed load-flow studies.

7.1 HVDC
Results from the load-flow simulations are showcased in Figure 7.1 where Figure
7.1a shows the losses in MW and Figure 7.1b shows the losses as a percentage of
the installed active power.
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Figure 7.1: Plots presenting active power losses vs. distance for each power level
for HVDC.

The required size of the cable was dependent on the current flowing through each
DC pole. Due to DC transmission, the magnitude of the current almost remains
the same as no charging currents are present. Thus, the losses increase linearly
with the distance for each power level respectively, as the cable resistance increases
proportionally with the distance. This means that the same cross-sectional area of
the cable can be used for all distances for each studied power level. The dashed lines
in Figure 7.1 show the 300 MW, 400 MW, and 500 MW cases. The derivative for
these three cases is vastly greater compared to the other cases. This is because the
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7. Electrical results

transmission voltage is ±150 kV while the other ones had a transmission voltage of
±320 kV. A lower transmission voltage results in a greater current and the losses
are proportional to the current squared.

7.2 HVAC
The electrical results from the power system modeling of the HVAC export system
will be presented in this section.

7.2.1 Losses
In Figure 7.2a the losses of the HVAC system are presented in MW, and in Figure
7.2b the losses are normalized by the installed active power.
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Figure 7.2: Plots presenting active power losses vs. distance for each power level
for HVAC.

As seen in Figure 7.2, as the distance increased the active power losses increased with
the distance because the resistance of the cable increases with increased distance.
The reason for the non-linear behavior is mainly related to the area and number
of parallel export cables used. This is observed in the loss difference for 1400 MW
between 140 km and 160 km. For 140 km there are four parallel cables with a
cross-sectional area of 1200 mm2, and for 160 km there are four parallel cables with
a cross-sectional area of 2000 mm2. In that case, the reduction of resistance due
to the increased cross-sectional area is greater than the resistance added for the 20
additional km. Hence the losses are slightly reduced in this case. Also, the charging
currents flowing through the cable contribute to active power losses. The first type
of loss related to the charging currents was power factor and voltage correction. As
the charging currents increased, the need for reactive power compensation increased
which resulted in increased losses since the losses of the shunt reactors can be in the
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MW range. Secondly, as the charging currents increase, the higher the active power
losses become due to an increase in the apparent current flow through the cable.

7.2.2 Reactive power compensation
The total shunt reactor sizes required to minimize the STATCOM and maintain
voltage levels across the cable within limits are presented in Figure 7.3. The dotted
lines represent configurations with a nominal export system voltage of 220 kV, and
the solid lines represent configurations with a nominal system voltage of 275 kV.
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Figure 7.3: Combined shunt reactor size vs. distance.

Figure 7.3a presents the sum of Qshunt, and Figure 7.3b presents the sum of Qshunt

in MVAr normalized with respect to the installed active power of the wind farm. As
seen in the figure, for certain distances, the required installed shunt reactor capacity
was upwards of 400 % of the installed active power. However, at distances below
80 - 100 km for 275 kV systems, the required installed shunt reactor capacity was
below 100 % of the installed active power. For 220 kV, the distance at which the
installed shunt reactor capacity was below 100 % was roughly 100 - 120 km. As the
charging current in the cable is equal to the voltage multiplied by the admittance,
the reactive power generated is equal to the admittance multiplied by the voltage
squared. Therefore, an increased voltage leads to an increased need for compen-
sation if the same cable is considered. This can also be seen in Figure 7.3 as the
derivative of the 275 kV cases was slightly higher than compared to 220 kV. At 100
and 180 km, some outliers can be observed. At these points, the required size of
the FSRs increased more than expected. This can be explained by the method used
for the placement of the FSRs. For 100 km, the voltage limit was not violated for
all models. Therefore, if the voltage level was not violated, only onshore reactive
power compensation was installed. Otherwise, onshore and offshore compensation
was installed.
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In Figure 7.4, the size of the shunt reactor used at each location is presented for the
minimum and maximum power levels.
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Figure 7.4: Shunt reactor size distribution vs distance. P is the installed active
power of the wind farm.

