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Summary

This paper is intended as a summary of the research performed to
date by Work Package 1 of the InnoDC project. A complete inventory
of electrical equipment for Offshore Wind Power Plants (OWPP) is
compiled with a particular focus on cabling and DC/DC converters.
Following this, design possibilities for OWPP collector and transmis-
sion topologies considering High Voltage Alternating Current (HVAC),
High Voltage Direct Current (HVDC) and Low Frequency Alternating
Current (LFAC) are presented. Methods of calculating life cycle costs
related to initial Capital Expenditure (CAPEX), Operating Expen-
diture (OPEX), fixed and variable losses including Expected Energy
Not Served (EENS) and reliability on both a component and system
level are presented in detail with a particular focus on the HVDC Out-
door Insulation reliability. Finally, options for the formulation of an
optimization problem of an OWPP is presented.
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1 Equipment Inventory

1.1 Wind Turbines

Wind turbines convert wind energy into electrical energy. The main struc-
tural components of an offshore wind turbine are the substructure, the tower,
the nacelle and the blades. Types A through D of wind turbines are clas-
sified via the electrical system housed within the nacelle [1]. Offshore wind
turbines have been trending towards larger and larger units. In 2012 76% of
all new offshore wind turbine models had rated capacities of 5 MW or more
[2].

1.1.1 Type A: Constant Speed

Constant speed turbines as the name suggests rotate at a constant speed
dictated by the grid frequency, gear box and number of pole-pairs within the
generator [1]. Induction generators are used in Type A turbines as they are
inexpensive and the slip adds compliance within the system [3|. Constant
speed turbines are inexpensive and robust but lack the ability to extract
maximum power across varying wind speeds. They also fail to provide voltage
or frequency support to the grid or fault ride through capability [1].

1.1.2 Type B: Partial Variable Speed

Partial variable speed turbines attempt to improve the power extraction abil-
ity over varying wind speeds through the utilization of a converter controlled
Wound Rotor Induction Generator (WRIG). By controlling the rotor resis-
tance speeds above synchronous can be achieved allowing for better power
extraction under varying wind speeds. However, the speed range is limited
as excessive power dissipation in the external resistor is inefficient [1].

1.1.3 Type C: Variable Speed with partial Converter

To further improve power extraction over varying wind speeds Type C wind
turbines utilize a Doubly Fed Induction Generator (DFIG). So named as the
stator is connected to the grid via a step-up transformer and the rotor via
a fractionally sized Alternating Current (AC) to AC converter. This set up
allows for larger speed variations of -40% to 30% synchronous speed [1]. As
only 20-30% of power passes through the converter, converter cost and losses



are low [4]. Some grid support can be provided, however, full fault ride
through capability is difficult as the stator is directly coupled to the grid.
Like type B a further downside to type C turbines is the use of slip rings [5].
In the future this may be eliminated by the use of brush-less DFIG [6].

1.1.4 Type D: Variable Speed with full Converter

A type D turbine can be designed with an induction or synchronous genera-
tor. The defining characteristic is the full sized converter linking the stator
to the grid. This decouples the generator allowing for fully variable speed
control as well as fault ride through capability. Voltage and frequency sup-
port are possible. The main drawback of the system is the high price of the
full power converter [1].

1.2 Submarine Cables

Submarine cables are used in OWPP within the Medium Voltage Alternating
Current (MVAC) Collection Circuit, and for transmission from the Offshore
Substation (OSS) to the Point of Common Coupling (PCC). Both three core
and single core cables are available. Three core cables have the advantages
of reduced losses due to magnetic field cancellation, lower installation costs
and an integrated fiber optic communication cable [1]. For very high power
applications, however, single core cables are utilized as they dissipate heat
better. Single core cables also have the advantage of being easier to splice
and in case of damage to a single conductor, the single conductor can be
replaced rather than the entire cable in the case of three core cables.

1.2.1 Extruded Cables
Cross Linked Polyethylene (XLPE) Cables

In AC applications XLPE cables are utilized in both collection (MVAC) and
transmission (HVAC). The insulation is extruded Polyethylene (PE) doped
with chemical additives that through the process of vulcanization creates a
cross linked lattice structure within the PE [7]. Cross linking imparts supe-
rior thermal properties compared to standards PE cables [8]. XLPE cables
can be used on HVAC systems up to 550 kV [9]. The largest diameter cable
(2500 mm?) has an ampacity of 2.6 kA [7]. Rated voltages and diameters
available are summarized in Table 1.

10



Table 1: Voltage rating and cross section of available AC XLPE cables [7]

Rated Voltage (kV) | Cross-section (mm?)
66 240-2000
110 400-2500
132 400-2500
150 400-2500
220 630-2500
275 630-2500
345 800-2500
400 800-2500
500 1600-2500

XLPE cable is highly reliable and will likely last the entire lifetime of the
project without problem. The most common failures (53%) offshore are
caused by fishing gear and ship anchors [10]. The failure rate is 0.0307,/100
km-year and the mean time to repair is 120 hours [9]. Initial capital expen-
ditures for materials and labor (CAPEX) are high. The approximate cost
per 100 km installed is 3675-4062 k€ /km. Approximately 29% of the cost
is for installation [9]. This average cost is deceiving, however, as AC cables
are used mostly within the collection circuit. Here the cable runs are short,
often less than 1 km, but still require 2 terminations and lifting into place
making the installation cost a higher percentage of the CAPEX [7]. OPEX
are approximately 7.3-8.1 k€ /km [9].

1 - Stranded copper conductor, longitudinally sealed
2 - Semiconducting tape+extruded layer

3 - XLPE based special insulation compound

4 - Semiconducting layer + Longitudinal water
penetration barrier

5 - Lead alloy sheath

6 - Polyethylene sheath

7 - Polypropylene bedding

8 — Galvanised steel wires armour

9 - Polypropylene serving

Figure 1: Layers of an XLPE HVDC cable [11]

In HVDC applications XLPE cable (Fig. 1) is only utilized with non-
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polarity reversing Voltage Source Converter (VSC) as polarity reversal de-
stroys the insulation [12]. With this consideration XLPE cable has some
important advantages in HVDC. The cable is easy to join, has a high tem-
perature rating and is lighter due to the type of moisture barrier that can be
used [12].

