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Summary

This report is intended as a summary of the research performed
to date by Work Package 2 (WP2) of the InnoDC project. This re-
port discusses about different offshore wind power plant cluster control
architectures, resonance mitigation techniques, DC collection systems
together with DC transformer concept. Following this, design possibil-
ities for Offshore Wind Power Plants (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.

Section 1 discusses about control of large-scale OWPPs. It has his-
torically been handled by separating the control into different hierar-
chical levels. A wind power plant control is traditionally implemented
as a centralised processing unit. In case of large-scale OWPP clusters
with hundreds of wind turbines , the centralised control scheme may
be impractical owing to the huge computation burden in order to pro-
cess the large volume of information. This chapter describes the need
to breakdown the control problem into manageable sub-problems such
that the overall plant is no longer controlled by a single controller, but
by several independent controllers, giving rise to two additional con-
trol architectures - distributed and decentralized control. The result-
ing behaviour is the aggregated response of all the local independent
controllers.

Section 2 highlights system configurations for DC collection sys-
tems. DC/DC converter and DC Circuit Breaker (DCCB) are two of
the major components in any DC collection system. The development
and design of an eligible concept, for a highly efficient and cost-effective
DC/DC converter is essential for a DC collection system to be realized
in the future. In the last section, a detailed overview of DC Wind
Turbine (dcWT) concept is discussed with different dcWT topologies.
Finally, possible control modes are discussed over conventional AC
Wind Turbine (acWT).

Section 3 introduces cost modelling for different transmission sys-
tems. Already well-known HVAC and HVDC transmission systems
are described and the cost functions are updated. LFAC system is
analyzed as it is considered as a young non-industrialized technology.
Capital investment costs and cost of losses are done separately. The
result of this section is to allow a fair comparison between these sys-
tems.
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1 Wind Power Plant Cluster Control Architec-
tures

Written by Anup Kavimandan - DTU, Denmark

1.1 Introduction

Wind turbine controllers today are fully developed and most of them are opti-
mized from a control perspective as a single wind turbine. Earlier there were
single wind turbine generators which were aggregated under a Wind Power
Plant (WPP) [1]. Nowadays, WPPs are being grouped together resulting
in the formation of ‘clusters’ aggregated physically, connected to the same
transmission grid node and controlled from an ‘upper’ level in the hierarchy.
A wind power plant cluster is thus an electrical aggregation of independent
physical offshore WPPs geographically existing in close proximity connected
to the same grid node.

An OWPP cluster control architecture would typically consist of three lev-
els: local wind turbine control, WPP control and control of group of WPPs to
regulate the OWPP cluster power production to the reference power ordered
by the system. In order to efficiently perform the monitoring and control
of large OWPP clusters, a multilayer hierarchical control structure can be
adopted so that the control responsibilities are assigned to the different hi-
erarchical control levels such as the wind farm control architecture designed
and implemented by A D Hansen et al. [2]. Alejandro J Gesino [3] defines a
control strategy for a WPP cluster with the aim to receive a command sent by
the Transmission System Operator (TSO) and calculate the set points to be
sent to each WPP within the cluster in order to fulfil the grid requirements
of the TSO. Making use of wind farm control strategies and wind energy
forecast technologies, a Wind Farm Cluster Management System (WCMS) is
developed [4] to perform active and reactive power control, congestion man-
agement, voltage as well as power factor control. The architecture, consisting
of two layers, namely the ‘TSO layer’ and the ‘dispatch layer’, allows to ef-
ficiently monitor all wind farms operating in their control zones as well as
reliably distribute control commands to all wind farms in the cluster.

Broadly speaking, the control architecture could typically be based upon
one of the three types of control - centralised, distributed or decentralized
control, each of them being characterized by the flow of information between
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the site of data acquisition, the location of decision making and the location
of final action being performed [5].

(a) Centralised Control

(b) Distributed control (c) Decentralized control

Figure 1: Conceptualisation of control architectures for a large OWPP clus-
ter.

1.2 Centralized Control

A centralised control as illustrated in Figure 1(a) typically consists of a sin-
gle control unit which prepares and sends power set points signals to each
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individual WT control [2], [6]. In a centralized control scheme, all the infor-
mation available about the system, the calculations based upon this informa-
tion, decision making and the enhancement of the decisions are all centralized
i.e., concentrated in a single location. The control algorithms, the turbine
controller, the WPP controller and the central controller receive information
about the system from many sensors.

The feedback process helps to ensure that the system can adapt to dif-
ferent conditions, but also makes it vulnerable to loss or corruption and
interruption of information which can have detrimental impact on the over-
all system. As it is responsible for the control of the entire WPP cluster, so
it necessitates a fast powerful computer centralizing the control of the overall
plant [3]. However large scale systems (WPP clusters) could be difficult to
control with a centralised control structure due to required computational
complexity, robustness and reliability problems as all the information flow is
channelized to a single control unit and communication bandwidth limita-
tions [7].

