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Executive Summary

Recently, more and more offshore wind farms have been integrated to the power
systems. In the next years, these offshore power plants are going to be rated at
higher capacities and located in larger distances from the coast. This results in
greater interest in the transmission technologies, which are available for the grid
connection of the offshore wind farms. In this report various transmission systems
are presented. Precisely, the HVAC systems, which have dominated up until now
in the power transfer sector, are briefly analysed, by providing their advantages, as
well as the bottlenecks that occur in their applications. The main focus is given
in the HVDC transmission systems, since they do not exhibit these disadvantages,
whereas they additionally present beneficial attributes. This is the reason for which
the applications of HVDC systems have been increased in the latest years. A brief
description of different application cases is provided in the introduction of this
report, while the rest chapters deal with the use of the HVDC technology for the
grid connection of offshore wind farms.

The main structure of the HVDC system is analysed, by describing the role and
operation of its main components. Especially the converter configurations, the de-
vices for reactive power compensation, the filter systems and the DC breakers are
presented in details. The presence of different components, with different charac-
teristics, leads to alternative system structures. Therefore, a comparison between
the different structures is performed, regarding power losses, costs, equipment as-
pects and control capabilities. It is concluded that the VSC-HVDC system exhibits
the most advantageous features for the grid connection of offshore wind farms. In
addition, various topologies of the HVDC converter stations are analysed.

Furthermore, the control schemes and strategies of the VSC are described in details.
The capabilities of the VSC-HVDC technology, provided by its control system, are
analysed. These attributes give the opportunity to the VSC-HVDC transmission
system to provide grid support. They imply also benefits for the design of the wind
turbines, as well as for the operation of the TSOs.

Special focus is given on control strategies for fulfilling requirements concerning
LVRT and frequency regulation. The corresponding technical rules, included in
grid codes, are provided and the relevant structures and methods are described.

Finally, more specific requirements are given for the grid connection of offshore wind
farms through HVDC systems. These rules derived from the combination of grid
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codes for the integration of offshore wind farms and grid codes for the operation of
HVDC transmission systems, connecting power plants to the AC network.
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Chapter 1

Introduction

1.1 Background

Nowadays, global climate change is no longer questionable and concerns about its
significant impact on planet’s life are increasing. For this reason, the EU has put
specific targets to reducing the greenhouse effect and limiting the global warming.
Furthermore, exhaustion of fossil fuels, higher energy prices, increasing demand of
power and energy dependence between countries create huge challenges for gov-
ernments all over the world. This situation implies changes in the current energy
supply sector, leading to different shares between the various energy resources. The
use of conventional primary energy types, such as oil and gas, has restricted; on
the other hand, renewable energy resources with zero greenhouse gas emissions, like
wind and solar energy, have gained worldwide attention in the recent years [1, 2].

Due to the wide distribution of potential large-scale wind resources all over the
world, wind energy is the most exploited source among the renewable energy types.
In 2007 wind was the second energy resource in the EU, with a share of 30 % of the
installed power capacity. Its global average annual growth rate has reached to be
30 % in the last decade. This trend will hardly change in the next years, considering
the aim of EU to produce 12 − 14 % of electricity from wind by 2020 [2–4].

1.2 Offshore wind energy

A key technology for achieving the aforementioned energy goal of the EU is the
large offshore wind farms, with capacity of several hundred megawatts. Although
the majority of the wind power is nowadays produced by onshore wind turbines,
the offshore market is going to be of high interest for the energy policies in the near
future [2, 4].

The most important advantage of the offshore location of the wind farms is the
huge wind resources available, giving a high potential for power production. These
resources are still unexploited; on the contrary, profitable onshore locations in Eu-
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1.3. High voltage grid connection of offshore wind farms

rope have been already used. Moreover, the wind conditions are better in offshore
areas, since the wind speeds are higher and more predictable and the wind fluc-
tuations are lower. This implies a higher capacity factor of offshore wind farms
compared to that of the onshore installations. In addition, offshore wind turbines
are less obtrusive than these on land and therefore projects for offshore wind farms
experience less public resistance [4, 5].

At the moment, wind farms in offshore locations are still more expensive than those
on land. Two factors characterise mostly their cost: the turbine foundation and the
wind farm’s distance from the shore. The foundation cost usually grows up rapidly
with increasing water depth and wave height. The transmission distance strongly
affects the grid connection costs. In addition, costs of repair and maintenance are
significantly higher for offshore turbines. For these reasons, up until now, sites close
to the shore, with shallow waters, were preferred for offshore wind farms [4].

However, there is still stimulus for locating the wind farms even further offshore.
Often, near-shore sites are subject to various interests, like maritime traffic, coastal
fishing, recreational or military activities. In contrast, in offshore areas such re-
strictions do not exist. Moreover, visibility, noise disturbance and environmental
concerns regarding the impact on marine flora and fauna are mitigated [3, 4].

In Europe, an increasing number of offshore wind farms have been constructed
or proposed, especially in the areas of North and Baltic Seas, where wind energy
resources are rich and widely distributed. Figures 1.1a-1.1b present the growth of
wind power capacity installed and energy produced by wind in the EU, for both
onshore and offshore locations, from 1990 and projected till 2030. As it can be
observed, by 2030 the total wind power capacity will be 400 GW, out of which
150 GW will be installed in offshore sites. However, due to higher capacity factor of
the offshore wind farms, the latter will produce half of the total energy [1, 3, 6, 7].
Moreover, Figure 1.2 illustrates the worldwide trend of future offshore wind farms
for being of higher power capacity, as well as in increased distances from the shore
[4, 5].

Therefore, there exists a clear need to further develop the power transmission tech-
nology for connecting large wind farms, located in a long distance from the shore,
to the nearby on-land network. Various transmission options should be analysed
and investigated in terms of cost, as well as of stability and security of the power
system [1, 2, 5].

1.3 High voltage grid connection of offshore wind farms

The transmission of high power over long distances creates challenges for the net-
work operator and the wind farm developer.

As it is known, the electric power is the product of current times voltage. For a
given amount of power, low voltage requires high current and vice versa, i.e. high
voltage requires low current. When transmitting power through metal wires, a small
amount of power is lost as heat in the wires. This power loss is given by Joule’s
first law and it is proportional to the square of the current. Thus, for a specific
amount of power, the power loss will be greater in systems with high current (and
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(a) Installed wind power capacity (cumulative figure) [6]

 

(b) Wind energy production [3]

Figure 1.1: Growth of wind power capacity and energy production in EU

 

Figure 1.2: Trend of future offshore wind farm:
installed capacity vs distance from shore [5]
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1.4. HVAC vs. HVDC transmission technology

low voltage) than in the systems with low current (and high voltage). As a result,
for reducing power losses in transmission systems, and considering the constraints
of practical conductor size, high voltage is used [8, 9].

There are two alternative methods, both in high voltage, for connecting offshore
wind farms to the grid: high voltage AC (HVAC) and high voltage DC (HVDC)
systems. The selection of the suitable transmission type should be done by taking
into consideration power efficiency as well as economical aspects [2, 10].

1.4 HVAC vs. HVDC transmission technology

In this section the two alternative transmission systems are going to be compared.
The advantages of the HVAC transmission method, which are analysed in 1.4.1, ex-
plain its dominance in the power system up until now. However, its disadvantages,
which are given in 1.4.2, led engineers to developing new transmission technolo-
gies based on DC links. The resulted higher technical and economical feasibility of
HVDC connections give reason for their increasing use in the future. Their advan-
tages are analytically presented in 1.4.4, which enable the applications of HVDC
systems described in 1.4.5.

1.4.1 Dominance of HVAC transmission systems

In the late 19th century, during the initial years of electricity usage, transmission
and distribution of electric energy were achieved through DC systems. However,
they were found to be inefficient due to power losses in conductors. The voltage
drop in the resistance of conductors was so high that power plants should be located
within a mile from the load. In addition, converting DC from one voltage level to
another required a large converter, which was expensive, inefficient and needed
maintenance. As a result, higher voltage levels could not so easily be used, since
there was no low-cost technology that would allow reduction of a high transmission
voltage to a low utilisation voltage [8, 11].

The power losses in conductors and the difficulty in voltage conversion in DC sys-
tems were the key factors to the success of the AC systems and their dominance in
the transmission and distribution of electric power. In AC systems, power could be
transmitted more efficiently over long distances with far less power losses. Simple
and efficient transformers, which have no rotating parts and therefore require very
little maintenance, were used to down step high transmission voltage to low distri-
bution voltage. These practically mean that fewer and larger power plants could
serve the load in a wider area. Hence, AC technology was accepted as the only
feasible method for transmission and distribution of electrical power [8, 11–13].

As a result of the dominance of AC power, HVAC transmission systems offer, up
until now, a simple and cost-efficient solution for bulk power transmission and
reliable integration of large-scale renewable energy sources. Most of the present
large offshore wind farms are grid-connected through HVAC transmission systems.
For example, "Thanet offshore wind farm", the largest offshore wind farm to date
with total capacity of 300 MVA, is grid-connected via HVAC cables. The "Horns
Rev I" offshore wind farm (160 MW) in the North Sea is connected to the nearest
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1.4. HVAC vs. HVDC transmission technology

suitable 150 kV on-land substation through a 57 km long, 150 kV AC cable (21 km
of submarine cable and 36 km of onshore cable). The "Horns Rev II" offshore wind
farm (209 MW) is grid-connected utilising an almost 100 km long, 150 kV AC cable
system, consisting of submarine and on-land cable sections [3, 5, 7].

1.4.2 Disadvantages of HVAC transmission systems

As explained above, important equipment aspects have been the key factors in
deciding the use of an AC system up until now. Nevertheless, an AC system has
its own associated bottlenecks, concerning mainly reactive power requirements and
limitations of the cable transmission distance [5].

The reason of the restricted transmission length is the power losses in the cables or
lines used. When AC systems are applied in cables, additional current should flow
through the cable to charge its capacitance. This extra current flow increases the
temperature of cable conductors, resulting in energy losses as heat. The reactive
current generation increases with the rated voltage and the length of the cable. This
capacitive effect of underground or undersea cables applies also to overhead lines,
although to a shorter extent. However, in long AC overhead transmission lines the
needed current for the capacitance charge could be significant. In any case, the
entire current-carrying ability of the conductor could be needed only to supply the
charging current. This practically means that the capacitive effect limits the power-
carrying ability of AC cables and long lines [4, 8, 9, 13–15]. In cases where overhead
lines are used, the useful current-carrying capability of the transmission system is
furthermore reduced due to the skin effect: line conductor presents high resistance
to alternating current, which causes a non-uniform distribution of the current over
the cross-sectional area of the conductor. This issue is of practicable significance
in the case of large conductors carrying thousands of amperes [3, 4, 8, 9, 13]. In
addition to losses, the AC cable costs also increase rapidly with the transmission
distance [2].

Consequently, the reactive current, drawn by the cable capacitance, forces reactive
power compensation measurements. As mentioned above, the reactive power gen-
eration of HVAC cables increases with both voltage level and cable length and leads
to sub-optimal utilisation of their inherent current-carrying capability. In general,
long HVAC lines exhibit a wide variation in reactive power flow from peak load
to light load conditions and, if the system is weak, this can result in operational
problems. Such long lines can be the cause for voltage collapse situations and "low-
voltage fault ride-through" requirements, derived from the grid codes, are difficult to
be achieved. Thus, reactive power control devices may be required at both sending
and receiving ends of the HVAC link, depending on the relative strength of the AC
system at the connection point, for regulating reactive power and therefore avoid-
ing voltage stability problems. In some cases, additional dynamic reactive power
control devices, such as SVCs or STATCOMs, may be necessary [2–4, 7, 10, 16].

In conclusion, the usage of HVAC systems for bulk power transfer over long dis-
tances is not preferable. As far as the grid connection of renewable energy sources
is concerned, the current offshore wind farms, which are located in relatively short
distances from the coast, acquire HVAC transmission technology, but for longer
distances the suitability of HVAC transmission is questionable [5].
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1.4. HVAC vs. HVDC transmission technology

1.4.3 Development of HVDC transmission systems

The aforementioned drawbacks of HVAC transmission systems led engineers to
developing HVDC transmission methods as a supplement to the current HVAC
links. In recent years, the rapid development of power electronics gives to the
HVDC technology the opportunity to overcome its former bottlenecks and become
technically and economically feasible for power transmission over long distances
[1, 11]. Indeed, the invention of power electronic devices such as thyristor valves and
rectifier improved reliability and efficiency of conversion between AC and DC. Thus,
the design and development of current-source converters (CSC) became practically
possible. In the next years HVDC transmission systems based on thyristors, which
are called classic HVDC systems, have been proved to be feasible on an industrial
scale [1, 5, 8, 11, 17]. The world’s first commercial HVDC transmission link was
built in 1954, connecting the island of Gotland in the Baltic Sea to the Swedish
mainland via a submarine 20 MW cable. Ever since, the classic HVDC transmission
technology has been developing to become mature and well-proven [1, 4, 11, 14, 15].

Recently the next-generation type of HVDC transmission systems has become avail-
able. It is based on the more advanced semiconductors technology, namely the in-
sulated gate bipolar transistors (IGBTs). The invention of IGBTs has accelerated
the development of voltage-source converters (VSC), which have come into use in
the last years in HVDC applications in lower power ranges [1, 5, 11, 13–15, 17].
Since its first commercial application in 1999 in an undersea 50 MW, 80 kV link, the
VSC-HVDC technology has been developed regarding losses reduction and voltage
and power ratings increase. The evolution of IGBTs has reduced switching and
conduction losses through more optimised components and schemes. In addition to
switching patterns, development in converter topologies also reduce power losses.
The evolution of losses and capacity in voltage-source converters can be seen in
Figure 1.3. Apart from the converter development, cable technologies have also
advanced, through research in extrusion methods and cable accessories (joints, ter-
minations), resulting in higher link capacities. This has enabled HVDC applications
to expand in voltage and power levels, supporting the grid in increased demand of
security [18].

 

Figure 1.3: Evolution of station losses and power capacity in VSCs [18]
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1.4. HVAC vs. HVDC transmission technology

1.4.4 Advantages of HVDC transmission systems

For power transfer over long distances, the prospect of DC systems is considered
very attractive due to the limitations of AC cable systems, as described in 1.4.2.
Indeed, in DC technology there is no additional reactive current required for charg-
ing the cable capacitance; the capacitance is charged only when the cable is first
energized or if the voltage level changes; during the static condition the cable acts
as a resistor. Thus, the power-carrying capability of the DC cables and long lines
is not restricted by the capacitive effect. This also means that there is no need
for reactive power compensation for absorbing the excessive reactive current in the
cable or line. Moreover, the line conductors operating with DC do not suffer from
the constraint of the skin effect, as AC lines do. As a result, cables and overhead
lines can carry more current to the load when operating with DC than AC, since
the power losses per transferred MW over the transmission distance are less. [19]
mentions that HVDC systems can carry 2-5 times the capacity of an AC line oper-
ating at the same voltage. This implies that DC transmission systems can increase
the capacity of an existing power network, which is important especially in situa-
tions where additional wires are difficult or expensive to be installed. In addition
to the increased power-transfer capability, the reliability of HVDC links at electri-
cal disturbances is found to be enhanced, compared to that of HVAC connections
[2–6, 9–11, 13–16, 20].

However, in HVDC systems the power losses in the converter should also be taken
into account. On the contrary, in HVAC systems the only components which could
contribute to power losses are the transformers and the compensating reactors;
nevertheless, the major amount of power is lost in the transmission cables, so that
the losses in the other modules could be assumed as negligible [5, 6, 9, 11].

In Figure 1.4 a comparison of power losses in HVAC and HVDC systems with
increasing transmission distance is illustrated. At zero transmission distance, the
power losses occur only in the other equipment apart from the cables. Thus, the
losses in the converter of HVDC systems dominate. However, in HVAC systems
power losses increase more rapidly with increasing transmission distance than in
HVDC systems (higher slope of curve in Figure 1.4). As a result, above a certain
distance, the "break-even" distance, the HVDC alternative presents always lower
power losses and below this specific distance HVAC technology has lower losses
[6]. [5] concludes that, for medium-scaled power transfer, the HVAC technology
provides more efficient solution for distances below 90 km, while HVDC systems
are more preferable for longer distances, above 110 km. In case of higher amounts
of power (> 500 MVA), [5] expects that HVDC systems will provide an even further
efficient transmission solution, since they will present less power losses than HVAC
systems at shorter distances.

Although total system power losses is one of the major factors, the process of
decision between HVAC or HVDC transmission systems should also include many
other factors, such as investment costs and operation and maintenance costs. The
terminal stations are more expensive in the HVDC case due to the conversion
equipment. However, HVDC transmission lines and cables cost less than in HVAC
systems for the same capacity over long distances. This relies upon two factors:
firstly, HVDC systems need fewer conductors, since there is no need for three wires
to support three phases, but only for two for the two polarities; secondly, thinner
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Figure 1.4: Power losses with transmission distance in AC and DC systems
[6]

conductors can be used, since they do not suffer from the skin effect as AC lines.
These can lead to large savings in transmission system costs. In addition, land
acquisition/right-of-way costs, as well as operation and maintenance costs, are also
lower in the HVDC case. Short schedules for manufacturing, transportation and
installation minimise also the financial cost. Generally speaking, the relative cost of
HVDC transmission systems is going to be further reduced, since their components
become cheaper due to continuing innovative technological developments in the
field of power electronics [2–6, 9–11, 13–16, 21].

In Figure 1.5 a cost comparison between HVAC and HVDC lines with increasing
transmission distance is presented. At zero transmission distance the terminal cost
(converter equipment cost) dominates, making HVAC systems more cost-efficient.
The curve of DC costs is not so steep as the curve for the AC costs, since line
costs per kilometre are lower in HVDC systems. The total costs in both cases are
even higher if capitalised value of losses is taken into account. For long AC lines,
the cost of losses is quite high due to reactive power compensation costs which
should be included. Thus, above the "break-even" distance the total cost is higher
for the HVAC technology, making HVDC transmission systems more preferable.
The "break-even" distance is in the range of 500 − 800 km, usually around 600 km,
and it depends on cost of right-of-ways, loss evaluation, interest rates for financing,
country-specific cost aspects and other factors [6, 11, 13]. In the case of subma-
rine cables, HVDC systems provide an even more cost-effective solution, since the
"break-even" distance is much smaller (less than 100 km, typically about 50 km)
[11].

Hence, by taking into account the increase in power losses and cost with increasing
distance in the two alternative transmission systems, HVDC solution is found to
be more attractive for the transmission of bulk power over long distances. Fur-
thermore, HVDC technology may also be selected because of additional technical
benefits which can provide to the power system.