Polyethelene PE

Non cross linked polyethelene insulation is also available, however, the tem-
perature characteristics are worse than XLPE [8]. PE cable comes in 3
densities: low, medium and high. Low density is the most flexible and high
the least [13].

Ethylene Propylene Rubber (EPR)

EPR is another type of extruded cable. It is best suited for medium voltage
applications as the dielectric loss factor (tand) and dielectric constant (e,)
are both higher for EPR compared to XLPE [13].

1.2.2 Paper Mass Insulated HVDC Cables

Paper Mass Insulated HVDC Cables also called (Mineral Insulated (MI))
cables were until recently the most commonly used HVDC submarine cables.
Since 2011 extruded submarine cables have seen higher utilization [7]. As
dielectric loss is of no concern in Direct Current (DC) cables a high density
paper of 1.0 kg/dm?® provides the cable with both mechanical strength and
high dielectric strength [13]. The cables are therefore well suited to HV appli-
cations, up to £500 kV, over long distances [9]. The cables are also suitable
for deep water applications [7]. The largest diameter MI cable available is
2500 mm? with an ampacity of 1563 kA [9].

1.2.3 Fluid Filled Cables

Paper Insulated Oil Filled Cables

Paper Insulated Oil Filled cables have oil and paper as insulation. A low
density, high permeability paper is used to minimize dielectric losses while
allowing the flow of oil [13|. Paper wraps of 50 to 180 pum thickness make
up the insulation. Further from the conductor the electric stress is lower and
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thicker wraps with lower dielectric strength can be used. The many layers of
paper also provide mechanical strength [13].

High Temperature Superconducting (HTS) Cables

HTS cables are used by utilities to transmit large amounts of power over
relatively short distances (<5 km) [9]. Some advantages of HT'S is low losses
even at lower voltage levels, environmentally benign liquid nitrogen coolant,
high power density 2 to 8 times to traditional methods [14] and can be
installed in existing conduit. Main disadvantages are the need for a cryogenic
system and a maximum length without requiring joints of 600 m [7]. The
maximum available voltage is 22 kV and ampacity 4 kA [9]

Gas Insulated Line (GIL)

No GIL systems exist offshore and few have been built on land, however, the
experience of the oil and gas industry laying submarine pipe likely means it
could be adapted if needed. A GIL conductor consists of a pipe filled with
SF6 gas and central conductor [15].

1.3 DC/DC Converters

There are two kinds of DC/DC converters used in OWPP with DC collection
systems:

1. The DC/DC converter integrated in the wind turbine. This kind of con-
verter is used to step up the voltage from Low Voltage Direct Current
(LVDC) (1-2 kV) to Medium Voltage Direct Current (MVDC) (25-40
kV). The power rating of this converter is related to the power rating
of the wind turbine. High step up ratio (> 5) is required and small
footprint is also important due to the cost of constructing an offshore
wind turbine. Furthermore, high reliability is another feature for this
converter considering the offshore environment and high maintenance
cost. If a Permanent Magnet Synchronous Generator (PMSG) is used
in the wind turbine, a unidirectional DC/DC converter can be consid-
ered to reduce the amount of power electronic devices and losses. If an
induction generator is used, bidirectional DC/DC converters should be
used because the power from grid side is required for the excitation of
the induction generator [16].
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2. The DC/DC converter for the offshore DC substation. This kind of
converter is used to collect all the wind power from turbines and step up
the voltage from MVDC (25-40 kV) to HVDC (>100 kV) to transmit
the collected wind power to the onshore substation through HVDC
cables. The power rating of this converter is related to the power
rating of the offshore wind farm. Medium or high step up ratio (>2)
is required for this converter. Small footprint is also desired to reduce
the construction cost of an offshore substation. Galvanic isolation and
high reliability is also essential for an offshore DC substation.

1.3.1 Classification of DC/DC converters

Before the application for Medium Voltage (MV)/High Voltage (HV) off-
shore DC grids, there was already many DC/DC converters proposed for
other applications such as laptop power supplies, EV charger, data center,
Uninterruptable Power Supplies (UPS), etc [17]. The basic requirement for
DC/DC converters is the voltage stepping function. One of the simplest so-
lutions of DC voltage stepping could be buck/boost converters as shown in
Fig. 2. However the discontinuous power flow of the buck/boost converter
makes it unsuitable for DC grids. Besides the buck/boost converter, there
are many other two-level DC/DC converters proposed. Some of them are
shown in Fig. 3 [18, 19, 20]. Fig. 3a is the Dual Active Bridge (DAB). The
bidirectional power flow of DAB can be easily controled using phase-shifting
modulation. The Medium-Frequency Transformer (MFT) is used in DAB to
increase the power density. For some applications which need unidirectional
power flow, a single Active Bridge (SAB) as shown in Fig. 3b can be adopted
instead of DAB to reduce the number of Insulated Gate Bi-polar Transistors
(IGBTs) and losses. Soft switching operation can be achieved if a resonant
topology in Fig. 3c is used, which can reduce the switching losses of the
converter so that a higher switching frequency can be achieved to reduce the
size [21]. However, all the DC/DC converters in Fig. 2 and Fig. 3 are not
suitable for HVDC and MVDC grids due to high power ratings and high
dv/dt stresses. A series connection of IGBTSs is required to withstand high
voltage, so the dynamic voltage sharing on the IGBTSs is another issue for
these converters if they are used for DC grids [22].

As is mentioned above, the conventional low-power low-voltage DC/DC con-
verters can not be used for DC grids directly. To distinguish the DC/DC con-
verters for DC grids with the conventional DC/DC converters, the DC/DC
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Figure 2: Buck/Boost Converter
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(b) Single active bridge [19]

(c) Resonant dual active bridge [20]

Figure 3: Topologies of several two-level DC/DC converters
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converters for DC grids are also called DC transformers, just like the AC
transformers in AC grids. The features of DC/DC converters for DC grids
are summarized as follows:

1. For high power and medium power applications in DC grids, DC/DC
converters should be redesigned to achieve continuous power flow be-
tween two DC circuits.

2. DC/DC converters for DC grids should be able to connect two HVDC
systems with the characteristics of voltage stepping, power regulation
and fault isolation.

According to these features, some DC/DC converters for DC grids are pro-
posed in the literature, which can be categorized as shown in Fig. 4. A
summary of converter qualities is presented in Table 2.