The results for all power levels can be found in Appendix A. From the figures, two
points of interest can be found. The first point of interest is at 80 - 100 km. For
export cables longer than 80 - 100 km, an onshore shunt reactor was not enough to
maintain the voltage within its defined limits. Therefore, for export cables longer
than 80 - 100 km, an offshore shunt reactor is needed. The next point of interest is
located at 180 km. After 180 km, the voltage along the cable could not be main-
tained using only onshore and offshore compensation. Therefore, for cable lengths
exceeding 180 km, midpoint compensation is required to maintain the voltage profile
within its set limits.

7.2.3 Voltage profile and loading level
As seen in Figure 7.5, the voltage profile and the loading were highly dependent on
the placement of the shunt reactors. The placement of the shunt reactor was crucial
since a reactive current will be drawn at the point of its connection which affects
the voltage at that point’s vicinity.
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(b) 120 km: Onshore and offshore FSR.
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(c) 180 km: Onshore and offshore FSR.
white text to align plots
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Figure 7.5: Voltage profile and loading level dependency on distance and
placement of SR for the 1400 MW case. Dotted lines correspond to full production

and solid lines correspond to zero production.

In Figure 7.5a the voltage and loading profile can be seen for a connection with a 100
km long export cable. By studying the no-production loading curve, it can be seen
that the cable is only compensated by an onshore shunt reactor and a STATCOM
due to the loading levels linear decrease from the onshore connection which would
also be the case if compensation was not implemented. The reason for the decreased
loading level along the cable is that the supplied inductive current is canceled more
and more along the cable due to its capacitive nature. During full production, the
loading was slightly increased along the cable, mainly towards its endpoint. This
can be explained by the presence of the generated active power that flows through
the cable. The behavior of the voltage profile along the cable is in that case the
opposite of the loading, especially during no production. The reason is that the
Ferranti effect becomes present. During no production and with the cable still en-
ergized, capacitive currents are produced. Therefore, the voltage of the capacitive
effect is added to the onshore voltage.
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In Figure 7.5b, the voltage and loading profile can be seen for a connection with
a 120 km long export cable. For no-production conditions, it is observed that the
loading reaches a minimum roughly towards the middle of the cable. This phe-
nomenon can be explained due to the installation of offshore reactors, which was
necessary to maintain the voltage profile within limits. As expected, both onshore
and offshore reactors absorb the capacitive reactive power generated by the cable,
which is why the maximum loading occurs at the endpoints of the cable. Due to
the reduced apparent current close to the onshore bus compared to the case at 100
km with only an onshore FSR, the number of parallel cables and the cross-sectional
area could be reduced. A direct impact of the placement of the shunt reactors was
the magnitude of the voltage. Along the cable, the voltage could be kept close to 1
p.u, especially at the endpoints.

In Figures 7.5c and 7.5d, the distance of the export cable is 180 km and 200 km
respectively. Since mid-compensation is not used for the 180 km case, the profile is
similar to that of the 120 km case. For 200 km, the voltage could not be maintained
with only onshore and offshore reactors, hence mid-compensation was installed. As
seen in Figure 7.5d, the loading reached its local maximum at the point where the
shunt reactors were installed due to the reactive currents. Vice versa, the voltage
reached its local minimum at the location of the shunt reactors. The implementa-
tion of mid-compensation in this case allowed for an increase of the transmittable
distance. At the same time, the number of parallel cables and their cross-sectional
area could be reduced without any limits being violated compared to the 180 km
case.

7.3 LFAC
Figure 7.6 presents the results computed from the load-flow computations. Figure
7.6a presents the total active power losses and Figure 7.6b presents the losses normal-
ized by the installed active power as a percentage value. As seen in the figures, the
losses increase linearly as the distance is increased. This is related to that reactive
power compensation by shunt reactors was not required to keep the voltage within
its limits. Hence, as the distance was increased, and the same cross-sectional area
of the export cable was kept, the only added impedance was that of the increased
cable length. Therefore the losses increased linearly as the distance increased. A
difference in the derivative of the losses between the different power levels can be
seen in Figure 7.6b. It was related to that for power levels over 800 MW, where
the transmission voltage was increased to 275 kV. As the voltage was increased, the
current decreased which led to a reduced derivative of the active power losses since
it scales with the current squared.
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Figure 7.6: Plots presenting active power losses vs. distance for each power level
for LFAC.