HVDC transmission systems do not contribute to the short circuit current of the
interconnected AC system and therefore do not increase fault levels, contributing
to the stabilisation of the power system [9, 11, 16, 22].

Moreover, HVDC systems can transfer power between separate AC networks, which

8/103



1.4. HVAC vs. HVDC transmission technology

 

Figure 1.5: Cost with transmission distance in AC and DC systems [13]

are difficult to be connected due to stability reasons or even operation at different
nominal frequencies (50 and 60 Hz). Since power transfer can occur in both di-
rections, it increases the stability of both networks, by allowing them to exchange
power with each other in emergencies and failures. Disturbances in one network
would not affect the DC link and therefore the HVDC connection system prevents
cascading failures from one AC system to the other. This ability implies AC/AC
decoupling between the two power systems, so that transient conditions in one net-
work do not affect the stability of the other. In other words, DC links insulate one
AC network from the others. However, they offer the opportunity of adjusted power
exchange, so that connected AC systems would contribute to the stabilisation of
one failure-affected AC network [2–6, 9–11, 13–15, 22].

This ability of DC links becomes possible due to the fundamental advantage of
HVDC transmission systems, i.e. their controllability: HVDC converters can con-
trol easily the active power flow through the link [5, 11, 14, 15]. In cases where
power exchange has been agreed between two AC networks, HVDC systems can
control the power flow through the tie links at all times, by automatically keeping
the arranged pre-set value of power flow, i.e. the transmitted power is not dictated
by the phase angle differences between the two AC networks. Even in a contin-
gency event at one of the AC networks, the HVDC connection can be forced to
adapt the power flow, which can support the troubled grid. Moreover, the trans-
mission link becomes never overloaded, so that it is not led to disconnection and
the fault condition does not spread to a wide area [16, 20, 22]. This also means
that HVDC connections can be rated only for scheduled power transactions and
agreed emergency support; therefore, they are more economically attractive than
the HVAC links, whose capacity should be many times higher than the capacity
needed for scheduled power transfers in the steady state [16]. The control system
of the HVDC converter, as well as the capabilities that offers to the transmission
system, will be described in Chapter 3.

The power exchange between interconnected AC networks could lead also to reduced
pollution levels and increased fuel economy, since expensive and polluting peak-
power generation in one network can be replaced by cheap and renewable-based
power from another network [12].
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1.4.5 Applications of HVDC transmission systems

Up until now, HVDC systems have been widely used for point-to-point power trans-
mission over long distances or connection between two AC grids [9, 14–16, 19, 21–
23]. For instance, in the mid 80’s Quebec was interconnected with the power
networks in New England and New York via four HVDC stations and one trans-
mission line [14–16]. DirectLink in Australia connects the regional electricity mar-
kets of Queensland and New South Wales through a 60 km, 180 MVA HVDC cable.
Similar to this, Murraylink connects the electricity markets of Victoria, New South
Wales and south Australia and operates as a generator by participating in the spot
market [20]. Several HVDC links are also in operation or in schedule, connecting
the AC networks of countries in Scandinavia and continental Europe; therefore,
a new HVDC grid for power exchange has been formed, as shown in Figure 1.6
[9, 23]. These interconnections through HVDC links improve effectively the trans-
fer capability between regional networks. This was found to be of great importance
especially in the latest years, since the AC tie lines are frequently fully loaded,
restricting the economic power transfer between adjacent regions [19]. They en-
hance also the stability of the interconnected networks, by preventing outages or
limiting the consequences of major disturbances, as explained in 1.4.4. An example
of this capability of HVDC links occurred in the Scandinavian network, where the
AC grids of Sweden and Norway are connected to the grid of Denmark through
the Skagerrak link. On a contingency occasion, two 1000 MW nuclear stations in
Sweden were disconnected and the frequency dropped to 48.5 Hz. At the time of
the event the Skagerrak link was exporting its rated power (500 MW) from Norway
to Denmark. When the frequency drop was detected, the power direction reversed
and 500 MW were injected into the norwegian/swedish grid (a net contribution of
1000 MW) [22].

For transferring large amounts of power, up to 6000 MW, over very long distances,
above 1000 km, ultra-HVDC links, i.e. systems at voltages above the highest in use
(600 kV), have also been developed, since they are found to be economically more
attractive. With few structure changes and proper control, protection and auxiliary
systems, the reliability and availability of such links could be better than these of
systems at lower voltages [24, 25]. Such a transmission system has recently been got
into operation in the 800 kV, 6400MW, 2000 km Xiangjiaba-Shanghai connection
in China, designed and installed by ABB [14, 15, 25].

In some connections combination of a DC link in parallel with an AC network can
also be used, as described in [14, 15, 25]. In these cases the bulk power is transferred
via the HVDC system and the power needed from AC networks along the route is
fed by the HVAC system. This hybrid transmission system is found to be the most
cost-effective and flexible option for dealing with the drawback of HVDC systems
that power tapping along the line is expensive [25]. In addition, the power in DC
links can be controlled and automatically adapted to protect the parallel AC lines
from being overloaded [14, 15, 22]. An example of such a hybrid system is the
parallel operation of the Pacific HVDC Intertie and the AC network between the
areas of Oregon and Los Angeles in the western USA [22].

In the opposite direction of AC networks interconnection, HVDC technology can be
applied for decomposing large power systems into smaller, asynchronously operated
sections, interconnected exclusively by DC links. In such DC segmented grids,
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Figure 1.6: HVDC links in Europe [9]
Red: existing links, Green: links under construction,
Blue: proposed links

risks that exist in large AC networks, such as cascading of disturbances, transfer
capability limitations and expansion restrictions, do not any more occur. In this
way the reliability of the power system is enhanced [14, 15, 19, 22]. An example
of such a HVDC grid is the North American Power Transmission Network: it
is subdivided into five asynchronous regions that are connected through HVDC
transmission links and stations. In total there are eight HVDC links and twelve
HVDC stations for connecting the north-american regions. Some of the HVDC
links are operating entirely within one region, in parallel with the conventional AC
lines, while others connect two asynchronous networks [16].

DC links can also be used for directly feeding large urban areas, where there are high
load densities, whereas simultaneously strict requirements for reliability and power
quality have to be met. Apart from point-to-point systems, where power is directly
delivered to in-city loads, there could be multi-terminal HVDC networks embedded
in a city grid. Figure 1.7 presents such a DC network, where power is imported
radially from outside sources and distributed through a DC ring to the inverter
stations located at different load positions. Instead of multi-terminal systems with
a DC ring topology, another scheme can be developed, with a closed loop at the
AC circuit, for not increasing the short circuit power [19, 21]. These multi-terminal
topologies are described in details in 2.6.2. For avoiding the difficulties to obtain
right-of-way permit for new overhead lines in large and dense urban areas, there is
the possibility of upgrading an AC line to a HVDC one. The conversion could be
done in many ways, depending on the configuration of the existing line. So far, this
procedure has been implemented in a few cases, but it is attracting considerable
interest, while several applications are being studied [16]. Anyway, even if this
conversion is not applicable, laying underground DC cables is a much easier, quicker
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Figure 1.7: DC grid feeding city network [19]

and cheaper procedure than for building overhead AC lines. Cables rarely meet
public opposition, since they do not change the landscape and their electromagnetic
field is lower and static. Thus, HVDC systems are ideally suited for powering
metropolitan areas [12, 20].

On the other side, HVDC transmission systems are also useful for connecting re-
mote loads, such as islands, mining areas, gas and oil fields or drilling platforms. In
this way, building a local power plant based on fossil fuels is avoided. This approach
leads to costs reduction, higher operation efficiency and GHG emissions minimi-
sation [12, 14, 15, 18, 21]. The first installation powering an offshore platform
comprised of a 70 km subsea HVDC link, for power transfer from hydro resources
in Norway to two compressors at the Troll A oil and gas platform in the North Sea
[14, 15, 18].

Today, an emerging application area for the HVDC transmission technology is the
renewable energy resources integration to the power system. A large part of these
resources is located in remote areas (at sea, in desert or in unpopulated areas) and
the utilisation of their huge power potential is to a considerable extent a matter
of power transmission technology. Their use often requires the construction of new
power networks affecting the existing grids of several regions [14, 15]. For instance,
Itaipu HVDC link in Brazil transmits power (6300MW) from remote hydroelectric
plants to the Itaipu region for more than 20 years. Two other HVDC links in
Brazil connect hydroelectric power plants in the Amazon area to country’s main
load centres in Rio Madeira and Belo Monte, respectively, both located more than
2000 km away [26]. Several projects have also been proposed or already constructed
for transferring power from offshore wind farms in North and Baltic Seas, hydro
power plants in Scandinavia and solar power plants in northern Africa through a
developing HVDC grid to large load centres in the central Europe.

In the specific case of the grid connection of large offshore wind farms located in long
distances from the coast, HVDC systems are commonly considered as the optimal
method and their increasing use in many new projects worldwide has challenged
the market dominance of HVAC transmission technology. One of the world’s most
remote wind farms in the North Sea, "BARD offshore 1", with total installed ca-
pacity of 400MW, is connected through a 200 km VSC-HVDC cable to the coastal
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network in Germany. The wind farm is commissioned in 2012 and is scheduled to
be in operation during 2013 [5, 14, 15, 18, 19]. Several other HVDC links are un-
der development for the grid connection of large offshore wind farms in the North
Sea, like BorWin-II, DolWin-I and DolWin-II, HelWin-I. Similar projects are also
developed in many countries worldwide, such as in UK, Canada, USA and China
[1, 3, 4, 7, 17, 18]. For example, the Atlantic Wind Connection in the mid-atlantic
region of USA consists of an offshore HVDC transmission system, of 7000MW
capacity, with multiple delivery points on the mainland grid [18].
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Chapter 2

HVDC transmission systems

The first HVDC system came into operation 50 years ago. Since then many HVDC
transmission schemes have been developed. In this chapter the development of
these systems is described. The system structure is given and its components are
analysed. Research activities for new technologies are also presented. The most
modern transmission method, i.e. VSC-HVDC, is applied in the grid connection of
offshore wind farms. Finally, various system configurations and topologies for this
transmission scheme are provided.

2.1 Classic HVDC transmission system

The HVDC system is made up of a number of equipment. In Figure 2.1 the main
components of the classic HVDC transmission system are depicted. The station
requires considerable big area of land, since transformers, filters and auxiliary ca-
pacitors are located outdoors. The valves converter and the control equipment
are placed in a closed air-conditioned and air-heated building. However, it should
be borne in mind that the enclosed systems require high spatial distribution and
therefore a large building, which is too expensive [11].

In the followings the main modules are described, concerning their role in the whole
system, their structure and operation, as well as the latest trends in their technical
development.

2.1.1 Converter

The converter is the most important module, since it performs the conversion from
AC to DC (rectification) at the sending end and from DC to AC (inversion) at
the receiving end of the DC link. The converter of classic HVDC systems is based
on thyristor valves. Thyristors require connection with an external AC circuit to
turn on and off. This means that, in conventional HVDC transmission systems,
the connected AC power system provides the means of commutating the current to
the valves in the converter. This is the reason for which converters in the classic
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Figure 2.1: Classic HVDC transmission system [27]

HVDC systems are known as line-commutated converters (LCC). Such converters
require rotating synchronous machines in the connected AC system and therefore
cannot be connected to passive loads [9, 17, 19, 28].

Due to high voltages in HVDC systems, which far exceed the breakdown voltage
of the thyristors, large numbers of them are usually connected in series, building
one unit. For ensuring the even share of voltage between the thyristors of such a
unit, each thyristor is connected in parallel with additional passive components,
such as grading capacitors and resistors. The complete switching unit, consisting
of series-connected thyristors with their auxiliary circuits, is referred to as a valve
and each thyristor with its grading circuits and the other auxiliary equipment is
known as valve branch or thyristor level [9, 13].

The basic converter configuration for classic HVDC systems uses a three-phase
bridge, also called 6-pulse bridge, since it contains six valves, each connecting one
of the three phases to one of the two DC rails. This converter unit is illustrated in
Figure 2.2a. However, this arrangement produces considerable harmonic distortion
at AC and DC sides, since the phase changes only every 60◦. For enhancing this
arrangement, a 12-pulse system, shown in Figure 2.2b, has become standard on most
LCC-HVDC systems. A 12-pulse circuit is a serial connection of two 6-pulse bridges
which are connected separately to the AC network through two transformers. One
of these is configured to have a star secondary (Y-Y winding structure), while the
other a delta secondary (Y-∆ winding structure). In this way, a phase difference of
30◦ is established, cancelling the six-pulse harmonics and reducing the distortion:
fifth and seventh harmonics at the AC side are eliminated, reducing significantly the
cost of harmonic filters; sixth and eighteenth harmonics are eliminated at the DC
side, reducing the DC voltage ripple. Converters with more than two bridges are
also possible (three-bridge or 18-pulse converter, four-bridge or 24-pulse converter),
leading to even less harmonic distortion. Nevertheless, the required transformer
connections are getting more complex and therefore it is more practical to use a
12-pulse converter and provide the necessary harmonic filters [9, 11, 13, 17, 28, 29].

HVDC systems with a single 12-pulse converter per pole are in commercial op-
eration in several projects demonstrating excellent performance. Based on this
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(a) Six-pulse bridge [17]

 

(b) Twelve-pulse bridge [13]
1: Valve, 2: Double valve,

3: Valve tower, 4: Six-pulse bridge

Figure 2.2: Converter bridges

experience, such configurations could be used in applications of 3000-4000MW at
800 kV. For higher power ratings, above 4500MW, at 800 kV two series-connected
or parallel-connected 12-pulse converters per pole should be used, as shown in Fig-
ure 2.3. These configurations, with the two converter groups per pole, increase
reliability and availability of the transmission system, since in an outage of one
converter only one quarter of power is lost. In addition, the division of converter
into more groups helps the transportation of converter transformers, considering
their size and weight [25, 26, 30].

 

Figure 2.3: Series/Parallel-connected twelve-pulse converters [25]

In LCCs, the DC current cannot usually change direction. At the AC side, the
converter behaves as current source, injecting current to the AC network. Hence,
such converters are also known as current-source converters (CSC) [9].

2.1.2 Transformers

The converter transformers, often three physically separated single-phase trans-
formers, transform the voltage of the AC busbar to the required entry voltage of
the converter. In this way, they isolate the converter station from the AC system,
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providing a local earth, and ensure the voltage insulation, to make possible the
connection of converter bridges in series at the DC side. The main insulation of
the transformer in the valve-side winding is subject to the combined load stress of
both AC and DC voltage. For ensuring the correct valve voltage, the transformers
are equipped with tap-changers [9, 13].

The transformers in LCC-HVDC systems are quite specialised, due to high level
of harmonic currents flowing through them. The design of the insulating structure
inside the tank is also affected, since the valve-side winding experiences a permanent
DC current, requiring more solid insulation. In addition, the transformers in these
transmission schemes should provide the 30◦ phase shift for the cancellation of
harmonics [9, 13].

2.1.3 Reactive power supplies

In LCC-HVDC systems the converter inherently consumes reactive power. Indepen-
dent of the direction of the active power flow, the current flowing into the converter
from the AC system lags behind the AC voltage, meaning that the converter al-
ways absorbs reactive power. The amount of reactive power absorbed is at least
50% of the active power transmitted in steady-state conditions. Under transient
conditions, the amount of reactive power needed can be much higher. Faults in
the AC network at the inverter side of the transmission system will cause the cable
to discharge, resulting in voltage collapse in the AC network. The inverter should
counteract the increased transient current by increasing each own terminal voltage.
This implies increased need for reactive power. Therefore, reactive power sources
are required close to the converters. When the converter station is connected di-
rectly to power stations, an amount of the reactive power can be provided by the
generators themselves. In most cases, however, other reactive power compensation
devices should be applied to the HVDC system. These devices can be connected
to the network in series or in shunt connection. Shunt compensation devices are
applied for voltage control, whereas series compensation is employed to control the
longitudinal behaviour of the power system. Any surplus or deficit in reactive power
from these local supplies should be accommodated by the AC network. The unbal-
ance in reactive power should be kept within a given range, in order to maintain
the AC voltage in a desired tolerance. This implies that the weaker the AC system
is, the tighter the reactive power exchange should be, for keeping the voltage within
the required band [9, 28, 29, 31, 32].

2.1.3.1 Shunt reactive power compensation

The most common reactive power compensation devices are in the form of shunt
capacitor banks connected at the AC terminals of the converter. They can be
connected directly to the grid voltage or to a lower voltage through a tertiary
winding of the converter transformer. The shunt capacitors are usually grouped in
switchable banks (typically four per converter), so that the appropriate amount of
reactive power is supplied to the system, according to active power transferred (the
reactive power consumed by the converter depends on the active power transmitted
by the system). In this way, a surplus of reactive power is prevented in cases of low
power transmission [9, 29].
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(a) SVC with fixed capacitor [32]

 

(b) SVC with thyristor-switched capacitor [32]

Figure 2.4: Configurations of static var compensator (SVC)

Shunt reactive power compensation can also be provided by synchronous condensers
or static var compensators. A static var compensator (SVC) is a static shunt re-
active device, whose reactive power injection or absorption is controlled by means
of thyristor switches. Unlike synchronous compensators, it has no rotating parts,
which is the reason for the "static" denomination. It combines a passive capac-
itor bank in parallel with a thyristor-controlled reactor (TCR). Instead of fixed
capacitors (FC), thyristor-switched capacitors (TSC) are often used to enhance the
control capability of the TCR. The two common configurations are shown in Figure
2.4. The capacitor bank produces the required amount of reactive power and the
controlled inductive branch consumes in each instant the possible excess of reac-
tive power, which is generated but not requested by the system. In this way, the
capacitor stabilises the system, and the TCR eliminates the excessive voltage rise
which could occur in low load conditions and furthermore reduces surges during
switching operations. The generated harmonic current components can be elimi-
nated by designing the capacitor bank as passive filter bank. Installation of SVCs
in transmission systems lead to maintaining a smooth voltage profile, under various
network conditions. Hence, these devices enhance the voltage control and stability,
even in weak systems. Moreover, they contribute to the reduction of transmis-
sion losses, resulting in increased transfer capability and minimisation of the need
for new lines. In addition, the dynamic stability of the grid can be improved, by
increasing the mitigation of power swing and minor disturbances. Thus, SVCs
have been used in a great number of applications as easily and rapidly controllable
shunt compensator, like in the interconnection link between USA and Canada in
Minnesota state [32, 33].