DC-DC converters

for DC grids
[
v v
Isolated Non-isolated
l
¥ v v v v
Single Active Dual Active Others Transformerless HVDC
Bridge (SAB) Bridge (DAB) Autotransformer
Two-level || Cascaded | | Two-level || Cascaded || MMC Resonant HVDC

SAB SAB DAB DAB DAB Chopper

Figure 4: Topologies of DC/DC converters

1.3.2 Isolated DC/DC converters

Galvanic isolation may be needed mainly for safety and grounding reasons
[23]. For example, the isolation is needed when two HVDC transmission
lines with different grounding schemes are interconnected. And in some high
voltage ratio applications, isolation may be needed to protect the grid on
the low-voltage side from the disturbance on the high-voltage side. Isolated
DC/DC converters are mainly based on the process of DC/AC/DC conver-
sion with two DC/AC conversion stages interconnected by AC transformers
or coupled inductors to realize galvanic isolation and voltage stepping.
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Table 2: Characteristics of DC/DC converters for DC grids

Galvanic Bidirec- Fault Step ratio | Main
isolation tional Blocking drawbacks
Capability

Cascaded | Yes No Yes High Uni-

SAB direction;
High in-
sulation
require-
ment  for
transform-
ers

Cascaded | Yes Yes Yes High High in-

DAB sulation
require-
ment  for
transform-
ers

MMC- Yes Yes Yes Medium Double

DAB conversion
installed
power

Resonant | No Yes Yes High Design  of

DC/DC resonant

con- tanks

verter

HVDC No Yes Yes, re- | High Requires

Chopper quires FB series

SMs IGBTs

HVDC- | No Yes Yes, re- | Low Design of

AT quires FB AC trans-

SMs former
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Cascaded Single/Dual Active Bridge

One method to achieve high power and high voltage ratings is to cascade low-
power low-voltage converters [24]. An input-series output-parallel (ISOP)
configuration of cascaded DAB/SAB is shown in Fig. 5 [25]. The elementary
converter cells can be either DAB or SAB, according to bidirectional or unidi-
rectional power flow. On the HV terminal, the converter cells are connected
in series to share the voltage while a series connection is used on the LV
terminal to share the current. A high voltage ratio can be realized. Each cell
only handles a fraction of the total power, thus a high switching frequency
(>1 kHz) can be achieved to reduce the size and weight of AC transformers
and passive components. However, the drawback of the cascaded DAB/SAB
is that the insulation of the high-frequency AC transformer used in each
cell should withstand the total DC voltage on the HV terminal [26]. This
disadvantage limits its application to the medium voltage range.

-~

A J

é DC A W .A(‘I)U i
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W 1L - ‘ 1;
1 % > AC W N DC i H:lv’z
T 7 AC ""*@”” . DC ? TJ_V”
-1 —I

Figure 5: Cascaded DAB/SAB [25].
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Modular Multi-Level Converter (MMC) DAB

A MMC-DAB is shown in Fig. 6 [27, 28|. It is also called a Front to
Front (F2F) MMC and is a dual structure of the Back to Back (B2B) MMC
widely used in HVDC point-to-point transmission [29]. Different modula-
tion schemes can be used to generate different AC waveforms for the AC
link such as sinusoidal, triangle and trapezoidal waveforms. Among this, the
quasi-two-level modulation which generate trapezoidal AC waveforms seems
to be the optimal solution considering the switching losses and overall foot-
print [30, 31]. The MMC-DAB can be configured either in single phase or
three phases and the submodule of the MMC-DAB can be half bridge, full
bridge or even direct switches [32]. Some hybrid MMC-DABs are presented
in Fig. 7 [33].

Figure 6: MMC-DAB [27]

Other isolated DC/DC converters

DAB or SAB can be recognized as transformer-based isolated DC/DC con-
verters because AC transformers are applied to realize isolation and voltage
stepping. There are some isolated DC/DC converter topologies applying

coupled inductors instead of AC transformers to realize isolation. Similar to
DAB/SAB, this kind of DC/DC converter can achieve high voltage and high
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Figure 7: Hybrid MMC-DABs [33]

power ratings by cascaded connection of low-voltage low-power cell or by
MMC solutions. Fig. 8 presents a cascaded DC/DC converter which applies
coupled inductors for isolation [34]. Multiple coupled inductors are applied
in this structure. A MMC based flyback DC/DC converter is presented in
Fig. 9 which requires a centralized inductor circuit [35].

These coupled inductor based topologies are proposed for high step-up volt-
age ratios. However, the high insulation requirements of the coupled induc-
tors in the cascaded structure, and the high current requirements in the cen-
tralized inductor circuits are challenging, potentially limiting these topologies
to low power applications [23].

1.3.3 Non-isolated DC/DC converter
Resonant DC/DC converter

Several resonant DC/DC converters are proposed in the literature. These
converters use resonant tanks (Inductive Capacitive (LC) tanks or Inductive
Capacitive Inductive (LCL) tanks) to step up the voltage. The soft switching
of the semiconductors can be achieved by the resonant circuits. Fig. 10
shows two LCL resonant DC/DC converters based on thyristors and IGBTs
respectively [36, 37]. The power losses are minimized due to soft-switching
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operation. Bidirectional power flow and a high voltage stepping ratio can
be achieved. However, these resonant converters typically experience high
stresses on the switches and passive components. Their lack of full modularity
is also another drawback.

(a) Thyristor based LCL DC/DC con-
verter [36]

(b) IGBT based LCL DC/DC converter [37]

Figure 10: LCL resonant DC/DC converter

HVDC Chopper

Some DC/DC converters proposed for HVDC are based on conventional chop-
per circuits. Fig. 11 presents a HVDC-MMC chopper which replaces the
semiconductors in the conventional chopper circuit with MMC submodules
to achieve high power and voltage ratings. A hybrid-cascaded DC/DC con-
verter is proposed in [38] for HVDC grids. And some derived topologies
are also proposed in [38]. These hybrid-cascaded DC/DC converters have
attractive capital costs, footprint, and power losses.

