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Abstract

Offshore wind and green hydrogen have the potential to help address the energy trilemma
of sustainability, security, and affordability. However, their high cost remains one of the
main barriers to their rapid development. Using DC collection systems in offshore
wind farms has the potential to make the transfer of electrical energy to shore more
cost-effective by reducing the size of offshore platforms or by removing them entirely.
Similarly, co-locating electrolysers and wind turbines without a grid connection can
make the transfer of chemical energy more cost-effective by removing the need for the
offshore platform, export cables, and collector cables.

The first part of this thesis identifies the most promising DC wind farm configurations
and carries out a cost-benefit analysis. The results show that all-DC wind farms can
lower the levelised cost of electricity, depending on factors such as the DC/DC converter
costs, platform costs, and collector voltage. A multi-objective optimisation is then
carried out for four promising DC/DC converter topologies, and their performance is
compared in terms of reliability, volume, weight, and losses. The optimal operating
frequency for each of the selected topologies is also determined. The results show that
the single-phase single active bridge operating at 2.5 kHz or the three-phase dual active
bridge operating at 1 kHz are optimal.

The second part of the thesis investigates the technical challenges associated with a stan-
dalone wind turbine and electrolyser system. A complete control system is developed to
allow off-grid operation, and three strategies are proposed to balance the power between
the wind turbine and electrolyser. The levelised cost of hydrogen is then investigated
for each power balancing strategy, as well as for three alternative DC-based drivetrains
to improve the system efficiency. The results show that using supercapacitor energy
storage and the standard AC-based drivetrain is the most realistic and cost-effective
option.
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ṁH2 Hydrogen mass flow rate kg s−1

N1,2 Number of turns in the transformer primary or secondary winding

xvi



Nomenclature

Nc Number of components with nominal failure rate λc

Ncab Number of cables

Nd∆β
Enhanced pitch controller filter coefficient

N evo
O2

Electrolyser evolved oxygen flux mmol m−2 s−1

Nl1,2 Number of layers in the transformer primary or secondary winding

Nperm
H2

Electrolyser hydrogen permeation rate mmol m−2 s−1

NWT Number of wind turbines in a wind farm

n Total number of DC/DC converter modules

nc Number of transformer core stacks

OPEXNPV Net present value of the operational costs Me

Ot Fixed operating cost in year t Me

Ox Annual OPEX of component x Me

P0 Losses of the converter at lowest frequency pu

P1,2 DC/DC converter input or output power MW

Pc Power delivered through the cable W

Pcab Rated power of the cable MW

Pcond Semiconductor conduction losses W

Pconv Rated power of the converter MW

Pcore Iron core losses per unit volume W m−3

PCu Copper winding losses W

PEL Electrolyser rated power MW

Pel Electrolyser ramp-limited power MW

Pess Energy storage system balancing power MW

Pf Losses of the converter at frequency f pu

Pgen,t Wind turbine generator power output before losses W

Ploss,cab Power losses in the cable W

Ploss,conv Power losses in the converter W

P ∗
m Maximum power point tracking set point MW

PFLL Full-load losses p.u.

PNLL No-load losses p.u.

Psw Semiconductor switching losses W

PTR Rated power of the transformer MVA

Ptr Nominal transformer losses W

xvii



Nomenclature

PWF Total active power of the wind farm MW

PWT Rated power of an individual wind turbine MW

Pwt Aerodynamic power input of the wind turbine MW

p Wind turbine machine pole pairs

pH2 Electrolyser hydrogen partial pressure atm

pH2O Electrolyser water partial pressure atm

pO2 Electrolyser oxygen partial pressure atm

Qcomp Reactive compensation requirements MVAr

Qoff Proportion of reactive compensation located offshore

R Number of redundant converter modules

Rdc,# Resistance of the cable at a given temperature Ω

Rdc DC resistance of the transformer winding Ω

Rg Ideal gas constant 8.314 J mol−1 K−1

Rr Wind turbine rotor radius m

Rs Wind turbine machine stator resistance Ω

r Electrolyser cell total resistance Ω cm2

rAB Ratio of the transformer core limb width to limb thickness

S(ωi) Wind speed van der Hoven spectrum power at frequency ωi m2 s−2

s Laplace transform complex frequency variable

T Switching period s

t Year of operation

Tcell Electrolyser cell temperature K

TF Wind speed turbulence Kalman filter time scale s

TK Device temperature K

TM Preventative maintenance interval yr

Tpos Positive half cycle time s

Ts Wind speed turbulence Kalman filter sampling period s

Tt Wind farm lifetime yr

t0 Time start of power mismatch event s

t1 Time end of power mismatch event s

Ucap Rated voltage of the capacitor kV

V0 Volume of the converter at lowest frequency m3

V1,2 DC/DC converter input or output DC link voltage kV

xviii



Nomenclature

Vact,a,c Electrolyser cell activation voltage in the anode or cathode V

Vapp Applied voltage to a DC/DC converter component V

Vblock Semiconductor blocking voltage V

Vcab Cable voltage V

Vcap Volume of the capacitor m3

Vcell Electrolyser cell voltage V

Vcon Electrolyser cell concentration overvoltage V

Vcore Volume of the transformer core m3

VD,2 Output diode voltage rating kV

VDC DC link voltage

VEL Electrolyser voltage

Vf Volume of the converter at frequency f m3

VHV AC Rated line-to-line voltage of the AC transmission system kV

VIGBT,1,2 IGBT voltage rating in the input or output bridge kV

Vmax Maximum voltage rating of the semiconductor V

Vnom Nominal voltage rating of a DC/DC converter component V

Voc Electrolyser open-circuit cell voltage V

VSG Rated voltage of the switchgear kV

Vsw Voltage stress on the semiconductor V

Vt Variable operating cost in year t Me

Vtot Total volume of the transformer m3

Vw,max Maximum voltage of the transformer winding V

VΩ Electrolyser cell ohmic overvoltage V

v Wind speed m s−1

vd,q D-axis and q-axis stator voltages V

vml Wind speed medium- and long-term variation component m s−1

von On-state forward voltage drop V

vp Instantaneous voltage in the transformer primary winding V

vr Wind speed turbulence component m s−1

w1,2 Width of one turn in the transformer primary or secondary winding m

w1,2t Transformer total width of the primary or secondary winding m

wc Winding conductor width m

ww Transformer winding window width m

xix



Nomenclature

Greek symbols

α Electrolyser cell charge transfer coefficient

αS Second Steinmetz constant

B(x, y) Beta function or Euler integral of the first kind

β Wind turbine blade pitch angle °

βNZ Enhanced pitch controller non-zero pitch °

βS Third Steinmetz constant

γ Voltage derating factor

δ DC/DC converter phase shift angle

∆B Peak-to-peak magnetic flux density excursion T m−2

∆CACplat Additional AC platform cost due to shunt reactor weight Me

∆E Energy stored in the wind turbine rotor MJ

∆G Change in Gibb’s free energy J mol−1

δs Conductor skin depth m

ζ Band-pass filter damping factor

η Voltage stress factor

ηcap Capacitor voltage stress factor

ηD Diode voltage stress factor

ηIGBT IGBT voltage stress factor

θe Wind turbine machine electrical angle rad

θm Wind turbine machine rotational angle rad

θr Wind turbine rotor rotational angle rad

κ Inner current control bandwidth tuning parameter

λ Wind turbine tip speed ratio

λ1 Maximum flux linkage Wb

λa Failure rate for the applied voltage Vapp yr−1

λc Component failure rate yr−1

λcap Capacitor failure rate yr−1

λD Diode failure rate yr−1

λGD IGBT gate driver failure rate yr−1

λIGBT IGBT failure rate yr−1

λm Base failure rate of one module yr−1

λm Wind turbine machine flux linkage Wb

xx



Nomenclature

µ0 Permeability of free space 4π × 10−7 H m−1

µCu Permeability of copper H m−1

µr Relative permeability of copper

ρ Air density kg m−3

ρc Magnetic core density kg m−3

ρcap Density of the capacitor kg m−3

ρcon Electrical resistivity of the conductor material Ω m

ρCu Resistivity of copper Ω m

σv Wind speed turbulence intensity

τm Wind turbine machine torque N m

τ∗m,J Wind turbine updated machine torque reference N m

τr Wind turbine input rotor torque N m

ϕi Wind speed van der Hoven phase terms rad

ϕH2 Volume fraction of hydrogen in oxygen

ωdt Wind turbine drivetrain natural frequency rad s−1

ωe Wind turbine machine electrical rotational speed rad s−1

ωi Wind speed van der Hoven frequency terms rad s−1

ωm Wind turbine machine rotational speed rad s−1

ωmax Wind turbine maximum rotational speed for a given power rad s−1

ωmin Wind turbine minimum rotational speed for a given power rad s−1

ωnom Wind turbine nominal rotor speed rad s−1

ωr Wind turbine rotor rotational speed rad s−1

xxi



Chapter 1

Introduction

1.1. Background

1.1.1 The energy trilemma

Offshore wind and hydrogen play an important role in addressing the energy trilemma of
sustainability, security, and affordability [1]. Energy sustainability is essential as global
energy demand continues to increase year-on-year, and global greenhouse gas emissions
have still not yet reached their peak [1]. The latest global temperature assessments place
the world at about 1.2°C above the pre-industrial average temperature [2], which is al-
ready leading to extreme weather in every region across the globe, negatively impacting
food and water security, human health, economies, nature, and society [3].

At the same time, security of supply and energy affordability cannot be neglected, which
was highlighted by recent events such as the Covid-19 pandemic and Russia’s invasion
of Ukraine. The rapid economic recovery following the Covid-19 pandemic resulted in
energy price shocks from the release of pent-up energy demand. Russia’s invasion of
Ukraine in February 2022 subsequently escalated this into a full-blown global energy
crisis [4], due the continued dependence of economies on foreign fossil fuels. During this
time, wholesale gas prices reaches a peak of e339/MWh in Europe, compared to the
historical average of e20/MWh [5,6]. Similarly, electricity prices peaked at e900/MWh,
compared to the historical average of e30/MWh to e50/MWh, since gas-fired power
stations are price-setting in most European power markets [6]. As a result, there is
a need for cost-effective domestic energy production, diversification of energy sources,
and decentralisation of supply chains [1].
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Chapter 1. Introduction

1.1.2 Offshore wind development

Wind energy is an obvious candidate in addressing the energy trilemma due to its zero
emission electricity production, widespread domestic resource, and cost-competitiveness
with fossil fuel-based electricity production. Offshore wind has several advantages over
onshore wind, such as high and consistent wind speeds, large available space, and lower
visual and noise impacts. As a result, the offshore wind industry is expected to grow
rapidly, with some estimates predicting 2000 GW of installed capacity by 2050, com-
pared to just 35 GW in 2020 [1]. An overview of the historical and predicted offshore
wind farm capacity is shown in Figure 1.1.
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Figure 1.1: Historical and predicted growth in offshore wind annual and cumulative
installed capacity, data from [7]

Offshore wind power plants and individual wind turbines have become increasingly large
to benefit from economies of scale. For example, the largest offshore wind farms with
capacities of more than 1 GW have all become operational in the last five years [8], and
the latest generation of wind turbines have individual capacities of up to 15 MW [9].
At the same time, wind power plants are located increasingly far from shore as suitable
near-shore locations are exhausted, and optimal wind resource is typically found in
remote locations. Figure 1.2 shows the evolution in size and distance of wind farms
against the year of commissioning.

At the moment, the vast majority of offshore wind farms use high voltage alternating
current (HVAC) cables to connect to shore. However, as wind farms become larger and
are located further from shore, high voltage direct current (HVDC) connections become
more cost-effective, and are therefore expected to become more common. For exam-
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ple, the UK and the Netherlands both recently announced their first HVDC-connected
offshore wind farm projects, in Dogger Bank [10] and Ijmuiden Ver [11], respectively.
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Figure 1.2: Wind farm capacity and distance to shore by year of (expected)
commissioning, based on Western European wind farm data from [8]

Despite the compelling case for expanding wind energy, this does not mean that rapid
growth is guaranteed. Significant issues have emerged for the wind power sector over the
last year, including increases in the cost of capital due to high interest rates, challenges
with turbine and rotor reliability, and increases in the cost of materials due to supply
chain constraints [1]. These factors have disproportionately affected renewable projects,
which typically have tighter margins than many oil and gas projects, and have lead to
the postponement and cancellation of projects, as well as failed auctions [1].

1.1.3 Hydrogen development

Hydrogen is one of the most promising candidates to enable the wider Net Zero transi-
tion, beyond the decarbonisation of electricity generation [12]. It can be used in direct
combustion, in fuel cells, or in synthetic fuel production, which allows it to reduce emis-
sions in sectors which are otherwise difficult to decarbonise, such as heavy industry,
shipping, and aviation [13]. It also has the potential to be an alternative to batteries for
large scale, long-term energy storage [14], and can replace gas in gas-fired power plants
to provide flexibility to the electricity grid [15]. Currently, most of the world’s hydro-
gen comes from natural gas, emitting CO2 in the process. To avoid these emissions, the
hydrogen needs to be produced using water electrolysis powered by renewable energy,
so called green hydrogen [13].
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While green hydrogen electrolysis currently accounts for less than 1% of total hydrogen
production, this is set to change rapidly [15]. The share of green hydrogen is estimated to
increase to 50%–85% of total hydrogen production by 2050 [1,16,17] and the announced
capacity for 2030 already represents a 200-fold increase over current levels of green
hydrogen production, as shown in Figure 1.3.
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Figure 1.3: Cumulative installed and announced green hydrogen capacity by year for
varying electrolyser technologies, based on [15]

As with offshore wind, the main barrier for adoption of green hydrogen is cost [18].
Before the global energy crisis, the levelised cost of hydrogen produced by water elec-
trolysis was three or four times as expensive as fossil fuel based sources [15]. In addition,
the cost pressures of labour and materials have significantly increased the installation
cost of electrolysers over the past years. For green hydrogen to be cost competitive
with fossil fuel-based hydrogen production, it would need access to abundant, low-cost
renewable power, as well as large-scale investment in electrolyser manufacturing [16].

Green hydrogen has additional challenges, such as managing the intermittency of re-
newable energy sources, requirements for a steady water supply and limited conversion
efficiency [19]. Electrolysers can have strict operating limits, such as minimum load
requirements, maximum power ramp-up and ramp-down rates, and long start-up and
restart times, which complicate their operation when connected to renewable energy [20].

Combining offshore wind energy and green hydrogen production mitigates some of these
drawbacks. The relatively high and consistent wind speeds found offshore result in high
capacity factors and less intermittency. The offshore location allows seawater to be used
after desalination [21] and research into using seawater directly is ongoing [22].
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1.1.4 Cost-effective energy transfer

The energy generated by offshore wind turbines needs to be transferred to shore before
it can be used. This process includes several steps, including combining the energy
in the wind farm collection system, transforming it to a higher voltage at the offshore
substation, rectifying it to direct current at the converter platform, and transporting it
to shore through subsea cables. Each of these stages raises the levelised cost of energy
(LCOE) by adding additional capital costs and reducing the efficiency of the system.

A step change in the cost of energy is possible if the electrical infrastructure of offshore
wind farms can be significantly reduced. Over the past three decades, the LCOE of
offshore wind has been decreasing, primarily due to greater economies of scale and higher
voltage levels. However, the required electrical infrastructure has remained relatively
constant, or even increased in the case of HVDC wind farms. Continual developments in
power electronics technology now offer the potential to drastically change the electrical
infrastructure of offshore wind farms.

In conventional offshore wind farms, illustrated in Figure 1.4a, a large offshore sub-
station is needed to house the transformers that step up the voltage to transmission
levels [23]. The topside can be in excess of 10,000 tonnes and requires large installation
vessels [24]. For offshore wind farms further from the shore, additional modular multi-
level converters (MMCs) or reactive compensation equipment is needed, further adding
to size and weight of the offshore substation.

High power DC/DC converters allow for a completely DC-based wind farm design, with
a DC collection and export system. The voltage conversion is performed by DC/DC
converters, which can be made much smaller than regular transformers [23], depending
on their design, and can therefore significantly reduce the offshore platform space re-
quirements. There have even been DC wind farm designs put forward that avoid using
offshore platforms entirely [25–27].

The energy transferred by offshore wind turbines does not necessarily need to be elec-
trical. The rapid development of power electronics and electrolysers has opened up the
opportunity for wind turbines to transfer energy chemically as hydrogen. By connecting
electrolysers with individual offshore wind turbines, the electrical infrastructure require-
ments can be significantly reduced, with no offshore substation, export cables, or even
collector cables required [28]. The produced hydrogen can be transported using pipes,
which are considerably cheaper and longer lasting compared to cables [13]. This layout
is illustrated in Figure 1.4b.

5



Chapter 1. Introduction

Offshore
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(a) Traditional wind farm with AC collection system
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Wind turbine array
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(b) Wind farm with decentralised hydrogen production

Figure 1.4: Offshore wind farm layout and main components
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1.2. Thesis Overview

This thesis is divided into two parts, each consisting of three chapters. Part I focuses
on cost-effective electrical energy transfer through the use of DC collection systems
and optimised DC/DC converters. Part II focuses on cost-effective chemical energy
transfer through the use of wind turbines with co-located electrolysers, and DC-based
wind turbine drivetrains for electrolysis.

Part I – Electrical Energy

• Chapter 2 provides a systematic literature review of proposed DC collection sys-
tems, including their design, relative costs, losses, and reliability. It also identifies
the most promising all-DC wind farms for further study.

• Chapter 3 carries out a cost-benefit comparison of two traditional AC wind
farm topologies and two of the most promising all-DC wind farm topologies. It
quantifies the conditions required for the all-DC wind farms to achieve a lower
LCOE through a series of sensitivity studies.

• Chapter 4 sets out a multi-objective design optimisation of four DC/DC con-
verter candidates. This consists of a reliability assessment, a design optimisation
of the medium frequency transformer, insulation coordination of the components,
simulation of the losses, and an assessment of the optimal operating frequency.

Part II – Chemical Energy

• Chapter 5 provides a review of commercial electrolysis technologies, including
their operating principles, steady-state performance, and dynamic performance.
It also discusses the options for integrating electrolysers with offshore wind and
the current state of commercial development.

• Chapter 6 investigates the technical challenges associated with a standalone wind
turbine and electrolyser system. It sets out the design of an overall control system,
proposes three power balancing strategies, and assesses their trade-offs in order
to keep the system operational during wind speed changes.

• Chapter 7 investigates the levelised cost of hydrogen for the proposed power bal-
ancing strategies, and assesses the potential for DC-based wind turbine drivetrains
to reduce the cost of hydrogen production.

Chapter 8 summarises the key findings of the thesis and highlights areas of interest
for future research.
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1.3. Scientific Contributions

The contributions of the first part of this thesis include:

• The identification of the most promising DC wind farm configurations and the
quantification of the conditions required for these topologies to lower the levelised
cost of electricity compared to traditional AC designs.

• The identification of the most promising DC/DC converter topologies to enable
DC collection systems, the optimal design of these topologies, and a comparison
of their performance in terms of reliability, volume, weight, and losses.

• The quantification of the impact of operating frequency on DC/DC converter
design and performance, and an evaluation of the optimal operating frequency for
the selected topologies.

The contributions of the second part of this thesis include:

• The development of a complete control system for a standalone wind turbine and
electrolyser system without grid connection.

• An evaluation of the impact of the dynamic electrolyser limitations, including
a quantification of the expected power and energy mismatch between the wind
turbine and electrolyser under typical wind speed conditions.

• The development of three power balancing strategies to manage the mismatch
between wind turbine and electrolyser, and an assessment of the cost and efficiency
trade-offs for each of these strategies.

• The quantification of the levelised cost of hydrogen for standalone offshore wind-
electrolyser systems employing the proposed power balancing strategies.

• The evaluation of the impact of non-standard wind turbine electrical drivetrains
on the levelised cost of hydrogen and an assessment of their technological and
practical feasibility.
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Chapter 2

Review of Wind Farm
Electrical Design

2.1. Introduction

This chapter carries out an investigation of wind farm topologies proposed in the litera-
ture, following a formal systematic review procedure. The chapter first details conven-
tional AC-based wind farm topologies, before presenting the various DC-based topolo-
gies set out in the literature.

In addition to describing the key features of each topology, the review includes a quan-
titative assessment of the reported cost, losses and reliability estimates in the literature
to evaluate the cost-effectiveness of each topology. The calculation methodologies used
in cost-effectiveness analyses have also been included to inform the cost-benefit analysis
carried out in Chapter 3.

The review procedure is based on the guidelines set out in [29]. The systematic review
was originally used in medicine and later in social science [30] and computer engineering
[29] as a way to reduce the bias of individual studies and reach more robust conclusions
compared to regular reviews [30]. This approach was selected for this research due to
the diversity of methodologies, conclusions, and quality of the literature on this topic.

2.1.1 Research Questions

The systematic review aims to answer the following research questions:

1. Which DC wind farm configurations have been evaluated in the literature?

2. What methodologies are used to calculate the cost, losses and reliability of DC
wind farms and their components?
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3. What are the most cost-effective DC wind farm configurations and how do they
compare to AC?

4. What are the technological readiness levels and barriers to commercialisation for
DC wind farms?

2.1.2 Search Strategy

The search strategy consisted of an initial search on Google Scholar to identify a starting
set of papers. Further relevant papers were then identified by searching three databases:
IEEE Xplore, SCOPUS and Web of Science. The search terms included “wind farm”,
any of the following performance indicators: “cost”, “losses”, “efficiency”, “reliability” or
“feasibility”, and any variation of “DC collector”.

After the search, the starting set of papers was compared to the obtained records and
the search string was amended iteratively to include all starting set papers. The results
were limited to include peer reviewed journal articles and conference proceedings only.
The systematic review procedure is shown in Figure 2.1.
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Figure 2.1: Systematic review flow diagram
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2.1.3 Screening

The search strategy resulted in 282 records, with 171 records remaining after removal
of duplicates. These records were screened for eligibility, with articles excluded based
on the following criteria:

1. The evaluated design does not use a DC collection system.

2. The paper does not include any assessment of the wind farm collector topology,
e.g. it only considers the DC/DC converter topology.

3. The paper only considers a single design without any comparison to other options.

4. The paper does not include any formal, quantitative analysis of costs, losses or
reliability.

5. The full text of the paper is not available or not in English.

Following the screening, a total of 20 publications were included in the analysis. For
each article, the metadata, evaluated design aspects, performance indicators, analysis
methodology, and results were extracted. Any technological challenges of the proposed
designs were recorded.

The quality of each of the selected studies was assessed on a scale of 0–6 by awarding
up to two points for each of the following conditions:

1. Is the studied configuration well-defined? Does it state which components are in-
cluded in the analysis? Are the power and voltage ratings of equipment specified?

2. Is the study reproducible? Does it include a detailed description of the method-
ology, sources of data, and assumptions used?

3. Is the study comprehensive? Does it take into account more than one aspect of
cost-effectiveness? Does it perform any sensitivity analyses?
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2.2. AC Topologies

All existing commercial wind farms use AC collection systems, which provide a baseline
for the comparison with DC-based topologies. The AC collection system refers to the
system of cables that connect wind turbines together in a string, gathering the power
generated from all wind turbines [31]. These inter-array cables are also used to connect
the wind turbines to a common medium voltage hub, which is typically an offshore
substation [32], before the power is exported to shore.

2.2.1 all-AC

The all-AC topology employs both AC in the collection system as well as in the trans-
mission system, as shown in Figure 2.2. In the traditional wind farm configuration,
the wind turbines are connected in parallel in strings using 33 kV or 66 kV AC cables.
The strings connect to an offshore substation with 50 Hz transformers to step up the
voltage. The power is then exported using HVAC cables of voltages up to 230 kV.
Reactive compensation in the form of shunt reactors are often connected to offset the
cable capacitance. These can be located at the onshore substation, offshore substation,
or on a separate platform, depending on the total cable length.

PMSG
AC

DC

DC

AC

Wind Turbine
Offshore

Substation Grid

Export
Cable

Figure 2.2: Wind farm with all-AC topology, using a radial AC collector and HVAC
transmission system

The collector system can be designed using various layouts depending on the size of the
wind farm and the level of redundancy required [33]. The most commonly employed
topology is a radial layout. In this configuration, multiple wind turbines are connected
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in strings where each wind turbine is connected to the next using shared cables, except
for the first turbine on the string which is connected to the substation.

In AC designs, each cable connection consists of three separate conductors, i.e. one for
each phase, typically situated together in a three-core cable. The cables connected close
to the substation are shared by more wind turbines and therefore have higher current
ratings compared to the cables connecting wind turbines towards the end of the string.

Large wind farms can consist of multiple strings which all connect to a common hub
before the voltage is stepped up to be exported to the grid [34]. For all-AC wind
farms, the voltage conversion is performed by one or more transformers at the offshore
substation.

Note that it is not necessarily the case that all wind turbines have exactly two cable
connections in the radial design, i.e. one downstream and one upstream. It is possible to
have a more irregular ‘tree’ structure where cables branch out to connect multiple wind
turbines downstream in order to reduce the total cable length. However, the number
of cables that can be connected at a single turbine junction cabinet is limited due to
space considerations [35].

The main advantages of using a radial collector system is that it is relatively inexpensive
due to the low cable length required and the tapering of cable capacity away from the
hub [33]. The control system for a radial design is also relatively simple. The major
drawback of this design is its relatively poor reliability since any fault near the hub end
of the string results in all downstream wind turbines being disconnected. Despite this,
the AC radial topology is the most commonly used topology in commercially operating
wind farms today [33,34].

2.2.2 AC/HVDC

Wind farms that are located further from shore frequently use HVDC instead of the
traditional HVAC in their export system. This is because at longer cable lengths, the
cable capacitance results in significant reactive current, which lowers the available cable
capacity for power transmission and increases losses. The classical way to reduce losses
is to increase the voltage level, but because reactive power scales with the square of
the voltage, any voltage increase reduces the available capacity for power transmission.
HVDC cables produce no reactive power and can therefore be any length and operate
at higher voltages, resulting in more efficient power transport [36].

To convert from the MVAC used in the collection to HVDC, one or more transformers
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and a high power rectifier are required. In earlier offshore wind farm designs, two
separate platforms were used to house the transformers and converters, such as at
the Borwin [37] and Dolwin [38] platforms in Germany. Modern AC/HVDC wind
farm topologies use a higher collection system voltage, which allows the use of a single
platform for both the transformers and converters, such as at the Sofia [39] wind farms.
The latter configuration is illustrated in Figure 2.3.
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Figure 2.3: Wind farm with AC/HVDC topology using a radial AC collector system
and a HVDC transmission system

In all cases, the high power converter used on the offshore and onshore substations is
a voltage source converter (VSC). Despite their high technological maturity and power
capacity, line commutated converters (LCC) are not used in offshore wind due to the
large space requirements of their filters and their inability to operate without a strong
grid connection [40].

2.3. DC Topologies

The proposed collector configurations considered in the literature can be categorised
into parallel or series topologies. For each of these, several variants exist. The most
commonly investigated parallel topology variants include the standard parallel [41–46],
[47–50], the centralised parallel [26, 42–45, 51, 52], and the dispersed parallel [26, 41,
42, 50, 53]. The most commonly investigated series variants are the standard series
[34, 52, 54–56] and the series-parallel designs [34, 41, 49, 50, 55, 57, 58]. The following
subsections discuss these topologies in more detail.
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2.3.1 Standard parallel

The standard DC parallel topology is the DC equivalent of the AC/HVDC topology. In
the standard design, the wind turbine electrical drivetrain consists of a rectifier followed
by a dedicated DC/DC converter with MFT to step up the voltage to MVDC levels
of around ±20 kV to ±50 kV [45]. The power of each string is transported to the
offshore substation where a DC/DC converter is used to step up the voltage to HVDC
for transmission, typically at ±150 kV [44, 47] or ±300 kV [43]. This MVDC/HVDC
standard parallel topology is illustrated in Figure 2.4.
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Figure 2.4: Wind farm with standard MVDC/HVDC topology using a parallel
MVDC collector system and an HVDC transmission system

This design is most similar to commercial AC wind farm configurations as it connects
the wind turbines in strings and uses two step-up stages, one in the turbines and one
on an offshore platform [41]. This reduces the technological risk. However, it requires
a large number of conversion stages [42], and is dependent on immature high power
DC/DC converter technology [50].

2.3.2 Centralised parallel

The centralised parallel designs, shown in Figure 2.5, use a DC/DC converter to perform
the control of multiple wind turbines. This allows the wind turbine drivetrain to be
simplified. Designs have been proposed with a single-stage drivetrain to directly rectify
the generator output [44], resulting in a LVDC collection system. Other designs use a
50 Hz transformer to raise the generator output voltage before converting this to DC
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with an active or passive rectifier [43].
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Figure 2.5: Wind farm with centralised LVDC/MVDC/HVDC topology, using a
parallel LVDC or MVDC collector system, and an HVDC transmission system

In the centralised string design, shown in Figure 2.5a, the turbines are connected in a
string or daisy chain before a string-level converter steps up the voltage. In the cen-
tralised cluster design, shown in Figure 2.5b, each wind turbine is instead connected
directly to the cluster converter. In both cases, a farm-level, high power DC/DC con-
verter on a separate offshore platform is required to increase the voltage up to HVDC
levels [43].

The centralised designs have the benefit of reducing the conversion stages in the wind
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turbines [42], but require additional platforms for the string or cluster converters [45].
In addition, as the DC/DC converter controls multiple wind turbines, additional losses
occur due to suboptimal wind energy extraction [43]. The non-standard drivetrain with
a transformer before the converter is unproven and may have difficulties with control,
increasing the technological risk of this configuration.

2.3.3 Dispersed parallel

The dispersed parallel configuration, illustrated in Figure 2.6, uses a high step-up ratio
DC/DC transformer in each wind turbine to boost the voltage to MVDC-levels, such
as ±50 kV [26], or even HVDC levels directly, such as ±150 kV [42,53]. However, such
a high voltage connection brings challenges with insulation and would require galvanic
isolation in the wind turbines. If this can be achieved, it would allow this configuration
to omit a central converter and large offshore platform [41]. Instead, there may be
a small platform to house the protection equipment before connecting to shore. This
configuration has the potential to reduce the capital costs associated with the offshore
platform. However, the export voltage is limited by the step up ratio of the wind turbine
converter, which may lead to higher transmission losses.
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Figure 2.6: Wind farm with a dispersed all-MVDC topology, using an MVDC
collector system and MVDC transmission system
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2.3.4 Series

A frequently proposed alternative to the more conventional parallel DC topologies is a
DC series-connected design. In this topology, all wind turbines in the wind farm are
series-connected in a single string [54], as illustrated in Figure 2.7.
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Figure 2.7: Wind farm with a series topology, using an HVDC collection and
transmission system without additional conversion stages

For large wind farms, the individual wind turbine output voltage can be relatively
low, in the order of a few kV, since many wind turbines can be used to build up the
voltage [34]. The benefit of this configuration is that no offshore platform and converter
are required [41]. In addition, a smaller number of cables can be used to connect the
wind turbines compared to parallel configurations.

It is important to note that just like in the dispersed parallel configuration, the wind
turbines must have galvanic isolation between the DC grid and the generator [41] in
this configuration. Otherwise, the last turbine in the series connection will be subjected
to the complete transmission voltage and the generator would need to be rated for this
voltage, which is not technologically feasible [54].

The drawback of series topologies is that they pose significant challenges in operation
and reliability. The current in the series connected wind array needs to be the same,
which means that all wind turbines are required to produce identical output power [23].
In practice, wind turbines will produce different output powers due to non-uniform
wind speeds and wake effects. Therefore, the wind turbine generators (WTGs) that are
operating below the average wind speed must increase their terminal voltage and vice
versa for WTGs that are operating above the average wind speed.

Due to all wind turbines being connected in a single string, any fault on the cable will
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result in the entire wind farm disconnecting [54]. Even under unfaulted conditions,
if the voltage at a WTG falls outside its limits of operation, the protection system
will disconnect the wind turbine, which may also result in the shutdown of the entire
string [23].