Another device that can be used for shunt reactive power compensation is a static
synchronous compensator (STATCOM). It is based on a synchronous voltage source
which generates a balanced set of three sinusoidal voltages at a fundamental fre-
quency, analogously to a synchronous machine. However, this machine has no
rotating parts and therefore no inertia, for which reason it is called "static". The
reactive power is generated or absorbed internally. A STATCOM comprises the
DC energy source, the voltage-source converter, the control system and a cou-
pling transformer, as shown in Figure 2.5. The DC source can be a DC capacitor;
therefore, the STATCOM exchanges only reactive power with the system. The fre-
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Figure 2.5: Static compensator [32]

quency, amplitude and phase of the AC voltage (converter output), and therefore
the reactive output of the converter, can be properly controlled. If the converter
voltage is higher than the voltage at the coupling point, the STATCOM injects
reactive power to the AC system; if the converter voltage is lower than the voltage
at the coupling point, the STATCOM absorbs reactive power. Hence, by proper
control STATCOMs can contribute to voltage variations reduction, enhancing dy-
namic voltage stabilisation and steady-state voltage support. In this way, power
transfer capability increases and power system damping is also improved, meaning
increased transient stability and dynamic load balancing. In general, the overall
power quality is enhanced [32].

In the latest years a new generation of SVC has been developed, consisting of a
STATCOM with an IGBT voltage-source converter, as illustrated in Figure 2.6.
The basic operation principle of the VSC-based SVC is the generation of a three-
phase symmetric voltage with desired frequency. The control concept is the same
as in a STATCOM device, as depicted in Figure 2.6. If the VSC voltage is phased-
advanced from the network voltage, active power is injected by the converter to
the network; if the VSC voltage is phase-delayed concerning the network voltage,
then active power flows from the network towards the converter. In this way the
DC voltage can be controlled: when the DC voltage is below its setpoint, the VSC
voltage is controlled to be phase-delayed, for creating active power flow towards
the converter; when the DC voltage exceeds its desired level, the VSC voltage is
controlled to be phase-advanced, for transferring active power from the converter
to the network. The voltage amplitude is also controlled to regulate the reactive
power flow: if the VSC voltage has higher amplitude than the network voltage,
the compensator delivers the needed reactive power to the network; if its voltage
amplitude is lower than the amplitude of the voltage at the connection point, the
converter will consume reactive power, acting as inductor [33]. The VSC operation
is determined by the maximum voltage on the converter terminals and the maximum
converter current; by taking into account these two limits, under-voltage and over-
voltage conditions can be dealt with. Moreover, the DC link in a SVC system
is not connected externally and hence the DC voltage level can be freely selected
at an optimal value regarding VSC’s economies. Another advantage is the short
response time: the semiconductor valves can respond almost instantaneously and
therefore the only limiting factors for the response speed are the time for processing
voltage measurements and control procedures. A response time shorter than a
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Figure 2.6: Configuration and control principle of VSC-based SVC [33]

quarter of a cycle is nowadays achievable. In addition, the transmission system
can be designed without harmonic filters. The high switching frequency results
in an inherent capability of producing voltages at high frequencies. By injecting
harmonic currents into the network with proper phase and amplitude, this property
can be used for counteracting and therefore filtering harmonic voltages already
present in the power system. The reduction of equipment needed leads also to a
more compact layout, decreasing thus the converter station costs. Up until now,
ratings of around 100Mvar per converter are available; when higher reactive power
is required, an assembly of more than one converter can be used or additional
devices, such as fixed capacitors or thyristor-switched capacitors, can be applied
[32, 33]. The introduction of IGBT-based SVCs for reactive power compensation
in the classic LCC-HVDC transmission system led to the development of a new
configuration of transmission systems (Figure 2.7), based on VSCs (VSC-HVDC),
which enables an advantageous system operation; this transmission system, as well
as its enhanced capabilities is described in the next section.

 

Figure 2.7: Development of VSC-HVDC transmission system [34]

2.1.3.2 Series-connected reactive power compensation

The introduction of synchronous condensers or switching reactive shunt banks in-
creases the technical complexity, as well as investment and maintenance costs [31].
As a result, the development of another configuration of the HVDC transmission
system was desirable. In the new design, capacitors are connected in series to the
valves. The choice of their location requires special study in each particular case,
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Figure 2.8: Converter with series-connected capacitors [36]

taking into consideration the overall economy and system reliability. They are of-
ten located in the line side of the converter transformer and switched as part of
the lines [32]. However, [31, 35] propose their location to be between the converter
transformers and the valve bridge, in parallel with varistors for their over-voltage
protection (Figure 2.8). The main reason for selecting this position is that the
operating voltage across the capacitors is controlled by the converter. Hence, the
capacitor stresses are much lower. Furthermore, the transformer inductance limits
the current in a fault case, meaning lower stresses for the varistor. Besides, if the ca-
pacitors were located along the lines, there would be the risk of their asymmetrical
charging at AC system faults [31, 35].

There are several advantages of the configuration with series-connected reactive
power compensation, concerning the design of the transformer and valves. First
of all, the phase-to-phase voltage at the valve side of the transformer is reduced,
leading to reduced reactive power flow through the transformer. Thus, its ratings
could be decreased. Moreover, the total secondary-side impedance increases (by
inserting the impedance of the series-connected capacitor), reducing transformer
and valve currents during short circuits at the DC side. These lower current stresses
allow the optimised design of transformer and valve, although implying higher valve
voltage ratings. The main benefit of the new configuration regarding the converter
operation is the leading phase shift that the series-connected capacitor introduces
between the transformer secondary and the valves. This compensates the inherently
lagging characteristic of the converter; thus, the converter’s power factor can be kept
to unity or even become leading [31, 35, 37].

Series-connected capacitors improve voltage control and reactive power balance,
since reactive power generation in series-connected compensation increases with
the transferred power. Thus, the reactive power requirement becomes very low
and flat. Therefore, the need for capacitive shunt banks, switching in steps, is
eliminated, leading to less cost of the transmission system. Low shunt compensa-
tion leads to even larger transient advantages, i.e. lower over-voltages upon load
rejection. Another benefit regarding dynamic stability is associated with the fact
that the commutation voltage results in positive inverter impedance characteristics.
This means that when the DC current increases, the DC voltage at the inverter
side of the classic HVDC system decreases due to a reduction in the AC network
voltage, whereas in this new scheme it raises due to the capacitor voltage, which
offsets the drop in the AC voltage. This helps in mitigating faults and implies a
large improvement in the inverter dynamic stability. This factor implies also stable
operation with low short-circuit ratios and better commutation failure immunity.

22/103



2.1. Classic HVDC transmission system

The latter is explained by the fact that the series capacitors act as an extra voltage
source for the commutation of the valves, in addition to the synchronous machines
of the AC system. This is the reason for which this design is denominated as
capacitor-commutated converter (CCC). Thus, the transmission system is able to
withstand an AC voltage drop of 15-20%, while still preserving a sufficient com-
mutation margin for stable operation and thereby maintaining constant DC power
flow during disturbances in the AC network. This advantageous behaviour can be
observed in Figure 2.9, where the response of the CCC-HVDC system in a remote
AC fault is compared to this of the conventional LCC-HVDC system. This means
improvement in commutation performance and therefore minimisation of the risk
of commutation failures. In general, the transient performance is found to be better
than this of the conventional scheme, demonstrating a better damping characteris-
tic. In addition, as a result of the increase in the transient stability limit, the power
transfer capability also increases [9, 28, 31–36, 38–41].

 

Figure 2.9: Behaviour of LCC-HVDC and CCC-HVDC systems
at a remote AC fault [34]

It should be mentioned, though, that voltage contribution of CCCs in the sys-
tem can lead to increased harmonic production. The voltage from capacitors will
support the commutation of the direct current from one valve to the other. This
implies that the overlap angle will be reduced, resulting in a somewhat higher AC
harmonic currents. This, in combination with higher extinction voltage steps, leads
to increased harmonics at the DC side. The increased harmonic distortion can be
of the order of 20% and can be dealt with by high performance filters at both AC
and DC sides. This requirement is, however, offset by the smaller size of shunt-
connected LC branches, due to less reactive power requirements [40]. In addition,
although steady-state results determine CCC-HVDC superiority compared to LCC-
HVDC, transient analysis concluded in non-uniformly favourable performance in a
long cable HVDC transmission system compared to the conventional scheme. Un-
der balanced remote- and close-in faults the new scheme is found to be superior;
however, with unbalanced disturbances the conventional system demonstrates bet-
ter performance. This behaviour could be explained by the additional dynamics
due to the energy storage in the series-connected capacitors of the CCC-HVDC sys-
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tem: in cases of unbalanced faults, the voltage of each of these capacitors impacts
the system operation in a different extent. The performance of the CCC-HVDC
technology under unbalanced contingencies should be therefore further investigated
[41].

In recent years, the technology of series-connected compensation has undergone
dramatic development, regarding the reliability of capacitors, as well as the control
systems of the converter. For instance, the evolution in the control scheme of
CCC-HVDC is described in [42], where ordinary and advanced control systems are
compared. The new control scheme regulates the DC voltage, by keeping the AC
voltage constant at the connection point. In this way, not only the active power
flow is controlled through the converter, but also the reactive power exchange with
the network is managed for regulating the AC voltage at the connection point. This
implies that the inverter emulates the operation of a voltage-source converter. The
study results have shown that the connection of the inverter to a very weak AC
network becomes possible with the new control method: the HVDC transmission
exhibits very good recovery from faults in the system, without the risk of voltage
or power instabilities, whereas it is unstable, when operating with the traditional
control system [42].

Today, CCC technology has become well proved. In general, CCC-HVDC systems
are found to be a technically and economically beneficial solution, particularly
in cases of connection to weak AC networks, with low short-circuit capacity, or in
cases of very long transmission cables. Several HVDC transmission systems all over
the world operate according to CCC technology, like the Garabi interconnection
between Argentina and Brazil [32, 37].

With the development of thyristors, the usefulness of series-connected compensa-
tion has been further augmented. The evolution of controllable series-connected
compensation is depicted in Figure 2.10. Mechanically-switched series-connected
capacitors (MSSC) offer flexibility of power flow control. However, the introduction
of thyristors in thyristor-switched series-connected capacitors (TSSC) or thyristor-
controlled series-connected capacitors (TCSC) brings the concept of this compen-
sation concept even further [31, 32].

 

Figure 2.10: Evolution of controllable series-connected compensation [32]
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The ratings of the TCSCs in the converter configuration are determined by several
factors. The Mvar ratings depend on the overload requirements of the converter.
The impedance of each TCSC depends on the requirement to maintain a constant
impedance as seen by the converter. TCSC converter has the same configuration as
CCC, with the main difference of the location of the thyristor-controlled capacitor.
In the case of CCCs, the capacitor is placed at the valve side of the transformer,
as described above, since its placement along the AC line could lead to ferro-
resonance problems. However, this issue does not occur with the thyristor control
of the capacitor. Thus, the position of the TCSCs is at the AC system side of the
converter transformer [31, 32]. In [31], different TCSCs positions are described,
regarding additionally the location of the filters.

TCSCs offer many possibilities of control in the AC system. Supplementary to the
tap changer of the transformer, TCSCs can contribute to controlling the steady
state DC voltage, the firing angles of the converter and the reactive power. One
other potential benefit is the power balancing along the AC lines between the con-
verter and the AC system. Apart from power flow control, TCSCs provide damping
of active power oscillations: the introduction of a time varying capacitive element
in series with the inductive line reactance offers the possibility of modulating in
time the overall reactance to counter active power oscillations along the AC line.
This benefit is significantly important, since these power oscillations limit the power
transmission capability of HVDC links. A crucial feature of the TCSC is its in-
herent mitigation of sub-synchronous ferro-resonance oscillations due to the control
of the capacitors by thyristor valves. This inherent characteristic of TCSCs has
been investigated in research activities for a long time resulting in practicable solu-
tions. With the sub-synchronous ferro-resonance oscillations not being an obstacle
any more, the usefulness of series-connected compensation will be appreciated even
more and the technology is going to be put to a more widespread use. Nevertheless,
the significantly increased costs due to additional valve equipment should be taken
into consideration [31, 32].

Another possibility of series reactive compensation is the connection of a VSC in
series with the line through a booster transformer. If the VSC does not have any
active power exchange with its DC side, its impact on the network resembles that
of a series-connected reactance, which maybe inductive or capacitive. This arrange-
ment is called static synchronous series-connected compensator (SSSC). If another,
shunt-connected, VSC is used to energise the DC side of the series-connected con-
verter, the control of several parameters is possible, e.g. active power flow and the
voltage in the transmission line. The two VSCs constitute then a unified power flow
controller (UPFC). This configuration can also be used to mitigate variations in the
voltage that feeds an important industrial load. A possible voltage collapse can be
compensated by the voltage of the series-connected VSC and the voltage profile in
the sensitive load can appear to be almost undisturbed. This application is named
dynamic voltage restorer (DVR). Protection of the series-connected VSC against
over-currents and over-voltages should be taken into consideration, since the VSC
has limited current handling capability. In the case of a short-circuit, a fast acting
bypass switch is necessary to be connected across the primary or secondary of the
booster transformer, for avoiding the surge current passing through the VSC [33].
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2.1.4 Passive harmonic filters

Harmonic voltages and currents are generated by the electronics-based converter
at both AC and DC sides, even under ideal conditions, i.e. ideal smoothing of
DC current, symmetrical AC voltages, ideal transformer impedance and firing an-
gles in the converter. The characteristic harmonic components are those with the
highest level, however, other, non-characteristic, components are important, such
as the third harmonic, which is mainly produced by the negative-sequence compo-
nent of the AC system. The harmonic components of voltages and currents can
cause overheating of capacitors, as well as generators which are located in close dis-
tance. They can also lead to interference issues with telecommunication systems.
Therefore, filters are applied at both AC and DC sides in the converter station
[13, 29].

The 6-pulse bridge of an LCC-HVDC transmission system produces very high levels
of harmonic distortion by injecting harmonic currents of low order (6th order) into
the AC system and generating harmonic voltages of the same order superimposed
on the DC voltage. The suppression of such harmonics by filters is very expensive.
This is the main reason for applying the variant configuration of the 12-pulse bridge.
With this arrangement harmonics are still produced but only at higher orders (12th
order and higher). Hence, suppressing such harmonics is much more manageable,
though still challenging [9].

2.1.4.1 AC harmonic filters

The aim of the filter is to provide sufficiently low impedances for the harmonic com-
ponents, for reducing the harmonic voltages to an acceptable level. The distortion
level on the AC bus depends on grid and filter impedances, which are connected in
parallel. The design process of AC harmonic filters is complex and computationally
intensive regarding the modelling of the grid impedance. With both network and
filter impedances known, the highest harmonic voltage (the highest voltage distor-
tion) can be determined and compared to acceptance criteria. The criteria depend
on local conditions and regulations. Another challenge in the design procedure is
the risk of resonance between the filters and other components elsewhere in the AC
system [9, 13].

An additional duty of the filters at the AC side is to contribute to the reactive
power compensation. This will determine the size and number of filters. The rest
of the reactive power demand should be covered by the devices described above
[13, 17].

2.1.4.2 DC harmonic filters

Harmonic distortion in DC voltage does not imply problematic issues by itself, since
loads are not connected directly to DC terminals. However, harmonic components
in the DC voltage (ripple) cause currents which are superimposed on the current in
the DC transmission link. These current components of higher frequencies can cause
interference in neighbouring telecommunication systems. DC filters, connected in
parallel to the station poles, can contribute to combating this problem. Usually,
there is no need for DC filters in applications with cable transmission systems; only
in cases of overhead HVDC lines DC filter installation is necessary [9, 13, 17]. It

26/103



2.1. Classic HVDC transmission system

should also be mentioned that nowadays, with the development of digital mobile
telecommunication systems, the acceptance criteria for harmonic distortion are ir-
relevant, since digital telephone systems are insensitive to harmonic interference
[9, 13].

2.1.5 Active harmonic filters

The development of HVDC transmission systems has led to an increased strin-
gency in filtering requirements. This has resulted in more shunt filter branches (in
ratings of full pole voltage) or even in series-connected reactors (in ratings of full
pole current). AC and DC filters have occupied more than 40-60% of the con-
verter station area. In addition, inordinate amount of insulators between pole and
ground, with lower probability of flash-over per insulator, have been needed, which
has had detrimental effects on the reliability of converter stations. These trends
have been proving to be too costly for the utilities. The decrease in the converter
station area, with the consequent decrease in the station cost, has been a stimulus
for the development of more efficient filters, able to achieve very high levels of har-
monic reduction, without increasing the number of circuit components. Two new
technologies have recently come into operation, continuously tuned AC filters and
active DC filters [34, 39, 40, 43].

2.1.5.1 Continuously tuned AC filters

The size of the AC filter can be decreased, provided that there is the possibil-
ity of its sharp tuning. Continuously tuned (ConTune) filters are used for this
purpose. ConTune filters are on the borderline of passive and active filters: they
have passive components, but the tuning frequency is supervised and controlled
actively. Through the years many different designs have been suggested. A solu-
tion attempted in the past used mechanically adjustable reactors, but it could not
match reliability requirements [34, 38, 43]. In recent HVDC projects a design with
a variable-inductance reactor has been used. The variable inductance is achieved
by a structure of an iron core, coiled with a winding; this structure is placed inside
the reactor. The control system feeds the winding with the corrective DC current
and thereby tunes the total magnetic flux in the reactor, changing therefore its
inductance. The varying inductance tunes the filter to the correct frequency of
the harmonic. The control system is given in Figure 2.11. The system detects
the phase shift between the harmonic voltage in the AC bus and the harmonic
current in the filter and a PI-controller adjusts the DC current of the winding ap-
propriately. A small 6-pulse controlled rectifier is used as amplifier. In this way, the
reactor inductance is controlled [34, 39, 40, 43]. While designing the ConTune filter,
its bandwidth should be taken into consideration: it should have a certain value,
so that filter detuning risk is eliminated. Detuning can be caused by frequency
excursions or component variations, e.g. capacitance changes due to temperature
differences [40].

Following frequency and component variations with ConTune filter offers many
benefits to the system. Automatic tuning of the filter ensures the elimination of
resonance and current amplification phenomena. This implies the reduction in the
ratings of the filter components [34, 40]. Due to these advantages, this type of
filters have been used in several applications, e.g. in the Pacific Intertie HVDC
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Figure 2.11: Continuously tuned AC filter [34]

Transmission, in the Swe-Pol link, in the Garabi I and II connections (combined
with a CCC-HVDC transmission scheme) [43].

Up until now, in the current HVDC projects there is no need for explicitly active AC
filters. There are certainly more strict requirements for the filter design than in the
past, but conventional passive or ConTune filters provide still the most technically
and economically beneficial solution. The main reason for this trend is that the
devices for reactive power compensation can also provide sufficient filtering. In
classic HVDC systems, with high reactive power deficit, the number and size of
compensators, in addition to conventional passive filters, is sufficient for harmonic
filtering; in CCC-HVDC systems, with lower reactive power deficit, ConTune filters
are used [43].

