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Summary
This report provides an overview of grid connection options for large offshore wind farms, and
presents detailed investigations of case studies addressing novel solutions for wind turbine converter
systems and HVDC transmission systems.
Regarding wind turbine and collection grids, Square Wave High Frequency converters have been
analysed as a promising alternative to get medium voltage DC power output from wind turbines. The
main benefit of such solutions is the potential cost saving promoted by the use of simpler and cheaper
DC cables in the collector system, smaller and lighter high frequency transformers and the possibility
of removing the offshore substation in those wind farms where this is feasible.
The behaviour of such converters has been analysed. The voltage and current waveforms were
described in detail, and the relation between input and output voltage dependency on converter
parameters was studied. Four converter prototypes have been implemented and different
configurations have been tested in a laboratory setup to validate the concept. The use of the leakage
inductance of the transformer as an inherent element of the converter to shape the current waveforms
was discussed. The analytical expression of the relation between the converter input voltage and the
output current was developed, as a function of the main converter parameters. The converter has no
control parameters and the input converter DC bus voltage varies with the HVDC line voltage and the
output current. With conveniently chosen parameters the converter can operate in open loop.
The power losses of the proposed Square Wave High Frequency architectures were also analysed,
finding reduction in power losses of direct connection of wind turbines to DC transmission lines, or by
using an intermediate wind farm DC grid.
Regarding high voltage transmission to shore, HVDC systems have been analysed, in particular a case
study of a 1 GW wind farm connected to onshore connection points in two different countries via a
multi-terminal HVDC grid. Emphasis was on modelling and analysis of fault detection and fault-ridethrough capability for short circuit and ground faults in the wind farm collection grid, in the DC
transmission grid and on AC-sides of the two onshore HVDC terminals.
For faults in the onshore AC grids, simulations showed that the HVDC-transmission system can
operate through such faults if the HVDC terminals have either DC-voltage control or active power
control with DC-voltage droop. The short circuits caused very small disturbances in the wind farm
voltage, and are therefore assumed to also have negligible impact on operation of the wind turbines.
For faults in the HVDC grid, small required clearing times may be a critical issue for fault ridethrough of the healthy part of the system. In order to assure fault ride-through of the un-faulted parts
of the system, DC-breakers are required. For faults located on the branch between the wind farm
HVDC-terminal and the terminal with constant DC-voltage control, the required disconnection time
was found to be very short and critical for DC breaker choice. Another issue is that faults close to the
converter stations were seen to cause very large currents in the anti-parallel diodes of the
semiconductor switches. To prevent damage, the required disconnection times for phase-to-phase
faults were found to be less than 1 ms. for the worst cases, and a few milliseconds for phase-to-ground
faults. This appears very difficult to achieve in practice. However, with other topologies, especially the
modular multilevel converter, the large current due to discharge of the capacitor in the phase-to-phase
fault cases could probably be avoided.
Distance protection appears suited for use in the wind farm collection grid, despite the low shortcircuit levels of the converter interfaced generators. However, there could potentially be problems with
this type of protection in smaller wind farms with converter interfaced turbines. The solution would
then be to use differential protection.
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1 Introduction
This document present results from the European collaboration project HiPRwind related to Task 5.2
Power transmission system and grid connection control. This task has addressed technical solutions
for grid connection of large and far offshore wind farms, with emphasis is on design of the electrical
power transmission system and control of power electronic components.
Larger and larger offshore wind farms are currently being built and the 1 GW capacity milestone is
likely to be reached within a few years. At the same time, distances from onshore connection points
are being stretched, making standard high voltage AC (HVAC) transmission by subsea cables
infeasible. These two factors, i.e. higher power and longer distances, are therefore pushing the
development of new and robust solutions, such as high voltage DC (HVDC) transmission.
Currently, the onshore wind power industry is a much bigger business than the offshore wind industry.
Special designs for offshore applications are therefore avoided, and 50 Hz collection grids are
preferred. With a bigger offshore wind industry in the future, standard dedicated offshore solutions are
likely to emerge.
To set the scene, a general layout which is expected to become a standard grid connection solution for
a large and far offshore wind farm is shown in Figure 1.1. The wind turbine consists of a mechanical
drive-train connecting the rotating blades via a gearbox to a generator. Power output from the
generator is then converted to 50 (or 60) Hz frequency and transformed up to about 30 kV, which is
the voltage level of the collection grid. All the wind turbines are connected at an offshore transformer
station, which increases the voltage to transmission level, typically about 130 kV. A converter station
contains the HVDC converter system for the HVDC transmission grid to shore. On the other end of
the transmission cable(s) is the onshore substation, where power is again converted to 50 Hz AC, and
transformed to the voltage level of the mainland transmission grid.

Figure 1.1: Schematic overview of offshore wind farm grid connection
The focus of his report is the medium voltage collection grid and the high voltage transmission
system. This is addressed through case studies. The report has three main parts.
The first part (Chapter 2) of the report gives an overview of current status regarding grid connection of
offshore wind farms, including high voltage AC (HVAC) and DC (HVDC) transmission options,
power electronics, wind turbine technologies, controls, and some comments on emerging technologies
with high cost saving potential.
The second part (Chapter 3) considers a novel DC transmission architecture where each wind turbine
is directly connected to a DC grid. The report describes and analyses in detail square wave high
frequency DC/DC converter technology for application in a wind turbine. The design is tested in
numerical simulations and in laboratory experiments.
The third part considers the HVDC transmission systems, with emphasis on controls and fault
handling. This part is split in three chapters. Chapter 4 describes the modelling of a case study
consisting of a 1 GW wind farm connected to two separate onshore grid points via a 3-terminal HVDC
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grid. Chapter 5 describes the HVDC converter modelling and parameter tuning in detail. Chapter 6
then follows this up with results from numerical simulations.

1.1 Context
The main aim of the HiPRwind project has been to develop and demonstrate technology for floating
wind turbines. At present a small number of pilot projects for floating wind turbines exist, but the
technology is not yet mature. However, the potential is very large. Many areas for wind power
harnessing can be exploited if floating wind turbines become commercially viable. From the electrical
point of view, the question whether the turbines are floating or bottom-fixed is not the most essential.
As noted above, transmission distances and high power rating are the main technical challenges. And
of course the challenge of bringing down the costs, investment costs and lost income due to power
losses and equipment failures.
From the technical point of view, it is necessary for wind farms to obey stringent grid connection
requirements, specified by transmission system operators to ensure efficient, safe and economic
operation of the power system. These grid codes define requirements for generators regarding e.g.
fault ride-through capability, frequency and voltage control, and power quality [1.1], [1.2]. For the
design of the electrical connection for wind farms it is important to ensure that these requirements are
guaranteed. The application of power electronic converters with their high degree of controllability
makes this possible. In fact, the control capabilities of modern wind farms are not fully exploited as
typically operated and integrated into the power systems today. It should also be emphasised that a
large wind farm is essentially a power plant where the grid code applies at a single or multiple
connection points where it interfaces with the rest of the grid. In other words, the issue of grid code
compliance is not fundamentally a wind turbine concern, but a wind farm concern.
It is expected that many future offshore wind farms will be in relatively near proximity to each other
compared to the distance to shore. In such situations it is likely to be beneficial to have a common grid
connection for the wind farms. Combined solutions involving offshore wind farms and HVDC
interconnectors should also be considered [1.3]. Clustering of offshore wind farms has already been
decided in Germany, and offshore HVDC platforms with transmission cables to land are already built.
In the German model, these are owned and operated by the Transmission System Operator (TSO), so
the wind farm grid connection point is in fact the offshore converter station. Finding the optimal grid
layout and control scheme for a wind cluster grid and transmission system is not easy, as wind farms
are likely to be developed step-wise and have different owners. For example, the economic
considerations should take into account the risk that a planned wind farm may be delayed or not built
at all.
Wind energy is a variable source of power and large wind farms and clusters have a significant impact
on power prices and power flow in the grid. For this reason they affect the power exchange (both
trading and balancing) between different price areas and countries. In areas where offshore wind farms
and offshore interconnectors are planned in the proximity of each other, it is therefore highly relevant
to consider combined grid solutions [1.3][1.4]. So far, grid connection of offshore wind farms has
been achieved by dedicated cables, bringing the power directly to shore before transporting it to where
the demand is. The cost-reducing alternatives mentioned above include some level of multi-terminal or
meshed grid, where power from wind farms is allowed to flow in more than one direction. An example
where such connection options have already been considered is the planned Kriegers Flak wind farms
in the Baltic Sea.

1.2 Bibliography
[1.1]

National Grid, GB Grid code - Connection Conditions. Issue 4, Revision 6. 2011.
http://www2.nationalgrid.com/UK/Industry-information/Electricity-codes/Grid-code/TheGrid-code/ (accessed Apr 2015).
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De-Decker, J., et al., OffshoreGrid - Final Report: Offshore Electricity Grid Infrastructure in
Europe. 2011. http://www.offshoregrid.eu/ .
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Optimal design of a subsea power grid in the North Sea. 2011, SINTEF Energy Research /
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2 Grid connection of offshore wind
This chapter gives an outline of the current status and trends of concepts and technologies relevant for
the grid connection of offshore wind farms.

2.1 Overview of grid connection solutions
This section gives a high-level overview of grid connection design that may be suitable for future large
offshore wind farms. The aim is to give a brief overview from existing literature, and no further
assessment of the different options is given here.
The typical grid connection solution for offshore wind farms today consists of a synchronous AC grid
all the way from the wind turbine to mainland AC grid connection point. Of the three examples in
Section 2.1.2, both Horns Rev and Thanet have pure AC collection and transmission grids. In the usual
setup, wind turbines are installed along feeders connected to a collection point at an offshore
substation platform, which contains the step-up transformer that increases the voltage to transmission
level. In addition to the transformer(s), the offshore platform also includes necessary protection
(switchgear). From the transformer station, high voltage AC (HVAC) transmission cables transport the
power to the mainland AC grid. A typical grid layout is illustrated in Figure 2.1a.
For long transmission distances, the HVAC option is not feasible and high voltage DC transmission is
used instead. At present (2015), there are a few German wind farms with HVDC transmission to
shore. One example is the Bard Offshore 1, as described in Section 2.1.2.3. Regarding the collection
grid, this solution is identical to the pure AC solution. A typical grid layout is illustrated in Figure
2.1b. With future wind farms being installed farther and farther away from shore, it is expected that
this solution will become increasingly common. With DC transmission, the collection grid frequency
is decoupled from the mainland AC frequency, meaning that both voltage and frequency can be fully
controlled with the offshore converter station. There are two main technologies for high voltage DC
(HVDC) transmission, depending on the conversion technologies applied. One is based on linecommutated converter (LCC) technology, and the other is based on voltage-sourced converter (VSC)
technology. These are described in more detail in Section 2.2.

PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

10 of 133

a) AC wind farm with HVAC
transmission to shore

b) AC wind farm with HVDC
transmission to shore

Figure 2.1: Present day wind farm connection alternatives
Table 2.1 summarises the possible combinations of AC and DC grid connection of wind farms, with
an indication of which combinations are existing solutions or future solutions. Another overview of
alternative technologies for grid connection technology for future offshore wind farms is found e.g. in
ref. [2.1], and different wind farm layouts are discussed e.g. in ref. [2.2]. A 2020 scenario for German
grid connection of offshore wind is discussed in ref. [2.3].
Table 2.1: Grid connection – AC/DC options

Transmission

Collection
AC

DC

AC

Common today

Unlikely option

DC

One exists, likely to
become common

Possible future
option

Offshore wind power farms in operation today are located close to shore, and rely on AC-transmission
through subsea cables. AC transmission is and will remain the preferred choice, but limitations makes
it infeasible for large and far offshore wind farms, as discussed below.
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Power converters play an important role for most modern wind turbines, and for HVDC transmission
systems that are likely to be applied for the grid connection of future large offshore wind farms. These
two applications are quite different:
Wind turbine converters
• Low voltage (typically 0.69 kV)
• Modest power (6 MW for state-of-the art offshore turbine)
HVDC transmission system converters
• High voltage (150 kV+)
• High power (hundreds of MW)

2.1.1 AC vs. DC
Power transmission for offshore wind farms rely on subsea cables. Due to shorter distance between
conductor and ground, cables have higher capacitance than overhead lines. This capacitance cannot be
reduced significantly by changing dimensions. Because of this high capacitance, AC cables have
charging currents which are proportional to the cable length. At 50–150 km, the charging current
approaches the cable's rated current, which means that the transfer capacity will be limited by the
cable's thermal limit. Reactive compensation units can be installed to mitigate the problem to some
extent. At one point however, the active power transmission capacity will be limited by voltage
stability rather than thermal limit, which means that AC transmission is no longer feasible. Gas
Insulated Line (GIL) has been proposed to extend the possible length of submarine AC transmission.
Cables for DC transmission have no capacitive charging current, thus there is no flow of reactive
current in the cable. However, due to switching losses in the power electronics converters, the total
losses are larger than for HVAC. So far market demand has motivated development of cables up to
±320 kV. Qualifying a cable for a new, higher voltage level is costly. Higher levels are possible, but
will not be developed before there is a project that requires higher transfer and voltage levels.
Ref. [2.4] gives an overview of wind farm grid connection with emphasis on VSC-HVDC.
A comparison of suitability of high voltage AC (HVAC) versus high voltage DC (HVDC) is shown in
Figure 2.2. It indicates that AC transmission is not possible over longer distances (AC favourable for
distances less than 120 km for power levels below 200 MW, for higher power levels the possible
distance is decreased). In short, the AC vs. DC transmission status is:
•
•

AC: suitable for low power or high power at short distances
DC: suitable for high power at long distances

Existing HVDC connections are connected to AC grid via converters at both ends and protection on
the AC side of the converters. This is partly due to the unavailability of DC protection equipment. Ref.
[2.5] evaluates the benefits and drawbacks of DC transmission for offshore wind farms. Ref. [2.6]
describes HVDC systems for wind farms consisting of doubly fed induction generators.
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Figure 2.2: Power transmission for AC and DC cables. Source: [2.7]

2.1.2 Examples of existing grid connection solutions for offshore wind farms
Here, three examples of recently developed offshore wind farms are presented, illustrating the state-ofthe-art for the offshore wind power industry. Commercial actors, of course, tend to favour trusted and
well proven technology. Due to the time it takes from decision making to commissioning of a large
wind farm, this naturally means that there is a gap of several years between what is at the forefront
technologically versus commercially.

2.1.2.1 Horns Rev 2
Horns Rev 2 is a 209 MW offshore wind farm on the western coast of Denmark, consisting of 91
Siemens SWP 2.3 MW turbines. The wind turbine power conversion topology is a squirrel cage
induction generator plus full scale converter, as described in Section 2.3. The distance to shore is 27–
41 km, and water depth is 9–17 m. The wind farm grid consists of 13 feeders connected to an offshore
transformer station, where the voltage is increased from 33 kV to 150 kV. The onshore connection
point is to the 400 kV mainland transmission grid, via another step-up transformer. An overview of the
grid connection is shown in Figure 2.3, and the collection grid is shown in Figure 2.4. Further
information about the wind farm can be found in ref. [2.8].

Figure 2.3: Horns Rev 2 grid connection
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Figure 2.4: Horns Rev 2 collection grid
The transmission system consists of a 42 km long submarine cable (170 kV XLPE 3-core power cable
including a fibre-optic element), a cable substation connecting submarine and land cables, and a 56 km
long land cable (150 kV).

2.1.2.2 Thanet
Thanet [2.9] is a 300 MW offshore wind farm outside the south-east coast of Great Britain. When it
was built in 2010, it was the world's largest offshore wind farm. The overall grid connection concept is
similar to the Horns Rev 2 case, except that voltage levels are 33 kV for the collection grid, and 132
for the transmission grid. Power transmission to shore is done with two three-phase 132 kV XLPE
submarine cables. The water depth at the site is 20–25 m, and the distance to shore is 12 km. The grid
connection is illustrated in Figure 2.5.
The wind farm consists of 100 Vestas V90 3 MW wind turbines, each with a doubly fed induction
generator as described in Section 2.3. The collection grid consists of 10 radial feeders with 10 turbines
per circuit. The onshore connection point is the 132 kV Richborough substation. This substation
includes two Siemens SVC Plus reactive power compensation systems that assist in ensuring grid code
compliance of the wind farm.
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Figure 2.5: Thanet collection and transmission grid layout

2.1.2.3 BARD Offshore 1
The BARD Offshore 1 wind farm belongs to the BorWin cluster in the German North Sea, and was
finished in 2013. At the time of completion, the wind farm was the largest offshore wind farm in the
world (400 MW), with the longest distance to shore (128 km). The water depth is about 40 m. Further
information about the wind farm can be found in ref. [2.10].
An overview of the grid connection is shown in Figure 2.6. The wind farm consists of 80 BARD wind
turbines of 5 MW, with doubly fed induction generators. These feed power into a 36 kV AC collection
grid which will be connected to an offshore transformer station. At the transformer station the voltage
is transformed to 155 kV for the supply of the offshore HVDC converter station (BorWin Alpha),
based on ABB HVDC Light technology, and further transmission by ±150 kV DC to shore (HVDC
BorWin1). At the onshore receiving station at Diele the power will be injected into the mainland 380
kV transmission grid.
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Figure 2.6: BARD Offshore 1 grid connection

2.2 Power transmission
This section considers power transmission systems for offshore wind farms. A good reference with a
more comprehensive overview of power electronics and grid solutions for offshore wind farms is
ref. [2.11].

2.2.1 HVAC
Most of the electrical power in the world is transmitted using High Voltage Alternating Current
(HVAC) transmission lines. This is also true in offshore transmission systems installed between
mainland and stations located on (or under) the sea. It is a well-established technology.
An HVAC offshore wind farm contains the following main components (Figure 2.7):
•
•
•

•

AC Collecting system where the generated power in the wind turbine is collected in medium
voltage cables and sent to the transforming station.
Offshore transforming substation with transformers and reactive power compensation.
Three-phase submarine cables (generally a single three core cable). Due to their construction,
distributed capacitance in submarine cables is much higher than the capacitance in overhead
lines. Thus the feasible transmission length is reduced for marine applications. Reactive power
increases with the voltage and length of the cable, and long transmission distances require big
reactive compensation equipment at both ends of the line.
Onshore transforming substation with transformers and reactive power compensation.

Figure 2.7: HVAC transmission system
Due to the high capacitance, AC cables will have charging currents, which are proportional to the
cable length. At 50–150 km the charging current approaches the cable’s rated current, which means
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that the transfer capacity will be limited by the cable's thermal limit. Reactive compensation units can
be installed to mitigate the problem to some extent. At one point however, the active power
transmission capacity will be limited by stability limit rather than thermal limit, which means that AC
transmission is no longer feasible. Gas Insulated Line (GIL) has been proposed to extend the possible
length of submarine AC-transmission.
Offshore wind power farms in operation today are located close to shore, and thus AC-transmission is
used. AC transmission is and will remain the preferred choice, but limitations makes it infeasible for
large and far offshore wind farms. Horns Rev 1, with a power of 160 MW and a transmission distance
of 21 km, was the first offshore wind farm using HVAC.
If the transmission voltage is the same as the onshore grid voltage, the onshore transforming station
may not be necessary. For example, the Cape Wind project (420 MW) has been planned with a 115 kV
marine transmission line equal to the onshore grid and the onshore transforming station is eliminated.
Some features regarding the transmission and collector system of HVAC offshore wind farms are
shown in Table 2.2 [2.12].
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Table 2.2: HVAC offshore wind farms. Collector and transmission system features

a
b

Number of clusters of turbines according to their electrical arrangement, not to their geometrical disposition.
Vcs and Vts stand for the voltages of the CS (also known as internal grid) and the TS, respectively.

c

Separation among the turbines factorized by the turbine diameter. When two values are given, they account for the geometrical distances
between turbines in a row and between rows, respectively.
d
Total length of the MVAC collector system of the farm.
e
Number of cables for the TS. Three phase high voltage alternating current (HVAC) submarine cable with optic fibre for communications is
the general case.
f
The length of the TS is the length of the submarine cable (Llf), in most cases between the OS and the landfall, plus the length of the onshore
transmission line (Lcpss), between the landfall and the CPS.
g
A three phase submarine cable is connected in the landfall to three single phase and communication cables.
h
Data corresponding to ongoing second and third phases of Thorntonbank OWPP.
i
It is the first OS to offer accommodation facilities for O&M staff and visitors.
j
When there is no OS, each cluster of OWTs has its own transmission cable, at least as far as the landfall, the voltages of the collection and
transmission systems being the same.

2.2.2 HVDC LCC
Classical High Voltage Direct Current (HVDC) systems are based on Line Commutated Converters
(LCC) using thyristors as the switching element [2.13]. The origin of the name of the converter is the
need of an existing AC network in order to achieve proper commutation of the current between
thyristors. Figure 2.8 shows a typical 12 pulse HVDC LCC system.
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Figure 2.8: HVDC LCC transmission system
HVDC LCC systems allow for flexible and fast active power control and there is no limit in the
transmission distance unlike HVAC because there is no capacitive current. The current in the line can
only flow in one direction, but power can flow in both directions reversing the voltage polarities
through the firing angle control. HVDC LCC converters have a lagging current and they draw reactive
power around 60 % of their rated active power. Large capacitive filters must be used at both ends of
the line to compensate this reactive power.
Normally each LCC converter is made up of two converters connected in series forming a 12 pulse
rectifier. This converter operates with switching frequencies of 50-60 Hz and the power losses are low
(0.7 % at 100% load and 0.1 % at no load). These losses can be reduced with the use of a STATCOM
[2.14]. Additionally the STATCOM can be used to meet grid code requirements. This kind of
transmission system can only transfer power between active grids, and an auxiliary generator for
system start-up would be necessary in the offshore marine farm.
HVDC LCC systems have the following main components at each end of the transmission line:
•

•

•

•

Transformers: Substations at both ends need transformers in order to raise the voltage to the
necessary level for the transmission line. Usually both, star and delta, connections are required
for a 12 pulse converter (see Figure 2.8). 12 pulse converters cancel harmonics and the filter
size is reduced. HVDC LCC transformer design is challenging because they must provide
isolation at the AC plus DC voltages and tapings must be included for the proper control of
the system [2.13].
LCC power converter based on thyristors: The LCC power converter is the heart of a HVDC
LCC system because it is the element that obtains the AC to DC conversion and vice versa.
Today thyristors with silicon wafers of 125 mm exist capable of standing 8 kV and currents up
to 4 kA DC. HVDC LCC systems of 1000 MW onshore and 500 MW offshore are feasible
with state of the art technology. LCC converters need reactive power for proper operation
because the current is out of phase with the line voltage due to the control angle of the
thyristors. Also the reactance of the line and the transformers affect the control characteristics
of the system and Constant Extinction Angle control is necessary [2.13].
AC and DC filters: LCC converters generate a high content of low order harmonics in the line
currents and AC and DC filters are necessary. These AC filters supply part of the reactive
power needed by the LCC converter as well. The DC filter avoid the generation of circulating
AC currents in the cable.
DC current filtering reactance: Each DC cable needs a reactance to avoid current interruption
with minimum load, limit DC fault currents, and reduce current harmonics in the cable.
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•

Capacitors or STATCOM for reactive power compensation: As mentioned above, LCC
converters require reactive power for proper operation. Capacitors or STATCOM are needed
to compensate for reactive power demand in the grid.