2.3.5 Series-parallel

The series-parallel configuration, shown in Figure 2.8, improves the wind farm reliability
by dividing the series wind farm into multiple parallel-connected strings. This requires
additional cables compared to the series wind farm, as well as more space on the wind
turbines at either end of the string to accommodate the multiple cable connections.
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Figure 2.8: Wind farm with a series-parallel topology, using multiple HVDC strings
in the collector and an HVDC transmission system

The strings in the series-parallel topology still suffer from the same issues as in the series
configuration, including high insulation requirements [34], voltage balancing issues when
wind turbines are subjected to unequal wind speeds [52], and challenges maintaining
the transmission voltage when multiple wind turbines are out of service [50].

To address the voltage unbalance during wind turbine outages, a matrix collector topol-
ogy has been proposed [58]. Here, additional normally-open switches are connected in
between branches to allow the collector to be reconfigured when a wind turbine expe-
riences a fault. However, this redundancy adds significant additional costs as branches
may not be physically close to each other and a sophisticated control scheme is necessary
to switch between adjacent branches in this topology [23].
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2.4. Calculation Methods

2.4.1 Cost

Publications that investigate the cost of topologies typically estimate the capital cost
investment required only [26, 49], rather than a full levelized cost analysis over the
wind farm lifecycle [47]. Capital costs that are considered typically include the costs
of the wind turbines, cables, transformers, converters and offshore platform. More
rigorous publications also tend to include the costs of the losses over the wind farm
lifetime [43,45,54].

Most publications use equations from the literature to determine costs of the various
components. Since commercial data is often difficult to come by, these are often based
on the same datasets. For example, a 2003 report by Lundberg [59] is used by vari-
ous papers [43, 45, 54], to calculate the costs of MVDC cables. Other sources include
publications by Dicorato et al. [60] and industry figures from the UK ETYS [61], North-
SeaGrid (NSG) project [62], ENTSO-E [63], OREC [64], among others. These provide
cost estimates for cables, transformers, platforms and more. Cost figures from different
sources can vary significantly.

The costs of DC components, such as the DC/DC converters and DC circuit breakers
are generally not available. Therefore, papers instead use a bottom-up approach where
they estimate the cost based on individual elements that make up larger components.
For example, [43] use the costs of the semiconductors and transformers needed for
the DC/DC converter to estimate its overall cost. Alternatively, papers can rely on
assumptions to estimate the cost DC components as a proportion of AC component
costs [45]. Due to the variability of estimation procedures it is important to detail the
exact methodology and assumptions used. It is also recommended to perform sensitivity
analyses for components with greater uncertainty in their cost, such as in [43,45].

Despite the large influence of the offshore platform on overall cost, very few of the
included publications quantitatively assessed the size and weight of the DC/DC con-
verter, and the associated cost reduction of the offshore platform [44]. This is therefore
investigated in greater detail in Chapter 3.
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2.4.2 Losses

Publications that calculate the efficiency of the overall wind farm typically use datasheet
information such as the resistance of cables, and transformer load and no load losses.
The loss calculation can then be performed analytically [43] or through load flow sim-
ulation software [45]. Some papers only consider losses at rated power [34]. However,
since wind farms do not produce rated power continuously, it is recommended to cal-
culate the losses at varying operating conditions and wind speeds. The overall wind
farm efficiency can then be calculated using a typical Weibull wind speed distribution
curve [44,45].

The efficiency of DC/DC converters will be dependent on the selected design. Some
papers assume an efficiency as a proportion of existing AC/DC converters. Others
perform more sophisticated calculations based on the power electronic components,
either analytically [42] or by using simulation tools such as PLECS [44]. Research into
DC/DC converters is ongoing, therefore, it may be an option to use efficiency measures
of DC/DC converter lab prototypes [65].

2.4.3 Reliability

Very few publications assessed the reliability of configurations, despite the large impact
this can have on cost-effectiveness. The approach used for the reliability assessments
consists of using the failure rates per year for individual components and estimating the
repair time and lost energy production in case of failure [49]. It is important to take into
consideration how the protection will reconfigure the wind farm during equipment failure
when calculating the energy lost [54, 55]. Similar to the cost estimates, the component
failure rates and repair times can differ significantly depending on the sources used.
Reliable failure rate data can typically be obtained from CIGRE brochures [66, 67].
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2.5. Cost-Effectiveness Results

2.5.1 Cost results

Analysis of papers investigating the costs of DC wind farms shows a large range of cost
estimates, from e0.3/W [26] to e3/W [47]. The disparity of estimates is mainly due to
the difference in scope of the studies, and to a lesser extent because of varying wind farm
characteristics, such as size, distance from shore, converter technology, etc. For example,
some papers exclude the transmission system capital costs [43], others cover both the
capital cost of the entire system and the cost associated with the losses [54]. Direct
comparison is further complicated by heterogeneous reporting, with papers reporting
costs using local currencies [46], in per unit values compared to AC [54], or in costs per
energy produced [44].

In order to compare the costs of the various configurations, for each study the results
were normalised by using the calculated AC configuration cost as a base. For studies
that did not include an AC option for comparison [50], the mean cost of all tested
configurations in that study was selected as the base for the per unit comparison. To
increase the robustness of the comparison, only studies with a quality rating of 3 or more
were included and studies that did not cover at least the costs of the wind turbines,
collector system, converter and platform were excluded [34]. Furthermore, studies with
unrealistic component costs that deviated by more than a factor 5 from the norm were
excluded [49,50]. The results of the analysis are shown in Figure 2.9.
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Figure 2.9: Normalised cost estimates for DC wind farm configurations, using AC
radial cost of each study as base
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It can be seen from Figure 2.9 that there is considerable disagreement on whether certain
DC configurations provide cost savings. For example, [43] show potentially significant
savings of up to 18% when using DC standard parallel collector systems compared to
AC, whereas [44] find the same configuration to be 3% to 14% more expensive than AC,
despite both studies following a similar calculation methodology. The main difference is
the high DC circuit breaker costs included in the calculation by [44]. Other differences
include the wind farm sizes (1000 MW vs 400 MW) and the wind turbine ratings
(10 MW vs 5 MW).

Overall, the results show that the DC dispersed, series and series-parallel topologies
have potential cost savings as they have mean costs of less than 1 pu. The centralised
and cluster parallel designs, on the other hand, were found to be more expensive than
AC in all included cases, making them unlikely candidates for commercialisation. The
standard DC topology is most often investigated, however, its cost saving potential is
uncertain as the mean cost reported in the literature is approximately 1 pu compared
to AC.

2.5.2 Losses results

Similar to the cost results, analysis of the losses showed a large variation in loss esti-
mates, from 2.1% [51] to 11.3% [57]. The variation of losses is due to the difference in
scope of the studies: some studies only include the losses of the collector cables and
converters, whereas others include losses in the wind turbines and the export system as
well. In addition, the losses of DC/DC converters vary significantly between studies.
In [57], the losses of the DC/DC converter are calculated to be 4%, compared to [51]
who consider the losses to be 1.6%.

The losses of each of the configurations were normalised following the same procedure as
for the costs. The results are shown in Figure 2.10. It can be seen that the DC standard
parallel topology has the potential to reduce the losses in the system compared to the AC
topology. The series and series-parallel topologies do not show the same advantage, with
mean losses close to 1 pu. The centralised and cluster configuration loss performance
is very dependent on the study assumptions. Studies that take into account clustering
losses [43] and multiple step up stages show high losses, whereas those that neglect
clustering losses and use a single conversion stage find losses to be lower than AC [51].
There is a lack of studies that investigate the losses of the DC dispersed topology.
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Figure 2.10: Normalised loss estimates for DC wind farm configurations, using AC
radial losses of each study as base

2.5.3 Reliability results

The number of studies investigating the reliability of DC wind farm configurations is
more limited compared to cost and efficiency. Reliability measures are typically given
in terms of the average system availability index, which is the ratio of the number of
hours the wind farm is operating compared to the total hours in a year. The results of
the studies are shown in Figure 2.11.
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Figure 2.11: Average availability index for AC and DC configurations

The figure shows that the majority of studies agree that series and series-parallel config-
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urations perform significantly worse than the AC radial topology. This is expected due
to the large number of wind turbines being disconnected in the event of a failure. There
is no consensus on the standard parallel DC configuration reliability. For example, [50]
considers it to be the most reliable of the DC configurations, whereas [34] finds the op-
posite. There is a need for further reliability studies, especially as the DC/DC converter
technology matures, to conclusively determine whether DC wind farm reliability will be
significantly different than that of AC wind farms.

2.6. Conclusions

This chapter has provided a comprehensive investigation of the current research into
DC-based wind farm cost-effectiveness. Using a systematic review methodology, data
was extracted from 20 studies, including proposed topologies, calculation methodologies
and results.

Existing commercial topologies use MVAC collection systems and either an HVAC or
HVDC export system. The proposed DC-based wind farms in the literature use DC
collection systems, and can be categorised based on their method of connection of the
wind turbines. Proposed topologies include the standard parallel, centralised parallel,
dispersed parallel, series, and series-parallel connection.

The results of the systematic review showed that the series and series-parallel DC designs
performed well in terms of costs due to removing the need for an offshore platform.
However, they were found to have challenges in operation and reliability that limit the
short-term opportunity for commercialisation. The centralised DC parallel topology was
found to have higher costs and losses than all other topologies, limiting its potential to
make energy transfer more cost effective.

The most promising DC topologies were found to be the standard parallel topology using
an MVDC collector and HVDC export system, as well as the dispersed parallel topol-
ogy, which uses an MVDC collector and export system. The standard MVDC/HVDC
topology has the lowest technological risk, but its cost savings are highly dependent on
the study assumptions. The dispersed all-MVDC parallel topology has the potential to
reduce costs, but little data is available on its losses and reliability. There is therefore
a need to investigate these topologies using a comprehensive approach to obtain more
generalisable results.
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DC Wind Farm Cost-Effectiveness

3.1. Introduction

Chapter 2 has highlighted the large range of designs for DC wind farms that are proposed
in the literature and showed that the results of each study are highly dependent on the
assumptions of factors such as wind farm size and distance to shore. This chapter
undertakes a comprehensive evaluation of DC wind farm cost-effectiveness through a
cost-benefit analysis of the most promising designs identified in the systematic literature
review.

3.1.1 Contributions

The economic evaluations of all-DC wind farms in the literature vary significantly in
their outcomes. Most studies only investigate a single wind farm size and distance from
shore, which makes their conclusions difficult to generalise. Only a limited number of
studies perform sensitivity analyses and none draw any quantitative conclusions about
the requirements for component costs. The purpose of the cost-benefit analysis is to
fill this gap and answer the question: what conditions are required for DC wind farms
to be preferred over the traditional AC designs? As part of this work, the following
contributions are made that have not yet been published in other literature:

This study is the first to quantitatively define the conditions that are required for DC
wind farms to be cost-effective by performing sensitivity studies on wind farm size, dis-
tance from shore, DC/DC converter cost, platform cost, cable cost and collector voltage.
The results of this can be used as design targets when developing novel components for
DC wind farms, such as the DC/DC converter.

The analysis includes the assessment of an all-MVDC wind farm topology, as well as
a comparison to two traditional designs (all-AC and AC/HVDC). There are currently
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no cost estimates for this DC design and most studies only consider a comparison to a
single AC wind farm topology.

The cost-benefit analysis of the AC and DC wind farms is the first which includes an
assessment of multiple sources of data for wind farm cost components and their impact
on the wind farm cost-effectiveness. Existing publications only consider a single source
of data for their cost and rarely include any sensitivity analyses.

3.2. Selected Configurations

Four configurations were selected for investigation: two traditional designs with AC
collectors and two novel designs using DC collectors. The systematic literature review
in Section 2.1 showed that the standard parallel and dispersed parallel designs are the
most promising in terms of economic performance. Series designs, despite having poten-
tial cost advantages, were found to have challenges with reliability [54], insulation [34],
voltage balancing [68], and maintaining the transmission voltage [50]. This high tech-
nological risk means these series designs are unlikely candidates for commercialisation
in the near future. These were therefore excluded from the analysis.

The first tested configuration is the traditional all-AC wind farm with radial collection
system, illustrated in Figure 2.2. The collection voltage was set to be 66 kV AC, with
an offshore substation using 50 Hz transformers stepping up the voltage to 230 kV for
transmission. Reactive compensation in the form of shunt reactors were used to offset
the export cable capacitance.

The AC/HVDC wind farm configuration is illustrated in Figure 2.3. This design has
an identical collector system to that of the all-AC configuration. The voltage is stepped
up using one or more 50 Hz transformers and is then converted to HVDC by an MMC.
In the past, an offshore substation was typically used to house the step-up transformers
before connecting to the HVDC platform, such as at the Dolwin cluster in Germany [69].
However, recent designs that use 66 kV cables remove the need for the offshore substation
platform, instead housing all transformers on the HVDC platform [70]. This research
considers this second design. The power is exported from the HVDC platform to shore
using HVDC cables rated at ±320 kV. Finally, a second MMC is located at the onshore
substation before connecting to the network.

The MVDC/HVDC configuration uses the standard parallel topology, shown in Fig-
ure 2.4. This configuration uses an MVDC collector system, typically rated at ±40 kV.
The wind turbines use an isolated DC/DC converter with MFT after the rectification
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stage to boost the voltage to this level. A large range of DC/DC converters have been
proposed in the literature [71]. This study assumes the converter topology consists of
a cascaded single-active bridge (SAB) with phase shift [65]. The offshore substation
uses a high power version of this DC/DC converter. The DC/DC converter is smaller
than the traditional MMC converter, resulting in a reduction in the HVDC platform
footprint. An MMC converts the voltage back to AC at the onshore substation.

The final configuration is the all-MVDC wind farm, which uses the dispersed parallel
topology, as shown in Figure 2.6. This design uses the same ±40 kV MVDC collector
system as the previous design. This configuration however, does not have a central
high power DC/DC converter on the offshore platform to step up the voltage. Instead,
the offshore platform is much smaller and only consists of DC connection protection
equipment. The export cables to shore have the same voltage as the collector system.
Here too, an MMC is located at the onshore substation before connecting to the grid.

3.3. Wind Farm Design

The study considers wind farms ranging in size from 200 MW to 1500 MW, with a
base case of 1000 MW. As a result, a generic design procedure was used to determine
the wind farm parameters. The results for the base case design of each of the four
configurations are shown in Table 3.1.

The collector system is considered to be a standard rectangular arrangement of the wind
turbines, with an inter-turbine spacing of 7 rotor diameters [43] or 1.5 km. The number
of wind turbines per string is limited by the maximum collector cable cross-sectional
area (CSA), which is 800 mm2 [64]. The wind turbines were distributed evenly to all
strings. The CSA of all collector cables are then calculated based on the maximum
current each is expected to conduct, resulting in smaller CSA for the first turbines in a
string. The available AC and DC cable sizes and ratings were obtained from publicly
available datasheets [72, 73].

For the AC designs, the number of MV busbars is calculated assuming a maximum
continuous current rating of 2.5 kA per busbar [74, 75]. Each busbar has a step-up
transformer connected with a rating taking into account a minimum power factor of 0.95,
based on the grid code [76]. The MV busbars are connected together using normally
open bus ties, which can reconfigure the power flow in case of transformer failure [75].
The maximum number of transformers per substation is assumed to be four due to
the constructional constraints [74]. If more transformers are required, additional AC
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substations will be needed to accommodate these.

The maximum HVAC and HVDC cable CSAs were set to be 2000 mm2 and 3000 mm2,
respectively. Cable sizes, ratings, and AC capacitance were obtained or extrapolated
from [72, 73]. For the all-AC configuration, the capacitance is considered to be fully
compensated using reactive compensation equipment. The distribution of reactive com-
pensation is based on [77,78].

Parameter all-AC AC/HVDC MVDC/HVDC all-MVDC

Turbine rating (MW) 15 15 15 15
No. of strings 14 14 12 12
WTGs per string 5 5 6 6
String cable CSAs (mm2) 95–630 95–630 95–800 95–800
No. of transformers 4 4 0 0
Transformer MVA 265 265 – –
No. of export cables 3 1 1 6
Export cable CSA (mm2) 1200 1400 1400 2400
Reactive comp. (MVAr) 950 0 0 0

Table 3.1: Wind farm design results for the base case

3.4. Cost Calculation

The aim of the cost calculation is to provide an estimate of the capital expenditure
(CAPEX) for the investigated configurations. Offshore wind farms consist of a huge
number of components. In the CAPEX estimation, only the most significant cost con-
tributors are included. These consist of the wind turbines including drivetrain and
foundation, the collector cables, the offshore substation including transformers and
switchgear, the high power converters, the export cables and the onshore substation.
For the all-AC wind farm, reactive compensation is required and the costs associated
with shunt reactors and any additional platforms are also included.

Since cost information is provided in different currencies and available for various years,
it is necessary to normalise all cost data. A base currency of Me2021 was selected for
this. The currency conversions are performed using the average exchange rate of the
source year, obtained from [79]. Costs are then adjusted to the 2021 value of the euro
based on the historical inflation rate, obtained from [80]. The equations for the median
cost estimate of each of the components is provided in the following sections. For the
equations of the non-median estimates, refer to Appendix A.
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3.4.1 Wind turbines

AC wind turbines

The cost of AC wind turbines has been estimated by a number of sources [60,64,81] and
is calculated based on the wind turbine rated power. The cost, including acquisition,
foundation, transport and installation, is shown in Figure 3.1.
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Figure 3.1: Wind turbine cost estimates based on Dicorato, González-Rodríguez
(GR) and BVG Associates

The comparison shows that the three cost estimates differ significantly. The Dicorato
method and González-Rodríguez (GR) method agree reasonably well for smaller wind
turbine ratings of 10 MW and below, but diverge significantly for larger wind turbines.
The BVG Associates estimate is consistently 60% higher than the GR estimate, and can
reach differences of 180% with the Dicorato method for wind turbine ratings of 20 MW.
For the base case calculations, the González-Rodríguez [81] method was used to obtain
a median value, which can be described by the equation

CACWT = 1.051︸ ︷︷ ︸
inflation

·
(
1.374 · P

0.87
WF

NWT︸ ︷︷ ︸
wind turbine

+0.363 · P 1.06
WT︸ ︷︷ ︸

foundation

)
(3.1)

where CACWT is the cost of the AC wind turbines in Me2021, PWF is the total active
power of the wind farm, PWT is the rated power of an individual wind turbine and
NWT is the number of wind turbines. All currencies were normalised using e2021 as a
common reference. The original equation is expressed in e2016, hence an inflation factor
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of 1.051 is used.

DC wind turbines

There is currently no cost data available for wind turbines that use DC electrical driv-
etrains as no commercial designs have been implemented. Most cost estimates in the
literature therefore consider the cost of DC wind turbines to be a factor of the AC wind
turbine cost [45]. This can be expressed as

CDCWT = KWT · CACWT (3.2)

where KWT is the multiplication factor for DC wind turbines.

In [45], the factor ranges from 0.9 to 0.95 for the complete wind turbine, excluding
foundation. The BVG Associates report considers the power take-off and control system
to cost approximately 6.6% of the overall turbine cost, including the foundation and
installation.

For this cost-benefit analysis, the four-stage DC/DC converter with MFT is assumed to
have a cost that is 50% higher than the conventional back-to-back converter due to the
additional conversion stage. This results in a DC wind turbine factor KWT of 1.033.

3.4.2 Collector cables

Most current offshore wind farm projects use radial AC collection systems with voltages
of 33 kV. More recent offshore wind farms are planned to have voltages of 66 kV. There
is also ongoing research and industrial interest in increasing this voltage to 132 kV for
future wind farms. Cost estimates for medium voltage cables are provided in [59,60,81]
and are shown in Figure 3.2.

The median estimate for AC cables comes from a 2003 study by Lundberg (LB) [59],
using a curve fit of manufacturer data. The equation used is

CACcab = 0.144︸ ︷︷ ︸
conversion

·
(
C1 + C2 · exp

(C3Pcab

100

)

︸ ︷︷ ︸
cable

+ 2.4︸︷︷︸
inst.

)
(3.3)

where CACcab is the cable cost in Me2021/km, C1, C2 and C3 are constants dependent
on the cable voltage, given in Table 3.2, and Pcab is the rated power of the cable. The
original equation calculates the costs in SEK2003, therefore a conversion factor of 0.1437
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Figure 3.2: Collection system cable cost estimates, based on Dicorato, Lundberg AC
cables (LBAC) and DC cables (LBDC), and González-Rodríguez (GR)

was used.

Voltage (kV) C1 C2 C3

33 0.411 0.596 4.1
66 0.688 0.625 2.05
132 1.971 0.209 1.66
220 3.181 0.11 1.16

Table 3.2: AC cable cost parameters used in Equation (3.3), taken from [59]

Cost estimates for DC collector cables are more difficult to obtain as medium voltage
DC submarine cables are not yet widely used. The 2003 Lundberg study [59] provides
a cost estimate specifically for DC cables, which has subsequently been used in many
other publications [43, 45,82]. The equation used is

CDCcab = 0.144︸ ︷︷ ︸
conversion

(
C1 + C2 · Pcab︸ ︷︷ ︸

cable

+ 2.4︸︷︷︸
inst.

)
(3.4)

where CDCcab is the cost of the DC cables in Me2021/km, Pcab is the rated power of
the cable in MW, and C1 and C2 are parameters dependent on the voltage, given in
Table 3.3. The installation cost of the DC cables is assumed by Lundberg to be the
same as for AC cables.
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Voltage (kV) C1 C2

40 −0.314 0.0618
160 −0.100 0.0164
230 0.079 0.0120
300 0.286 0.0097

Table 3.3: DC cable cost parameters used in Equation (3.4), taken from [59]

3.4.3 AC transmission cables

Most of the equations for the collection system cables cannot be used for higher volt-
ages seen in the export system, with the exception of Equation (3.3), which provides
parameters for voltages up to 220 kV. Two other sources of data were found to esti-
mate the cost of HVAC cables, including the UK’s 2015 Electricity Ten Year Statement
(ETYS) [61] and the 2014 NorthSeaGrid (NSG) project [62]. The cost estimates are
shown in Figure 3.3.
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Figure 3.3: HVAC cable cost estimates, based on the NorthSeaGrid project (NSG),
UK Electricity Ten Year Statement (ETYS), and Lundberg (LB)

The ETYS provides a median estimate between the extremes and was therefore selected
to be used in the base case analysis. The HVAC cable cost can be approximated using
the following second order equation

CHV ACcab = 1.452︸ ︷︷ ︸
conversion

·
(
5.05 · 10−6 · P 2

cab − 1.318 · 10−3 · Pcab + 0.4333︸ ︷︷ ︸
cable

+0.79︸︷︷︸
inst.

)
(3.5)

where CHV ACcab is the cost of the AC transmission cable in Me2021/km and Pcab is the
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rated power of the cable in MW.

3.4.4 DC transmission cables

The ETYS and NSG reports also provide cost estimates for HVDC cables of voltages
in the range of 220 kV to 400 kV. These are shown in Figure 3.4. The ETYS [61] con-
tains cost ranges for mass-impregnated and extruded cables with copper or aluminium
conductors at two voltage levels and of power ratings from 600 MW to 1800 MW,
whereas the NSG report provides cost ranges for single-core HVDC submarine cables
with ratings of 700 MW, 1000 MW and 1400 MW. For this project, it was assumed the
transmission cables would use copper conductors with cross linked polyethylene (XLPE)
insulation at a voltage of 320 kV.
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Figure 3.4: HVDC cable cost estimates, based on the NorthSeaGrid project (NSG)
and UK Electricity Ten Year Statement (ETYS)

The mean of the two cost estimates was used in the base case calculations. The ETYS
cost data can be approximated using a second order equation of the form

CHVDCcab = 1.452︸ ︷︷ ︸
conversion

·
(
1.31 · 10−7 · P 2

cab + 1.473 · 10−4 · Pcab + 0.291︸ ︷︷ ︸
cable

+0.85︸︷︷︸
inst.

)
(3.6)

where CHVDCcab is the cost of the DC transmission cable in Me2021/km and Pcab is the
rated power of the bipole in MW.
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The NSG HVDC cable cost data can be approximated using the linear equation

CHVDCcab = 1.052︸ ︷︷ ︸
inflation

·
(
3.51 · 10−4 · Pcab + 0.079︸ ︷︷ ︸

cable

+1.755︸ ︷︷ ︸
inst.

)
(3.7)

3.4.5 Offshore substation

The offshore substation of conventional AC wind farms contains the transformers and
switchgear to step up the collector voltage to transmission voltage levels. The substation
is located on an offshore platform. The costs for each of these three elements are
estimated in this section.

The transformer costs can be approximated using the equation provided by Dicorato [60]

CTR = 1.15︸︷︷︸
inflation

·
(
0.0427 · (PTR)

0.7513
)

(3.8)

where CTR is the cost of the transformer in Me2021 and PTR is the rated power of the
transformer in MVA. It was assumed that the offshore substation would contain two
transformers capable of carrying the full power of the wind farm for redundancy.

The cost of the offshore gas-insulated switchgear (GIS) is provided in the 2015 ETYS [61]
and can be approximated by the linear equation

CSG = 1.452︸ ︷︷ ︸
conversion

·
(
0.0105 · VSG − 0.2007

)
(3.9)

where CSG is the cost of the switchgear in Me2021 and VSG is the rated voltage of the
switchgear in kV. The cost of DC switchgear used in the DC wind farm configurations
was assumed to be twice the cost of AC switchgear, based on [82].

The offshore platform constitutes the largest costs of the offshore substation. Cost
estimates are provided in Lundberg [59], the 2015 ETYS [61], and NorthSeaGrid report
[62]. These are shown shown in Figure 3.5.

The median estimate is provided by [62] and is calculated using equation

CACpl = 1.052︸ ︷︷ ︸
inflation

·
(
0.0738 · PWF + 53.25

)
(3.10)

where CACpl is the cost of the AC platform in Me2021 and PWF is the rated power of
the wind farm in MW.
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Figure 3.5: AC offshore platform cost estimates, based on the UK Electricity Ten
Year Statement (ETYS), NorthSeaGrid project (NSG), and Lundberg (LB)

3.4.6 AC/DC converter

For the configurations that include HVDC transmission, costs need to be determined for
the power electronic converters, both offshore and onshore. In the case of conventional
wind farms, the AC/DC conversion is typically performed using MMCs. For the DC
wind farm configurations, the offshore converter will be a DC/DC converter, whereas
the onshore converter will be the same as in a conventional wind farm. In addition, the
offshore converters are typically situated on a separate DC platform, whose cost also
needs to be determined.

Three sources were consulted to obtain AC/DC converter cost data. These include
Lundberg [59], the ETYS [61] and NSG report [62], shown in Figure 3.6.

The median cost estimate is provided by [59] and has been used as a basis for a number
of other cost-benefit analyses [45, 82]. It makes the simple assumption that the cost of
converters is 1 SEK/VA. This results in the equation

CAC/DCconv = 0.144︸ ︷︷ ︸
conversion

·Pconv (3.11)

where CAC/DCconv is the cost of the AC/DC converter in Me2021 and Pconv is the rated
power of the converter in MW.
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Figure 3.6: AC/DC converter cost estimates, based on the UK Electricity Ten Year
Statement (ETYS), Lundberg (LB), and NorthSeaGrid project (NSG)

3.4.7 DC/DC converter

The cost of the DC/DC converter is difficult to quantify as there are currently no high
power converters available on the market. Three sources have estimated their cost,
including Lundberg [59], Stamatiou [82], and Parker and Anaya-Lara [43]. Their cost
estimates are shown in Figure 3.7.
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Figure 3.7: DC/DC converter cost estimates, based on Lundberg (LB), Stamatiou
(ST), and Parker & Anaya-Lara (PA)

The Lundberg estimate for provides a middle ground and uses the same equation for
AC/DC and DC/DC converters. This was therefore used in the base case analysis.
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3.4.8 DC platform

Due to the large space requirements of the high voltage converter, this is typically
located on a separate DC platform. Cost data for platforms supporting the HVDC
conversion stage is provided in the ETYS [61] and NSG [62], as well as by a 2011 report
by the European Network of Transmission System Operators for Electricity (ENTSO-
E) [63]. These are shown in Figure 3.8.
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Figure 3.8: DC platform cost estimates, based on ETYS, NSG, and ENTSO-E

The median cost provided by [62] is calculated using equation

CDCplat = 1.051︸ ︷︷ ︸
inflation

·
(
0.125 · PWF + 165

)
(3.12)

where CDCplat is the DC platform cost in Me2021 and PWF is the wind farm power in
MW.

The all-MVDC configuration uses a small protection platform which is assumed to be
half the cost of the AC platform. The MVDC/HVDC configuration uses a smaller and
lighter DC/DC converter compared to the conventional HVDC converters used in the
AC/HVDC design. The cost of this platform was assumed to be 75% of the DC platform
cost in the base case.

3.4.9 Reactive compensation

For wind farms that use AC export cables, reactive compensation is required to offset
the cable capacitance. This reactive compensation typically takes the form of a shunt
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reactor, which can be installed at the onshore substation, offshore substation, on a
separate platform at the export cable midpoint, or a combination of these locations
[77,78]. The optimal locations and distribution of the shunt reactors are dependent on
the wind farm design. For this study, the results of [77, 78] are approximated based on
export cable length alone, as shown in Figure 3.9.

17% 17%
33% 33%

Offshore
platform Onshore

Lcab ≤ 30 km

100%

30 km < Lcab ≤ 80 km

50% 50%

80 km < Lcab ≤ 180 km

25% 25%
50%

Lcab > 180 km

Figure 3.9: Reactive compensation locations and distribution, based on export cable
length

The reactive compensation requirements were calculated using

Qcomp =
V 2
HV AC

2πfNcabCcabLcab
(3.13)

where VHV AC is the AC transmission line-to-line voltage, f is the system frequency,
assumed to be 50 Hz, Ncab is the number of export cables, Lcab is the export cable length,
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and Ccab is the export cable capacitance per km, obtained from publicly available ABB
datasheets [83].

The ETYS [61] provides costs estimates for shunt reactors. This can be approximated
using the linear equation

CSR = 1.452︸ ︷︷ ︸
conversion

·
(
0.0177 ·Qcomp + 0.9603

)
(3.14)

where CSR is the cost of the shunt reactor in Me2021 and Qcomp is the reactor rating
in MVAr.

If a shunt reactor is located on the existing offshore platform, the additional platform
cost due to the shunt reactor weight is calculated using the approach from [84], with
the equation

∆CACplat = 1.084︸ ︷︷ ︸
inflation

·
(
6.08 · 10−4 ·Q0.765

off

)
(3.15)

where ∆CACplat is the additional AC platform cost in Me2021 and Qoff is the proportion
of compensation located offshore, based on Figure 3.9.

For wind farms that require additional platform(s) along the cable, the cost of the
platforms is calculated using Equation (3.10), based on the reactive compensation rating
from Figure 3.9.

3.4.10 Operational costs

The annual operational expenditure (OPEX) of each component was estimated as a
proportion of the CAPEX, based on median values suggested in [62]. These are given
in Table 3.4. The net present value (NPV) of the OPEX is calculated by discounting
the annual OPEX over the lifetime of the wind farm, using the equation

OPEXNPV =

∑X
x=1Ox

Dr
·
(
1− 1

(1 +Dr)LT

)
(3.16)

where OPEXNPV is the net present value of the operational costs in Me2021, Ox is the
annual OPEX of component x, Dr is the discount rate, and LT is the lifetime in years.
The base case considers a discount rate of 6% and a lifetime of 27 years [64].

42



Chapter 3. DC Wind Farm Cost-Effectiveness

Table 3.4: Component annual operational expenditures, with CAPEX as base [62]

Component OPEX (pu)

Cables 0.025
Platform 0.02
Onshore converter 0.007
Offshore converter 0.02
Switchgear 0.007
Transformer 0.0015
Shunt reactor 0.0015

3.5. Losses, Reliability and LCOE Calculation

3.5.1 Losses

The energy losses of each component are dependent on the power output of the wind
turbines. A Weibull probability distribution of the wind speed was assumed, resulting
in the following expression

T (v) = 8760 · k
c

(v
c

)k−1
· exp

[
−
(v
c

)k
]

(3.17)

where T (v) is the annual hours with wind speed v, c is the scale parameter, and k is
the shape parameter. A typical value of 2.3 for k and 11 for c was selected, resulting in
the distribution illustrated in Figure 3.10a. The power output of the wind turbines at
each wind speed is calculated using a generic power curve, scaled to the wind turbine
rating. This is shown in Figure 3.10b. A typical reduction of 8.5% in the wind speed is
included to take into account the effect of wakes in the wind farm.