For LFAC, the charging current could drastically be reduced due to the reduced
transmission frequency. As previously mentioned, there was not any need for shunt
reactors. However, since the SFC controls the voltage level of the onshore high
voltage bus to 1 p.u, it did provide reactive support. Therefore the loading and
voltage profile of the LFAC configurations behave similarly to the HVAC case with
just onshore shunt reactors. By studying the loading in Figure 7.7, it can be seen
that when the wind farm is not producing any active power, the charging currents
were greatly reduced compared to the similar HVAC case. Therefore, the voltage
increase along the cable at no production is not as noticeable due to the reduced
charging current.
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8
Economic results

This chapter presents the performed CAPEX and LCOE analysis to determine the
break-even distance between the export system topologies. This chapter lastly
presents a sensitivity analysis of the cost of the SFC for the LFAC system and
how that affects the break-even point.

8.1 CAPEX analysis
Firstly the investment costs of the systems were evaluated. The costs for the cor-
responding components and their sizes were applied to each system in the Python
script. Figure 8.1 presents the CAPEX for each configuration with 300, 800, and
1400 MW of installed active power.

(a) Plot presenting the
CAPEX for 300 MW
installed active power.

(b) Plot presenting the
CAPEX for 800 MW
installed active power.

(c) Plot presenting the
CAPEX for 1400 MW
installed active power.

Figure 8.1: Plots presenting CAPEX vs. distance for 300, 800, 1400 MW of
installed active power.

As seen in the plots, HVAC has by far the lowest cost for short distances while
HVDC is the most expensive, and LFAC is somewhere in between. This was ex-
pected since the converters dominate the cost at shorter distances. As the distance
increases, the charging current, and thereby the required compensation for HVAC
mainly drives up the required number of parallel cables and their cross-sectional
area. Subsequently, this results in an exponential growth of the cost as well.

For some HVAC systems, offshore shunt compensation was not required until 120 km
resulting in a local maximum of the CAPEX which is not the cheapest alternative
due to the choice of methodology. If offshore compensation were to be introduced at

65



8. Economic results

100 km instead, the number of parallel cables could be reduced resulting in a lower
cost even though offshore compensation is added. Hence the cost for these configura-
tions must be in between the cost at 80 km where offshore fixed shunt reactors were
not used, and 120 km where offshore compensation was used. Therefore the cost at
100 km if offshore compensation was implemented was estimated by interpolating
between 80 and 120 km. An example of the performed interpolation can be seen in
Figure 8.2. All the plots presenting the CAPEX analysis can be found in Appendix
B.

Figure 8.2: Plot presenting the performed interpolation between 80 - 120 km for
some HVAC configurations.

As the CAPEX was calculated for all the configurations, the break-even point based
on CAPEX was determined. Figures 8.3 and 8.4 presents the export system with the
lowest cost based on power level and distance where each color represents an export
system topology. Figure 8.3 presents the CAPEX analysis without interpolation,
and Figure 8.4 presents the CAPEX analysis where some power levels for HVAC
has been interpolated between 80 - 100 km.
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Figure 8.3: Area chart presenting the cheapest export system based on CAPEX.

Figure 8.4: Area chart presenting the cheapest export system based on CAPEX
with the HVAC cost interpolated at 100 km for some configurations.

8.1.1 Increased resolution of the CAPEX break-even dis-
tance

As seen in Figure 8.3 and Figure 8.4, the resolution of the plot is equal to the
number of models per configuration. The nominal resolution for 12 power levels
and 10 distances is therefore 120 points. To increase the accuracy of the break-
even distance, interpolation in three dimensions was performed. The CAPEX was
interpolated with respect to both distance and power level to increase the resolution
for each topology from 120 points to 10101 points. The increased resolution results
in the possibility of finding the break-even distance for every tenth MW of every
other km. An area chart with the increased resolution presenting the cheapest option
based on CAPEX for a given distance and power level can be found in Figure 8.5.
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Figure 8.5: Area chart presenting the cheapest export system based on CAPEX
with increased resolution.