HVLC LCC is a mature technology, and it could be an alternative for wind farms generating more
than 500 MW and with transmission distances of more than about 100 km [2.15], as discussed in the
previous section. However application of HVDC LCC submarine transmission has only been used for
power transfer between high voltage grids on the mainland, and there is no existing LCC converter
station located in the sea for the connection of offshore wind farms, gas or oil extracting platforms.
Several universities and manufacturers are studying the viability of HVDC LCC in these applications
[2.16, 17].
In Table 2.3 some existing HVDC LCC installations are shown.
Table 2.3: Marine HVDC LCC installations

Connection of HVDC LCC converters with weak grids is problematic because it may cause
commutation failure of the thyristors. The reactive power consumption and the problems with
commutation failures can be reduced using Capacitor Commutated Converter (CCC) or alternatively
the Controlled Series Capacitor Converter (CSCC) (Figure 2.13 a and b). These are a special type of
HVDC LCC with series capacitors between the converter transformer and the thyristor bridge.
In the CCC, the reactive power compensation capacitors are connected in series between the valves
and converter transformer. In CSCC, the capacitor current can be controlled using parallel thyristors.
The capacitor in series with the converter transformer reduces the commutation impedance of the
converter, which in turn reduces the reactive power requirement of the converter. The risk of
commutation failure following disturbances is also reduced.
Some other topologies for improvement of HVDC LCC converters have been proposed in the last
years, such as a bipolar configuration with a 12-pulse bridge [2.15] or a 36-pulse operation (Figure
2.13c [2.18]). A LCC HVDC transmission system based on a new inductive filtering method is
presented in [2.19]. It includes a new converter transformer and the related full-tuned branches,
resulting in a stable solution with enhanced fault-recovery performance.
Since the voltage is reversed with direction of power flow for HVDC LCC, mass-impregnated cables
have to be used as XLPE is not suited. These require water-tight lead shields at both ends of the cable.
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Figure 2.9: Alternative HVDC LCC systems

2.2.3 HVDC VSC
Voltage-sourced converters (VSC) rely on the integrated gate-commutated thyristor (IGBT), a valve
that can be switched both on and off by a control signal. These converters operate by controlling both
the amplitude and phase angle of the voltages and thus behaves as voltage sources in the AC grid
(hence the name). Due to high switching frequency, the harmonic content is low. Thus the filter
requirements are less than for HVDC LCC, which allows for compact converter stations.
Characteristics for VSC HVDC are described in for instance refs.[2.1, 7]. An important feature is that
active and reactive power exchange can be controlled independently, and the converter can both
produce and consume reactive power. A fast dynamic response can be achieved, to comply with grid
code requirements. The AC voltage can be controlled at both stations, so that the converter can operate
in a weak network (provided the phase lock loop (PLL) is intended for operation in a weak network).
Communication between the stations is not required.
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As opposed to HVDC LCC, there is no change of voltage polarity when the direction of power flow is
reversed. The fixed polarity of the DC voltage allows for the use of XLPE cables. It also makes it
easier to build multi terminal schemes. DC-voltage will be a measure of power balance (corresponding
to frequency for AC-system), and voltage droop for the DC-voltage controller can be used to share
power between the terminals in a multi-terminal solution.
High power IGBT development allows the use of VSC in HVDC systems in the frequency range of 1–
2 kHz with much lower harmonic distortion than HVDC LCC systems although with higher power
losses [2.20, 21]. This technology is reaching power transmission capability of 1100 MW. Today 100400 MW class VSC HVDC systems are in operation [2.15, 22]. Figure 2.10 shows the schematic of a
HVDC VSC transmission system.

Figure 2.10: HVDC VSC transmission system
An HVDC VSC system has the following main components:
•
•

•
•

Transformers: The transformers in HVDC VSC stations are similar to HVDC LCC
transformers, but special attention for the higher switching frequency harmonics is necessary.
VSC converter based on IGBTs: The VSC power converter is the heart of a HVDC VSC
system. It is a three phase IGBT inverter operating at 1–2 kHz. Multilevel converters are very
well suited in this application because their high voltage capacity, lower harmonic content and
high efficiency. Today HVDC VSC systems of 1100 MW and 300 kV are feasible with state
of the art technology.
AC and DC filters: VSC converters generate lower content of harmonics, and the AC and DC
filters are smaller than in LCC stations.
DC current filtering reactance: each DC cable needs a reactance to limit DC fault currents and
reduce current harmonics in the cable.

HVDC VSC overcomes most of the HVDC LCC problems at increased converter cost and higher
power losses. In the case of HVDC VSC, as in HVDC LCC, the power can flow in both directions but
the voltage polarity cannot be reversed. The VSC converters can control instantaneously the reactive
power as well as the active power and they can help start the AC system at which they are connected.
The installation of this type of converters does not increase the short circuit current at the PCC (Point
of Common Coupling) and they increase the reliability of the grid.
The first VSC systems had a power loss in the converters of 2.8–3.2 % of the transmitted power (1.4–
1.6 % per converter station). As an example, total losses in the Cross Sound Transmission system,
including converter loss and resistive loss in the cable, were 14 MW, that is, 4.2 % of the transmitted
power. Modern multilevel IGBT VSC converters have lower losses and ABB estimates that losses
with new generation IGBTs will be almost equal to HVDC LCC converters, around 0.7 %.
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HVDC VSC systems allow independent control of active and reactive power at each end of the line
and power transmission can be controlled with high flexibility. At the offshore station reactive power
can be supplied for the marine generators and at the onshore substation reactive power can be used to
regulate voltage at the Point of Common Coupling, PCC. Active power control can be used to regulate
frequency in the grid, which can be very helpful if the grid onshore is weak. Even when no active
power is available from the marine farm, the onshore station can operate as reactive power regulator to
sustain the grid voltage. HVDC VSC converter stations are more compact than HVDC LCC and the
offshore platform size can be smaller and less expensive.
VSC converters can start even with a dead grid, thus no additional start-up mechanism is necessary
offshore. Even when the onshore grid has collapsed, the system may start by itself.
HVDC VSC is not such a mature technology as HVDC LCC, but operational experience is showing

that it is reliable. Today at least three manufacturers are able to build HVDC VSC systems, Siemens,
ABB and Alstom. The first HVDC VSC system was installed in 1997 by ABB, to connect mainland
Sweden to the island of Gotland, with a power rating of 3 MW and 10 kV voltage, aiming to study the
viability of the technology [2.23]. Since then, several VSC HVDC systems have been built worldwide,
including submarine transmission lines. Table 2.4 includes a summary of the worldwide VSC HVDC
projects and their basic parameters [2.24]. Whereas several installations of power transmission
between onshore grids exist, only a few HVDC VSC stations are located offshore. These are the Troll
A platform in the North sea, the wind park cluster BorWin 1, which is the first grid connected offshore
wind farm using HVDC, and the Valhall platform in Norway.

Table 2.4: Main data of offshore HVDC VSC installations

HVDC VSC is the preferred HVDC technology for offshore wind farms [2.25-28]. Table 2.5 includes
a summary of the main features of planned wind farms operating with HVDC VSC.
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Table 2.5: Main data of offshore wind farms operating with HVDC VSC

Most of the latest development in HVDC VSC converters is based on multilevel topologies, such as
the Modular Multilevel Converters (MMC) of Siemens, the Cascaded Two Level converters (CTL) of
ABB and the Chain-Link Converters (CLC) of Alstom. MMC converters and derived topologies are
scalable and simple, and the operational power losses are lower than conventional HVDC VSC [2.2931].
Regarding grid layouts, several VSC HVDC configurations have been investigated in the last years for
grid connection of large-scale offshore wind farms. Two-terminal VSC HVDC system is a typical and
well-known solution. Multi-terminal solutions are also under analysis. In this case, several
offshore/onshore converter stations and HVDC cables can be arranged in different ways, having this
configuration a significant impact on the economic and technical aspect of the system [2.32, 33].
Several HVDC layouts including point-to-point, ring or star configurations among others are presented
in [2.34].
A present barrier in applying such topologies is suitable DC circuit breakers, as bringing the whole
system voltage to zero in case of a fault would result in a significant loss of power. Fast DC circuit
breakers suitable for multi-terminal HVDC systems are not commercially available yet. Nevertheless
some developments based on solid state devices are under study [2.35, 36]. Ref. [2.37] proposes a DC
grid management for a VSC based multi-terminal HVDC system, seemingly with satisfactory results.
Some alternative topologies to the conventional HVDC VSC architecture have been proposed
recently. For instance [2.38] introduces an alternative topology clustering several wind turbines that
share a common Current Source Inverter (CSI) (Figure 2.11). The CSI is directly connected to the DC
cable. The wind turbines operate at a variable speed which is common for all generators in the same
group and the reference speed is the optimal average speed for the group. The authors consider that the
inability to operate each wind turbine at its optimum speed is not a great loss in efficiency, since it is
likely that the wind profile will be largely similar for a group of closely located turbines. In this
topology the generator converters are not needed since the CSI facilitates the variable speed operation
of each cluster of wind turbines.
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Figure 2.11: Common Current Source Inverter topology

In [2.39] a new topology is proposed for a 300 MW offshore wind farm based on parallel connection
of several VSC converters (Figure 2.12). As in the previous case several wind turbines are clustered
sharing the same VSC converter, thus they operate at the same speed. The main benefit of this concept
is that individual converters are not required in the wind turbines.

Figure 2.12: Common Voltage Source Converter topology
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2.2.4 Cable types
There are different cable types suitable for transmission of large amounts of power over large
distances. The differences are mainly related to the insulation systems, which give the cables different
characteristics. The main cable types are cross-linked polyethylene (XLPE) cables and massimpregnated cables.
XLPE cables are generally the choice of preference for AC transmission and for VSC HVDC
transmission. They are lighter than mass-impregnated cables and allow higher temperature. XLPE
cables exist up to (approximately) 420 kV for land cables, and up to 245 kV for submarine cables.
These values are likely to increase in the future, allowing perhaps 800 kV and 3000 MW.
XLPE cables build up space charges when used for DC transmission. This is problematic for LCC
schemes which use reversed polarity to change direction of the power, flow, hence they cannot be used
as LCC HVDC transmission cables. For VSC HVDC, on the other hand, the voltage polarity does not
reverse and XLPE is a good choice.
Mass-impregnated cables are presently suitable for voltages of up to 45 kV AC and 500 kV DC. The
insulation typically consists of high-density paper tapes impregnated with a high-viscosity compound
which does not require fluid pressure feeding, thus allowing these cables to be installed in HVDC
links in very long lengths, up to several hundreds of kilometres.

2.3 Wind turbines
This section presents a survey of the different existing electrical systems for wind turbines. The survey
focuses on high power wind turbines. A good general reference for current wind turbine technology is
Wind Energy – The Facts [2.40]. Another good reference is the UpWind project reports [2.41, 42]. The
solutions included in this section are solutions that are common or expected to be suitable for large
offshore turbine applications.
Variable speed turbines with a gearbox that transforms the low speed rotation of the blades to high
speed rotation in the generator are by far the most common system in modern wind turbines sold in the
last decade. Variable speed (as opposed to fixed speed) is essential in order to extract maximum
energy from the wind. Moreover, cheaper and simpler fixed speed turbines have difficulty in satisfying
tightened grid codes.
Since variable speed operation of the generator translates directly into electric power with variable
frequency, some form of frequency converter is needed to ensure that the power supplied to the main
grid has the desired frequency (50 or 60 Hz). This adds extra costs, but also controllability that is
essential for grid code compliance.
There is presently a trend towards direct-drive turbines with a low-speed generator. The big advantage
of direct drive generators is that they omit the gearbox, making them more reliable. The drawbacks are
weight, size and cost. The generator can be electrically excited (rotor windings) or permanent magnet
synchronous generator, which is assumed most suitable due to less size.
The most common variable speed turbine concepts are summarised in Table 2.6.
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Table 2.6: Variable speed turbine concepts
Description

Illustration

Doubly fed induction generator (DFIG)
These are the most common generator concepts in large wind
turbines sold today. The DFIG offers variable speed
operation with a reduced converter cost (about 30% of full
converter costs [2.41]).
Squirrel cage induction generator (SCIG) with converter
Variable speed operation using a standard SCIG can be
achieved by inserting a full-scale converter between the
generator and the grid. The main drawback of this system is
the cost of the converter. This is a less common solution, but
exists in some Siemens designs.
Permanent magnet synchronous generator (PMSG)
This system relies on permanent magnets in the generator
rotor to set up the rotating magnetic field, and a full scale
converter to allow variable speed. The main advantages are
no electrical excitation system and slip rings (brushless), and
better efficiency and simpler fault-ride-through capabilities
compared to the DFIG. The disadvantages are higher costs
than for wound-rotor synchronous generators, and losses in
the converter.
Direct-drive (gearless) turbine with converter
Direct-drive generators have a rotor that is directly connected
to the hub of rotor blades, so the generator speed is identical
to the rotational speed of the blades, which is a low speed.
The low speed is associated with a high torque in the
generator, and a large size which is necessary to fit all the
electromagnetic poles.
The big advantage of direct drive generators is that they omit
the gearbox, making them more reliable. The drawbacks are
weight, size and cost. The generator can be electrically
excited (rotor windings) or permanent magnet synchronous
generator, which is assumed most suitable due to smaller
size.

One of the main benefits of variable speed wind turbines compared to fixed speed ones is the
maximum power extraction capability. Despite this, there is no commonly agreed data as to how much
the power extraction is increased with variable speed operation, we can say that an energy increase
between 10 and 15 % is obtained [2.43].
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Another important benefit of variable speed solutions is the reduction of the mechanical loads on the
blades, the drive train and the tower. Also, power oscillations which generate flicker are reduced when
variable speed solutions are used power [2.44, 45].
The main drawback in variable speed wind turbines is the need of additional electrical equipment,
mainly power converters, to control the rotational speed of the generator. Nevertheless, studies by the
EWEA show that, in a group of 52 wind turbines with rated power above 1 MW from 20
manufacturers, only 3 still use fixed speed concepts, 12 models use two speed concepts and 37 models
use limited or full speed variable systems [2.40].
Table 2.7 shows some features of wind turbines already operating in offshore wind farms [2.12].
About half of them use doubly fed induction generators, whereas the other half is based on squirrel
cage induction generators with full converter. Table 2.8 shows some general characteristics of
oncoming offshore wind turbines [2.46]. It is remarkable that although half of the already operating
wind turbines are based on squirrel cage induction generators, none of the oncoming designs follow
this strategy. In the SWT-6.0-120 turbine Siemens has shifted to permanent magnet generators. A
more detailed discussion of some common generator concepts is given below.

Table 2.7: Wind turbines already operating in commissioned offshore wind farms

Table 2.8: Oncoming offshore wind turbines

2.3.1 Squirrel cage induction generator
The Squirrel Cage Asynchronous Generator can be used for variable speed operation if a power
converter is included in the design. As in the fixed speed design, a gearbox is needed to increase the
rotational speed of the blades. The power converter overrides the use of the soft starter and the
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capacitor bank. A back-to-back power converter with rated power around 120 % and 150 % of the
generator is needed. In most of the designs the back-to-back converter is built as two voltage source
converters with 6 IGBTs with a common DC bus (Figure 2.13). This full power converter controls the
generator rotational speed and the system can operate at the optimum efficiency point. Sometimes, a
lower rating power converter (20-30 %) is used to reduce the cost of the system. The power converter
is used only at low wind speeds. When the wind speed increases, the power converter is bypassed, the
stator is directly connected to the grid and the wind turbine operates at fixed speed.
Although the squirrel cage machine is robust and economical, this system presents several drawbacks.
The main problem is the cost of the power converter and filters because they must be rated very high,
around 120-150 % of the wind turbine power in order to provide the necessary reactive current [2.47].
In spite of the previously mentioned drawbacks, this type of wind turbine is being built by Siemens for
offshore applications with rated power up to 3.6 MW.

Figure 2.13: Squirrel cage asynchronous generator with full power back-to-back converter

2.3.2 Wound rotor induction generator
The Wound Rotor Induction Generator was first used in a wind turbine in the GROWIAN [2.48]
project in Germany. As in the case with squirrel cage machines, a gearbox must be used to adapt the
low speed blades to the high speed generator. In this design the stator is directly connected to the grid.
The rotor can be connected either to a set of variable resistances (Figure 2.14a) or to a back-to-back
power converter connected to the grid (Figure 2.14b)
When a set of variable resistances are connected to the rotor, the speed of the machine can be
controlled within a limited range around ±10 % of its nominal speed reducing the mechanical load and
improving the efficiency of the turbine. Vestas used this concept with the commercial name of
OptiSlipTM. Nordic Windpower also used this idea in wind turbines with rated power of 3 MW with a
speed variation range of 5 %. The power in the rotor is wasted in the resistances. This is a drawback
because a considerable amount of energy is lost.
The second configuration, with a power converter connected to the rotor (doubly fed induction
generator) (Figure 2.14b) is more widely spread among manufacturers and it is the workhorse of the
onshore wind power industry.
The back-to-back converter controls the rotor voltage to set the optimum speed. The active and
reactive power of the stator can be controlled independently with this topology and the rotor power is
not lost as heat. Speed variations of ±33 % around its nominal value can be achieved with a power
converter rating of 25 % of the rated power. Vestas used this topology with the trademark
OptiSpeedTM and many other manufacturers use this system in their wind turbines.
The system, despite its popularity because of its low cost, presents several disadvantages. One of the
main problems is the use of brushes and slip rings in the rotor. Periodical maintenance and monitoring
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within 6 and 12 months must be programmed for the brushes [2.49]. The brushes and slip ring system
can be eliminated using a second asynchronous machine with sharing the same rotor as the wound
rotor machine. The windings in both machines are connected and the control is applied in the
secondary machine stator. WEIER Elektrik has delivered such systems to Vestas and Enercon. The
NREL (National Renewable Energy Laboratory) in the USA studied the substitution of the brushes
and slip rings with a rotating transformer. The rotor power would be delivered without any contact
[2.50].

2.3.3 Synchronous generator
The synchronous generator uses a wound rotor fed with direct current (Figure 2.15) or permanent
magnets in the rotor to develop a rotating magnetic field. The stator feeds the external load through
three phase windings. The main advantage of synchronous generators is the possibility of building
very low rotational speed machines using a high number of poles. Low speed machines can be directly
coupled to the blades, thus eliminating the use of a gearbox, which is a common cause of failure in
wind turbines. The resulting design is more robust and the space requirements in the nacelle are
significantly reduced. However a generator with high number of poles and power rating in the order of
several megawatts requires a very high diameter machine which is difficult to transport and install.
Sometimes a half-way alternative, with medium speed synchronous generators and simple single stage
gearbox is preferred. The speed conversion ratio between the generator and the blades in this case is
around 6:1. The generator diameter is not excessive and the resulting gearbox is more simple and
robust.
The synchronous generator uses a full power back-to-back converter to control the speed of the
machine. Synchronous generators with wound rotor also require an AC/DC converter and slip rings to
magnetize the rotor.
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Figure 2.14: Wound rotor asynchronous generator topologies

Figure 2.15: Wound rotor synchronous generator
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The wound rotor synchronous generator is the most extended among the synchronous generators in the
wind industry. Enercon uses this type of generator in its high power wind turbines. The wound rotor
synchronous generator presents a very high efficiency because all the stator power is used for power
production. The power factor of the machine is easily controlled by the field winding in the rotor and
the stator current is minimized for every operating point.
The main drawback of wound rotor synchronous generator is the use of slip rings and brushes, and the
need of a secondary converter to generate the rotor field.
Permanent magnet synchronous generators have been used in low power wind turbines below 50 kW
rated power without a gearbox in battery charging applications or in hybrid systems with diesel
generators. In the last years, high power wind turbines are introducing this type of generators.
Mitsubishi manufactures the MWT-S300 300 kW and MWT-S600 600 kW with permanent magnet
synchronous generators and the MWT-S2000 2 MW wind turbine is in the test stage before mass
production. WinWinD has installed the first 5 MW turbines in Bremerhaven, Germany, with a 3 kV
Alstom permanent magnet synchronous generator. Zephyros also used this concept in the Z72 2 MW
wind turbine.
Although the permanent magnet synchronous generator is technologically appealing, it has several
drawbacks. The cost of the permanent magnets is high, thus the resulting generator is expensive, and
the permanent magnets can suffer demagnetization [2.51]. In addition the design of this type of
generator is complex and the necessary rotor diameter is high. This is a problem for land transport of
the generator.

2.3.4 Medium voltage electrical systems in wind turbines
The continuous increase in the rated power of wind turbines makes it logical to ask the next question:
is it be better to keep the wind turbine generator and power converter voltages in the low voltage (LV)
range below 1000 V, or is it better to start using medium voltage (MV) generators between 1000 V
and 35 kV, and power converters to reduce the current rating and the conductor section?
It is very illustrative to look at the catalogue of the main drive manufacturers and observing the power
rating and the voltage range of their products. Figure 2.16a shows the power and voltage range of the
drive families of three important manufacturers [2.52] and Figure 2.16b shows the LV and MV drive
types used in the naval industry [2.53]. It is obvious that the drive market for power above 1-2 MW
has opted to use MV equipment. The reason for this is the reduction of the currents and the cost of the
conductors.
As the power of wind turbine increases, LV systems will meet design problems with very high
currents. As an example, a 5 MW generator operating at 690 V has a rated current of 4.2 kA, which is
a very high value. The most likely evolution will be the adoption of 3.3 kV, 4.2 kV, 6.3 kV or even
higher MV generators. This will reduce the current, the conductor sizes and maybe the transformer can
be eliminated. Some wind turbine manufacturers are introducing MV equipment in their designs
[2.54-56]. For instance Alstom uses the Multibrid concept with a 3 kV permanent magnet
synchronous generator in the 5 MW WinWinD M5000 wind turbine, Acciona uses a 12 kV generator
in its 1.5 and 3 MW models and Zephiros uses a 4 kV generator. Medium voltage power converters
are also already in the market such as the ACS5000 and PCS6000 from ABB, the MV7000 from
Converteam or the MV 500 from Ingeteam. Most of these converters use three level topologies (Figure
2.17) that are better suited than conventional 6 IGBT VSC converters to work at medium voltages. In
addition they generate current with less harmonic content and have a higher efficiency.
The NREL studies predict a reduction of the cost of energy of 2.5-3.5% if the wind turbines are
designed with MV equipment [2.52]. The study is based on information and data provided by
manufacturers, including the material, installation and labour costs (MV requires higher skilled
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workers and more complicated maintenance operations). The low currents in MV generators allow the
location of converters and transformers at the base of the tower demanding less space and weight
requirements for the design of the nacelle.

Figure 2.16: High power drives

Figure 2.17: Back-to-back three level NPC converter

2.4 Control systems
As illustrated in Figure 2.18, the control systems for a wind farm grid connection system can
schematically be separated in three levels, 1) turbine level control; 2) wind farm level control; 3)
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transmission level control. A schematic overview of major control objectives and their boundaries in
time and impact level is shown in Figure 2.19 [2.57].

Figure 2.18: Schematic overview of control systems for wind farm and grid connection

Figure 2.19: Schematic of wind farm control sub systems. Source: [2.57].

2.4.1 Turbine control
With the development of ever larger wind turbines and offshore installations, an increasing importance
is put on the control system, and its contribution to a reliable operation. Traditional wind turbine
control has primarily been designed to maximise the power output for wind speeds up to the rated
speed, and to limit the output for higher speeds in order to avoid damage to the turbine. However,
modern, very large turbines are relatively more flexible than traditional ones, and reduction of fatigue
related dynamic loads is becoming more important, in particular tower loads. It is also important to
avoid excitation of any structural natural frequencies. Due to the high overall cost of a large turbine,
including the cost of maintenance and downtime, the cost of an advanced control system is relatively
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small. This is even more so for offshore wind farms, where installation and maintenance costs in
particular are much higher.
Floating turbines pose additional challenges for the control system since these are, naturally, much
more influenced by wave driven motions, and a stronger coupling between aerodynamics (wind
driven) and hydro-dynamics (wave driven). For example, low-frequency oscillatory forwards–
backwards motions of the floating tower are negatively damped by traditional pitch control.
Stabilisation of this motion is therefore an important control objective. Side–to–side motions may also
need to be damped actively by the control system. An overview of engineering challenges for floating
wind turbines is given in ref. [2.58].
Wind generators use power electronic converters which allow them to operate at variable speed. This
feature has its pros and cons. An advantage is the additional control flexibility to condition the power
output; but a disadvantage is the vulnerability of the power converters to withstand large fault currents
(for long period of time), in the event of a disturbance.
As stated in ref. [2.57], it has become standard practice in modern MW-size machines to introduce
controllers that provide active damping of turbine components to reduce blade, tower and drive-train
loads, whilst optimising energy capture and maintaining power quality. However, as wind turbines
become larger and more flexible, these controllers have to be designed with great care as the coupling
between flexible modes increases and so does the potential to destabilise the turbine.