2.1.5.2 Active DC filters

The development of pulse width modulated (PWM) amplifiers of high power and the
improvement of digital signal processors (DSP), enabling signal processing at a high
rate, made active DC filters attractive from both technical and economical points of
view [43]. There are several possible configurations of active DC filters. They can
be connected in series or in parallel with the load, directly or through a coupling
connection e.t.c. All the present active DC filter schemes in HVDC transmission
systems are hybrid filters: their active part (amplifier) is connected to the HVDC
link through a passive part (a conventional shunt filter). This arrangement results
in reduction of the voltage level and transient stresses on the active part, and
therefore in comparatively low equipment ratings. A typical configuration of an
active DC filter is depicted in Figure 2.12. The active part consists of the measuring
system, the control system, the amplifier, the transformer, protective devices and
bypass disconnectors. The design of the measuring system is essential, since its
resolution determines the limit of the system’s dynamics. The measuring system
communicates with the control system via a fibre optic link. The control system
is a DSP operating at a high sample rate. Its aim is to convert measured levels to
signals appropriate for amplifier inputs. It is a rather complex system, since it must
also cope with changes in the main circuit configuration and handle recovery from
contingencies in the network. The amplifier is a PWM voltage-source converter.
The control system adjusts the output current of the amplifier, so that it has the
same magnitude but opposite phase with the current in line, coming from the
converter through the smoothing reactor. Thus, by adding the amplifier’s current
with the line current, the latter is cancelled. The cancellation level depends on
the measuring system resolution. This means that complete cancellation does not
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Figure 2.12: Active DC filter [43]

occur never in practice, but the obtainable levels are more than sufficient for any
practical purpose. The protection system provides to the amplifier protection from
over-voltages and over-currents in the system. The aim of the transformer is to
provide a galvanic separation between the amplifier and the HVDC system and
to raise the amplifier’s output voltage to a level suitable for the system, usually a
raise from 0.3 or 1.0 kV to 3 kV. The bypass disconnector allows the disconnection
of the active part of the filter from the HVDC system, while the conventional LC
branch (passive part of the filter) remains in service, tuned to the fundamental
frequency of the system. This can enable the reduction of the required ratings
of the amplifier [13, 34, 39, 40, 43]. The successful performance of an active DC
filter can be concluded via Figure 2.13, where it can be observed that the harmonic
content of the current in a typical DC line is reduced with the addition of the active
filter.

In the future, the guidelines for active DC filter design should be revised to reflect
expected changes in telecommunications, with the development of digital systems.
However, there are still occasions where active DC filters can be an alternative
system. Examples of such situations could be the refurbishment of an existing DC
filter scheme with unsatisfactory performance, the change or rebuilding of the DC-
side configuration of the transmission system (e.g. addition of a new pole), like in
Skagerrak 3 project, the existence of short overhead lines followed by cables, as in
the Baltic Cable, and occasions with very stringent performance requirements or
with critical switchyard areas [43].

2.1.6 Transmission circuit

The DC transmission system consists of the DC links, the high-speed DC switches
and the earth electrode. The DC links could be overhead lines or cables. DC lines
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Figure 2.13: Harmonic current content on a typical DC line
with and without an active DC filter [40]

are similar to AC lines. The main differences are the number and configuration of
conductors, the electric field requirements, the insulation design and space required.
For transmission systems over long distances DC cables are preferred. Also in cases
of submarine power transfer, cables are the only suitable solution. [13] presents the
different types of HVDC submarine cables, which are currently available or under
development. The different types of DC switches are also mentioned in [13] and
their duties are briefly described. Regarding electrodes, most DC links use earth as
neutral conductor; if there is need for restricting the current flow through earth, a
metallic return conductor should be provided [29]. [13] provides information about
the design of several kinds of earth electrodes.

The whole transmission system includes also AC circuit breakers, which are used
for fault clearing in the transformer or for breaking the DC link out of service. It
should be mentioned that they are not applied in cases of AC fault clearing, since
this can be performed more rapidly by the control system of the converter [29].

2.1.7 Smoothing reactors

Smoothing reactors are large reactors with inductance in the range of 100 to 300mH.
They are usually connected in series with the DC line of each pole of the converter.
There are two types of reactor design: the air-insulated dry-type reactors and the
oil-insulated reactors in a tank. The selection between the two alternatives should
be made by taking into consideration several aspects, such as their inductance, their
costs, their maintenance as well as seismic requirements. These aspects are briefly
analysed in [13] for the two types of reactors. In the HVDC transmission systems,
smoothing reactors serve a series of purposes. First of all, they prevent the current
interruption at low load conditions, which could cause high over-voltages in the
transformer. Furthermore, they limit the fault current and its rate of rise during
short-circuit on the DC link. In this way, they prevent commutation failures in
inverters. In addition, they are used to avoid resonance in the DC circuit at low
order harmonic frequencies. Thus, the amplification effect of harmonics from the
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AC system is avoided. Finally, they participate in reducing harmonic currents, in
association with DC filters, for limiting telephone interference [13, 29].

2.1.8 Surge arresters

The main duty of an arrester is the protection of equipment from over-voltages.
This means that the arresters should be able to withstand typical surges without
occurrence of any damage. On the other hand, they should have no negative ef-
fects on the power system during normal operation. For the fulfilment of these
requirements non-linear resistors are used. These resistors should present low resis-
tance during surges, for restricting over-voltages, but high resistance during normal
operation, for avoiding affecting negatively the power system [13].

2.2 VSC-HVDC transmission system

The most advanced HVDC transmission technology is the VSC-HVDC scheme. Its
configuration is similar to the classic system, with some differences due to several
technological developments in its components. A typical VSC-HVDC transmission
system is shown in Figure 2.14. This system allows more compact HVDC sta-
tions, suitable for power transfer to places where it is very difficult to get build
permissions, due to restrictions regarding environmental impact or scarcity of land
[44]. The structure and operation of each module of the transmission system are
described in the followings, explaining the advantages of this technology.

 

Figure 2.14: VSC-HVDC transmission system [45]

2.2.1 Converter

The converter in this system employs IGBT power semiconductors. This device
allows control of both turn-on and turn-off operation, in contrast to thyristors
which allow only turn-on control. As a result, the IGBT valves can compose self-
commutated converters (SCC), implying that the converter operation does not rely
on synchronous machines in the AC system. Hence, such a converter can be con-
nected to a totally passive AC network, which is impossible in the case of the LCCs.
In addition, the ability of turning-on and turning-off the semiconductors many times
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per cycle leads to improvement of the harmonic performance of the converter. Less
harmonic distortion means that VSC-HVDC systems do not have to use necessarily
the 12-pulse configuration and they normally use the 6-pulse bridge (unless this is
forced for other purposes explained in the followings). The converter enables the
conversion of the three phases of the AC system to a symmetrical DC voltage,
which is considered constant, with fixed polarity. This explains the denomination
of converters of this type as voltage-source converters. Furthermore, the converter
does not consume reactive power from the AC network, but instead it can control
the reactive power exchange with the system, meaning no need for reactive power
compensation [9, 32].

Each valve consists of a number of series-connected IGBTs, determined by the DC
voltage level. Across each IGBT a gate unit and voltage divider are connected, to
ensure even voltage distribution between the series-connected IGBTs of the valve.
The proper voltage sharing within the valve is performed not only during normal
switching conditions, but also during system disturbances.

Each valve includes redundant devices for enabling the continue of operation in
case of failure of an IGBT. The faulty component should not create an open cir-
cuit, since the current along the valve will continue flowing and the source voltage
is very high and stiff. On the contrary, the IGBT should enter into its short-circuit
condition and remain in this situation until the operation is stopped for scheduled
maintenance. This capability is very crucial, especially for series-connected IG-
BTs. Thus, a reliable mode of short-circuit failure should be determined for each
individual IGBT and verified by long-term tests.

IBGTs are switched on and off with frequencies defined by pulse-width modula-
tion (PWM) algorithms. In this way, PWM enables the creation of any desired
voltage waveform, meaning any phase angle and magnitude of the fundamental
frequency component. The PWM switching frequencies range typically between
1-2 kHz, depending on converter’s topology, system frequency and specific applica-
tion [9, 17, 32, 33]. Research continues developing new more efficient modulation
methods, for achieving reduced switching frequency and therefore reduced switch-
ing losses. For this purpose, several other modulation methods have been proposed,
such as space vector modulation (SVM) [46] and tolerance band modulation [47].

The currently available IGBTs present limited voltage and current handling capac-
ity and therefore they can not individually follow the entire voltage and power re-
quirements. Series-connected valves are arranged in either a two-level or three-level
bridge, resulting in larger converter ratings. The two-level bridge is the simplest
configuration for a three-phase converter. As shown in Figure 2.15a, it is a 6-pulse
bridge, in which the thyristors have been replaced by IGBTs with inverse-parallel
diodes and the DC smoothing reactors by DC smoothing capacitors. The outlets
of each phase can be connected to the positive or negative DC terminal, generating
a discrete, two-level output voltage (+Ud/2,−Ud/2, where Ud is the DC voltage),
as shown in Figure 2.15b. The output voltage can be modulated by PWM algo-
rithms for mitigating harmonic distortion. For keeping the current ripple relatively
low, the switching frequency must be chosen comparatively high, resulting in high
switching losses. This configuration has been used at a wide range of power lev-
els, in many applications, although it presents the highest harmonics content and
highest converter losses of all the VSC configurations, mainly due to its simplicity
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(a) Configuration [17]

 

(b) Voltage waveforms [48]

Figure 2.15: Two-level VSC

[4, 5, 9, 17, 33].

Another possible converter topology is the three-level converter, which has similar
configuration as the conventional two-level device, with the addition of a clamping
diode or flying capacitor, for clamping the neutral point of the DC link. In this way,
three different levels of the voltage output are possible at each phase, i.e. positive
DC voltage, zero voltage and negative DC voltage (+Ud/2, 0,−Ud/2, where Ud is
the DC voltage), as illustrated in Figure 2.16b. The resulted voltage resembles much
more the ideal sinusoidal waveform than the output of the two-level converter. This
implies less harmonic distortion and therefore less filtering required. The topology
of a diode-clamped three-level converter, with four valves in one arm is illustrated
in Figure 2.16a [4, 5, 17].

 

(a) Configuration [17]

 

(b) Voltage waveform [49]

Figure 2.16: Three-level VSC

For increasing the number of voltage levels and thus generating a better waveform
(closer to sinusoidal), an extension of diode- or capacitor-clamped converters is
necessary. This will lead to increased number of devices and therefore increased
complexity. As a result, a strictly modular construction is needed, by cascading
the same hardware, namely the same module. A typical solution is the cascaded
H-bridge, which however requires an isolated DC power supply for each module
[4]. Other cascaded converter topologies have been also suggested, with two-level
modules (Figure 2.17) [50, 51] or five-level cross-connected modules combined with
half-bridge modules [52]. The development of more advanced multi-level VSCs
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Figure 2.17: Cascaded two-level converter [51]

 

Figure 2.18: VSC and LCC losses in HVDC applications [33]

can lead to lower losses, like these that occur in conventional HVDC transmission
systems, as can be concluded from Figure 2.18.

A new multi-level converter topology has been recently developed, called modular
multi-level converter (MMC). In this configuration each phase leg consists of two
arms; the total voltage of the two arms of each phase equals the DC voltage. Each
arm consists of n submodules. Each submodule includes two IGBTs, two diodes
and a capacitor, comprising a two-terminal structure. This configuration has a
common DC link, but no common DC capacitor and filter. Figure 2.19a depicts
the MMC topology. The operation principle is that the switching devices of each
submodule either bypass the capacitor or connect it into the circuit, depending
on the state of the two switches. When T1 is on and T2 is off, the submodule is
turned-on and the capacitor voltage is applied to the terminals of the structure.
Current can either flow through D1 and charge the capacitor or through T1 and
discharge the capacitor; this depends upon the direction of the current flow. On the
contrary, when T1 is off and T2 is on, the submodule is turned-off and the capacitor
voltage is not applied to the terminals, remaining unchanged. The state in which
both switches are turned-off should not be applicable in normal operation, since all
submodules will identically follow this state and the converter will be blocked.

The per phase AC voltage of the converter can be controlled by turning on a number
of submodules in upper and lower arms of the same phase. Thus, by adjusting the
ratio of arm voltages in each phase, the desired sinusoidal waveform is achieved.
The switching frequency applied to the devices of each submodule can be reduced,
resulting in reduced switching losses; however, the effective frequency of the final
waveform is very high due to the large number of submodules connected in series. In
this way, the valve is able to synthesise a stepped voltage, with more-in-number but
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lower-in-size voltage steps, as shown in Figure 2.19b. This means reduced voltage
gradients, leading to very low harmonic distortion and low high-frequency noise; this
low rate of voltage rise makes the system more robust. A result of low harmonic
content of the voltage is the reduction in the number of tuned filters, which are
mandatory in a two-level or three-level converter, due to the high and steep steps
of their voltage output; on the other hand, a drawback of MMC configuration is the
double number of switches compared to the two-level converter. In addition, due
to sinus-shaped voltage, standard types of AC transformers can be applied in the
transmission system. From the perspective of the DC circuit, the DC voltage can be
adjusted independently and therefore there is no need for isolated DC power supply
in each submodule, as in the case of the cascaded H-bridge. In general, MMC
systems present easy scalability, leading to high power ratings, up to 1000MW.
This, in association to the high modularity of the topology, allows more flexible
and economical solutions for the transmission systems [3–5, 9, 48, 53].

 

(a) Configuration [5]

 

(b) Voltage waveform [49]

Figure 2.19: Modular multi-level VSC
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2.2.2 Transformers

The VSC is coupled to the AC bus via a power transformer. Its role is the same
as described in 2.1.2 for the LCC-HVDC systems. However, in the VSC-HVDC
scheme, its design is usually simpler and more conventional, due to lower harmonic
content of current [9, 17].

2.2.3 Phase reactors

These are standard single-phase air-cooled reactors. Their aim is to control active
and reactive power flow, by regulating currents through them. They are used also
as AC filters, for reducing high-frequency harmonics of the AC current, caused by
the switching operation of the VSC. In addition, they reduce the inrush currents
upon energisation from the AC system [17, 32].

2.2.4 AC filters

Due to the switching process of IGBTs, AC output currents and voltages are not
sinusoidal, i.e. the spectrum of their waveforms contains not only the fundamental
frequency component f1, but also higher-order harmonics. This harmonic con-
tent consists of components around the carrier frequency fc of the PWM and its
multiples. The higher the number of IGBT commutations per second, the higher
the frequency of the lowest-order harmonics produced, meaning reduced harmonic
losses. On the other side, the higher the number of commutations per second,
the higher the switching losses. Therefore, the frequency modulation ratio in the
PWM process should be selected accordingly, to keep a balance between switch-
ing and harmonic losses. These high-order harmonics have to be mitigated, for
preventing their emission into the AC system, since they could cause malfunction
of AC equipment or radio and telecommunication disturbances. For this purpose,
passive high-pass filters are installed in the transmission system, providing the AC
system with almost sinusoidal currents and voltages. In VSC-HVDC systems, the
harmonic distortion is lower than in LCC-HVDC systems, since the harmonic spec-
trum is shifted to higher frequencies; this, in association with the fact that no
reactive power compensation is required, allows the smaller size and simpler type
of the filters required [9, 17, 32].

2.2.5 Transmission circuit

The transmission circuit is similar to that of the classic configuration. New tech-
nologies have been developed regarding the DC cable types, since the current under-
ground cables were found to be heavy, difficult to install and prone to faults; many
of them used oil, requiring oil pressure plants; even the cable joints were cumber-
some, demanding heavy concrete constructions and requiring frequent maintenance.
A first new type of DC cables, applied in the Cross Sound Cable project, was a
solid dielectric submarine cable. Apart from the absence of oil, its main advantage
was its fast installation. In recent VSC-HVDC systems, a new kind of cable is
used, with insulation from extruded polymer, which presents particular resistance
to the DC voltage. It employs aluminium conductor, which is more economic and
lightweight than copper conductors. Moreover, it exhibits lower power losses and
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thus its design can be smaller in weight and diameter. Polymeric cables offer me-
chanical strength, flexibility and low weight, and they are therefore preferable for
installations in rural areas, where there is limited load-bearing capacity. Their ad-
vantages led to more applications, as submarine cables or overhead cables; in the
case of submarine links, the cable can be laid in very deep waters and on rough
bottoms. For instance, this type of cable is used in the Murraylink project and has
proven to be very reliable. Up until now, this cable has been installed in systems
up to 150 kV and 400MW; its next generation is going to be applied in systems of
1100MW at 320 kV. A new type of cable, the mass impregnated cable, has started
being applied in systems of higher power capacity and at higher voltages, since it
exhibits higher voltage capabilities [17, 51, 54–58].

In the recent VSC-HVDC grids, there are two options for the DC breaker: a me-
chanical and an electronic type. Existing mechanical DC switches, e.g. active
resonance breakers, are capable of interrupting DC currents within several tens of
milliseconds, around 60ms, duration which is considered to be too long to fulfil
requirements for a reliable DC grid. The electronic DC breaker is an IGBT-based
switch and therefore is much faster. However, it is more expensive and, most im-
portantly, exhibits relatively high losses, typically around 30% of the losses in VSC
station. For overcoming this drawback, a new generation of DC breakers has re-
cently been proposed, known as hybrid DC breakers (Figure 2.20). In this new type
of DC switches, the main breaker preserves the capability of fast interrupting the
full-load short-circuit current, while the by-pass path carries the load during normal
operation, so that transfer power losses are reduced to negligible levels. Thus, the
hybrid DC breaker is fast, efficient and reliable, as well as modular, meaning that
it is easily adapted to actual voltage and current ratings [59–62].

 

Figure 2.20: Hybrid DC breaker [60]

2.2.6 DC capacitors

The PWM switching process in the IGBTs of the VSC causes harmonics in the
current flowing the DC side. This results in a ripple in the DC voltage. For
providing a low inductive path for the current, and therefore for reducing this DC
voltage ripple, two DC capacitor stacks of the same size are introduced to the
system, each connected to one pole to ground. These capacitors are also used for
keeping the power balance during transients, by providing an energy storage. The
design of the DC capacitors is an important procedure during the development of
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the whole transmission system. Their size depends on the required DC voltage.
The main design factor is the capacitor’s time constant, which determines the time
needed to charge the capacitor to the rated voltage. This value should be selected
to be sufficient for satisfying the voltage ripple and transient over-voltages. On
the other hand, a relatively small time constant allows fast control of active and
reactive power flow [17, 32, 63]. In addition to DC capacitors, DC filters and
zero-sequence blocking reactors could also exist on the DC side of the transmission
system for mitigating interference on metallic telephone circuits, which could run
adjacent to the DC links. The low harmonic content of currents and voltages in
VSC-HVDC systems, allow these filters and reactors to be smaller and simpler than
in LCC-HVDC systems [45].