High Voltage Direct Current Auto-Transformer (HVDC-AT)

An HVDC-AT is shown in Fig. 13 [40, 41] which applies two MMC DC/AC
converters interconnected with an AC autotransformer. The advantage of
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HVDC-AT is that only part of the total DC power is converted into ac
power and transferred by the AC transformer. Comparing to MMC-DAB
which converted the whole DC power into ac power, the HVDC-AT features
higher overall efficiency and utilization of semiconductors, especially when
the voltage stepping ratio is low. The problem of HVDC-AT is that both
windings of the ac transformer are exposed to high DC voltage stresses, which
makes it a challenge to design the ac transformer [42]. A multiport DC au-

ocH

AC
Vi -
DC T

AC Vac1
]

Figure 13: HVDC-AT |[23]

totransformer [43| can be used to interconnect multiple HVDC systems with
different voltage levels. This DC autotransformer is able to reduce 50-80% of
the converter cost compared with conventional DC/AC/DC technology. Dif-
ferent from the conventional DC/AC/DC technology which uses magnetic
coupling at the AC sides of the converters, there is direct electrical connec-
tion between the interconnected DC systems. It can achieve bidirectional
power flow and fault isolation.

1.4 AC/DC Converters

HVDC technology has been proved to be more suitable than HVAC for long
distance transmission [44]. There are approximately 30 HVDC point-to-point
links planned or under construction in Europe in the next five years, including
submarine cables and overhead lines [45]. Also, building a DC grid intercon-
necting HVDC links is possible. Besides, the number of offshore wind farms
is increasing in Europe during recent years. Since the distance from offshore
wind farms to onshore substations is also increasing, HVDC technology is
used for offshore wind power transmission. The collection systems of off-
shore wind farms are still AC systems however. Until DC Collection grids
become a reality an AC/DC converter is needed between the collection and
transmission circuits.
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Figure 14: Multi-port DC autotransformer [43]

1.4.1 Line Commutated Converter (LCC)

Line Commutated Converter (LCC) or Current Source Converters (CSC) is
a mature thyristor based technology used since the early 1950s. It is used for
AC to DC conversion. Generally, LCC is used for point to point bulk power
transmission although two multi -terminal connections exist. One connecting
Quebec and New England in North America and the other connecting main-
land Italy with the islands of Corsica and Sardinia [46], [47]. Complicated
meshed multi-terminal grids may not be possible, however. In all cases the
AC side grid must be robust [7] to allow LCC converters to operate in a safe
manner.

LCC converters can be used for transmission distances up to 2000 km with
losses of only 0.7-1.1% per station. Currently the maximum transmission
capacity is 8 GW at £800 kV converter line to ground and 5 kA. 1100 kV
is expected by 2020 [9].

A converter station is often composed of a converter, a transformer(s), reac-
tive power compensators, harmonic filters, switchgear and auxiliary equip-
ment, elements that are making them large and expensive [7]. A 1 GW
station occupies 50000 m? of land and might cost approximately 110 M<€.
Around 37% of CAPEX is in installation. Converter lifetime is 40 years,
OPEX 2% of investment per year and availability 99% [9].
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1.4.2 Voltage Source Converters (VSC)

VSC is an IGBT based technology available since 1999. It is used for AC
to DC conversion [7]. The MMC is the most common topology utilized for
VSC transmission [1]. VSC is a self-commutated converter with better flexi-
bility and controllability compared to LCC [7]. VSC can control both active
and reactive power independently, allowing for grid support, eliminating the
requirement of a robust AC side network to operate [48]. These qualities
make it better suited for multi-terminal grid applications. A further benefit
of VSC technology is the ability to start an entire network, i.e. black start
[7].

VSC converters can be used for transmission distances up to 700 km with
losses of 0.9-1.3% per station. The maximum transmission capacity is 2 GW
at £500 kV converter line to ground and 2 kA. Increases to +800 kV, 3 kA
and distances of 2000 km are expected by 2020. It has also been suggested
that currently available converter capacity may be increased as much as 1.13
pu through the use of a control loop that dynamically sets current limits
based on measured IGBT temperature [49].

A VSC converter station requires the same components as an LCC station,
however, the converter itself is smaller and filtering requirements are lower
allowing for more compact design [1, 7]. A 1 GW station occupies 18000 m?
of land [9]. A multi level 0.9 GW offshore VSC substation occupies 50000
m? and has an approximate footprint of 800 m? |7, 50]. CAPEX, OPEX
and reliability are all comparable to LCC, in the offshore case, however, the
platform is considered separately [9].

1.4.3 Diode Rectifier Units (DRU)

A Diode Rectifier Units (DRU) is a new HVDC option developed specifically
for OWPP transmission by Siemens and introduced in 2016. It is currently
only approved for the German market [51]. The technology was originally
proposed at the University of Valencia, Spain [52]. The system involves 3
pairs of DRUs connected in series producing +320 kV for transmission. The
DRU pairs are distributed across 3 small platforms. A 1.2 GW system has
a combined volume of 6500 m?® and weighs 9000 tonnes [52]. According to
Siemens this is an 80% reduction in topside volume and a 65% reduction in
weight compared to a 0.9 GW offshore VSC station [53, 54].

The concept has further benefits; diode technology is proven, simple and
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robust. The units are fully encapsulated in biodegradable material and have
low losses and maintenance costs [7]. Installation can be done quicker and
with fewer specialty vessels [54]. The disadvantages include the need for an
auxiliary AC power supply as bi-directional power flow is not possible and a
more complicated wind turbine control system to properly maintain voltage
and frequency [52].

1.5 AC/AC Converters
1.5.1 AC Transformer

AC power transformers are broadly classified into transmission and distribu-
tion applications. They can then be further divided by specific application,
i.e. Generator Step Up (GSU), step down, phase shifting, HVDC transformer
or system intertia transformer |7]. Within the scope of OWPP, transmission
transformers are of the most interest although distribution transformers may
be required for some auxiliary loads.

Wind Turbine Generator Transformers (WTGT) increase the generator out-
put to MVAC for the collector circuit. Typical voltage ratings are 10 to 36
kV [1]. Until the recent development of fire-retardant silicone or biodegrad-
able ester liquid filled transformers, dry type were most commonly used. The
cost of WT'GTs is about 3% of the overall wind turbine installation [55]. On
the OSS a further step up MVAC to HVAC transformer may be found in
preparation for transmission to shore. Typical voltage ratings of these trans-
formers are 36 kV to 132, 275 or 400 kV [13]. Finally, onshore a transformer
will step up or down the voltage for grid connection. A phase shift or grid
intertie transformer equipped with an on load tap changer may be used to
provide voltage control services and facilitate the exchange of both active
and reactive power [1].