2.4.2 Wind farm level control
From the wind farm level perspective, the objective is to maximise total power capture and ensure
satisfactory power quality. This implies coordinated control of the wind turbines. In other words, the
performance of each individual wind turbine is less important than the overall performance.
Coordinated control may for example reduce wake effects and improve storm shutdown behaviour.
Minimisation of wake effects is of high concern when designing the wind farm layout, but since the
wind direction is not constant, operational control may also be important to reduce wake losses. For
example, using the yaw degree of freedom, the wake of wind turbines can be directed away from wind
turbines placed behind it. This is an active field of research and development. Wake losses can easily
be reduced by increasing the distance between each turbine, but then power cable lengths are also
increased, giving both increased capital expenses and increased power losses. Also, increased
distances means that fewer turbines will fit within a given area.
In order to develop a wind farm grid design and a wind farm level control system that fully exploits
the control flexibility offered by the power electronics in variable-speed wind turbines, it is necessary
to have suitable wind farm models. Development of such models is an on-going research activity.

2.4.3 Transmission level control
The offshore transmission system for a future, large and far-ashore wind farm will likely be based on
HVDC technology, probably a VSC-HVDC system. VSC-HVDC transmission can control the active
and reactive power independently, provide reactive power control, transmit the power without distance
restrictions, and provide additional functionality such as frequency control and oscillations damping.
Connection of very large offshore wind farms requires new approaches to a number of areas related to
HVDC control, such as coordination of HVDC terminal behaviour, robust control of inverter
interactions and protection against faults [2.59].
Importantly, enhanced controllers for the front-end converter of the HVDC link are needed in order to
allow wind farms to contribute to network operation as required by grid codes [2.57]. As the DC link
screens the wind farm(s) from the onshore network, such control capability becomes very important
since control requirements will be directly imposed on the HVDC connection, such as the provision of
short-term frequency support to the network (primary response).
PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

35 of 133

Other control possibilities should also be investigated further, such as the coordinated control of
energy storage technologies available in the system with the wind farm connection; capabilities that
may be further enhanced by the inter-connections among different regional AC networks.
Special devices, such as Static Var Compensators (SVC) and Static Synchronous Compensators
(STATCOM) may be used to provide the dynamic reactive power control required to keep the AC
voltage within the grid connection agreement (grid code) limits. The rapid response of the
SVC/STATCOM can also reduce the voltage drop experienced by the wind farm during remote AC
system faults, thus increasing the fault ride-through capability of the wind farm.
Multi-terminal HVDC transmission systems require special control philosophies, and this topic is an
active area of research. See e.g. refs. [2.34, 60-62].

2.5 Novel DC and low frequency AC solutions
In the last years some alternatives to directly tap the wind turbines to a medium voltage DC collector
grid have been proposed. Their main objective is to reduce the cost of the whole transmission system
using cheaper DC cables for the collector grid and avoiding, if possible, the offshore substation.
Pure DC grids for offshore wind farms is an active topic for research and development, but no such
solutions have yet been implemented in any wind farm that exists or is under construction. There are
outstanding technical difficulties that need to be resolved before DC grids will become a viable option
for offshore wind farms. Thorough discussions of DC wind farm options are found e.g. in refs. [2.2,
63] . Two main types of DC systems can be envisaged, with wind turbines connected in parallel or in
series respectively, see Figure 2.20.
Parallel coupled wind turbines with a DC collection grid are the direct DC analogy to the above
options with AC collection grid. A typical layout is illustrated in Figure 2.20. In order to achieve
desired voltage level for power collection and transmission one or more voltage step-ups may be
needed, depending on the output DC voltage of the wind turbines. As discussed in ref. [2.2], if the
voltage from the wind turbines is about 20–40kV only one step is required. If the output voltage of the
wind turbine is lower (~5kV), and two steps are required, the wind turbines could be divided into
groups where the first voltage step-up is done group-by-group, and the high-voltage side of the first
DC transformer is connected to the second transformer. If only one transformation step is used, the
wind turbines can be connected in radials directly to the main DC transformer, similarly as for the
large AC wind farm. Increasing the DC voltage can be done with or without a transformer. If a
transformer is used, the topology is in principle like an inverter + transformer + rectifier, except the
transformer frequency does not have to be 50 Hz. Since the voltage step-up can be done at increased
frequencies, e.g. 500 Hz, the transformer weight can be drastically reduced compared to standard 50
Hz transformers. With this solution, more or less any voltage ratio can be achieved. If no transformer
is used (DC boost converter), the voltage ratio is limited to relatively small values with current
technology. In the low to medium power area DC/DC converters are widely used and are a standard
component, which could easily be adapted for low voltage grid application. In contrast to this, no
feasible concepts exist, so far, for transforming DC voltages at higher power levels.
Series coupled wind turbines will give a voltage build-up that may allow direct transmission to shore
without a substation. A major advantage of such a system is that it avoids any offshore converter or
transformation platforms. The number of turbines needed in series in order to achieve the desired
transmission voltage depends on the voltage output of each single turbine. With standard technology
today, a generator voltage of 0.69 kV and DC voltage of about 3 kV would be reasonable. Since the
turbines are connected in series, the voltage to earth increases for each connected turbine. Although
the voltage difference at the DC terminals may be only 3 kV, the voltage to earth will for the last
turbine equal the transmission voltage (to earth), that is, hundreds of kilovolts. Hence, electrical
insulation is a serious challenge for these types of configurations. Insulation has to be incorporated
somewhere. One possibility is to use a transformer (inside the turbine AC/DC converter topology);
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other options are to include the insulation in the generator or the entire nacelle. Besides the electrical
issues themselves, there is also a question of maintenance at such high voltages. These, and other
technical challenges related to DC wind farms are active topics of research.

a) DC wind farm with
parallel connected turbines

b) DC wind farm with series
connected wind turbines and
no offshore substation

Figure 2.20: DC wind farm with wind turbines connected in parallel (a) and series (b)

Multi-terminal DC transmission
The term multi-terminal DC grid refers to DC grids with three or more terminals connected to a
common DC bus. For a cluster of wind farms, or in situations where it may be desirable to combine
the grid connection of one or more wind farms with an offshore HVDC transmission corridor, multiterminal HVDC grids are widely thought of as a possible future choice of preference. The main
obstacle for the emergence of such solutions today is the lack of proven technology, in particular
related to the protection against faults in the DC grid, i.e. DC circuit breakers for high voltages and
high power ratings. Current technologies rely on power electronics and are costly. (AC protection is
inherently easier since the current alternates between a positive and a negative value and is therefore
instantaneously zero twice per period. These zero crossings are the points when the circuit breaker
breaks the current.) More discussion of DC grids and protection is found in ref. [2.64].
Different multi-terminal HVDC-VSC topologies for large offshore wind farms are investigated in
Ref. [2.34], which includes a description of system requirements and a review of control schemes and
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HVDC circuit topologies. An analysis of DC-side faults, their transients and resulting protection issues
is presented in Ref. [2.64]. The study includes short-circuit faults and cable ground faults, and a
protection design and relay coordination method is proposed for a small-scale DC wind farm.
Ref. [2.1] includes a discussion on multi-terminal DC grids and points out that DC-voltage droop
characteristics can be used to control the amount of power exchange to the AC-networks.

2.5.1 Transmission systems with a DC collector grid for offshore wind farms
In order to tap the wind turbines to a medium voltage DC grid some modifications of the power
electronics inside the turbine should be done. Most of the proposed topologies are based on permanent
magnet synchronous generators followed by a rectifier and a DC/DC converter. The main difference
amongst these topologies lies in the DC/DC converter that is used. DC/DC single phase full bridge
converters with a high frequency transformer to increase the voltage level and a passive or active
medium voltage rectifier (Figure 2.21) have been proposed in [2.65-67]. Ref. [2.68] proposes a
resonant DC/DC converter (Figure 2.22) with very low switching losses. Ref. [2.69] proposes a
configuration with diode rectifiers connected to the generator and buck converters. Ref. [2.70] adopts
an interesting DC/DC topology based on a 3-phase/1-phase AC/AC converter, a high frequency
transformer and a controlled rectifier. Finally, a completely new concept is proposed in [2.71]; this
topology includes permanent magnet generators, medium frequency transformers and simple power
converters to realize a compact and light system (Figure 2.23).

(a)

(b)

Figure 2.21: Full bridge converter topologies with (a) passive filter, and (b) active rectifier

Figure 2.22: Resonant converter
Although solutions considering DC collector grids have been proposed by the scientific community,
and some manufacturers, such as Converteam, are developing this technology [2.66], it is not mature
enough and some technical challenges still need to be addressed. Consequently there is not any
commercial installation using this technology. In addition, feasibility of such solutions is still a matter
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of debate, with some authors being of the view that DC collection grids are not going to find a
widespread acceptation in the future [2.72].

Figure 2.23: Permanent magnet generator and medium frequency transformers

2.5.2 Collection grid with AC frequency different from 50 Hz
An intriguing possibility that arises when a decoupling of wind farm grid and consumer (mainland)
grid frequency is considered is to have a collection grid (and transmission grid) that is AC, but with a
lower than 50 Hz frequency. This would in a sense be a compromise between AC and DC, as it could
benefit from the advantages of AC power associated with protection, transformation and control, and
at the same time have DC-like advantages associated with reduced charging currents and therefore
losses and need for reactive power compensation.
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The main disadvantage of low frequency AC concepts is probably the lack of proven technology and
therefore the uncertainties of how well such systems would work in practice at the desired voltage and
power rating levels. There exist AC systems with lower frequency, e.g. the 15 kV 16.7 Hz AC railway
power supply in parts of Europe, but these systems are quite different from an offshore wind farm.
Ref. [2.73] investigates the use of low frequency AC for offshore wind farm grid connection. An
additional relevant reference is ref. [2.74], which includes experimental results.
For shorter distances where losses and reactive power are not critical, there is also the alternative to
have high frequency AC grids (e.g. 500 Hz). Some advantages to such wind farm collection systems
may be [2.75] that higher frequency components (transformers) are smaller and lighter and that the
costs for the power electronics are lower. A disadvantage may be that AC/AC conversion using pulsewidth modulation (PWM) requires large filters to smooth the output to get a “nice” sinusoidal voltage.
This represents additional costs and losses, but may not be necessary when there are no load customers
are connected. Such systems are not suitable for very large wind farms since a medium frequency
distribution network is needed within the wind farm.
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3 Square Wave High Frequency Rectifier
Section 2 presented different transmission architectures for offshore applications. HVAC is the most
common solution for offshore wind energy transmission due to their simplicity and robustness.
However, as the size of the offshore wind farms increases and they are set further offshore, HVDC
VSC systems have technical and economic benefits. There are several offshore wind farms in the
planning or building stage using this technology.
Alternative solutions directly tapping the wind turbines to a medium voltage collector grid are
presently under study. The main benefit of these solutions is the potential cost saving promoted by the
use of simpler and cheaper DC cables in the collector system, smaller and lighter high frequency
transformers and the possibility of remove the offshore substation in those wind farms where this is
feasible.
This section analyses an alternative DC transmission architecture where each wind turbine is directly
connected to a DC cable with minor modifications within the turbine power conversion stage. An
outline of the system is shown in Figure 3.1. The focus in this section is on the DC/DC converter.

Figure 3.1: Wind turbine with high frequency DC/DC converter
The analysed system is based on the Square Wave High Frequency Rectifier (SWHFR) shown in
Figure 3.2. Although the power stage is simple, the properties of the system, when controlled with a
six step square voltage, make it a good choice for the connection to an HVDC line. The main
difference of SWHFR in comparison with a conventional wind turbine in a HVAC or HVDC VSC
system is the type of transformer, the control of the IGBT inverter and the output rectifier and filter
reactance. The transformer operates with a high frequency (1-5 kHz) six pulse square wave voltage
instead of the three phase sinusoidal 50-60 Hz voltage used in conventional wind turbines. This means
its size and weight are smaller. An inquiry has been launched to some manufacturers in order to have
real data about the dimensions and losses of a high frequency transformer suitable for a 3MW wind
turbine. According to manufacturer’s data it would be feasible to make a 3MW, 5 kHz, 30 kV,
transformer with an approximated size of 2000x560x700 mm and estimated losses of about 3 kW. A
very significant reduction in terms of size and losses in comparison with a similar 50 Hz transformer
(size: 2210x770x2200, losses: 30 kW) can be achieved. At the output of the transformer, a three phase
diode rectifier is connected to an output filter (a series reactance and parallel capacitor). The final
result is a converter with very similar volume when compared with state of the art converters used
today but with a DC output.
The proposed system, unlike a conventional HVDC VSC system, can dispense with the use of the
offshore VSC converter station in those wind farms where the power is low enough to be transmitted
at a medium voltage level suitable to be used inside the wind turbines. In these situations each wind
turbine can be directly connected to the HVDC line. If series connection of two wind turbines in a ±80
kV bipolar configuration is considered, a power level up to 450 MW can be transmitted with state of
the art cable technology and without using an offshore substation. In addition, as only two wind
turbines are connected in series, problems related to series connection are minimized. Despite this
solution is preferred in terms of costs, redundancy and flexibility of installation, it is also possible to
use the SWHFR topology with a lower voltage collector grid and an offshore substation with a DC/DC
converter. The usage of the SWHFR technology under these circumstances still allows for a reduction
of the transformer size and the use of cheaper DC cables in the collector system.
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Figure 3.2: Square Wave High Frequency Converter

3.1 Analytical study
3.1.1 Three phase VSC output voltage
The output voltage of a three phase voltage source converter can take 8 different values depending on
the combination of the IGBT conduction states. This is so because the upper and lower IGBTs
connected to one phase cannot be simultaneously conducting in order to avoid a short circuit in the DC
bus voltage. The state where the upper and lower IGBTs connected to one phase are both open will not
be considered as it is not used under normal operating conditions although it takes place during the
death time protection when the current is switched from the upper IGBT to the lower IGBT and vice
versa.
The following switching functions are defined:
1 𝑖𝑖𝑖𝑖 𝑄𝑄1 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄4 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑆𝑆𝐴𝐴 = �
0 𝑖𝑖𝑖𝑖𝑄𝑄1 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄4 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑆𝑆𝐵𝐵 = �
𝑆𝑆𝐶𝐶 = �

1 𝑖𝑖𝑖𝑖 𝑄𝑄3 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄6 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
0 𝑖𝑖𝑖𝑖𝑄𝑄3 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄6 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

1 𝑖𝑖𝑖𝑖 𝑄𝑄5 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄2 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
0 𝑖𝑖𝑖𝑖𝑄𝑄5 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

The inverter state is perfectly defined by the three switching functions. The resulting 8 voltage
combinations are shown in Table 3.1. The inverter output voltage is normalized using the input DC
bus voltage, VDC, as reference.
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Table 3.1: Normalised inverter output voltage.

The SWHFR system controller applies a six pulse square control to obtain a fixed pattern
square wave output voltage of the converter with a fixed frequency. Figure 3.3 shows the
switching function sequence and the inverter output phase to phase voltage six pulse square
voltage waveform. The frequency of the six pulse square waveform fsw is equal to the
switching frequency of the input voltage source converter.

3.1.2 Ideal transformer and rectifier output voltage
The inverter six pulse square waveform output voltage shown in Figure 3.3 is applied to the input of
the transformer. Basic three-phase transformers can have a combination of star (wye) and delta
primary and secondary winding arrangements. The output voltage of the transformer varies with the
winding configuration. Neglecting the reactance voltage drop, the output voltage waveform has the
same shape than the input voltage waveform with a ∆ − ∆ and a Y−𝑌𝑌 configuration. The ideal
∗
transformer output voltage, 𝑉𝑉𝐷𝐷𝐷𝐷
is defined as
𝑁𝑁

∗
𝑉𝑉𝐷𝐷𝐷𝐷
= 𝑁𝑁𝑆𝑆 𝑉𝑉𝐷𝐷𝐷𝐷

(1)

𝑃𝑃

Where NS is the number of turns in the secondary, NP is the number of turns in the primary and VDC is
the input DC voltage.
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Figure 3.3: VSC output phase to phase voltage.
For the ∆ − ∆ and the 𝑌𝑌 − 𝑌𝑌 configuration, the transformer output line to line voltages are:
VAsBs =

NS
V
NP AB

N

VBsCs = NS VBC

VCsAs =

(2)

P

NS
V
NP CA

For the ∆ − 𝑌𝑌 configuration, the transformer output line to line voltages are:
N

VAsBs = NS (VAB − VBC )
P

N

VBsCs = NS (VBC − VCA )
P

N

VCsAs = NS (VCA − VAB )

(3)

P

For the 𝑌𝑌 − ∆ configuration, the transformer output line to line voltages are:
N

VAsBs = NS VAN
VBsCs =

VCsAs =

P

NS
V
NP BN

(4)

NS
V
NP CN

Under ideal conditions the output voltage of the rectifier is the maximum phase to phase voltage.
Vout = max{VAsBs , VBsCs , VCsAs , VBsAs , VCsBs , VAsCs }

(5)

The output voltages of the four possible winding configurations for the 8 switch combinations are
shown in Table 3.2.

PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

48 of 133

Table 3.2: Transformer phase to phase output voltages for different switch positions and

transformer winding configurations.

When the input VSC is controlled to achieve a six pulse square wave voltage at the output, the
resulting rectifier output voltages during steady state for the different transformer configurations are:
2
3

∗
Y − ∆→ Vout = VDC

∗
Y − Y or∆ − ∆ → Vout = VDC

(6)

∗
∆ − Y → Vout = 2VDC

The equivalent ∆ − 𝑌𝑌 transformer output circuits connected to the diode bridge are shown in Figure
3.4 for the six switching states of the VSC.

3.1.3 Transformer and rectifier output voltage during overlap

Once the ideal voltage output of the transformer has been calculated, the effect of the overlap due to
the current commutation from one diode to another will be introduced. If the impedance of the
transformer is neglected, the current transfers instantly from one diode to another with higher anode
potential in the rectifier stage. However, due to the transformer leakage inductance and the series
inductance, in practice, the current takes a finite time to fall in the diode turning off and rise in the
diode turning on. The leakage inductance plus any additional inductance connected in series with the
transformer output are introduced in the model in this section. The total series inductance in the three
phases is considered to be equal, that is
LA = LB = LC = Lleak + Lseries = Ll
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Figure 3.4: Transformer equivalent circuit for the six switching states.
The DC voltage at the point of common coupling in the HVDC line, VPCC, is considered to be constant
and the converter output voltage is modeled as a constant voltage source. The small voltage ripple in
the DC line voltage can be neglected. The HVDC converter onshore will be in charge of maintaining
this voltage constant. Regardless of the transformer connection type, when the current at the output of
the rectifier is continuous, every time the state of the inverter is changed, an overlap takes place with
the same duration and output voltage. The overlap effect takes place each time the controller changes
the switch position and six overlaps take place each period of the six pulse square waveform. For
simplicity the following new variables are defined:
feq = 6fsw
Teq =

D=

(8)

1
feq

(9)

Teq −∆tµ

(10)

Teq

where feq is the equivalent switching frequency of the output rectifier, Teq is the corresponding
equivalent period, fsw is the switching frequency of the input voltage source converter, and ∆𝑡𝑡𝜇𝜇 is the
overlap time.

In general terms, the overlap effect in a rectifier with series inductance and constant current at the
output takes place when one diode Dx is conducting an a second diode Dy with a common cathode (or
anode) is forward biased and is turned on. The leakage inductance of the transformer connected in
series with each diode, Lx and Ly, limit the rate of change of current in Dx as ix decreases from IDC to 0
and in Dy as iy increases from 0 to IDC. A circulating current, i, flows between the two diodes. If the
transformer leakage inductances are identical (Lx = Ly = Ll), the output voltage during commutation,
Vout, is mid-way between the conducting phase voltages Vx and Vy, creating a series of notches in the
output voltage waveform. This interval during which both Dx and Dy conduct is termed the overlap
period and it is defined by the overlap time ∆𝑡𝑡𝜇𝜇 . Ignoring diode voltage drops, the overlap duration
and the resulting rectifier output voltages are calculated below for different transformer connections.
The most convenient transformer connection for the application is the ∆ − 𝑌𝑌 and with this type of
connection the overlap process can be described as follows (Figure 3.5):
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Figure 3.5: 100-110 transition with ∆ − 𝒀𝒀 connected transformer.

Initially, the VSC converter state of the switches is 100 and the diode connected to the upper side of
phase A, D1, and the diode connected to the lower side of phase C, D2, are conducting.
Then, at instant t1, the controller changes the switches to the 110 state. The current in the diode D1
must fall to zero and the current in the diode connected to the upper side of phase B, D3, which is
forward biased, must rise until it carries all the output current. Due to the existing inductance, this
current change takes some time, and an overlap (simultaneous conduction of two upper or lower
diodes) takes place. This process takes place between t1 and t2 with a duration of ∆𝑡𝑡𝜇𝜇 .

Before, during and after the overlap interval, D2 carries the output current iout(t). During overlap, the
voltages in the equivalent series inductances of the transformer are:
diout (t)
dt

≈−

VLf = −Lf

and

VLA = Ll
VLB = Ll

VLC = Ll

diA
dt
diB
dt

∆I
∆tµ

∆I
∆tµ

= Ll

= Ll

diout (t)
dt

(11)
(12)

diD1
dt

diD3
dt

≈ Ll

(13)

∆I
∆tµ

where ∆𝐼𝐼 is the change in the output current during overlap and ∆𝑡𝑡𝜇𝜇 = 𝑡𝑡2 − 𝑡𝑡1 is the duration of the
overlap process. The voltages in LA and LB can be obtained as follows
iD1 (t) + iD3 (t) = iout (t)

and
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∗
VLA = −VDC
+ VLB

VLA ≈ −

V∗DC
2

− Ll

∆I
2∆tµ

V∗DC
2

− Ll

∆I
2∆tµ

IoutMAX
∆tµ

≈−

V∗DC
2Ll

∆t µ ≈

2Ll IDC
V∗DC

VLB ≈

(16)

The interval during which both D1 and D3 conduct, ∆𝑡𝑡𝜇𝜇 , can be calculated as the time that the current
in D1 falls from the maximum value of the output current, IoutMAX, to 0. As the derivative of the current
can be considered constant then
diD1
dt

≈−

IoutMAX = IDC +

∆I
2

−

∆I
2∆tµ

(17)

(18)

(19)

The rectifier output voltage during overlap, VoutMIN, is

3
2

3
2

∗
∗
VoutMIN = −VLA + VDC
+ VLC = VDC
+ Ll

The output current will fall with constant slope if
3 ∗
V
2 DC

3
2

+ Ll

∆I
∆tµ

< VPCC

∆I
∆tµ

(20)
(21)

which will be the case in a properly designed converter. The output current decrease can be obtained
from the voltage in the output filter inductance
VLf = Lf

diout (t)
dt

−∆I
∆tµ

(22)

− 3� IDC

(24)

≈ Lf

VLf = VoutMIN − VPCC

∆I = 3

1

L
+ f
2 Ll

�

2VPCC
V∗DC

If the DC bus voltage rises above the following limit

2
3

∗
VDC
= VPCC

(23)

(25)

∆I would be negative and the equation is no longer valid.

From equation 19, when ∆𝑡𝑡𝜇𝜇 > 𝑇𝑇𝑒𝑒𝑒𝑒 , a maximum current value is obtained, above which, the overlap is
not finished before the next switching state. This value is
IDCMAX =

1 V∗DC
2 Ll feq

(26)

Above this limit, the overlap process is extended to the next switching cycle and the previous results
are no longer valid.
In order to have current flowing in the diodes and the overlap finished before the next switching takes
place, the following conditions must be fulfilled
VPCC
2

∗
≤ VDC
≤

2VPCC
3

(27)

From equation 24 it is clear that ∆I is always lower than IDC and the converter always operates with
continuous current in the rectifier output inductance, Lf . The maximum ripple to DC current takes
place when
PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

52 of 133

under these conditions

Lf ≪ Ll

∗
VDC
=

and

VPCC
,
2

2
3

∆IMAX = IDC

(28)
(29)

Once the current from the diode D1 has been transferred to the diode D3, at instant t2 the diode D1 is
open circuited, the overlap is finished and the final circuit configuration is that corresponding to the
switch 110 position (Figure 3.5c). This state has a duration of Teq − ∆t µ , until the next switching state
is selected. During this interval, the rectifier output voltage, VoutMAX, is
or

∗
VoutMAX = 2VDC
− 2Ll

VoutMAX = VPCC + Lf

∆I
Teq −∆tµ

∆I
Teq −∆tµ

(30)

(31)

The rectifier output voltage waveform, Vout(t), can be written in each switching state of the voltage
source converter as
Vout (t) = �

VoutMIN
VoutMAX

if 0 < t < ∆t µ
if ∆t µ < t < Teq

(32)

The resulting output current waveform will be a sawtooth curve with constant falling slope during
overlap and raising slope when the overlap is finished, as shown in Figure 3.6.