8.2 LCOE analysis
As the CAPEX analysis was completed, the LCOE analysis could be performed.
The results of the LCOE analysis were based on CAPEX and OPEX where some
HVAC configurations were interpolated at 100 km. The LCOE analysis considers a
discount rate of 6% and an economic lifetime of 27 years. Figure 8.6 presents the
results of the LCOE analysis. All the plots presenting the LCOE analysis for every
100 MW can be found in Appendix C.

(a) Plot presenting the
LCOE for 300 MW

installed active power.

(b) Plot presenting the
LCOE for 800 MW

installed active power.

(c) Plot presenting the
LCOE for 1400 MW

installed active power.

Figure 8.6: Plots presenting LCOE vs. distance for 300, 800, 1400 MW of
installed active power.

Then the break-even distance-based LCOE could be determined. The area chart in
Figure 8.7 presents the configuration with the lowest LCOE for a given power level
and distance where each color represents an export system.
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Figure 8.7: Area chart presenting the cheapest export system based on LCOE.

8.2.1 Increased resolution of the LCOE break-even distance
The resolution of the LCOE analysis was also increased based on three-dimensional
interpolation. The difference compared to the CAPEX interpolation is that the
losses and the OPEX were interpolated as well such that they could be integrated
into the LCOE analysis. An area chart presenting the cheapest option for a given
distance and power level can be found in Figure 8.8. In this case, the resolution was
also increased from 120 to 10 101 data points.

Figure 8.8: Area chart presenting the cheapest export system based on LCOE
with increased resolution.
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8.3 Sensitivity analysis on the cost of the SFC
As the SFC is not widely used among high-power applications, the cost of the SFC
was highly uncertain. In previous sections, the nominal cost per MVA of the SFC
was assumed to be equal to a single VSC-HVDC converter. However, this section
presents the results of a sensitivity analysis performed on the cost of the SFC, which
was varied between -25% to +15%. For each case, the CAPEX and the LCOE anal-
ysis area charts are presented.

In Figures 8.9 and 8.10 the cost of the SFC was decreased by 5 % from its nominal
cost. The figures present the CAPEX and the LOCE analysis respectively.

Figure 8.9: Area chart presenting the cheapest export system based on CAPEX
with the SFC cost reduced by 5%.
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Figure 8.10: Area chart presenting the cheapest export system based on LCOE
with the SFC cost reduced by 5%.

In Figures 8.11 and 8.12 the cost of the SFC was decreased by 15 % from its nominal
cost. The figures present the CAPEX and the LOCE analysis respectively.

Figure 8.11: Area chart presenting the cheapest export system based on CAPEX
with the SFC cost reduced by 15%.
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Figure 8.12: Area chart presenting the cheapest export system based on LCOE
with the SFC cost reduced by 15%.

In Figures 8.13 and 8.14 the cost of the SFC was decreased by 25 % from its nominal
cost. The figures present the CAPEX and the LOCE analysis respectively.

Figure 8.13: Area chart presenting the cheapest export system based on CAPEX
with the SFC cost reduced by 25%.
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Figure 8.14: Area chart presenting the cheapest export system based on LCOE
with the SFC cost reduced by 25%.

In Figures 8.15 and 8.16 the cost of the SFC was increased by 5 % from its nominal
cost. The figures present the CAPEX and the LOCE analysis respectively.

Figure 8.15: Area chart presenting the cheapest export system based on CAPEX
with the SFC cost increased by 5%.
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Figure 8.16: Area chart presenting the cheapest export system based on LCOE
with the SFC cost increased by 5%.

In Figures 8.17 and 8.18 the cost of the SFC was increased by 15 % from its nominal
cost. The figures present the CAPEX and the LCOE analysis respectively.