The losses for each cable run were calculated using the equation

Lcab =

vmax∑

v=vmin

T (v) · 3
(
Icab(v)

)2
Rcab (3.18)

where T (v) is the annual hours with wind speed v, Icab(v) is the current passing through
the cable at wind speed v, and Rcab is the cable resistance. For DC cables, the factor 3
is replaced by a factor 2 due to the reduction in conductors per cable.

The losses of the wind turbine converter, transformer, AC/DC converter and shunt
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Figure 3.10: Gross AEP calculation inputs

reactor were calculated using the equation

Ln =

vmax∑

v=vmin

T (v) ·
(
NLL+

(Pn(v)

Pmax

)2
· FLL

)
(3.19)

where Ln are the losses in per unit of component n, Pn(v) is the power at wind speed
v, Pmax is the component rated power, NLL and FLL are the component no-load and
full-load losses in per unit, respectively. These are provided in Table 3.5. The shunt
reactors are assumed to have identical losses to the transformers.

The losses of DC/DC converters with various topologies were estimated in [65]. The
base case assumes a single-active bridge topology with phase shift operation, which has
losses ranging from 2.75% at low loading to 1.4% losses at full load [65].

Table 3.5: Component no-load and full-load losses

Component Source NLL (%) FLL (%)

WT converter [85] 0.2 2.0
MMC converter [86] 0.1 0.8
Transformer [87] 0.055 0.3

3.5.2 Reliability

The reliability of each configuration was taken into account by calculating the expected
energy not supplied (EENS) due to repairs of each component, based on the approach
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in [88]. The unavailability due to the failure of a component n is expressed using

Un =

vmax∑

v=vmin

T (v) · Fn(v) · λn · rn (3.20)

where T (v) is the annual hours with wind speed v, λn is the failure rate of component
n, rn is the repair time, and Fn(v) is the proportion of the wind farm out of service
due to the failure of the component. The failure rates and repair times used in the
calculation are set out in Table 3.6.

Table 3.6: Component failure rates and repair times

Component Source λ (yr−1) r (hrs)

AC cable (per km) [66] 0.0007 1440
DC cable (per km) [66] 0.0004 2304
AC circuit breaker [89] 0.024 720
Transformer [90] 0.025 3000
WT converter [91] 0.15 720
MMC converter [67] 0.0153 1664

Failure rate and repair time data varies significantly between sources. In [90], the failure
rate of offshore converters is found to be 1 failure per year with a repair time of up to
168 hours, whereas the failure rate and repair time used in [67] differ by an order of
magnitude: 0.0153 failures/year and 1664 hours, respectively. This difference is due to
the types of failures considered, as well as the consideration of travel time.

For offshore wind farms, the transportation of technicians and equipment has a major
impact on overall repair time, especially since this is impacted by adverse weather
conditions [92]. The downtime of the wind turbine converter and circuit breakers were
therefore assumed to be 30 days, despite their much lower onshore repair times.

The reliability of the DC technology such as the DC/DC converter and DC circuit
breakers is not known and will be dependent on the topology used. For this study,
the unavailability of the DC/DC converter was assumed to be twice that of the AC/
DC converter plus the unavailability of the transformer. The failure rate of DC circuit
breakers was assumed to be twice that of AC circuit breakers [82].

For the calculation of Fn(v), it was assumed that any failure of the collector cables
or string circuit breaker would result in the disconnection of the entire string. For
transformer failures, the wind farm was assumed to be reconfigured to divert the energy
to the remaining transformers, curtailing the wind turbine output to prevent exceeding

45



Chapter 3. DC Wind Farm Cost-Effectiveness

the transformer ratings if necessary. Similarly, if one of the export cables fails, the
energy is assumed to be diverted to any remaining healthy cables up to their maximum
rated capability.

3.5.3 Levelised cost of energy

The levelised cost of energy was used to compare the economic performance of the four
configurations. This is calculated using the equation

LCOE =
Ctotal +OPEXNPV

(1− Ltotal − Utotal) ·AEPNPV
(3.21)

where Ctotal is the total CAPEX, OPEXNPV is the net present value of the OPEX,
Ltotal are the total losses in per unit, Utotal is the total unavailability in per unit, and
AEPNPV is the discounted gross annual energy production.

3.6. Results

3.6.1 Base case

The base case considers a 1000 MW wind farm at a distance of 100 km from shore.
The cost, losses, and reliability breakdown for each of the four configurations is shown
in Figure 3.11. The cost results show that the MVDC/HVDC configuration has the
lowest overall cost, mainly due to the lower DC platform and cable costs. The all-AC
and AC/HVDC configurations have similar capital costs. The latter has a reduction in
cable costs but these are largely offset by the converter and DC platform costs. The
all-MVDC configuration does not provide significant cost savings in this case despite
having the lowest platform cost of all configurations. This is because it requires a
large number of export cable circuits due to the low export voltage. This significantly
increases the cable costs.

In terms of efficiency, the AC/HVDC and MVDC/HVDC configurations provide im-
provements over the all-AC configuration due to the reduction in export cable losses.
The MVDC/HVDC configuration, however, suffers from high converter losses in the
base case, resulting in more limited efficiency improvements. The all-MVDC configu-
ration has increased overall losses due to the lower export voltage, despite having no
converter or transformer losses on its offshore substation.

46



Chapter 3. DC Wind Farm Cost-Effectiveness

0 500 1000 1500 2000 2500

Cost (Me2021)

all-MVDC

MVDC/HVDC

AC/HVDC

all-AC
Wind turbine

Collector Cables

Offshore Substation

DC Platform

Offshore Converter

Export Cables

Onshore Conv.

Reactive Compensation

(a) Cost results

0.00 0.02 0.04 0.06 0.08

Losses (pu)

all-MVDC

MVDC/HVDC

AC/HVDC

all-AC

(b) Loss results

0.00 0.02 0.04 0.06

Unavailability (pu)

all-MVDC

MVDC/HVDC

AC/HVDC

all-AC

(c) Reliability results

Figure 3.11: Base case cost-benefit analysis results, showing the contribution of each
component for the considered configurations
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The unavailability figure shows that the all-AC configuration has the highest reliability
due to the mature technology used and absence of converters. Conversely, the MVDC/
HVDC and all-MVDC configurations have the lowest reliability due to the relatively
high assumed failure rate of the DC/DC converter and DC switchgear.

3.6.2 Optimal configuration

The calculated LCOE for the base case shows that the MVDC/HVDC configuration
is the preferred option with an LCOE of 47 e2021/MWh. The calculated LCOE for
other distances are shown in Figure 3.12. The figure shows that for a 1000 MW wind
farm, the all-AC configuration has the lowest LCOE up to 80 km. The AC/HVDC and
MVDC/HVDC configurations have near identical LCOEs and are most cost-effective
beyond 80 km. The all-MVDC option is more expensive for all distances.
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Figure 3.12: Levelised cost of energy by distance from shore for a 1000 MW wind
farm using the considered configurations

It can be seen from the figure that as the distance to shore increases, the LCOE of the
configurations increases linearly due to a rise in export cable costs and losses. The all-
AC option has additional step increases at 90 km and 190 km because at these distances
additional platforms are required to house the reactive compensation equipment along
the cable circuit.

The optimal configuration was calculated for each combination of wind farm size ranging
from 200 MW to 1500 MW and distance from shore between 20 km and 200 km. The
base case considers a collector voltage of 66 kV AC or ±40 kV DC. The result of
this calculation is shown in Figure 3.13. The results show that the traditional all-AC
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configuration is the most cost-effective for wind farms of any size up to approximately
80 km from shore, or small wind farms of up to 500 MW at any distance from shore. The
MVDC/HVDC option has the lowest LCOE in two regions: large wind farms of more
than 800 MW at medium distances of 80 km to 140 km, and medium wind farm sizes
of 400 MW to 600 MW at long distances of more than 120 km. For large wind farms
at far distances, the AC/HVDC option becomes more cost-effective. The all-MVDC
option does not have the lowest LCOE at any point in the base case.
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Figure 3.13: Optimal configuration in the base case for varying wind farm size and
distance from shore

3.7. Sensitivity Studies

A series of sensitivity studies were performed to take into account the uncertainties
of the most important elements for both all-DC configurations including the cost and
performance of the DC/DC converter, the DC platform costs, the collector voltage and
the export cable installation costs.

3.7.1 DC/DC converter

A sensitivity study was performed to take into account the uncertainty of the DC/DC
converter technology. The cost, losses and failure rate of the DC/DC converter were
varied as a proportion of the base case values. The results of this sensitivity analysis
are shown in Figure 3.14.

The figure shows the DC/DC converter cost and performance have a large impact on the
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Figure 3.14: DC/DC converter sensitivity study results showing the power and
distance at which the MVDC/HVDC configuration has the lowest LCOE. The per

unit values represent the relative cost, losses, and reliability of the DC/DC converter
compared to the base case

cost-effectiveness of the MVDC/HVDC configuration. The maximum DC/DC converter
allowable cost, losses, and failure rate are 1.05 pu of the base case values. At this point,
the MVDC/HVDC configuration has the lowest LCOE under very limited conditions:
400 MW wind farms located between 120 km and 190 km from shore.

As the cost and performance improve, the MVDC/HVDC option becomes the optimal
configuration for more wind farms. The largest improvement can be seen at 0.9 pu, at
which point the MVDC/HVDC configuration is preferred over the AC/HVDC option for
all wind farm sizes and distances from shore. Further cost reductions and performance
improvements have a smaller impact, marginally reducing the distance from shore at
which the MVDC/HVDC configuration becomes the most cost-effective option.

3.7.2 DC platform cost

The main advantage of the MVDC/HVDC configuration over the AC/HVDC configu-
ration is its DC platform cost reduction. The precise cost savings will be dependent on
the weight and space requirements of the DC/DC converter and the DC platform de-
sign. A sensitivity study was performed to determine the cost reduction requirements.
The results of this analysis are shown in Figure 3.15.

The figure shows that the MVDC platform must provide a minimum of 20% cost savings
for the MVDC/HVDC option to be the optimal configuration under limited conditions.
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Figure 3.15: DC platform sensitivity study results showing the power and distance
at which the MVDC/HVDC configuration has the lowest LCOE. The per unit values

represent the relative cost of the MVDC platform compared to cost of the HVDC
platform

A significant improvement can be seen when the MVDC platform is 27.5% cheaper
than an equivalent HVDC platform. For the MVDC/HVDC configuration to be more
cost-effective than the AC/HVDC configuration for all wind farm sizes and distances
from shore, a cost reduction in the DC platform of 30% is required.

3.7.3 Collector voltage

The all-MVDC configuration is highly dependent on the selected collector voltage. In-
creasing the voltage will reduce the number of cable circuits required in the all-MVDC
export system, which is the main source of capital costs for this configuration. A sensi-
tivity study was performed varying the collector voltage up to ±140 kV DC. Note that
higher collector voltages result in additional challenges in terms of insulation require-
ments and wind turbine converter capability, which have not been taken into account
here. The results for this study are shown in Figure 3.16.

The figure shows that a minimum voltage of ±60 kV is required for the all-MVDC option
to have the lowest LCOE for 200 MW wind farms at distances of more than 110 km from
shore. Further increases in the voltage show the all-MVDC option becomes increasingly
cost-effective for larger wind farms at medium distances. At a collector voltage of
±100 kV, the all-MVDC option is the most cost-effective for wind farms up to 900 MW
at distances between 90 km and 120 km. If the collector voltage can be increased to
±140 kV, the all-MVDC option has the lowest LCOE for the majority of wind farm
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Figure 3.16: Collector voltage sensitivity study results showing the power and
distance at which the all-MVDC configuration has the lowest LCOE

sizes and distances.

3.7.4 Cable installation cost

The all-MVDC configuration requires a large number of export cables, therefore any
reduction in the cable installation cost will disproportionately benefit this configuration.
A sensitivity study was performed on the cable installation cost, with the results shown
in Figure 3.17.
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Figure 3.17: Cable installation cost sensitivity study results showing the power and
distance at which the all-MVDC configuration has the lowest LCOE

The figure shows that if the cable installation cost can be reduced by 50% or more, the
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all-MVDC option becomes cost-effective for small wind farms at large distances from
shore, even when using ±40 kV cable circuits. Most of the installation cost is due to the
hiring of vessels [64]. Therefore to achieve such a significant cost reduction, specialised
equipment that can install several cables at once would likely be required.

3.8. Conclusion

This chapter investigated the conditions required for all-DC wind farms to be more cost-
effective than existing AC configurations. A total of four wind farm configurations were
assessed, including the all-AC, AC/HVDC, MVDC/HVDC, and all-MVDC designs.
The analysis took into account the costs, losses, and reliability to calculate the wind
farm LCOE. The optimal configuration with the lowest LCOE was calculated for wind
farms ranging in size from 200 MW to 1500 MW at a distance from shore between
20 km and 200 km.

The results showed that for the base case, the all-AC option is preferred for wind farms
of any size at distances up to 80 km from shore. The AC/HVDC option is optimal
for large wind farms at very long distances of more than 150 km from shore. The
MVDC/HVDC option has a very similar LCOE to the AC/HVDC option and is most
cost-effective at the transition between all-AC and AC/HVDC. The all-MVDC option
was found to always be more expensive than the other configurations in the base case.

The sensitivity studies showed that the main factors affecting the MVDC/HVDC cost-
effectiveness were the costs of the DC/DC converter and DC platform. For the MVDC/
HVDC to be more cost-effective than equivalent AC/HVDC wind farms at any size and
distance, the DC/DC converter cost must be less than 90% of the cost of an equivalent
MMC, with a cost reduction of 25% for the DC platform. Alternatively, if the DC
platform of the MVDC/HVDC configuration costs 30% less than that of the AC/HVDC
option, then the DC/DC converter can be the same cost as an equivalent MMC.

The main factors affecting the all-MVDC option are the collector voltage and cable
installation costs. A collector voltage of ±100 kV or more results in the all-MVDC
option being preferred for small and medium wind farms at distances above 80 km
from shore. If collector voltages of ±140 kV can be achieved, the all-MVDC option
becomes the optimal configuration for most wind farm sizes and distances from shore.
Alternatively, a reduction in cable installation costs of 50% or more is required for the
all-MVDC option to be the most cost-effective configuration for small wind farms at
long distances from shore.
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DC/DC converters for
Offshore Wind

4.1. Introduction

Chapter 3 has shown that the potential benefits of using DC collection systems are highly
dependent on the design of the DC/DC converter. The selected converter topology and
operating frequency will influence the cost, efficiency and reliability of the system and
therefore play a large role in the overall cost-effectiveness. This chapter investigates
the DC/DC converter used in the wind turbine in greater detail. A downselection of
DC/DC converter topologies is performed, and the four selected converter topologies
were subjected to a multi-objective design optimisation, taking into account reliability,
volume, mass, efficiency, and operating frequency.

4.1.1 State of the art

A number of publications have attempted to compare DC/DC converter designs for
wind turbine applications. In [71], the characteristics of six 6 MW, 2.8/100 kV con-
verter topologies were compared, including non-resonant and resonant topologies. The
assessment covered the component stresses, component count and losses. However, the
study was limited since it assumed a single converter operating frequency and did not
include any dimensional or reliability analysis of the converters.

A study by [93] investigated the power loss, volume and weight of six isolated 10 MW
converter topologies, including three matrix-based converters and three back-to-back
converters. They also investigated the impact of the MFT frequency and number of par-
allel connected modules. Their results show that the reduced matrix converter (RMC)
had the highest efficiency over the whole frequency range, and low volume at frequencies
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above 7 kHz. The 1-phase and 3-phase full bridge converters were the next most effi-
cient with comparable volumes at frequencies up to 3 kHz. However, matrix converters
are unlikely to be commercially available in the near future due to their relatively high
control complexity and lack of practical applications. The study also does not include
any assessment of the reliability or insulation requirements.

In [94], the 1-phase dual active bridge (DAB1) and 3-phase dual active bridge (DAB3)
were compared in terms of losses, volume and weight for a 10 MW, 1/50 kV converter.
The converter consisted of 50 modules, each with a 1:1 transformer ratio. They found
that the DAB1 and DAB3 have similar losses of around 1.5%, with the DAB3 having
approximately 20% lower volume and weight. However, the study considered only bidi-
rectional converters operating with a single frequency and did not assess the converter
reliability or insulation.

4.1.2 Contributions

This research provides a comprehensive DC/DC converter optimisation and compari-
son for DC-connected offshore wind turbines. The study is comprehensive as it cov-
ers multiple aspects of converter design, including the reliability, dielectric insulation,
volume, weight, and losses for varying operating frequencies. The study includes a
multi-objective optimisation of the MFT and a volume optimisation considering the in-
sulation requirements. The DC/DC converter topologies included in the study include
both 1-phase and 3-phase, unidirectional and bidirectional DC/DC converters.

Existing research only considers a limited number of these factors. For example, most
studies consider a single DC/DC converter topology, which can be unidirectional or
bidirectional. Proponents of the unidirectional converters argue that these provide the
most cost-effective solution since wind turbines only need to deliver power. However,
bidirectional power converters would allow for self-start capabilities in case of a black
start, since power is required to energize the DC bus and to supply the auxiliary equip-
ment [95]. The fault ride-through ability of unidirectional and bidirectional converters
may also differ due to their differing degree of controllability. There is a lack of studies
investigating how these two topology designs compare to each other.

This research is particularly relevant for offshore wind applications by being one of
the first to include a dedicated reliability study. Reliability is a key factor due to the
difficulty in accessing offshore equipment. In addition, the reliability calculations have
knock-on effects for the rest of the converter design. For example, the desired reliability
will influence the converter redundancy requirements, which in turn affects component
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stresses, which influence transformer design, which impacts the size and efficiency of
the converter. This interplay of factors is frequently overlooked in existing comparison
studies, especially where reliability is concerned.

This chapter includes a frequency sensitivity study, which details how the selection
of the operating frequency can influence the performance and size of the converters.
Existing comparison studies typically assume a single converter operating frequency,
which can range from as little as 500 Hz [71] up to 10 kHz [96]. This study aims to fill
this research gap by providing a quantitative method to select the converter operating
frequency.

This research is one of the first to include an insulation coordination study and to
physically arrange the components as part of the volume calculations. This is important
because at higher frequencies, the dielectric insulation requirements play an increasingly
important role. This is a factor that is currently not addressed in any of existing
literature.

Finally, this chapter examines DC/DC converters fit for modern wind turbines. The
rapid development of wind turbines has resulted in assumptions from previous studies
to already be outdated. The latest generation of offshore wind turbines are rated at
15 MW. Offshore wind farm array voltages of 66 kV are now standard, with plans for
further increases to 132 kV [97]. Wind turbine generator voltages are typically below
1 kV [98], whereas the DC collection system is expected to operate at around ±40 kV
(80 kV pole to pole), which is the DC equivalent of 66 kV AC [99]. The DC/DC converter
must be designed to be able to handle these high power ratings and large step-up ratios.

The chapter is organized as follows: In Section 4.2, the DC/DC converter topologies
are reviewed, and a downselection is performed to determined the most promising can-
didates. In Section 4.3, the four selected topologies and the methodology used in the
comparison are set out. In Section 4.4, the reliability calculations are performed to
determine the required converter redundancy. In Section 4.5, the size and weight of
the converter components is calculated, including the transformer, semiconductors and
cooling, capacitors, and required isolation clearance. Section 4.6 details the efficiency
calculation for each of the converters and Section 4.7 sets out the results of the frequency
sensitivity studies. Finally, Section 4.8 presents the conclusions of the research.
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4.2. DC/DC Converter Review

A multitude of converter topologies has been put forward for high power DC/DC
conversion, which can broadly be categorised into isolated [100–102] and non-isolated
designs [103–105], resonant and non-resonant designs, modular and non-modular de-
signs [106]. Refer to Figure 4.1 for a classification of the designs [106]. It is there-
fore necessary to perform a downselection of DC/DC converter topologies to determine
topologies that are most suited for use in DC wind turbines.

Isolated

Series
Resonant

Parallel
Resonant

Resonant
Bridge

Active
Bridge

Standalone Cascaded Modular
Multilevel

Flyback &
Forward

F2F-MMC Hybrid

(a) Isolated topologies

Non-
Isolated

Resonant DC
Modular

DC Auto-
transformer

Single
stage

Multiple
stage MMC-DC Chopper

based

Capacitive Inductive

Trans-
formerless

(b) Non-isolated topologies

Figure 4.1: DC/DC converter classification, based on [106]
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4.2.1 Downselection

The fundamental requirements of DC/DC converters for wind energy applications in-
clude capabilities such as a high power rating, a high voltage step up ratio, high relia-
bility, high efficiency, low cost, high power density, electrical safety, similar control to
AC converters, and a compatible electrical interface with the generator [65].

Isolated DC/DC converters have a number of benefits over their non-isolated coun-
terparts which make them more suited to offshore wind applications. The use of a
transformer allows for galvanic isolation between the low voltage and high voltage side.
Most of modern wind turbines use generators with a relatively low output voltage rang-
ing from less than 1 kV to a few kV [98, 107]. Therefore, galvanic isolation is desirable
for wind turbines as it allows for lower insulation requirements for the generator and im-
proved safety [108, 109]. In addition, transformers are highly reliable equipment which
can achieve a high voltage step up simply by increasing the turns ratio. However, the
design and optimisation of a high power MFT is an ongoing challenge [98]. Higher
frequency allows for a smaller and lighter transformer design but leads to increased
semiconductor switching losses [110].

Isolated designs can largely be divided into three categories: active bridge, resonant
bridge, and flyback or forward type converters. The flyback-type converter designs
suffer from challenges with the high insulation and high current requirements in the
inductor circuits, limiting their use in high power application [106]. Resonant converters
use additional inductors and capacitors in the topology to achieve soft-switching over a
wide range of voltage and power [111]. However, the efficiency benefits over non-resonant
designs are not guaranteed [71, 100, 108]. For frequency-controlled resonant converters,
the wide range of operating frequency complicates the design of passive components,
filters, the transformer, and gate driver circuitry [112]. This additional complexity
makes these topologies an unlikely candidate for near-term commercialisation.

The remaining active bridge topologies can be standalone, cascaded or modular multi-
level. The standalone or bulk design consists of a single MFT with series and/or parallel
connected switches. This has the benefit of relatively simple construction. However,
the series connection of switches is challenging to implement in practice due to unequal
voltage distribution issues [113] and can lead to lower converter reliability. The modu-
lar multilevel topologies were found by previous research [114] to have higher costs and
lower efficiency compared to the cascaded designs for wind farm applications. Therefore,
the topologies that were selected for this work are the cascaded active bridge topologies,
which include the single active bridge [101,115] and dual active bridge [114,116].
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Both converter topologies have a single-phase and a three-phase variant, resulting in the
single-phase single active bridge (SAB1), the three-phase single active bridge (SAB3),
the single-phase dual active bridge (DAB1), and the three-phase dual active bridge
(DAB3). These topologies are investigated in further detail in the following sections.

4.2.2 SAB1

The SAB1 schematic is shown in Figure 4.2a. The SAB1 is characterised by an active
inverting bridge at the input and a passive rectifying bridge at the output. An MFT
provides galvanic isolation and steps up the voltage. The leakage inductance of the
MFT can be used for the power transfer to remove the need for an external inductor.

The SAB1 can be operated in either continuous conduction mode (CCM) or discontin-
uous conduction mode (DCM), depending on the leakage inductance, duty cycle and
voltage. In CCM, the converter can achieve soft-switching through the use of capacitors
connected in parallel to the switches, but at lower output powers the converter loses this
soft-switching capability as it operates in DCM, where the switch capacitors increase
the turn-off losses of the converter at low power output [115, 117]. This is described in
more detail in [118].

For large wind turbine applications, which do not operate at full power continuously,
the SAB1 is therefore typically designed to operate exclusively in DCM, without the use
of soft-switching capacitors. This simplifies the design and reduces the filter inductance
requirements [115, 119], at the cost of higher current stresses [108]. The waveforms for
the SAB1 operating in DCM are shown in Figure 4.2b. The maximum duty cycle which
results in DCM is calculated using

The average output power in DCM is given by

P2 =
V1

fL

(
V1 −

V2

a

)
D2 (4.1)

where V1 is the input DC link voltage, f is the switching frequency, L is the transformer
leakage inductance, V2 is the output DC link voltage, a is the ratio of secondary turns
to primary turns, and D is the applied duty cycle.

The maximum power output is achieved for the largest duty cycle which still allows for
discontinuous operation, given by

Dmax =
V2

2aV1
(4.2)
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Figure 4.2: The single-phase, single active bridge converter (SAB1), operating in
discontinuous conduction mode
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4.2.3 SAB3

The schematic for the SAB3 is shown in Figure 4.3a. It uses a three-phase active full
bridge inverter at the primary side and a three-phase passive full bridge rectifier on the
secondary. The bridges can be connected through three single-phase transformers or a
single three-phase transformer. The primary and secondary windings are connected in
a Y-Y arrangement [120].

The SAB3 operates by closing the switches in each phase (S1, S2, S3) with a phase shift
of 120 degrees. Similar to the SAB1, the duty cycle determines the duration of the ON
state of each of these switches. The gate signals for the switches on the lower arms are
complementary to those of the upper arm.

The SAB3 has a total of eight operating modes [120], depending on the applied duty
cycle and the voltage conversion ratio. The voltage conversion ratio is defined as

m =
V2

aV1
(4.3)

For wind turbine applications, this ratio tends to be high (m > 0.5), therefore the SAB3
will only see four of these operating modes, which include three different CCMs and
one DCM. The operating mode depends on the applied duty factor.

The voltage and current waveforms of the SAB3 when operating at maximum power
output are shown in Figure 4.3b. For a detailed description of the waveforms at other
operating points, refer to [120].

The output power for all four high voltage conversion ratio operating modes [120] is

P2 =





V 2
1

fL
(1−m)D2 0 < D ≤ m

3

mV 2
1

12fL
(4D − 3D2 −m2)

m

3
< D ≤ 1

3

mV 2
1

12fL
(4D − 3D2 −m2)

1

3
< D ≤ 2−m

3

mV 2
1

9fL
(1−m)(1 +m)

2−m

3
< D ≤ 1

2

(4.4)

where the maximum power occurs for a duty cycle of 2−m
3 .
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Figure 4.3: The three-phase single active bridge converter (SAB3), operating in
continuous conduction mode at nominal output power
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4.2.4 DAB1

The schematic for the DAB1 is shown in Figure 4.4a. The DAB1 has a similar topology
to the SAB1, with the main difference being an active bridge on the secondary. This
allows for bidirectional power flow, which could be useful if the wind turbine needs
self-start capabilities. As with the SAB1, the DAB1 transformer’s leakage inductance
can be used for the power transfer, resulting in a more compact overall design.

The DAB1 achieves soft-switching through the use of capacitors connected in parallel
with each switch [117]. However, this ability of the DAB1 to achieve zero voltage
switching is dependent on the operating conditions, with low power output and low
voltage conversion ratios associated with a loss of soft-switching when using single-
phase-shift control.

Several more complex control strategies have been proposed to extend the soft-switching
operating range of the DAB1, including dual-phase-shift, extended-phase-shift, triple-
phase-shift control, triangular current, and trapezoidal current control [121,122]. How-
ever, in wind turbine applications, the wind turbine DC link voltage and collector system
voltage are strictly controlled, which means a voltage conversion ratio of unity can be
maintained. This allows for soft-switching at all operating points with the much simpler
single-phase-shift control.

In single-phase-shift control, both pairs of switches on each bridge have a fixed duty
cycle of one half of the switching period, creating a square wave voltage on both bridges.
The bridge voltages are shifted by a phase angle, δ. This angle is the only control
variable, which greatly simplifies the controller design. The phase angle determines
both the magnitude of the power delivery and the direction of power exchange, with
power flowing from the leading to lagging bridge. The drawback of this control strategy
is that it leads to relatively large RMS currents in the transformer [122].

The voltage and current waveforms of the DAB1 are shown in Figure 4.4b. The average
power output of the DAB1 is given by the equation

P2 =
V1V2

fLa
δ(1− 2δ) (4.5)

where δ is the phase shift angle. The maximum power output is achieved at a phase
shift of 0.25, which provides an upper limit for the inductance value required to achieve
a certain power output [122].
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Figure 4.4: The single-phase dual active bridge converter (DAB1), operating at
nominal output with single-phase-shift control
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4.2.5 DAB3

The schematic for the DAB3 is shown in Figure 4.5a. The DAB3, first introduced
in [116] for aerospace applications, uses a three-phase active full bridge at the primary
side and secondary side of the MFT. The magnetic link can be established using a three
single-phase transformers or a single three-phase transformer [123]. If a three-phase
transformer is used, this is traditionally connected in a Y-Y configuration [116].

The DAB3 operates by closing the switches for each phase of the inverter and rectifier
side with a phase shift of 120 degrees, producing a typical six-step voltage waveform. As
with the DAB1, multiple control strategies have been proposed for the DAB3, including
single phase shift control, variable duty cycle control [124], instantaneous flux control
[125], among others.

The single phase shift control is explained below, and the resulting waveforms are shown
in Figure 4.5b. The primary side and secondary side are shifted by a controllable phase
shift δ, which regulates the power output of the converter. The DAB3 has two operating
modes, depending on the applied phase shift. The output power is given by

P2 =





V1V2

fLa
δ

(
2

3
− δ

)
0 ≤ δ ≤ 1

6

V1V2

fLa

(
δ − 2δ2 − 1

36

)
1

6
< δ ≤ 1

3

(4.6)

As with the DAB1, the maximum power output is achieved at δ = 0.25, which can
be used to obtain the maximum series inductance. The selected design inductance is
typically a value below this upper limit and represents a trade-off between the peak
current ripple and transformer size.

The DAB3 has the advantage of using three phase legs, which results in comparatively
low current magnitudes due to the additional leg used to transfer the same converter
power. In addition, the current profile is much more sinusoidal, which is associated
with a reduction in the harmonic content [126]. From Figure 4.4b, it can be seen that
the input and output DC current ripples, and therefore the associated voltage ripples,
are significantly smaller for the DAB3 than the DAB1. This allows for smaller filter
components [126].
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Figure 4.5: The three-phase dual active bridge converter (DAB3), operating at
nominal output with a unity voltage conversion factor
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4.3. Methodology

The methodology used in the converter comparison is illustrated in Figure 4.6. The
DC/DC converter design starts with the converter availability requirements and device
data to calculate the number of redundant modules based on component stresses, failure
rates and reliability requirements. For a given operating frequency, the MFT is then
designed using a multi-objective optimisation, which minimises the transformer size and
losses while meeting the isolation and inductance requirements. PLECS simulations
are performed to determine the losses of the semiconductors, as well as to determine
the capacitance and heat sink requirements. Once the optimal design is selected, the
components are arranged into a minimum volume configuration, taking into account the
insulation coordination requirements. The total volume and weight are then calculated
for each of the converters. Finally, the frequency is increased and this process is repeated
to determine an optimal operating frequency.

4.4. Modularity and Reliability

4.4.1 Connection options

The DC/DC converter can either be a standalone design, consisting of a single MFT
with series and/or parallel connected switches, or a modular design, which consists of
multiple series and/or parallel connected DC/DC converters, each with their own MFT.
The standalone or bulk design has the benefit of relatively simple construction. However,
modular designs have improved reliability [127] and avoid connecting switches in series,
which is challenging to implement due to unequal voltage distribution issues [113].

Several options for cascaded connections are possible, including input-series output-
series (ISOS), input-series output-parallel (ISOP), input-parallel output-parallel (IPOP),
and input-parallel output-series (IPOS) [113]. More complicated arrangements are also
possible, including combinations of these connections [128] and the connection of un-
equally rated converter modules [129], but these were considered beyond the scope of
this study.