Figure 3.6: Resulting rectifier diode currents.
During steady state operation, the average voltage in the filter inductance is zero. If the resistive
voltage drop from the rectifier output to the HVDC line is negligible, the average value of the current
is constant and the rectifier average output voltage must be equal to the HVDC line voltage at the
point of connection of the converter. The rectifier output voltage waveform, Vout(t), is shown in Figure
3.7 together with the DC line voltage, VPCC. The positive (red) and negative (green) areas in Figure 3.7
must be equal in steady state and the output current is periodical with a sawtooth waveform.
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Figure 3.7: Output voltage and current waveforms.
If the series resistance of the output filter inductance is small, the average rectifier output voltage must
be
〈Vout 〉 = VPCC

(33)

The average rectifier output voltage, 〈Vout 〉, is

∗
〈Vout 〉 = 2VDC
− 〈VLB 〉 − 〈VLC 〉

(34)

The average voltage from 0 to Teq en the LC inductance is zero (the current is periodic) and the average
voltage in the series inductance connected to diode D3 is determined by the current increase from 0 to
∆𝐼𝐼
𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐼𝐼𝐷𝐷𝐷𝐷 + that is
2

T

〈VLC 〉 = 0

∆I
2

〈VLB 〉 = feq ∫0 eq VLB (t)dt = feq Ll (IDC + )
∆I
2

∗
∗
〈Vout 〉 = 2VDC
− feq Ll �IDC + � = 2VDC
− feq Ll Ioutpeak

where 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐼𝐼𝐷𝐷𝐷𝐷 +

∆𝐼𝐼
2

is the peak of the output current.

(35)

(36)

Assuming negligible filter and cable resistances, VPCC will remain constant for any value of the output
∗
will
current. Therefore, using (36) it is possible to estimate the maximum and minimum value that 𝑉𝑉𝐷𝐷𝐷𝐷
take as a function of the output current. If the output current is 0 then Ioutpeak=0 and
∗
VDCMIN
=

If, on the contrary, the output current is the maximum,
∗
VDCMAX
=

VPCC
2

+

VPCC
2

(37)

Ll feq Ioutpeak
2

If adequate parameters are used in the transformer design the term
VPCC
2

Ll feq Ioutpeak
2

will be small in

(38)

comparison with
and the DC bus voltage will keep almost constant. Therefore the SWHFR
converter can be operated in open loop within its nominal operating range without experiencing
critical variations in the DC bus voltage. This is a very desirable feature of the proposed converter
because there is no need of control parameter tuning. The DC bus in the back-to-back converter of the
SWHFR system (Figure 3.2) is fed from the generator through a conventional voltage source
converter. This voltage source converter is controlled to achieve maximum power point tracking in the
wind turbine and optimize power output. This control will function normally if the DC bus voltage,
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VDC, is kept within well-defined boundaries. When the generator starts generating power, current is
delivered to the DC bus. If the bus voltage is below VDCmin, there is not enough voltage, the SWHFR
power converter will draw no current from the capacitors, and the voltage will rise until it starts
delivering power. The voltage will rise and reach an equilibrium voltage when the input and output
current of the capacitors are equal and the DC bus voltage is constant. The DC bus voltage will stay
within the restricted range given by (37) and (38) without feedback control.

3.1.4 Current waveforms in the SWHFR
The load current determines the current waveforms in the transformer secondary windings. The
secondary currents, in turn, shape the current in the primary windings of the transformer and in the
VSC converter.
During the interval between t0 and t1 (see Figure 3.6), the inverter switching function value is 100 and
the upper diode of phase A, D1, and the lower diode of phase C, D6, are carrying the output current.
The rest of the diodes are in the off state. The transformer secondary currents are:
IAsec = ID1
IBsec = 0

(39)

ICsec = −ID2

At t1, the switching state of the inverter is changed from 100 to 110 and the current in diode D1 must
be transferred through the overlap process to diode D3. During the overlap time between t1 and t2, the
load current is shared between D1 and D3. The current in D1 decreases linearly from Ioutpeak to 0 and the
current in D2 increases linearly from zero to 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − ∆𝐼𝐼. The transformer secondary currents are:
IAsec = ID1

IBsec = ID3

(40)

ICsec = −ID2

At t2, the overlap process is finished and all the current in D1 has been transferred to D3. The
transformer secondary currents are:
IAsec = 0

IBsec = ID3

(41)

ICsec = −ID2

A similar reasoning can be used throughout the rest of the intervals and the secondary phase currents
of Figure 3.8 are obtained. If the magnetizing current is neglected, which is reasonable with a well
constructed transformer, the primary currents in the case of a ∆ − 𝑌𝑌 connected transformer are:
N

IAprim = NS (IAsec − ICsec )

IBprim =
ICsec =

P

NS
(I
NP Bsec

NS
(I
NP Csec

− IAsec )

(42)

− IBsec )

Figure 3.8 shows the ideal transformer secondary currents and the corresponding primary currents.
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Figure 3.8: Theoretical transformer primary and secondary currents.

3.1.5 Power losses
This section analyzes the power losses of the SWFR converter. The losses of the VSC input converter,
the medium voltage diode rectifier and the high frequency transformer are estimated and some
conclusions are derived.

3.1.5.1 Power losses in the input VSC
The transformer primary currents determine the currents and the corresponding power losses in the
inverter semiconductors (diodes and IGBTs). Figure 3.9 shows the current in phase A of the inverter
and the voltage and currents waveforms in the upper IGBT and diode connected to phase A, during a
commutation cycle of the upper IGBT Q1 (see Figure 3.2) .

Figure 3.9: Ideal transformer primary currents, IGBT and diode currents and collector-emisor
IGBT voltage.
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When the phase current is negative, the diode must carry the phase current and when this current is
positive, it flows through the IGBT. As it can be appreciated in the figure, the diode is turned off and
the Q1 IGBT is turned on at zero voltage and the switching power losses are zero. When the IGBT is
turned off, an inductive hard switching takes place between IGBT and diode. Thus, half of the
semiconductor turn on and turn off processes are zero voltage switchings and significant power loss
reduction is achieved.
A second consequence of the current waveforms is that the diodes carry a very low proportion of the
current and they can be down rated and be more efficient compared to a conventional inverter.
The only switching power loss in the converter is the IGBT turn off power, that is
Pswitch = PIGBToff

(43)

PVSCloss = 6(PDon + PIGBTon + Pswitch )

(44)

The waveforms in the six diodes and six IGBTs in the input VSC are identical. The total power loss in
the VSC converter is

where PDon and PIGBTon are the diode a IGBT conduction losses respectively.

The power losses of the Voltage Source Converter have been simulated and compared to a Voltage
Source Converter delivering the same power to a 50 Hz AC grid (as is the case in a conventional wind
turbine) for different IGBTs and power levels. The simulations have been done using the Powersim
PSIM simulation tool, and more specifically, the Thermal Module available to study losses of power
converters. The studied examples are:
1. 75 kW PWM sinusoidal output inverter and HFSWR converter using a sixpack Semikron
653GD176HDc SEMiX module.
2. 200 kW PWM sinusoidal output inverter and HFSWR converter using three dual Semikron
854GB176HDs SEMiX modules.
3. 500 kW PWM sinusoidal output inverter and HFSWR converter using six discrete Infineon
FF1200R17KP4B2 modules.
The DC bus voltage is 1100 V and the switching frequency is 5 kHz. The power factor in the
sinusoidal PWM output used is unity. The PWM sinusoidal inverter feeds the power to a 50 Hz, 690
V grid and the HFSWR delivers power to a 33 kV DC line through a high frequency transformer.
The simulation results of the power loss are shown in Figure 3.10, in the lower part of the figure as
percentage of total power, and in the upper part in absolute terms in watts. In all cases there is an
important reduction in power loss in the VSC using the proposed SWHFR converter instead of
conventional sinusoidal PWM output. This reduction is most significant in the diode switching losses,
which are almost eliminated in the case of the SWHFR.
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Figure 3.10: Semiconductor power losses

3.1.5.2 Power losses in the output rectifier
In a high voltage rectifier, each diode is actually formed by a series connection of n diodes. The
conduction loss in each string of diodes (or series diode block) is
2
Pstring_cond = n�VTO Iaveg + R don IRMS
�

(45)

where VTO is the diode threshold voltage, Rdon is the diode dynamic resistor and Iaveg and IRMS are the
average and RMS values of the diode current.
Table 3.3 shows the main characteristics of several diodes that could be used for this application,
depending on the desired current level.
The only considerable switching losses in the rectifier are the diode reverse recovery losses. Diode
𝑑𝑑𝑑𝑑
reverse recovery losses are directly proportional to 𝑑𝑑𝑑𝑑 in the diode. With a transformer leakage

inductance of high enough value, a low

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

is obtained. Consequently switching losses are negligible.

The equalizing resistors in the series diode branches introduce additional power loss. When the power
converter is switching, this power loss is (see Figure 3.11a):
PRloss =

5 V2HVDC
2 nReq

Where Req is the equalizing resistor associated with each diode.

(46)

Actually, the real resistive power loss during operation is slightly lower because during overlap two
diodes are carrying current instead of only one.
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Table 3.3: Diode characteristics

When the power converter is off and the diodes are blocking the DC line voltage, the power loss in the
series resistances is (see Figure 3.11b):
PRloss =

3 V2HVDC
2 nReq

(47)

Figure 3.11: Equivalent circuit for resistive loss calculation.
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The power losses in the rectifier have been calculated for different diodes. The rectifier is designed for
a 33 kV DC bus. Table 3.4 shows the number of diodes, the necessary equalizing resistor and the
resulting power loss for alternative 33 kV rectifiers, with different power ratings. The number of
diodes, equalizing resistor values, segregated power loss values (resistive and conduction) and the
percentage power loss are included in the table. The optimum choice comes from a trade of between
power losses, the number and size of the diodes and the number of parallel rectifiers for a compact and
simple design. The best option is the use of high voltage (10 kV) diodes. 10 kV SiC diodes have been
built in research laboratories, however, there is no mass production, they are very difficult to find and
they are very expensive, and only axial lead diodes are available in this voltage range.
Table 3.4: Power loss in 33 kV rectifiers.

In any case, power losses lower than those resulting in a HVDC VSC station (1 %) can be achieved.
As an example, a 150 kW 33 kV rectifier built using Voltage Multipliers K100UF axial lead diode is
formed using 7 series diodes in each rectifier arm. The parallel equalizing resistor value is 25M. The
power loss generated in the equalizing resistors is very small (16 W). The conduction losses in the
diodes is 250 W. The resulting power losses in the rectifier are only 0.2 % of the total power.
In addition a significant loss reduction can be achieved in the transformer. The use of a high frequency
transformer allows for a reduction in the losses about an order of magnitude in comparison with a
50 Hz transformer. Conventional transformer losses are around 1% whereas the high frequency
transformers present losses of about 0.1-0.2% of the nominal power.

3.2 Simulation and experimental results
For the experimental validation of the topology four SWHFR converters with a nominal power of 4
kW and an output voltage up to 700 V have been made. The high frequency transformer of each
SWHFR converter has been built using three T60004-L2160-W758 cores made of VITROPERM from
Vacuumschmelze with a turn ratio between primary and secondary of 1:1. The diode rectifiers have
been built using SK80D12F three phase fast diode bridges from Semikron. Each SWHFR converter is
controlled with a TMS320F2812 DSP from Texas Instruments. Monopolar, series and parallel
configurations with up to four converters have been tested. Different leakage transformer inductances
have been used in the experimental validation in order to check the effect of the overlapping process.
Figure 3.12 shows a picture of the experimental platform.
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Figure 3.12: Experimental platform.
Models for the monopolar, series and parallel configurations with the same electric parameters as the
experimental platform have been developed in Matlab/Simulink. As will be shown below, there is a
good match between the experimental and simulated results, so it can be concluded that the simulation
models represent quite precisely the performance of the real system. Based on this validation, and the
assumption there are no dramatic scaling effects when considering higher power and voltage, the
simulation models are expected to give accurate results also when simulating a real system with a
nominal power of about 3 MW and output voltage of 80 kV.
Figure 3.14 show the experimental (blue) and simulation (dark blue) results of one converter in
monopolar configuration (Figure 3.13). The DC bus is fed with a 120 V DC source. The output of the
converter is connected to a 98 ohms resistive load. A 20 μH leakage inductance and a switching
frequency of 2.5 kHz have been used. From top to bottom and left to right the waveforms shown in
Figure 3.14 are the following: current in the transformer primary winding, current in the transformer
secondary winding, voltage waveform at the transformer primary winding, voltage waveform at the
transformer secondary winding, unfiltered rectifier DC output current, unfiltered rectifier DC output
voltage, DC current after the output LC filter, DC voltage at the LC filter’s capacitor’s terminals.
Figure 3.15 shows the same current and voltage waveforms but, in this case, a transformer leakage
inductance Ll=170 μH has been assumed. It can be observed how the effect of having a higher
transformer leakage inductance increases the DC unfiltered current oscillations due to the overlapping
effect reported in the previous section. The most significant harmonic of the unfiltered current appears
at six times the switching frequency, i.e. 15 kHz. Therefore it is relatively easy to filter it. However,
the higher the leakage inductance the higher the current distortion and filter requirements. Therefore
the maximum transformer leakage inductance should be limited during the design stages.

Figure 3.13: SWHFR Matlab/Simulink model.
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Figure 3.14: Simulation and experimental results for one converter in monopolar configuration
with a leakage inductance Ll=20 μH.
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Figure 3.15: Simulation and experimental results for one converter in monopolar configuration
with a leakage inductance Ll=170 μH.
Similar results have been obtained when two converters are connected in series (Figure 3.16) and in
parallel (Figure 3.17). For the sake of briefness only results with a leakage inductance of 170 μH are
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shown. The working conditions are the same that were specified previously. Figure 3.18 and Figure
3.19 show the results for the series and parallel configurations respectively. In all the cases the
simulations results are confirmed quite precisely by the experimental ones.

Figure 3.16: SWHFR Matlab/Simulink model in series configuration.

Figure 3.17: SWHFR Matlab/Simulink model in parallel configuration.

PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

64 of 133

Figure 3.18: Simulation and experimental results for two converter in series configuration with a
leakage inductance Ll=170 μH.
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Figure 3.19: Simulation and experimental results for two converter in parallel configuration
with a leakage inductance Ll=170 μH.
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Finally a configuration with four converters has been tested. The four converters are arranged in two
groups of two converters each. Converters within a group are connected in series forming a bipolar
configuration. The groups of converters are connected in parallel (see Figure 3.20). This configuration
aims to simulate a small wind farm with four turbines, where series connection of two wind turbines
has been assumed.

Figure 3.20: Schematic connection of four SWHFR simulating four wind turbines.
The purpose of this test is to check how the presence of strong power unbalances between the turbine
groups and the dispersion on the electrical characteristics of the high frequency transformers affects
the performance of the whole system. Different transformers with the leakage inductances ranging
from 20 to 400 μH have been used. A strong and unbalanced power distribution between the turbine
groups has been assumed. The power of one of the converter groups has been set to 1 kW while the
other group is working at 4.25 kW. Figure 3.21 and Figure 3.22 shows experimental voltage and
current waveforms. The waveforms of the group of converters working at 4.25 kW are displayed on
the left side of the picture. The right side displays the waveforms of the converters working at 1 kW.
From top to bottom the following waveforms are shown in Figure 3.21: current in the transformer
primary winding, current in the transformer secondary winding, voltage waveform at the transformer
primary winding, voltage waveform at the transformer secondary winding; and in Figure 3.22: rectifier
DC output current, unfiltered rectifier DC output voltage, total DC current in the DC link, DC voltage
at the LC filter’s capacitor’s terminals. The power unbalance between converter groups can be
appreciated in the strong difference between the transformer currents of the left and right side of the
figure. The contribution to the total current of the groups is also completely uneven. While one
converter group is contributing to the total DC current with around 1.5 A the other group is supplying
almost 6.5 A. These results show that the system is able to work under unbalanced conditions and with
a high dispersion of the transformer leakage inductances without important problems.
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Figure 3.21: Experimental waveforms under unbalanced power distribution between converter
groups and strong dispersion of the transformer leakage inductances.
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Figure 3.22: Experimental waveforms under unbalanced power distribution between converter
groups and strong dispersion of the transformer leakage inductances.

3.3 Summary
The chapter has described the behavior of a Square Wave High Frequency converter. The voltage and
current waveforms are described in detail, and the relation between input and output voltage
dependency on converter parameters is studied. Four converter prototypes have been implemented and
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different configurations have been tested to validate the concept. The Section described the use of the
leakage inductance of the transformer as an inherent element of the converter that can be applied to
shape the current waveforms. The analytical expression of the relation between the converter input
voltage and the output current is developed, as a function of the main converter parameters. The
converter has no control parameters and the input converter DC bus voltage will vary with the HVDC
line voltage and the output current. With conveniently chosen parameters the converter can operate in
open loop.
The power losses of the proposed architecture are also analyzed. An important reduction in the power
losses of the SWHF converter with regard the conventional converters used in today wind turbines has
been found.
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4 Modelling of HVDC grid connection for offshore wind farm
This chapter describes the specification of layout and parameters of the grid connection of a
hypothetical wind farm that is expected to be relevant in the future. Some basic specifications for the
design have initially been defined:
•
•
•

An offshore wind farm connected to shore through HVDC connection should be studied.
The wind farm should have a large rating compared to existing offshore wind farms, and
should be located at a distance from shore long enough to favour HVDC transmission
The studied transmission technology should be a future solution, where topics for research still
remain. The case study will therefore include a three terminal HVDC transmission system,
with two terminals located onshore and one offshore. The HVDC technology will be of VSC
type.

Grid connection alternatives are analysed through case studies in Chapter 6. The modelling and
simulation has been performed using the power system simulation software PSCAD
The wind farm is thought to be located between two countries, and closer to country 1 than country 2,
as illustrated by Figure 4.1. The distance from country 1 to the offshore wind farm should be long
enough to justify HVDC transmission to the wind farm, and also long enough to justify an additional
HVDC connection to country 2. There will be one HVDC terminal in each of the two countries and
one at the offshore wind farm. With connection to two countries, the HVDC link can be used for direct
power transmission between the two countries, in addition to transmission of wind power to the
onshore power systems.

AC

Offshore
wind farm

Country 1
AC

AC

CWf
C1

Country 2

C2

HVDC

HVDC

300 km

500 km

Figure 4.1 Simplified drawing of case study topology
The wind farm is assumed to be located in the North Sea between Norway and England, but could
alternatively be located between e.g. Norway and Germany or Spain and France. The same principal
design could be used for the other locations. In the chosen topology, the wind farm is located 300 km
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from Norway and 500 km from England, so the total length of the HVDC link becomes 800 km. The
distances are not exact, but rather very rough estimates. However, the wind farm location corresponds
to an area identified as suitable for large wind farm clusters far from shore possibly using floating
technology in [4.1].

4.1 Wind farm and converter ratings
The rating of the offshore wind farm is chosen to 1000 MW (1 GW). This can be the size of one single
wind farm or a cluster of farms sharing the same grid connection.
1000 MW is not an unrealistic rating, as offshore wind farms of several hundred MW already are in
operation, or under construction. At present, the largest offshore wind farms are located in United
Kingdom, in the Irish and the North Sea. In the 504 MW Greater Gabbard project, a majority of the
turbines were installed and connected to the grid by mid-2012. At present (2015), the world's largest
offshore wind power plant is the 630 MW London Array.
Once the wind farm rating is chosen, the ratings of the transmission cables and the converter terminals
can also be determined. The wind farm HVDC converter should as a minimum have rating equal to the
wind farm rating. In order to have reactive power capability at rated active power, the converter MVArating could be chosen a bit larger than the active power rating. The DC transmission cables must at
least have capacities to transfer rated power for the wind farm to the onshore power systems. Different
options exist for the choice of ratings.
•

•

One possibility is that the sum of the transmission capacities to the two countries equals the
wind farm rating. In such a case the transfer capacity to each country could then be for
instance 500 MW. Additional power transmission between the two countries would then only
be possible when the wind farm is generating less than nominal power. However, it is
assumed that the wind farm will generate nominal power only very few hours of the year, so
that there would usually be available capacity for power transfer between the two countries.
Alternatively, the rating of the onshore HVDC converters and the cables could be increased to
allow for additional power transfer directly between the two countries. If it is assumed that the
power transfer will usually be directed towards one of the countries, the converter and cable
ratings from the wind farm converter to this country could be increased. Such solutions will
have higher investment costs, but at the same time larger possibilities to utilize the HVDClink.

In this work it has been chosen to have the same active power rating for the two onshore HVDC
converters and corresponding DC cables as for the wind farm converter, which is 1000 MW. In order
to allow for reactive power capability at rated active power, all converters have apparent power ratings
of 1250 MVA.
Based on the active power rating, the DC voltage level can be determined. A high voltage level is
desirable as it results in lower transmission losses, but at the same time an increased voltage level
leads to higher investment costs.
Once the DC-voltage level is determined, the voltage on the converter AC-side can also be chosen.
The converter AC-voltage is less than the DC-voltage, and the AC voltage can be determined from:

U AC ,line −to −line
=

3⋅

ma ⋅ U DC
2 2

(4.1)

Where ma is the amplitude modulation ratio; 0 < ma ≤ 1 [4.3].
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4.2 DC transmission cable
Transmission between the HVDC terminals will be via subsea HVDC cables. The power is assumed to
be transmitted through two parallel cables at +/- 400 kV respectively. Rated voltage on the converter
DC terminals will then be 800 kV. The total transmission distance is, as stated above, 800 km.
A simple option is to model the DC cable using pi-equivalent sections. However, for a several hundred
meters long cable many sections would be required; with a simulation speed of 20 µs each pi-section
should not be longer than: 3 ⋅105 km s ⋅ 20 ⋅10−6 s =
6 km [4.4]. Having a large amount of pi-sections
in the model would slow down the simulation speed considerably, and is therefore not a good solution
for this case.
It has been chosen to model the DC transmission line by the PSCAD library cable component based
on a travelling wave model. Three options are available: 1) Bergeron, 2) frequency dependent (Mode)
and 3) frequency dependent (Phase). The Bergeron model is a distributed LC traveling wave model,
but with lumped resistance. It represents only fundamental frequency accurately. The two frequency
dependent models are both distributed RLC traveling wave models, but the phase model is stated to be
the most accurate. It also has possibility for DC correction, which ensures high accuracy at the
nominal frequency which is 0 Hz in this case. It should be noted that the parameter shunt conductance
had very large impact on the result obtained using the frequency dependent phase model with DC
correction. The effect of the shunt conductance has been investigated in [4.5]. Using the default value
of 1e-9 mho/m resulted in large active power losses on the transmission line, also at no-load. The
conductance was reduced to 1e-15 mho/m in order to eliminate these losses.
The simulation model requires cable geometry data as conductor radius and insulation thickness as
inputs. In order to have realistic data, parameters for an ABB XLPE submarine cable, single core cable
with lead sheath are used [4.6]. Nominal voltage for this cable is 400 kV, and the conductor cross
section is 1600 mm2. The data are most likely for AC cables, but it is assumed that a DC cable would
not have very different geometry. Data are given in Table 4.1.
Table 4.1: Data for 400 kV single-core cables with lead sheath
Cross-section
of conductor
[mm2]

Diameter of
conductor
[mm]

Insulation
thickness
[mm]

Diameter over
insulation
[mm]

Lead sheath
thickness
[mm]

Outer diameter
of cable [mm]

1600

47.4

27.0

105.8

3.1

141.0

Only conductor, first insulation layer and sheath have been modelled here. Looking in Table 4.1, the
diameter over the insulation is larger than the diameter of the conductor plus insulation thickness. This
difference is assumed to be due to semiconducting layers on both sides of the insulating layer. The
conductor is of copper. The geometries of the cable cross-sections are shown in Figure 4.2, copied
from PSCAD.
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Figure 4.2 Cable geometry for 1600 mm2, +/-400 kV DC cable
Some additional input parameters required for the PSCAD cable model are summarized in Table 4.2.
Table 4.2 Cable parameters
Depth below ground surface

1m

Horizontal distance between cable centres

1m

Conductor resistivity, ρCu

1.68∙10-8 Ω∙m

Conductor relative permeability, µR,Cu

1

Insulation relative permittivity, εR,XLPE

2.4

Insulation relative permeability, µR,XLPE

1

Lead sheath resistivity, ρPb

2.2∙10-7 Ω∙m

Lead sheath relative permeability, µR,Pb

1

As an example, the resistance in a 800 km copper conductor is:

R
=

ρCu ⋅ l
A

1.68 ⋅10−8 Ωm ⋅ 800 ⋅103 m
Ω
=
= 8.4 Ω
1600 ⋅10−6 m 2

(4.2)

Nominal
current is I N , DC 1000
=
=
MW 800 kV 1.25 kA .
The voltage drop with transmission of nominal power is D=
U DC 1.25 kA ⋅ 2 ⋅ 8.4
=
Ω 21.0 kV .
The corresponding losses are: ∆P = 2 ⋅ 8.4 ⋅1.252 MW = 26.3 MW
The simulated voltage drop and losses in an 800 km transmission line between to HVDC terminals is a
bit lower than calculated according to the above expressions; about 19.2 kV and 24.5 MW
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respectively. This gives a good overall agreement between analytical calculations and simulated
results.