Figure 8.17: Area chart presenting the cheapest export system based on CAPEX
with the SFC cost increased by 15%.
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Figure 8.18: Area chart presenting the cheapest export system based on LCOE
with the SFC cost increased by 15%.
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9
Discussion

This chapter presents a discussion of the results, mainly related to the techno-
economic break-even point.

9.1 CAPEX analysis
From the performed CAPEX analysis, it can be seen that the CAPEX break-even
distance between HVAC and HVDC lies between 140 - 160 km depending on the
power level. As the power level increases, the break-even distance decreases. This
is to be expected since the major cost at longer distances and power levels is the
cost of the export cables. As the power level and distance increases for HVAC, the
required number of parallel cables and their cross-sectional area increases drastically
due to the charging currents resulting in an exponential growth of the CAPEX for
HVAC while the CAPEX for HVDC increases linearly.

For LFAC, the CAPEX business case is relatively small. The break-even distance
is confined to low-power, long-distance applications. What enabled LFAC to win at
low-power, long-distance applications were mainly related to that a single converter
was used instead of two in the case of HVDC. As the power level increased, the cost
of cables became the major driving force. It could be seen that the break-even point
between LFAC and HVDC lies around 500 MW. As the export system voltage of
the HVDC is increased from ±150 kV to ±320 kV above 500 MW, it results in even
smaller cables for HVDC while the LFAC system keeps the export system voltage at
220 kV resulting in an increased size of the export cables. The break-even distance
for LFAC compared to HVAC was 160 km. Since the CAPEX of both LFAC and
HVDC increases linearly, but with different derivatives, LFAC just replaces some of
the HVDC business cases for the low-power applications.

9.2 LCOE analysis
By studying LCOE instead, a fairer comparison between the export system topolo-
gies is achieved. The reason is that LCOE covers the expenditures attached to each
topology throughout its lifetime. The LCOE also covers the lost revenue due to
losses, and the OPEX of each system. The output of the LCOE analysis is to de-
termine the minimum electricity price over the lifetime at which the energy must be
sold at for the configurations to be profitable. By comparing HVAC and HVDC, a
steady decline in the break-even distance can be seen as the power level increases
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and the break-even point can be found at around 140 - 160 km. The reason was
that as power level and distance increased, the cables became the driving force of
the cost. In the LCOE analysis, the losses and the OPEX were taken into consid-
eration resulting in a slightly decreased break-even distance for LCOE compared to
the CAPEX analysis.

By comparing the break-even distance of LFAC to HVDC, it could be seen that the
economic range of LFAC was slightly increased in the direction of power level. As the
difference in losses was small, it was most likely related to the OPEX. LFAC has an
additional transformer but one less converter, hence the difference in OPEX of the
additional converter gave LFAC a slightly greater economic range compared to the
CAPEX analysis. The break-even point between LFAC and HVAC was relatively
unchanged compared to the CAPEX analysis.

9.3 Sensitivity analysis

A sensitivity analysis was performed on the cost of the SFC to sbserve how the
economic range of LFAC changed. Since the CAPEX was reduced, the sensitivity
analysis could also be seen as a sensitivity analysis of any component of the LFAC
system. However, in that case, with the fixed OPEX percentage of the SFC for the
LCOE analysis.

From the sensitivity analysis, it could be seen that when the cost of the SFC was
reduced, the break-even distance between LFAC and HVAC barely changed at all.
The reason is the HVAC’s exponential behavior. A slight decrease in cost did not
drastically affect the break-even distance between LFAC and HVAC.

By instead comparing the break-even point between LFAC and HVDC, it could be
seen that the variation in cost had a greater impact on the break-even point. For the
decrease in cost, two things occurred. Firstly, the break-even point in the direction
of power was relatively stable at 500 - 600 MW. This was related to the shift in volt-
age of the HVDC system which resulted in lower currents and thereby smaller and
fewer cables. Secondly, the break-even distance in the distance direction increased
due to the decreased non-distance dependent cost.