In general, a series connection results in higher voltage capability, whereas a parallel
connection allows for a higher current capability. For the high-power, high voltage step-
up requirements of a DC wind turbine, the IPOS connection is most suitable. This
topology is illustrated in Figure 4.7.
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Figure 4.7: Schematic of an input-parallel, output-series DC/DC converter

4.4.2 Minimum number of modules

The selection of the number of converter modules will have a large impact on the overall
converter design and performance metrics. Some papers [130] consider a basic approach
where the MFT transformer turns ratio is considered to be 1:1. This has the benefit
of reducing the transformer complexity but results in an exceedingly large number of
modules required for large voltage step-ups. The inductance required in each module
also increases as the total number of modules increases, resulting in a sub-optimal
design.

A better approach is to select the number of modules based on semiconductor stresses
and converter reliability [131, 132]. The minimum number of modules is determined
based on the blocking voltage and current rating of the selected semiconductors, thereby
avoiding the series-connection of individual switches, which may be difficult to imple-
ment in practice.

The minimum number of series-connected modules required to withstand the voltage
can be calculated using

ks =

⌈
Vsw

γVmax

⌉
(4.7)

where Vsw is the voltage experienced by the semiconductor, Vmax is the maximum
voltage rating of the semiconductor, and γ is the voltage de-rating factor. The de-
rating factor ensures both that there is a safety margin for voltage transients, and that
the semiconductor can achieve a reasonable failure-in-time (FIT) [133]. A de-rating
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factor of 60% is assumed for all semiconductor components.

Similarly, the minimum number of parallel-connected modules required to withstand the
current is calculated based on limits given in the datasheet. Semiconductors current
limits are typically provided for average current, root-mean-square (rms) current and
repetitive peak current.

kp =

⌈
Isw
Imax

⌉
(4.8)

where Isw is the average, rms, or peak current experienced by the semiconductor and
Imax is the corresponding maximum current limit provided in the datasheet. Since the
number of parallel- and series-connected modules must be equal, the minimum number
of modules is given by

k = max(ks, kp) (4.9)

4.4.3 Reliability

Additional redundant modules can be added to increase the reliability of the converter
to an acceptable level for offshore installation, where it is difficult to access and repair
turbines located far from shore. The redundant modules can either be on standby until
an active module fails, or operate continuously along with the other modules [134]. The
second approach is taken here, as it is the industry standard and further reduces the
voltage stresses on the semiconductors, thereby reducing their failure rate.

The converter reliability is calculated based on the method used in [132]. The failure
rates of individual electrical components are given in Table 4.1. One converter module
consists of the semiconductors of the input and output bridge, the MFT, and the DC
capacitors, as shown in the reliability block diagram in Figure 4.8. One gate driver was
assumed per leg of IGBT switches. The MFT failure rate is assumed to be negligible
during the converter lifetime [132]. For the three-phase topologies, the converter is
considered to be operational as long as at least two out of the three legs are healthy,
although the maximum power output will be curtailed [120]. A failure of any other
component results in the failure of the module.

The base failure rate of the module can be expressed using

λm =
∑

Ncλa (4.10)

where λm is the base failure rate of one module, Nc is the number of components with
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Figure 4.8: Hierarchical reliability block diagram

Parameter Description Unit Value

λIGBT IGBT failure rate occ/year 0.001752
λGD IGBT gate drive failure rate occ/year 0.004380
λD Diode failure rate occ/year 0.000438
λcap Capacitor failure rate occ/year 0.000876
ηIGBT Voltage stress factor for IGBTs 2.43
ηD Voltage stress factor for diodes 2.43
ηcap Voltage stress factor for capacitors 7.5

Table 4.1: Component failure rates and voltage stress factors, based on [132,134]
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voltage-adjusted failure rate λa. The impact of the voltage stress on the failure rate can
be quantified using the equation

λa = λc

(
Vapp

Vnom

)η

(4.11)

where λc is the nominal failure rate of the component, Vapp, Vnom is the nominal voltage,
assumed 60% of Vmax, and η is the voltage stress factor, given in Table 4.1. The base
availability of one module can then be calculated using

Am = e−λmTM (4.12)

where Am is the module base availability and TM is the preventative maintenance
interval.

After obtaining the base availability of one module, the failure rate of the overall con-
verter can then be calculated using the k-out-of-n model, which uses the equation

Ac =
k+R∑

i=k

(k +R)!

i!(k +R− i)!
Ai

m(1−Am)(k+R−i) (4.13)

where k is the minimum number of healthy modules required for converter operation,
R is the number of redundant modules and Am is the availability of one module. Note
that the reduction in voltage stresses for higher numbers of redundant modules is taken
into account in this calculation. The total number of modules, n, is then simply k+R.

4.4.4 Results

The system under test considers a 15 MW DC/DC converter with a pole-to-pole output
voltage of 80 kV (±40 kV). The input bridge semiconductors were assumed to have a
voltage rating of 1.7 kV, which is a typical voltage level used in wind turbine converters
[135]. The selected IGBT module for the input bridge of all converter topologies is the
Infineon FF1800R171P5 [136]. This was selected as it has the highest current rating for
an IGBT module for this application. For the output bridge, the highest voltage rating
components were selected instead. For the SAB converters, the selected diode is the
Infineon D471N [137]. For the output bridge of the DAB converter, the selected IGBT
is the Infineon FD250R65KE3-K [138]. The converter and semiconductor parameters
are given in Table 4.2.
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Based on the semiconductor voltage and current ratings, the minimum number of mod-
ules required for the SAB1 and SAB3 was calculated to be 15. For the DAB1 and
DAB3, this was calculated to be 21.

Parameter Description Unit Value

P1 Converter input power MW 15
V1 Converter input voltage kV 1.2
V2 Converter output voltage kV 80

VIGBT,1 Input IGBT voltage rating kV 1.7
IIGBT,1 Input IGBT current rating kA 1.8
VIGBT,2 Output IGBT voltage rating kV 6.5
IIGBT,2 Output IGBT current rating kA 0.25
VD,2 Output diode voltage rating kV 9.0
ID,2 Output diode current rating kA 0.55
γ Voltage de-rating factor pu 0.6

Table 4.2: Converter and semiconductor parameters

Selecting the number of redundant modules presents a trade-off between converter re-
liability and cost. The target availability and maintenance interval heavily affect the
calculations. For this research, a target availability of 99% was selected, with a preventa-
tive maintenance interval of one year. Offshore wind turbines typically undergo annual
maintenance [139] with continuous condition monitoring allowing for early indication of
failure.

The results of the reliability calculations are shown in Figure 4.9 and summarised in
Table 4.3. To achieve a 99% probability of failure-free operation in each maintenance
interval, the SAB1 converter requires two redundant modules, the DAB1 converter
requires three redundant modules, whereas the SAB3 and DAB3 converters both require
one redundant module.

Converter Minimum Redundant mod- Total Avail-
modules ules required modules ability (%)

SAB1 15 2 17 99.64
SAB3 15 1 16 99.96
DAB1 21 3 24 99.41
DAB3 21 1 22 99.90

Table 4.3: Summary of reliability results for the tested converters
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Figure 4.9: Converter availability by number of redundant modules

4.5. Size and Weight

The main components of the DC/DC converters are the MFT, the semiconductors and
their associated heat sinks, and the DC link capacitors. Each of these needs to be
assessed to determine the overall weight and volume of the converter.

4.5.1 Transformer

The MFT design is highly dependent on the selected frequency, which is a trade off
between weight and efficiency. Based on [140], a frequency of 1 kHz is considered. An
off-the-shelf transformer cannot be used due to the non-standard frequency, high power
and specific leakage inductance requirements. Instead, the MFT must be designed for
this application.

The transformer design procedure is based on that set out in [141] and [142]. The
single-phase transformers are considered to be shell type with the low and high voltage
windings concentrically wound around the central limb. The geometry is illustrated in
Figure 4.10. The three-phase transformers are assumed to be core type with the low
and high voltage windings wound concentrically around each of the three limbs.

The design procedure starts with the specification of fixed design parameters, such as
nominal power, input and output voltages and frequency. In addition, the core and
insulation materials are selected, shown in Table 4.4. The transformer windings are
assumed to be copper foil in the primary and litz wires in the secondary. In the figure,
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the subscripts 1 and 2 denote the primary and secondary windings, respectively.

Symbol Property Unit Value

Bsat Core magnetic saturation T 1.17
ρc Core density kg/m3 7330
kc Core fill factor 0.75
kS First Steinmetz constant W/m3 0.036
αS Second Steinmetz constant 1.64
βS Third Steinmetz constant 2.10

Emax Max. insulation strength kV/mm 29

Table 4.4: Material properties for the MFT [131,141]

Once the fixed parameters are set, there are a series of free parameters which can be
varied to obtain an optimal design. These include the number of parallel layers in the
primary and secondary windings (m1 and m2), the number of turns per layer in the
primary (Nl1), the number of core stacks (nc), the ratio of the limb width to thickness
(rAB), and the current density of the primary and secondary windings (J1 and J2).

Firstly, the required core cross section is calculated using

Acore =
λ1

2N1Bmaxkc
(4.14)

where N1 is the number of turns in the primary, Bmax is the maximum flux density,
assumed to be 80% of the core material’s saturation flux density, kc is the core fill factor.
The maximum flux linkage, λ1, is calculated by integrating the positive half cycle of the
induced voltage

λ1 =

∫ Tpos

0
vp(t) dt =

kλV1

f
(4.15)

where vp is the instantaneous voltage in the primary winding, Tpos is the positive half
cycle time, and kλ is equal to Dmax for the SAB1, 1

2 for the DAB1, and 2
9 for the SAB3

and DAB3, provided the duty cycle of the SAB3 is more than 1
3 .

The width A of each limb and yoke is calculated using

A =

√
AcorerAB

2nc
(4.16)

where rAB is the ratio of the limb width to thickness, and nc is the number of core
stacks. Note that the width of the middle limb is 2A for the single-phase transformer.
For the three-phase transformer, all three limbs are of equal width, which is calculated
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Figure 4.10: Design parameters for the single-phase MFT
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instead using

A =

√
AcorerAB

nc
(4.17)

The limb thickness is given by

B =
A

rAB
(4.18)

The insulation distances between the windings and the core are calculated using

di =
Vw,max

ksafEmax
(4.19)

where Vw,max is the maximum voltage of the winding, assumed to be 1.05 pu of the
nominal value, ksaf is the safety factor, assumed to be 0.3 [141], and Emax is the
maximum electric field strength of the insulation material.

The required area of copper in the primary and secondary winding is based on the
selected current density,

ACu =
Iw

Jwkf
(4.20)

where Iw is the rms current in the winding, Jw is the current density of the winding,
and kf is the copper fill factor, which is assumed to be unity for foil and 0.75 for Litz
wire [142].

The dimensions of the turns in each winding are calculated based on the copper area.
For the Litz wire in the secondary, this can be readily calculated. For the foil, the
width is set to the skin depth at the switching frequency [142], allowing the height to
be calculated based on the copper area.

w1 =

√
2ρCu

2πfµCu
; h1 =

ACu1

w1
; w2 = 2

√
ACu2

π
(4.21)

where ρCu is the resistivity of copper, µCu is the permeability of copper and f is the
switching frequency.

The total height and width of the winding is calculated by multiplying these by the
number of layers Nl and number of parallel windings m, respectively.

The required transformer window height is calculated using

hw = max(h1t, h2t) + 2di (4.22)
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To calculate the transformer window width, the isolation distance diso between the
LV and HV windings must first be calculated. The transformer leakage inductance is
used to design the isolation distance. The leakage inductance for a transformer with
unequal winding height can be approximated based on an equation from the software
ATP Draw [143]

L = µ0N
2
1

(
MLT1w1t

3h1t
+

MLT2w2t

3h2t
+

2MLTisodiso
h1t + h2t

)
(4.23)

where µ0 is the permeability of free space and MLT is the mean length of a turn. The
mean length of the turns are calculated as follows [141]:

MLT1 = 2
(
2A+ 4di1 + ncB + ncdc + 2w1t

)
(4.24)

MLTiso = MLT1 + 2(4w1t + 2diso) (4.25)

MLT2 = MLTiso + 2
(
2w2t + 2diso

)
(4.26)

where dc is the distance between the cores, assumed to be 1 mm in both the frontal
and lateral directions. Rearranging these equations allows the isolation distance to be
calculated.

Finally, the magnetic mean path length for a single transformer core is given as

lm = 2(hw +A) + 2(ww +A) (4.27)

resulting in a volume of the transformer core of

Vcore = 2nclmAB (4.28)

For the three-phase transformer, the total magnetic mean path length per core is instead
calculated using

lm = 3(hw +A) + 2(2ww + 2A) (4.29)

with a transformer core volume of

Vcore = nclmAB (4.30)
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The transformer core weight can then be calculated using

Mcore = Vcoreρc. (4.31)

Similarly, the volume and weight of the insulation and copper windings can be calculated
using their dimensions and density.

The transformer design results for each of the converters are shown in Figure 4.11. The
variation of free parameters results in a large space of solutions, for which a Pareto
front between efficiency and total mass was calculated. The final design selection was
performed by minimising the objective function

fobj =

(
Ptr

Ptr,min

)2

+
Mtot

Mtot,min
+

Vtot

Vtot,min
(4.32)

where Ptr are the nominal transformer losses, described in more detail in Section 4.6,
Mtot is the total mass of the transformer, and Vtot is the total volume of the transformer.
The subscript min indicates the designs with the lowest value for each of these parame-
ters. The MFT dimensions and selected design parameters are provided in Appendix B.

4.5.2 Semiconductors and cooling

Most of the volume and weight associated with semiconductors devices are due to the
thermal management system. For high-power applications, such as wind turbine con-
verters, the heat generated by semiconductor losses is typically removed by a water-
based cooling system.

The design of a water-based cooling system is beyond the scope of this research. How-
ever, existing commercially available components can be used to make a high-level vol-
ume and weight estimate. For example, Semikron-Danfoss produce a complete water-
cooled 3-phase inverter for wind turbine applications. This system has a mass of 106 kg
and volume of 0.125 m3. It uses a glycol-water mixture resulting in a minimum ther-
mal resistance of 0.006 °C/W [144]. For the 1-phase converters, the input and output
bridges consist of two legs instead of three. These were therefore assumed to have two
thirds the volume and weight of the 3-phase converters.

Simulations were performed in PLECS to determine the required heatsink resistance
to limit the semiconductor junction temperature to 150°C. The semiconductor junction
temperature was calculated in PLECS by using the semiconductor transient thermal
impedance, obtained from datasheets, combined with the simulated switching and con-
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Figure 4.11: Base case pareto-optimal fronts for the transformer designs, showing
the trade-off between nominal losses and total mass for each topology at an operating

frequency of 1 kHz
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duction losses. The losses are discussed in further detail in Section 4.6. The ambient
temperature of the converter was assumed to be 50°C. For the 1 kHz base case, the
required thermal resistance of the heatsink to the ambient are given in Table 4.5. The
results show that these are all within the commercial water-cooling capabilities.

Converter Rθhs (K/W)

Input Output

SAB1 0.02 10
SAB3 0.037 10
DAB1 0.056 0.052
DAB3 0.09 0.095

Table 4.5: Heat sink maximum thermal resistance per module for each converter
type at the base case frequency of 1 kHz

4.5.3 Capacitors

The DC link capacitors are used to reduce the steady-state input and output voltage
ripple, as well as to achieve the desired dynamic response. The capacitance influences
the controller dynamics and transient converter response to disturbances [119]. The
capacitor size was selected to obtain a maximum steady-state voltage ripple of ±1% on
the input and output. This enables safe generator operation and DC/AC conversion
at the grid. The capacitance for each converter module was set to the minimum value
which could achieve this voltage ripple while maintaining stable converter operation.
The resulting values are given in Table 4.6.

Converter Capacitance (µF)

Input Output

SAB1 7300 310
SAB3 1800 300
DAB1 1300 160
DAB3 340 50

Table 4.6: Converter module minimum input and output capacitance

The volume and weight estimation of the capacitors is based on the approach used
in [93]. The capacitor volume is assumed to be proportional to the stored energy and
therefore scales linearly with the capacitance, using the equation
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Vcap = kc1C + kc0 (4.33)

where C is the capacitance in F, and the parameters kc1 and kc0 are calculated using
linear regression of reference capacitor sizes and voltages. The EPCOS MKP 25680
series capacitors were used as a reference [145]. The resulting parameters were found
to be

kc1 = 5.22Ucap − 4.06 (4.34)

kc0 = 2.181× 10−4 Ucap − 6.812× 10−5 (4.35)

where Ucap is the capacitor rated voltage in kV. The weight can then be calculated using

Mcap = ρcapVcap (4.36)

where Vcap is the capacitor volume and ρcap is the average density of the capacitor,
calculated to be 1063 kg/m3 from the reference datasheet.

4.5.4 Insulation coordination

The overall volume of the DC/DC converters will be significantly larger than the sum
of the individual components due to insulation coordination requirements. There are
currently no standards that specifically address high power medium voltage DC/DC
converters. However, studies considering DC/DC converter insulation propose using
the IEC 61800-5-1 standard [146,147].

This standard provides clearance distances for electrical drive systems to be able to with-
stand impulse voltages, temporary overvoltages and the working voltage of the circuit.
Equipment is categorized into one of four overvoltage categories (OVCs), depending on
how it is connected to the supply mains. For high power DC/DC converters, previ-
ous studies have proposed using the OVCII or OVCIII categories [146, 147]. Since this
study considers converters housed inside wind turbines, which are typically equipped
with overvoltage protection, the less conservative OVCII category was used here.

The main converter components, including the MFT, semiconductors with cooling, and
the capacitors, need to be arranged into a minimal volume taking into account these
clearance requirements. This results in a variant of the classical 3D bin packing problem,
for which there is no straightforward solution [148].

A stacking algorithm was created to arrange the components of each module into a
minimum volume configuration. The algorithm uses a brute-force approach to find the
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lowest volume by combining the components in any order, in any combination of the x-,
y-, and z-directions, as well as by flipping each component on all three axes. This results
in an exponentially increasing computational burden as more components are added
together at once. The algorithm therefore combines a maximum of four components,
namely the input bridge and cooling, the output bridge and cooling, the MFT, and
the output capacitor. This is illustrated in Figure 4.12a. The clearance requirements
were determined using the operating voltage and IEC standard. For example, for the
SAB1, the output voltage of each module is 4.7 kV, resulting in a module clearance
requirement dVm of 25 mm.

Once the dimensions of an individual module were calculated, a simplified algorithm
was used to stack two modules at a time while leaving clearance between each module.
Finally, the overall dimensions of the enclosure were calculated by adding a clearance
dV2 of 173.3 mm to the complete stack to account for the total stack voltage of ±40 kV.
This is illustrated in Figure 4.12b.

dVm

dVm

dVm

dVm

dVm

(a) Module-level

dV2 dVm

dV2

(b) Converter-level

Figure 4.12: Illustration of the stacking algorithm
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4.5.5 Base case results

The results of the volume and weight comparison for an operating frequency of 1 kHz are
shown in Figure 4.13. The results show that at this frequency, the transformers and IEC
61800-5-1 insulation clearance contributed approximately equally to the total converter
volume, and together account for approximately 85% of the total for each converter
topology. The bridge components, including the cooling and capacitors, account for the
remaining 15%.

In terms of weight, the MFT is the single largest contributor, with both the iron core
and the solid epoxy insulation making up most of the overall weight. The IEC 61800-
5-1 insulation clearance uses air and therefore does not weigh anything. The bridge
components make up between 15% and 24% of the overall weight.
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Figure 4.13: Base case converter volume and mass results at an operating frequency
of 1 kHz

The SAB1 has the lowest volume and weight of the four tested converters, at 19 m3 and
16.4 tonnes, respectively. This is mainly due to the relatively low number of converter
modules. The SAB3 has a volume approximately 61% higher and a weight 45% higher
than its 1-phase counterpart, at 30.6 m3 and 23.7 tonnes, respectively. This is primarily
due to the larger 3-phase transformer used in each module.

The selected transformer for the DAB1 is relatively small and light, but the high number
of converter modules results in a total volume and weight of 23.4 m3 and 21.7 tonnes,
respectively, which is larger than the unidirectional SAB1. The DAB3, which has a
volume of 42.0 m3 and a weight of 25.3 tonnes, represents an 80% increase in volume
and 16% increase in weight, compared to its 1-phase counterpart.
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The typical size and weight of a large offshore wind turbine nacelle, such as that of
the GE Haliade-X, is 1700 m3 and 600 tonnes [149]. This means that all of the tested
converters are expected to comfortably fit inside the nacelle.

4.6. Efficiency

The efficiency of each of the four converter topologies was assessed using a combina-
tion of simulations and analytical equations. The main loss components considered
include the transformer core and winding losses, and the semiconductor switching and
conduction losses.

4.6.1 Transformer losses

The transformer copper winding losses are calculated using the methodology based
on [150]. The DC winding resistance for each winding is calculated using

Rdc =
ρCuNMLT

ACu
(4.37)

where ρCu is the resistivity of copper, and ACu is the cross-sectional area of the copper.

To account for the skin effect, the ratio of AC to DC resistance at a given harmonic
frequency fh is calculated using the equations

Kac =
1

2
yMy + (2m− 1)2Dy (4.38)

where y is the normalised conductor thickness, given by

y =
wc

δs
(4.39)

where wc is the conductor width and deltas is the conductor skin depth, given by

δs =

√
ρCu

πµ0µrfh
(4.40)

where µr is the relative permeability of copper.

My =
sinh(y) + sin(y)

cosh(y)− cos(y)
(4.41)
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Dy =
sinh(y)− sin(y)

cosh(y) + cos(y)
(4.42)

The copper winding losses can then be calculated by summing the losses for each har-
monic component

PCu =
∑

h

I2hKac,hRdc (4.43)

where Ih is the magnitude of the current with harmonic order h, and Kac,h is the ratio
of AC to DC resistance at the frequency of harmonic order h.

To calculate the iron core losses per unit volume, the Improved Generalised Steinmetz
Equation (IGSE) is used. This is defined as [151]

Pcore =
1

T

∫ T

0
ki

∣∣∣∣
dB(t)

dt

∣∣∣∣
αS

(∆B)βS−αSdt (4.44)

where B(t) is the instantaneous magnetic flux density, ∆B is the peak-to-peak magnetic
flux density excursion, and ki is calculated using

ki =
kS

(2π)αS−1
∫ 2π
0 |cos θ|αS 2βS−αSdθ

(4.45)

where kS , αS , and βS are the Steinmetz parameters of the iron core material.

4.6.2 Semiconductor losses

The semiconductor losses consist of the conduction losses and switching losses and were
calculated using PLECS. The conduction losses are calculated using

Pcond =
1

T

∫ T

0
voniondt (4.46)

where Pcond are the conduction losses, von is the on-state forward voltage drop of the
device, and ion is the current through the device. The on-state voltage drop is de-
termined through linear interpolation of a look-up table, which takes into account the
non-linear device resistance and temperature-dependence [152], and is based on the
publicly available datasheet [136].

The semiconductor switching losses are calculated using

Psw =
1

T

∑
(Eon + Eoff + Err) (4.47)
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where Eon are the turn-on losses, Eoff are the turn-off losses and Err are the reverse
recovery losses, which are calculated in PLECS using a 3D lookup table, given by

E = f(vblock, ion, TK) (4.48)

where E is the relevant energy loss during switching, Vblock is the semiconductor blocking
voltage, ion is the on-state current and TK is the temperature in kelvin, all determined
either pre- or post-switching [152].

4.6.3 Base case results

The results of the efficiency calculations at a base case operating frequency of 1 kHz
are shown in Figure 4.14. The SAB1 has the lowest losses, ranging from around 1.1%
at nominal power to 1.3% at 0.1 pu power output. The main source of losses for this
topology are the inverter IGBTs, which experience hard turn-off. The rectifier, on the
other hand, has very low losses due to the limited diode conduction losses.

The SAB3 has some of the highest losses at low power output, reaching 2.3% at 0.1
pu. At higher operating points, the converter losses are closer to 1.7%. At lower power
outputs, the SAB3 operates in discontinuous current mode, resulting in high turn-off
losses for all six inverter IGBTs. In addition, the presence of three phases leads to both
higher core and winding losses.

The DAB1 has losses ranging from around 1.5% to 1.9%. The increase compared to
the SAB1 is mainly due to the rectifier switching losses. The magnetising voltage for
the DAB1 MFT does not change with the operating point, resulting in relatively high
transformer core losses at low power outputs.

The DAB3 has similar, albeit slightly higher losses compared to its single phase coun-
terpart, ranging from 1.5% to 2.0%. The additional phases result in higher transformer
core and winding losses, which are more significant at lower power outputs. The rectifier
losses for the DAB3 are lower than those for the DAB1. This is because the rectifier
diodes conduct during more of the switching period, leading in lower currents at IGBT
turn-off.

Overall, all four converter topologies have acceptable efficiencies for use in offshore wind
turbines. Typical fully rated back-to-back converters used in existing AC-based wind
turbines have nominal losses of around 2% [153].
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Figure 4.14: Base case converter loss results at an operating frequency of 1 kHz
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4.7. Frequency Optimisation

The size and efficiency of the converters will be highly dependent on their operating
frequency [154]. Therefore, the volume, weight, and losses analysis was repeated for
frequencies ranging from 500 Hz to 5 kHz.

4.7.1 Representative losses

Since the converter does not operate at nominal power continuously, a representative
measure of the losses needs to be calculated. To do this, first the converter losses are
evaluated for operating points ranging from 0.1 pu to 1.0 pu using the methodology
described in the previous subsections. This data can then be transformed into a rep-
resentative measure based on the total losses the converter is expected to experience
under typical wind conditions.

The power output of the wind turbine at each wind speed is calculated using a generic
power curve and Weibull wind speed distribution, which were introduced in Chapter 3,
and are shown in Figure 3.10a and Figure 3.10b. The power curve allows the required
wind speed for each operating point to be extracted, and the Weibull distribution pro-
vides the number of annual hours the wind turbine will operate at each operating point.

The total annual losses are derived using the combination of loss data and the annual
hours for each operating point. Finally, the representative loss figure is given by the
ratio of the annual losses to the annual power production. The relative contribution of
each operating point is illustrated in Figure 4.15.
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Figure 4.15: Relative contribution of each operating point used to calculate the
representative losses
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4.7.2 Transformer results

The results of the transformer optimisation are shown in Figure 4.16. The results show
that for all topologies, a higher frequency is associated with a reduction in the MFT
volume and weight.
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Figure 4.16: Transformer frequency optimisation results, showing the Pareto-optimal
front and selected design for various frequencies

The highest frequency of 5 kHz is associated with MFT weights of around 150 kg to
250 kg per module, providing close to a twenty-fold reduction in weight compared to
the 500 Hz case. Interestingly, the MFT losses remain relatively constant with fre-
quency and even increase for the lowest tested frequencies. This is due to the reduction
in core volume and the mean length of each turn which offset the more frequent core
magnetisation and harmonic losses. However, it is important to note that smaller trans-
former sizes will have more challenges with heat management, which are not taken into
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consideration here.

The three-phase MFTs, shown in Figure 4.16b and Figure 4.16d, exhibit both higher
losses and mass for the same frequencies compared to their single-phase counterparts,
primarily due to the additional core losses and mass from the additional phases. Note
that not all the selected designs necessarily fall on the Loss-Mass Pareto-front. This
is because the optimisation function also takes into account the transformer volume,
which is not shown in the figure.

4.7.3 Converter results

The results of the frequency sensitivity study are shown in Figure 4.17. As expected,
an increase in frequency is associated with an increase in losses and a reduction in
the volume and weight of the converters. However, the rate of change for each of
these factors is different, and they vary by converter topology. In general, the volume
reduces more slowly than the mass, especially at higher frequencies. This is due to the
insulation coordination requirements staying the same while the transformer becomes
smaller. As a result, the clearance space contributes an increasingly large share to the
overall volume. It can also be seen that the volume does not reduce perfectly uniformly
as the frequency increases. This is because the MFT design procedure does not take
into account stacking efficiency, which means that some MFT dimensions can result in
higher overall converter volumes than expected.

The selection of the optimal frequency will be application-dependent. For this research,
the optimal frequency was selected by taking into account the marginal volumetric and
gravimetric power density gains, constrained by the thermal limitations. The volumetric
and gravimetric power density gains can be calculated using

GVf
=

1− Vf

V0

Pf

P0
− 1

; GMf
=

1− Mf

M0

Pf

P0
− 1

(4.49)

where GVf
and GMf

are the marginal volumetric and gravimetric power density gains
at frequency f , Vf , Mf and Pf are the volume, mass and losses at this frequency,
and V0, M0 and P0 are the volume, mass and losses of the converter at the lowest
frequency. To determine the optimal operating frequency, a minimum value for the
marginal power density gains can be selected, depending on the relative importance of
each of the factors. For this research, the minimum required power density gains were
set to a value of 2.
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Figure 4.17: Converter frequency optimisation results, showing losses, volume and
mass for operating frequencies ranging from 500 Hz to 5 kHz
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Figure 4.17a shows that the losses for the SAB1 increase relatively slowly due to the
low number of switching devices, from 1.3% at 500 Hz to 2.1% at 5 kHz. Both marginal
power density gains are greater than 2 for frequencies up to 2.5 kHz. The high current
stress in each device also means that this is the highest switching frequency the commer-
cial water-cooled heatsink can accommodate. For higher frequencies the temperature of
the IGBTs would exceed the safe operating range. At a frequency of 2.5 kHz, the losses
are still only 1.5%, with a volume and weight reduction of 58% and 75%, respectively,
compared to 500 Hz.

It can be seen from Figure 4.17b that the losses for the SAB3 increase more rapidly,
from 2% to 4% over the tested operating frequency range. The current stresses for the
SAB3 are lower, resulting in the cooling being able to manage switching frequencies up
to 5 kHz. However, the marginal power density gains are above 2 only for frequencies
up to 1.6 kHz. At this frequency, the losses are 2.5%, and the volume and mass are
64% and 76% lower than at 500 Hz, respectively.

The results for the DAB1 and DAB3 are shown in Figure 4.17c and Figure 4.17d, re-
spectively. The losses for both topologies are similar, and increase much more rapidly
with frequency than for the unidirectional converters. This is due to the additional
switches in the output bridge. The losses for the DAB1 and DAB3 range from approx-
imately 1.5% at 500 Hz to 5.5% at 5 kHz. The DAB1 reaches its thermal limit at a
switching frequency of 2.5 kHz, whereas the lower losses per device for the DAB3 mean
the converter can operate at switching frequencies up to 4 kHz. However, the marginal
power density gains for both converters drops off very quickly, reaching less than 2 at
frequencies above 1 kHz. At this frequency, the DAB1 has losses of 1.8%, with a reduc-
tion in the volume and weight of of 34% and 50% compared to 500 Hz, respectively. For
the DAB3, the values are 2% losses, 40% volume reduction, and 47% weight reduction.

4.8. Conclusions

This chapter has presented the optimisation and comparison of four cascaded DC/DC
converter topologies for a DC-connected offshore wind turbine, including the SAB1,
SAB3, DAB1, and DAB3. For each converter, the reliability, size, weight, and losses
were calculated at frequencies ranging from 500 Hz to 5 kHz. The MFT was designed
by employing a multi-objective optimisation procedure, aimed at minimising the trans-
former size, weight, and losses. The overall converter volume was calculated using
a stacking algorithm to minimise the volume while accounting for the IEC 61800-5-1
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clearance requirements. The optimal frequency was selected by calculating the marginal
gains in power density.

The SAB1 is a 1-phase unidirectional converter which uses diodes in the rectifier. It
requires 17 IPOS connected modules to achieve an availability of 99%. The SAB1 can
operate at a relatively high frequency of 2.5 kHz, making it the smallest, lightest, and
most efficient of the tested converters. At this frequency, it has a volume of 10.9 m3, a
weight of 8.0 tonnes, and representative losses of 1.5%.

The SAB3 is the 3-phase equivalent of the SAB1. It requires a total of 16 IPOS con-
nected modules to achieve 99% availability, which is the lowest of all tested converters.
However, its optimal operating frequency is 1.6 kHz, and it has a higher volume, higher
weight and higher losses than its 1-phase counterpart, at 18.1 m3, 11.4 tonnes, and 2.5%,
respectively. If only unidirectional power is needed, the SAB1 is therefore preferred over
the SAB3.