Power transformers are limited in size due to transport capabilities and trans-
port cable size rather than maximum voltage and current ratings [7|. Typical
maximum ratings are 1630 MVA, 750 kV and 10 kA [9]. However, larger
transformers have been built such as ABB’s 1.1 kV, 10000 MW transformer
for China Changji-Guquan HVDC transmission link [56, 57|. The footprint
of a 765 kV transformer is 1000 m? [9]. In the case of a LFAC system, this
footprint would increase substantially. As a rule of thumb the magnetic core
size is inversely proportional to the frequency of operation. A 20 Hz trans-
former core would therefore be approximately 3 times the size of its 60 Hz
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equivalent. This is a significant barrier to the implementation of a LFAC
offshore network [58].

1.5.2 Frequency Converters

Two general classes of frequency converter are available, Rotary Frequency
Converter (RFC) and Solid State Frequency converter (SSFC) [59]. RFCs
are a motor-generator pair with a common shaft. Multiple topologies char-
acterized by drive motor exist [59]. Output controllability varies from the
very basic up to independent frequency, voltage, active and reactive power
control [60]. RFCs have a high power quality, introduce momentum into the
system and provide filtering and galvanic isolation [60]. They also have both
a higher mass-power and volume-power density than SSFCs. Unfortunately,
RFC are limited to the voltage levels of available motor generators, about 15
kV. They also have lower efficiency, lower reliability and higher maintenance
requirements compared to SSFCs [59].

Two kinds of SSFC are available. A thyristor based cycloconverter and an
IGBT based VSC [61]. Cycloconverters are the less expensive option. A com-
parison done by Siemens for mining applications estimates a VSC costs 140%
an equivalently sized cycloconverter [62]. A cycloconverter’s main drawback
is the need for extensive harmonic filtering and reactive compensation to sat-
isfy grid power quality requirements [61]. The footprint of the two solutions
compared by Siemens are 733 m? and 409 m? for the cycloconverter and VSC
respectively [62]. This estimate includes required filtering and compensation.

1.6 Switchgear

Switch gear is used to ensure the safe operation of the electrical system
and protect both equipment and life. The main components of switchgear
are circuit breakers, relays, fuses, isolators, Fault Current Limiters (FCL),
metering equipment and the interconnecting bus bar [50]. Switchgear is
classified by the insulating material. On OSS Gas Insulated Switch gear
(GIS) is preferred to Air Insulated Switch gear (AIS) due to its compact
nature [1]. The recently released £320 kV DC GIS (circuit breaker not
included) from Siemens boasts space saving of up to 70% [63].

28



1.6.1 Circuit Breakers

The core component of switch gear is the circuit breaker. Circuit breakers
must be capable of safely interrupting the maximum feasible fault current
within a system quickly enough to avoid damage to the equipment [7].

AC Circuit Breaker (ACCB)

ACCB can be classified based on the arc interrupting medium. Types of
ACCBs are oil Circuit Breakers (CBs), minimum oil CBs, air blast CBs,
vacuum CBs and gas insulated CBs. Sulfur hexafluoride (SFg) gas is the
most common arc interrupting medium used on OSS [13]. Typically ACCB
are available up to 800 kV with a short circuit interrupting capacity of 80 kA
[9].

DC Circuit Breaker (DCCB)

Current interruption in DC systems is more severe than AC systems due to
the lack of zero crossings in the waveform [12]. Furthermore, fault interrup-
tion time requirements are shorter due to the low impedance of DC trans-
mission lines [64]. Currently, no commercial DCCB are available, although
successful prototypes such as ABB’s HVDC hybrid breaker are awaiting pilot
projects [65].

Currently 3 options of DCCB are available: Resonance, Solid-state and Hy-
brid Circuit breakers. Resonant CB have been successfully tested on point to
point HVDC installations but are not appropriate for multi-terminal applica-
tions due to insufficiently fast reaction time. They are also limited in current
interrupting capability [58]. Solid state CB have no moving parts and can
interrupt current and dissipate magnetic energy sufficiently fast, however,
the on-state losses are high [12]. A hybrid CB is a compromise. It takes
advantage of the favorable breaking ability of semiconductors but includes a
parallel high speed mechanical contact to reduce the on-state losses [58].

1.7 Outdoor Insulation

Offshore Wind Energy is harvested with a system composed of wind tur-
bines, cables and converter stations. The collected power is then transmitted
to costumers thanks to the main onshore grid.
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Along this pathway, there are many applications for indoor and outdoor in-
sulators. The offshore transmission link is usually in HVDC when its length
is greater than 100 km. In this case, the offshore station is sometimes pro-
vided with composite insulators to withstand the voltage existing between
the AC/DC conversion equipment and ground. Indoor insulators are usually
maintained clean thanks to the pressurization of the room. Still, insulators
are exposed to natural and artificial sources of pollution, e.g. sea, roads,
cities and industries.

1.7.1 Selection and dimensioning

The selection and dimensioning of an insulator has the main goal of maximiz-
ing the performance of the insulation system over a period of half a century
and it is a function of at least six parameters.

Insulator selection and dimensioning = f(P1, P2,..., P6)
The parameters described in [66] are as follows:

P1 Application depends on the pollution and determines the radial dimen-
sion and the orientation of the insulator.

P2 Characteristics of existing insulators developed by manufacturers.
P3 Power System parameters:

P3.1 AC/DC, maximum system voltage, lightning, switching, tempo-
rary overvoltages,

P3.2 The system’s sensitivity to outages, which is high if the system is
poor in resilience.

P4 Environment is a function of human and natural instances, and climate,
which is a function of atmospheric variables.

P5 Constraints such as:

e Limited insulator choice due to technical requirements

e Cost, caused by budget constraints
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e Visual impact to be minimized, in compliance with the law, in
more natural landscapes

P6 Field performance monitoring is critical. In fact, it represents a very
precious source of data, because it can be used to assess the appro-
priateness of the insulator choice in the short, medium and long term
within a specific spatial and temporal range of selection and dimen-
sioning parameters.