2.3 VSC-HVDC transmission system
for grid connection of offshore wind farms

The aforementioned advantages of VSC-HVDC transmission systems, regarding the
design and operation of their components, led to their wider application in the grid
connection of large offshore wind farms. The system configuration of such a VSC-
HVDC connection is illustrated in Figure 2.21. The scheme consists of the offshore
wind power plant (WPP) with its collector system, the offshore substation with
the relevant transformers and converters, the DC link and the onshore substation
connected to the AC grid [5]. In some cases, paralleling the DC links may be
advantageous. An appropriate power dispatch between the links can minimise the
power losses. In addition, the loss of one DC tie could result in lower power losses
than in the case of independent DC links. However, this is found to be valid only
in cases with large number of parallel links. The risk of cascaded tie losses should
be taken into account: given the loss of one link, the remaining ties should share
the additional load, but this could lead to serious overload problems, which could
cause a cascading loss of all of them. This process could be extremely fast, so that
breakers could not handle it. Power curtailments can become necessary, which is
extremely expensive. The decision of paralleling the DC ties or not depends upon
several factors, such as the wind turbine generator types and the control schemes
of the HVDC converters (which affect the transient behaviour of the HVDC links),
the dispatch constraints from regulation and market environments, the costs of
space and weight for the equipment installed on the offshore platform, etc. [64]
investigates all these aspects regarding the parallel DC links, concluding that new
operating principles have to be developed.

2.4 Suitability of transmission systems
for grid connection of offshore wind farms

Bearing in mind the configuration and operation aspects analysed above for the
different transmission systems, a brief comparison could be performed, regarding
their suitability for the grid connection of offshore wind farms. The three transmis-
sion schemes (HVAC, LCC-HVDC, VSC-HVDC) are compared considering power
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Figure 2.21: Grid connection of offshore wind farm
through VSC-HVDC transmission system [5]

losses, current ratings of cables and converters, the size of the offshore substation
and environmental issues. These technical aspects affect investment and operating
costs. By taking into consideration this analysis, the feasibility of each transmission
scheme for the grid connection of offshore wind farms can be concluded, according
to the wind farm capacity and its distance from the shore.

2.4.1 Power losses

As described in 1.4.2, in HVAC systems, power losses increase significantly with
wind farm size and distance from the coast. If HVAC systems apply to higher
voltage ratings, the power losses will increase. In addition, losses depend on the
characteristics of the AC cable. On the contrary, HVDC schemes present only very
limited correlation with the transmission distance, as explained in 1.4.4. Power
losses in HVDC systems depend more on the efficiency of the converter. In LCC-
HVDC transmission technology, the total conversion efficiency lies in the range of
97-98%, depending on the design of the converter. Higher efficiency implies, how-
ever, higher investment cost of the converter. Comparatively low losses (2-3% for a
500MW power transfer over 100 km, including losses in both converter stations) is
the main advantage of LCC-HVDC systems. Nevertheless, it should be taken into
account that this percentage does not include losses in the auxiliary devices at the
offshore station, for providing commutation to thyristor valves, as well as for re-
active power compensation. VSC-HVDC systems present lower efficiency, 90-95%
including both converter stations. This occurs due to higher losses per converter
station, around 2%, depending upon the switching frequency, as mentioned in 2.2.1.
By reducing the switching frequency, lower switching losses in the converter can be
achieved. On the other hand, high switching frequency means lower harmonic con-
tent of voltages and currents and therefore less need for filters. Fewer filters mean
lower losses in filters, smaller size of the station and lower investment cost. Hence,
a balance between lower switching losses and less equipment should be managed
[65]. Multi-level converters can contribute to this attempt, as described in 2.2.1.
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As a result, converter losses depend significantly on its design.

2.4.2 Ratings of cables and converters

Up until now, the rating of AC cables is limited to 200MW per three-phase cable
at voltages of 150-170 kV, with reactive power compensation at both ends of the
link and maximum transmission length of 200 km. This implies that, for the grid
connection of larger wind farms, more cables will be needed, apart from possible
additional requirements for redundancy. For shorter distances, higher voltage rat-
ings, up to 245 kV, are possible, and as a result the power ratings will increase
to 350-400MW. Even higher voltage levels, up to 400 kV, are under development;
these applications will allow power transfer of up to 1200MVA over a distance of
100 km. However, it should be borne in mind that higher voltage levels will re-
sult in higher power losses, as well as in larger and more expensive transformers
and submarine cables. Consequently, an increase in voltage ratings is often only
acceptable if an increase in power capacity is required. In LCC-HVDC systems,
converter and cable ratings are not limiting factors for maximum power transfer
in the current offshore wind farm projects (< 1000MW). On the contrary, the
present technologies of cables in VSC-HVDC systems can transfer only 600MW
at voltage level of 150 kV. In addition, only converter stations of maximum rat-
ing of 300-350MW are in operation; converter stations of higher capacity, up to
500MW, have been announced to become available. This means that more than
one converter stations should be constructed for utilising the full capacity of the
current cables. For even higher power transfer of more than 600MW more cables
will be needed. It should be also taken into consideration that links in VSC-HVDC
systems are not usually connected to ground, meaning that two conductors are
always needed, instead of one single cable in the case of LCC-HVDC systems. In
general, for the grid connection of large offshore wind farms, the smallest number
of cables is required when LCC-HVDC systems are applied and the largest number
of cables is needed in the case of HVAC systems. The number of cables affects
total investment costs. Nevertheless, the overall system reliability might increase,
if more cables are used. To maximise reliability benefits, different cables should
follow different routes; however, this might be not always feasible [65].

2.4.3 Size of the offshore substation

HVAC systems require reactive power compensation, as explained in 1.4.2. As a
result, reactive power suppliers should be placed at both ends of the cable. This
leads to larger offshore substations. Moreover, the application of higher voltage
ratings results also in larger substation, due to larger transformers that required.
However, the size of an AC offshore substation is much smaller than that in the
HVDC schemes, around one third of their size, mainly due to the significant space
which is required by the converter station. Converter stations in LCC-HVDC sys-
tems need considerably more space than in VSC-HVDC systems, due to auxiliary
devices required for the commutation of the converter valves. This equipment is
usually comprised by some diesel generators, which should be able to keep a strong
AC system at the offshore converter, for enabling the commutation of LCCs even
during periods of now or very little wind. Another possibility is the existence of
STATCOMs, which could provide the necessary commutation voltage. In addition,
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converter stations in LCC-HVDC systems include reactive power compensation de-
vices, which are not needed in VSC-HVDC systems, as explained in 2.1.3 and 2.2.1.
This leads to even larger size of the offshore substations. Nevertheless, when STAT-
COMs are applied for providing the commutation voltage, the same device can be
used for reactive power compensation, reducing the station equipment and there-
fore the size of the substation. Furthermore, LCC-HVDC systems need more filters
than VSC-HVDC systems, due to higher harmonic distortion of currents and volt-
ages. In general, in offshore substations of LCC-HVDC systems, more equipment is
required than in those of VSC-HVDC systems, leading to higher investment costs.
This implies the reduced likelihood of applying LCC-HVDC transmission systems
for the grid connection of small or medium wind farms, rated less than 300MW. Up
until this capacity, VSC-HVDC systems will be preferred for the grid connection
of offshore wind farms. For higher capacities (larger offshore wind farms), mul-
tiple VSC stations are required, resulting in larger offshore substations, since the
present maximum capacity of a VSC is 300MVA. Therefore, for very large capacity
demands, the advantages of VSC-HVDC systems over the LCC-HVDC solutions,
concerning space requirements, might be significantly reduced [65].

2.4.4 Environmental issues

Submarine cables installed for the grid connection of offshore wind farms usually
pass through environmentally sensitive areas, a fact that causes difficulties in ob-
taining construction permits. Authorities prefer solutions with the lowest environ-
mental impact. The effect of submarine cables on the environment depends on
two factors, namely their magnetic field and their number. The solution with the
lowest influence on the environment is the combination of the minimum number of
links with the lower magnetic field of these cables. This combination is not always
possible, since AC cables have generally lower magnetic field than DC cables, but
HVAC systems need usually more cables than HVDC schemes. Moreover, the re-
quired diesel generators installed on the offshore platforms of LCC-HVDC systems,
as well as diesel storage capacity, should also be taken into account, since they cause
environmental concerns. In conclusion, the best transmission technology, from an
environmental point of view, is very much case-dependent [65].

2.4.5 Feasibility of each transmission system
according to wind farm capacity and distance from the shore

Taking into consideration the aforementioned issues, some general conclusions can
be risen, regarding the suitability of each transmission system for the grid connec-
tion of a wind farm, according to its capacity and distance from the shore. The
feasibility of each option is determined by taking into account the total system cost,
consisting of the investment and operating costs, including converter and transmis-
sion losses. Investment costs depend on equipment ratings, whereas operating costs
change with the distance from the connection point. A diagram presenting the most
feasible transmission option for each level of wind farm capacity and at each dis-
tance from the coast is illustrated in Figure 2.22. For short distances, less than
100 km, where investment costs dominate over operating costs, HVDC systems are
not suitable due to high converter cost. However, this is valid only for small capaci-
ties, up to 200MW, since for transferring larger amount of power requires more AC
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Figure 2.22: Transmission technology options according to
wind farm capacity and distance from the shore [65]

cables, leading to higher transmission losses and therefore higher operating costs.
Thus, for capacities larger than 200MW, the HVDC system may be an economi-
cally competitive solution, even for short distances. Increased transmission losses
in HVAC systems justify also the dominance of HVDC systems in longer distances.
For capacities up to 600MW, in cases where HVDC systems are more suitable,
the VSC configuration is preferable, mainly due to the lower platform equipment
(absence of auxiliary devices) and therefore the lower investment cost. For ca-
pacities larger than 600MW, the presently low ratings of VSC-HVDC technology
(both of cable and converter) are obstacles for the application of this transmission
scheme. For transferring such amounts of power, more VSC stations are required
on the offshore platform and more cables should be installed, leading to higher
costs. Therefore, the LCC-HVDC concept is found to be more economically attrac-
tive. Nevertheless, reliability issues may force the use of more cables, for avoiding
losing the whole amount of power in the case of one cable is lost. In this cases,
VSC-HVDC systems will be the best solution. Besides, VSCs and cables of larger
ratings have been developed fast and are applied during the latest years. Apart
from aspects regarding configurations and their corresponding costs, the enhanced
control capabilities of the VSC-HVDC technology should be taken into considera-
tion. The ability of this transmission scheme to provide grid support, through e.g.
active and reactive power control, voltage regulation, black-start capability, makes
it even more advantageous for the grid connection of large offshore wind farms [65].

2.5 HVDC system topologies

HVDC converters, rectifier and inverter, can be connected through DC links in a
number of topologies. The main system topologies are shown in Figure 2.23 and
described in the followings.
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Figure 2.23: HVDC system topologies [28]

2.5.1 Monopolar HVDC systems

These systems are the simplest and least expensive for transferring moderate amount
of power. In this topology, two converters are connected by a single pole link, at a
positive or negative high voltage. The link can be insulated cable or line conductor.
Most monopolar systems are designed for being expanded to bipolar topologies in
the future: there are two transmission conductors, but initially only one is used for
the monopolar system, whereas the other is either unused, used as electrode line or
connected in parallel with the main transmission conductor (like in the case of the
Baltic Cable project) [9, 17, 28, 66].

2.5.1.1 Monopole with ground return

In this arrangement, the return current flows in the ground or sea at two earth
electrodes. The electrodes are located some kilometres from the stations and their
design depends on whether they are placed on land or at sea. The return current is
carried to the earth electrodes through medium- or low-voltage electrode lines. This
current is unidirectional, implying a complex design for the anode electrode, but a
simple one for the cathode electrode. Monopoles with ground return are consider-
ably cheap for power transmission over long distances. However, they could lead to
problems, like electrochemical corrosion of the buried metal objects, influences on
water chemistry or magnetic navigation compasses in case of unbalanced currents
[9, 28, 66].

2.5.1.2 Monopole with metallic return

For eliminating these effects, a metallic return conductor can be installed between
the two ends of the monopolar transmission link. Since the converter terminal
is connected to earth, the return conductor does not need insulation for the full
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transmission voltage, meaning that it costs less than the high-voltage conductor.
The selection or not of a metallic return conductor relies upon technical, economical
and environmental factors. In cases of congested areas or areas with high earth
resistivity the monopolar topologies with metallic return are suggested [9, 28, 66].

2.5.1.3 Monopole with grounded midpoint

This topology is an economic alternative to monopole with metallic return, since it
does not use conductors at full transmission voltage. In this topology, the midpoint
of the converter is connected to earth, directly or via an impedance, to provide
a reference to the DC voltage. This means that the conductors operate at half
DC voltage, one positive and the other negative. The converter can be arranged
only in 12-pulse configuration, so that there is never any stray earth current. This
topology, known also as symmetrical monopole, is very common with VSCs when
cables are used [9, 28, 66].

2.5.2 Back-to-back HVDC systems

In these systems, two converter stations are located at the same site, so that the
length of the transmission line or cable is kept as short as possible. Due to the
short conductor length, the DC voltage can be selected as low as possible, so that a
small valve hall, with a reduced number of series-connected thyristors, can be built.
These systems are used to connect two adjacent asynchronous AC networks, even
at different nominal frequencies and/or no fixed phase relationship. It should be
mentioned that the power transfer is limited by the relative capacities of the AC
systems at the point of connection [9, 17, 28].

2.5.3 Bipolar HVDC systems

2.5.3.1 Bipole

This is the most common topology for modern HVDC transmission systems. In
this arrangement, a single 12-pulse converter is used for each pole at each terminal.
The two terminals are connected by two conductors as positive and negative poles.
If both neutrals are grounded, the two poles can operate independently, creating
two independent DC circuits of half capacity. Under normal balanced conditions,
the currents flowing at both poles are identical and therefore no earth current
flows. This results in reduced earth return losses and environmental effects. During
outages in one pole line, monopolar earth-return operation can be performed, by
allowing the flow of half of the rated power, using the earth electrodes as return
path. In this operation mode, losses could increase, if ground electrodes and lines
are not designed for the extra current [9, 17, 28, 66].

2.5.3.2 Bipole with metallic return

For avoiding the aforementioned problem during outages at one pole, the opposite
pole line can be used as metallic return, increasing the reliability of the system.
For this purpose, pole/converter bypass switches should be installed at each end
of the line, as shown in Figure 2.23, so that line segments can be switched off or
parallelised. The usage of the line as metallic return requires also a metallic-return
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transfer breaker in the electrode line at one of the DC terminals, for commutating
the current from the relatively low resistance of the earth into that of the DC
conductor. This operation is effective during converter outages, but also in cases of
line insulation failures, if the remaining insulation is adequately strong to withstand
the low resistive voltage drop in the metallic return path [9, 17, 28].

2.5.3.3 Bipole with series-connected converters

As mentioned in 2.1.1, for HVDC transmission of very high power and at very high
voltages, 600 kV or 800 kV, series-connected converters can be used. This topology
allows reduction in energy unavailability in cases of individual converter outages or
partial line insulation failures. For instance, in a bipolar system with two series-
connected converters per pole, only one quarter of the transmission capacity is lost,
in the case of a single converter outage or of a degraded line insulation, able to
support only half of the DC voltage. In addition, with this arrangement there is
not a need to change the operation mode to monopole with metallic return for
limiting the duration of emergency earth return [28].

2.5.4 Multi-terminal HVDC systems

In this topology, three or more HVDC converter stations are connected through
HVDC lines or cables, in series, parallel or hybrid (combination of series and parallel
connections) configurations. Parallel systems, in which all converters are connected
to the same voltage, are used in large capacity stations, whereas series systems, in
which converter stations are connected in series in one or both poles, are usually
applied in lower capacity stations [9, 17].

Multi-terminal systems are difficult to be realised with the LCC-HVDC technology,
since power reversal is achieved by reversing the polarity of the DC voltage, which
affects all converters connected to the system. On the contrary, VSC-HVDC sys-
tems do not present this problem, since the power direction is changed by changing
the current direction, whereas the polarity of DC voltage is fixed. Hence, several
VSC stations (multi-terminal systems) can be connected to DC buses with fixed
polarity, creating therefore DC grids, similar to AC networks [19, 67].

These VSC-HVDC grids, consisting of multi-terminal systems, are very attractive
for the integration of renewable energy sources, such as offshore wind farms, and for
the reinforcement of interconnected AC networks [19, 67]. Many projects investi-
gate the potential benefits and cost-effectiveness of the multi-terminal configuration,
such as [68]. The number of power systems with two or more HVDC links feeding
power to different points of the same AC network area is increasing. As a result,
a greater interest in studying the performance of such DC links has been risen.
There are a number of technical aspects that should be considered, regarding the
strength of the system compared to the amount of power transferred by the multi-
ple DC links. Basic issues, such as voltage and power stability, frequency stability,
over-voltages and harmonic instability due to resonances, commutation failure in-
teraction between different converters, are analysed in several research activities
[69–71]. In addition, the need of coordination of power modulation, as well as of
the recovery control during faults, is also investigated in many studies [23, 69, 70].
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2.6 HVDC grids with multi-terminal systems

One of the most important issues during the operation of the HVDC grids is the
fault handling. In this section the procedure for properly handling a fault in a DC
system is described. In addition, various topologies of multi-terminal systems for
the grid connection of offshore wind farms are given and compared regarding their
reliability during DC faults.

2.6.1 Handling of faults at the DC side of the transmission system

The HVDC system should react in faults in a way that the fault does not put
the entire system on risk. The faulty part should be switched out of the network
and, immediately after the fault clearance, the remaining healthy parts of the grid
should undertake again the system’s operation. The main components for the fault
handling are the AC and DC switches of the system, which can isolate the faulty
part. Faults at the AC side of the system will not affect the DC side, apart from a
possible power loss. In such cases, the fault handling may not necessarily include
activation of the DC switches; instead, the converters themselves can handle types
of faults momentarily through their control systems. However, a fault at the DC
side will affect the whole system. The first step for the fault handling is the trip
of the AC breakers at the AC side of the converters. Thereafter, the relevant DC
breakers open to isolate the faulty section of the DC network. Finally, the AC
breakers are reclosed and the remaining healthy parts of the system can continue
to operate. After clearing the fault, the converter stations and DC links can be
reconnected and the system will be brought to its pre-fault state. In the case an
interruption can be accepted by the system operator, the DC switches can be slow;
on the other hand, if only short interruption is acceptable, the DC switches should
be of high speed type, managing to bring the system back to operation in 0.5
seconds after the fault. For immediate fault clearance, a detection system is also
required, so that it localises the fault and gives order for disconnecting only the
faulty parts [59].