When the cost of the SFC was increased, the economic range of LFAC disappeared.
The reason was that the break-even point between LFAC and HVDC occurred before
any of them had intersected with the lower HVAC cost. Since the lowest studied
power level was 300 MW, and the longest studied distance was 200 km, business
cases most likely still exist below 300 MW, especially for low-power, long-distance
applications.
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9.4 Consideration of lost revenue until the project
is operational

It should also be mentioned that the lead time, the time from decision to an installed
system, is longer for HVDC compared to HVAC. An HVAC system will be able to
generate revenue and start to cover the investment faster than HVDC. Therefore
the lost revenue will also play a role in the decision of what export system to use. It
might also affect the financing of the projects since the investors will start to see a
return on the investment earlier in time for HVAC compared to HVDC which might
decrease the uncertainties of the investment.

9.5 Validation of LCOE analysis by comparison
to real-world projects

Since LCOE was determined as the best KPI to identify the techno-economic break-
even point between the export systems, a comparison could be made to the already
installed projects offshore wind farms and projects under construction to verify the
results from the LCOE analysis. From previous chapters, Figure 3.6 presents in-
stalled and wind farms under construction, and Figure 8.8 presents the results from
the LCOE analysis. These figures were combined such that the break-even point
from this study can be compared to real-world projects as seen in Figure 9.1.
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Figure 9.1: Plot comparing real world projects against the HVAC/HVDC
break-even point from the LCOE analysis.
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From the real-world projects, the plot indicated that the break-even distance be-
tween HVAC and HVDC seemed to lie at roughly 130 - 150 km if the outlier,
HelWin2, was excluded. Then from the LCOE analysis, the indicated break-even
point lay between 140 - 160 km depending on the power level. Since the simulated
values were in agreement with the real-world parameters, the analysis could be seen
as validated. However, it should be mentioned that for the real-world data other
parameters play a role as well. The first is that the cost set of the projects might
have changed since their commissioning which could affect the choice of the export
system. Another parameter is the grid onshore where the strength of the onshore
grid in the connection points might affect the choice of topology. Another parameter
is politics which might prefer certain topologies by lobbying and subsidies. But, in
conclusion, the LCOE analysis agrees with the real-world projects, and the model
was therefore considered validated.
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In summary, three export system topologies have been evaluated for offshore wind
applications. Firstly 120 models for each topology were implemented and dimen-
sioned in PowerFactory such that the considered grid codes were fulfilled. Load-flow
studies were performed for distances ranging from 0 to 200 km, and the installed
active power of the wind farm was varied from 300 to 1400 MW. As the electrical
results were validated, the electrical data was imported into Python so that the
economic evaluation could be performed. Firstly the techno-economic evaluation
consisted of a CAPEX analysis. Then an LCOE analysis was performed to signify
what export system topology is favorable at what distance, and power level.

The results showed that HVAC was the preferred topology for offshore wind when
the distance from shore is shorter, with the break-even distance ranging from 0 to
160 km. As the installed capacity increased, the economic range for HVAC decreased
to roughly 140 km mainly due to the immense cost of HVAC cables and the required
size of reactive power compensation.

The LCOE analysis also concluded that HVDC was the preferred topology for long-
distance transmission, and the break-even distance between HVDC and HVAC was
roughly 140 - 160 km depending on the installed capacity. The break-even distance
was mainly related to the investment cost for an HVDC transmission system, as it
required a large platform and two HVDC converters which resulted in a large initial
investment cost. As the cost of the export cables was considerably lower compared
to HVAC, the exponential CAPEX behavior of the HVAC system intersects with
the HVDC CAPEX due to the high CAPEX of the HVAC cables.

Furthermore, LFAC was found to be the preferred solution for a smaller wind farm
located far from shore. LFAC had the same break-even distance as HVDC for lower
installed active power capacities up to 500 MW compared to HVAC. Hence the dis-
tance break-even point was found to be located at a transmission distance of roughly
160 km. The other break-even point for LFAC, the installed capacity break-even
point, was observed between 400 to 500 MW compared to HVDC. The reason that
LFAC is suitable from an economic perspective at low power and long-distance was
mainly related to the lower CAPEX compared to HVDC. Since the derivative of the
LFACs LCOE is higher than the derivative of HVDC, for low power levels, the LFAC
curve intersects with HVAC before it intersects with HVDC. When the transmission
voltage for HVDC was increased from ±150 kV to ±320 kV above 500 MW, the size
of the HVDC cables could be reduced such that the HVDC curve was the first one
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to intersect with the HVAC curve.