The bidirectional DAB1 and DAB3 converters use IGBTs in both the inverter and
rectifier. The lower voltage ratings and higher failure rate of these switches compared
to diodes results in a larger number of IPOS connected modules required. The DAB1
and DAB3 require a total of 24 and 22 IPOS connected modules, respectively. The
DAB1 and DAB3 both have an optimal operating frequency of 1 kHz due to the rapid
increase in losses for higher frequencies. At 1 kHz, the DAB1 has losses of 1.8%, a
volume of 23.4 m3, and a weight of 21.7 tonnes. The DAB3 has slightly higher losses
of 2%, but is significantly larger at 42.0 m3 and 25.2 tonnes. If bidirectional power is
needed, and there are no space concerns, the DAB3 is the preferred topology due to its
higher reliability and lower device stresses.
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Part II:

Chemical Energy
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Chapter 5

Review of Offshore Wind
Electrolysis

5.1. Introduction

Offshore wind energy has the potential to export chemical energy by using water elec-
trolysers to produce hydrogen which can then be transported to shore. This chapter
reviews the current commercial electrolyser technologies and their potential to be used
in offshore wind energy systems. It investigates the steady-state and dynamic perfor-
mance of modern electrolysers, reviews proposed modelling methodologies, and discusses
the relative merits and current state of development of three offshore wind-electrolyer
configurations.

Despite electrical water electrolysis having been used for commercial production more
than 100 years [155], the technology continues to advance to this day [156]. A large
range of electrolyser technologies are being developed. However, three main types of
electrolyser technologies stand out for their potential use in renewable energy systems.
These include alkaline, proton-exchange membrane (PEM), and solid oxide electrolysers
[157]. These are investigated in the following sections.

5.2. Alkaline electrolysers

Alkaline electrolysers are the most well-established electrolyser technology. They use an
aqueous alkaline media, such as potassium hydroxide or sodium hydroxide, as electrolyte
[157], and a microporous membrane to separate the anode and cathode side. In alkaline
electrolysers, water usually enters on the cathode side where it splits into hydrogen and
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hydroxide (OH−) ions [158], described by the hydrogen evolution equation

2H2O + 2e− → H2 + 2OH− (5.1)

The hydroxide ions move through the microporous membrane and combine into water
and oxygen on the anode side [158], given by the oxygen evolution equation

2OH− → H2O +
1

2
O2 + 2e− (5.2)

The hydrogen gas remains at the cathode where it can be separated from the water for
further processing. The overall chemical reaction is

H2O → H2 +
1

2
O2 (5.3)

The alkaline electrolyser cell construction is shown in Figure 5.1. In the traditional
design, solid nickel-based electrodes are submerged in the liquid electrolyte at a distance
of at least 1 mm from the microporous membrane [159]. The gas bubbles form on both
sides of the electrodes, leading to undesirable increases in the cell voltage.

Anode Cathode

OH−

Membrane

e−

O2

H
2
O

+
K
O
H

H2

Electrode Electrolyte

H
2
O

+
K
O
H

e−

Vel

(a) Traditional

Anode CathodeO2

MembranePorous
electrode

e− e−

OH−

H
2
O

+
K
O
H

H2

Electrolyte GDL
Bipolar plate

H
2
O

+
K
O
H

Vel

(b) Zero gap

Figure 5.1: Alkaline electrolyser cell construction and operating principle

More modern designs employ a zero gap cell design to address this issue. Here, two
porous electrodes are compressed on either side of the membrane, resulting in a smaller
gap between the electrodes, thereby significantly reducing the ohmic resistance. It also
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results in gas bubbles only being released from one side of the electrodes, reducing their
contribution to the cell voltage [159]. A gas diffusion layer (GDL) is added, which
provides the electrical connection to the bipolar plates, a path for the liquid electrolyte,
and enables the removal of the hydrogen and oxygen gases [159].

The advantages of alkaline electrolysers are their mature technology and relatively low
cost, due to the use of inexpensive nickel-based electrodes. By the end of 2022, alkaline
electrolysers accounted for 60% of all commercially installed capacity [15]. However,
they are predicted to lose market share to PEM electrolysers [15], and their development
is hindered by their caustic liquid electrolyte, low operating pressure, and low current
density, resulting in a larger footprint [156].

In addition, commercial alkaline electrolysers are characterised by long start-up times
and a relatively slow dynamic response to changes in electric power, making them more
challenging to integrate with variable renewable energy sources [160].

5.3. Proton-exchange membrane electrolysers

PEM electrolysers use an ultrathin acidic membrane film through which only protons
can move to separate the cathode and anode electrodes [160]. The operating principle
of the PEM electrolyser cell can be described as follows [161]. Water enters at the anode
side and is oxidised into oxygen and protons, releasing electrons in the process. This
oxygen evolution reaction is denoted by the equation

H2O → 2H+ +
1

2
O2 + 2e− (5.4)

The free electrons move through the electrical circuit, while the protons pass through
the membrane to the cathode, where they combine to form hydrogen gas. This hydrogen
evolution reaction is given by the equation

2H+ + 2e− → H2 (5.5)

resulting in the same overall reaction as the alkaline electrolyser, given in Equation (5.3).

The standard design of PEM electrolyser cells is shown in Figure 5.2. The membrane
electrode assembly (MEA) is located at the centre of the cell. This consists of the proton-
conducting membrane, coated with very thin layers of electrocatalysts to accelerate the
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chemical reaction. These catalysts are typically made of rare metals, such as iridium
on the anode side and platinum on the cathode side [161].

A porous GDL is used to electrically connect the MEA to the bipolar distribution plates
and facilitate the exchange of gases from the oxygen and hydrogen evolution reactions.
The bipolar distribution plates are used to carry the water to the cell and the gases
away from the cell, while also separating the cell from others in the stack [162].

Vel

H2O

H2O +O2 H2

H+

Membrane
Catalyst GDL Bipolar plate

Anode Cathode

e− e−

Figure 5.2: PEM electrolyser cell construction and operating principle

PEM electrolysers have a number advantages over other commercial electrolyser tech-
nologies. These include its high current density, efficiency, and gas purity, as well as
good partial load operation and a rapid dynamic response time [156]. These last two
features make it particularly suited to variable renewable energy connection [160]. They
accounted for approximately 30% of installed commercial capacity by the end of 2022,
and their market share is expected to increase in the coming years [15].

However, PEM electrolysers suffer from a relatively high capital cost, which is primarily
due to their material cost. The oxidative and highly corrosive cell conditions limit the
available materials that can be used to precious metals as catalysts, titanium-based
materials in the bipolar plates, and expensive Nafion as the membrane [160].
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5.4. Solid oxide electrolysers

Solid oxide electrolysers operate at high temperatures, typically between 700°C and
900°C, which lowers the energy required for chemical reactions. This allows the use of
a solid ionically conducting electrolyte at its centre, which allows the transport of oxide
ions from the anode to the cathode [163].

The solid oxide electrolyser operates by injecting water in the form of steam at the
cathode, where it reduces to hydrogen and oxygen ions by taking on additional electrons,
given by the chemical equation

H2O + 2e− → H2 +O2− (5.6)

The hydrogen gas leaves the cell while the oxygen ions travel through the ionically
conducting electrolyte to the anode, where they combine into oxygen gas and release
electrons.

O2− → 1

2
O2 + 2e− (5.7)

This results in the identical overall reaction as the other electrolyser technologies, given
in Equation (5.3).

The design of the solid oxide electrolyser cell is illustrated in Figure 5.3. The electrolyte
forms the central layer of the cell. This must be highly conductive for O2− ions, electri-
cally insulating to avoid conduction between the anode and cathode, and dense enough
to prevent gas exchange between the two sides of the cell. The typical material used
for this is yttria-stabilized zirconia (YSZ) [164].

The hydrogen electrode is located on the cathode side of the electrolyte. This is
where steam is reduced into hydrogen. Since this reaction occurs close to the elec-
trolyte/electrode interface, the electrode must be a porous electronic-ionic conductor,
and is typiclly made of a ceramic-metal material composed of YSZ and nickel [164].

The oxygen electrode is located on the anode side of the electrolyte and oxygen oxidises
close to the interface with the electrolyte. This too must have good electronic-ionic
conductivity, electrocatalytic activity, and be compatible with the electrolyte. The
oxygen electrode is typically composed of perovskites [164].

Solid oxide electrolysers have the potential to higher efficiencies and lower capital costs
over a wider range of current densities and cell voltages, compared to alkaline and PEM
electrolysers [165]. Their high operating temperature lowers the energy requirements
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Figure 5.3: Solid oxide electrolyser cell construction and operating principle

and the use of abundant materials, such as yttria, zirconia, and nickel, result in lower
costs and fewer scaling limitations [166].

However, historically, solid oxide electrolysers have had challenges with robustness and
dynamic operation, such as during thermal cycling, emergency shutdown, and following
variable power profiles. Recent research has aimed to address these challenges [166].
Despite these advances, solid oxide electrolysers are not yet at the large scale commer-
cialisation stage, accounting for less than 1% of installed capacity today [15]. Their
high temperature requirements also mean they are more suited to onshore connection
near waste heat producing installations.

5.5. Electrolyser performance

5.5.1 Steady-state performance

The steady-state electrolyser cell performance is characterised by the J-V curve, which
represents the relationship between the current density and the cell voltage. It can be
modelled using parametric equations, such as those proposed by [167], given by

Vcell = Voc + Vact + VΩ + Vcon (5.8)
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where Voc is the open circuit voltage, also known as the reversible voltage, which is
the minimum voltage required to initiate the electrolysis process. It can be calculated
using the Nernst equation, which takes into account the pressure and temperature of
the cell [167], given by

Voc =
∆G

2F
+

RgTcell

2F
log

(
pH2

√
pO2

pH2O

)
(5.9)

where ∆G is the change in Gibb’s free energy, F is the Faraday constant, Rg is the
ideal gas constant, Tcell is the cell temperature, and pH2 , pO2 , and pH2O are the partial
pressures of hydrogen, oxygen, and water, respectively.

The remaining voltage terms represent process irreversibilities that reduce the cell effi-
ciency [168]. The first of these is the activation overvoltage, Vact, which occurs due to
the movement of protons and electrons between the cathode and anode [167]. It can be
calculated using

Vact =
RgTcell

2Fα
arcsinh

(
Jcell
2J0

)
(5.10)

where α is the charge transfer coefficient, which can be considered the fraction electro-
static potential energy limiting the electrokinetic process [167], Jcell is the cell current
density, and J0 is the exchange current density, which is the current located at the
surface of electrodes [167].

The ohmic overvoltage occurs due to the internal resistance of the cell, such as the
resistance of the electrodes, membrane, electrolyte, bipolar plates, as well as contact
resistances [167]. It is given by

VΩ = rJcell (5.11)

where r is the total resistance of the electrolyser in Ω· cm2.

Finally, the concentration overvoltage, Vcon, occurs at high current densities when the
concentration of hydrogen and oxygen differs between the electrodes. It is given by

Vcon =
RgTcell

2F
ln

(
JL

JL − Jcell

)
(5.12)

where JL is the limiting current density, which acts as an upper ceiling for the al-
lowable current density in the cell [167]. An example J-V curve with each overvoltage
contribution is shown in Figure 5.4.
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Figure 5.4: Electrolyser cell polarisation curve, showing overvoltage contributions

The hydrogen production of each cell is based on its specific energy consumption and
the J-V curve. The specific energy consumption is a measure of the energy requirements
to produce 1 kg of hydrogen. It can be calculated using

EH2 =
vcell · icell

ṁH2

(5.13)

where vcell is the cell voltage and icell is the cell current, calculated using

icell = Jcell ·Acell (5.14)

where Jcell is the current density as determined by the J-V characteristic, and Acell is
the cell area.

The hydrogen mass flow rate, ṁH2 , is calculated using

ṁH2 =
icell
2F

(
1− ϕH2

)
(5.15)

where ϕH2 is the volume fraction of hydrogen in oxygen, which occurs due to hydrogen
permeation through the membrane. To avoid spontaneous combustion, this volume
fraction should remain below 2%. The permeation is dependent on the temperature,
water content, pressure and current density. In [169], the hydrogen permeation was
measured experimentally and linear fits were calculated for varying temperatures and
pressures. In this study, the linear fit with the closest matching operating conditions
was used. This is given by

Nperm
H2

= 0.223icell + 0.414 (5.16)

where Nperm
H2

is the hydrogen permeation rate in mmol/(m2s).The H2 fraction can then
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be calculated using

ϕH2 =
Nperm

H2

Nperm
H2

+N evo
O2

(5.17)

where N evo
O2

is the flux related to the evolved oxygen, calculated with

N evo
O2

=
icell
4F

(5.18)

The specific energy consumption increases as the current density increases, meaning
the electrolyser cell is more efficient at lower current densities. This represents a trade-
off between efficiency and footprint. Commercial PEM electrolysers typically have a
maximum current density of 2 A/mm2 and operate with an average specific energy
consumption of around 50 kWh/kg to 52 kWh/kg, which corresponds to an efficiency
of around 75% to 78% [170–172].

5.5.2 Cell dynamic performance

The electrolyser cell reactions do not happen instantaneously due to phenomena such
as the double layer effect and diffusion process. The response is highly non-linear, and
typically consists of a rapid initial voltage change, followed by a slower drift to the
steady-state operating point [173].

The dynamic response can be approximated using an equivalent circuit with one or
more capacitors [173]. The simplest dynamic circuit uses a single capacitor, Cdl, in
parallel with the activation resistance to model the double layer capacitance, such as
the one used in [174]. This is illustrated in Figure 5.5a. The concentration overvoltage
is typically not included in these equivalent circuits as it mostly plays a role at current
densities beyond the nominal operating point.

More sophisticated circuits use multiple capacitors. One example is the Randles equiv-
alent circuit [175], proposed in 1947, which has one capacitor for the double layer effect
in parallel with a capacitor and resistor for the speed of the reaction [173]. However,
it is not straightforward to match the steady-state cell performance described in Sec-
tion 5.5.1 using these circuit components.

An alternative is to use a static-dynamic circuit, proposed in [168], which contains two
sets of capacitors and controlled current sinks to represent the double layer in the anode
and cathode separately. This is shown in Figure 5.5b. This circuit has the benefit of
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being able to match the steady state performance more closely by using the current
sinks. However, the capacitance value for both electrodes needs to be determined.

A third option is to model the electrolyser cell reaction using a controlled voltage source
[173]. In this case, the voltage set point is determined by a look-up table using the J-V
characteristic, followed by first order filter to represent the dynamics. This allows for an
accurate representation of the cell characteristics and straightforward, albeit simplified,
implementation of the electrolyser time constant.

VΩ

RΩ

Vcell Voc

Cdl

+ − icell

Vact

Ract

icell

+ −
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Figure 5.5: Dynamic electrolyser equivalent circuits, adapted from [168,174]

There are limited studies which use dynamic electrolyser cell models and even fewer
which specifically investigate the double layer capacitance or the equivalent circuit time
constants. In [176], a 400 W PEM electrolyser stack consisting of three series connected
cells was tested by applying a set of current steps. The authors modelled the electrolyser
using the double capacitor circuit of Figure 5.5b and found the time constant of the RC
networks to be 1.3 s and 11.85 s, with a calculated double layer capacitance of 37.26 F.
This was corroborated by the authors of [177], who tested the same electrolyser model
and similarly found a capacitance of 37 F.

In [178], the authors use the single capacitor circuit to model an alkaline electrolyser.
They use a time constant of 10 ms to 40 ms, based on in-house measurements of a
5.15 kW alkaline electrolyser stack consisting of 22 cells. However, the measurement
data was not provided. Similarly, in [179], an alkaline electrolyser was modelled using
the single capacitor circuit with a double layer capacitance of 15 mF or time constant
of 0.3 ms. The authors claim to have verified this with measurements from an 80 kW
electrolyser stack, but did not provide any supporting data.

The authors of [180] provide a much more rigorous assessment of the double layer
capacitance of an alkaline electrolyser with 11 cells. They found an equivalent anode
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capacitance of 163.8 F and an equivalent cathode capacitance of 9.0 F. They make
the observation that comparing absolute capacitance values between electrolysers is
meaningless due to differences in stack configuration and operating currents. This
highlights the importance of considering the whole electrolyser, rather than just the
individual cells.

5.5.3 Overall dynamic performance

The performance of commercial electrolysers is different from that of a single electrolyser
cell, as their balance of plant consists of a much larger number of components. This
is illustrated in Figure 5.6. At the heart of the electrolyser are the electrolysis stacks,
which connect multiple cells in series with a typical voltage of several hundred volts.
For the cell equivalent circuits introduced in Figure 5.5, the voltages are multiplied by
the number of series-connected cells, whereas the double layer capacitances are divided
by this number [173]. As a result, the combined cell dynamics can be very rapid.
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Figure 5.6: Commercial PEM electrolyser balance of plant, based on [181]

Despite this rapid reaction of the electrolyser cells to changes in current [177], the overall
balance of plant will have a more limited ramp-up and ramp-down rate to ensure safe
operation [182]. The slowest processes, such as controlling the pressure, temperature,
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and gas venting, as well as the electrolyser internal control system, therefore determine
the ramp rate limitations, rather than the electrical capability of the stack to manage
the power changes [173].

In the literature, estimates for allowable power ramp rates vary wildly, with studies
suggesting ramp rates ranging from 0.01 pu/s [183] to 2.5 pu/s [174]. The size and
design of the electrolyser will have a large impact on this ramp rate. For this thesis,
current commercially available PEM electrolysers specifically targeted towards wind
turbine applications are used as a basis.

Examples of ramp rates include a 1.67%/s ramp-up and 6.67% ramp-down for the Plug
EX-4250 [170], a 9.4%/s ramp rate for the Green Hydrogen Systems HyProvide X-
1200 [171], and a 10 %/s ramp rate for the Siemens Silyzer [172]. The Silyzer is used
as the base case in this thesis.

5.5.4 Minimum loading

The gases in electrolysers diffuse at a constant rate across the membrane. At high op-
erating levels, this is not an issue since the volume of diffused gases is relatively small
compared to the hydrogen production. However, at low operating levels, the gas diffu-
sion start significantly affect the gas purity. Since the product gases form an explosive
mixture once the hydrogen in oxygen concentration reaches 4% by volume, commer-
cial electrolysers typically have a 2% gas concentration safety limit [184]. Electrolysers
therefore have minimum operating limits, which cannot be violated as they present a
safety risk [20].

The level at which the minimum loading is set varies by electrolyser technology and
source of information. In general, alkaline electrolysers have relatively high minimum
loading levels, with the literature suggesting minimum loading levels of 20% to 40% of
its nominal capacity [173, 185]. PEM electrolyser technology is typically described as
being more flexible, with the literature suggesting minimum loading levels as low as
5% [173]. However, current commercial electrolysers have stricter operating limits. The
PEM-based HyProvide X-1200 has a minimum loading level of 25% [171], and PEM-
based Siemens Silyzer has a minimum loading level of 40% [172]. The latter was used
as the base case in this thesis.

An additional consideration is the use of multiple parallel connected stacks, which is
common in commercial electrolysers that use a modular structure to achieve a high
power rating. A higher number of stacks reduces the impact of the minimum loading,
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since the individual stacks can be switched off when the generated power falls below the
minimum load level. However, a higher number of stacks results in stricter ramp rate
limitations, since any stacks not in operation must start up before being able to accept
changes in loading.

5.6. Integration with offshore wind

There are three main configurations of offshore wind hydrogen production, including a
centralised electrolyser located onshore powered by an offshore wind farm, a centralised
electrolyser located offshore, and decentralised electrolysers co-located with individual
wind turbines [21]. These are illustrated in Figure 5.7.
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Figure 5.7: Offshore wind-powered electrolysis configurations
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The centralised onshore electrolyser configuration is most similar to existing wind farms
and therefore represent the lowest technological risk. The electrolyser is grid connected
and is not too dissimilar from a regular load. In addition to its ease of integration,
the main advantage of this configuration is flexibility in operation: depending on the
moment-to-moment prices of electricity and hydrogen, the owner can decide to export
electricity or produce hydrogen [186].

The central electrolyser will have power ratings in the hundreds of MW or even GW
range. An example pilot project that uses this configuration is the Gigastack project,
which proposed to connect a 100 MW PEM electrolyser to the onshore substation
of Ørsted’s Hornsea 2 wind farm [187], under the UK Low Carbon Hydrogen Supply
Competition. This project has since been postponed, however.

The centralised offshore electrolyser configuration places the electrolyser on the offshore
platform, where the hydrogen is produced and delivered to shore via a pipeline, which
can be 10 to 20 times cheaper to build than transmission cables [13] and have a lifetime
of 40 to 80 years [188]. Removing the need for the transmission cables, a high voltage
conversion stage, and an onshore substation all result in infrastructure cost savings.
The wind turbines can also still be operated as normal. However, the centralised nature
of the electrolyser means it may take up significant space on the offshore platform.
Also, since there is no redundancy, any failure in the electrolyser results in a complete
loss of hydrogen production [21]. An example of an industrial project that incorporates
this design is RWE and Neptune’s H2opZee project, which aims to build a centralised
300 MW to 500 MW demonstrator before 2030 [189].

The final configuration, co-locating an electrolyser with each individual wind turbine,
uses the least electrical infrastructure, which can result in significantly reduced costs
[28]. Without any electrical connection required beyond each wind turbine, they would
instead only need pipelines to transport the hydrogen. This direct connection of wind
turbine and electrolyser has the benefit of not requiring local grid reinforcements and
the associated planning and construction costs [28]. The decentralised nature of the
production offers a high degree of redundancy, with outages only affecting individual
wind turbines.

There are multiple early-stage industrial projects exploring this option, including Dol-
phyn Hydrogen’s demonstrator [190], Siemens Gamesa’s Decentralised Offshore Hydro-
gen Platform (DOHP) project [191], and RWE’s AquaPrimus project [189]. One of the
challenges associated with this configuration is the operation and control of the wind
turbines, which would need to be altered to accommodate the electrolyser dynamics.
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This is explored in Chapter 6.

5.7. Conclusions

This chapter has reviewed the current commercial electrolyser technologies, including
the construction and mode of operation of alkaline, PEM, and solid-oxide electrolysers.
For variable renewable energy applications, the PEM electrolyser was found to be most
suitable, due to its superior dynamic performance.

The review found that the steady-state performance of electrolysers is described by
the J-V curve, with the electrolyser cell voltage rising for higher current densities.
Commercial PEM electrolysers typically have a maximum current density of 2 A/mm2

and an average specific energy consumption of around 50 kWh/kg.

In terms of dynamic performance, this chapter found that the electrolyser cell dynamics
are generally rapid but difficult to characterise due to the unavailability of double-layer
capacitance data. However, more important are the dynamics of the balance of plant,
which are the limiting factor for the overall electrolyser response rate. A typical ramp
rate limitation for commercial electrolysers was found to be 10%/s.

Industrial research into the integration of electrolysers with offshore wind is still in the
early stages. Co-locating electrolysers with individual wind turbines has the potential
to provide the largest cost savings, but requires more investigation to determine how
the electrolyser and wind turbine can be controlled without a grid connection.
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Chapter 6

Off-grid Wind Turbine &
Electrolyser Control

6.1. Introduction

The electrolyser review in Chapter 5 showed that there are three main configurations
of offshore wind hydrogen production, including a centralised electrolyser located on-
shore powered by an offshore wind farm, a centralised electrolyser located offshore, and
decentralised electrolysers co-located with individual wind turbines [21]. This chapter
investigates this third configuration. First, a complete control system for the wind
turbine-electrolyser is designed. Then, three strategies to manage the dynamic power
balance between the wind turbine and electrolyser are presented and assessed.

6.1.1 Previous research

Despite a significant increase over the last decade in the number of publications con-
cerning hydrogen electrolysers [192], much of the work on wind-hydrogen systems has
focused on the economic aspects [193–195]. Very little research considers off-grid wind
turbines directly connected to electrolysers, and there are currently no studies on how
such a system could be operated and controlled.

Standalone wind-powered electrolysis is not a new idea [196], but the wind industry has
only recently started commercial research and development. Commercial wind power
hydrogen production projects are still in the early development stages, and either consist
of small-scale onshore test facilities, such as the Brande Hydrogen project [191], or larger
scale grid-connected projects, such as the Holland Hydrogen I project [197]. There
has been no research yet on the operation and control of an off-grid, commercial-scale
offshore wind turbine with co-located electrolyser.
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Academic research into the concept is also limited to small-scale systems that focus on
hydrogen output over long time-scales without significant consideration of the system
dynamics. In [198], a 10 kW vertical axis wind turbine directly connected to a PEM
electrolyser was simulated. The electrolyser performance characteristics were deter-
mined based on a set of experiments on a 56 W electrolyser cell. The electrolyser was
connected to the wind turbine through a full bridge diode rectifier followed by a buck
converter. The hydrogen production was then calculated based on measured wind speed
data from an observation facility. Despite using realistic wind speed and electrolyser
data, this study did not use commercial-scale wind turbines or electrolysers. It also only
included steady-state operation and did not investigate or account for the wind turbine
or electrolyser dynamics.

Research by [199] investigated the integration of an alkaline electrolyser with a 6.8 kWp
photovoltaic solar array and a 6 kW wind turbine in a stand-alone system. The study
assessed the system efficiency and energy balance over the course of one year. One
of the main findings is that the limitations of commercial electrolysers, such as the
lower operating limit and the number of stops permitted by manufacturers, is a main
challenge in this type of systems. The authors proposed running the electrolyser below
the minimum operating limit for short durations or using battery storage to minimise
the number of stops and increase the system efficiency. However, this study did not
investigate the power conversion process in detail, instead simply taking into account
conversion losses. The energy balancing performed in this study only included the
minimum operating limit and did not account for electrolyser ramp rates.

A study by [200] looked into maximum power point tracking (MPPT) control strategies
for a micro wind turbine rated at 250 W connected to an electrolyser stack. The authors
considered how to increase the system efficiency by employing more complex MPPT
strategies than the conventional hill climb and verified this experimentally. However, the
study was limited to the MPPT algorithm for a DC/DC converter and did not include
the control of any other wind turbine elements. It also did not consider commercial-scale
power ratings or any of the commercial electrolyser limitations.

6.1.2 Contributions

This study is the first to investigate the operation and control of a commercial-scale
standalone wind turbine with an integrated electrolyser, including the dynamic balanc-
ing of power between the wind turbine and electrolyser in such an off-grid system.

Currently, no research exists on how a standalone wind turbine can be controlled to
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successfully integrate the electrolyser without any grid connection. This study develops
a comprehensive control strategy, which includes grid-forming control of the line-side
converter, as well as grid-following control of the generator converter and electrolyser
converter.

In addition, this is the first research to demonstrate that off-grid wind turbines electrol-
yser systems cannot operate by simply using their existing control structures, due to
the different dynamic responses of the wind turbine and electrolyser. Existing studies
only consider steady-state operation of electrolysers, whereas this research takes into
account the electrolyser ramp-rate limitations.

This study is the first to quantify the potential power and energy mismatch between the
wind turbine and electrolyser due to their differing dynamic response, based on realistic
wind speed variation.

In addition, this study proposes and assesses the viability of three novel mechanisms
to balance the power between the input wind and the electrolyser, including energy
storage, rotor inertia, and enhanced pitch control. This study also demonstrates how
the wind turbine control can be enhanced to incorporate these balancing strategies.

Finally, this study is the first to quantify the trade-offs of each of the balancing mech-
anisms, including financial costs of the energy storage system, and the efficiency costs
of the rotor inertia and enhanced pitch control strategies.

This chapter is organised as follows: in Section 6.2, the challenges of operating a ramp-
rate limited electrolyser without grid connection are discussed, in Section 6.3 the mod-
elling methodology and converter control structures are introduced. In Section 6.4,
Section 6.5, and Section 6.6 the implementation of three power balancing strategies are
described, including energy storage, rotor inertia and pitch control. Section 6.7 sets out
the conclusions.

6.2. Challenges of Off-grid Operation

Practically all commercial electrolysers are connected to the grid, where they can operate
continuously at rated power or adjust their loading to provide grid support services
[201,202]. However, when electrolysers are supplied by a single wind turbine without a
grid connection, their loading will vary continuously depending on the available power
in the wind. As a result, the electrolyser limitations such as its minimum loading and
maximum power ramp rate become much more significant.
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6.2.1 Electrolyser limitations

The electrolyser review in Chapter 5 has shown that commercial electrolysers have
limited ramp-up and ramp-down rates to ensure safe operation [182]. For the base case,
this research uses the limitations of the Siemens Silyzer, a commercially available PEM
electrolyser specifically targeted towards wind turbine applications. These have a ramp
rate limitation of 0.1 pu/s [172].

In addition, many commercial electrolysers use a modular structure where multiple
stacks are connected in parallel to achieve high power ratings. A higher number of
stacks reduces the impact of the minimum loading, since the individual stacks can be
switched off when the generated power falls below the minimum load level. However, a
higher number of stacks results in stricter ramp rate limitations, since any stacks not
in operation must start up before being able to accept changes in loading.

For this study, a 15 MW PEM electrolyser was considered, consisting of three indepen-
dent stacks of 5 MW each. Since the stacks are more efficient at lower operating points,
they are set to equally share the power from the wind turbine. New stacks are added
as soon as the power increases to allow all to operate at the minimum load [203]. This
is illustrated in Figure 6.1.
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Figure 6.1: Power consumption per electrolyser stack for varying wind speeds

6.2.2 Power mismatch

When the wind speed changes rapidly, the power output from the wind turbine may
exceed the ramp rate limitation of the electrolyser, resulting in a power mismatch. An
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example of the impact of a rapid decrease in wind speed illustrated in Figure 6.2a. The
electrolyser ramp-down limitation will cause the power demanded to be higher than the
power available in the wind. The mismatch between power results in a slow down of the
wind turbine. From the wind turbine aerodynamic curve, it can be seen that a decrease
in rotational speed results in a further decrease in power, as shown in Figure 6.3a. The
result is an unstable feedback loop where the slow down of the wind turbine causes the
mismatch between electrolyser and wind turbine to increase, further slowing the turbine
down until it completely stops and the electrolyser has to be disconnected.

Depending on the electrolyser specifications, frequent shutdown may result in significant
hydrogen production losses due to the long restart time, and frequent shutdown may also
affect the degradation and lifetime of the system [182]. To prevent this from happening,
a mechanism must be introduced to balance the wind turbine and electrolyser power.
This allows the wind turbine to maintain its speed long enough for the electrolyser
demand to catch up. Once it does, the wind turbine can recover and continue operating
at the new wind speed. This is shown in Figure 6.2b and Figure 6.3b.
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Figure 6.2: Example power mismatch between wind turbine and electrolyser
following a rapid reduction in wind speed

If the wind speed increases, the wind power will be higher than the electrolyser demand,
resulting in a potentially dangerous speed-up of the turbine or an unacceptable rise in
the system voltage. Traditional wind turbines regularly experience a similar scenario at
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Figure 6.3: Wind turbine operating point following a wind speed reduction, showing
the change in available aerodynamic power

high wind speeds where the wind power exceeds the rated power of the wind turbine.
For this, pitch control can be used to feather the blades to reduce the power captured
by the wind turbine. The same pitching mechanism can in theory be used to reduce
the wind turbine power output when it exceeds the electrolyser ramp-up limitation.

However, the electrolyser ramp rate can interfere with the stable operation of this pitch
control. Since the electrolyser ramp rate limits how fast the wind turbine power can
change, this can cause the pitch controller to overcompensate. Any overshoot of the
pitch can decrease the available power in the wind faster than the electrolyser ramp
rate, which has the potential to result in the same unstable feedback loop encountered
for a rapid wind speed decrease.

It is therefore necessary to design a wind control system that allows for off-grid opera-
tion, including the incorporation of mechanisms that can temporarily provide additional
power to balance the wind turbine output and electrolyser demand.