1.3 Distributed Control

The control problem could be broken down into manageable sub-problems
such that the overall cluster is no longer controlled by a single controller, but
several independent controllers locally such as decentralized structures and
distributed control systems [7], [8]. In a distributed control scheme, multiple
controllers work together with consensus, exchanging information with their
neighbours to produce a desired power profile [9], [10]. It consists of a num-
ber of local controllers, each of which controls a subset of the system, with
capability of communication between the controllers. The algorithms run-
ning in each agent take decisions with partial information about the system
state provided by the other agents. The data may be processed locally or
remote-controlled by a central controller as shown in Figure 1(b).

As large OWPPs network is spread over a large geographical area, hav-
ing distributed control units also improves cybersecurity and resilience of the
network with respect to failure of some parts of the network. For instance,
in case any of the local controllers or components fail, it will affect only a
small part of the network instead of the entire network. Additionally, it may
also provide a certain degree of privacy since not all information is commu-
nicated. However, it also presents some challenges such as the proper design
of a distributed algorithm, the reliability of the communication network and
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coordination of the agents to achieve the desired power regulation with lim-
ited information exchange. In the last few years, some encouraging progress
has been reported in the area of distributed control [9], [7]. A two-step dis-
tributed Kalman filtering is proposed in [10]. In [11], a centralized controller
paradigm is derived based on “model predictive control” in parallel with a
distributed controller where the turbines essentially only communicate with
their neighbours.

1.4 Decentralized Control

A decentralised control [12] shown in Figure 1(c) is similar to a subset of a
distributed control system, in that, every node is independent of each other.
The control problem is partitioned into manageable sub-problems, each of
which has a local independent controller [13] and the resulting behaviour is
the aggregated response. However, the information could be shared between
the local decentralized control centres to solve the larger problem. Many ef-
forts have been devoted to develop design methods guaranteeing stability and
performance of decentralized control. Among them are few based on Lya-
punov functions [14], sequential design [15], optimization [16] and overlapping
decompositions [17]. A decentralized coordinated voltage control scheme for
VSC-HVDC connected OWPPs is proposed in [8] to regulate voltages within
the feasible range by optimally coordinating the WPP side VSC and WTs
based on Model Predictive Control (MPC). A novel decentralized control of
offshore WPPs connected to onshore grid through a HVDC by means of a
diode rectifier is proposed in [18].
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2 System Configurations for DC Collection Sys-
tems and DC Wind Turbine Concept

Written by Gayan Abeynayake - Cardiff University,UK

2.1 Introduction

Currently, there are no operational offshore wind farms with DC collection
grids, only theoretical and small-scale prototypes are being investigated.
Therefore, a suitable configuration for the wind farm with DC collection
grid which has been practically verified is not available yet [19]. The total
power produced by the Wind-Energy Conversion Units (WECU) on the wind
farm is collected, via an AC collection grid (traditionally), and transferred to
onshore grid. Depending on the distance to the onshore grid and the power
rating, either the HVAC or HVDC transmission system can be used for the
power delivery. At present, most of the offshore wind farms are planned to
be installed far from the shore, e.g. at a distance more than 60 km [20]. For
tracking of maximum wind energy and for some other environmental issues
such as to minimise the visual and audible impacts on nearby residences; the
HVDC system is a preferable option than the HVAC system [21].

A typical configuration of an AC offshore wind farm with HVDC trans-
mission system can be found in [22]. The power transformer station is in-
stalled on an offshore platform which steps up the voltage to 220 kV across
the AC collector or AC bus. A short AC cable transfers power to the HVDC-
rectifier platform, on which power converter is installed for HVAC to HVDC
conversion. Once onshore, an HVDC-inverter platform is used for HVDC to
HVAC conversion. A total of three platforms are required for an offshore
wind farm integrating an AC collection grid with HVDC transmission line.
The advantages of using HVDC transmission system is that low quantity of
DC cables is needed, no charging current, and skin effect exist in the DC
cables, power factor is always close to unity and there is less corona loss and
radio interference.

For the design of a DC collection grid, the 50 Hz or 60 Hz power trans-
formers installed in the WECUs are replaced by the power converters or
rectifiers. The power converters are significantly compact and smaller in size
compared with the power transformers of similar power rating. This reduces
the size and weight of WECUs, and hence the offshore wind farm. For an
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offshore wind farm with DC collection grid and HVDC transmission system,
a total of two platforms (rectifier and inverter stations) are needed, this also
reduces the cost of platform installation. Technically, the power converters
in WECUs perform power rectification, power conditioning, power filtering,
and power compensation. The power rectification enables the conversion of
signals (voltage and current) from AC to DC. The power conditioning pro-
vides the control of frequency, voltage, power factor, and speed of rotating
machines. The power filtering injects (or absorbs) specific signal components
for power quality.