Secondly, it is critical to assess what are the parameters which affect the
insulation performance the most. These parameters are called Key Outdoor
Insulation Performance Parameters. It is critical to do so, because the com-
bination of different parameter values is infinite, so, to conduct an effective
study, it would be helpful to see the interdependencies of the most important
ones and the effects on the insulation performance.

1.8 Reactive Compensation
1.8.1 Shunt Compensation

In AC transmission lines, it is required to maintain the desired voltage pro-
file under a fluctuating power demand. Typically, in light load conditions
line capacitance can contribute to increase the voltage requiring shunt reac-
tor compensation. On the contrary, under heavy load the shunt capacitive
compensation is usually used [67]|. Furthermore, subsea HVAC transmission
distance is limited due to high cable capacitance. Inductive shunt compen-
sation can be used to increase the range of AC transmission [13].

For shunt compensation the Static Var Compensator (SVC) and Static Syn-
chronous Compensator (STATCOM) are frequently employed. An SVC can
supply -300/+600 Mvar at 765 kV with 1.2-2% losses and 98.5% availability.
A -100/+300 Mvar unit takes up an area of 20000 m? and has a CAPEX
of 30-50 k€ /Mvar [9]. STATCOMs can supply -200/+200 Mvar at 765 kV
with 1.2-2% losses and 99% availability. A -100/4-300 Mvar unit takes up an
area of 10000 m? and has a CAPEX of 50-75 k€ /Mvar [9]. Both technologies

have an economic lime time of 40 years [9].

1.8.2 Series Compensation

The power transmitted over a line is controlled by changing the series imped-
ance and voltage angle. Through variable series compensation, line im-
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pedance can be reduced, power flow controlled and grid stability improved
[67].

For series compensation the Fixed Series Capacitor (FSC) and Thyristor
Controlled Series Compensation (TCSC) are most frequently employed. A
FSC can supply up to 1350 Mvar at 765 kV with negligible losses and 99.5%
availability. A 1350 Mvar unit takes up an area of 40000 m? and has a
CAPEX of 10-20 k€/Mvar [7][9]. TCSCs are suitable for smaller systems
having a maximum voltage of 550 V and rated overall power of 493 Mvar.
Both technologies have an economic lime time of 40 years [7][9].

1.9 Filters

OWPP are designed using both passive elements such as cables, transform-
ers and capacitor banks as well as active components like wind turbines and
HVDC converters. As a result, system resonance and generated harmonics
must be carefully considered [7]. A detailed discussion of the more com-
mon power quality issues within an OWPP; harmonic resonance and voltage
flicker, can be found in [68] and [69]. According to [68], there are primarily
2 techniques employed for mitigating the effects of harmonics. Appropriate
design to minimize OWPP harmonics and the use of harmonic filters. There
are both passive and active harmonic filters to choose from |[7].

1.9.1 Passive filters

Passive filters consist of appropriately sized banks of inductors and capaci-
tors. Passive filters are most common as they are inexpensive, efficient and
proven technology. Care must taken to avoid a series or parallel filter to
source resonance condition |[70]. Passive filters are available up to 550 kV
and more than 3 Mvar [7].

1.9.2 Active filters

Active filters combine a Pulse Width Modulation (PWM) frequency con-
troller with a passive filter. Through a feedback controller the desired fre-
quency range of the filter can be dynamically tuned. The main downside to
active filters is increased cost. Active filters can be deployed up to 500 kV

7].
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1.10 Auxiliary Equipment
1.10.1 Emergency Power System

An OWPP has loads which in the event of a loss of shore power must continue
to be energized. These loads include Wind Turbine heating and ventilation,
navigation lights and transformer magnetization losses. For a 6 MW RE-
power turbine emergency power loads amount to 42 kW on average and 193
kVA peak loading [71].

In the case of an emergency, a diesel genset is installed on the OSS. For a 500
MW rated OWPP the genset must provide 5 to 20 MVA. The lower end of
the estimate can be achieved if additional reactive compensation is provided
and power cycling is performed utilizing the UPS of the wind turbines [71].
A UPS may be placed with the Nacelle of the wind turbine as part of the
emergency power system. The UPS in REpower turbines utilizes lead acid
batteries and and can supply a 42 kW load for up to 12 hours [71].

1.10.2 Supervisory, Control and Data Acquisition (SCADA)

The SCADA system is the information backbone of the OWPP. Each Tur-
bine, substation and meteorological station is connected to a centralized com-
puter via a fiber optic network. SCADA collects data to give real time sys-
tem reporting but also has the ability to operate the wind farm in different
modes such as frequency or voltage control, power curtailment or reactive
power support [7]. A traditional SCADA system usually has the following
components [72]:

1. Remote Terminal Unit (RTU)s: are the controllable and monitoring de-
vices (slaves) of any SCADA system, RT'Us can have actuators, sensors
and communication modules.

2. Master Terminal Units (MTUs): are the servers (masters), they collect
data and send commands to the RTUs. A single MTU can control and
monitor several RTUs.

3. Communication Infrastructure: is a large-scale and robust communi-
cation tool used to transfer commands and data in a SCADA system.
This tool can be in different modules or protocols (Local Area Network

(LAN), General Packet Radio Service (GPRS), Fiber...etc.).
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4.

The Main Workstation (Operator room): is a large computer with a
Human Machine Interface (HMI) used to graphically present and show
the SCADA network components (MTUs and RTUs).

In the power industry, SCADA systems can be placed into three categories

[73]:

1.

Generation: SCADA for power plants and the generation side. It can
be used to monitor the bus related measurements (voltage, faults and
load), also control the transformers and any circulating current balanc-
ing.

. Feeders (transmission): mainly used to supervise the transmission net-

work to switch links to change power sources, it can also be used to
isolate faults using the function of fault detection.

End-user (distribution): SCADA is used for more management func-
tions such as billing systems, but is also able to do many load control
functions such as load shedding and load scheduling.

General benefits of SCADA systems:

. Save equipment from breaking down with real-time fault detection.

Reduce human risks and manual operation.
Provide full supervision of the network to avoid any black-out or outage.

Increase the reliability of the grid by automating the process of system
recovery after any fault.

Increase the accessibility and accuracy of the meter reading process,
which benefits the overall efficiency, economics.

Improve the sustainability and reliability of future forecasting by stor-
ing historical data from different sources.