2.6.2 VSC-HVDC multi-terminal system topologies

There are several different VSC-HVDC multi-terminal topologies for transferring
power from large offshore wind farms to the AC grid. In the followings the main
configurations are described and their operation under converter or DC link faults
is discussed.

2.6.2.1 Point-to-point topology (PPT)

This topology consists of multiple point-to-point links, each one connecting one
wind farm to the grid, as shown in Figure 2.24a. In the case of a converter failure
or a fault in a DC link, the AC breakers at the grid side of the converter open and
the faulted part is disconnected by the AC network. DC breakers are not needed
and each line is rated for the power of a single substation. The turbines of the
corresponding wind farm are let to trip off and their power is lost. Hence, this
topology lacks flexibility [72].
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(a) Point-to-point topology

 

(b) General ring topology

 

(c) Star topology

 

(d) Star with central switching ring topology

 

(e) Wind farms ring topology

 

(f) Substations ring topology

Figure 2.24: Multi-terminal topologies
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2.6.2.2 General ring topology (GRT)

In this multi-terminal HVDC system, the lines connect all the nodes of the network
comprising a ring, as illustrated in Figure 2.24b. Under normal conditions, the
ring operates in a closed loop, with all the circuit breakers and isolators closed.
Nevertheless, the ring can operate also in an open loop, having a breaker or isolator
opened due to a fault. When a fault occurs in a DC line, the breakers at the ends
of this line open, disconnecting the corresponding wind farm. However, the rest
of the circuit can continue operating. After the fault current reaching zero, the
isolator between the faulty line and the disconnected wind farm opens, allowing
the breaker of the wind farm to close again and the wind farm to be connected to
the rest of the system. At the end, the DC grid works in an open loop circuit. By
replacing the isolators with DC breakers, the wind farm will not be disconnected
at any moment, but the cost will be increased. Some lines should be rated for the
whole power of the system, since they transfer the power from all wind farms during
the open-loop operation. The open-loop mode offers flexibility to the topology, at
the cost of NW F + NSS breakers, as well as lines, some of which should be of full
power ratings (NW F is the number of the wind farms of the network and NSS is
the number of the onshore substations) [72].

2.6.2.3 Star topology (ST)

In this multi-terminal configuration (Figure 2.24c), each line from a wind farm or
a substation is connected to a star node. A possible converter or DC link fault is
handled by opening the DC breaker and therefore disconnecting the corresponding
line. Thus, the lines are rated according to the ratings of the connected VSC. The
topology needs the same number of breakers and lines as the ring topology, but
additionally an offshore platform for the central node. Furthermore, its flexibility is
not as good as of the ring configuration, since a permanent fault in a line, connecting
a wind farm to the central node, will cause the permanent loss of the power from
this plant. Besides, a fault at the central node will lead the entire system to go
offline. Hence, this topology is not feasible for connecting wind farms to the grid
[72].

2.6.2.4 Star with central switching ring topology (SGRT)

This topology is depicted in Figure 2.24d. It is a combination of the star and ring
topologies, forming a star configuration with a central node of ring configuration
(which is placed on an offshore platform). A fault in a line is handled in a same
way as in star topology, by disconnecting the corresponding part. This implies,
however, that the same problem in the case of permanent line fault occurs also in
this circuit arrangement, as in the star topology. The lines connecting each wind
farm or substation to the central node should be rated according to the relevant
VSC. Nevertheless, the central node lines should be rated to the total capacity of
the entire system, as in the general ring topology. This configuration offers the
combined advantages of ring and star topologies, at the cost of the same number
of breakers and lines [72].
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2.6.2.5 Wind farms ring topology (WFRT)

This topology consists of a wind farm ring, which additionally has links connecting
each wind farm to an onshore substation, as shown in Figure 2.24e. In the event
of a fault in a line, connecting a wind farm and a substation, the DC breakers will
open, disconnecting the wind farm from the substation, as well as from the wind
farm ring. Therefore, the ring operates temporarily in the open-loop mode and the
power from the corresponding wind farm is lost. Once the current in the faulty
line becomes zero, the isolator opens. Then, the breakers close again to connect
the wind farm to another substation. This operation requires that each line to a
substation should be rated according to the capacity of the corresponding station,
whereas each line of the wind farm ring should have capacity equal to the sum of
the capacities of the two wind farms at the line’s ends. The topology offers an
excellent flexibility, since it copes with line faults without a permanent loss of the
power of a wind farm. This feature is achieved at a cost of the same number of
lines as the aforementioned topologies (NW F + NSS), but of a minimised number
of breakers (NW F ) [72].

2.6.2.6 Substations ring topology (SSRT)

In a similar way to the previous topology, a ring of the onshore substations is
formed in this configuration, as illustrated in Figure 2.24f. This topology operates
similarly to WFRT during a fault in DC link, with the difference that the converter
in the wind farm is brought to isolation, instead of the converter of the onshore
substation. This implies that, at the same cost of breakers and lines, this topology
offers more flexibility in the main grid side, but less flexibility in the wind farm
side than the WFRT. As a result it is more convenient to use the WFRT in most
applications, as it allows the extraction of power from all wind farms [72].

2.6.2.7 Other topologies

At the cost of adding more breakers and lines, more complex configurations can be
formed for higher performance. Examples of such topologies are a combination of
HVAC and HVDC links, a combination of a WFRT and a SSRT, a double GRT,
a double ST with different central nodes, a combination of a GRT and ST by
superposing one topology to the other, etc [72].

2.6.3 Comparison of topologies

Taking into consideration the discussion regarding the aforementioned topologies,
a comparison according to several factors can be performed between the various
configurations. As far as the number of breakers is concerned, PPT does not need
any DC switches, whereas GRT, ST and SGRT need the largest number, i.e. one
for each converter unit (NW F + NSS). The partial ring topologies, WFRT and
SSRT, need DC breakers only for the converters of the ring, i.e. NW F and NSS

respectively [72].

Regarding the ratings of the DC links, in PPT, ST and SGRT lines can be rated
at the capacity of the converter to which they are connected. In WFRT and SSRT,
the lines of offshore to onshore circuits should be rated to the capacity of a single
station, whereas the lines of the ring circuit should be rated to the double of the
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capacity of a station. The worst case, concerning this factor, is the GRT, where
lines have to be rated to the power capacity of the whole system, which makes this
topology economically unattractive. However, studies have reached the conclusion
that lines with the highest ratings have the lowest utilisation, whereas lines with the
lowest ratings operate at full utilisation. This can be explained by the additional
redundancy that higher-rated lines provide. [72].

Flexibility of the system during a fault event is a crucial factor. All multi-terminal
systems are supposed to present flexibility under fault cases, meaning that they
should allow redirection of the power flow in an event of a fault. In this sense, PPT
is not considered as a multi-terminal topology, since the single wind farm is lost
permanently, when a fault occurs in its connection line. In GRT, the faulted part,
line or converter, can be disconnected and isolated, and the rest of the system can
continue operating in an open ring. In ST and SGRT, only a fault in a line can
be handled properly, by disconnection of one converter. On the contrary, a fault
in the central node will lead the whole system to go offline. In WFRT, a fault
in a line from offshore to onshore station will lead to disconnection of an onshore
substation and the opened ring can be in service, for handling possible faults in the
ring. Similarly, in SSRT, a fault in a line from offshore to onshore circuits results in
the disconnection of a wind farm, while the open ring will remain under operation,
able to handle faults in the ring [72].

Considering additional equipment or constructions, GRT, WFRT and SSRT require
fast communication devices to coordinate protections. On the other hand, ST and
SGRT need an offshore platform for the central switching node or ring [72].

In general, the selection of the optimum topology for a given application depends on
operation and robustness requirements, as well as on the geographical location of the
substations and the wind farms. An essential factor is the cost of the DC breakers
and lines. Taken into account the recent cost of DC breakers, the most appropriate
topology is found to be the WFRT, since it is able to meet the required flexibility
with the least number of breakers and without needing an offshore platform. If
shorter line lengths are required, GRT can also be attractive, but it requires higher
ratings of some lines. Since distances between nodes, cable and breakers costs
and availability of communication systems vary with the specific project, detailed
analysis is required for selecting the best topology for a given application [72].
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Chapter 3
Converter control schemes in a

VSC-HVDC transmission system

As mentioned in 2.4.5, the benefits, that the VSC-HVDC technology offers to the
grid, make it more attractive than other transmission systems for power transfer
over long distances, e.g. for the grid connection of large offshore wind farms. The
grid support is the result of several capabilities that VSC-HVDC systems present,
enabled by their control systems. These control schemes and the capabilities that
provide are described in this chapter.

3.1 Converter control schemes

In a VSC, the switching process of the IGBTs is controlled by a PWM scheme.
Therefore, with constant DC voltage, simultaneous adjustment of the magnitude
and the phase of the AC voltage output of the converter can be achieved. This
implies the capability for power control, since the active power is regulated by
changing the phase of the AC converter voltage, whereas the reactive power is
controlled by adjusting the magnitude of the AC converter voltage. By adjusting
these two quantities of the AC converter voltage, operation in all four quadrants is
possible. This enables the operation of the converter close to unity power factor,
and thus the maintenance of dynamic reactive power reserves, for voltage support
in contingencies, similar to a SVC. The independent control of the magnitude and
the phase of the AC converter voltage allows the separate active and reactive power
control. This means that the active power can be adjusted rapidly, without changing
the reactive power exchange of the converter with the AC network [28, 45].

The active and reactive power control loops take place at both sides of the DC
link (rectifier and inverter). The active power control loop can be set to regulate
the active power flow according to the DC voltage, the frequency variation or an
active power reference value. The reactive power control loop can be set to control
the reactive power flow according to the AC voltage or a reactive power reference
value. However, not all control strategies can be used simultaneously. The selection
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of different control functions depends on the application. For instance, in the case
of a passive load, the VSC should control frequency and AC voltage, whereas in
the case of an established AC system, the VSC should regulate AC voltage and
active power flow. Nevertheless, the DC voltage control is necessary for achieving
active power balance in the DC link. Therefore, one terminal of the DC link must
undertake the DC voltage control, while the other should be set to control the
active power or frequency. Concerning the reactive power regulation, either of the
two control strategies can be selected independently at either terminal of the DC
link, as presented in Figure 3.1 [17, 28, 45, 73].

 

Figure 3.1: Control strategies in VSC-HVDC transmission systems [17]

Hence, the control functions of a VSC include AC voltage control or reactive power
control, as well as DC voltage or active power control, as shown in Figure 3.2, in
which a VSC control system is illustrated. The control system recognises also the
converter current limitations, as determined in the inner current control function
[73]. The system is a cascaded control system, which consists of the inner loop,
namely a fast vector controller for converter current control, and the relatively
slower outer loop, including the DC voltage controller, the AC voltage controller, the
active power controller, the reactive power controller and, possibly, the frequency
controller [17].

 

Figure 3.2: Control system of VSC-HVDC transmission technology [45]
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3.1.1 Inner current controller

The aim of the converter current controller is to take current reference values from
the outer controllers, to apply current limits to these values, according to the PQ
characteristics of the converter, and finally to determine voltage reference values
for the VSC modulation unit. This control loop operates in a dq rotating reference
frame, synchronised by a PLL (phase locked loop) to the AC voltage at the point
of connection. The d-axis value of the reference current is generated by the outer
controllers of either the active power, the DC voltage or the grid frequency. The
q-axis value of the reference current comes out from the outer controllers of either
the AC voltage or the reactive power. Therefore, the d-axis current controls the
active power, whereas the q-axis current controls the reactive power. These current
reference values are used to determine reference values for the terminal voltage. In
this way, the power exchange of the VSC is determined by the converter terminal
voltage with respect to reference voltage values [5].

The inner current control can be implemented by a PI-controller, as described in
[17]. The gain factors of this controller should be defined according to stability re-
quirements. Specifically, [17] concludes that the gain of the P-part of the controller
should not present high value, since this leads to instability.

3.1.1.1 Limitations

As it is known, converters do not present any overload capability, like synchronous
generators. Therefore, a current limit should be introduced in the control system,
for avoiding stress or damage of the converter valves, in the case of large transient
currents due to disturbances. In addition, the voltage reference values produced by
the inner controller should be limited, so that the actual converter voltage will be
limited according to the voltage capability of the converter [5, 17].

These current and voltage limits of the converter determine its PQ characteristics,
i.e. its capability for active and reactive power transfer. In Figure 3.3 various PQ
capability curves are illustrated. The upper flat part of each curve is determined
by the converter’s voltage limit, whereas the rest part of the curve is determined by
the converter’s current limit. In some cases, an under voltage limit is also required,
so that the reactive power is restricted above -1 p.u., for allowing adequate AC
voltage to transmit the active power. The magnitude of the AC voltage at the
point of connection affects the PQ characteristics of the converter: increase in AC
voltage magnitude results in decrease in reactive power exchange capability and
in increase in active power exchange capability, as it is depicted in Figure 3.3 for
various AC voltage magnitudes [5].

For following the current limits, the reference current, consisting of the active and
reactive reference currents (d-axis and q-axis reference currents), is compared to the
current limit. If the limit is exceeded, both reference currents should be decreased.
The decision of the way to limit both reference currents depends on the application.
When the converter is connected to a strong grid, higher priority will be given to the
active reference current, for producing more active power. On the contrary, when
the converter is connected to a weak power system or used to supply an industrial
plant, high priority will be given to the reactive reference current, for keeping up
the AC voltage, and the rest of the power transfer capability is left available for
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Figure 3.3: P-Q characteristics of grid-side VSC [5]

active power transmission [17].

3.1.1.2 Negative-sequence current

In case of unbalanced voltage conditions, i.e. asymmetrical voltages, a negative
sequence of quantities should be taken into account for describing the operation of
the VSC (the zero-sequence components can be assumed zero). Small imbalances
in three-phase voltages (imbalance factor un/up<5 %) are usually caused by un-
balanced loads, uneven impedances in transmission lines, etc. Larger imbalances in
three-phase voltages are generally caused by asymmetrical faults, e.g. single-line-
to-ground (SLGF) faults. Unbalanced voltages mean ripple in the DC voltage and
active power profiles. The peak-to-peak magnitude of the DC voltage ripple de-
pends on the amplitude of the negative-sequence voltage and the capacitance of the
DC link. From the converter prospective, it is important to preserve the stability of
the system under unbalanced voltage conditions, by eliminating high peak-to-peak
DC voltage oscillations. In addition, the compensation of the imbalance in the
three-phase voltages may be advantageous also for the host power system, since
in many cases the DC link is connected to a part of the grid with industrial loads
sensitive to voltage and power deviations. As a result, VSC-HVDC transmission
systems should include control schemes for regulating negative-sequence currents.
In this way, the negative-sequence current can be controlled, for avoiding exceed-
ing the limits and causing triggering of the over-current protection equipment and
thus the trip of the DC link. Therefore, the inner current control loop is divided
into a positive- and a negative-sequence current controller and reference values, in
d-axis and q-axis, should be provided for both positive- and negative-sequence cur-
rents. The reference values for the positive-sequence current are determined by the
outer controllers, as described above. However, the reference currents for negative
sequence cannot be generated in a similar way. One approach is to define zero
reference values for the negative-sequence currents, meaning that the three-phase
currents are forced to remain balanced, regardless of the imbalance of the grid volt-
age. With this current controller, the DC voltage presents oscillations, but lower
than these in the case of the original controller. Therefore, it provides a perfect
solution, when there is no room for negative-sequence current control, i.e. when
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the amount of the active power transferred through the VSC-HVDC system is very
close to the rated value. Another improved approach is to produce non-negative,
limited or unlimited, reference values for the negative-sequence currents. In this
way, the current is unbalanced, but its imbalance counters the voltage imbalance,
for exchanging non-oscillating active power. As it can be observed in Figure 3.4,
the DC voltage presents the lowest oscillations when the controller with limited,
non-negative reference values is used [5, 17].

 

Figure 3.4: DC voltage during SLGF in VS-HVDC systems with and
without negative-sequence current control [17]

[5] proposes two other control strategies for providing the reference values of the
negative-sequence currents. The first is the negative-sequence voltage compensa-
tion scheme, which aims to produce the appropriate negative-sequence currents
for eliminating the negative-sequence voltages. In that sense, the reference values
of negative-sequence currents can be derived from the inner current controller, by
setting the reference values of negative-sequence voltage (output of inner current
controller) equal to zero. This open-loop control scheme provides simple control
design, but restricts the level of voltage compensation, since the negative-sequence
voltage is maintained constant at zero. For improving and broadening the perfor-
mance of this controller, a combination of open-loop control with feed-back control
(implemented by a PI-controller) is also proposed. In the case that the connection
point is far away from the terminal, the feed-back control of the negative-sequence
voltage will provide better accuracy. This control strategy provides a very good
compensation of the negative-sequence component of the AC voltage at the point
of connection. Nevertheless, this is achieved at the cost of higher negative-sequence
current and higher DC voltage and active power oscillations [5].

The last control strategy is performed by controlling the negative-sequence reactive
current, while the reference value of the negative-sequence active current is set to
be zero. The control is implemented through a proportional gain applied to the
negative-sequence voltage error ẽ=uref

n −un. This gain depends on the capacity of
the converter and the tolerance limits of the DC voltage oscillations. This control
scheme is suitable for compensating large voltage imbalances during asymmetrical
faults [5].

The aforementioned control schemes premise enough room for controlling appropri-
ately the value of the negative-sequence current. In general, the room for negative-
sequence current control can be increased under the following conditions [5]:
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• The transmitted active power is lower than the rated, leaving room for negative-
sequence current. For instance, this could occur when the wind farm produces
lower power than the rated, due to lower available wind speed.

• The current rating of the converter is increased, giving space to negative-
sequence current. This option might be not enough economic advantageous,
especially for large wind farms, and therefore is open to further investigation.

• The injection of active power is reduced, to leave space for negative-sequence
current.

In the case of small imbalance factor, the required negative-sequence current is also
low, so that the current capability of the converter can be sufficient to produce it.
On the contrary, if the imbalance factor is high, the reduction of the active power
export might become necessary to create room for the negative-sequence current.
However, during a fault event, reference values for negative-sequence currents are
assigned the lowest priority, to leave room for active and reactive power. In the
case of rated active power, the situation is similar as applying zero reference value
to negative-sequence current [5].