2.2 Different DC Collection System Configurations

The DC collection grid for offshore wind farm begins with power converters
at each WT, (usually in the base of the tower), which steps up the voltage
output of the generator, typically 690 V, to a medium voltage of typically
25–40 kV. A medium-voltage submarine DC cable is used to connect the
WECUs to a DC platform. Furthermore, the power converter performs the
following functions:

1. Power Rectification to Convert Signals (Voltage and Current) from AC
to DC

2. Power Conditioning to provide the control of voltage and speed of ro-
tating machines

3. Power filtering to inject (or absorb) specific signals components for
power quality

Typical configurations of the wind farm with DC collection systems are
presented in Fig. 2. The WECUs are connected into multiple strings or
several branches circuits that feed into an offshore platform. These configu-
rations can be mainly classified in to two:

1. Shunt (or radial) Configurations

2. Series (or ring) Configurations

Other topologies proposed in the literature are improved/modified ver-
sions of the above two main topologies. Single-sided radial feeder and Bifurcated-
radial feeder topologies belongs to shunt configuration. Single-sided ring
feeder configuration and Double-sided ring feeder configuration can be iden-
tified as two different series configurations as discussed in [23].
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Figure 2: DC collection system configurations a) Shunt Configuration-1; b)
Shunt Configuration-2; c) Series Configuration d) Series-Parallel Configura-
tion
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2.2.1 Shunt / Radial Configurations

Most of the wind farms today use the radial feeder configurations, because
of low cable costs and simple control scheme. However, the drawback of the
radial feeder configuration is poor reliability, since a cable fault at the hub
end of the radial cluster may prevent the operation of the entire offshore
power plant. The parallel connected WECUs on each string are exposed
to same terminal voltage, which is the medium DC voltage. Each string
can generate a total current idc(t), given by equation 1, where ido(t) is the
total current output of each WECU; and k represents the total number of
WECUs on each string. A medium-voltage submarine DC cable is then used
to connect the WECUs to an offshore platform. By considering n as the total
number of strings on the wind farm; thus, the total current collected from
the wind farm output can be obtained using equation 2.

idc(t) =
k∑

k=1

ido(k)(t) (1)

iDC(t) =
n∑

n=1

idc(n)(t) (2)

It can be observed that the use of HVDC-offshore platform is compulsory
in order to step up the medium DC voltage to HVDC for transmission. The
parallel-connected WECUs in each string increases (or builds up) the current
magnitude according to equation 1, but the WECUs operate at identical
terminal voltage magnitude. Consequently, an offshore platform is needed
to step up the voltage to HVDC for transmission. Due to the fact that
the output terminal of each WECU in the radial feeders is connected to a
medium voltage link, (i.e. 25-40 kV) and also the voltage-boost ratio is high,
(i.e. from 690 V to a medium-voltage level) all WECUs on a wind farm with
radial feeder topology must integrate power converters with high boost ratio
and that can support a medium-voltage level.

Actually, most of WECUs employed in the DC collection grids with ra-
dial feeders integrate ‘the three-phase VSC cascaded with an isolated boost
DC–DC converter which consists of an Single Active Bridge (SAB) or a Dual
Active Bridge (DAB) DC-DC boost converter including a medium/or high
frequency transformer’, these power converter topologies have generally an
HV-boost ratio, and also they are suitable for medium-voltage applications.
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2.2.2 Series / Ring Configurations

The ring feeder configurations can provide higher reliability index than the
radial feeder configurations. The drawback with the ring feeder configuration
is that the series-connected converters must have the ability to operate toward
a very HV. This is due to the fact that if one WECU fails, and therefore its
terminal DC voltage collapses leading to loss of output power, the other
WECUs must compensate for this by increasing their output voltage. For
the ring feeder topology or Fig. 2 (c) and (d), the series connected WECUs
in each string build up a voltage Vdc(t) across the DC collector as given
by equation 3, where Vdo(t) is the output voltage of each WECU; and k
represents the total number of WECUs in the series-connected circuit.

V dc(t) =
k∑

k=1

V do(k)(t) (3)

For this topology, the use of HVDC platform can be avoided; a voltage
high enough for the HVDC transmission system can be achieved by increas-
ing k, according to equation 3. The ring feeder configuration is the most
simplified and cost-effective layout of offshore wind farm with DC collector
systems; low-voltage-based converter topologies can be integrated in the WE-
CUs. Other configuration options for offshore wind-power plants consist of
multi-terminal HVDC systems connecting several wind farms. Among these
configuration methods one can find [24], [25], [26]:

1. The radial connection where a group of interconnected wind farms is
connected to a single HVDC platform; with this option, losing one pole
in a bipolar HVDC transmission system may cause wind generation
curtailment.