6.3. Modelling and Control

The system under study is an off-grid commercial wind turbine directly connected to
an electrolyser. The model was built using MATLAB/Simulink. The wind turbine is a
generic type 4 configuration, with a nominal power rating of 15 MW. The wind turbine
uses a low voltage PMSG and fully-rated back-to-back power converter. The power
converters use a two-level VSC topology. A transformer is used to step up the converter
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output to 66 kV before the power is transmitted by three-phase cables down the tower.
At the base of the tower, a second transformer reduces the voltage and a VSC rectifies
the voltage before delivering the power to the electrolyser.

An overview of the complete model with the high level control structures is shown in
Figure 6.4. The following sections describe each of the components and their control
in detail. The values for all components and controllers in the model can be found in
Appendix C.
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Figure 6.4: Overview of the complete model with high level control structure for the
machine-side converter control (MSCC), line-side converter control (LSCC) and

electrolyser-side converter control (ESCC)

6.3.1 Rotor

The wind turbine rotor model takes the wind speed, pitch angle and rotational speed
as inputs, calculates the tip speed, power coefficient Cp, power extracted from the wind
and outputs the resulting torque. The modelling approach taken is based on [204,205].
The aerodynamic power input of the wind turbine can be calculated using the equation

Pwt =
1

2
Cp(λ, β)ρArv

3 (6.1)

where ρ is the air density, Ar is the swept area, v is the wind speed, and Cp(λ, β) is the
nonlinear power coefficient, which is dependent on the tip speed ratio, λ, and the blade
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pitch angle, β. It can be calculated using a lookup table or parametric equations [205].

Cp(λ, β) = c1

(
c2

1

β
− c3β − c4β

c5 − c6

)
e−c7 1

Λ (6.2)

where c1 to c9 are characteristic constants of the wind turbine. The 1
Λ term is calculated

as follows

1

Λ
=

1

λ+ c8β
− c9

1 + β3
(6.3)

The tip speed ratio is defined by

λ =
ωrRr

v
(6.4)

where ωr is the rotational speed of the wind turbine rotor in rad/s, Rr is the rotor
radius in m, and v is the wind speed in m/s.

The resulting aerodynamic torque on the rotor can then be calculated using

τr =
Pwt

ωr
(6.5)

where τr is the input rotor torque in Nm. The wind turbine rotor parameters are given
in Table 6.1.

Parameter Symbol Value Units

Rated power PWT 15 MW
Rotor radius Rr 120 m
Rated speed ωnom 6.935 rpm
Air density ρ 1.225 kg/m3

Table 6.1: Wind turbine model parameters

6.3.2 Standard pitch control

The standard pitch control system aims to keep the wind turbine rotational speed at
or below the nominal speed. The wind turbine pitch controller and actuator were
modelled using the approach taken in [206, 207]. The control block diagram is shown
in Figure 6.5. The standard pitch control system uses a proportional-integral (PI)
controller to generate a pitch angle set point based on the difference of the nominal and
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the measured rotor speed. The PI controller has the following transfer function

Gβ(s) = Kpβ +
Kiβ

s
(6.6)

where Kpβ and Kiβ are the proportional and integral gains of the pitch controller,
respectively. Due to the highly nonlinear aerodynamic torque characteristic as a function
of the pitch angle, the PI controller gains are adjusted using gain scheduling based on
a look-up table (LUT) [206]. The pitch actuator system itself is represented by a low
pass filter with a time constant of 0.3 seconds, a rate of change limiter with a 10°/s
limit, and a saturation block with limits between 0° and 90°.

PI

ω

ωnom

Pitch system

β
β∗

LUT

Gain scheduling

Speed control

Figure 6.5: Control block diagram for the standard pitch controller and actuator

6.3.3 Mechanical drive-train

For geared wind turbines, the mechanical drive-train consists of the high- and low
speed shafts and the gearbox. For direct-drive wind turbines, the system is simplified
and consists of a single shaft.

The wind turbine rotor is connected to the generator via the mechanical drive-train.
The conventional method of representing the response of this system is using a multiple
mass model. A two-mass model was used as it can capture the dynamics that affect
stability, whereas higher-order models are typically used to study mechanical details
such as fatigue of the drive-train [208]. The two-mass model was implemented in the
form of a state-space model following the procedure set out in [209], and is shown in
Figure 6.6.

The equations for the two-mass model are derived from the free body diagram and can
be written in state-space form as follows:

119



Chapter 6. Off-grid Wind Turbine & Electrolyser Control

k

c

Jr
Jm

Rotor

Generator

Gearbox

ωr

τr

ωm

τm

(if present)
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where ωr,m are the rotational speeds, θr,m are the rotational angles, Jr,m are the ro-
tational inertias, τr,m are the torques, K is the spring constant and C is the damping
coefficient. Subscripts r and m refer to the wind turbine rotor and machine, respectively.
Dot notation is used to denote derivatives.

These equations were implemented in Simulink using a state-space model. For a 15 MW
wind turbine, the parameter values are estimated based on per unit values provided
in [210], given in Table 6.2.

Parameter Symbol Value (pu)

Rotor inertia Jr 3.36
Machine inertia Jm 0.82
Spring constant k 3.86
Damping constant c 1.5

Table 6.2: Two-mass model mechanical drive-train parameters [210]

6.3.4 Permanent Magnet Synchronous Generator

The PMSG is modelled following the approach used by [209]. The voltage in each phase
of the stator can be expressed in the dq rotating reference frame using the following
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equations:
[
vd
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0
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(6.8)

where vd,q are the voltages induced in the stator, id,q are the stator currents, Rs is
the stator resistance, λm is the flux linkage, and Ld,q are the stator inductances. The
subscripts d and q denote the direct and quadrature axes of the rotating reference
frame, respectively. These are calculated from the instantaneous values using the Park
transformation, given by
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The electrical rotational speed ωe is found using the following expression

ωe = pωm (6.10)

where p is the number of pole pairs in the generator and ωm is the rotational speed of
the PMSG. The electrical angle θe is obtained by integrating the rotational speed with
respect to time.

The equations can be implemented in MATLAB/Simulink by rearranging (6.8) to ex-
press it in terms of the stator current derivatives. This becomes:

d

dt

[
id

iq

]
=

[
−Rs
Ld

−ωeLq

Ld
ωeLd
Lq

−Rs
Lq

][
id

iq

]
− λmωe

[
0
1
Lq

]
+

[
1
Ld

0

0 1
Lq

][
vd

vq

]
(6.11)

The torque developed by the PMSG can be calculated using

τm =
3

2
p
(
λmiq + (Ld − Lq)iqid

)
(6.12)

where p is the number of pole pairs, id,q are the stator currents, λm is the flux link-
age, and Ld,q are the stator inductances. The subscripts d and q denote the direct
and quadrature axes of the rotating reference frame, respectively. For salient pole ma-
chines, Lq and Ld are equal, simplifying the equation so that the generator torque is
only dependent on the q-axis current. The selected generator parameters are given in
Table 6.3.
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Parameter Symbol Unit Value

Stator resistance Rs mΩ 1.9
Stator inductance Ld,q µH 173.4
Flux linkage λm Wb 9.02
Pole pairs p 86

Table 6.3: Permanent magnet synchronous generator parameters

6.3.5 Machine-side converter and control

The purpose of the machine-side converter is to generate the stator voltages of the
PMSG to obtain the desired stator currents. Several control structures are possible to
set the current references for type-4 wind turbines, depending on the task division of
the converters [211]. For the off-grid wind turbine, the DC link voltage is controlled by
the machine-side converter.

The outer voltage control loop compares the DC link voltage with the nominal DC link
voltage. This difference is fed to a PI controller which outputs the current references to
the inner current control, with the transfer function

GVDC
(s) = KpV +

KiV

s
(6.13)

where KpV is the proportional gain and KiV is the integral gain of the DC link voltage
control. The output is the q-axis reference current which is then fed to the inner current
control.

The current control objective is to obtain the maximum torque per ampere (MTPA),
where the d-axis current reference is set to zero to maximise the q-axis current. The
d- and q-axis voltage references are calculated in the current control loop. From the
PMSG equation (6.8), we can see that the d- and q-axis voltages are coupled and the
dynamic behaviour of the current depends on the rotor speed [209]. To control the d-
and q-axis currents separately and to simplify the controller design, decoupling feedback
is introduced.

[
v∗d
v∗q

]
=

[
v̂d − ωeLqiq

v̂q + ωeLdid + λmωe

]
(6.14)

where v̂d,q are linear controller output voltages. The linear controllers use PI control,
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with the transfer function

GICC(s) = KpICC +
KiICC

s
(6.15)

The inner current control proportional and integral gains can be tuned using internal
model control [209], resulting in

[
Kp,ICC

Ki,ICC

]
=

[
κ 0

0 κ

][
Lq

Rs

]
(6.16)

where κ is a design parameter that can be selected to obtain the desired bandwidth.

The converter itself is modelled using the average converter model to reduce the com-
putational requirements of the simulation. This consists of a controlled voltage source
connected to the AC side and a controlled current source connected to the DC side [212].
The voltage set points from the current control loop can then be used to directly control
the voltage sources.

PI

PI

PWM

Inner current control

0

abc

dq

θe

ωeLd

iq

id

ωeLq

λmωe

v∗q

v∗d

i∗q

ωm p
ωe

PI

VDC

DC voltage
control

1

s

V ∗
DC

Figure 6.7: Control block diagrams for the machine-side converter

6.3.6 Line-side converter and control

In grid-connected wind turbines, the line-side converter uses grid-following control with
a phase-locked loop (PLL) to synchronise with the grid. However, in the case of the
off-grid wind turbine, there is no grid to synchronise to. Instead, the line-side converter
uses grid-forming control to generate its own voltage and frequency.

The grid-forming control system for the line-side converter is illustrated in Figure 6.8a.
The control strategy used is PI-based virtual synchronous machine (VSM) control, which
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emulates the traditional swing equation of synchronous machines.
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Figure 6.8: Control block diagrams for the line-side converter

The VSM control can be implemented by using a PI controller which compares the
active power reference and measured power [213].

The active power reference is set by the power conditioning control, which consists
of the MPPT power calculation, drivetrain active damping and electrolyser ramp rate
limitation. The MPPT power is calculated using

P ∗
m = KCpω

3
m (6.17)

where KCp is a parameter based on the wind turbine characteristics to obtain the
maximum power [205] given by the following equation

KCp =
1

2
ρArR

3
r

c1(c2c7c9 + c6c7 + c2)
3 exp(− c6c7+c2

c2
)

c22c
4
7

(6.18)

In regular wind turbine operation, the MPPT provides inherent drivetrain damping due
to its dependence on rotor speed [214]. However, in the proposed system, the power set
point cannot always change fast enough due to the limited electrolyser ramp rate. As
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a result, the system requires active damping to prevent unwanted speed oscillations.

The active damping is based on [214] and consists of a band-pass filter (BPF) followed
by a gain. The BPF has the second-order transfer function

GBPF =
2ζωdts

s2 + 2ζωdts+ ω2
dt

(6.19)

where ζ is the damping factor and ωdt is the drivetrain natural frequency, which is
dependent on the drivetrain stiffness and inertia

ωdt =

√
k

(
1

Jr
+

1

Jm

)
(6.20)

The resulting damping power is added to the MPPT set point.

In addition to generating the electrical angle, the line-side converter is also tasked
with controlling the AC voltage of the tower cables and transformers. This is achieved
through the use of PI controllers which compare the reference and measured voltages
in the dq rotating frame, as shown in Figure 6.8b. The controller transfer functions are
given by

GVAC
= KpV AC +

KiV AC

s
(6.21)

where KpV AC and KiV AC and the proportional and integral gains of the AC voltage
controller, respectively. The outputs of the PI controllers are fed into an inner current
control, which allows the converter to limit excessive currents under fault conditions.

The inner current control has a similar structure to that used in the machine side
converter. The d-axis and q-axis currents are controlled using PI controllers which are
decoupled by adding decoupling feedback, as shown in Figure 6.8b.

6.3.7 Electrolyser-side converter and control

The purpose of the electrolyser-side converter is to rectify and control the electrolyser
voltage, transferring the remaining power after losses in the transformers and tower
cables.

The electrical angle used for the dq transformations is obtained by employing a phase-
locked loop (PLL) to synchronise with the line-side converter frequency. The block
diagram for the PLL is shown in Figure 6.9a. It uses a PI controller to adjust the angular
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frequency until the q-axis voltage is zero, which occurs when the rotating reference frame
is aligned with the frequency.
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Figure 6.9: Control block diagrams for the electrolyser-side converter

The electrolyser voltage needs to be controlled to match the power remaining in the
line after losses in the transformers and cables. This is done through a power droop
control, as shown in Figure 6.9b. The PLL angular velocity is compared with the
nominal angular velocity with a P-controller. The output is subtracted from the line-
side converter power to provide the remaining power set point. The electrolyser voltage
is selected based on the electrolyser P-V curve, which is dependent on the electrolyser
characteristics, which is discussed in more detail in Section 6.3.8. The electrolyser
voltage can then be controlled using the same cascaded controller structure as for the
line-side converter, shown in Figure 6.9c.

6.3.8 Electrolyser

The electrolyser is modelled using a controlled current sink. The current value is calcu-
lated based on the applied voltage using the electrolyser cell performance, fed through
a low pass filter to represent the electrolyser cell dynamics.
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The electrolyser J-V curve was modelled using the equations set out in Section 5.5. The
parameters for the equations were selected to approximate the performance of a typical
commercial electrolyser for this application. These are given in Table 6.4.

As the electrolyser ages, its performance deteriorates due to degradation. The elec-
trolyser is considered to be at its end-of-life (EoL) when the required voltage is 10%
higher compared to its beginning-of-life (BoL). The resulting J-V curves are shown in
Figure 6.10a.

Parameter Unit Value

∆G kJ/mol 223.1
α 0.38
J0 µA/cm2 13.7
JL A/cm2 2.6
rBoL Ω/cm2 0.137
rEoL Ω/cm2 0.236

(a) Fitting parameters

Parameter Unit Value

F s·A/mol 96485
Rg J/(K·mol) 8.3145
pH2 atm 35
pO2 atm 0.9
pH2O atm 0.15
Tcell K 333.15

(b) Constant parameters

Table 6.4: Parameters used to calculate the J-V characteristic

The specific energy consumption curve was calculated using the equations set out in
Section 5.5, assuming a typical cell area of 2500 cm2, and is shown in Figure 6.10b. It
can be seen that at higher current densities, the efficiency of the electrolyser reduces,
resulting in more energy required to produce hydrogen. The selection of the operating
current density therefore represents a trade-off between power density and efficiency.
For this study, a nominal current density of 2 A/cm2 was selected.
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Figure 6.10: Electrolyser cell properties
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6.4. Power Balancing using Energy Storage

6.4.1 Mechanism

The most straightforward way of making up the difference in power between the wind
turbine and the electrolyser is by introducing energy storage. This would likely be in the
form of a supercapacitor, which has previously been proposed for use in wind turbines
for grid power smoothing and fault ride through [215]. Supercapacitor energy storage
would be highly suitable for the electrolyser power balancing due to its rapid dynamic
response and high power delivery for a duration from seconds to minutes.

The supercapacitor is connected to the DC link of the back-to-back converter through
a dedicated DC/DC converter. The storage-side converter now takes on the control
objective of managing the DC link voltage. This allows the machine-side converter
control to set the wind turbine power based solely on the optimal torque set by the
unconstrained MPPT. Any difference in power between the generator and electrolyser
is now compensated by the supercapacitor.

Using energy storage to balance the power has the advantage of enabling the wind
turbine to operate at its maximum power point continuously. However, the main draw-
back of this balancing method is the high capital cost of the supercapacitor and the
interfacing converter.

6.4.2 Energy storage sizing

To calculate the size and cost of the energy storage, the difference between the power
generated by the wind turbine and the ramp-rate limited electrolyser power demand
must be calculated. This power difference will be highly dependent on the wind con-
ditions in which the turbine operates. Therefore, to estimate the requirements, first
realistic wind speeds need to be modelled.

To simulate a realistic wind speed profile, the approach set out in [216] was adopted,
which combines short-term wind turbulence with medium- and long-term wind varia-
tions based on the van der Hoven spectrum [217]. The wind speed is calculated using

v(t) = vml(t) + vr(t) (6.22)

where vml is the medium- and long-term wind variation component and vr is the tur-
bulence component. The first component is calculated based on the van der Hoven
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spectrum [217], using

vml =
30∑

i=0

Ai cos(ωit+ ϕi) (6.23)

The amplitude terms are calculated by

Ai =
2

π

√
1

2
[S(ωi+1) + S(ωi)] · [ωi+1 − ωi] (6.24)

where S(ωi) is the van der Hoven spectrum power, sampled at the following frequencies

fi = i · 10j (6.25)

where fi are the sampled frequencies in cycles per hour, i ranges from 1 to 9, and j

ranges from -3 to 2. This is illustrated in Figure 6.11.

The turbulence term in the wind speed calculation is obtained by passing a white
noise signal through a Kalman filter. The white noise signal has a sampling period
Ts, set to be 1 second, unitary variance, and a band-limited power spectral density of
equal to Ts [216]. The Kalman filter can be represented by a simplified filter transfer
function [216], given by

HF (s) = KF
a1TF s+ 1

a2T 2
F s

2 + (a2 + 1)TF s+ 1
(6.26)

where a1 is 0.4 and a2 is 0.25. The terms TF and KF are calculated based on the site
conditions, using the equations

TF =
LF

vml(t)
(6.27)

where LF is the length scale, assumed to be a typical value of 100 m for offshore wind
sites [216]. The term KF is calculated using

KF =

√
2π

B
(
1
2 ,

1
3

) TF

Ts
(6.28)

where B is the beta function. The output of the Kalman filter is multiplied with the
turbulence intensity, which is given by

σv = kσ,v · vml(t) (6.29)
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where kσ,v is the slope of the regression curve that statistically describes the relation
between the mean wind speed and the turbulence intensity. For this study, it was
considered a typical value of 0.1 for offshore wind sites [216].
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Figure 6.11: Sampled van der Hoven frequency spectrum

6.4.3 Power and energy requirements

The stochastic nature of the wind speed and delay between wind speed and wind turbine
power output mean that the likely power and energy mismatch between the wind turbine
and the electrolyser cannot be calculated analytically.

A Monte Carlo approach was therefore taken. One hundred hour-long realistic wind
speed profiles were simulated with varying initial conditions with an average speed
ranging from 6 m/s to 11 m/s, corresponding to the electrolyser cut-in and nominal
wind speeds, respectively. The power output of the wind turbine was calculated using
(6.1).

Due to the wind turbine inertia, the wind turbine power output will not immediately
follow the wind speed. These wind turbine dynamics were simplified to reduce the
computational cost of the hour-long simulations by using low pass filters to determine
the wind turbine rotational speed and pitch blade angle. The filter constants were
adjusted to provide a good match with the more complex dynamic model described in
Section 6.3.

It is assumed that any increase in wind turbine power exceeding the electrolyser ramp-
up rate can be shed by pitching the blades. The mechanism for this is explained in
Section 6.6. However, any rapid decreases in wind turbine power will require additional
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power to match the electrolyser ramp-down rate. The electrolyser ramp-rate limitation
is assumed to be 0.1 pu/s and is dependent on the number of stacks in operation, taken
from Figure 6.1. The maximum power difference can then be calculated using

Pess = max
(
Pel(t)− Pwt(t)

)
(6.30)

where Pess is the required balancing power of the energy storage system, Pel is the
ramp-down limited electrolyser power and Pwt is the available power in the wind.

The required balancing energy can be calculated by integrating this power difference.
However, additional energy may be required if multiple rapid wind speed decreases
happen in succession without the energy storage being able to replenish. Therefore, a
25% safety margin was added to the total energy requirement. The resulting equation
is

Eess = 1.25 ·max

(∫ t1

t0

(
Pel(t)− Pwt(t)

)
dt

)
(6.31)

where Eess is the required energy of the energy storage system, t0 is the start of each
power mismatch event, and t1 is the end of the power mismatch event.

Figure 6.12 shows example time-domain results for a challenging two-minute window in
one of the hour-long realistic wind speed simulations. This case shows that a 5 MW, 7
kWh energy storage system allows the wind turbine to continue operating through the
worst-case power mismatch event.

6.4.4 Results

The results of these calculations for each wind speed are shown in Figure 6.13. The
mean power required to balance the wind turbine and electrolyser tends to increase
with wind speed, reaching a peak at the nominal wind speed of 11 m/s. However, the
energy requirements are more varied by wind speed. At lower wind speeds, the wind
turbine power output is reduced, which means that fewer of the electrolyser stacks are
in operation. The result is a stricter ramp rate limitation, which can occasionally lead
to longer mismatch periods, despite the lower wind turbine power fluctuations at low
wind speeds. However, the median energy requirements tend to be consistently higher
at the nominal wind speed of 11 m/s. This wind speed was therefore used to size the
energy storage.

The results for various electrolyser ramp rates are given in Figure 6.14. This shows
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Figure 6.12: Energy storage system time domain results for a two-minute window of
realistic wind speeds when using a 5 MW, 7 kWh energy storage system. Energy

storage system charging and discharging periods are highlighted.
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Figure 6.13: Maximum hourly balancing requirements by wind speed
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Figure 6.14: Maximum hourly balancing requirements by ramp rates
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that for the electrolyser to continuously operate during 99% of the hours below rated
wind speed, the balancing power and energy requirements are 6.7 MW and 8.5 kWh,
respectively. The most suited energy storage technology to fulfil these requirements
would be a supercapacitor, which has previously been proposed for use in wind turbines
for grid power smoothing and fault ride through [215], due to its rapid dynamic response
and high power delivery for a duration from seconds to minutes. The projected cost
of supercapacitors in 2025 is $835/kW [218]. This corresponds to an additional capital
cost of $5.6M. The associated DC/DC converter would add another $1.2M [99], which
would significantly increase the cost of hydrogen production.

The electrolyser ramp rate is the main factor determining these power and energy
requirements. In the base case, an electrolyser ramp rate of 0.1 pu/s is used. Further
realistic wind speed simulations were performed for the nominal wind speed to determine
how the requirements change with higher allowable ramp rates. The results of this
investigation are shown in Figure 6.14. The results show that doubling the allowable
ramp rate to 0.2 pu/s reduces the 99% survival power requirements by 70% to 2.1 MW
and the corresponding energy requirements by 85% to 1.3 kWh. A supercapacitor of
this size with its associated converter is projected to cost approximately $2.1M.

If the electrolyser has a ramp rate of 0.3 pu/s or above, power balancing is no longer
required since the electrolyser can follow the wind turbine power output without any
significant mismatch.

6.5. Power Balancing using Rotor Inertia

6.5.1 Mechanism

It is possible to use the wind turbine rotor to store energy in the form of inertia. This
can then be used when the generator power drops faster than the electrolyser ramp-
down rate. When the wind turbine is operating at the peak of the power coefficient
curve, any changes in the wind turbine speed will result in a reduction in power.

However, if the operating speed is increased, it is possible to gain additional power
that can be used to match the electrolyser ramp rate. This process is illustrated in
Figure 6.15. The wind turbine operates at point A, which is faster than its optimal
operating point. When the wind speed drops and the generator power reduces faster
than the electrolyser ramp-down rate, the wind turbine will slow down, moving left
along the Cp curve. This results in an increase in available power, until point B is
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reached. In addition, the higher operating speed means there is additional time before
the wind turbine stops, increasing the likelihood of the electrolyser power demand to
reach the new output power.
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Figure 6.15: Additional power available from rotor inertia

The advantage of using the rotor inertia is that, unlike the energy storage solution, no
additional expensive components are required. However, the wind turbine will need
to operate at a higher rotational speed than it was designed for, which may lead to
reliability issues. The wind turbine will also produce less energy during regular operation
due to its suboptimal operating speed.

6.5.2 Implementation

For the wind turbine to operate at this higher rotational speed, the MPPT algorithm
needs to be updated. This can be done by adding an inertia factor to the torque
calculation, resulting in

τ∗m,J = (1−KJ)KCpω
2
m (6.32)

where τ∗m,J is the updated generator torque reference and KJ is the inertia factor that
reserves part of the torque for rotor energy storage. Figure 6.16a shows how the new
MPPT and torque influences rotor speed, and Figure 6.16b shows the resulting wind
turbine power. It can be seen from the figure that the new MPPT torque reference
results in a higher rotor speed but a small decrease in wind turbine power output.

Calculating the required inertia factor KJ is not straightforward. In the literature on
power smoothing, the energy stored in the rotor can be calculated [219], using the
equation

∆E =
1

2
Jt(ω

2
max − ω2

min) (6.33)
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Figure 6.16: Comparison of standard and updated MPPT operating points per wind
speed

where Jt is the combined inertia of the rotor and generator, ωmax and ωmin are the
maximum and minimum rotational speeds, corresponding to point A and point B in
Figure 6.15, respectively.

However, (6.33) assumes the desired output power of the wind turbine is constant for
a given average wind speed. In the off-grid wind turbine with electrolyser system, the
desired output power is rate-limited, linearly moving towards the wind turbine power
instead. Therefore, (6.33) can only give an indication of the energy storage available,
and cannot be used to directly calculate the required inertia factor KJ .

6.5.3 Results

To estimate the required inertia factor, the new MPPT algorithm was tested on all
100 realistic wind speed scenarios from Section 6.4.3. The inertia factor was adjusted
iteratively, using (6.33) as a starting point, until the wind turbine managed to stay
operational through the event. The time domain results for the most challenging wind
speed reduction are shown in Figure 6.17. This shows that at inertia factors of less than
0.5, the wind turbine stalls and comes to a standstill, whereas at inertia factors of 0.5
and above, the wind turbine can survive the wind speed reduction.

The results for the remaining inertia balancing tests are shown in Figure 6.18. For the
base case 0.1 pu/s ramp rate, to enable the wind turbine to operate continuously through
99% of the wind speed variation, the required inertia factor is 0.45. In steady-state
operation, this suboptimal torque setting results in a 10.6% loss in energy production
for wind speeds below nominal. The wind turbine rotational speed also increases by
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impact of the inertia factor during the most challenging wind speed reduction
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17.8%. This is a significant increase, which could potentially result in a reduced wind
turbine lifetime due to the additional stress on the rotor. It may also require a redesign
of several control systems to prevent unwanted excitations.

If the electrolyser ramp rate can be increased, the required inertia factor can be reduced
while still allowing the wind turbine to continue operating. For example, doubling the
allowable electrolyser ramp rate to 0.2 pu/s was found to require an inertia factor of
0.05 for a 99% survival rate. This corresponds to a much more acceptable 0.3% energy
loss and 2.7% rotational speed increase.
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Figure 6.18: Inertia balancing results for varying electrolyser ramp rates (RR) and
hourly survival rates (SR)
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6.6. Power Balancing using Pitch Control

6.6.1 Mechanism

Pitching the wind turbine blades is already used in wind turbines to limit the speed and
power during high wind speeds. It is therefore well suited to balancing the wind turbine
and electrolyser power for rapid wind speed increases. The pitch controller can control
the power by adjusting the blade pitch angle, which impacts the power coefficient,
Cp(λ, β), as can be seen in (6.2). Increasing the pitch angle reduces the coefficient of
performance and therefore the power extracted from the wind. However, this is highly
dependent on the tip speed ratio, as shown in Figure 6.19a and Figure 6.19b.
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Figure 6.19: Coefficient of performance variation with pitch angle and tip speed ratio

The main drawback with using pitch control for power balancing is that it cannot easily
accommodate the electrolyser ramp-down limitation. When the wind turbine operates
below rated speed, the pitch angle is set to zero for maximum power extraction. In this
case, a reduction in wind speed cannot be mitigated as any pitching will only further
reduce the power.

A potential solution to this is to operate the wind turbine with a non-zero pitch below
rated power. This allows the wind turbine to increase its power production temporarily
during a wind speed reduction by decreasing the pitch angle. Operating at this non-zero
pitch will alter the power coefficient curve, which means that the MPPT algorithm will
need to be updated to determine the new operating speed. There are two options for
updating the MPPT. The first is to set the MPPT to maintain the existing tip speed
ratio, resulting in the same rotational speed of the wind turbine. The second option is
to update the MPPT to find the new optimal rotational speed for the non-zero pitch
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curve.

The process for the first option is illustrated in Figure 6.20a using an example non-zero
pitch of 1°. During regular operation, the wind turbine will operate with a 1° pitch at its
original tip speed ratio, indicated by point A, which is below its optimal point. When
the wind speed and associated power drops faster than the electrolyser ramp-down rate,
the wind turbine will pitch the blades to zero, increasing the power production to the
peak of the 0° curve, at point B. The power demand from the electrolyser exceeds
the provided power from the wind, resulting in a slow-down of the wind turbine. As
the wind turbine slows down, the tip speed ratio decreases, and the operating point
moves down the 0° curve. At point C, the power provided by the wind turbine is equal
to the original power production at 1°, which denotes the limit of the additional power
available. This option results in slightly lower power extraction from the wind compared
to using a higher tip speed ratio. However, it has the advantage of not requiring the
wind turbine to operate above its design speed.

The alternative is to use the new optimal tip speed ratio for non-zero pitch operation.
This process is illustrated in Figure 6.20b for an example non-zero pitch of 1°. During
regular operation, the wind turbine will operate at the peak of the Cp curve for 1°,
denoted by point A. When the wind speed drops, the blades are pitched to 0°, moving
the operating point to the 0° curve, reaching point B. As the wind turbine slows down
due to the electrolyser power demands, the operating point moves down the 0° curve,
with point C indicating the limits of the additional power. This option results in the
highest efficiency operation. However, similar to using the rotor inertia balancing, in
this case the wind turbine will need to operate at a higher rotational speed than it was
designed for, which may lead to reliability issues.

6.6.2 Implementation

The pitch controller can be enhanced to allow for power balancing below rated wind
speed. This is done by adding a proportional-derivative (PD) controller to provide
the pitch angle based on the difference between the aerodynamic power and the ramp-
limited power demand, as shown in Figure 6.21. The transfer function for the PD
controller is given by

G∆β(s) = Kp∆β
+Kd∆β

Nd∆β

1 +Nd∆β
s

(6.34)
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Figure 6.20: Additional power available from non-zero pitch operation for two
MPPT strategies

where Kp∆β
is the proportional gain, Kd∆β

is the integral gain, and Nd∆β
is the filter

coefficient. The PD controller output is followed by a saturation block to only output
positive pitch angles. The non-zero pitch angle strategy can be adopted by adding a
non-zero pitch angle, βNZ to the pitch set point and by expanding the power balancing
saturation limit to allow negative angles up to the non-zero pitch value. In addition,
the output from the speed control PI controller is saturated to stay above the non-zero
pitch value when speed control is enabled.

To prevent excessive switching between the speed control and power balancing control
around the nominal operating point, the selector uses hysteresis whereby speed control
is activated at nominal rotor speed but only deactivated at 90% rotor speed.

6.6.3 Results

Calculating the amount of energy that can be used for balancing using the non-zero
pitch operation is not straightforward. The duration the additional power is available
is dependent on the rate of change in the wind turbine rotational speed, i.e. how long it
takes for the operating point to move from point B to point C. This will depend on the
difference between the required generator torque and the available aerodynamic torque.

In reality, the tip speed ratio does not remain constant during a wind decrease and will
instead increase momentarily. The generator power does not change immediately with
a change in wind speed due to the rotor inertia and the blades can also not pitch instan-
taneously, as the pitch angle rate of change is limited by the pitching actuators. This
means the transition between power coefficient curves is not as smooth as Figure 6.20
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Figure 6.21: Control block diagram for the enhanced pitch controller with power
balancing capability

suggests.

Therefore, to estimate the required non-zero pitch to prevent electrolyser shutdown,
the pitch power balancing algorithm was tested on all 100 realistic wind speed scenarios
from Section 6.4.3. The pitch angle was adjusted iteratively until the wind turbine
could ride through the wind reduction event. In each case, the MPPT torque gain was
adjusted to obtain either the original tip speed ratio (option 1) or to obtain the new
optimal tip speed ratio at the non-zero pitch angle (option 2). The time domain results
for one of the most challenging wind speed reductions for each option are shown in
Figure 6.22. This shows that option 1 requires a minimum 3° non-zero pitch and option
2 requires a minimum 1.5° non-zero pitch to keep the wind turbine operational through
the wind speed event.