The sensitivity analysis concluded that a decreased cost of the SFC barely affected
the break-even distance between LFAC and HVAC. However, a decreased cost does
affect the relationship between LFAC and HVDC. As the cost was reduced, LFAC
gained in the medium to long-distance segment for all power levels while remaining
the technology of choice for low-power, long-distance applications. Then, as the
cost was increased, the business case for LFAC vanished more and more as HVDC
became the cheaper solution.

In reality, the break-even point depends on several parameters that vary between
wind farm projects such as water depth, subsidies, politics, and more. This study has
showcased a general trend as to which configuration is the most suitable given a cer-
tain power level and transmission distance, while in reality, it differs due to different
circumstances from project to project. This study has investigated techno-economic
parameters when it comes to the construction of an export system for a wind farm.
The economic parameters consisted of investment and maintenance costs associated
with the wind farm. However, parameters such as lead time, and availability were
not considered when the economic analysis was performed. Additionally, the lost
revenue due to the long lead time for components was not considered which in turn
might affect the funding of the project. Nonetheless, as the discussion indicated,
when the LCOE analysis performed in this study was compared to the real-world
projects, the outcomes were similar which increases the trustworthiness of the LCOE
analysis results.

In conclusion, for all distances below 140 to 160 km, HVAC is the given topology.
For distances over 140 to 160 km and power levels over 500 MW, HVDC i the given
topology. For the remaining low-power, long-distance applications, LFAC has an
edge.

10.1 Future work
This thesis has investigated three different transmission configurations for offshore
wind which is a hot topic at this moment in time. Hence, plenty of further research
can be investigated following this thesis. This section presents suggestions for future
work following this thesis.

10.1.1 Improvements of this study
Firstly, this study has only concluded load-flow analysis. As there are a lot more
grid code requirements to fulfill, dynamic studies have to be performed to determine
the final dimensioning of components. Therefore this study gives an indication of
the dimensioning, but not the final design. Secondly, some optimization can be
performed. In this study components were dimensioned after the voltage limits,
therefore one way to minimize the shunt reactors needed could be to reduce the
voltage setpoint of the WTGs such that the voltage limits are not violated. The
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relation between shunt reactors and cables could also be further studied to optimize
the cost of the system. Lastly, since the rating of the SFC modules is relatively low,
a BtB solution might be more viable for the LFAC system at higher power levels.

10.1.2 Integration of intermittent power by utilizing the E-
STATCOM

In this study, the external grid has been assumed as infinitely strong, and the power
output from the turbines was constant. However, that is not the case for real-
world applications, therefore the E-STATCOM has been proposed as a solution to
the problem. Since the injected active power at the PCC varies over time due to
changes in wind speed, an E-STATCOM can either absorb or inject active power
during excess- or deficit energy production respectively. The E-STATCOM will
then calculate a setpoint for the active power, and if the injected active power at
the PCC is too high, the E-STATCOM will charge its storage. If the injected active
power at the PCC is below its setpoint, the E-STATCOM will inject active power.
The result at the PCC is a constant, non-fluctuating injected active power by the
offshore wind farm since the E-STATCOM can regulate the injected active power
while still regulating the reactive power. The E-STATCOM has been proposed as a
well-performing solution to integrate intermittent power plants into weak grids. The
E-STATCOM improved low-voltage ride-through performance, power smoothening
of the injected power to the PCC, frequency support, balancing of currents and
voltages at the PCC, and harmonic performance. Therefore, to fulfill grid code
requirements, the E-STATCOM is a viable option to be able to integrate intermittent
power plants to the transmission grid [40], [54].