2. The split connection, where a single offshore wind farm is connected to
a separate HVDC platform.

3. The backbone connection, and/or the grid connection; with several
groups of wind farm where each group has a separate HVDC platform.
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2.3 Main Components of a DC Collection System

Most of the traditional offshore wind farms are constructed with aggregation
of WECUs. Each WECU comprises of a WT with mechanical parts, e.g.
drive trains, a generator, e.g. Doubly Fed Induction Generator (DFIG), or
Permanent Magnet Synchronous Generator (PMSG) including power elec-
tronics circuits, and a huge 50 Hz or 60 Hz power transformer. The large
quantity of magnetic components employed in the power transformer makes
the WECUs to be less compact and not strong enough to withstand the
high-speed winds. Presently, the needed equipment for designing a high-
power medium voltage DC system are not available. Irrespective of the topol-
ogy used the following two components are required to realise a high-power
Medium Volatge dc (MVdc) offshore wind collection system [27];

2.3.1 DC/DC Converter

The lack of adequate concept for transforming voltages in a high-power DC
grid is one of the major obstacles against the realization of DC collection
system. The development and design of an eligible concept, for a highly
efficient and cost-effective DC/DC converter will therefore be essential. For
safety and security reasons galvanic isolation is required for high-power DC
collection system. This galvanic isolated DC/DC converter consist of an
inverter at the input side, transforming the DC voltage into an AC signal of
a certain frequency as shown in Fig. 3. In contrast to conventional Pulse
Width Modulation (PWM) converters used in drives, a sinusoidal signal is
not needed, because the converter is not connected to sensitive load or grid.

Figure 3: Configuration of an isolated DC/DC Converter

The considered converters can be separated into different groups using cri-
teria like the possible directions of the power flow and whether soft-switching
is applied or not as illustrated in Fig. 4. At first level, the converters are
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differentiated in resonant and hard/soft-switching converters. In the latter,
all converters are consolidated without any additional devices which oper-
ate either under hard-switching conditions or can achieve soft-switching via
proper control or design of the circuit. Unlike these solutions, the resonant
converters are using additional passive components to achieve soft switching
and reduce switching losses significantly. The term soft switching is used
when the switching of the device occurs at a zero current or voltage crossing.

Figure 4: Different groups of isolated DC/DC Converter

2.3.2 DC Circuit Breaker

One major requirement of a high-power DCCB is a fast turning-off time,
because otherwise the whole system must be designed for extremely high
fault currents. In present AC systems a fast turn-off time is not crucial,
because of the limiting grid inductance, but in a DC system the amplitude
of the short-circuit current would in theory be 10 times higher than the
amplitude in a similar AC system within 300 ms fault duration [27]. Two
main requirements of a high power DC circuit breaker are

1. Ability to act quite rapidly to avoid extremely high currents and allow
an active turn-off process

2. High voltage blocking capability during switching for the demagnetiza-
tion of grid inductance

As discussed in [28], even though fault currents may be interrupted by
certain converter topologies, a circuit-breaker capable of interrupting nominal
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currents becomes mandatory in order to disconnect lines without having to
power down the entire grid. Until now, different concepts for the realization
of DC circuit-breakers have been proposed in the literature following DCCBs
can be significantly distinguished.

1. Mechanical Breakers with High Arcing Voltages

This technology is available on commercial scale for railway systems.
When the DC breaker is tripped, a mechanical contact opens and an
electrical arc ignites. This arc is then moved into a stack of metal
plates, which lead to a significant increase of the arcing voltage. For
discharging the line inductances and decreasing the current, the voltage
across the arc must be higher than the nominal grid voltage. As soon
as the current is zero, the arc extinguishes and the fault is cleared.

2. Solid-State DC Circuit Breakers

Compared to present circuit breakers, Solid-State DC Circuit Breakers
(SSCB) have the advantage of interrupting the current before the max-
imum amplitude is reached, resulting in reduced current amplitudes
and short voltage disturbances. However, SSCBs are expensive and
high losses due to semiconductor conduction losses. A simple topology
of a SSCB is shown in Fig. 5.

Figure 5: Solid-State DC Circuit Breaker Topology

When the DC breaker is tripped, the GTO is turned off. Due to the
inductively stored energy, the voltage across the semiconductors rises
quickly and the surge arrester starts conducting current. In order to
discharge the line inductance, the protection voltage of the surge ar-
rester must be higher than the nominal grid voltage. Also, it must
be ensured that the power semiconductors are able to withstand the
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protection voltage of the surge arrester. The main advantage of a solid-
state DC breaker is its fast interruption speed and the lack of moving
parts.