3.1.2 Outer controllers

The outer controllers are assumed to be slower than the inner current controller,
so that the AC current is considered to be equal to its reference value, when it is
taken into account in the outer control loop [5, 17].

3.1.2.1 DC voltage controller

One of the main targets of the grid-side converter of a HVDC transmission system
is to regulate the DC voltage at a pre-defined value. The main principle of the DC
voltage controller is to keep the energy balance over the capacitor of the converter.
In this way, active power control is achieved, meaning that the appropriate exchange
of active power between converter and grid is ensured and the system balance is
maintained [5].

In Figure 3.5 a simple diagram of the DC voltage outer controller feeding the
inner current controller is illustrated. The "*" quantities imply reference values.
The reference value of the DC voltage can be determined according to the grid
frequency. The difference between the DC voltage reference value and the DC
voltage measured in the DC capacitor defines an error input to the PI-controller,
which provides the d-axis of the reference current. This reference value should be
limited according to converter current limits described in 3.1.1.1 and compared to
the actual active current, providing the difference as input to the PI-controller of
the inner current control loop. Finally, the output of the PI-controller, as well
as the d-axis component of the AC voltage at the point of connection and the
total reactance (transformer, AC filter and phase reactor), determine the d-axis
component of the AC output voltage at the grid-side converter terminal [1, 6].

3.1.2.2 AC voltage controller

As mentioned in 3.1.1, the reactive current reference value can be determined by
an AC voltage controller. The control function can be distinguished depending on
the operation conditions. Under normal operation, a combination of a feed-forward
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Figure 3.5: DC voltage and inner current controllers [6]

and a PI-controller is activated, enabling the voltage control mode. In the case of a
fault, the PI-controller is by-passed and only the feed-forward section is activated,
enabling the LVRT mode. The feed-forward part of the controller comprises only a
proportional gain and therefore the stability of the control scheme can be ensured
relatively easily for the entire range of possible voltage dips [5]. A simpler control
system is proposed in [1, 6], in which the AC voltage controller is implemented
only by a PI-controller. Hence, its diagram is similar to the DC voltage controller,
with the difference that the outer controller provides the q-axis component of the
reference current and the inner current controller provides the q-axis component of
the AC voltage at the converter terminal [1].

3.1.2.3 Active power controller

Instead of using a DC voltage controller to determine the d-axis of the reference
current, which is required by the inner current controller, an active power controller
can be implemented. A simple method for active power control is an open-loop
controller, i.e. a reference value. For a more accurate control of the active power,
a feedback loop can be implemented through a PI-controller, which regulates the
difference of the actual active power from its reference value, in order to determine
the reference value of the active current [1, 6]. This implementation is shown in
Figure 3.6.

 

Figure 3.6: Active power and inner current controllers [6]

3.1.2.4 Reactive power controller

In a similar way as in the active power controller, a reactive power controller can
be used to determine the q-axis of the reference value of the current. The reac-
tive power can be regulated by its reference value or by a PI-controller, which is
illustrated in Figure 3.7 [1, 6].
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Figure 3.7: Reactive power and inner current controllers [6]

3.1.2.5 Frequency controller

Another control possibility in the offshore-side converter is achieved by a frequency
controller. [17] describes four different types of frequency controllers, which are
briefly described in the followings.

Frequency controller I controls the frequency at a fixed reference value, equal to
the nominal frequency. This frequency value is provided directly to the AC voltage
of the converter. It should be mentioned that this type of frequency controller can
only be used in a system without other sources of frequency control [17].

Another fixed frequency controller is the frequency controller II, in which the new
frequency is determined by the voltage dynamics in the DC link and a gain. Thus,
this controller is of proportional type.

Frequency controller III is based on the relationship between active power and
frequency in a power system. The principle is to introduce a PI-controller for
transforming a possible deviation in offshore frequency to a change in the active
power of the VSC. The changed active power of the converter is then introduced
to the dynamic model of the offshore system for calculating the mismatch between
generation and consumption in this system. Finally, using the transfer function of
the system the new frequency is determined, as shown in Figure 3.8. The transfer
function of the system is defined by the equivalent inertia constant Hsys, a damping
coefficient D and an active damping term Ba for better rejection of disturbances.
The inertia constant of the system includes the inertia constant of synchronous
machines, wind turbines and gear boxes, as well as the inertia constant of induction
machines and their mechanical loads [17]. Although it is difficult to obtain an
accurate value for the inertia constant of the system, due to large changes depending
on the trip of synchronous machines of the system, [17] notes that the estimation
of this value is crucial, since it can significantly affect the system behaviour. An
overestimation of the system’s inertia constant is suggested, for keeping a greater
stability margin.

Instead of using a PI-controller, frequency controller IV proposes the introduction
of a droop function, associating the frequency deviation with a change in the active
power of the converter, as depicted in Figure 3.9. This type of frequency controller
can be applied in cases when the system is able to tolerate small frequency devia-
tions in steady state conditions or when there are other sources of frequency control
in the system [17].
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Figure 3.8: Frequency controller III [17]

 

Figure 3.9: Frequency controller IV [17]
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3.1.2.6 DC voltage droop controller for multi-terminal VSC-HVDC
systems

An extension of control strategies regarding active power and DC voltage can be
applied in the multi-terminal VSC-HVDC systems. In this case, one terminal reg-
ulates the DC voltage, whereas each of the other terminals regulates its own power
flow. This control approach is known as master-slave control. However, the main
disadvantage is the lack of reliability during large disturbances, such as failure or
disconnection of master terminal. Under these conditions, the DC voltage regu-
lation is lost and the DC grid experiences over-voltages or under-voltages. For
overtaking this obstacle, a modified version of master-slave control has been sug-
gested, known as voltage margin control. Nevertheless, models of multi-terminal
systems with this control scheme become too complicated, due to the large number
of reference values that are required [74].

For achieving higher reliability of the system, while keeping the control structure
simple, another approach has been recently developed, the DC voltage droop con-
trol: all the terminals participate in DC voltage control and therefore share the
duty of power balancing in the DC grid, rather than trying to keep their active
power references. This implies that the system can deal with the outage of one or
more converters, by distributing the resulting power imbalance among the remain-
ing stations. The power share of each terminal is determined by its droop constant.
This DC voltage droop constant is defined as the percentage of change in the DC
voltage for 100% change in the power of the converter. Equal droop factors result
in equal power sharing among the converter terminals. In the case of unequal droop
constants, the converter stations with the higher values of droop will participate
more in the DC voltage control and therefore their power share will be smaller.
The DC voltage droop controller is shown in Figure 3.10, with the corresponding
droop curve. In Figure 3.10, two controller systems are provided, depending on the
converter side at which the power is controlled. When the power control is desired
at the DC side of the converter, a negative sign block should be introduced, due
to the opposite sign conventions of the power measurements at the two converter
sides [6, 74, 75].

The main idea of the DC voltage droop control is to use the DC voltage as a
universal indicator of DC grid loading, as the frequency is used in AC systems.
In AC systems, active power-frequency droop is used in the governor control loop,
for avoiding conflicts in reference values of frequency. In a similar way, in the DC
grids, the active power-DC voltage droop can be used to modify the reference values
of the DC voltage, for avoiding conflicting DC voltage set values at the terminals
[75]. For a more precise control scheme, the steady-state power deviations at the
terminals should be taken into consideration during the calculation of the initial
reference values (before their modification according to droop factor). One possible
source of power deviations from the desired levels are the DC line voltage drops. In
the majority of cases, the DC grid consists of significant line resistances and thus
the DC bus voltage at different terminals will present differences due to voltage
drops. Only in DC systems with very short DC links, the line resistances are small
enough to be assumed negligible, so that the steady-state DC voltage (reference
value) can be considered the same at all DC buses. Power flow deviations can also
be produced due to power losses in DC links and converters. [74] proposes the use
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(a) Power measured at AC side

 

(b) Power measured at DC side

Figure 3.10: DC voltage droop controller [74]

of DC load flow analysis and converter loss estimation, for determining reference
values for the converter power and the DC voltage. These values can be computed
offline by a central dispatcher and sent to each terminal of the DC grid. This
approach could enable better control of power flow in the DC grid. However, more
research is required on this field [74].

In a fixed droop scheme, the droop factor at each terminal is calculated according
to the corresponding converter ratings. However, under particular operating con-
ditions, not all the converters are equally loaded and therefore some of them might
not be able to participate equitably in power sharing. Hence, it is desirable that the
converters participate in power sharing according not only to their ratings, but also
to their spare capacity (headroom), i.e. the difference between the rated capacity
and present loading. For dealing with this issue, [75] suggests a modification of the
DC voltage droop controller. In the new control scheme, the droop factor is not
fixed, but a function of the available headroom of each converter. The proposed
function gives higher droop factors for lower available headrooms. In this way, con-
verters which operate very close to their operational limit (low available headroom)
will not share the burden of an outage to the extent that converters with higher
spare capacity will do. This approach with the variable droop factor would be also
useful in the future, when the multi-terminal HVDC grids enter the power mar-
ket. It will allow the owners of the converter stations to share the power mismatch
appropriately, so that they could use spare capacity also as ancillary service [75].

3.1.3 Comparison of converter control schemes

The typical converter control strategies for the grid connection of an offshore wind
farm are the following [1]:

• active and reactive power control in the converter at the wind farm side - DC
voltage control and reactive power control in the converter at the grid side
(Scheme 1)
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• active power and AC voltage control in the converter at the wind farm side
- DC voltage control and reactive power control in the converter at the grid
side (Scheme 2)

[1] compares these two control schemes in the cases of a short-circuit grounded
fault at the wind farm side or at the grid side, when DFIG or PMSG turbines are
used. In all these four cases, the control Scheme 2 is found to be more suitable,
causing oscillations of less strength in the profiles of active and reactive power and
AC voltage at the non-fault side. Therefore, the AC voltage control, instead of
reactive power control, at the wind farm side is preferable for the grid connection
of offshore wind farms.

3.2 Capabilities of VSC-HVDC transmission systems

The aforementioned control systems of a VSC enable several capabilities of the VSC-
HVDC transmission technology. The most advantageous of the provided attributes
are described in this section.

3.2.1 Controllability

As it is mentioned in 3.1, due to the self-commutated properties of the IGBT valves,
the converter can be controlled through PWM methods to create AC voltage with
desired magnitude, phase angle and frequency. This means that control signals
to the converter can change the AC output voltage and current to the network
almost instantaneously. By varying the magnitude and phase of the grid-side AC
voltage, active and reactive power exchange between the converter and the grid can
be controlled. In this way, operation can take place in all four quadrants of active-
reactive power plane, i.e. active power transfer in any direction can be combined
with reactive power exchange in any direction (injection or absorption) [65, 76].

3.2.2 Active power control and frequency response capability

Converters can be controlled to transmit active power to the grid, equal to the
produced power from the wind farms, disregarding losses, by maintaining constant
DC voltage. In addition, the converter provides the capability to follow the power
output fluctuations from wind power generation and therefore to even out, within a
certain limit, short dips in power generation. This allows the support of frequency
control in the grid [65, 76].

Instead of just exporting to the grid the active power produced by the wind farm,
the wind plant converter can also adjust the frequency of the wind farm network
and thereby send signals to turbines to modify their production. In this way, the
capability of turbines for power modulation is enhanced, allowing the adjustment
of their production according to the on-line load, as many grid codes require. It
should be mentioned, though, that active power production can only be reduced,
unless the turbines operate in advance with a reserve [76].

During temporary emergencies of very low frequency, the grid-side VSC can avoid
regulating the DC voltage for power balance; instead, it can reduce the active power
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injection to the grid or even start absorbing active power from the network. This
allows considerably faster power damping control and thus faster frequency response
than an AC-connected wind farm can achieve, since turbines cannot change their
production faster than 0.1 p.u./ms. In this case, the excess active power in the DC
link, which is not transmitted to the grid, is dissipated in a DC chopper. Still,
the active power production of the wind farm should be reduced, for reducing the
duration of the DC chopper operation. However, the rate of change of power does
not have to be high for following grid code requirements, since the latter can be
fulfilled by the fast frequency response of the VSC [76].

The capability of power modulation can also be applied in cases of AC and DC
parallel transmission lines. The power in the DC link can be controlled to reduce
the power swing of parallel AC lines in an event of system disturbance. This means
that the power order to VSC-HVDC system varies continuously to counteract power
oscillations in the AC line, as shown in Figure 3.11. This feature eliminates the
risk of system collapse and therefore it can contribute to system stabilisation [16].

 

Figure 3.11: Stabilisation of AC transmission with parallel DC link [16]

3.2.3 Reactive power control and voltage support capability

The control of reactive power flow between the converter and the grid can be used
for compensating the needs of the network in reactive power. This can be achieved
within the ratings of the converter (current ratings of switching devices), but it
also depends on the DC voltage ratings, the allowed tap-changer interval of the
transformer and the AC voltage ratings. The ratings of the converter are based
on maximum current and voltage and can be determined by a P-Q diagram, as
explained in 3.1.1. This implies that reactive power capabilities of a converter are
traded off for its active power capabilities [65, 76].

The reactive power control capability of the converter is used to regulate the AC
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voltage of the connected network. The converter adjusts its reactive current, so that
the set voltage at the bus is retained. In addition, the fast switching capability of
the converter and its intelligent control systems enable the transmission system to
sustain any fault in the AC network. Even during low or no wind power production,
when the converter is switched to stand-by mode for reducing no-load losses, it can
be rapidly (within milliseconds) switched back to operation during a fault, in order
to control its reactive power production and therefore contribute to voltage support.
The contribution to AC voltage control can be applied at both grid and wind farm
sides [65, 76, 77]. [78] analyses in details the voltage support that the VSC can
provide, regarding the grid configuration of its connection with the AC system
(connection of the VSC and the AC system in series, in parallel or VSC-HVDC
connection between asynchronous systems).

[79] investigates the contribution of VSC-HVDC systems to the short-circuit current
during a fault in the network. The influence of various factors, such as the control
mode, the fault location and type, is analysed. The fault location is found to be
irrelevant to the level of the short-circuit current, whereas the fault type slightly
affects the value of the current, namely it is smaller for an one-phase fault than
for a three-phase fault, under same load and operation condition. Regarding the
control mode, it is concluded that, with AC voltage control mode, the short-circuit
current contribution is increased, since reactive current generation is automatically
increased, when the AC voltage decreases. Therefore, with this control mode, the
VSC-HVDC system can improve the voltage stability, by minimising the dip of
bus voltage during faults. In contrast, with reactive power control mode, there is
the risk of voltage instability or even voltage collapse, if the AC system is weak
and no protection action has been taken. This can be explained by taking into
consideration that the current order limit is decreased with a decrease in voltage,
meaning that the short-circuit current also decreases. Hence, its contribution during
faults will be negligible [79].

3.2.4 Fast response to disturbances

Fast control of the converter’s active and reactive power improves the dynamic per-
formance of the system under disturbances. Indeed, the time range of converter’s
response to a voltage change is approximately 50 ms. With such a response speed,
the VSC is able to control transients and flicker and keep the AC bus voltage con-
stant. Transient phenomena are difficult to be mitigated by normal synchronous
generators, since they regulate voltage too slow. In addition, asynchronous gener-
ators affect the voltage profile during AC faults, due to synchronised flicker contri-
butions. These problematic situations can be dealt with by the fast voltage control
scheme of the VSC-HVDC transmission system, enhancing the transient stability
of the system.

Furthermore, through fast active and reactive power modulation, VSCs provide
also effective damping for mitigation of electromechanical oscillations [19, 65, 77,
78, 80, 81]. For achieving this, the VSC-HVDC transmission system can operate in
any of the following strategies [78]:

• Modulation of active power, while keeping AC voltage as constant as possible
• Modulation of active and reactive power
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• Modulation of reactive power, while keeping active power constant
[81] presents specific research results regarding the improvement of subsynchronous
torsional damping by VSC-HVDC systems, concluding that the choice of active
power control mode, instead of DC voltage control, is more beneficial for the damp-
ing function. [78, 82] suggests the combination of active and reactive power control
modes for even better damping characteristics, as illustrated in Figure 3.12.

 

Figure 3.12: Rotor oscillations during AC fault for three control strategies
in VSC-HVDC transmission system [82]

3.2.5 Decoupling AC systems

Since the converters of the VSC-HVDC transmission system decouple the grid side
and wind farm side, AC disturbances at one network will not be transferred to the
other side. Indeed, despite some transients in the DC voltage at both DC terminals,
the AC voltage at the wind farm side is not influenced by any disturbance in the
grid, and vice versa. In addition, voltage flicker is not also transferred from the one
side to the other. Moreover, the transients caused during wind farm’s energisation
are isolated from the grid. Therefore, the power quality characteristics at both
sides are improved [76].

3.2.6 Black start capability

In a traditional scheme, small-sized diesel generators should have been reserved
and installed in the wind farm system, specifically for starting the wind farm and
restoring the network after a blackout. On the contrary, in VSC-HVDC systems,
active and reactive power can be controlled by the VSC. Thus, the small island
network of the wind farm can have sufficient strength in voltage and frequency,
independent of the system’s size. This means that the VSC-HVDC transmission
system can provide an AC source for the energisation of the wind farm.

In general, in the case of a blackout, the VSC can instantaneously switch over to its
own internal voltage and frequency reference (PWM-based self-commutation) and
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therefore operate in frequency control mode as an idling "static" generator (without
moving parts), able to supply and energise a "black" system, i.e. a passive islanded
network without its own generation. VSC-HVDC systems present several advan-
tages regarding black start and grid restoration after blackouts. First of all, they
can control the voltage, easily and fast, avoiding harmful voltage dips associated
with the energisation of large machines, as well as harmful over-voltages associated
with the self-excitation phenomenon during energisation of long HVAC lines. More-
over, VSC-HVDC technology can control fast the frequency of the network, keeping
it within acceptable values, without requiring the network plants to participate in
frequency control. Indeed, during the black start and the restoration of the AC
grid after a blackout, generation does not have to match consumption, since the
VSCs of the transmission system are able to compensate for frequency and volt-
age imbalances, by injecting or absorbing active and reactive power. Furthermore,
possible unsuccessful energisation of transformers can also be avoided: the large
inrush current, due to the energisation of un-loaded transformers, will not cause
tripping problems to the converters, since they are rated at higher power capacity
than the transformers. Finally, the voltage in lines and transformers is ramped up
smoothly, minimising the risk of high transient inrush current and high transient
voltage and harmonics. Therefore, transient voltage and current stresses at equip-
ment are avoided and the restoration process speeds up. Concluding, VSC-HVDC
transmission systems are found to be an ideal stand-by facility for black start and
restoration of the AC grid [10, 76, 82–85].