The results are shown in Figure 6.23 and Figure 6.24. For the base case electrolyser
ramp rate of 0.1 pu/s, to enable a 99% survival rate, a non-zero pitch of 3° is required
when operating at the original tip speed. This results in a wind turbine power output
reduction of 24.7%. By operating the wind turbine at its new optimal speed, a median
pitch angle of 1.5° is required, resulting in a power reduction of 10.3% instead. However,
this is also associated with a rotational speed increase of 19.3%.

If the electrolyser ramp rate can be increased, the required non-zero pitch decreases
significantly. For example, at a ramp rate of 0.2 pu/s and using option 1, a non-zero
pitch angle of 1° is required for a 99% survival rate. This results in a power reduction
of 9.8%. When using option 2, the required non-zero pitch angle is 0.5°, corresponding
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Figure 6.22: Time domain results for the non-zero pitch balancing mechanisms,
showing the impact of non-zero pitch setting during one of their respective most

challenging wind speed reductions
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Figure 6.23: Hourly survival rate by non-zero pitch setting
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Figure 6.24: Pitch balancing results for varying electrolyser ramp rates, when
keeping the original tip speed ratio (option 1) or finding the new optimal tip speed

ratio (option 2)

144



Chapter 6. Off-grid Wind Turbine & Electrolyser Control

to a power reduction of 3.6%, with a rotational speed increase of 1.1%.

6.7. Conclusions

This chapter investigated the control system for a standalone offshore wind turbine with
co-located electrolyser and how the power between the wind turbine and electrolyser
could be balanced taking into account the electrolyser ramp rate limitations.

The control system consisted of four main controllers, including the pitch controller, the
machine-side converter controller, the line-side converter controller, and electrolyser-side
converter controller. Under normal operation, the machine-side control objective was to
maintain the DC link voltage. The power flow was regulated by the line-side converter
control, which employed a grid-forming control structure to generate the electrical angle.
The electrolyser-side converter control objective was to set the electrolyser voltage to
control its power demand.

Three power balancing strategies were investigated, including energy storage, rotor iner-
tia and non-zero pitch. The results showed that for the wind turbine to stay operational
through 99% of the hourly wind speed variation while being limited to a 0.1 pu/s power
ramp rate, a $6.8M supercapacitor is needed with a rating of 6.7 MW and 8.5 kWh.
Alternatively, using rotor inertia to balance the power would reduce energy production
by 11% and increase rotor speed by 18%. Using non-zero pitch control would result in
a 25% energy reduction without speed increase or a 10% energy reduction with a 19%
speed increase. Therefore, at existing commercial electrolyser ramp rates, none of the
balancing strategies are very cost-effective. The most realistic solution would be using
energy storage, although this would come at a significant additional capital cost.

Improvements in the power ramp rate of the next generation of electrolysers would make
the production of hydrogen in this system more cost-effective. At higher ramp rates,
the control-based power balancing methods become more attractive. For example, at
a 0.2 pu/s ramp rate, using rotor inertia balancing results in a power reduction and
speed increase of less than 1% and 3%, respectively. For the non-zero pitch balancing
strategy with speed increase, these values are 4% and 1%, respectively. These options
are therefore both realistic and cost-effective solutions.

If electrolyser power ramp rates can be increased to 0.3 pu/s, no power balancing or
control modifications would be required at all. This should therefore be the design
target for future electrolysers used in off-grid offshore wind systems.
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Cost-effective hydrogen production

7.1. Introduction

This chapter investigates the most cost-effective wind turbine configurations for offshore
hydrogen production. The previous chapter has shown how electrolysers can be con-
nected with standalone wind turbines using several possible power balancing methods.
This chapter builds on these results, as well as the findings from previous chapters, to
determine how the cost of hydrogen production is impacted by the wind turbine elec-
trical drivetrain and power balancing strategy, with the aim of reducing the levelised
cost of hydrogen (LCOH).

7.1.1 Previous research

The direct connection of wind turbines and electrolysers is a relatively understudied
topic. To the author’s knowledge, there are currently no publications which investigate
power balancing in this system, beyond those resulting from Chapter 6. However,
there are a handful of publications which propose novel electrical drivetrains to directly
connect wind turbines and electrolysers. The scope of these studies tends to be limited,
with either a single drivetrain being investigated, or without any quantification of the
relative merits of their proposed drivetrain compared to existing solutions.

The authors of [220] connected a 5 kW PMSG-based wind turbine with multiple 400 W
electrolyser stacks using a three-phase diode rectifier, followed by one DC/DC converter
per stack stack. They mention that their system provides improved conversion efficiency,
but do not provide quantitative evidence for this. One interesting finding was that in
this configuration, the DC output voltage from the rectifier would vary from 75 V to
500 V, depending on the wind speed. Such a large voltage range will have implications
for the DC/DC converter performance, and highlight one of the potential compatibility
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challenges in directly coupling a wind turbine and electrolyser.

A patent by Vestas [221] shows six possible concepts for the off-grid connection of a
wind turbine and electrolyser. The simplest proposed design consists of a single AC/DC
converter that connects the generator to the electrolyser, which is located either inside
the wind turbine nacelle or in the tower. Other proposed designs include the use of
a transformer before the AC/DC stage, as well as an AC/DC converter followed by a
DC/DC converter, both of which allowing the use of higher voltages. Other proposed
configurations enhance these options with the addition of a hydraulic torque converter or
dynamic voltage restoration unit. The authors also put forward modular designs, using
half bridge, full bridge, or modular multilevel converter cells to connect to individual
electrolyser stacks. While the patent provides a large range of possible designs and a
basic description of their use cases, it does not include any details or assessment of their
performance or relative merits.

The study by [203] provides a good approach to assess the performance of a novel
electrical drivetrain for hydrogen production. Similar to [220], the authors propose
using a rectification stage, followed by a modular dual active bridge DC/DC converter,
with each module connected to a single electrolyser stack. However, their study is much
more rigorous: they consider a full-scale wind turbine of 15 MW, and their investigation
includes the calculation of the LCOH for various electrolyser ratings, taking into account
capital costs, wind turbine annual power production, DC/DC converter efficiency, and
electrolyser polarisation curves. The main drawbacks of this study include that it only
investigates a single drivetrain and does not use discounting in the LCOH calculation.

7.1.2 Contributions

This chapter carries out the first detailed investigation of the cost-effectiveness of var-
ious wind turbine drivetrains and power balancing strategies for water electrolysis. It
quantitatively compares the hydrogen production of multiple DC electrical drivetrains
and compares the resulting LCOH of these drivetrains with the standard AC connection
with a back-to-back converter.

The assessment is comprehensive as it provides a complete LCOH calculation, taking
into account the capital costs, losses, and hydrogen production over the lifetime of
the system. Unique in the study is the inclusion of the capital costs and/or efficiency
reduction that result from the power balancing systems proposed in Chapter 6.

In addition, the study includes a detailed loss estimate for the DC/DC converter, based
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on the previous work done on DC/DC converter optimisation. It also takes into ac-
count often overlooked factors, such as the electrolyser performance degradation, stack
replacement costs, and hydrogen pipeline costs.

Another main contribution of the investigation is an assessment of the control strategy
and technological challenges with each of the drivetrains. A basic control overview is
given for each of the drivetrains, and the technological readiness level of the components
is taken into account in the recommendations.

7.2. Drivetrain designs

Four electrical drivetrain designs were investigated as part of this study. The first
design is the conventional AC drivetrain, which serves as a basis for comparison with
the novel drivetrains. In the conventional AC drivetrain, illustrated in Figure 7.1a,
the wind turbine nacelle contains the PMSG, a back-to-back converter and a step-up
transformer. Three single phase cables transport the power down the tower to the
platform, where a second transformer and rectifier connect to the electrolyser.

The simplest electrolyser connection is the direct connection of the electrolyser, shown in
Figure 7.1b. In this drivetrain, the nacelle only houses the PMSG and a single AC/DC
converter. This is directly followed by two tower cables that connect to the electrolyser
on the platform. This configuration has the potential to reduce the losses associated
with the conversion steps but has challenges associated with low voltage operation.

A variation of the direct DC connection is the nacelle-only connection, where all electri-
cal components are housed in the nacelle, as shown in Figure 7.1c. This has the potential
to avoid some of the low voltage challenges of the direct connection, but requires the
electrolyser to be able to fit inside the nacelle. It also requires a flexible hydrogen pipe
to transport the hydrogen down the rotating tower.

The third considered wind turbine drivetrain, illustrated in Figure 7.1d, uses a single
DC/DC converter at the tower base or platform before connecting to the electrolyser.
This allows the generator and electrolyser voltages to be decoupled, but will increase
the semiconductor switching losses compared to the direct electrolyser connection.

The final DC electrical drivetrain uses two DC/DC converters, as shown in Figure 7.1e.
This allows for the use of a high voltage of the cables in the tower, as well as indepen-
dent voltage control of the generator and electrolyser. However, this configuration also
requires the most power electronics, resulting in higher losses.
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7.3. Methodology

The methodology is partly based on the work of previous chapters, and has the aim of
determining the LCOH for each of the configurations. The LCOH can be calculated
using

LCOH =

∑Tt
t=0

Ct+Ot+Vt
(1+Dr)t∑Tt

t=0
H2,t

(1+Dr)t

(7.1)

where t is the year of operation, Ct is the capital cost, Ot is the fixed operating cost,
Vt is the variable operating cost (including fuel cost), H2,t is the hydrogen production,
Dr is the discount rate, and Tt is the final year of operation [64].

The average number of operational years for an offshore wind farm is 27 years [64]. The
discount rate used in the LCOH calculation is typically based on the weighted average
cost of capital, which is currently about 6% for offshore wind farms [64]. However, to
take into account the additional risk of the relatively novel standalone wind turbine
electrolyser system, a discount rate of 8% was assumed instead.

The LCOH estimate therefore requires calculating the capital costs and maintenance
costs of the components, the gross annual energy production, the costs and losses from
power balancing, the electrical losses of the converters and cables, and the hydrogen
production from the electrolyser. The following sections describe these aspects of the
LCOH calculation in more detail.

7.3.1 Cost calculation

The main components considered in the cost calculation include the wind turbine, elec-
trolyser, converters, energy storage, and hydrogen pipeline. Since standalone wind
turbine and electrolyser systems are not yet commercially available, the cost calcula-
tion is based on the predicted cost of these components in 2030, following the procedure
used in [203]. The annual operation and maintenance cost is assumed to be 4% of the
initial capital cost, based on [64,203].

Wind turbine

A number of projections for wind turbine CAPEX in 2030 have been made in the litera-
ture, with [222] providing a good overview. The cost for offshore wind turbines in 2030,
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including project planning, turbine, foundation, and installation, but excluding the grid
connection costs is 2 Me2020/MW [222], which is equivalent to 2.42 Me2024/MW when
adjusted for inflation [80].

Electrolyser

The cost of electrolysers is changing rapidly, and recent years have been marked by a
significant increase. This evolution of electrolyser costs can be seen in recent estimates
put forward by several sources [15, 223, 224]. A 2020 report by IRENA [223] estimates
PEM electrolyser costs to be 700 $2020/kW to 1400 $2020/kW. A 2022 report by the
Oxford Insitute for Energy Studies estimates the current PEM electrolyser price at
1400 $2022/kW to 2100 $2022/kW [224], whereas a 2023 report by the IEA suggests a
PEM electrolyser price of 2000 $2023/kW [15].

Over the longer term, the cost of electrolysers is predicted to fall as components scale
up, stack technology improves, and production expands [225]. The 2030 cost estimate
of the bottom-up study [225] can be approximated using the equation [203]

Cel = 0.893 · P 0.874
EL (7.2)

where Cel is the electrolyser capital cost in Me2021, and PEL is the electrolyser rated
power in MW. This is multiplied by an inflation factor of 1.177 [80] to obtain the Me2024

value.

Electrolysers have a shorter expected operating life than wind turbines. The electrolyser
stack requires replacement roughly every 10 years. The approach in [203] was taken here,
which assumes that the stack replacement cost is half of the total electrolyser cost.

Converters

The converter cost was estimated based on the approach used in Chapter 3. From [64],
the back-to-back converter cost is 6.6% of the total cost, resulting in

Cconv = 0.16 · Pconv (7.3)

where Cconv is the converter cost in Me2024/MW, and Pconv is the converter rated power
in MW. This is similar to the 2003 converter cost estimate from [59], which, adjusted
for inflation and exchange rate, gives a converter cost estimate of 0.169 Me2024/MW.
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A single converter bridge is assumed to cost half of the back-to-back converter. The cost
of DC/DC converters is assumed to be similar cost to that of back-to-back converters
by 2030, which is also the base case assumption in Chapter 3.

Energy storage

The results from Chapter 6 showed that supercapacitor energy storage is one of the
methods that can be used to balance the power between the wind turbine and elec-
trolyser. The estimated the cost of the supercapacitor was $6.8M based on a report
predicting the cost in 2025 using 2018 prices. Adjusted for inflation and exchange rate,
this results in an energy storage cost of 7 Me2024.

The other power balancing methodologies do not have any capital costs associated with
them, but will influence the system losses instead, which are discussed in the next
sections. If electrolyser technology develops to be able to reach 0.3 pu/s ramp rates
by 2030, the energy storage costs and losses associated with power balancing can be
avoided.

Pipeline

The cost of the hydrogen pipeline depends on the size and length of pipe required. A
2021 study by [226] estimated the cost to be 28,170 e/cm/km. Adjusted for inflation,
this is equivalent to 33,179 e2024/cm/km.

The standalone wind turbine is assumed to have a 2 km individual pipeline that connects
to a larger, farm-wide pipeline with a length of 100 km. The diameter of these two pipes
can be calculated based on the expected hydrogen flow rate. A study by [227] provides
the relationship between various hydrogen flow rates and pipe diameter size. An upper
limit of the hydrogen flow rate of can be estimated using the wind turbine rated power
and higher heating value (HHV) of hydrogen, which corresponds to a 100% efficient
conversion of electricity to hydrogen.

The upper limit of hydrogen production per wind turbine per second can be calculated
using

ṁH2 =
PWT

HHV
(7.4)

This results in a theoretical maximum hydrogen mass flow rate of 0.106 kg/s per wind
turbine. Assuming an inlet pressure of 5 MPa, the resulting diameter for the individual
pipeline was calculated to be 7.5 cm, based on [227]. Assuming a 1000 MW wind farm
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with 67 wind turbines, the diameter of the farm-wide pipeline was calculated to be
39 cm [227].

Levelised capital costs

The capital costs described in the previous sections are used in the LCOH calculation,
but their contributions to the overall LCOH cannot be compared directly. To do this,
the costs need to be discounted and levelised over the wind turbine lifetime.

One issue with this calculation is that the hydrogen production is not equal for the
different drivetrains and power balancing methods. This affects the denominator in the
LCOH calculation, and can skew the comparison of each of the cost inputs.

To avoid this issue, the capital costs were levelised using the generator power production
before losses, as well as the HHV of hydrogen, which is the energy contained within the
hydrogen. Together, these represent the theoretical maximum hydrogen production a
100% efficient system can produce. For example, the contribution of the wind turbine
capital cost to the LCOH, LCOHCWT

, can be calculated using

LCOHCWT
=

∑LT
t=0

CWT,t

(1+Dr)t∑LT
t=0

Pgen,t

HHV (1+Dr)t

(7.5)

where Pgen,t is the wind turbine generator power output before losses, and CWT,t is the
wind turbine capital cost in year t.

Levelised cost of losses

Similar to the levelised cost of the components, the cost of losses is not an explicit part
of the LCOH calculation. It is instead accounted for in the total hydrogen production.
However, the cost of losses provides a useful measure to compare the impact of efficiency
on the LCOH value for the various drivetrains.

The traditional method to calculate the cost of losses is to assign a monetary value to
the cost of energy. However, since there is currently no well established market price
for hydrogen, an alternative calculation method is to compare the LCOH with losses to
the LCOH for a 100% efficient system. This is given by

Closs = LCOH − LCOHideal (7.6)
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where LCOHideal is the ideal levelised cost of hydrogen for a 100% efficient system.

Since the levelised cost of losses and the levelised capital costs are used for comparison
only and not directly a part of the LCOH calculation, their sum total will be marginally
different from the actual LCOH, typically by a few percent. Both of these factors were
therefore scaled so that their total matches the actual LCOH.

7.3.2 Annual energy production

The annual energy production of the generator is calculated based on the Weibull dis-
tribution of the wind speed and the wind turbine power curve. The annual hours for
each wind speed can be calculated using Equation (3.17) from Chapter 3, reproduced
below

T (v) = 8760 · k
c

(v
c

)k−1
· exp

[
−
(v
c

)k
]

(7.7)

As in Chapter 3, the shape and scale parameters, k and c were assumed to be a typical
value of 2.3 and 11, respectively. The Weibull distribution is illustrated in Figure 7.2a.

The generator energy output will be slightly higher than the wind turbine power curve,
taken from Chapter 3. This is because the wind turbine power curve is measured at the
turbine output, where it has already taken into account losses in the drivetrain. This
is undesirable for a drivetrain comparison. Therefore, the losses of the conventional
drivetrain were added to the wind turbine power curve to create the generator power
curve, shown in Figure 7.2b.
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Figure 7.2: Annual generator energy production inputs

If power balancing is required between the wind turbine and electrolyser due to their
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differing dynamics, the annual energy production is reduced when the wind turbine
operates at a suboptimal operating point. In Chapter 6, it was calculated that using
rotor inertia for power balancing reduces the energy production by 11%, whereas using
a non-zero pitch reduces the energy production by 25% without speed increase or a 10%
energy reduction with speed increase.

7.3.3 Efficiency calculation

Back-to-back converter

The back-to-back converter efficiency is based on measurements of a Siemens Gamesa
D7 wind turbine. The efficiency curves were approximated using no-load losses and
full-load losses. The converter losses can then be calculated for any operating point
using

Ploss,conv = PNLL · Pconv + PFLL · P1 (7.8)

where PNLL and PFLL are the no-load and full-load losses in p.u., Pconv is the converter
rated power, and P1 is the converter input power.

The approximated no-load losses were 0.75% and the full-load losses were 2.25%. The
resulting losses at each operating point are shown in Figure 7.3. The losses for a single
rectification stage, such as the one used in the direct electrolyser connection, were
assumed to be half of the back-to-back converter losses.
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Figure 7.3: Back-to-back converter approximated losses by operating point
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Tower cables

The tower cables data is calculated based on the Electric Cable Handbook [228], and
IEC standard 60364-5-52 [229]. For DC cables, the DC resistance at 20°C is calculated
using the standard equation

Rdc,20 =
ρcLcab

Ac
(7.9)

where ρc is the electrical resistivity of the conductor material, Lcab is the cable length,
and Ac is the conductor cross-sectional area. This value is adjusted to the 90°C operating
temperature using the equation

Rdc,90 = Rdc,20

(
1 + αc(90− 20)

)
(7.10)

where αc is the temperature coefficient of resistance of the conductor material. The
values for ρc and αc were taken from the handbook, given in Table 7.1.

Material ρc (µΩcm) αc (Ω/°C)

Copper 1.724 0.0039
Aluminium 2.803 0.004

Table 7.1: Cable conductor material properties [228]

The calculation for the AC cable resistance is not as straightforward due to nonlinear
effects such as the skin effect and proximity effect [228]. The AC resistance values are
therefore taken directly from tables with electrical characteristics for low voltage XLPE
distribution cables provided in [228].

The cable ampacity was determined using the tables provided in the IEC standard
[229]. All cables are assumed to be single core, with two cables per circuit for the DC
configuration, and three cables per circuit for the AC system. The cable installation is
assumed to be in air, with adjacent cables touching. This corresponds to installation
method F in the standard. Ampacity values were extracted from Table B.52.12 and
B.52.13 for the copper and aluminium cables, respectively.

If multiple cable circuits were required, their individual ampacity was derated using
the factors in Table 7.2, assuming an arrangement where multiple circuits would be
bunched in air or on a surface. The new cable ampacity is calculated iteratively, since
the derating may require more circuits, leading to further derating. The total cable
resistance is also divided by the number of cable circuits.
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Circuits Derating factor

1 1.00
2 0.80
3 0.70
4 0.65
5 0.60
6 0.57

Circuits Derating factor

7 0.54
8 0.52
9 0.50
12 0.45
16 0.41
20 0.38

Table 7.2: Derating factors by number of circuits, taken from Table B52,17 of [229]

For the DC configurations, the DC current through each cable circuit is calculated as

Icab =
Pc

VcabNcab
(7.11)

where Pc is the power delivered through the cable, Ncab is the number of parallel cable
circuits, and Vcab is the pole-to-pole DC voltage of the cables.

Since there are two cables per circuit, the losses can be calculated using

Ploss,cab = 2I2cabRcabNcab (7.12)

For the AC configuration, the tower cables are considered to be part of a 3-phase AC
circuit. Hence, the cable current is calculated using

Icab =
Pc√

3VcabNcab

(7.13)

Since there are three cables per circuit, the losses are calculated using

Ploss,cab = 3I2cabRcabNcab (7.14)

Transformers

The losses of the 50 Hz transformers used in the conventional connection were calculated
using the methodology from Chapter 3. It is estimated using an efficiency curve based
on no-load and full-load losses, similar to the back-to-back converter calculations. The
no-load losses are assumed to be 0.055% and the full-load losses are 0.3% [87], resulting
in the loss distribution shown in Figure 7.4.
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Figure 7.4: AC transformer approximated losses by operating point

DC/DC converters

The DC/DC converter efficiency was based on the results from Chapter 4. For a 15 MW,
1.2 kV/80 kV SAB1 DC/DC converter, the optimal operating frequency was calculated
to be 2.5 kHz. At this frequency, the converter loss distribution is shown in Figure 7.5.
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Figure 7.5: DC/DC converter losses at 2.5 kHz by operating point
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7.3.4 Hydrogen production

The annual hydrogen production can be calculated using the power remaining after
losses, the electrolyser stack loading, and the specific energy consumption curve of the
electrolyser cells. The electrolyser design is taken directly from Chapter 6.

The electrolyser is assumed to consist of three stacks, each with a 5 MW rating and a
minimum loading of 40%. To achieve the highest efficiency, the stacks are considered to
share the input power evenly, as shown in Figure 6.1. The specific energy consumption
of the stack was calculated using the procedure set out in Section 5.5.1, resulting in the
efficiency curves shown in Figure 6.10b.

The electrolyser stack efficiency is assumed to decrease as it ages. The end-of-life voltage
is assumed to be 10% higher compared to the beginning-of-life. Since only the cell
current is used for hydrogen production, this means the annual hydrogen production
decreases over the electrolyser stack’s lifetime. For a stack lifetime of 10 years, this
corresponds to an increase in the stack voltage of 1% per year.

7.4. Results

7.4.1 Conventional AC drivetrain

The conventional AC drivetrain has the least technological risk as it can use existing
wind turbine components, with the developed control system from Chapter 6. The
LCOH was calculated for several possible power balancing scenarios. These include
using a supercapacitor energy storage system (ESS), increasing the rotor speed and
using the additional rotor inertia, operating with a non-zero pitch while maintaining
the original rotor speed (NZpitch1), or operating with a non-zero pitch with increased
rotor speed (NZpitch2). The LCOH was also calculated for the future scenario where
electrolyser dynamics are fast enough to avoid any need for power balancing.

The results for the conventional AC drivetrain are shown in Figure 7.6. It can be seen
that the future scenario has the lowest LCOH, at 3.24 e/kg. The most cost-effective
power balancing scenarios are the rotor inertia and NZpitch2 scenarios, which both
increase the cost of hydrogen to approximately 3.58 e/kg. The additional costs are a
result of the reduction in produced hydrogen due to the suboptimal power set points.
Both of these scenarios require the wind turbine to rotate significantly faster, however,
which may have implications for the wind turbine reliability.

159



Chapter 7. Cost-effective hydrogen production

The energy storage system is the most cost-effective option if rotor speed-up is avoided,
with an LCOH of 3.75 e/kg. The hydrogen production for this scenario is practically
identical to the future scenario since the balancing process has negligible losses. Al-
though the supercapacitor and associated converter are not perfectly efficient, they do
not need to operate continuously and when they do, the required power is often low.
The NZpitch1 scenario is the least cost-effective. The 25% power loss incurred due to
the non-zero pitch and suboptimal speed results in the highest LCOH of 4.16 e/kg.
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Figure 7.6: Levelised cost of hydrogen by power balancing scenario for the
conventional AC drivetrain

7.4.2 Direct DC drivetrain

The direct DC drivetrain has the fewest required components and can use the existing
wind turbine generator and rectifier. However, with only a single converter, the con-
trollability of the system is more limited. The converter is used to control the power
flow and uses a classical cascaded control. The outer control loop uses the measured
rotor speed to set the q-axis current reference, based on the MPPT and ramp-rate lim-
itations. The inner control loop is identical to the classical inner current control. The
control structure is shown in Figure 7.7. Despite the limited controllability, all power
balancing strategies can still be used for this configuration, since they either alter the
MPPT, pitch control, or introduce an additional converter in the case of ESS.

Since the only converter is being used to control the power flow, the DC link and
electrolyser voltage are uncontrolled. This means that the DC voltage will be variable,
rather than held constant, and its magnitude will depend entirely on the electrolyser
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Figure 7.7: Constrol structure for a direct DC drivetrain

polarisation characteristics. Since the AC/DC converter draws on the DC link voltage to
generate the PMSG stator voltages, the operation of the PMSG could be compromised
if the voltage drops too low.

If the electrolyser nominal voltage is similar to the DC link design voltage of 1200 V, the
variable DC link voltage is unlikely to pose any issues. Figure 7.8a shows the DC link
voltage when it is entirely dependent on the electrolyser polarisation curve, described
in Figure 6.10. It can be seen that the DC link voltage at the minimum operating point
is less than 10% below the nominal voltage.

The corresponding modulation index is shown in Figure 7.8b. A modulation index of
1.0 represents the upper limit of the converter’s capability (when neglecting overmodu-
lation). The modulation index required for the variable DC link voltage is close to the
one required in the case of a constant DC link voltage, and well within the converter’s
capability. The main drawback of the uncontrolled DC link voltage is the relatively high
nominal voltage requirement for the electrolyser, which are typically rated well below
1 kV. This will severely limit the number of off-the-shelf electrolysers that are able to
operate in this configuration.
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Figure 7.8: Comparison of DC link voltages and converter modulation indices for a
controlled and uncontrolled DC link voltage

The low voltage of the DC link also causes issues for the tower cables. Since the cables
have to transport multi-megawatt levels of power, the currents at such a low voltage will
exceed the cable ampacity. The largest tower cables normally have a cross-section of
400 mm2. To be able to handle 15 MW at a voltage of 1.2 kV, a total of 36 cable circuits
are required. This is an unrealistic number for the tower to accommodate, especially
given the fact that the cable bundle is put under torsion as the nacelle rotates to face
the wind.

A solution to this problem is to move the electrolyser inside the wind turbine nacelle,
instead of having it located at the wind turbine platform. This configuration would
likely require a custom-designed, highly compact electrolyser to be able to achieve this.

In addition, the construction of the hydrogen pipeline will become much more challeng-
ing. The pipeline will need a rotating, leak-proof connection to connect the rotating
nacelle and static tower sections of the pipeline. At the same time, it will need to be
able to withstand the same torsional forces that the electrical cables would normally be
subjected to.

If these technological barriers can be overcome, this configuration can result in a reduc-
tion in the LCOH, as shown in Figure 7.9. The converter costs and electrical losses are
significantly lower compared to the AC configuration. For the future scenario without
power balancing requirements, the calculated LCOH was 2.86 e/kg. The LCOH for the
ESS, inertia, NZpitch1, and NZpitch2 scenarios was found to be 3.36 e/kg, 3.18 e/kg,
3.69 e/kg, and 3.17 e/kg, respectively. This corresponds to a 10.5% to 11.5% reduction
in the cost of hydrogen compared to the AC configuration.
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Figure 7.9: Levelised cost of hydrogen by power balancing method for the Direct DC
drivetrain

7.4.3 DC drivetrain with one DC/DC converter

The DC drivetrain with one DC/DC converter allows for simultaneous control of the
wind turbine power and the DC link voltage, while having a lower number of converters
than the AC drivetrain. This also means that the generator and electrolyser voltages
no longer need to match. The control structure for this drivetrain is illustrated in
Figure 7.10. Note that either converter can be set to achieve each control objective.
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Figure 7.10: Control structure for a DC drivetrain with one DC/DC converter

There are two potential locations for the DC/DC converter: inside the nacelle, or at the
wind turbine platform. If the converter is located in the nacelle, the voltage of the tower
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cables will be equal to the electrolyser voltage. If it is located at the tower platform,
the cable voltage will be determined by the generator voltage instead. To reduce the
number of cable circuits required, it is advantageous to have a cable voltage that is as
high as possible.

Practically all commercially available electrolysers have operating voltages below 1 kV,
whereas some commercial wind turbines are able to operate at a higher voltage. For
example, the GE Haliade-X 14 MW generator is rated at 3.3 kV [230], and the IEA’s
15 MW offshore reference wind turbine uses a 4.77 kV PMSG [107]. The DC/DC
converter was therefore assumed to be located at the tower platform. Even so, a cable
voltage of 3.3 kV still results in an impractical 10 cable circuits being required to handle
the power. To reduce the number of cable circuits to two, a generator voltage of 11 kV
is required.

If the generator can be redesigned to operate at a voltage of 11 kV, this configuration
achieves a small reduction in the LCOH compared to the conventional AC drivetrain.
Figure 7.11 shows the calculated LCOH for each of the scenarios. The LCOH for
the future scenario was calculated to be 3.08 e/kg. The LCOH for the ESS, inertia,
NZpitch1, and NZpitch2 scenarios was found to be 3.59 e/kg, 3.42 e/kg, 3.97 e/kg,
and 3.41 e/kg, respectively. This corresponds to a reduction in the cost of hydrogen of
approximately 4.5% to 4.8% compared to the AC configuration.
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Figure 7.11: Levelised cost of hydrogen by power balancing method for the DC
drivetrain with one DC/DC converter
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7.4.4 DC drivetrain with two DC/DC converters

The DC drivetrain with two DC/DC converters is most similar to the conventional AC
drivetrain. The DC/DC converters take on the role of the transformers to change the
voltage level, with the first DC/DC converter stepping up the voltage to 80 kV for the
tower cables, and the second DC/DC converter stepping down the voltage to around
800 V for the electrolyser.

The high-level control structure for the DC drivetrain with two DC/DC converters is
similar to that of the conventional AC drivetrain, as shown in Figure 7.12. The convert-
ers have the same control objectives, namely the machine-side converter controls the DC
link voltage, the line-side converter controls the power flow, and the electrolyser-side
converter controls the electrolyser voltage. However, since it is a fully DC system, the
control structure can be simplified since grid-forming control and power synchronisation
loops are no longer required.
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Figure 7.12: Control structure for a DC drivetrain with two DC/DC converters

Despite the marginal increase in efficiency, the cost of the two DC/DC converters results
in a higher calculated LCOH for this configuration, as shown in Figure 7.13. The
LCOH for the ESS, inertia, NZpitch1, NZpitch2, and future scenarios was found to
be 3.81 e/kg, 3.66 e/kg, 4.26 e/kg, 3.65 e/kg, and 3.30 e/kg, respectively. This
corresponds to an increase in the cost of hydrogen of 1.4% to 2.2% compared to the AC
configuration.
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Figure 7.13: Levelised cost of hydrogen by power balancing method for the DC
drivetrain with two DC/DC converters

7.5. Conclusions

This chapter investigated the LCOH of the power balancing strategies proposed in
Chapter 6, and the potential for three alternative DC-based wind turbine drivetrains
to improve the system cost-effectiveness. The alternative drivetrains considered were
a direct DC connection with only a single AC/DC converter, a DC connection with
one additional DC/DC converter, and a DC connection with two additional DC/DC
converters. The control strategy and practical challenges for each of the drivetrains was
also assessed.