3. Hybrid DC Breakers

Hybrid DC Breakers combine a mechanical switch and a solid-state
breaker to overcome the disadvantage of high on-state losses and the
lack of DC current interruption capabilities of mechanical switches [29].
The layout of the conventional hybrid DC breaker is shown in Fig. 6.
The interruption process is similar to the solid-state breaker. However,
before the power semiconductors, in this case Insulated Gate Bi-polar
Transistor (IGBT)s are used, can interrupt the fault current, the me-
chanical switch must be open and the fault current has to commutate
into the parallel power semiconductors. Since the opening of the me-
chanical switch and the commutation process require some time, the
overall interruption process is slower in comparison to the solid-state
breaker.

Figure 6: Hybrid DC circuit Breaker Topology
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2.4 The DC Wind Turbine Concept

There are several dcWT concepts discussed in the literature as illustrated
in Fig. 7. They are classified according to the number of converter stages
assuming state-of-the-art wind generators are employed [30].

The first concept (Fig. 7(a)), employing only 1 stage, that of an active
rectifier and has the advantage of low number of components and simplicity.
The problem is that maximum output voltage is limited to the generator’s
nominal voltage level and it has no galvanic separation. Therefore, concept
from Fig. 7(b) could alleviate this issue, by simply adding non-isolated dc/dc
converter, to step up to medium voltage level. Another 2-stage concept ((Fig.
7(c) suggests a low frequency transformer followed by a passive rectifier.
Simplicity and low number of components are advantages, but fixed speed
operation and transformer saturation risks are main disadvantages. Another
interesting concept composed of 3 stages (Fig. 7(d)) was proposed by [31]
and employs a matrix converter (AC/AC).

Further on, a 4-stage concept (Fig.7(e)) that reuses the AC turbine’s
generator and active rectifier, followed by an isolated high-power dc/dc con-
verter. This approach would imply that the main research focus should be
on the DC/DC converter, while the rest of components are off the shelf and
present low technology risk. It also presents the lowest impact on AC tur-
bine design to turn it into DC turbine. For these reasons it will be the main
framework of this research. A final turbine concept, with 5 converter stages
(Fig. 7(f)) incorporates a boost converter between the active rectifier and
the isolated DC/DC converter. The topology was suggested in [32], and it
assumes that the boost converter is actively controlling the LV side DC link,
while the DC/DC converter is operated in open loop in the manner of a
DC/DC transformer.

2.4.1 Selection of a suitable DC/DC Converter

The DC/DC converter shall consider as a combination of power conversion
stages 2,3 and 4 of Fig. 7(e). This DC/DC converter topology could be
SAB or DAB which operates on phase-shift control principle. In wind power
applications the active power flow is always unidirectional i.e. from WT side
to grid side. Therefore, SAB will primarily serve our requirement. However,
the major limitation of SAB is phase shift between primary and secondary
occurs due to the leakage inductance of the medium frequency transformer
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Figure 7: dcWT Concepts [30]

[33]. Thus, to transfer large amount of power transformer leakage inductance
should made very low. This problem shall eliminate with the use of DAB.

Generally, DAB is used when bi-directional power transfer is required
such as in dc microgrids. However, DAB shall support for OWPP black-
start by enabling reverse power flow to charge the dc-link of the dcWT. If
SAB is used, there should be a stand-by diesel generator ready at all times.
With severer marine weather conditions re-fuelling of diesel generators could
be problematic. Thus, use of DAB as the DC/DC converter in topology-(e)
is advantageous. In general, converter reliability is also an important aspect
to be considered as discussed in [34].

2.4.2 Control Modes of DC Wind Turbine

As shown in Fig. 8. the main control objectives of topology-(e) (refer to-
gether with Fig. 7(e)) are dc link voltage control and active power control.
This is similar to control of PMSG based full-scale acWT with interchange of
control responsibilities. The dc link voltage is controlled by Voltage Source
Converter (VSC) connected to wind generator and power is regulated by
DAB on phase-shift control mode.
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Figure 8: Control scheme of dcWT topology-(e)

1. DC link Voltage Control

The Grid Side Converter (GSC) is responsible for maintaining the DC
link voltage constant and it is able to provide reactive power. Typically,
the control objective is achieved by the vector control which is based
on dq components. This consists of an outer loop that regulates the
DC voltage through a PI controller and an inner loop that controls the
current.

2. Generator Control

The Rotor Side Converter (RSC) controls the power extracted from the
wind turbine or the mechanical torque. However, in [35] it has shown
that it is possible to swap control objectives of GSC and RSC with
enhanced fault ride-through and voltage support capabilities.
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3 Economic Analysis of different Transmission
Options

Written by Jovana Dakic - UPC, Spain

3.1 System Description

3.1.1 High Voltage Alternating Current Systems

The High Voltage Alternating Current (HVAC) power transmission system
is based on two substations connected with cross-linked polyethylene (Cross
Linked Polyethylene (XLPE)) cables. The substations include power trans-
formers, gas or air insulated switchgears and reactive power compensation
equipment. Today, XLPE cables are the most used submarine cable tech-
nologies for HVAC transmission systems. They can be either single-core or
three-core, but three-core cables have the advantage due to reduced power
losses and less installation costs [36]. The collector grid operates in the range
of 33-66kV, so the voltage is stepped up to the offshore transmission level
with an offshore transformer. If the onshore grid operating level differs from
the transmission one, an onshore transformer is also needed. In order to
increase the power export availability of the substations, the preferred trans-
former topology is installing two transformers in parallel, rated at 60 % of
the offshore wind farm nominal power [37].