4.2.1 DC capacitance
The DC cable has significant capacitance, but additional capacitors can be added on the DC terminals
of the converter(s) to stabilize the DC-voltage. The DC capacitance can be characterized by a time
constant τ equal to the ratio of stored energy at rated voltage to rated converter power. The time
constant τ corresponds to the time it takes to charge the capacitor to nominal DC voltage with rated
converter power SN. A small τ gives a DC voltage that is sensitive to changes in power, resulting in
more fluctuations in the DC-voltage than with larger τ (and C). At the same time a small time constant
allows for fast control of active power. According to [4.7], the time constant τ should be 5-10 ms. The
DC capacitance can then be calculated:

τ=

Cdc ⋅ U dc2
2 ⋅ SN

⇒

Cdc=

τ ⋅ 2 ⋅ SN
U

2
dc

=

τ ⋅ 2 ⋅1250

(4.3)

800.02

Cdc ,τ 5=
19.5
=
=
m F , Cdc ,τ 10 ms 39.1 m F
ms
A capacitance of Cdc = 30 µF is chosen at each converter terminal (corresponding to τ = 7.68 ms). If
the capacitance comes from two serially connected capacitors grounded at the junction node, each
capacitor will have rating 60 µF.

4.3 AC grids in country 1 and 2
The nominal line-to-line voltage in on the AC-side of each converter is assumed to be 400 kV. This is
in accordance with eq. (4.1), with ma = 0.8165. As the focus of this study is the HVDC transmission
from the offshore wind farm, detailed modelling of the onshore grids is out of the scope. Thus each of
the two onshore grids is represented by a voltage source behind an impedance in order to limit the
short circuit capacity. The HVDC terminals are assumed to be connected to stiff points of the grid in
the respective countries, due to the large power ratings. A short circuit capacity of SSC = 5000 MVA is
assumed, which gives an impedance of:

Z SC=

U N2 4002
=
Ω= 32 Ω
S SC 5000

The phase angle is assumed to be 80°.
The short circuit impedance of 32 Ω includes the impedance in series with the ideal voltage source and
the transformer leakage impedance

4.4 Wind farm
The main focus of this work on transmission, and detailed modelling of the wind farm and its
collection grid is considered out of the scope. The collection grid is assumed to be AC, as this is the
conventional solution. The chosen voltage level is 36 kV, as wind farms built up to now commonly
have collection grid voltages around this value. However, in the future higher voltage levels are likely
to be chosen in large offshore wind farm like this. A 400 / 36 kV transformer is included in the model,
connected directly to the wind farm HVDC terminal. This transformer is directly-grounded on the
collection grid (36 kV) side. The collection grid would in reality consist of several radial feeders, but
is here modelled in a very simple way based on aggregated wind turbines.

PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

75 of 133

The wind farm is assumed to consist of full power converter interfaced turbines. This means that short
circuit capacity is not very much higher than the nominal power. A very simple approach would be to
model the wind turbines as a source behind an impedance of size corresponding to the short circuit
capacity. This will however not give a good representation of the behaviour of converter interfaced
turbines which are more like controllable voltage sources with limited current capability. Instead it is
chosen to represent the wind turbines by the back-to-back converter with an AC-voltage source on the
wind turbine side of the converter. The wind turbine in itself is not modelled. This is assumed
acceptable since the DC-link is decoupling the wind turbine from the wind farm collection grid
(although some transients can be transferred over the DC-link). Further, the wind turbine back-to-back
converters are modelled by an average (non-switching) model [4.9], so that the output is without
harmonics. There are DC-choppers in the DC-links, which are set to be connected when the DC-link
voltage becomes higher than 1.2 pu. The intention with the DC-choppers is to absorb excess active
power when there is a voltage dip in the collection grid, in order to ensure fault-ride-through capability
for the wind turbines.
Rather than modelling each wind turbine separately, aggregated wind turbine models are used. The
simplest approach is to model the whole wind farm by one large aggregated wind turbine model. Such
a model, shown in Figure 4.3a, has been used in simulations of faults in the HVDC-grid and in the
onshore AC-grids. However, for simulations of faults in the wind farm collection grid a bit more
detailed model has been used. One branch with 4 wind turbines with cable sections between and an
aggregated wind turbine corresponding to 12 turbines is modelled separately. Thus the total number of
turbines on this branch is 16. The remaining 184 turbines are represented by an aggregated model, as
shown in Figure 4.3b.
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Figure 4.3: Wind farm model layouts; (a) one single aggregated wind turbine model, (b) one
branch modelled separately and the remaining wind farm represented by one large aggregated
wind turbine converter.
For simplicity, the transformers on the wind turbine terminals have ratios 36/36 kV. The DC voltage
for the wind turbine converters is 2∙36 kV = 72 kV. The wind farm is assumed to consist of 200
turbines rated 5 MW, with each wind turbine converter rated 6.25 MVA. Thus in Figure 4.3 (b), the 4
single turbines are represented by 6.25 MVA converters while the remaining 12 turbines on the same
branch are aggregated and represented by a 75 MVA (12·6.25 MVA) back-to-back converter. The rest
of the wind farm is represented by a 1150 MVA (184·6.25 MVA) converter. The cable sections are
modelled by pi-equivalents, with parameters for a 36 kV PEX cable, as given in Table 4.3. Each cable
section is 0.5 km, but with different cross-sections. The largest cable cross-section is used at the
beginning of the branch and vice-versa.
Table 4.3 Parameters for 36 kV TSLE cable [4.8]
No.

Type

R [Ω/km]

X [Ω/km]

Cd
[µF/km]

Cj [µF/km]

Ith [A]

Ik 1s
[kA]

1

TSLE 3x1x150 Al /
25

0.206

0.2

0.18

0.18

370

13.5

PROJECT NO.
502000064

REPORT NO.
TR A7482

VERSION
1.0

77 of 133

2

TSLE 3x1x300 Al /
35

0.1

0.18

0.24

0.24

500

27

3

TSLE 3x1x500 Al /
50

0.061

0.17

0.29

0.29

650

45

4

TSLE 3x1x630 Al /
50

0.047

0.16

0.31

0.31

715

56.7

R, X: resistance and reactance at 20 ºC; Cd, Cj: equivalent capacitance per phase and phase-to-ground
capacitance; Ith: maximum continuous operating current; Ik: maximum short circuit current for 1 s
The collection grid has all sources connected via inverters, so it is an AC grid without stiff sources and
inertia. This means that one of the converters has to be responsible for controlling the AC voltage
amplitude and phase, and this is chosen to be the wind farm HVDC converter. The wind turbine
converters have active and reactive power control.
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5 HVDC converter modelling
This chapter continues the modelling work in the previous chapter with a detailed description of the
HVDC system, including control loops and parameter tuning.
Parameters and symbols used in the modelling of the HVDC converters are given in Table 5.1.
Table 5.1 converter modelling parameters
Symbol

Description

IL

Current in HVDC cable, load current

Idc

Current into converter DC-side

Ic

Current into converter DC-side shunt capacitor

RS

Converter AC-side grid filter series resistance

LS

Converter AC-side grid filter series inductance

ea,b,c

Converter AC-terminal three-phase voltages

ia,b,c

Converter AC-terminal three-phase currents

va,b,c

Converter AC-terminal three-phase voltages after filter

The HVDC terminals are of VSC-type with PWM-switching. Each converter is modelled with twolevel topology, as shown in Figure 5.1. In reality converters of such high voltage and power ratings as
in this case would have multi-level topology. However, the development of a multi-level converter
simulation model was considered outside of the scope of the present project, and remains as future
work. The two-level converter will in principle work the same way as a multi-level converter, but will
generate larger harmonics. In that way it can be said to represent a worst case when it comes to
filtering the output signals in order to get acceptable harmonic levels.
As described in the previous chapter, the wind farm has rated active power of 1000 MW, and 1000
MW can be transmitted in the DC cable. In order to have reactive power capability, the apparent
power ratings of the converters are a bit higher, 1250 MVA. All HVDC converters (one located
offshore and two onshore) have equal rating.

VDC+

eA
eB
eC

VDC-

Figure 5.1 Two-level VSC converter
A switching frequency of 2500 Hz is chosen.
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This work does not aim at defining an HVDC converter where the topology, filter design and
controller parameters are optimized, but rather to develop an adequate model for performing
simulation studies of different dynamic cases.

5.1.1 Base values for converter per unit system
Base values for the system are given in eq. (5.1).

Sbase
2 Sbase
I base =
2⋅
=
⋅
3U ll ,rms ,base 3 U base

2
U base =
U ll ,rms ,base
3
U
(=
)
2

=
Z base

ll , rms ,base

Sbase

U base
I base

=
Lbase

U rms ,base
U=
2 2 ll ,=
2U base
dc ,base
3
Z dc ,base =

U dc ,base
I dc ,base

=

Z base

=
Cbase

ωbase

1
ωbase Z base

(5.1)

Sbase
3
=
I dc ,base =
I base
U dc ,base 4

8
Z base
3

Cdc ,base=

1
3
1
= ⋅
ωbase Z dc ,base 8 ωbase Z base

It can be noticed that UDC,base for the converter is lower than nominal voltage for the DC transmission
of 800 kV.

5.2 Converter AC filter
The PWM generates harmonics in the output voltage and current on the converter AC-side, and the
high frequency components needs to be filtered out.

5.2.1 RL filter
The simplest AC-filter is a series RL-filter, as shown on the right side of the VSC in Figure 5.2. Ref.
[5.1] suggests a series RL filter with the following values: LS = 10-25 % of Zbase, RS = 1 % of Zbase.

IL

Idc
Ic
Vdc

VSC

ea

RS

LS

ia

eb

RS

LS

ib

vb

ec

RS

LS

ic

vc

va

Figure 5.2 Schematics of VSC HVDC terminal

5.2.2 LCL filter
The switched two-level converter with a series RL filter as described in section 5.2.1 generates
considerable harmonics. In order to reduce the distortion of the output currents and voltages to
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acceptable levels a LCL filter, as shown in Figure 5.3, is introduced. Resistors are included in series
with the L- and C-elements to for damping.
RS,inv

ea

RS,grid

LS,inv

LS,grid

ia

va

Cfilt
RS,inv

eb

LS,inv

Rdamp

RS,grid

LS,grid

ib

vb

Cfilt
ec

RS,inv

LS,inv

Rdamp

RS,grid

LS,grid

ic

vc

Cfilt
Rdamp

Figure 5.3 LCL filter for grid side of converter
The filter should have a resonance frequency in the range [5.2], [5.3]:
10∙fN < ffilter,resonance < 0.5∙fswitching
10∙50 Hz = 500 Hz < ffilter,resonance < 0.5∙2500 Hz = 1250 Hz
In addition the capacitance should be limited to 0.05 pu in order have an acceptable power factor at
nominal power. The filter inductance should not be higher than 0.1 pu for low power filters, while for
high power applications avoiding saturation is most important. Some resistance is required for passive
damping, but it should not be too high to avoid too large losses in the filter [5.2], [5.3].
Meeting all the above described requirements at the same time was not possible, and the filter
inductance had to be increased to 0.15 pu. The resulting resonance frequency was about 1225 Hz,
which is almost at the upper limit. The LCL-filter parameters are given in Table 5.2.
Table 5.2 LCL filter parameters
RS,inv

0.8533 Ω

RS,grid

0.0067 pu
LS,inv

0.0407 H
0.0667 pu

0.4267 Ω

RS

0.0033 pu
LS,grid

0.0204 H
0.0333 pu

1.28 Ω

Cfilt,Δ

0.01 pu
LS

0.41447 mF
0.05 pu

0.0611 H
0.15 pu

Rdamp,Δ

104.5 Ω
0.27 pu

Where Zbase,Δ = 3∙Zbase,Y = 3∙128 Ω = 384 Ω.
Ref. [5.3] suggests that the damping resistance should be in the same order of magnitude as the
capacitor impedance at the resonance frequency. In [5.4] it suggested that the resistance should be one
third of the capacitor impedance at resonance frequency. Following this the damping resistance is
calculated as:

Rdamp ,∆ =
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5.3 Vector-oriented control of converter current
For the design of the current controllers, the shunt capacitor, Cfilt, is neglected (and the damping
resistor, Rdamp). This is can be done since the LC-part of the filter works primarily to reduce highfrequency harmonics, while the current control primarily works on the lower frequency harmonics
[5.3]. Referring to Figure 5.2 and Figure 5.3, the following is assumed: RS = RS,inv + RS,grid, LS = LS,inv +
LS,grid.
Based on the schematics shown in Figure 5.2, the following equation can be put up for the AC-side of
the VSC. Positive current flow is defined from the converter to the grid.

iA 
d  
LS ⋅ iB  =
− RS
dt
iC 
 

iA   eA − v A 
  

iB  +  eB − vB 
iC  eC − vC 
  


(5.3)

Transforming the equation to a reference system rotating synchronously with the grid voltage, (Parktransform), and conversion to pu gives [5.5]:

Ls d id   − Rs
=
 
ωbase dt iq   −ω LS

ω ⋅ LS  id  ed − vd 

 +

− RS  iq   eq − vq 

(5.4)

Where ω is the rotational speed [pu/s].
It can be seen that there is a coupling between the d- and q-axes via the term ωLS. To cancel out the
cross-coupling feed-forward should be applied. The converter and the current controller block diagram
is drawn in Figure 5.4. The VSC is represented by a time delay Tconv, which is half the switching
period for the converter [5.1], [5.6]. The current controller is a proportional-integral (PI) controller.
ud
id
-

id*

K P ,cc

+

ud
+

1 + Ti ,cc ⋅ s
Ti ,cc ⋅ s

ed*

-

ω Ls
Current
controller

iq*

K P ,cc

+

+

ω Ls

1
1
⋅
Rs 1 + s ⋅ Ls (ωbase Rs )

id

iq

Converter

ω Ls

ω Ls
+

1 + Ti ,cc ⋅ s
Ti ,cc ⋅ s

+

iq

-

ed
1
1 + Tconv ⋅ s +

eq*

-

eq
1
1 + Tconv ⋅ s +

uq

-

id
1
1
⋅
Rs 1 + s ⋅ Ls (ωbase Rs )

iq

uq

Figure 5.4 Block diagram representation of converter and current controllers
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The time delay Tconv of the converter could have been taken into account for the feed-forward terms,
but have been neglected.

5.4 Outer control loops
The current references id*, iq* to the current control loops described in the previous section are output
from outer control loops. The d-axis reference can be output from DC-voltage, active power or ACvoltage control loops, and the q-axis reference can be output from reactive power or AC-voltage phase
angle control loops.

5.4.1 DC-voltage control
A block diagram with the control loop for the DC-voltage and the inner control loop for id shown as
hCL,cc is shown in Figure 5.5.

IL
Udc,ref+
-

U dc 0
ud 0

1 + Ti ,Udc ⋅ s idc* U dc 0
K P ,Udc
ud 0
Ti ,Udc ⋅ s

+

id*

hCL ,cc

+

id

ud 0
U dc 0

-

ωbase
+

Udc

Cs

IL

Figure 5.5: Control loop for DC-voltage control
The feed forward term IL·Udc0/ud0 has not been included in the simulation model. The transfer function
for the DC-voltage control loop and determination of controller parameters are shown in appendix
A.1.3

5.4.2 Active and reactive power control
Control of active and reactive power is based on the following equations:

P = ud id

(5.5)

Q = ud iq
P will be controlled by an outer loop for the d-axis current control, and Q will be controlled via an
outer loop for the q-axis current control. The open loop transfer function becomes:

hOL , PQ ( s=
) K P , PQ ⋅

1 + Ti , PQ ⋅ s
Ti , PQ ⋅ s

⋅ hCL ,cc ⋅ u=
d

K P , PQ ud
Ti , PQ

⋅

(

1 + Ti , PQ ⋅ s

s 1 + Teq ,c s + Teq ,cTconv s 2

K P , PQ ud 1 + Ti , PQ ⋅ s
≈
⋅
Ti , PQ
s (1 + Teq s )

)

(5.6)

The tuning of these controllers are described in appendix A.1.4.
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5.4.3 Control of voltage amplitude and phase angle
As mentioned in section 4.4, the wind farm HVDC converter has to control the voltage in the AC
collection grid rather than the power. This is realized by outer control loops for the d- and q-axis
voltages, respectively.
The control loops are shown in Figure 5.6.

ud,ref +

uq,ref +

K P ,Ud

K P ,Uq

1 + Ti ,Ud ⋅ s

ud

id,ref

Ti ,Ud ⋅ s
1 + Ti ,Uq ⋅ s

iq,ref

Ti ,Uq ⋅ s

Current
controllers
and
converter

uq

Figure 5.6: Outer control loops for AC-voltage control
No attempt has been done to determine the controller parameters analytically. Instead, this has been
done by trial-and-error. Choosing the same parameters as for the PQ-controller gave good response.

5.5 Converter controller parameters
The controller parameters are summarised in Table 5.3.
Table 5.3: Summary of HVDC converter controller parameters
KP,CC

3.2229

KP,Udc

6.656

KP,PQ

1

KP,Udq

6.656

Ti,CC

0.0477

Ti.Udc

0.0160

Ti_PQ

0.0160

Ti,Udq

0.0160

5.6 Wind turbine converters
The wind turbine converters are modelled with an average converter model with series RL-filters.
Filter parameters are chosen as RS = 0.01 pu and LS = 0.1 pu. The single wind turbines are rated 6.25
MVA and the 12 aggregated turbines on the same branch 75 MVA together. The aggregated wind
turbine representing the remaining wind farm is rated 1150 MVA. The corresponding filter parameters
and DC-link capacitors are given in Table 5.4. Wind farm grid voltage, UAC,WF = 36 kV and wind
turbine DC-voltage is UDC,WT=72 kV. The capacitance is calculated from the time constant and voltage.
Table 5.4: Filter parameters and DC-capacitance value for wind farm converters
SN [MVA]

6.25

75

1150

1250

RS [Ω]

2.0736

0.1728

0.01127

0.01037

LS [L]

0.066

0.0055

0.0003587

0.00033

Cdc [µF]

18.52

222.22

3407.41

3703.70
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The converters are controlled the same way as the HVDC converter, with inner current controller
loops and outer control loops for control of P and Q. Parameters are summarised in Table 5.5.

Table 5.5: Summary of wind farm converter controller parameters
KP,CC

2.1486

KP,PQ

1

KP,Udq

6.656

Ti,CC

0.0318

Ti_PQ

0.016

Ti,Udq

0.0160

5.7 Power flow control
The three-terminal VSC HVDC network was shown in Figure 4.1 The converters in country 1 and 2
are named C1 and C2, while the converter in the offshore wind farm is named CWf. As described in
section 5.4, the active and reactive power of each VSC can be controlled independently. The outer
control loop for the active power current component (d-axis current) can be implemented with
different control objectives [5.1],[5.7]:
• Constant active power
• Constant DC-voltage
• DC-voltage droop
• Constant AC voltage
The block diagram for DC-voltage droop is shown in Figure 5.7.

KUdc
droop
Udc,ref +

-

id,lim
Udc

Pref

+

+

PI

id,ref

-id,lim
P
Figure 5.7: Block diagram for DC-voltage droop control.
This control has large impact on the behaviour of the HVDC link during a disturbance in one of the
onshore AC-grids. A fault on the AC-side of the converter which is controlling the DC-voltage is
critical if the other terminal(s) have constant active power control. This would lead to uncontrolled
increase or decrease of the DC-voltage. To avoid this, DC-voltage droop is implemented. Then the
active power set-point of the remaining converter(s) will be adjusted up or down according to the
deviation of the DC-voltage, and thus contribute to control of the DC-voltage. In the case study,
converter C1 is set to control the DC-voltage (constant DC-voltage control). DC-voltage droop has
been implemented in converter C2, and this provides some fault-ride-through capability for the
HVDC-system to faults on the AC-side in country 1.
Summarized, the converters in the case study are controlled in different ways:
•

The country 1 converter (C1) is set to control the DC-side voltage and the AC-side reactive
power. This converter then works as a slack-bus for the power flow in the HVDC system.
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•
•

The country 2 converter (C2) controls the AC-side active and reactive power. DC-voltage
droop is implemented on the active power controller. The controller set-points can be
determined by a TSO in a control centre.
The wind farm converter (CWf) is controlling the AC-side (i.e. wind farm collection grid)
voltage magnitude and phase angle. The active power from the wind turbines are passed
through the converter to the HVDC grid.

In terms of active power control this system can operate without any communication. However it is
assumed that communication would be desirable in a real case to adjust the active power set-point of
C2 to the actual wind power generation level. Communication with country 1 is not needed. If two or
more terminals have active power control some coordination would be required, and there would be
need for communication. With DC-voltage droop the need for communication can be avoided.
The control of reactive power is a local problem on the AC-side of each HVDC terminal. The need for
reactive power depends on the impedance and voltage in the AC grid, and alternatively the AC-voltage
could be controlled instead of the reactive power. In this work however the mainland AC-grids have
not been modelled in detail, and reactive power control with a constant set-point close or equal to 0 is
assumed sufficient.

5.7.1 DC-voltage droop
The DC-voltage droop RUdc in percent is given by:

RUdc [ % ]
=

∆U dc [ % ]
∆P [ % ]

⋅100

(5.7)

As an example, 10 % droop then means that a 10 % deviation in DC-voltage causes a 100 % change in
the active power output of the converter.
The converter control is implemented in p.u., based on the apparent power rating, and a 100 % change
in active power corresponds to 0.8 p.u. change. In the simulation model the droop is implemented as a
constant KUdc, which is multiplied with Udc,ref – Udc,measured shown in Figure 5.7.

KUdc [ p.u.] =

100
RUdc [ % ]

(5.8)

With KUdc = –8, a 0.1 pu change in DC-voltage causes a 0.8 pu change in active power output. With
KUdc = –4, a 0.2 pu change in DC-voltage causes a 0.8 pu change in active power output.
With droop implemented, the C2-converter contributes to the DC-voltage control. With a fault on the
AC-side of converter C1, the active power set-point of C2 should be changed as much as possible to
support the DC-voltage. Then a small droop is desirable. However, a smaller droop means higher
sensitivity also to small deviations in the DC-voltage, for instance due to voltage drop in the DCcables. This leads to a steady-state deviation from the active power set-point in C2. Figure 5.8 shows
simulation results when the wind farm was generating about 1 pu active power, the active power setpoint of C2 was 0, and a three-phase short circuit occurred at the AC-side of C1 at 2.5 s.
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3
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Figure 5.8: Response to short-circuit on AC-side; (a) active power, measured on grid side of
converter filter and (b) DC-voltage
Positive direction of power flow is from the converter DC- to AC-side. pu-base for active power plot
is 1000 MW. In steady-state the active power in converter C2 is a bit higher than the set-point value of
zero because the DC-voltage is slightly higher than 1 pu. When the fault occurs, the active power
through converter C1 is reduced almost to zero, while the active power through C2 is increased
correspondingly to about 1 pu.
A smaller droop RUdc and corresponding larger KUdc gives a smaller increase in the DC-voltage during
the fault, but larger steady-state deviation from the set-point of zero for active power in C2. Based on
the plots, KUdc is set to -4, assuming that the DC-system can withstand a 20 % overvoltage for a short
period. The case where the active power in converter C2 has to be increased from 0 to 1 pu when the
short-circuit occurs is worst case when it comes to DC-voltage increase. In other cases the voltage
change will be smaller.
A dead band can be implemented on the droop, in order to avoid steady-state error in the active power
at small deviations in voltage level. Then a smaller KUdc could be chosen without the drawback of
steady-state error in normal operation.
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6 Dynamic analyses of three-terminal HVDC grid connected offshore wind farm
An offshore wind farm with three-terminal HVDC grid connection has been modelled in PSCAD. The
modelling was described Chapter 5. The developed model is applied in this Chapter for investigating
different fault events through simulations. Emphasis is on on fault detection and fault-ride-through
capability, and short circuits and ground faults in the wind farm collection grid, in the DC transmission
grid and on AC-sides of the two onshore HVDC terminals are considered.
The simulation results to be presented demonstrate that the HVDC-transmission system can operate
through faults in the onshore AC grids if the HVDC terminals have either DC-voltage control and/or
active power control with DC-voltage droop.