The results of the LCOH calculation for the conventional AC drivetrain showed that the
most cost-effective power balancing strategies were inertia and non-zero pitch control
with speed-up, giving an LCOH of 3.58 e/kg. However, the practical feasibility of these
strategies is dependent on the wind turbine’s ability to operate at 20% higher speed
than normal. The ESS power balancing method was found to be the most cost-effective
option if the rotor speed increase is avoided, with an LCOH of 3.75 e/kg. The non-
zero pitch control without speed-up performed the worst with an LCOH of 4.16 e/kg.
Without power balancing, an LCOH of 3.24 e/kg can be achieved for the conventional
AC drivetrain.

The direct DC drivetrain requires the electrolyser to operate at the design voltage of the
DC link, which is typically 1.2 kV, to prevent overmodulation in the AC/DC converter.
In addition, the electrolyser must be able to fit in the nacelle to avoid requiring an
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unrealistic number of tower cable circuits. As a result, it is unlikely that an off-the-
shelf commercial electrolyser can be used. If these challenges can be overcome, this
configuration has the potential to reduce the LCOH by 10.5% to 11.5%.

The DC connection with one additional DC/DC converter allows the electrolyser and
generator voltage to be decoupled, which means that the generator voltage now deter-
mines the tower cable voltage. A generator voltage of 11 kV is required to limit the
number of tower cable circuits to a realistic number. If the generator can be redesigned
to operate at this voltage, this configuration results in an LCOH reduction of 4.5% to
4.8%.

The drivetrain with two DC/DC converters does not have the same practical challenges,
as the cable voltage can be 80 kV. However, the calculated LCOH for this configuration
is higher than the conventional AC drivetrain.

Given the practical challenges of the first two DC drivetrains and the lack of improve-
ment of the third DC drivetrain, the conventional AC drivetrain with ESS is the best
candidate for offshore wind electrolysis for the foreseeable future.
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Conclusions

Cost continues to be one of the main barriers to the rapid expansion of offshore wind
and green hydrogen production. The use of DC collection systems in offshore wind
farms has the potential make the production of electricity more cost-effective, primarily
by reducing the costs of the offshore platform. However, a multitude of such all-DC
wind farm designs has been proposed, none of which have reached commercialisation.

The DC/DC converter is a key enabling technology for all-DC wind farms and its
cost, losses, and reliability are all important drivers for the overall wind farm cost-
effectiveness. Similar to the DC wind farm as a whole, a large number of DC/DC
converter topologies have been proposed in the literature, and no consensus has been
reached yet about which one is the most promising for this application.

Green hydrogen production can be made more cost-effective by directly connecting
offshore wind turbines with electrolysers located at the wind turbine. This would reduce
the capital costs by removing the need for an offshore substation, export cables, or
collector cables. However, there is no research on how such an off-grid system can be
controlled, especially given the difference in the dynamic response of the wind turbine
and electrolyser. Furthermore, there is a lack of research on how the wind turbine
drivetrain can be optimised for hydrogen production.

This thesis has investigated the most cost-effective all-DC wind farm designs, the opti-
misation and comparison of several DC/DC converter designs, as well as how the power
can be balanced in off-grid wind turbine-electrolyser systems, and how the wind turbine
drivetrain influences the cost of hydrogen. The following section sets out the findings
of these investigations.
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8.1. Summary of findings

Part I

A systematic review was performed of the literature that formally assesses the cost,
losses or reliability of DC wind farm configurations. Series and series-parallel DC de-
signs without offshore platform performed well in terms of costs, but were found to
have challenges in operation and reliability that limit the short-term opportunity for
commercialisation. The standard DC parallel topology was found to have the lowest
technological risk, but the mean cost reported in the literature is similar to that of AC
topologies. The dispersed all-MVDC parallel topology has the potential to reduce costs,
but little data is available on its losses and reliability.

Based on the results of the systematic literature review, a comprehensive LCOE analysis
of two AC and two all-DC wind farm designs was performed, including sensitivity
studies on wind farm size, distance from shore, collector voltage, and component costs.
The considered wind farm configurations included the all-AC topology, the AC/HVDC
topology, the standard MVDC/HVDC topology, and the dispersed all-MVDC topology.

The results showed that the standard MVDC/HVDC wind farm can be more cost-
effective than equivalent AC/HVDC wind farms for large wind farms located far from
shore, provided the DC/DC converter cost is less than 90% of the cost of an equivalent
MMC, and the DC platform provides a 25% cost reduction. Alternatively, if cost re-
ductions of 30% can be achieved for the DC platform, then the DC/DC converter can
be the same cost as an equivalent MMC.

For all-MVDC wind farms without HVDC conversion stage to have the lowest LCOE,
the collector voltage must be increased, preferably to ±100 kV or above. The all-
MVDC configuration can also become cost-effective if a reduction of more than 50%
in the cable installation cost can be achieved, for example, through the simultaneous
burial of multiple cables.

A key enabling technology for DC collection systems in offshore wind farms is a suitable
wind turbine DC/DC converter. An optimisation and comparison study of four DC/DC
converter topologies was carried out, including 1-phase, 3-phase, unidirectional, and
bidirectional converters. The converters were compared in terms of their reliability,
volume, weight and losses at switching frequencies ranging from 500 Hz to 5 kHz. The
MFT for each converter was designed using multi-objective optimisation, and the overall
converter volume calculation takes into account the insulation requirements and physical
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configuration of the components.

The results showed that if only unidirectional operation is required, the 1-phase single
active bridge is the preferred option due to its high reliability, small size and low losses
with an optimal operating frequency of up to 2.5 kHz. For bidirectional systems, the
1-phase and 3-phase dual active bridge topologies have a similar efficiency and optimal
operating frequency of 1 kHz. Despite its higher volume, the 3-phase version is the
preferred option due to its higher reliability and lower device stresses, provided there is
enough available space.

Part II

A literature review on electrolysis was performed, with a focus on electrolysers for green
hydrogen production. The results showed that PEM electrolysis was most likely to be
suited to connection with variable renewable energy, due to its relatively high current
density, efficiency, and gas purity, as well as good partial load operation and a rapid
dynamic response time.

The steady-state and dynamic performance of the electrolyser cell were reviewed. It
was found that the balance of the plant was the main limiting factor for the overall
electrolyser response, with current commercial electrolyser power ramp-rates reaching
up to 10%/s. Several methods to connect electrolysers with offshore wind turbines were
presented. The configuration with the most potential to reduce the cost of hydrogen
was co-locating electrolysers and offshore wind without a grid connection.

However, without a grid connection, a new control paradigm is required for the electrol-
yser to follow the variable power supplied by the wind turbine. The power ramp rate
limitations of commercial electrolysers result in a mismatch between the wind turbine
and electrolyser power, leading to frequent shutdown and potentially unstable operation.

A new control system was developed for this off-grid operation with three mechanisms
to dynamically balance the power, including energy storage, rotor inertia, and enhanced
pitch control. The results showed that a $6.8M supercapacitor is required with a power
rating and capacity of approximately 6.7 MW and 8.5 kWh to enable the system to
operate through 99% of the annual wind variation. If the electrolyser ramp rates can
be doubled, the same operating hours can be achieved using only control-based power
balancing methods at the cost of a marginal reduction in energy production. If com-
mercial electrolyser ramp rates can be tripled, the system is able to operate without the
need for any power balancing.
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The LCOH was calculated for each of the power balancing methods, as well as for the
future scenario in which power balancing is no longer required. The results showed that
the most cost-effective power balancing strategies are inertia and enhanced pitch control
with speed-up, giving an LCOH of 3.58 e/kg. However, both of these require the wind
turbine to operate at a higher speed than normal, which may not be feasible. Out of
the remaining strategies that do not affect rotor speed, the ESS was found to be more
cost-effective, at 3.75 e/kg, compared to enhanced pitch control without speed-up, at
4.16 e/kg. Without power balancing, an LCOH of 3.24 e/kg can be achieved.

The conventional AC connection of the wind turbine with the co-located electrolyser has
a lot of conversion stages, which may lead to a reduced system efficiency and lower the
LCOH, compared to a more direct DC connection. A calculation and comparison of the
LCOH for four different drivetrain designs was carried out, including the conventional
AC connection and three DC-based designs.

A direct DC connection of the electrolyser using a single rectification stage resulted in
an LCOH reduction of up to 11.5%. However, this configuration has several practical
challenges, including the need for an electrolyser operating voltage of 1.2 kV, and a
highly compact electrolyser design or unrealistic number of cables. Adding one DC/DC
converter to this drivetrain allows the electrolyser voltage to be decoupled, and still
results in an LCOH reduction of up to 4.8%. However, this is dependent on a redesign
of the wind turbine generator to operate at voltages of 11 kV or higher. The drivetrain
with two DC/DC converters does not have the same practical challenges, but also did
not provide any LCOH reduction. Therefore, the conventional AC drivetrain is the best
candidate for offshore wind electrolysis for the foreseeable future.

8.2. Future work

The research and results presented in this thesis have given rise to several potential
areas for future investigation, listed below.

• The cost-benefit comparison of AC and DC offshore wind farm configurations
showed that the platform cost reduction is an important sensitivity factor in mak-
ing DC-based offshore wind the most cost-effective option. The impact of replacing
the 50 Hz transformer with a smaller DC/DC converter on the cost of the offshore
platform is still an open question. The design of the offshore platform consists
of many elements beyond the transformers, such as switchgear, earthing systems,
auxiliary systems and the structure, which may be impacted by changing to an
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all-DC configuration.

• The next step in commercialising the standalone wind turbine with co-located
electrolyser design would be to perform increasingly realistic tests of the system.
This could involve using real-time simulation to verify the proposed power bal-
ancing control system, using measurements of wind speed and power output of
existing offshore wind turbines, and building a prototype system with commer-
cially available electrolysers.

• Given the importance of electrolyser dynamics on the power balancing require-
ments and its resulting impact on LCOH, there is a need for further research
on how to improve the electrolyser ramp-up and ramp-down speeds, especially
considering the wider balance of plant. Similarly, there is a lack of research inves-
tigating the impact of frequent electrolyser stopping and starting on reliability,
since practically all commercial electrolysers are grid-connected. This could have
implications for the LCOH of off-grid systems and is therefore worth investigating.

• In this thesis, only a single off-grid wind turbine and co-located electrolyser have
been considered. One area of interest is the electrical connection of multiple off-
grid wind turbines, each with their own co-located electrolyser. The difference
in wind turbine operating powers due to geographic wind speed variation may
be used to alleviate some of the power balancing requirements between the wind
turbine and electrolyser, at the cost of additional cables.

• This research primarily focused on the main electrical components within the
wind turbine. However, changing the wind turbine electrical drivetrain to be DC-
based would also have implications on the connection of the auxiliary systems,
which include a variety of motors controlling blade and turbine positioning, oil
pumps, cooling, ventilation, controllers, communication systems and navigation
lights. There is currently a lack of research investigating the location, connection,
and challenges associated with a DC connection of these auxiliary systems.
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Appendix A

Wind Farm Cost Equations

This appendix sets out additional cost equations for offshore wind farm components,
which provided higher or lower costs than the median estimate used in the base case.

Wind turbines

The wind turbines cost equation provided by Dicorato et al. [60] is based on a 2007
report from the Department of Trade and Industry. This equation is also used in [45].
The cost of a fully-equipped wind turbine, adjusted to Me2021, is given as

CACWT = 1.1495︸ ︷︷ ︸
inflation

·
(
1.1︸︷︷︸
inst.

· (2.95 · ln (PWT )− 0.3752)︸ ︷︷ ︸
wind turbine

+ 1.5︸︷︷︸
inst.

· (0.0082 ·D + 0.3893)︸ ︷︷ ︸
foundation

)

(A.1)
where CACWT is the cost of the AC wind turbines in Me2021, PWT is the rated power
of the wind turbine in MW, D is the sea depth in m. The installation costs are assumed
to be 10% of the acquisition cost for the wind turbine and 50% for the foundation [60].

The BVG Associates cost estimate [64] gives a breakdown of the costs in £2019 for a
1 GW wind farm with wind turbine ratings of 10 MW. The costs of the wind turbine,
including foundation, transport and installation, can then be calculated using

CACWT = 1.1517︸ ︷︷ ︸
conversion

·
(
1.0︸︷︷︸
WT

+ 0.28︸︷︷︸
found.

+0.15︸︷︷︸
inst.

)
· PWT (A.2)

where CACWT is the cost of the AC wind turbines in Me2021 and PWT is the rated
power of the wind turbine in MW.
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Appendix A. Wind Farm Cost Equations

AC collector cables

The Dicorato et al. estimate [60] used least-squares linear regression of manufacturer
data in 2009 to calculate the cost of MVAC cables and cable installation. This equation
is given by

CACcab = 1.1495︸ ︷︷ ︸
inflation

·
(
4.818 · 10−4 · CSA+ 0.099︸ ︷︷ ︸

cable

+0.365︸ ︷︷ ︸
inst.

)
(A.3)

where CACcab is the cable cost in Me2021/km, CSA is the cable cross sectional area
in mm2.

Gonzalez-Rodriguez [81] also provides cost data from two manufacturers of inter-array
cables based on a 2007 report from NREL. Least-squares linear regression shows the
cost data can be approximated by the equation

CACcab = 1.051︸ ︷︷ ︸
inflation

·
(
4.26 · 10−4 · CSA+ 0.2324︸ ︷︷ ︸

cable

+0.1284︸ ︷︷ ︸
inst.

)
(A.4)

where CACcab is the cable cost in Me2021/km, CSA is the cable cross sectional area
in mm2.

AC transmission cables

The NSG report [62] provides low, median, and high cost estimates for three-core HVAC
submarine cables based on the rated power. However, the cost is only estimated for two
power ratings: 350 MW and 600 MW. The median installation cost used in this report
is 2 Me2021/km, which is almost twice the value of the ETYS report, and more than
four times the costs found for MVAC cable installation. The provided median costs can
be approximated using the following linear equation

CHV ACcab = 1.0519︸ ︷︷ ︸
inflation

·
(
9.16 · 10−4 · Pcab + 0.6354︸ ︷︷ ︸

cable

+1.905︸ ︷︷ ︸
inst.

)
(A.5)
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AC platform

The equation provided by Lundberg [59], and subsequently used by Dicorato et al.,
is [60]

CACpl = 0.1437︸ ︷︷ ︸
conversion

·
(
0.7 · PWF + 20

)
(A.6)

The ETYS provides cost ranges for AC platforms of wind farms with overall ratings be-
tween 200 MW and 600 MW. The median cost can be approximated using the equation

CACpl = 1.452︸ ︷︷ ︸
conversion

·
(
0.09 · PWF + 16

)
(A.7)

AC/DC converters

The ETYS provides costs for onshore and offshore converters with a rated voltage of
320 kV or 500 kV, covering rated powers from 800 MW to 2.2 GW. This data was
combined and linear regression was applied to approximate the cost of the AC/DC
converter as a function of the rated power. This resulted in the equation

CAC/DCconv = 1.452︸ ︷︷ ︸
conversion

·
(
80.4 · PWF + 39.334

)
(A.8)

The NSG report provides cost ranges for converters with power ratings of 1 GW and
1.4 GW. The costs for the onshore and offshore converters were considered to be equal.
The median costs can be approximated using the linear equation

CAC/DCconv = 1.0519︸ ︷︷ ︸
inflation

·
(
74.5 · PWF + 41.892

)
(A.9)

DC/DC converters

Lundberg [59] assumed the costs of DC/DC converters is equal to that of AC/DC
converters at 1 SEK2003/VA or 143.7 Me2021/GW.

The estimate by Stamatiou [82] based the cost of DC/DC converters on discussions
with ABB experts. They estimated costs for DC/DC converters set out in Table A.1.
This estimation was also used in other cost-benefit analyses [45].
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Converter Rating Application Cost (Me2021/GW)

2 MW Series DC layout 358.1
≥150 MW Large DC layout 238.7
2 MW Small or large DC layout 179.1

Table A.1: Stamatiou cost estimate of DC/DC converters [82]

Parker and Anaya-Lara [43] estimated the cost per conversion stage to be 60 £2012/kVA,
using a bottom-up approach. Passive rectifiers were assumed to be 20% of the full con-
verter cost. The MFT was assumed to have the same cost as regular 50 Hz transformers.
The high power DC/DC converter is assumed to consist of an inverter stage, MFT and
passive rectifier, resulting in the cost function

CDC/DCconv = 1.3374︸ ︷︷ ︸
conversion

·
(
1.2 · 60 · Pconv︸ ︷︷ ︸

one stage

)
+ CTR (A.10)

where CDC/DCconv is the DC/DC converter cost in Me2021, Pconv is the converter rated
power in GW, and CTR is the transformer cost, calculated using Equation (3.8).

DC platform

The 2011 ENTSO-E report’s DC platform cost estimate is based on two case studies,
including a 3500 tonnes platform supporting a 400 MW VSC converter, and a 8000
tonne platform supporting an 800 MW VSC converter. The costs can be approximated
using the linear equation

CDCplat = 1.1143︸ ︷︷ ︸
inflation

·
(
183.4 · Pconv − 6.75

)
(A.11)

The ETYS 2015 is based on larger platform sizes supporting converters with ratings of
1 GW to 2.5 GW. Weight ranges for each of these platform sizes are provided in the
2013 version of the ETYS [231]. The platform costs can be approximated using linear
regression, resulting in the equation

CDCplat = 1.452︸ ︷︷ ︸
conversion

·
(
311.8 · Pconv + 106.16

)
(A.12)
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Appendix B

DC/DC Converter Design
Parameters

This appendix sets out the selected design parameters of the MFT for each of the four
tested DC/DC converter topologies, based on the multi-objective optimisation results.

Parameter Unit Value

f Hz 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
a 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.75 4.67
N1 10 10 10 10 10 10 10 10 10 8 6
N2 46 46 46 46 46 46 46 46 46 38 28
m1 2 2 2 2 2 2 2 2 2 2 3
m2 2 2 2 2 2 2 2 2 2 2 2
Nl1 5 5 5 5 5 5 5 5 5 4 2
Nl2 23 23 23 23 23 23 23 23 23 19 14
nc 1 1 1 1 2 2 2 2 1 1 2
J1 A/mm2 3 3 3 3 4 4 4 5 5 5 5
J2 A/mm2 1 1 1 1 1 1 1 1 1 1 1
rAB 1 1 1 1 1.5 1.5 1.5 1.5 1 1 1.5
Acore m2 0.073 0.058 0.046 0.036 0.029 0.023 0.018 0.015 0.012 0.011 0.012
A m 0.191 0.170 0.151 0.135 0.105 0.092 0.083 0.074 0.076 0.074 0.067
B m 0.191 0.170 0.151 0.135 0.070 0.062 0.055 0.049 0.076 0.074 0.045

ACu1 mm2 258.0 258.0 258.0 258.0 193.5 193.5 193.5 154.8 154.8 154.8 154.8
ACu2 mm2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2
w1 mm 3.0 2.6 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0 0.9
w2 mm 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3
ww m 0.215 0.199 0.184 0.171 0.156 0.144 0.134 0.119 0.105 0.109 0.118
hw m 0.652 0.652 0.652 0.652 0.652 0.652 0.661 0.652 0.663 0.598 0.398
diso m 0.167 0.152 0.138 0.125 0.111 0.100 0.090 0.075 0.061 0.065 0.054
L µH 80.0 63.1 49.2 39.0 33.2 25.7 20.3 16.0 11.6 9.2 7.4

MLT1 m 1.180 1.052 0.935 0.838 0.725 0.642 0.576 0.517 0.477 0.465 0.475
MLT2 m 2.705 2.452 2.217 2.019 1.793 1.615 1.469 1.289 1.137 1.158 1.159
MLTiso m 1.881 1.690 1.512 1.363 1.193 1.062 0.955 0.835 0.739 0.743 0.713
Vcore m3 0.182 0.138 0.104 0.080 0.059 0.045 0.035 0.027 0.021 0.019 0.016
Mcore kg 1333.7 1009.6 759.5 583.7 434.8 327.6 256.4 196.4 156.0 138.2 114.0
Vtot m3 0.764 0.606 0.479 0.387 0.285 0.227 0.188 0.144 0.119 0.112 0.087
Mtot kg 1633.3 1251.4 954.2 743.5 552.8 423.4 336.9 258.4 208.2 187.8 153.2

Table B.1: SAB1 MFT parameters
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Parameter Unit Value

f Hz 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
a 5.25 5.3 5.3 5.25 5.25 5.25 5.25 5.25 5.4 5.25 5.25
N1 8 10 10 8 8 8 8 8 10 8 8
N2 42 53 53 42 42 42 42 42 54 42 42
m1 2 2 2 2 2 2 2 2 2 2 2
m2 1 1 1 1 1 2 2 2 2 2 2
Nl1 4 5 5 4 4 4 4 4 5 4 4
Nl2 42 53 53 42 42 21 21 21 27 21 21
nc 1 1 1 1 1 1 1 1 1 1 1
J1 A/mm2 2 2 2 2 2 2 3 3 3 4 4
J2 A/mm2 3 1 1 2 2 1 1 1 1 1 1
rAB 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Acore m2 0.047 0.030 0.024 0.024 0.019 0.015 0.012 0.009 0.006 0.006 0.005
A m 0.189 0.150 0.133 0.133 0.119 0.105 0.094 0.084 0.067 0.067 0.060
B m 0.126 0.100 0.089 0.089 0.080 0.070 0.063 0.056 0.045 0.044 0.040

ACu1 mm2 137.1 137.1 137.1 137.1 137.1 137.1 91.4 91.4 91.4 68.5 68.5
ACu2 mm2 29.2 87.7 87.7 43.9 43.9 87.7 87.7 87.7 87.7 87.7 87.7
w1 mm 3.0 2.6 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0 0.9
w2 mm 6.1 10.6 10.6 7.5 7.5 10.6 10.6 10.6 10.6 10.6 10.6
ww m 0.453 0.438 0.398 0.363 0.334 0.246 0.208 0.193 0.165 0.156 0.145
hw m 0.677 1.091 1.091 0.735 0.735 0.433 0.433 0.433 0.557 0.433 0.433
diso m 0.204 0.188 0.169 0.158 0.144 0.094 0.075 0.068 0.054 0.050 0.045
L µH 90.0 71.1 55.9 44.8 35.7 26.5 21.0 16.6 13.0 10.1 8.0

MLT1 m 0.922 0.739 0.657 0.655 0.587 0.520 0.466 0.418 0.336 0.332 0.298
MLT2 m 3.176 2.791 2.505 2.389 2.165 1.684 1.449 1.314 1.071 1.032 0.935
MLTiso m 2.305 1.947 1.738 1.690 1.523 1.216 1.055 0.949 0.762 0.740 0.664
Vcore m3 0.271 0.196 0.147 0.118 0.090 0.049 0.036 0.028 0.018 0.015 0.012
Mcore kg 1988.5 1439.6 1077.0 866.6 657.5 362.0 266.8 202.4 132.4 112.5 86.1
Vtot m3 1.647 1.712 1.352 0.898 0.720 0.298 0.212 0.171 0.132 0.102 0.083
Mtot kg 2682.1 2206.1 1687.3 1261.6 976.9 491.9 358.9 277.9 192.5 158.5 124.3

Table B.2: SAB3 MFT parameters
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Appendix B. DC/DC Converter Design Parameters

Parameter Unit Value

f Hz 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
a 2.8 2.8 2.8 2.8 3 2.8 2.8 3 2.8 2.89 2.89
N1 10 10 10 10 8 10 10 8 10 9 9
N2 28 28 28 28 24 28 28 24 28 26 26
m1 2 2 2 2 2 2 2 2 2 3 3
m2 2 2 2 2 2 2 2 2 2 2 2
Nl1 5 5 5 5 4 5 5 4 5 3 3
Nl2 14 14 14 14 12 14 14 12 14 13 13
nc 1 1 1 1 3 1 1 1 1 1 1
J1 A/mm2 3 3 4 4 5 5 5 5 5 5 5
J2 A/mm2 1 1 1 1 1 1 1 1 1 1 1
rAB 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5
Acore m2 0.085 0.068 0.053 0.043 0.043 0.027 0.021 0.021 0.014 0.012 0.009
A m 0.146 0.130 0.116 0.103 0.084 0.082 0.073 0.073 0.058 0.054 0.049
B m 0.292 0.260 0.231 0.207 0.084 0.163 0.146 0.146 0.116 0.109 0.097

ACu1 mm2 182.7 182.7 137.1 137.1 109.6 109.6 109.6 109.6 109.6 109.6 109.6
ACu2 mm2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2 263.2
w1 mm 3.0 2.6 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0 0.9
w2 mm 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3 18.3
ww m 0.332 0.306 0.264 0.244 0.256 0.198 0.184 0.193 0.158 0.151 0.141
hw m 0.397 0.397 0.397 0.397 0.340 0.397 0.397 0.341 0.471 0.369 0.369
diso m 0.285 0.260 0.218 0.199 0.211 0.154 0.140 0.149 0.115 0.087 0.076
L µH 255.3 201.5 158.6 126.1 110.8 78.0 62.0 49.6 38.6 29.3 23.1

MLT1 m 1.204 1.074 0.954 0.855 0.874 0.678 0.608 0.607 0.487 0.464 0.416
MLT2 m 3.668 3.337 2.878 2.625 2.736 2.082 1.899 1.972 1.576 1.414 1.283
MLTiso m 2.375 2.143 1.852 1.675 1.739 1.313 1.186 1.221 0.963 0.835 0.745
Vcore m3 0.175 0.131 0.095 0.072 0.065 0.041 0.031 0.029 0.020 0.015 0.012
Mcore kg 1279.5 958.5 698.5 531.3 479.1 297.0 227.8 212.9 148.4 109.5 84.5
Vtot m3 0.823 0.651 0.472 0.379 0.331 0.227 0.184 0.176 0.140 0.102 0.084
Mtot kg 1613.5 1227.6 894.1 691.1 618.9 395.3 309.1 291.1 212.2 156.8 124.1

Table B.3: DAB1 MFT parameters
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Appendix B. DC/DC Converter Design Parameters

Parameter Unit Value

f Hz 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
a 3.07 3.1 3.1 3.07 3.1 3.1 3.25 3.2 3.2 3.25 3.2
N1 15 10 10 15 10 10 8 10 10 8 10
N2 46 31 31 46 31 31 26 32 32 26 32
m1 3 2 2 3 2 2 2 2 2 2 2
m2 1 1 1 1 1 1 2 2 2 2 2
Nl1 5 5 5 5 5 5 4 5 5 4 5
Nl2 46 31 31 46 31 31 13 16 16 13 16
nc 1 1 1 1 1 1 1 1 1 1 1
J1 A/mm2 1 2 2 1 3 3 4 4 4 5 5
J2 A/mm2 1 2 2 1 2 2 1 1 1 1 1
rAB 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Acore m2 0.025 0.030 0.024 0.013 0.015 0.012 0.012 0.008 0.006 0.006 0.004
A m 0.138 0.150 0.133 0.097 0.107 0.094 0.094 0.075 0.067 0.067 0.053
B m 0.092 0.100 0.089 0.065 0.071 0.063 0.063 0.050 0.045 0.044 0.036

ACu1 mm2 199.4 99.7 99.7 199.4 66.5 66.5 49.8 49.8 49.8 39.9 39.9
ACu2 mm2 87.7 43.9 43.9 87.7 43.9 43.9 87.7 87.7 87.7 87.7 87.7
w1 mm 3.0 2.6 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0 0.9
w2 mm 10.6 7.5 7.5 10.6 7.5 7.5 10.6 10.6 10.6 10.6 10.6
ww m 0.502 0.468 0.426 0.389 0.335 0.305 0.241 0.201 0.186 0.182 0.153
hw m 0.947 0.543 0.543 0.947 0.543 0.543 0.268 0.330 0.330 0.268 0.330
diso m 0.204 0.209 0.189 0.150 0.144 0.130 0.092 0.072 0.065 0.063 0.049
L µH 186.7 150.0 118.0 92.3 75.1 58.5 44.9 35.3 27.8 21.9 17.1

MLT1 m 0.698 0.739 0.657 0.498 0.527 0.467 0.466 0.376 0.336 0.332 0.268
MLT2 m 2.905 2.936 2.643 2.152 2.077 1.862 1.582 1.280 1.158 1.138 0.920
MLTiso m 1.952 2.032 1.819 1.413 1.432 1.276 1.122 0.898 0.805 0.792 0.632
Vcore m3 0.157 0.150 0.111 0.068 0.061 0.045 0.032 0.019 0.014 0.013 0.008
Mcore kg 1153.0 1102.1 810.0 497.8 448.3 329.1 235.2 141.6 106.1 95.5 59.3
Vtot m3 1.761 1.202 0.936 0.928 0.536 0.418 0.198 0.136 0.109 0.093 0.067
Mtot kg 1964.6 1632.9 1227.1 935.1 688.7 518.5 322.1 203.3 156.4 138.1 90.9

Table B.4: DAB3 MFT parameters
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Appendix C

Model Parameters

Parameter Symbol Value Unit

Rated power PWT 15 MW
Rotor radius Rr 120 m
Rated speed ωnom 6.935 rpm
Air density ρ 1.225 kg/m3

(a) Wind turbine

Parameter Symbol Value

1st coefficient c1 0.5
2nd coefficient c2 116
3rd coefficient c3 0.4
4th coefficient c4 0
5th coefficient c5 0
6th coefficient c6 5
7th coefficient c7 21
8th coefficient c8 0.08
9th coefficient c9 0.035

(b) Characteristic coefficients

Parameter Symbol Value Unit

Rotor inertia Jr 3.36 pu
Machine inertia Jm 0.82 pu
Spring constant k 3.86 pu
Damping constant c 1.5 pu
Natural freq. ωdt 0.385 rad/s

(c) Mechanical drivetrain

Parameter Symbol Value Unit

Voltage VDC 1200 V
Capacitance C 33 mF

(d) DC link

Parameter Symbol Value Unit

Nominal frequency fnom 10 Hz
Line voltage Vgen 690 V
Stator resistance Rs 1.9 mΩ
Stator inductance Ld,q 173.4 µH
Flux linkage λm 9.02 Wb
Pole pairs p 86

(e) PMSG

Parameter Symbol Value Unit

Rated power Pconv 15 MW
Line voltage Vgen 690 V
Resistance Rconv 0.317 mΩ
Inductance Lconv 10.1 µH

(f) AC/DC converter

Parameter Symbol Value Unit

Rated power PEL 15 MW
Nominal voltage VEL 800 V
Num. stacks NEL 3
Minimum power PELmin 2 MW
Nom. density inom 2.0 A/mm2

Cell area Acell 2500 mm2

Gibb’s change ∆G 223.1 kJ/mol
Transfer coeff. α 0.38
Exchange dens. J0 13.7 µA/cm2

Limiting dens. JL 2.6 A/cm2

BoL cell resist. rBoL 0.137 Ω/cm2

EoL cell resist. rEoL 0.236 Ω/cm2

(g) Electrolyser

Table C.1: Model parameters
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Appendix C. Model Parameters

Parameter Symbol Value

Speed P. gain Kpβ 5
Speed I. gain Kiβ 5

Power balance P. gain Kp∆β
5

Power balance D. gain Kd∆β
5

Power balance filter coeff. Nd∆β
10

(a) Pitch controller

Parameter Symbol Value

DC voltage P. gain KpV 5
DC voltage I. gain KiV 20
ICC P. gain KpICC 0.00867
ICC I. gain KiICC 0.09522

(b) Machine-side converter control

Parameter Symbol Value

VSM P. gain KpV SM 1.274×10−6

VSM I. gain KiV SM 1.047×10−4

AC voltage P. gain KpV AC 200
AC voltage I. gain KiV AC 500
ICC P. gain KpICC 1.01×10−3

ICC I. gain KpICC 0.03174

(c) Line-side converter control

Parameter Symbol Value

PLL P. gain KpPLL 0.3219
PLL I. gain KiPLL 314.2
Droop P. gain Kpdroop 5×106

EL voltage P. gain KpV EL 3.665
EL voltage I. gain KpV EL 407.12
ICC P. gain KpICC 1.01×10−3

ICC I. gain KpICC 0.03174

(d) Electrolyser-side converter control

Table C.2: Model control parameters
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