The reactive power generated in the cables increases with the cable length
and therefore limits the active power that will be delivered to the grid and
the cable length of the offshore transmission link. [38]. Reactive power
compensation leads to reduction of power losses and voltage control. Fixed
compensation could be installed at different locations along the cable and
static synchronous compensator (Static Synchronous Compensator (STAT-
COM)) is usually located at the onshore substation to meet the grid re-
quirements [39]. Fig. 9 illustrates a system diagram of a HVAC offshore
transmission system.
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Figure 9: Basic configuration of HVAC solution

3.1.2 High Voltage Direct Current Systems

There are two converter technologies used for High Voltage Direct Current
(HVDC) transmission systems for offshore wind: line commutated convert-
ers ((Line Commutated Converter (LCC))) and voltage source converters
((VSC)). However, due to the big number of commutation failures and no
black start capability of LCCs, today VSC based transmission systems are
recognized as a more suitable solution for OWPPs. HVDCVSC is constructed
from two system elements, including two converter stations (one offshore and
one on shore) and a pair of polymeric extruded cables. The technology is
based on IGBT semi-conductors, which results in low number of harmonics in
the system due to the switching frequency (1.3-2.0kHz). The use of advanced
PWM technology enables bidirectional power transmission [40] Furthermore,
in VSCs the control of the active and the reactive power is done indepen-
dently, which leads to voltage and frequency stability [41]. Fig. 10 shows a
basic HVDCVSC system configuration for offshore wind farms.

OWPP
Offshore 
transformer

Onshore
transformer

Subsea cable
      0 Hz

Grid

AC
DC

DC
AC

Onshore 
converter

Offshore 
converter

Figure 10: Basic configuration of HVDC solution

3.1.3 Low Frequency Alternating Current Systems

Low-frequency alternating current (LFAC) is a new suggested technology
combining the HVDC and HVAC system in order to eliminate their tech-
nical disadvantages. LFAC systems work at a smaller frequency (usually
one-third of the grid frequency value). With lower frequency, charging cur-
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rent is still present, but in a smaller value. The contribution is seen in less
costs related to reactive power compensation and increased amount of trans-
mitted power. Additionally, as Alternating Current (AC) resistance of the
cables is dependent of proximity and skin effects, with lower frequency, ohmic
power losses are reduced [42]. Fig. 11 shows the system diagram of a LFAC
system. The configuration proposes that the wind power plants generates
power at low frequency. The latter implies that both the collection system
and the power transmission is made at 50/3 Hz, excluding a frequency con-
version in the offshore substation [43]. The proposals of the technology of
the onshore frequency converter are Cycloconverter or Back-to-Back (Back
to Back (B2B)) technology [44]. The main drawback is the size of transform-
ers, as low frequency requires larger transformers, which also leads to bigger
offshore substations [45, 46].

OWPP
Offshore LF 
transformer

Subsea cable
      16.7 Hz

Onshore LF
transformer

Grid

AC
AC

Onshore 
converter

Figure 11: Basic configuration of LFAC solution

3.2 Cost Modelling

This section gives a description of cost models for HVAC, HVDC and LFAC.
The capital investment costs, as well as modelling of losses and its cost are
presented separately for each component.

3.2.1 HVAC Cost

3.2.1.1 Common System Variables The chosen frequency fHV AC is
50Hz, but other values could be introduced (60Hz), depending on the location
of the power plant.

The standardized voltage levels Urms,HV AC for subsea transmission is
in range of 110-400 kV [47]. The rated current of the cable (ampacity)
Irated,HV AC is chosen from the supplier’s catalogue [47] based on the cal-
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culated current passing through the cables:

I =
k · Powf√

3 · Urms,HV AC

(4)

where k is the coefficient for current tolerance of +10% (k = 1.1) and Powf

is the rated power of wind power plant. Later, the correspondent three-
core cable conductor cross-section SHV AC is taken following the catalogue.
Finally, the number of three-core cables ncb,HV AC should be chosen.