6.1 Dynamic simulation cases
An offshore wind farm with three-terminal HVDC grid connection has been modelled in PSCAD, and
the system is illustrated by Figure 6.1. The modelling has been described in detail in the previous
Chapter.
1000 MW

Offshore
wind farm

Cwtg

Cwt

400 kV AC
1250 MVA

36 kV AC

Country 1

C1

Country 2
1250 MVA

CWf

HVDC-cable
300 km

C2

400 kV AC
1250 MVA

HVDC-cable
500 km

+/- 400 kV DC

Figure 6.1 Offshore wind farm with three-terminal HVDC connection to the mainland grids.
The developed model will be used for investigating different fault events through simulations. Short
circuits and ground faults in the wind farm collection grid, in the DC transmission grid and on ACsides of the two onshore HVDC terminals will be considered. Focus is on methods and criteria for
detection of the faults, and on fault-ride-through capability. Both HVDC- and wind farm collection
grid consist of subsea cables. Phase-to-phase short circuits can be expected to occur much less
frequent on subsea cables than overhead lines, and ground faults are probably the most likely fault
event. Phase-to-phase faults are however more severe, and must still be considered. Thus fast
detection and disconnection of all types of faults are very important.
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A main advantage with DC- compared to AC-grids is generally lower active power losses and no
reactive power losses. The relatively lower grid impedance however causes voltage drops due to faults
to be larger and spread out faster than in AC-grids. This may disturb the operation of HVDC
converters not directly connected to the faulted branch. Therefore the DC breakers must be faster than
the AC breakers used today [6.2]. In the future, with the availability of sufficiently fast DC breakers
with acceptable loss levels, the fault clearance strategy can be the same for a DC grid as for a meshed
AC grid.

6.1.1 Adaption of model detail level for different studies
For the different case studies, some adaptions of the simulation model will be done. A main reason for
this is to avoid unnecessarily complex models and correspondingly long simulation times.
•

•

For simulations of onshore grid faults and faults in the HVDC-grid a three-terminal HVDC
model will be used. The third terminal is essential when studying fault-ride-through capability.
The wind farm is represented by a single aggregated wind turbine converter model in this
case.
For simulations of wind farm grid faults a model with two HVDC-terminals will be used,
since the HVDC grid is not of main interest in this case. This allows for some more details in
the modelling of the wind farm collection grid.

6.2 Onshore Side Grid Faults
Detection and disconnection of faults in the mainland AC-grids are assumed to be handled by
conventional protection and AC-breakers, and will not be studied in this work. Instead the dynamic
responses of the HVDC-network and the wind farm grid to such faults will be investigated. When
there is a voltage dip on the AC-side of an HVDC-converter, the amount of power that can be
delivered to the AC-grid is limited. This can lead to overvoltage on the DC-side. With a three-terminal
HVDC-grid, the power can instead be delivered through the healthy terminal, and the overvoltage can
possibly be avoided. Thus it is expected that the connection to two different countries will have a
stabilizing effect, helping the HVDC-network to ride-through AC-side faults.
Figure 6.2 shows the response of a three-phase short circuit on the AC-side of converter C2. The wind
farm is generating about 1000 MW, and the active power reference for converter C2 is also 1000 MW.
This represents a worst case since converter C1 has to change the power output from 0 to about 1000
MW when the short circuit occurs.
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Figure 6.2 Response to three-phase short circuit on converter C2 AC-side. Pref,C2=1000 MW
Plot (a) shows that the active power through converter C1 is increased when the active power through
C2 is reduced to zero due to the short circuit. Therefore the active power through the wind farm
converter terminal, PCwf, is kept constant during the fault, and the disturbance in the wind farm voltage
is negligible, as seen in plot (c). The DC-system operates through this fault with relatively small
oscillations in the DC-voltage.
The response of a three-phase short circuit on the AC-side of converter C1 is shown in Figure 6.3. The
wind farm is generating about 1000 MW, and the active power reference for converter C2 is also 0
MW.
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Figure 6.3 Response to three-phase short circuit on converter C1 AC-side. Pref,C2 = 0 MW. (a)
Active power, (b) DC-voltage, (c) voltage in wind farm collection grid
The droop of the active power controller of converter C2 has been chosen so that a 0.2 pu change of
DC voltage leads to a 0.8 pu (1000 MW/1250 MVA = 0.8) change of the active power. As seen in plot
(a), converter C2 changes the power output from 0 to about 1000 MW when the short circuit occurs in
country 1, and the power flow through converter C1 is reduced to zero. The active power delivered
through the wind farm HVDC terminal is not disturbed by the short circuit, and therefore only a
negligible disturbance is seen in the collection grid voltage in plot (c). The DC-voltage increases to 1.2
pu during the short circuit due to the chosen droop setting. The very large and sudden change of the
active power output of terminal C2 might not be desirable for the AC-grid, so in a real case the impact
on the grid should be investigated.
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The plots show that the DC-transmission system can operate through onshore AC-side faults if the
HVDC terminals have either DC-voltage control or active power control with DC-voltage droop. The
short circuits cause negligible fluctuations in the wind farm voltage, and are therefore assumed to also
have negligible impact on operation of the wind turbines.
Only results for symmetrical faults were shown here. The DC-system can operate through
unsymmetrical faults in the same way. The reduction in active power through the converter close to
the fault is less for a unsymmetrical fault, and these faults are therefore less severe for the system than
three-phase short circuits. However, more oscillations are seen in active power and DC-voltage during
the unsymmetrical condition.
In the same way as with a DC-side fault, the IGBTs will block when an overcurrent is detected due to
a fault on the AC side. When the IGBTs are blocked no fault current will flow through the anti-parallel
diodes, because the fault current is directed in the backward direction of the diodes. Simulation results
however showed that the converter current with a fault on the AC-side (on grid-side of converter filter)
did no cause a fault current large enough to block the IGBTs. (Peak current was about 3 kA, while the
overcurrent protection was set to block the IGBTs at 4 kA).

6.3 Dynamic events in HVDC grid
This section deals with dynamic events in the HVDC transmission grid. First, system responses to
some large load steps are studied. Then faults on the HVDC transmission cables are investigated.
When step changes in the load occur, the HVDC converters have to go to a new steady-state operating
point after some transients. Step changes in the load are normal events which the HVDC-system has to
handle without getting instable or without tripping the protection. A diagram showing the currents and
voltages on the DC-sides of the three terminals is shown in Figure 6.4.
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Figure 6.4 Diagram for study of DC-grid dynamic events
Figure 6.5 shows the response when the wind farm is generating nominal power and the active power
reference in converter C2 is increased from zero to nominal power. This was found to be worst case
regarding current increase and voltage dips.
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Figure 6.5 Response with step change in wind power production. Pref,CW=1000 MW. Pref,C2:
0→1000 MW Ibase=1000/800 kA. (a) Positive phase currents and (b) positive phase voltages
Fast detection and disconnection of faults within the HVDC-link is important to maintain stable
operation of the wind farm. A short circuit on one of the DC transmission cables is very critical, as it
would lead to large capacitive discharge currents. Such faults are likely to be permanent, but the threeterminal solution allows for continued power transmission between two of the terminals despite of a
fault. Due to the low impedance in the DC-cables, the voltage drop is spread out very fast. It is
therefore important to detect and clear such faults very fast to prevent instability and further damage of
equipment [6.3]. Compared to AC-grids, the critical clearing time is typically much shorter in DCgrids, which means that fast DC-breakers are required in multi-terminal DC-grids.
The VSC is made up of IGBT-switches. In real installations, the current ratings would be chosen
according to nominal power and probably some overload current capability [6.4], [6.5]. A short-circuit
somewhere in the system may lead to very high converter currents, which can damage the IGBT in
short time. IGBTs therefore normally have overcurrent protection for fast blocking of the device when
the current exceeds the maximum value. Peak current through a switch at nominal apparent power in
the 1250 MVA wind farm case study is:

=
IˆN

2 ⋅ SN
=
3 ⋅ U AC ,rms

2 ⋅1250 MVA
= 2.55 kA
3 ⋅ 400 kV

(6.1)

Including some margin, the overcurrent protection is set to block the IGBTs at a current level of 4 kA.
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6.3.1 Phase-to-phase short circuits
As starting point for the analyses of DC-faults phase-to-phase faults are studied. Although such faults
are not very likely to happen on the subsea cables, the consequences are large. Equivalent circuits as
shown in Figure 6.6 [6.6] can be used to study the fault current path for the different time periods of a
short circuit. Immediately after the fault has occurred the DC-capacitor on the converter terminals is
discharged, (i). The magnitude and steepness of the first current peak is determined by the DC-voltage
and the cable resistance and inductance. In the next phase the capacitor voltage is zero, and the cable is
discharged through the anti-parallel diodes in the converter bridge (ii). If a fault occurs on the DC-side
of the converter and an overcurrent is detected, the IGBT switches can be blocked for self-protection
[6.4]. However, the converter anti-parallel diodes will continue conducting current and the VSCs will
act as rectifier bridges, and the fault will be feed from the AC-side via the diodes [6.6],[6.7]. The
initial diode current can be very large, because the current in the cable inductor cannot change
instantaneously when the DC-capacitor voltage goes to zero. Finally, in the third phase the fault is fed
from the AC-grid through the diodes, (iii). In this phase the current depends on the short circuit
capacity of the grid, the filter impedance, the DC-cable impedance and fault resistance.
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Figure 6.6 Equivalent circuits for fault on DC-side during: (i) capacitor discharge phase, (ii)
freewheel diode phase, (iii) grid feeding phase.
Figure 6.7 shows fault currents during for some example phase-to-phase short circuits. Immediately
after the fault occurs the DC-cable current ip equals the capacitor current iC,p. When the capacitor has
been discharged and iC,p goes to zero, the DC-cable current equals the current fed via the diodes, idc,p.
The distance from the converter terminal to the fault location is 1 and 10 km, and a longer distance
means larger R and L in between the fault location and the HVDC terminal. The currents are shown in
pu based on the converter rating, 1250 MVA. Thus at nominal active power in the DC-cable the
current should be 0.8 pu.
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Figure 6.7 Current and voltage responses to phase-to-phase short circuits 1 and 10 km from the
converter terminals on DC-side. Rf=0.01 Ω. Ibase=1250/800 kA.
The plots show that the steepness and amplitude of the fault current depends very much on the length
of cable between the converter and the fault location. For phase-to-phase faults located 1 and 10 km
from the converter terminal, the maximum current through the diodes (idc,p) are about 100 pu and 27
pu respectively. These very large currents are much more than the diodes can withstand, and will
probably damage the diodes. A short-circuit 100 km away from the converter terminal was also
simulated, and in this case there was no large initial current through the diodes, but only a slow
increase towards the steady-state fault current.
The fault current approaches the same final "steady-state" value independent on the distance to the
fault location. This final fault current value depends on the short-circuit capacity of the AC-grid and
the filter impedance. In this case study the AC-grids in the two countries have short-circuit capacities
of 5000 MW and short-circuit impedances of (5.6 + j31.5) Ω. The filter series impedance is (1.3 +
j19.2) Ω. The total short-circuit impedance on the AC-side then becomes 15.2 Ω. Cable resistance and
possible fault resistance (more significant for phase-to-ground faults) come in addition. The steadystate peak current through the diode with a short circuit at the DC-terminals of the converter can be
calculated from:

2⋅U
2 ⋅ 400 kV
800 kV
=
=
i p = AC =
6.3 kA =
6.3 kA ⋅
4.1 pu
1250 MVA
3 ⋅ Z AC
3 ⋅ 51.2 Ω
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6.3.1.1 Fault detection
Figure 6.8 shows current and voltage responses to phase-to-phase faults 250 km and 5 km respectively
from the HVDC terminal in country 2 (C2), respectively.
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Figure 6.8 Positive phase current, -voltage and current derivative with phase-to-phase short
circuit (a), (c) and (e): 250 km from converter CWf and C2. (b), (d) and (f): 495 km from
converter CWf and 5 km from C2. Ibase=1000/800 kA.
It can be seen from (a) and (b) that the fault current from the wind farm converter terminal towards
country 1 (ip,CWf1) is negative, while the fault current towards country 2 (ip,CWf2) is positive. Based on
this it can be concluded that the fault was located between the wind farm and country 2 HVDC
terminals.
The maximum fault current and voltage drop seen at terminal C1 are not significantly smaller than at
CWf. Therefore it cannot be clearly concluded based on local measurements at C1 that the fault is not
located between C1 and CWf. However, the rate-of-change of current on each end of the faulted
branch (ip,C2 and ip,CWf2) are significantly larger than at the ends of the healthy branch (ip,C1 and ip,CWf1).
Thus criteria for detection of fault can be rate-of-change of current above a certain level, together with
the decrease of voltage. For the fault 250 km from C2 (e), the maximum current derivative in terminal
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C1 is 1200 pu/ms. For the fault 5 km from C2 (f) the maximum current derivative is very large, and
the peak value is not shown. The derivative of the current from the wind farm terminal towards C2 is
2600 pu/ms. Thus a current derivative of 1200 pu/ms should not be lead to opening of the local circuit
breaker, while a current derivative of 2600 pu/ms should be interpreted as a fault and lead to opening
of the local breaker.

6.3.2 Phase-to-ground short-circuits
Although phase-to-phase faults are the most serious, phase-to-ground faults are much more likely to
occur, and are therefore important to study. Figure 6.9 shows the current and voltage response on
converter C1 terminals with positive-phase-to-ground faults 1 and 10 km from the converter terminal.
The fault resistance is set to 0.01 Ω. Compared to the cases with phase-to-phase short circuits, no
sharp increase of the current through the converter diodes, idc,p, is seen, but rather a more slow increase
towards the steady-state fault current (similar to the phase-to-phase fault 100 km from the converter).
Therefore a phase-to-ground fault appears less critical for the converter than a phase-to-phase fault.
Still, very large capacitor discharge currents will flow to the fault location, which can be harmful.
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Figure 6.9 Response to positive phase-to-ground short circuits 1 and 10 km from the converter
terminal. Current and voltage measured at converter terminals. Rf=0.01 Ω. Ibase=1250/800 kA.
As for the phase-to-phase fault, the fault current approaches the same final "steady-state" value
independent on the distance to the fault location. This final fault current value depends, among others,
on the fault resistance and the transformer grounding. The equivalent circuit in Figure 6.10 can be
used to calculate the fault current with a phase-to-ground fault at the converter DC-terminals. The
transformer is Υ-Δ connected, and the Y on the converter side with a very low resistance (1e-6 Ω) from
the neutral-point to ground.
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Figure 6.10 Equivalent circuit for steady-state earth fault current calculation
Where Rp-g is the fault resistance, ZS is the converter filter impedance, Rg,t is the transformer neutral
point resistance and Xl,t is the transformer leakage reactance.

ig

u p− g
400 kV
=
R p − g + Z S + 3 ⋅ Rg ,t + jX l ,t
1 + 1.28 + j19.2 + 3 ⋅1e −6 + j 6.4 Ω

400 kV
800 kV
15 kA =
15 kA ⋅
= =
≈ 10 pu
25.7 Ω
1250 MVA
The steady-state fault current of about 10 pu is probably large enough to damage the diodes, and the
fault should be disconnected fast enough to prevent damage. As seen in Figure 6.9 this means that
disconnection within a few milliseconds is required, which is very fast.
With a larger neutral point resistance, the fault current will be smaller. Figure 6.10 shows that the earth
fault cannot be fed from the grid side of the AC-transformer with the Υ-Δ connection. However, if the
transformer was Y-Y connected, the earth fault would be fed from the AC-grid. Thus the grounding in
the AC-grid determines the size of the steady-state earth fault current in the DC-grid. The low
impedance grounding is positive for the HVDC-system, which would be "floating" without grounding
on one its AC-sides.

6.3.2.1 Fault detection
Figure 6.11 shows current and voltage responses to positive-phase-to-ground fault 250 km and 5 km
from the HVDC terminal in country 2 (C2).
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Figure 6.11 Positive phase current, -voltage and current derivative with positive phase-toground fault (a), (c) and (e): 250 km from converter CWf and C2. (b), (d) and (f): 495 km from
converter CWf and 5 km from C2. 1000/800 kA.
Plots (a) and (b) show that the fault current from the wind farm converter terminal towards country 1
(ip,CWf1) is negative, while the fault current towards country 2 (ip,CWf2) is positive, similar to the phaseto-phase fault cases. The positive current indicates the faulted branch.
In this case there is some difference between the currents through terminal C1 and from CWf towards
C1, and the current level could possibly be utilized for fault detection. However, as for the phase-tophase faults, rate-of-change of current is a safer criterion for detection, together with the voltage drop.
The rate-of-change of current on each end of the faulted branch (ip,C2 and ip,CWf2) are significantly
larger than at the ends of the healthy branch (ip,C1 and ip,CWf1). For the fault 250 km from C2 (e) the
maximum current derivative in terminal C1 is 550 pu/ms, which should not be seen as a fault an lead
to opening of the breaker. With a fault 5 km from C2 (f) the maximum derivative of the current from
the wind farm terminal towards C2 is 2200 pu/ms, and this should lead to breaker opening. Based on
the results shown in Figure 6.8 and Figure 6.11 the criterion for detection should be a rate-of-change
of current somewhere between 1200 and 2200 pu/ms. The rate-of-change of current and voltage drop
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due to load changes are much smaller than for fault events as was seen for the most severe load step in
Figure 6.5, and will not be mistaken for a fault.

6.3.3 Fault-ride-through capability with a DC-transmission fault
One advantage with having a multi-terminal topology is that the transmission system has redundancy.
Thus, if there is a fault on one of the transmission branches, the remaining healthy part of the system
can continue operation. This chapter studies the response of the system to different faults on the DCtransmission cables, in order to investigate if the remaining system can ride-through the fault and
continue stable operation during and after the fault. The cable faults are assumed to be permanent, so
that the faulted line section has to be disconnected and the system will operate as a two-terminal
system after disconnection.

(a): P [pu], 250 km

Figure 6.12 shows the active power (a) and DC-voltages (b) at the three terminals, in addition to the
voltages in the wind farm collection grid and wind turbine generator DC-link (c) before and during a
fault, and after disconnection of the faulted branch. The fault is a positive-phase to ground fault 5 km
from CWf and 295 km from C2. In this case, the wind farm was modelled as a single back-to-back
converter with rating 1250 MVA. UDC,Wtg in plot (c) is the voltage in the back-to-back converter DClink. Before the fault occurrence, the wind farm is generating constant and close to nominal power
(1000 MW), and all the generated power is delivered to terminal C2 while the power through terminal
C1 is approximately zero. This is a worst case since the active power through C1 has to be changed
from zero to nominal after the fault.
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Figure 6.12 Response to positive-phase-to-ground fault between C2 and CWf, 5 km from CWf, at
1.5 s. Disconnection at 2.5 s. (a): Active power (Pbase=1000 MW), (b): Positive phase DC-voltage,
(c): wind farm collection grid AC-voltage and wind turbine DC-link voltage
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The faulted section was in this case disconnected after 1 s., however the system remained stable for
longer disconnection times. As seen from the plots, the system goes to a new stable operating point
after the fault and disconnection of the faulted branch. In the post-fault state all power generated in the
wind farm is transferred to terminal 1. The fault creates a voltage dip in the wind farm collection grid,
and the generated power from the wind farm cannot be delivered to the grid. The excess power is
therefore consumed by the DC-chopper, and the wind turbine DC-link voltage increases to 1.2 pu
during the fault. The fault-ride-through capability is thus due to the action of the DC-chopper and the
DC-voltage control of HVDC-terminal C1, which quickly adjusts the power through the terminal. The
results with phase-to-phase faults, or faults closer to terminal C2 are similar, i.e. the disconnection of
the faulted branch could take more than 1 s.

(a): P [pu], 250 km

Figure 6.13 shows the response to a positive-phase-to-ground fault on the cable between the HVDCterminals CWf and C1. The fault is located 5 km from CWf and 295 km from C1. As in the previous
case the wind farm is generating close to nominal active power, but the power through terminal C2 is
zero, and thus all power is delivered through terminal C1 before the fault occurs. In this case the
faulted branch had to be disconnected within 15 ms in order to avoid instability.
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Figure 6.13 Response to positive-phase-to-ground fault between C1 and CWf, 5 km from to CWf,
at 1.5 s. Disconnected at 1.515 s. (a): Active power (Pbase=1000 MW), (b): Positive phase DCvoltage, (c): wind farm collection grid AC-voltage and wind turbine DC-link voltage
With a phase-to-phase fault in the same location, the faulted branch had to be disconnected within 8
ms in order to avoid instability for the remaining grid. If the fault was located 5 km from terminal C1 a
phase-to-ground and phase-to-phase fault had to be disconnected within 32 ms. and 17 ms.,
respectively. Thus a fault close to the wind farm HVDC-terminal is more critical than a fault close to
the terminal C1 regarding transient stability. Also, a phase-to-phase fault is more critical than a phaseto-ground fault.
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However, the case where all the power from the wind farm is flowing through terminal C2 instead of
C1 in the pre-fault state appears more critical than the case shown in Figure 6.13. The faulted branch
then has to be disconnected within 12 ms instead of 15 ms.
Generally, the critical clearing times are much shorter for faults on the branch between C1 and CWf
than for faults on the branch between C2 and CWf. A major difference between the two cases is that
terminal C1 has constant DC-voltage control, while terminal C2 has active power control with DCvoltage droop. Thus it appears to be much more critical to lose the terminal with constant DC-voltage
control than the terminal with DC-voltage droop. Faults close to the wind farm HVDC terminal (CWf)
are more critical than faults close to terminals C1 and C2, which is as expected since faults close to
CWf will have the largest impact on the whole DC-transmission grid. Also, CWf is controlling the
wind farm collection grid voltage, and with a large voltage drop on its DC-side it might not be able to
maintain this control. In addition, it is found that phase-to-phase faults are more critical than phase-toground faults, which is also expected since phase-to-phase faults cause the largest voltage drops.
In order for the system to ride-through faults in the DC-grid without interruption of operation, DCbreakers are required. If the fault is located on the branch between terminals C1 and CWf, the DCbreakers have to be very fast (disconnection within 8–32 ms for the cases discussed above). As a
comparison, ABBs hybrid DC-breaker for high power applications can break currents within 5 ms
[6.8]. However, this technology is still very new. As seen in chapters 6.3.1 and 6.3.2, HVDC grid
faults close to the converter stations need to be disconnected very fast in order to prevent damage in
the anti-parallel diodes. For phase-to-phase faults the required disconnection times were less than 1 ms
for the worst cases, while the phase-to-ground faults should be disconnected within a few ms. Thus it
appears very difficult to manage fast enough disconnection in these cases.