Nowadays, Energy Management Systems (EMS) and SCADA systems are
used to employ the concept of smartgrids and replace traditional grids.

Smartgrids provide more flexibility by including Demand-Side Management
(DSM) |74, 75]. DSM will increase the capability of the SCADA to achieve:
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1. Fewer losses on the grid (controlled demand = no peak loads)
2. Fewer bills for customers (less consumption during peak periods)

3. More environmentally friendly power grid: by controlling the integra-
tion of low carbon power generation technologies and reducing CO,
emissions.

Finding the costs and funds for a SCADA system is one of the nine steps
available in [76] to build an interconnection-wide real-time monitoring sys-
tem, the report explains the cost of a transmission level SCADA and the
different sources of funding. It suggests that funding can be obtained from
legislatures approbations, directly or tariffs from the asset’s owners, or from
recovery costs of maintaining the reliability standards.

Also, the report clarified the characteristics that affect the system cost as the
following;:

1. Network type: AC, DC or hybrid.

2. Monitoring devices: Intelligent Electronic Devices (IED), Phasor Mea-
surements Unit (PMU).

3. Maintenance approach: Preventive, Condition-Based or Corrective.
4. Network Voltage Level: Generation, Transmission or Distribution.
5. Functions and Power Applications System (PAS).

6. Redundancy systems: for higher reliability.

1.11 Offshore Substructures

Offshore substructures are required for both the wind turbines and the OSS.
They account for approximately 25% of the total OWPP cost [77]. Six basic
types exist: monopile, tripod, tripile, jacket, gravity and floating foundations
[78]. the first three are only suitable for turbines and perhaps small collection
platforms. The remaining three can be scaled up to accommodate large OSS
[58]. Currently monopile and gravity foundations make up 74% and 16%
respectively of all Offshore foundations [2]. This is a consequence of near
shore, shallow water wind sites being exploited first. As OWPP move farther
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offshore to deeper water the alternative foundations will become more and
more relevant. The most important considerations when selecting a structure
are platform size and weight requirements, water depth, wave height, soil and
water currents [7].

Manapile Grraviry Traposd Jacket Floating

Ry

\

Figure 15: Offshore foundations at relative utilization depths [78§]

1.11.1 Monopile Substructures

A monopile substructure is a long steel rod hammered into the seabed [77]. It
is suited to depths of 0 to 35 m. Monopiles are simple in design, light weight
and versatile but unsuited to large heavy topsides [7]. The largest monopiles
installed are 7.8 m diameter and 1302.5 tonne in Veja Mate OWPP [79].

1.11.2 Tripod Substructures

The tripod substructure, is a large tubular steel column supported by 3
tubular steel piles hammered into the seabed. Tripods are a lightweight
design good for depths of 20-50 m [7]. A lightweight variation of the tripod
is the Slim Tripod Adapted for Rigs (STAR) substructure [77].

1.11.3 Tripile Substructures

The tripile or jacket-monopile substructure, is similar to the tripod substruc-
ture except the 3 support piles are secured to the monopile via a jacket of
tubular trusses. Tripiles are good for depths of 20-50 m [7].
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1.11.4 Jacket Substructures

Jacket substructures consists of 4 to 8 legs connected tubular steal trusses.
The legs are secured to piles driven 50 m into the seabed [77]. Jacket sub-
structures are suitable for water depths of 20 to 50 m [7|. They are capable
of supporting large topsides such as the 3200 ton BorWin Alpha 400 MW
HVDC converter station [58]. Topsides of up to 25000 tons have been sup-
ported within the oil and gas industry [58].

1.11.5 Gravity Substructures

A gravity foundation is typical made of reinforced concrete but occasionally
steel [77]. Steel structures are more suited to deeper installations up to 25 m
[7]. Gravel may be used as a filler to increase weight and stability. Material
costs for these substructures are low but installation can be expensive partly
due to the need to prepare the sea floor and provide cathodic protection 7],
[58]. Gravity structures are capable of supporting any conceivable topside
structure within the wind industry [58].

1.11.6 Floating Platform

As sea depth increases the cost of bottom fixed substructures increases rapidly.
Around 50 m there comes a break even point where the cost of a floating plat-
form is less expensive [80]. Floating structures rely on buoyancy tanks and
an anchoring system to old it in place [58]. Designs of floating structures are
generally adopted from the offshore oil industry. Types of floating platforms
are semi-submersible, Tension-Leg Platform (TLP) and Spar platforms [77].
An important consideration when co-opting these designs for OWPPs is that
MI-type power cable cannot be used with a floating station due to it’s lack
of flexibility [58].

1.12 Maintenance Approaches

Maintenance is usually monitored by the SCADA system, it shares a big part
of the costs. Different approaches can be implemented [81], some of them
still under research or not fully employed. However, a combination between
them is possible:
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1. Preventive or time-based maintenance: this approach depends on the
lifespan of the equipment and devices (measuring devices and actua-
tors). Maintenance tests, including parts replacement, are performed
before the actual break of the system or equipment. This leads to high
costs of the maintenance and it is the price of preventing a fault from
actually happening.

2. Corrective maintenance or reactive: this approach is the opposite of
preventive, it is activated after a failure occurs. Once the fault is de-
tected, an isolation or recovery process starts in a short time to ensure
the continuity of the operation. This approach uses fewer preventative
measures. Therefore, it costs less in the maintenance costs but higher
in the maintenance performance after the failure occurrence.

3. Condition-based or predictive maintenance: it is a trade-off approach
and aims to find the optimal cost of maintenance. This approach mon-
itors the status and health of equipment and detects any possibility
of failure which will trigger a maintenance process. Predictive mainte-
nance requires a real-time monitoring system with data collection and
analysis functionality. Also, it allows the operator to perform prognos-
tics analysis along with diagnostics analysis.
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Figure 16: Costs of different maintenance approaches [81]

2 Electrical System Overview

2.1 Introduction

The purpose of the OWPP electrical system is to deliver the power generated
by the wind turbines to the PCC efficiently and reliably. It is composed of
three major sections. The collection circuit, the OSS or Common Collector
Platform (CCP) and the transmission system. Within each of these sections
there is a large variety of design decisions to be made such as whether to
use AC or DC current, what voltage level or frequency and what level of
redundancy is suitable. To account for every conceivable variation is not
possible and not the purpose of this section rather to present a thorough yet
concise summary of the options available for OWPP electrical system design.