3.2.1.2 Cable As cable technology is developing rapidly, cost modelling
has become challenging to include all factors effecting the total cost. Lund-
berg first modelled the cost of three core cable modelled through an exponen-
tial equation with an offset constant [48]. The two most important factors
affecting the cost are: rated current of the cable (relates to the amount of
copper (or aluminum) used in the cable) and the rated voltage of the ca-
ble (determines the insulation material). In [49], the equation is updated
with the influence of the cable installation which is considered as the highest
uncertain factor. Cost of cable Ccb is presented:

Ccb =
(A+BeCSrated,HV AC +D) · (9ncb,HV AC + 1)

10E
· l (5)

where the constant values (A, B, C, D, E) are defined in Table 1, which are
dependent on the cable voltage [48, 50] and l is the transmission distance.
Srated,HV AC is the rated apparent power of the cable in [MW]:

Srated,HV AC =
√
3 · Urms,HV AC · Irated,HV AC (6)

Table 1: Coefficients for XLPE submarine AC cables [48, 50]

30 kV 70 kV 150 kV 220 kV 400 kV
A 0.411 0.688 1.971 3.181 5.8038
B 0.596 0.625 0.209 0.11 0.044525
C 0.041 0.0166 0.0166 0.0116 0.0072
D 17 · 104
E 8.98
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3.2.1.3 Switchgear The avaliable data is in [51]. With interpolation
method, the cost of a switchgear can be obtained:

Cgis = 0.0117 · Urms,HV AC + 0.0231 (7)

The switchgear is needed at the sending and receiving point of the offshore
and onshore substation as its function is protection between critical compo-
nents. Therefore, the number of necessary High Voltage (HV) switchgears
will be two per cable.

3.2.1.4 Transformer Cost of transformer is dependent of its rated power
STR [MVA] and assumed based on [52]

CTR = 0.0427 · S0.7513
TR (8)

As discussed in 3.1.1, the number of the transformers will be four, two at
each substation with rated power STR = 0.6 · Powf .

3.2.1.5 Substation The cost of offshore substation platform depends on
its volume. The electrical infrastructures and the presence of additional
services (e.g. living quarters, heliport, and fuel tanks) define the volume. The
cost for such a substation can be expressed by the following equation [53, 48]:

Css = 2.534 + 0.0887 · Powf (9)

where Powf is the rated power of the offshore wind power plant [MW].

3.2.1.6 Reactive Power Compensation Regarding to fixed compen-
sation, the cost is related to its location and reactive power absorbed by the
compensation. The linear equation is derived from [51, 54, 38, 55]:

Creact = K ·Ql + P (10)

The constant values (K, P) are defined in Table 2 and Ql is the compensated
reactive power.

For a 100-MVAr and a 200-MVAr STATCOM, the reported costs are,
respectively, in the range of 5,75 to 11,5 M€ and 11,5 to 23 M€ [51], giving
an approximate cost of 0.086 M€/MVAr.
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Table 2: Coefficients for fixed compensation

Location K P
Onshore 4.2 0.8283
Offshore 6.096 1.279
Middle 18.096 1.543

3.2.1.7 Power Losses The cost of power losses Closs is presented:

Closs = 8760 · cowf · towf · Cenergy · Ploss (11)

where cowf is the capacity factor of the wind power plant, towf is the life time
of the wind power plant in years, Cenergy is the cost of energy in €/MWh.

The power losses in the system Ploss are expressed as ohmic losses, i.e.∑
RiI

2
i where Ri is the equivalent resistance of element i and Ii is the current

through that element. Losses from all elements are considered as follows:

Ploss = P onTR
loss + P cb

loss + P offTR
loss [MW ] (12)

where is P onTR
loss are losses of onshore transformers, P cb

loss are losses of the cable
and P offTR

loss are losses of offshore transformers.

3.2.2 HVDC Cost

3.2.2.1 Base variables In order to obtain the costs for a HVDC trans-
mission system, a set of variables are introduced. The voltage levels UHVDC

are in range from ±80-320 kV. The number of cables pairs ncb,HV DC is by de-
fault usually equal to 1 as the system is bipolar. Each cross section SHVDC

and cable rated current Irated,HV DC is estimated from the values given by
suppliers.

3.2.2.2 Cable Including investment and installation cost in one equa-
tion, cost of cable Ccb,HV DC is presented in [49]:

Ccb,HV DC =
(A+BPrated,HV DC +D) · (9ncb,HV DC + 1)

10E
· l (13)

where the constant values (A, B, D, E) are defined in Table 3 which are
dependent on the cable voltage and l is the transmission distance [km]. The
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rated power of cable pair is calculated as following:

Prated,HV DC = 2 · UHVDC · Irated,HV DC (14)

Table 3: Coefficients for Direct Current (DC) cables [48, 50]

Voltage levels ±80 kV ±150 kV ±220 kV
A -0.25179 · 106 -0.1 · 106 0.286·106
B 0.03198 0.0164 0.00969
D 22 · 104
E 8.98

3.2.2.3 Transformer HVDC systems also need transformers to step up
the voltage from the collection grid to the transmission cables and further on
to the grid. The same optimal configuration with two transformers at each
substation is assumed and cost function shown in 8 is used.