6.4 Fault-ride-through capability during collection grid faults
This section deals with responses to faults within the wind farm AC collection grid. The wind farm
collection grid differs from conventional AC-grids as all sources are connected via power electronics
converters, and thus the dynamic characteristics are governed by the converters and corresponding
controllers. The short circuit current capacity in such a grid is very limited since the short circuit
current capability of a converter is generally only slightly larger than the nominal current. In addition
the grid is lacking inertia, making fast frequency fluctuations possible.
As the focus here is on the AC-collection grid and wind turbine responses, the HVDC-grid is modelled
as a two-terminal connection. The wind farm was modelled with one branch with 16 wind turbines,
where 4 of them were modelled separately with rating 6.25 MVA each and 12 were modelled as one
aggregated wind turbine of rating 75 MVA. The remaining wind farm was modelled as one large
aggregated wind turbine rated 1150 MVA (920 MW).
The responses to three-phase, two-phase and phase-to-ground short circuits in the collection grid are
shown in Figure 6.15 to Figure 6.17. In all cases, the short circuit was located on the terminals of wind
turbine 1, 0.5 km from the wind farm HVDC terminal. The fault durations were 100 ms. The fault
location and the measurement points for the following figures are shown (with red) in Figure 6.14.
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Figure 6.14 Wind farm collection grid with fault location and measurement points
The plot legends in Figure 6.15 and Figure 6.17 thus refer to the following:
•

Plot (a): Collection grid AC-voltage (Uac,wf). Active and reactive power delivered to the
collection grid from the large aggregated 1150 MVA wind turbine (PQWf1, QCWf1).
• Plot (b): Active power into 1150 MVA wind turbine on turbine-side (PCWfg1). DC-voltage
(Udc,Wf1) and active power consumption in DC-chopper (PRdc,Wf1) of the same wind turbine.
• Plot (c): DC voltage (Udc,CWf) and active power into wind farm HVDC-terminal (PCWf)
In the plots the pu-base for active and reactive power of the large aggregated wind turbine of rating
1150 MVA is chosen equal to the nominal active power: 920 MW.
All wind turbines are generating nominal active power, while the reactive power is set to zero.
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6.4.1 Three-phase short circuit
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Figure 6.15 Response to a three-phase short circuit in the wind farm AC collection grid, 0.5 km
from the wind farm HVDC terminal.
Plot (a) shows that the collection grid voltage drops down to about 0.28 pu during the three-phase
short-circuit. This leads to a reduction of the active power delivered from the wind turbine goes down
from 1 pu to 0.16 pu. The reactive power increases from zero to 0.53 pu. When the active power
output is reduced there will be surplus of energy in the DC-link, since the power delivered from the
wind turbine is not reduced, but cannot be delivered to the grid. This leads to an increase of the DClink voltage, as seen in plot (b). When this voltage reaches 1.2 pu, the DC-resistor is connected and is
consuming the surplus energy, preventing the voltage to increase above 1.2 pu. The active power into
wind turbine side converter is not disturbed by the fault on the grid side. Plot (c) shows that the power
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delivered to the wind farm HVDC converter goes down to zero during the dip. Some relatively small
disturbances are seen in the HVDC voltage.

6.4.2 Two-phase short-circuit
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Figure 6.16 Response to a two-phase short circuit in the wind farm AC collection grid, 0.5 km
from wind farm HVDC terminal.
From plot (a) it can be seen that the collection grid voltage drops down to about 0.85 pu during the
two-phase short-circuit, causing a similar reduction in the active power output. The reactive power
output increases slightly. Oscillations are seen during the short-circuit, and these are due to the
presence of negative sequence components. The active power delivered to the converter from the wind
turbine side is not affected by the short-circuit, as seen in plot (b). Since the active power delivered to
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the grid is reduced, the DC-link voltage is increased, up to about 1.1 pu. This is not enough to activate
the DC-chopper. Plot (c) shows some oscillations in the HVDC-voltage at the wind farm terminal,
which is caused by the disturbance in the power delivered from the wind farm to the HVDCtransmission grid.

6.4.3 Single phase-to-ground short-circuit
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Figure 6.17 Response to a single-phase-to-ground short circuit in the wind farm AC collection
grid, 0.5 km from wind farm HVDC terminal.
The response to the single-phase-to-ground fault is quite similar to that of the two-phase short-circuit,
but slightly less severe. The collection grid voltage drops down to about 0.9 pu during the fault, which
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leads to a small reduction in the active power output of the wind turbine converter and a small increase
in the reactive power. The reduction of the active power output leads to an increase of the DC-link
voltage up to about 1.05 pu, which is not enough to connect the DC-chopper. The fault causes
oscillations in the HVDC-transmission voltage, but these are relatively small as seen in plot (c). Both
negative- and zero- sequence components are present during the single-phase fault, and similar
oscillations as for the two-phase short-circuit are seen.
The size of the single-phase to ground fault current depends on the grounding of the collection grid. In
this case the main wind farm transformer connected to the HVDC-terminal was grounded through a
very small (1 μΩ) resistance, so the collection grid is in reality directly grounded. This type of
grounding gives the largest possible fault current, and the advantage is that fault detection becomes
easier. What has not been considered in the simulation is the impedance in the ground-path between
the fault location and the transformer neutral, whether the current goes in the real ground or in a
separate ground conductor. This impedance will reduce the fault current.

6.4.4 Discussion of results
The three-phase short-circuit is seen to be the most severe; however the two-phase and single phase
faults causes oscillations due the presence of negative sequence components. The wind turbine returns
to normal operation after all three faults. In this case the fault-ride-through capability is determined by
the converter characteristics, and not by the inertia as for a conventional generator directly connected
to the grid. Due to the chopper-resistor in the DC-link, the wind turbine is transient stable despite of
lacking inertia on the grid side.
Wind turbine converters can be controlled to have different types of behaviour during voltage dips. In
this case reactive power control with a constant set-point of zero was applied. Other strategies could
be chosen for the control of reactive power in order to maximize the voltage support during voltage
dips, which is commonly required by grid codes in order help recovering the grid voltage. The
simplest would be to apply voltage control instead of reactive power control. This requires an
additional control loop where the output of the voltage controller will be input to the reactive power
controller. Another solution is to apply a different strategy when the grid voltage goes below a certain
value than in normal operation. When the wind turbine is generating nominal active power, there is
little reactive current capability available in the converter. Therefore such a strategy could give
priority to reactive power, and reduce the active power output to zero during the dip. Then the total
current capability of the converter can be used for generating reactive power. This type of fault-ridethrough strategy was not implemented in the model used in this work. Such a control strategy anyhow
relies on having a chopper-controlled resistor in the DC-link, which has been implemented.

6.5 Short-circuit protection in the wind farm collection grid
Faults should be detected and disconnected fast enough so that the wind turbines can operate through
the faults without disconnection. In Figure 6.15 to Figure 6.17 above the faulted branch was
disconnected after 100 ms, and the system remained stable during and after the faults.
Distance protection is the most common main short-circuit protection of transmission lines and cables,
as well as for meshed distribution networks [6.9]. Therefore it is interesting to investigate the
possibility to use this type of protection for fault detection in the wind farm collection grid. Due to the
power electronics converters, the grid has lower short-circuit current levels than conventional grids.
Numerical distance relays can have different characteristics, but the basic principle for detection is that
the impedance seen by the relay changes from a large value during normal operation to a small value
when there is a fault in the grid. In addition the impedance is generally resistive during normal
operation (reflecting the load impedance) and relatively more reactive during fault (reflecting the
line/cable impedance).
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Figure 6.19 shows impedance values seen by the distance relay located at the beginning of the
collection grid branch with 16 wind turbines for three-phase and two-phase short-circuits at two
different locations. All turbines are generating nominal active power. The fault locations and the
measurement point for the relay are shown in Figure 6.18.

Wt4
CWfg1

CWf1

Relay

Wt1

IWf2
UWf2

CWf2

CWfg2

Figure 6.18 Fault locations (Wt1, Wt4) and "measurement" point (IWf2, UWf2) for distance relay
corresponding to plots in Figure 6.19
The impedances are calculated from:

U a ,Wf 2 − U b ,Wf 2
Rab ,Wf 2 + jX ab ,Wf 2 =
I a ,Wf 2 − I b ,Wf 2

(6.2)

Where subscripts a and b refers to phase a and phase b.
For a three-phase short-circuit, any pair of phase quantities can be used to calculate the impedance (ab,
bc, ca), while for a two-phase short-circuit the two faulted phases will give the correct impedance. In
the case shown here, the two-phase short-circuit was between phase a and b.
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Figure 6.19 Impedances seen from distance relay at the beginning of the single branch of the
wind farm collection grid during three-phase- and two-phase- faults at Wt1 and Wt4 terminals.
During normal operation the relay sees an impedance of Zab,Wf2 ≈ -16 + j2 Ω = 16.1ej172.9º Ω. The
resistance is negative, since positive direction for current measurement for the relay is from the
HVDC-terminal towards the wind turbines, while the power flow is in the opposite direction. During
the faults close to turbine Wt1 the impedance goes to approximately zero, while during the faults close
to Wt4 the impedance is slightly larger, about Zab,Wf2 ≈ 0.4 + j0.8 Ω = 0.9ej63.4º Ω. There is little
difference between the two-phase and three-phase short-circuit cases. The difference between the
impedance in normal and faulted operation is sufficient to allow for fault detection.
Even though the overcurrent capability of the converters is limited, the current through the relay
during short-circuit will be significantly larger than during normal operation. This is because the total
installed capacity on the faulted branch is much smaller than the total capacity of the wind farm, and
during a fault, current will flow from the neighbouring un-faulted branch(es) to the fault. The sum of
these currents will be significantly larger in magnitude than that floating from the branch to the
HVDC-terminal in normal operation. In the example case there was 16 wind turbines on the faulted
branch, while the total number of turbines in the wind farm is 200, i.e. only 0.08 of the installed
capacity is connected to the faulted branch. If a larger share of the wind turbines were connected to the
faulted branch, the difference between normal and faulted states would be less.
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In order to illustrate which parameters that impact on the impedance seen by the relay, four different
cases are shown in Figure 6.20. Impedances before and during three-phase short-circuits at wind
turbine Wt4 terminals are shown. All wind turbines are generating nominal power, except in plot (a),
where all are generating 10 % of nominal power. In plot (b) the length of each cable section is
extended from 0.5 km to 2 km, and thus the total distance to Wt4 becomes 8 km. In plot (c) the rating
of the two aggregated wind turbine converters have been changed. It is assumed that the wind farm has
two branches with 100 turbines on each, so that the total converter rating on each branch is 625 MVA.
Plot (d) shows results with a larger fault resistance, 10 Ω.
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Figure 6.20 Impedances seen from distance relay at the beginning of the single branch during
three-phase faults at Wt4 terminals. (a) Active power generation in wind farm 10 % of nominal,
(b) 2 km cable sections, total 8 km (c) 100 wind turbines on each branch (d) large fault resistance
The high load case, i.e. all wind turbines are generating nominal active power, gives the smallest
impedance in normal operation. As seen in plot (a), if the production level is lower, the impedance will
be higher, and the difference between normal and faulted operation will also be larger. Therefore the
case with nominal production is the most relevant to study.
In plots (b) and (d) the impedance in the pre-fault state is equal to that in Figure 6.19 above. In the
case with 8 km to the fault location, the impedance becomes approximately Zab,Wf2 ≈ 1.5 + j3.4 Ω =
3.7ej66.2º Ω during fault. This is 3-4 times larger than in the initial case with 0.5 km cable sections.
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Thus with a longer distance from the relay to the fault the relay sees a larger impedance during fault.
In this case there is still significant difference between normal and faulted state, and the fault can be
detected. However, problems with detection could occur in case of very long feeders/branches.
In plot (c), the impedance in the pre-fault state is significantly reduced compared to the base-case,
since much production is connected to the branch where the relay is located. The impedance is
changing from Zab,Wf2 ≈ -2.5 + j0.3 Ω = 2.5ej173.2º Ω to Zab,Wf2 ≈ 0.3 + j1.1 Ω = 1.1ej74.7º Ω due to the
fault. In this case there is little difference between the pre-fault and faulted state, and detection of the
fault can be difficult. Detection based on the resistance value is however possible. If the fault
resistance is large, detection could still be difficult. In plot (d) the fault resistance was 10 Ω, and this
resulted in an impedance of Zab,Wf2 ≈ 5 + j1 Ω = 5.1ej11.3º Ω during fault. A very high fault resistance is
however most likely when the fault involves ground.
Summarized, distance protection seems to be suited for the type of grid studied. Studies with a
sufficient detail level is however necessary to draw safe conclusions for each specific grid. A too
simple model of the wind farm can lead to wrong conclusions. There could be problems with fault
detection using distance relays in smaller wind farms with converter interfaced turbines. The solution
would then be to use differential protection.

6.6 Summary
Simulations of faults in the onshore AC grids showed that the HVDC-transmission system can operate
through such faults if the HVDC terminals have either DC-voltage control or active power control
with DC-voltage droop. The short circuits caused very small disturbances in the wind farm voltage,
and are therefore assumed to also have negligible impact on operation of the wind turbines. The
proportional gain of the droop controller determines the sensitivity to changes in the DC-voltage. In
the simulated cases, the controllers were tuned so that 0.2 pu change in DC-voltage caused 1.0 pu
change in the active power reference for the controller, but other settings could be chosen. Also, no
limit was put on the rate-of-change of the active power reference, and thus the response time was
determined by the response time of the converter and corresponding control loops for d-axis current
and active power. The very large and sudden change of the active power output of the HVDC-terminal
connected to the healthy AC-grid might have negative consequences for the AC-grid. Therefore other
solutions where the active power output of the wind farm is reduced during the dip could be better
alternatives for providing fault-ride-through. Such solutions include having a chopper controlled
resistor connected to the HVDC-grid [6.10], temporary reduction of the voltage magnitude or slight
increase of the frequency in the wind farm collection grid [6.11]. These methods have however not
been tested in this work.
Critical clearing times to assure fault-ride-through for the healthy part of the system for different faults
in the HVDC-grid were investigated. Generally, faults close to the terminal with constant DC-voltage
control lead to much shorter critical clearing times than faults close to the terminal with DC-voltage
droop. In addition, faults close to the wind farm HVDC terminal were more critical than faults close to
the two mainland terminals. This is not unexpected, since such faults will have the largest impact on
both branches at the same time. Also, the wind farm HVDC converter is responsible for controlling the
wind farm collection grid voltage, and with a large voltage drop on its DC-side the converter might not
be able to maintain the control. Phase-to-phase faults were found to be more critical than phase-toground faults, which is expected since phase-to-phase faults cause the largest voltage drops. In order
to assure fault ride-through of the un-faulted parts of the system, DC-breakers are required. For faults
located on the branch between the wind farm HVDC-terminal and the terminal with constant DCvoltage control, the required disconnection time was found to be as short as 8-32 ms. This means that
semiconductor based or hybrid breakers have to be used. As a comparison, ABBs hybrid DC-breaker
for high power applications can break currents within 5 ms [6.8]. However, this technology is still
very new and lacking experience from practical applications. Another issue is that faults close to the
converter stations were seen to cause very large currents in the anti-parallel diodes of the
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semiconductor switches. To prevent damage the required disconnection times for phase-to-phase faults
were found to be less than 1 ms for the worst cases, and a few milliseconds for phase-to-ground faults.
This appears very difficult to manage in practice. However, with other topologies, especially the
modular multilevel converter (MMC), the large current due to discharge of the capacitor in the phaseto-phase fault cases could probably be avoided. For the phase-to-ground fault a larger grounding
impedance could reduce the steady-state fault current. These matters could be topics of further
research.
Three-phase, two-phase and single-phase-to-ground short-circuits in the wind farm AC-collection grid
were investigated. The three-phase fault is naturally the most severe, however the two-phase and
single phase faults cause oscillations in currents and voltages due the presence of negative sequence
components. The wind turbines returned to normal operation after all simulated fault cases. With faults
in the wind farm grid the fault-ride-through capability is determined by the wind turbine converter
characteristics, rather than the generator inertias as in a conventional grid. The wind turbine converters
were implemented with chopper-controlled resistors in their DC-links, which is a common solution
[6.10]. These consume excess energy which cannot be delivered to the grid during voltage dips, so that
overvoltages in the DC-links are avoided. The wind turbines can then operate undisturbed through the
grid faults. Grid codes commonly require wind turbines to provide reactive power to the grid during
voltage dips in order help recover the grid voltage [6.12]. To achieve this, the control can give priority
to reactive power, and reduce the active power output to zero when the grid voltage goes below a
certain value. Then the total current capability of the converter can be used for generating reactive
power during the dip. This type of fault-ride-through strategy was not implemented in the model used
in this work. Such a control strategy anyhow relies on having a chopper in the DC-link, which has
been implemented.
Distance protection appears suited for use in the wind farm collection grid, despite the low shortcircuit levels of the converter interfaced generators. However, there could potentially be problems
with this type of protection in smaller wind farms with converter interfaced turbines. The solution
would then be to use differential protection.
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A HVDC converter modeling
A.1Determination of controller parameters
A.1.1 Transfer function for current control loop
The resulting open-loop transfer function included the PI-controller becomes:

=
hOL ,cc ( s ) K P ,cc

1 + Ti ,cc ⋅ s
Ti ,cc ⋅ s

⋅

1
1
1
⋅ ⋅
1 + Tconv ⋅ s RS 1 + TS ⋅ s

(A.1)

The transfer function has two poles:
•
•

one at Tconv = 1/(2∙fs) = 1/(2∙2500) s = 0.0002s, where fs is the converter switching frequency
one at TS = LS/(ωbase∙RS) = 0.10/(0.01∙2∙p∙50) s = 0.03183 s

The controller can be tuned using the magnitude (modulus) optimum criteria. Then the first step is to
choose the integral time constant Ti,cc so that the largest pole is cancelled out: Ti,cc = TS.
This results in the following open-loop (OL) and closed-loop (CL) transfer functions respectively:

( s)
hOL ,cc=

=
hCL ,cc

K P ,cc
TS RS

⋅

1
s (1 + Tconv s )

(A.2)

hOL ,cc
K P ,cc
=
2
1 + hOL ,cc TS RS Tconv ⋅ s + TS RS ⋅ s + K P ,cc

In the literature KP,cc is chosen as: K P ,cc =

(A.3)

TS RS
2Tconv

The band-width can be increased by increasing KP,cc, by a constant ncc:

K P ,cc = ncc

TS RS
2Tconv

(A.4)

Inserting (A.4) into (A.2) and (A.3) results in the following OL and CL transfer functions:

hOL ,=
cc ( s )

=
hCL ,cc ( s )

ncc
1
⋅
2Tconv s (1 + Tconv s )

(A.5)

ncc
1
=
ncc + 2Tconv s (1 + Tconv s ) 1 + Teq ,c s + Teq ,cTconv s 2

(A.6)

Where Teq ,c =

2Tconv
ncc

Bode plot of the open-loop transfer functions is shown in Figure A.1 for ncc = 2.7:
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Figure A.1: Open loop transfer function for the current control loops, ncc = 2.7
The cross-over frequency ωc is about 4846 rad/s, and this corresponds to the bandwidth. The phase
margin is then about 46°, which is an acceptable stability margin.

A.1.2 Linearized control of DC-voltage (outer loop)
The control of the DC voltage is implemented by cascade-control, with a DC-voltage control loop
outside of the d-axis current control loop. If losses in the converter are neglected, the active power on
the DC-side equals the active power on the AC-side:

U DC I DC =

3
3
uD iD + uQ iQ )=
uD iD
(
2
2

(A.7)

And in pu:

U dc ⋅ I dc = ud ⋅ id

⇒ I dc =

ud ⋅ id
U dc

(A.8)

Capital letter in the subscript means SI-unit values (A, V), while small letters in the subscript means
pu-values.
The current in the DC link capacitor is:

I C= C ′

dU DC
dt
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For the DC-side, the following equation can be put up:

C dU dc ud id
+
ωbase dt
U dc

I L =I c + I dc =

(A.10)

The equation can be written as a Taylor series around an equilibrium point, with Udc = Udc,0, ud = ud,0,
id = id,0 and IL = IL,0. Only the first order term is taken into the account, as the higher order terms are
assumed close to zero.

i
u
C dU dc ud 0id 0
≈ 2 U dc − d 0 ud − d 0 id + I L
U dc 0
U dc 0
U dc 0
ωbase dt

ωbase  ud 0id 0

=
⇒ U dc


Cs  U dc2 0

(A.11)


i
u
U dc − d 0 ud − d 0 id + I L 
U dc 0
U dc 0


A block diagram showing the relation from eq. (A.11) is shown in Figure A.2. The feedback term
from Vdc and the input proportional to vd are considered as disturbances which are neglected in the
further work. It is assumed that udc,0 = 1 pu and likewise ud ≈ ud0 ≈ 1 pu, and thus the two terms can be
assumed to approximately cancel each other out.

id 0
U dc 0

ud

id

ud 0
U dc 0

-

-

+
IL

ωbase

Udc

id

Cs

+

ud 0id 0
U dc2 0

ud 0
U dc 0

ωbase

+

Udc

Cs

IL

Figure A.2: Block diagram representation of relation between id and Udc, simplified relation
shown to the right.
Feed-forward can be used to reduce the impact of slow dynamic response in a cascade control system.
Assuming that the current in the DC-capacitor is zero, IL = Idc. The feed-forward (f-f) term for id then
becomes:

idf − f =

U dc
IL
ud

(A.12)

The resulting control loop including the current control was shown in Figure 5.5. One question is if the
capacitance in the cable should be included in the DC-link tuning. For now, only the shunt capacitor
on the converter terminal is included.

A.1.3 Transfer function of Udc-control loop
The open-loop transfer function becomes:
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hOL ,Udc ( s ) = K P ,Udc ⋅
=

K P ,Udc

1 + Ti ,Udc ⋅ s
Ti ,Udc ⋅ s
1 + Ti ,Udc ⋅ s

⋅ hCL ,cc ⋅

1
TC ⋅ s
K P ,Udc

1 + Ti ,Udc ⋅ s

(A.13)

⋅
≈
⋅
Ti ,Udc ⋅ TC s 2 1 + Teq ,c s + Teq ,cTconv s 2
Ti ,Udc ⋅ TC s 2 (1 + Teq ,c ⋅ s )

(

Where: TC =

)

C

ωbase

The capacitance on the DC side is uncertain, but for now only the shunt capacitor on the dc-terminals
of the converter is included in TC, while the cable capacitance is neglected.
A common practice in the tuning of the outer control loop is to neglect the second order term in the
closed loop transfer function for the inner current control loops so that only one time constant remains;
Tconv. Then the outer controller can be tuned according to the so-called symmetrical optimum. The
cross-over frequency ωc corresponds to the maximum phase margin:

d
1
∠hOL ,Udc ( jωc ) ) = 0 ⇒ ωc =
(
dω
Ti ,UdcTeq ,c

(A.14)

The proportional constant is found by setting the absolute value of the transfer function at the crossover frequency equal to 1:

hOL ,Udc ( jωc ) =⇒
1
K P ,Udc =
Ti ,UdcTCωc2

1 + ωc2Teq2 ,c
1+ ω T

2 2
c i ,Udc

=
TC

1
Ti ,Udc ⋅ Teq ,c

(A.15)

The integral time-constant is a function of the phase margin ФOL,Udc:

Ti ,Udc = Teq ,c

(1 + sin ( Φ
(1 − sin ( Φ

OL ,Udc
OL ,Udc

))
))

(A.16)

The cross-over frequency should be about 1 decade lower for the outer voltage control loop than the
inner loop current control loop (which was 4846 rad/s). A phase margin ФOL,Udc = 79º gives a crossover frequency of approximately 650 rad/s, which is less than 1 decade below that of the current
control loop. However, this can still be acceptable as the phase margin is large. The corresponding
bode plot is shown in Figure A.3. The resulting controller parameters are KP,Udc = 6.656 and
Ti,Udc = 0.016.
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Figure A.3: Open loop transfer function for the DC-voltage control loop

A.1.4 Control of active and reactive power
It is attempted to tune these controllers using symmetrical optimum, as for the dc-voltage controller.
Again, the cross-over frequency ωc corresponds to the maximum phase margin:

1
d
∠hOL , PQ ( jωc ) ) = 0 ⇒ ωc =
(
dω
TeqTi , PQ

(A.17)

The proportional constant is found by setting the absolute value of the transfer function at the crossover frequency equal to 1:

ωcTi , PQ 1 + ωc2Teq2
1
=
hOL , PQ ( jωc ) =⇒
K P , PQ =
1
2 2
vd
1 + ωc Ti , PQ vd

(A.18)

Where vd is assumed constant and equal to 1 pu.
The integral time-constant is a function of the phase margin ФOL,PQ:

Ti , PQ = Teq

(1 + cos ( Φ
(1 − cos ( Φ

OL , PQ
OL , PQ

))
))

(A.19)

As for the Udc-controller, the cross-over frequency should be lower than for the inner current control
loop.
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A phase margin ФOL,PQ = 169º gives a cross-over frequency of approximately 650 rad/s, which is
acceptable as the phase margin is very large. The corresponding bode plot is shown in Figure A.4.
The resulting controller parameters are KP,PQ = 1 and Ti,Udc = 0.016.
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Figure A.4: Bode plot for open-loop transfer function for P and Q control

A.2 Synchronous reference frame phase locked loop
The block diagram for the PLL is as shown in Figure A.5.
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fbase
Δθref=0

Δθerror

+
Δθfiltered

K P , PLL

1 + Ti , PLL ⋅ s

+

+

f

Ti , PLL ⋅ s

uq,filtered

Voltage
controlled
oscillator
(VCO)

uq

1

dq

1 + T filter ⋅ s

arctan
ud,filtered

θ*

ud

1

uabc

abc

1 + T filter ⋅ s

abc to dq
transformation

Figure A.5: block diagram for PLL
The d-axis is aligned with the grid voltage vector. A deviation between the dq synchronous reference
frame and the phase angle of the voltage vector will results in a non-zero q-axis voltage component.
The PI-controller of the PLL can be tuned by symmetrical optimum.