2.2 Offshore system
2.2.1 HVAC and HVDC Transmission

As an OWPP increases in size or moves out to sea there comes a point be-
tween 10 to 15 km where the MV used within the collection circuit is no
longer cost effective to connect to shore [50]. At this point it becomes neces-
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sary to replace the CCP with an OSS equipped with a MV /HV transformer
and transmit to the PCC using HVAC. Again as the OWPP moves further
from shore, another critical point is crossed, where due to the high capaci-
tance of AC cables, the entire capacity of the cable is used up by the reactive
current. This limit can be calculated with (1) [50]. Where w = 27 f, U and
I are the rated voltage current of the cable respectively and C’ is the cable
capacitance taken from the manufacturers data-sheet, and The limit is found
to be around 120 km for XLPE type cable [82]. It can be extended with
shunt compensation but quickly becomes too costly to justify. In fact, well
before the limit, at 87 km for a 600 MW OWPP, connecting with HVDC
transmission is the economical choice [83]. As OWPP power increases this
distance moves closer to shore.

I
L= UwC’ (1)

2.2.2 LFAC Transmission

An alternative to conventional AC 50 Hz and HVDC that has been proposed
is LFAC [61]. The most commonly proposed LFAC system would operate at
1/3 of standard frequency (16.7 Hz) allowing for much further HVAC subsea
transmission due to substantially reduced cable capacitance [61]. Alternative
frequencies have also been proposed. In [84] the optimal frequencies for a 160
MW OWPP at varying distances from shore was found to be 57 Hz, 35 Hz,
23 Hz and 17 Hz for 50 km, 100 km, 150 km and 200 km respectively. Cost
estimations have also been performed. In [83] a cost analysis comparing
HVAC, LFAC and HVDC found that for a 600 MW OWPP there exists a
cost-effective window between 80 and 107 km for LFAC. It was also shown,
however, that this window shrinks with increased OWPP power. There are
currently no existing OWPP connected via LFAC but a proof of concept
laboratory prototype has been successfully demonstrated [83]. Furthermore,
LFAC is not new technology. The world’s first AC locomotive operated on
a 15 Hz, 3000 V three-phase supply and for years 15 kV 16.7 Hz single-
phase AC has been used for railway traction systems in Germany, Austria,
Switzerland, Norway and Sweden [85].
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2.2.3 Collection Circuit

Within the collector circuit AC 20-36 kV is most commonly used [86]. There
is no reason this will always be the case. Increasing collector voltage could
be beneficial as collector system losses typically constitute the largest per-
centage of overall system losses [1, 87]. As DC shore connections become
more common and DC breakers become commercially available [65], the use
of LFAC or DC may become commonplace. A series DC collector system to
replace the HVDC converter station is suggested in [88]. It is argued in [89]
that DC collection circuits are appropriate with LFAC transmission. The
possibilities are not limited to AC, LFAC and DC however. An entirely new
architecture for OWPP collector circuits using medium frequency generators
and transformers to reduce weight is suggested in [90].

2.3 AC Collection Circuits

The collection circuit’s purpose is to transfer the power generated by the
turbine generator’s to the collection point for transmission to the PCC. There
are many feasible collector system topologies. The topologies below are the
typical categories of circuits but are not exclusive to each other and can be
combined into hybrid circuits if desired. Likewise the number and position
collection points is adjustable. According to [91] the optimal solution is likely
not one of the standard topologies.

2.3.1 AC topologies
Radial

A radial topology in the cheapest and most utilized collection system. It is
formed by stringing the turbines together to the collection point through a
single line, with no redundancy. If a failure occurs in a cable all turbines
downstream of the fault are cut off. The maximum number of turbines that
can be placed per string in determined by the turbine power output and the
maximum size of cable available. A big advantage of this layout is the ability
to reduce cable size as turbines move away from the collection point [1], [12].
The radial topology is shown in Fig. 17a.
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Ring

A ring topology is a variation on the radial layout but with an additional
cable forming a loop to the collection point in order to increase reliability.
There are three variations of the ring layout:

1. The single sided ring where a cable is connected from the outermost
turbine to the collection point to close the loop.

2. The double sided ring where the outermost turbines of two separate
radial strings are connected together [1].

3. The multiple ring where the outermost turbines of all separate radial
strings are connected together [12].

The ring layout does provide increased reliability, but at a higher cost as
additional cable is required and cables must be sized larger to handle current
in both directions [1|. The single sided ring has been shown to achieve the
lowest losses under both normal and fault operation and a hybrid multiple
ring topology with an additional single sided return the most economical
when losses are included [12]. The single and double sided ring layouts are
shown in Fig. 17b and Fig. 17c.

Star

A star topology is the most reliable of the three but also the most expen-
sive. It is created by running individual connections from each turbine to
the connection point. Cable size is substantially reduced but length of ca-
ble and installation costs increase, furthermore, the additional switch gear
requirements are a major expense |1, 12]. A star topology is shown in Fig.
17d.

2.4 DC Collection Circuits

One of the potential applications of DC/DC converters for DC grids is the
offshore wind farm with the DC collection system. The collection system is
a medium voltage grid where the wind turbines are connected. Currently
AC radial collection systems at 33 kV are mainly used [92]. However, other
topologies based on different AC grid configurations, such as ring connection,
and even DC collection systems are being studied considering reliability and
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Figure 17: AC collector topologies: a) Radial b) Single sided ring ¢) Double
sided ring d) Star [1]

costs [93]. The different configurations of collection systems are summarized
in Fig. 18.

Typically, an offshore wind turbine connected to the AC collection system is
integrated with an ac transformer to boost the voltage from low voltage to
medium voltage. However, if the DC collection system is applied, the offshore
wind turbine should replace the AC transformer with a DC/DC converter
to boost the voltage, which is more compact and smaller in size than the
AC transformer [16]. If HVDC technology is used to transmit the offshore
wind power to the onshore substation, the AC collection system, as shown
in Fig. 19a, requires HVAC transformer and the MMC AC/DC converter on
the offshore substation platform. Likewise, in the DC collection system as
shown in Fig. 19b, an HVDC DC/DC converter is needed on the OSS.
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Figure 18: Classification of offshore wind collection system
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(b) Offshore wind farm with DC coll