3.2.2.4 Substation Due to the IGBT-based AC/DC converters, the sub-
station cost is higher for the HVDC option. Additional elements are needed:
power electronics, phase reactors, filters, transformers, enclosed valves, etc.
From data in [51], it is evaluated that a HVDC substation costs are from
57,9% to 115,4% higher than a HVAC one for the same rated power. An
average number of 85% is taken in account and the cost function is obtained:

Css = 1.85 · (2.534 + 0.0887 · Powf ) (15)

where Powf is the rated power of the offshore wind power plant [MW].

3.2.2.5 HVDC Converter Station The difference between offshore
and onshore converter stations is quite significant because of offshore instal-
lation.The VSC converter offshore and onshore are defined in the following
equations [49, 52, 50]:

Cdc,off = 42 + 27 · PN,conv

300
(16)

Cdc,on = 18 + 27 · PN,conv

300
(17)

where PN,conv is the rated power of the converter.
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3.2.2.6 HVDC Converter Losses Regarding the losses in the con-
verter, several approaches have been found.The switching and conduction
losses Ploss,conv of a VSC could be estimated by a quadratic polynomial func-
tion considering three parts: constant, linear and quadratic losses. It is
determined by the converter current Ic [56]:

P conv
loss = [a+ b · Ic

Ir
+ c · (Ic

Ir
)2] · Sn (18)

where Ir is the rated converter current, Sn represents the nominal apparent
power. Typical loss data for a two level VSC HVDC can be found in [57]. For
the modular multilevel ( Modular Multi-Level Converter (MMC)) topologies
based on “Half-Bridge” valves result in total losses per converter station of
approximately 1% per end [58]. The cost of VSC converter losses is evaluated
as:

Closs,V SC = Ploss,V SC · 8760cowf · towf · Cenergy (19)

where it is assumed that the VSC losses are 1% of the converted power,
obtaining the following equation:

Ploss,V SC = 0.1 · cowf · Powf (20)

The equations for the cost of power losses remain the same as in Section
3.2.1.7.

3.2.3 LFAC Cost

LFAC transmission systems have not been yet implemented in industry, so
only theoretical cost comparison has been done in [54], whereas the cost of
some components at non-standard frequencies is estimated in [45] .

The components that are most affected by low frequency is the transform-
ers, especially the capital cost because of its volume increase. Consequently,
the substation platform would have changes in the cost. The costs of the
necessary AC-AC frequency converter (Cycloconverter or B2B-VSC) is also
analysed. For the other components of the system, the same cost functions
as for HVAC systems will be used.
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3.2.3.1 Common System Variables The electric line frequency fLFAC

is 16,67Hz (standardized value for railway), but other values could be intro-
duced.

The standardized voltage levels Urms,LFAC for subsea transmission are
same as for HVAC. The rated current of the cable (ampacity) Irated,LFAC and
following cross-section SLFAC is chosen. Therefore, the number of three-core
cables ncb,LFAC are determined.

3.2.3.2 Transformer The total cost of the transformer can be calculated
depending on the frequency [45]:

CTR,LFAC =
0.325fr + 0.22fr + 0.164 3

√
f 2
r

0.325 + 0.22 + 0.164
· CTR (21)

where fr is the normalized frequency, calculated fr =
fHV AC

fLFAC
.

3.2.3.3 Substation The platform size is affected due to the transformer
size, therefore the cost as well. The cost function is derived from [53]:

Css = (2.534 + 0.0887 · Powf ) · (
1

3
+

2

3
fr) (22)

3.2.3.4 Frequency Converter As mentioned in 3.1.3 there are two pos-
sibilities of frequency converters. In previous research [59, 60] it is considered
that Cycloconverter technology may have lower losses and costs than IGBT
solution. On the other hand, as Cycloconverter is thyristor based, high num-
ber of harmonic is present, so large number of filter are needed which affects
the size of substation. Furthermore, it requires reactive power compensa-
tion as the technology does not have independent control of reactive power.
Due to this drawbacks, theB2B-VSC based converter is suggestion as a more
optimal solution. B2B-VSC includes an independent control of active and
reactive power, black start capability and no filtering [44].

B2B converter costs are found to be €143/kVA [61, 62]. A Siemens report
comparing Cycloconverters and VSCs for the application of grinding mills
(converters rated at 32 MW) states that the cost of a VSC is 140% the
cost of a Cycloconverter [61] which leads to approximately €105/kVA. Both
Cycloconverter and B2B-VSC converter should be considered to verify if less
costs of cycloconverter compensate the the technical disadvantages compared
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to the B2B-VSC converter. The losses of the converters are assumed same
as the -VSC one (1% of the converted power) so the same cost function
(Equation (19)) will be used.
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