A.3 Test simulation for validation of three-terminal HVDC-model
As an initial test the system responses to steps in the active power flow have been investigated through
simulations.

A.3.1 Case 1: positive active power reference for converter C2
In this case the wind farm is generating constant power of 1000 MW, while the active power reference
for converter C2 is increased in steps from 0 to 1000 MW, as shown in Figure A.6. The response in
the DC-voltage is shown in Figure A.7.
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Figure A.6: Active power on AC-grid side of converters C1, C2 and CWf
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Figure A.7: Voltage on DC-terminals of converters C1, C2 and CWf.
The system operates stable for all active power levels. Terminal C1 has DC-voltage control, and thus
the voltage is kept constant.

A.3.2 Case 2: negative active power reference for converter C2
The wind farm is generating zero active power while the active power reference for converter C2 is
stepped down from zero to –1000 MW, as shown in Figure A.8. The corresponding DC-voltage
responses are shown in Figure A.9.
As seen, the system operates stable through the step changes in active power reference.
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Figure A.8: Active power on AC-grid side of converters C1, C2 and CWf
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Figure A.9 Voltage on DC terminals of converter C1, C2 and CWf.
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B Economic assessment of grid connection alternatives
This subsection analyzes the investment costs and makes efficiency estimations of four different
transmission architectures. On the one hand transmission architectures with a medium voltage AC
collector grid, that is HVAC (figure B.1(a)) and HVDC VSC (figure B.1(b)) are considered. On the
other hand, transmission systems with a medium voltage DC collector system are also analyzed.
Related to the latter, parallel connection of wind turbines to a unique offshore platform (figure B.2(a))
and series connection of two wind turbines without an offshore platform (figure B.2(b)) are studied.
The voltage levels of the transmission and collector systems of each architecture can be found in the
figures. It is important to highlight that for the architecture with series connection of two wind turbines
a ±80 kV bipolar configuration has been considered. At this voltage level a power up to 450 MW can
be transmitted with just one cable using to the current state of the art cable technology. Thus, for this
power level, it is not necessary to use an offshore substation. Under this configuration each wind
turbine should allocate an 80 kV DC output that, according to some wind turbine manufacturers
consulted, could be feasible in terms of isolation and space requirements.

150 kV AC

33 kV AC

300 kV
DC
33 kV AC

(a)

(b)

Figure B.1. (a) HVAC wind farm layout; (b) HVDC VSC wind farm layout. Courtesy of [B.1].

+80 kV DC
300 kV
DC
-80 kV DC
33 kV DC

(b)

(a)

Figure B.2. (a) DC collector system. Parallel connection; (b) DC collector system. Series
connection. Courtesy of [B.1].
Figure B.3 (a) and B.3 (b) show a cost analysis for a 495 MW offshore wind farm located at 50 and
100 km from the coast line, respectively. A description on the input data used for this analysis can be
found in subsection B.1. The analysis shows the cost in p.u. of the main transmission components. It
includes the cost of the collector system, the transmission cable, the offshore platform, the AC/DC or
DC/DC and DC/AC power converters, the transformers and the global cost for different transmission
technologies. Similarly, figure B.4 (a) and B.4 (b) show the losses in p.u. for similar wind farms. The
procedure followed for the estimation of the losses is described in subsection B.2. The contribution to
the losses of the wind turbine power converters, transmission and collector cables, transformers and
the AC/DC, DC/DC and DC/AC HVDC VSC converters are broken down for different transmission
technologies. Based on this study the following conclusions can be drawn:
•

Those topologies including a DC collector grid have better efficiency and lower cost than the
conventional HVDC VSC transmission architecture. This is mainly due to the lower cost and
losses of the DC cables.
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•

•

When the distance up to the grid connection point is around 100 km both, the conventional
HVDC VSC and the transmission architectures with a medium voltage DC collector grid, have
better efficiency and lower cost than the HVAC systems.
The transmission architecture without the offshore platform is the one with lowest losses and
cost. According to the previous results this topology is advantageous in terms of efficiency
and costs with regard to the HVAC systems even when the distance to the connection point
decreases up to 50 km.

Therefore, according to these conclusions, it seems interesting to develop a medium voltage DC/DC
converter that allows tapping the wind turbines to a DC collector system.

(a)

(b)
Figure B.3. Cost break down of different transmission technologies for a 495 MW offshore wind
farm: (a) 50 km; (b) 100 km.
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(a)

(b)
Figure B.4. Losses break down in p.u. of different transmission technologies for a 495 MW
offshore wind farm : (a) 50 km; (b) 100 km.

B.1 Input data for cost estimations
The wind farms analyzed in the previous section are constituted by 110 4.5 MW wind turbines. The
separation between wind turbines has been fixed to 7 times the turbine diameter. Turbines are
clustered forming groups of up to 10 units.
Most of the input data necessary for cost estimations have been obtained from the costs models
presented in [B.1]. These models have been taken as a reference in latter research activities [B.2]-[B.4]
and some of the data have also been supported by ABB. Therefore they are considered reliable. The
cost models introduced in [B.1] are given in SEK. They have been converted into € for comparison
purposes. A conversion rate of 0.12€/SEK has been considered.
1. The AC cable cost model proposed in [B.1] is given by equation (B.1). This model considers that
the cost of the AC cables increases exponentially with the rated power.
CAC = Ap + Bp e

C S
� P 8n �
10

(B.1)

where CAC is the cost of the AC cable in SEK/km, Sn is the AC cable rated power in VA and Ap,
Bp and Cp are the model constants given in table B.1 for different rated voltages.
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Table B.1. Model constants for AC cable estimation costs.
Rated voltage
(kV)

Ap [106]

Bp [106]

Cp

22

0.284

0.583

6.15

33

0.411

0.596

4.1

45

0.516

0.612

3

66

0.688

0.625

2.05

132

1.971

0.209

1.66

220

3.181

0.11

1.16

2. The DC cable cost model proposed in [B.1] is given by equation (B.2). In this case the cost of the
cables increases linearly with the rated power.
CDC = Ap + Bp 𝑃𝑃𝑛𝑛

(B.2)

where CDC is the cost of the DC cable in SEK/km, Pn is the DC cable rated power in W and Ap and
Bp are the model constants given in table B.2 for different rated voltages.
Table B.2. Model constants for DC cable estimation costs.
Rated voltage
(kV)

Ap [106]

Bp

5

- 0.346

0.408

40

-0.314

0.0618

160

-0.1

0.0164

230

0.079

0.012

300

0.286

0.00969

3. An installation cost of 100 000 €/km has been considered for a three-phase AC cable according to
[B.4]. For DC cables the estimated installation cost is 200 000 €/km. This estimation has been
made under the assumption that it is necessary to install two independent cables for a bipolar
system and only one cable can be installed each time.
4. The data given in [B.4] has been considered for the transformer cost estimation since it suits better
the power range of the proposed case study than the data presented in [B.1]. The cost of the
transformer is given by equation (B.3).
CTrans = 0.03327𝑆𝑆𝑛𝑛0.7513

(B.3)

where CTrans is the cost of the transformer in M€ and Sn is the rated power of the transformer in
MVA.
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5. The cost of the reactive compensating inductors is considered to be 2/3 of the cost of a similar
rated transformer in accordance with data given in [B.1] and [B.4].
6. Two different models to estimate the cost of the switchgear depending on the switchgear location
are proposed in [B.1]. Both models assume a linear increase of the cost of the switchgear with the
rated voltage.
For the switchgears located in the offshore platform the costs are given by equation (B.4).
CSG_OS = 320 ∙ 103 + 6𝑉𝑉𝑛𝑛

(B.4)

where CSG_OS is the cost in SEK of the switchgear placed in the offshore substation and Vn is the
switchgear rated voltage in V.
For the switchgears used in the offshore wind turbine the cost model is given by equation (B.5).
CSG_OWT = 100.33 ∙ 103 + 2.8726𝑉𝑉𝑛𝑛

(B.5)

where CSG_OWT is the cost in SEK of the switchgear used inside the wind turbines and Vn is the
switchgear rated voltage in V.
7. An estimated cost of 0.11€/VA has been assumed for all the converters involved on the
transmission architectures regardless the rated power and the topology used. This cost seems to be
in accordance with [B.1], [B.4] and supported by ABB in a technical report [B.5].
8. Finally, (B.6) gives the cost model estimated for the structure of the offshore platform according
to [B.1].
COP = 20 ∙ 106 + 0.7𝑃𝑃𝑛𝑛

(B.6)

where COP is the cost in SEK of the offshore platform structure and Pn is the rated power of the
offshore wind farm connected to the offshore platform in W.

B.2 Methodology to estimate the electrical losses
To assess the losses of the transmission architectures, individual losses of each component has to be
estimated. The total losses can be calculated using expression (B.7).
PL = P𝐿𝐿_𝐶𝐶𝐶𝐶 + 𝑃𝑃𝐿𝐿_𝑂𝑂𝑂𝑂 + 𝑃𝑃𝐿𝐿_𝑇𝑇𝑇𝑇 + 𝑃𝑃𝐿𝐿_𝑆𝑆

(B.7)

Where PL are the total power losses of the transmission architecture, PL_CS are the power losses of the
collector system, PL_OS are the power losses of the transformer and/or the converter inside the offshore
substation, PL_TS are the power losses of the transmission system and PL_S are the power losses of the
onshore substation in case it is required.
The power losses PL depend on the instantaneous power that the offshore wind farm is producing at
any instant. Therefore, to calculate the total energy loss over a year, it is necessary to estimate the
power distribution of the wind farm. In order to assess the power distribution it is necessary to know
the power curve of the wind turbines, usually disclosed by the manufacturers in their turbine
datasheets, and the wind conditions of a given site.
It is widely accepted that, in the absence of specific wind measurements, the wind conditions of an
offshore site can be well described by the Rayleigh probability density function. This function allows
estimating the number of hours per year that the wind is blowing under a certain speed value when the
average wind speed of the site is the only parameter known. For the case study analyzed in this section
a site with an average wind speed of 7.5 m/s has been considered.
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In order to estimate the power distribution of a wind farm over a year, the wind speed operating range
of the turbines can be discretized in small wind speed intervals. Then, using the Rayleigh probability
density function, it is possible to estimate the number of hours per year the wind speed is going to be
within the specific interval limits. Finally using the power curve of the turbine, the output power of the
turbine for each specific interval can be calculated.
In the proposed case study the cut-in and cut-out speeds of the wind turbines are 2.5 m/s and 25 m/s
respectively and the pitch control limits the wind turbine output power to 4.5 MW once the wind speed
is above 12 m/s. The wind speed operating range has been discretized into eleven speed intervals of
1m/s each. Under these assumptions the power distribution of one wind turbine is shown in table B.3.
Data presented in table B.3 allows estimating the wind farm energy produced on a yearly basis
assuming an availability of 100%. The energy produced yearly E is given by expression (B.8).
E = 𝑁𝑁𝑡𝑡 ∑11
𝑖𝑖=1 𝑃𝑃𝑖𝑖 𝐻𝐻𝑖𝑖

(B.8)

where Nt is the number of turbines in the wind farm, Pi is the output power of one turbine when the
wind speed is within the [xi,yi] interval and Hi is the number of hours the wind speed is within the
[xi,yi] speed interval. i varies from 1 to 11 because, according to the data disclosed in table B.3, the
wind speed operating range of the wind turbines has been discretized in eleven wind speed intervals.
Table B.3. Wind turbine power distribution over a year.
Wind speed intervals
(m/s)

Wind turbine output power Pi
(kW)

Hi/Hyear
(*)

[2.5, 3.5]

54.8

0.079

[3.5, 4.5]

175

0.0948

[4.5, 5.5]

382.6

0.1034

[5.5, 6.5]

710.3

0.1051

[6.5, 7.5]

1171.6

0.1008

[7.5, 8.5]

1779.6

0.0918

[8.5, 9.5]

2535.9

0.0799

[9.5, 10.5]

3470.2

0.0666

[10.5, 11.5]

4251.7

0.0533

[11.5, 12.5]

4500

0.0411

[12.5, 25]

4500

0.0937

(*) Hi is the number of hours per year the wind speed is within the specific interval limits; Hyear is the total
number of hours in a year.

Data presented in table B.3 also allows calculating the total energy losses over a year. The power
losses PLi of the transmission architecture can be estimated according to (B.7) for each wind speed
interval. Then the energy losses EL can be calculated according to (B.9).
𝐸𝐸𝐿𝐿 = 𝑁𝑁𝑡𝑡 ∑11
𝑖𝑖=1 𝑃𝑃𝐿𝐿𝐿𝐿 𝐻𝐻𝑖𝑖

(B.9)

The ratio EL/E gives the estimation of the total energy losses in per unit shown in Fig. B.4.
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According to (B.9) and (B.7) assessing the energy losses requires to calculate the power losses of the
components forming the transmission system. That is, it is necessary to calculate the collector and
transmission system losses and the losses in the transformers and power electronics. The formulation
and data used to calculate these losses are described below.

B.2.1 Losses in the collector system
The losses in the collector system can be determined according to (B.10).
𝑃𝑃𝐿𝐿_𝐶𝐶𝐶𝐶 = 𝑁𝑁𝐶𝐶 𝑙𝑙1

2
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
2 𝑃𝑃𝑙𝑙
𝑃𝑃𝑁𝑁

2
2
∑𝑁𝑁
𝑗𝑗=1 𝑗𝑗 + 𝑁𝑁𝐶𝐶 𝑙𝑙2 𝑁𝑁

2
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
2 𝑃𝑃𝑙𝑙
𝑃𝑃𝑁𝑁

(B.10)

where Nc is the number of clusters of the collector system, l1 is the distance between wind turbines,
Pout is the output power of a wind turbine, PN is the nominal power of the cable, Pl are the power losses
of the cable at full load, N is the number of turbines in each cluster and l2 is the average distance from
the last wind turbine in the cluster to the offshore substation.
In the case study analyzed here, the wind farm is composed by eleven (NC=11) clusters of ten (N=10)
turbines each and the distance between turbines has been fixed to seven times the turbine diameter. In
those transmission architectures with an AC collector system, a three-phase AC copper cable with a
conductor area of 800 mm2 and a rated voltage of 33 kV has been selected for inter-turbine
connections. According to the manufacturer information [B.6], the rated power of the cable is PN=47.9
MVA and the cable losses at full load are Pl=107.1 W/m. The resistance dependence with the internal
conductor temperature has not been considered in the current study.
In case of a DC collector system no information about the cable losses at full load has been found.
Therefore the DC resistance has been estimated according to (B.11).
𝑅𝑅𝐷𝐷𝐷𝐷_20 = 𝜌𝜌𝐶𝐶𝐶𝐶

1
𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

ohm/km

(B.11)

where RDC_20 is the DC resistance at 20 ºC, 𝜌𝜌𝐶𝐶𝐶𝐶 is the cooper resistivity at 20 ºC and Scond is the
conductor section. The dependence of DC the resistance with the conductor temperature t for a copper
cable can be estimated according to (B.12).
𝑅𝑅𝐷𝐷𝐷𝐷_𝑡𝑡 = 𝑅𝑅𝐷𝐷𝐷𝐷_20 [1 + 0.00393(𝑡𝑡 − 20)] (B.12)

Finally, the cable losses at full load are given in (B.13).
2
𝑅𝑅𝐷𝐷𝐷𝐷_90
𝑃𝑃𝑙𝑙 = 𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(B.13)

where irated is the rated current of the DC cable and RDC_90 is the DC resistance when the cable is
carrying its rated current (typically the operating temperature of a XLPE cable at its rated current is 90
ºC).

B.2.2 Losses in the transmission system
The losses in DC transmission systems can be calculated using expression (B.13).
However for the HVAC transmission architecture the calculation of the transmission losses is a more
complicated procedure. This is mainly because the current and voltage profile inside the cable are not
constant due to the parasitic inductance and capacitance of the cable. This makes complicated the
analytical calculation of the transmission losses. To perform this calculation a digital simulator with a
distributed transmission line model has been used. The input data necessary for this model are the
inductance, the capacitance, the AC resistance and the dielectric loss resistance per unit of length and
the length of the cable. The first two parameters are usually disclosed in the AC cable datasheets [B.7].
The dielectric resistance RD can be estimated according to (B.14).
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𝑅𝑅𝐷𝐷 =

1
𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔

ohm/km

(B.14)

where 𝜔𝜔 is the angular frequency of the AC voltage, C is the capacitance per unit of length of the
cable and tan 𝛿𝛿 is the dielectric power loss factor.

The AC resistance of the cable is comprised of the following contributions:
•
•
•

Ohmic conductor resistance
Losses due to skin and proximity effects in the conductor
Losses in the metallic sheath and armour (especially important where the cables are ground
bounded at both ends)

The contribution of the first two terms to the total AC resistance of the cable can be calculated using
expression (B.15).
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑎𝑎𝑎𝑎 = 𝑅𝑅𝐷𝐷𝐷𝐷_𝑡𝑡 (1 + 𝑦𝑦𝑠𝑠 + 𝑦𝑦𝑝𝑝 ) ohm/km

(B.15)

where Rcond_ac is the AC conductor resistance per unit of length, RDC_t is the conductor DC resistance at
temperature t calculated by means of (B.12), ys is the skin effect contribution to the AC losses and yp
is proximity effect contribution to the AC losses considering a three-core cable. According to [B.7][B10] these contributions can be determined using the following expressions:
𝑋𝑋 4

𝑆𝑆
𝑦𝑦𝑠𝑠 = 192+0.8𝑋𝑋
4

𝑋𝑋𝑆𝑆2 =

(B.16)

𝑆𝑆

8𝜋𝜋𝜋𝜋𝐾𝐾𝑆𝑆 10−7
𝑅𝑅𝐷𝐷𝐷𝐷_90

(B.17)
𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 2
�
𝑠𝑠

𝑦𝑦𝑝𝑝 = 𝑦𝑦𝑝𝑝′ [0.312 �

𝑦𝑦𝑝𝑝′ =

𝑋𝑋𝑝𝑝2 =
s=

𝑋𝑋𝑝𝑝4

192+0.8𝑋𝑋𝑝𝑝4

+

1.18
]
𝑦𝑦𝑝𝑝′ +0.27

(B.18)
(B.19)

8𝜋𝜋𝜋𝜋𝐾𝐾𝑝𝑝 10−7

(B.20)

𝑅𝑅𝐷𝐷𝐷𝐷_90

70
𝑑𝑑
196 𝑐𝑐𝑐𝑐𝑐𝑐

(B.21)

where f is the AC voltage frequency, Ks and Kp are constants for cable types that can be estimated
according to IEC287 [B.8], RDC_90 is the DC conductor resistance at 90 ºC, s is the distance between
conductor centres in a cable, dcond is the conductor diameter and dcab is the cable outer diameter.
In order to assess the total AC resistance per unit of length, the sheath and armour contributions should
be considered. The total AC resistance Rac can be calculated using (B.22).
𝜆𝜆1′

𝜆𝜆′2

𝑅𝑅𝑎𝑎𝑎𝑎 = 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑎𝑎𝑎𝑎 (1 + 𝜆𝜆1′ + 𝜆𝜆′2 )

(B.22)

where and accounts for the sheath and armour contributions to the total losses. According to
[B.7]-[B.10], this contribution can be calculated using (B.23)-(B.34)
𝜆𝜆1′ = 1.7

𝑅𝑅𝑠𝑠ℎ𝑒𝑒_90

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑎𝑎𝑎𝑎_90

1

2
𝑅𝑅
1+� 𝑠𝑠ℎ𝑒𝑒_90 �
𝑋𝑋𝑠𝑠ℎ𝑒𝑒

𝑅𝑅𝑠𝑠ℎ𝑒𝑒_90 = 𝑅𝑅𝑠𝑠ℎ𝑒𝑒20 (1 + 𝛼𝛼𝑠𝑠ℎ𝑒𝑒 70)

𝑅𝑅𝑠𝑠ℎ𝑒𝑒_20 = 𝜌𝜌𝑠𝑠ℎ𝑒𝑒

(B.23)
(B.24)

1
𝑆𝑆𝑠𝑠ℎ𝑒𝑒

(B.25)

𝑆𝑆𝑠𝑠ℎ𝑒𝑒 = π𝑑𝑑𝑠𝑠ℎ𝑒𝑒 𝑒𝑒𝑠𝑠ℎ𝑒𝑒
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2𝑆𝑆
�
𝑑𝑑𝑠𝑠ℎ𝑒𝑒

𝑋𝑋𝑠𝑠ℎ𝑒𝑒 = 4π𝑓𝑓ln �

𝜆𝜆′2 = 𝜆𝜆2 (1 − 𝜆𝜆1′ )
𝜆𝜆2 = 1.23 𝑅𝑅

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎_90

�

(B.28)
(B.29)
2𝑐𝑐

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑎𝑎𝑎𝑎_90 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎

2

�

1

2
2.77 106 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎_90
�
1+�
𝜔𝜔

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎_90 = 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎_20 (1 + 𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎 70)
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎_20 = 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 =

1
𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎

(B.30)
(B.31)
(B.32)

183.5
𝑑𝑑
196 𝑐𝑐𝑐𝑐𝑐𝑐

(B.33)

2087
𝑑𝑑
196 𝑐𝑐𝑐𝑐𝑐𝑐

(B.34)

where Rshe_90 and Rshe_20 are the sheath resistance per length unit at 90 ºC and 20 ºC respectively,
Rcond_ac_90 is the AC conductor resistance per length unit at 90 ºC, Xshe is the sheath reactance, αshe is the
sheath coefficient of resistance variation with the temperature, 𝜌𝜌𝑠𝑠ℎ𝑒𝑒 is the sheath resistivity, Sshe is the
sheath cross section, dshe is the average sheath diameter, eshe is the sheath thickness, dover is the
diameter over insulation, Rarm_90 and Rarm_20 are the armour resistance per length unit at 90 ºC and 20
ºC respectively, c is the distance between the conductor and the cable centre, darm is the average
armour diameter, αarm is the armour coefficient of resistance variation with the temperature, 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 is the
armour resistivity, Sarm is the armour cross section and dcab is the cable outer diameter.

B.2.3 Losses in the offshore and offshore substation.

The main foci of losses in the substations are the converters and transformers. The converter losses
depend basically on the converter topology, power factor, modulation index and operating power. In
order to get an accurate estimation of the converter losses it is necessary to make detailed converter
models in a simulation platform. It is difficult to estimate the losses analytically. However, for a fast
engineering estimation, supposing modular multilevel converters are used, the converter losses are
considered to be near 1%.
The losses in the transformers Pl_trans can be estimated according to (B.35).
𝑃𝑃2

𝑃𝑃𝑙𝑙_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑛𝑛𝑛𝑛_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑃𝑃𝑙𝑙_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑃𝑃2

(B.35)

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Where Pnl_trans are the transformer core losses, Pl_trans are the copper losses, Prated is the transformer
rated power and P in the input power. Reference values for the core and copper losses in 50 Hz
transformers are usually disclosed in the technical datasheets. However it is not easy to find
information for high frequency transformers with the rated power required for these applications.
Valuable reference information to estimate losses for high and low frequency transformers is disclosed
in [B.11].
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