10.1.3 All DC export systems
In this report, the turbines were assumed to provide AC to the inter-array cables, but
other solutions have also been suggested. One suggestion is an MVDC/HVDC grid.
In this solution, there is firstly an AC/DC converter in the wind turbine and then a
DC/DC converter to step up the DC voltage to a medium voltage for the collector
grid. The MVDC collector grid is then routed to an offshore platform where the
MVDC is stepped up to HVDC via a DC/DC converter. Another proposed solution
is an all-MVDC grid. As in the previous solution, the collector grid operates at
MVDC. The collector grid is then routed to an offshore substation that collects the
power from all turbines which is then sent through an MVDC export cable from the
offshore substation to the onshore substation [50].
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A
Appendix 1

Figures A.1, A.2, and A.3 presents the size distribution of the shunt reactors for all
studied power levels and distances of the HVAC system. The blue curve is the size
of the onshore shunt reactor, the dotted red line is the size of the offshore shunt
reactor, and the yellow line is the size of the midpoint shunt reactor.
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(a) P = 300 MW.
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(b) P = 400 MW.
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(c) P = 500 MW.
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(d) P = 600 MW.

Figure A.1: Shunt reactor size distribution vs distance. P is the installed active
power of the wind farm.
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(a) P = 700 MW.
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(b) P = 800 MW.
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(c) P = 900 MW.
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(d) P = 1000 MW.
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(e) P = 1100 MW.
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(f) P = 1200 MW.

Figure A.2: Shunt reactor size distribution vs distance. P is the installed active
power of the wind farm.
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(a) P = 1300 MW.
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(b) P = 1400 MW.

Figure A.3: Shunt reactor size distribution vs distance. P is the installed active
power of the wind farm.
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B
Appendix 2

Figures B.1, B.2, and B.3 presents the CAPEX analysis for all studied power levels
and distances of the three topologies. Due to the used method in the electrical
dimensioning, HVAC was interpolated between 80 - 120 km for power levels above
1000 MW. The blue line represents the CAPEX of HVAC, the dotted red line rep-
resents the interpolated HVAC, the green line represents LFAC, and the orange line
represents HVDC.

(a) P = 300 MW. (b) P = 400 MW.

(c) P = 500 MW. (d) P = 600 MW.

Figure B.1: Plots presenting the CAPEX analysis with the HVAC CAPEX
interpolated between 80 - 120 km for some configurations. P is the installed active

power of the wind farm.
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(a) P = 700 MW. (b) P = 800 MW.

(c) P = 900 MW. (d) P = 1000 MW.

(e) P = 1100 MW. (f) P = 1200 MW.

Figure B.2: Plots presenting the CAPEX analysis with the HVAC CAPEX
interpolated between 80 - 120 km for some configurations. P is the installed active

power of the wind farm.

VI



B. Appendix 2

(a) P = 1300 MW. (b) P = 1400 MW.

Figure B.3: Plots presenting the CAPEX analysis with the HVAC CAPEX
interpolated between 80 - 120 km for some configurations. P is the installed active

power of the wind farm.
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C
Appendix 3

Figures C.1, C.2, and C.3 presents the LCOE analysis based on the interpolated
CAPEX for HVAC for all studied power levels and distances of the three topologies.
The blue line represents the LCOE of HVAC, the green line is LFAC, and the orange
line represents HVDC.

(a) P = 300 MW. (b) P = 400 MW.

(c) P = 500 MW. (d) P = 600 MW.

Figure C.1: Plots presenting the LCOE analysis based on the interpolated HVAC
cost. P is the installed active power of the wind farm.
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(a) P = 700 MW. (b) P = 800 MW.

(c) P = 900 MW. (d) P = 1000 MW.

(e) P = 1100 MW. (f) P = 1200 MW.

Figure C.2: Plots presenting the LCOE analysis based on the interpolated HVAC
cost. P is the installed active power of the wind farm.
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(a) P = 1300 MW. (b) P = 1400 MW.

Figure C.3: Plots presenting the LCOE analysis based on the interpolated HVAC
cost. P is the installed active power of the wind farm.
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