3.3 Benefits for wind turbines

The aforementioned capabilities imply several benefits in the design and operation
of the wind turbines. These advantages are basically caused by the decoupling of
the wind farm from the grid. The main of these benefits are the following [7, 76]:

• Wind farm is not responsible for the grid code compliance, since this is a
duty of the VSC-HVDC transmission system. This allows the wind turbine
developers to put more effort on cost reduction issues, on the standardisation
of the wind turbine design, as well as on efficiency and reliability.

• Wind turbines with an electrical coupling between stator and grid will expe-
rience less mechanical stresses, since the turbine is isolated from disturbances
in the main grid. Ride-through operation will occur less frequently and phase
imbalances will be lower. As a result, the mechanical drive trains of the tur-
bine will not be subjected to torque oscillations of 100 Hz. In addition, issues
like harmonic resonance and transient over-voltages can be avoided.

• The proper connection to a weak system becomes duty of the VSC-HVDC
transmission system. Hence, simpler breakers and protection design can be
implemented in the wind farm.

• Since the VSC-HVDC transmission system presents reactive power control
capabilities, the wind farm is not responsible of reactive power control in
a wide range. Therefore, the reactive power setpoint can be adjusted to
minimise losses within the wind farm. Furthermore, the grid-side VSC can
deliver reactive power directly to the connected network, which enhances
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power system stability. Moreover, the reactive current contribution does not
depend on the number of turbines that are on-line. Thus, this capability
offers higher predictability of the reactive power offered to the system.

• The control of the frequency at the wind farm side can be achieved by the
corresponding VSC according to the wind speed. This will allow the increase
of wind farm’s efficiency.

3.4 Benefits for TSO

The higher integration of renewable energy sources brings new challenges for TSOs
to maintain power quality and reliability of the power system. The main respon-
sibility is to identify necessary grid reinforcements, for maintaining short-circuit
currents to acceptable levels and avoiding grid "bottlenecks", achieving, thereby,
voltage stability. Regarding these issues, VSC-HVDC transmission systems are a
viable alternative for the following reasons [76]:

• First of all, the fast, continuous and wide-ranged reactive power control capa-
bility of the VSC-HVDC systems enhances the voltage stability. Furthermore,
the control of reactive power at both sides of the DC link makes the HVDC
transmission system to behave like a series-connected compensator, which
could enable the connection to a weak AC network.

• The short-circuit current contribution can also be controlled to the desired
value within the ratings of the converter. In addition, it becomes independent
of the size of the wind farm.

• Uncontrolled active power or unsuitable grid connection points can cause
grid "bottlenecks" and undesirable load-flow paths. Active power control in
VSC-HVDC transmission systems can contribute to avoiding these problems.
Moreover, due to underground cables and the compact design of the converter
station, VSC-HVDC systems can be connected at any desirable connection
point, e.g. to an area with large consumption.

• The most important for the TSO is that a wind farm which is grid-connected
through a VSC-HVDC transmission system becomes comparable to a normal
power plant. The grid-side converter can be connected directly to a control or
power dispatch center. This direct access gives the opportunity to the TSO
to dispatch active and reactive power and control emergency power and AC
voltage in a straight-forward way. Hence, time delays for the communication
between SCADA systems and the wind turbines are no longer a problem.
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Chapter 4
LVRT methods at VSC-HVDC

grid-connected wind farms

In association with the capabilities described in Chapter 3, control systems in VSC-
HVDC technology enable wind farms to fulfil LVRT requirements, as they refer in
grid codes. The control methods, that are used to achieve this, are presented in
this chapter, i.e. the way in which the converter’s control systems are triggered to
provide voltage support, for meeting LVRT requirements.

4.1 LVRT requirements in E.ON. grid code

When a wind farm is connected to a grid, it is required that it fulfils various orders
from the power system operators, as these are described in grid codes. These
requirements are essential for the stability of the power system and therefore very
strict. One of the major requirements is that the wind farm should stay connected
to the grid during a fault, at least temporarily or for a specified period of time.
According to E.ON. Netz grid code [3, 86], in the event of a fault, large power
plants, with capacity 100 MW or higher, must stay connected and provide voltage
support to the power system for a period of up to 150 ms after the fault occurrence,
as illustrated in Figure 4.1. The power unit must remain connected as long as
the operating point is above the limit line 2. A disconnection could be allowed if
the operating point lies between the limit lines 1 and 2. Moreover, the power unit
should provide voltage support during grid disturbances. A reactive current should
be exchanged, when the voltage level lies outside the ± 10 % dead-band, at a rate
of 2 p.u. per p.u. voltage change, as shown in Figure 4.2. Specifically for offshore
wind farms, this dead-band is ± 5 % referring to the voltage at the offshore point
of common connection [3, 87].

69/103



4.1. LVRT requirements in E.ON. grid code

 

Figure 4.1: LVRT requirement of E.ON. Netz grid code [3]

 

Figure 4.2: E.ON. Netz requirement for reactive current exchange
during grid disturbances [3]
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4.2 Dealing with faults in the AC grid

When a fault occurs in the host power system, the AC voltage at the point of
common connection is reduced. Therefore, the grid-side converter detects a voltage
dip, whose level depends on the nature of the fault and the electrical distance of
the faulty point from the converter. The converter will then respond by injecting
more active power into the grid, for balancing the DC voltage and thus the energy.
This means that, if the voltage drop is large, the converter should inject a high
active current. Nevertheless, the active power capability of the converter is limited,
due to the converter current limits. Besides, the injection of reactive current takes
the highest priority over the injection of active current, for compensating to the
voltage dip. This further reduces the active power exchange capability. As the
active power which is transferred from the grid-side converter to the host power
system is reduced or limited, if the wind farm continues having the same power
production as in the pre-fault condition, the excess power is accumulated in the
capacitance of the HVDC transmission system and thereby the DC voltage starts
rising. The rate of the rise of the DC voltage is determined by the active power
produced by the wind farm, the power delivered to the AC system by the grid-
side converter and the capacitors in the HVDC system. In order to prevent the
DC voltage from reaching its upper limit, a reduction of the wind farm production
is necessary. However, the wind farm is not able to respond directly (without
any external influence) to the changes in the grid, due to the AC/AC decoupling
between the wind farm network and the host power system. Subsequently, if no
action is taken, the HVDC system will trip off and therefore LVRT requirements
are not met. In order to deal with this issue, additional control structures and
schemes are necessary [3, 5, 88].

4.3 Control structures and methods in VSC-HVDC
transmission systems for LVRT requirements

4.3.1 DC chopper

A DC chopper is a power electronic switch device, usually an IGBT, which controls
energy burning in a resistor. Typically, a full-power rated DC chopper is connected
in the DC link close to the grid-side converter. The DC chopper is activated when
the rise in the DC voltage, which occurs after a fault in the grid, exceeds a thresh-
old value. At this moment the DC chopper starts burning the excess energy in
the DC link, mitigating therefore the rise of the DC voltage. The frequency of
operation during DC over-voltages should be determined by the size of the resistor
and the amount of active power. For controlling the operation of the DC chopper,
a hysteresis control or a PWM control method can be applied. When the fault
is cleared, the grid-side converter is able to restore the active power back to the
pre-fault value, which allows also the DC voltage recovery [3, 5, 88, 89].

It should be mentioned that the DC voltage does not recover instantaneously. A
slight delay occurs, caused by the recovery time of the grid-side converter controller
and mainly by the ramp rate or power gradient limit applied during the power re-
covery process. Typically, the minimum permissible power ramp rate is determined
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(a) No active power ramp applied

 

(b) Active power ramp applied

Figure 4.3: Active power recovery process [5]

by the grid code requirements of the host power system, for achieving short recovery
period. On the other hand, special concerns are risen in the case of a weak grid,
since a very fast power recovery can result in an overshoot in the recovering AC
voltage and consequently in significant voltage back-swings. This can be observed
in Figure 4.3, where the power recovery process is illustrated in a relatively weak
grid, with and without power ramp rate or power gradient limits applied. Without
ramp rate limits, the fast recovery causes voltage overshoot and significant back-
swing, as shown in the zoomed parts of Figure 4.3. Generally, the voltage presents
more swings as the strength of the grid decreases, which might trigger consecutive
FRTs. However, a slower power recovery period implies the utilisation of the DC
chopper for a longer time period, as depicted in Figure 4.3 [5].

The major advantage of this LVRT method is that the DC chopper can be imple-
mented to any HVDC system connecting an offshore wind farm, irrespectively of the
type of turbines used. Moreover, the power production of the wind farm is totally
uninterrupted during any disturbance at the grid side. Hence, mechanical stresses
in the turbines are also significantly reduced. Furthermore, in a case of unbalanced
fault, during the time period when the DC chopper is activated, the control of
negative-sequence currents is not necessary, for eliminating the DC voltage ripple,
since the DC voltage oscillations are suppressed by the chopper. Therefore, more
room is left for active and reactive power, for voltage support and fault handling.
In addition, the usage of DC chopper can be advantageous in cases when a fast
power regulation is required at the grid side. In a short period of time, the active
power transferred to the grid can be reduced or even its direction can be reversed,
by burning the power excess in the resistor of the DC chopper. In this way, a very
fast power damping is achieved [5].

Nevertheless, the DC chopper solution presents also some major disadvantages: the
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additional cost of the chopper components and the amount of heat that should be
removed during the fault. The heat removing capacity of the resistor is determined
by its surface area. This means that the higher the power to be dissipated, the
bigger the required surface area. Thus, in many cases, an enormous physical size
of the resistor is required, which is practically impossible [5].

4.3.2 Use of fast data communication

If a DC chopper is not desired, lowering the power production of the wind farm
is the other possible solution to achieve LVRT. Since the host power system and
the wind farm network are AC/AC decoupled, information about conditions at the
grid should be transferred to the wind farm side through data signals. Usually, the
information is in the form of active power reference, directly delivered to the control
system of each individual turbine. The new power reference should be written over
the reference value generated locally by the controller of the turbine. Alternatively,
the voltage magnitude at the grid side can be communicated to the converter at
the wind farm side. In this way, the voltage conditions at the grid side are directly
mirrored at the wind farm side. This means that the wind turbines must be able
to detect and mitigate the voltage dip by themselves, which implies that turbines
are required to have LVRT capabilities [3, 5, 89].

The speed of responding to the fault is determined by the time which the grid-
side control system needs for measuring data and calculating the reference signal
plus the time for the transmission of the signal over the DC cable plus the time
required by the control system at the wind farm side for the execution of the
command. As a result of this time delay, a peak transient DC voltage occurs. When
the communication time delay increases, the DC over-voltage also increases. It is
essential to ensure that this time period is less than the time the DC voltage needs
to rise above the maximum allowable limit at rated active power transmission.
The time duration of the process is related to the energy that can be stored in
the DC link, and thus to the DC capacitance of the DC cable. By increasing
the DC capacitance, more energy can be stored and therefore the reaction time
of the system can be effectively decreased. However, even a large increase in DC
capacitance gives only a very small decrease in reaction time. This implies that such
a solution, although simple, is not reliable in long HVDC transmission systems, like
these used for the grid connection of offshore wind farms. Besides, the increase of
the DC capacitance is not practical in applications of high power and voltage [3, 5].

4.3.3 Frequency control at the wind farm network

During steady-state operation, the offshore control system regulates frequency and
voltage to reference values, set by the control system of the wind farm, in order
to optimise the wind power production. Nevertheless, during faults, the control
system of the offshore converter can be assigned to regulate the frequency, which
is determined as function of the DC voltage, while still keeping a constant nominal
AC voltage magnitude. Thus, as DC voltage rises, the wind turbines detect a fast
increase in frequency and ramp down their power reference, by control means similar
to the droop factor of conventional plants. This implies that the time for achieving
the decrease in power output depends on the time that PLL in turbines needs to
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detect the frequency rise and the time that the turbine controllers need for reducing
the power production. The turbines are assumed to be equipped with fully-rated
converters and therefore capable for fast power reduction. This method causes
large and persistent DC over-voltages, since there is no means to evacuate power
and therefore to decrease the DC voltage, unless the grid is restored. When the fault
is cleared and the DC voltage is recovered, the frequency control is restored to its
operation under normal conditions, as described above. Therefore, the production
of turbines is again optimised. However, the recovery of the power production at
the wind farm is found to be slow [3, 5, 89].

4.3.4 Other methods for reducing the active power output of the
turbines in the wind farm

Instead of detecting the increase in the frequency of the wind farm network, deter-
mined as function of the increase in the DC voltage, another technique for forcing
the turbines to decrease their production, is to apply to the turbine converter a
droop controller, acting on the DC voltage. Below a certain threshold of the DC
voltage, a droop gain is 1; above this upper limit, the droop factor decreases lin-
early to zero. The droop gain is then multiplied by the torque demand, determined
by the maximum power extraction curve of the turbine, as shown in Figure 4.4.
In this way, the generator torque is rapidly reduced, which results in an increase
of the rotor speed; however, this is not a major concern, owing to the turbine ca-
pability for variable-speed operation. Instead of the generator torque, the gain of
the de-loading droop controller can be multiplied to the output of the active power
controller of the offshore HVDC converter. Thus, for a DC voltage value higher
than the threshold, the output of the power controller is multiplied with a value
lower than 1, leading to reducing the active power. A third technique to achieve
the decrease in power output of the turbines is to send a signal of power reference,
which is temporarily written over the system’s power order, as described in 4.3.2.
In this case, the frequency and voltage of the wind farm network remains at its
nominal value [5, 10, 88].

 

Figure 4.4: De-loading droop control applied in generator torque [88]

4.3.5 DC voltage control switch-over between converters
at the two sides of the transmission system

When a fault occurs at the grid side of the system, the grid-side converter is no
longer able to control the DC voltage. Due to power imbalance in the DC link,
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the DC voltage will increase. If this increase in the DC voltage is recorded at both
sides of the transmission system, a switch-over of the DC voltage control can be
applied between the two converters. The grid-side converter relinquishes the DC
voltage control and its role is to limit the current. On the other hand, the converter
at the wind farm side can be set to take over the DC voltage control when the DC
voltage exceeds a pre-defined threshold. In this way, a smooth transition during
the exchange of DC voltage control between the two converters is ensured. The
reduction of the power production of the wind farm can be achieved as described
in 4.3.3 and 4.3.4 [5, 10, 88].

When the fault is cleared, the AC voltage at the grid recovers rapidly; therefore, the
reactive current export starts decreasing, allowing the increase of the active power
injection from the onshore converter to the grid and consequently the decrease of the
DC voltage. The DC voltage decrease is monitored by the converters, which switch
their control modes back to the pre-fault situation, as soon as the DC voltage jumps
back to the rated value. The power reference signal is removed when the control
modes change back. In the case of frequency dependence on the DC voltage, after
DC voltage recovery, the power recovery is achieved as described in 4.3.3 [5, 10, 88].

In order to undertake the DC voltage control, the offshore converter detects if the
DC voltage at its side has exceeded a certain threshold value. However, the value of
DC voltage also at the grid side should be taken into consideration, to ensure that
it does not exceed any critical upper limit. If no data communication is used, the
DC voltage at the grid side should be predicted by the offshore converter. During
steady-state operation, this is an easy process, since the DC voltage at the grid side
can be calculated by the known cable resistance and the DC current at the wind
farm side. However, this procedure cannot be applied in the case of a fault, since the
DC current at the wind farm side cannot be used to predict precisely the dynamics
of the grid-side DC voltage. Hence, the predicted value of the grid-side DC voltage
will be different from its actual value. For this reason, the upper threshold limit at
the wind farm side should be chosen carefully. It should be borne in mind that, if
it is set too small, it may trigger a false FRT mode during other events, causing an
unnecessary switch-over of the DC voltage control between the two converters [5].

4.3.6 AC voltage control at the wind farm network

Instead of regulating the frequency according to DC voltage, the offshore converter
can control the AC voltage regarding the DC voltage. The detection of the DC
voltage, instead of the AC voltage at the grid-side converter, implies that no com-
munication signals are needed. The DC voltage rise is monitored by the offshore
converter, which in response ramps down fast the AC voltage. The controller for
achieving this procedure is illustrated in Figure 4.5. A de-loading droop gain acts
on the DC voltage value for determining a factor introduced into the PWM of the
offshore converter, for adjusting properly the amplitude modulation index. Hence,
when the DC voltage increases due to a fault in the AC system, the de-loading droop
controller reduces the amplitude modulation index and therefore the AC voltage
at the offshore converter terminal. In this way, a fault in the offshore network
imitates the actual fault in the onshore network. This implies that an offshore
converter with high current ratings is required. Short-circuit currents with high
DC components can occur, caused by an abrupt voltage reduction, leading to high
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Figure 4.5: Control system for AC voltage reduction
in offshore HVDC converter [88]

mechanical stresses for the drive train of the turbines and high electrical stresses
for the IGBT valves of the converters (including the converter of the transmission
system and the turbine converters). A solution to this issue could be the voltage
reduction with lower gradient, but this approach limits the performance of the con-
trol strategy, since it affects the desired fast power reduction. An enhanced method
is proposed by [89], in which machines are demagnetised in a fast and controlled
way. Hence, fast voltage reduction is allowed, but high stresses to mechanical and
electrical equipment are avoided [3, 5, 88, 89].

Given that full-scale converters are used in turbines, wind turbines are able to
control their active and reactive power as a function of the voltage at the wind
farm network. Therefore, by decreasing the AC voltage of the offshore converter,
the power flow in the offshore network is impaired and the turbines cannot inject
power into the wind farm grid, eliminating the need of a common DC chopper.
The power excess in an individual turbine can be either stored as inertia in the
mechanical system or dissipated into the turbine DC chopper resistor, depending
on the type of LVRT control strategy of the turbine. Even though a DC chopper is
utilised to dissipate the power excess of a single turbine, the amount of energy to
be removed is significantly lower compared to the case of a common DC chopper
at the DC link, as described in 4.3.1 [3, 5, 88, 89].

A switch-over of the DC voltage control between the converters at the two sides
can also be applied in this method: when the exchange of active power between the
grid-side converter and the host power system is restricted, the duty of balancing
the energy in the DC link is assigned to the offshore converter. As the grid fault
is cleared, the current limit mode of the grid-side converter is turned off, as ex-
plained in 4.3.5. This allows the energy stored in the capacitors to be dissipated or
momentary inrush active current to be exported to the grid, resulting in fast DC
voltage recovery. Simultaneously, the decrease in the DC voltage is also detected by
the offshore converter, which allows the AC voltage to increase back to its nominal
value. This also causes a momentary inrush active current from turbines to the
DC link. Once the AC voltage at the wind farm network fully recovers, turbine
controllers apply a ramp to the recovering active power, which is followed by active
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power damping control. Therefore, the smooth exchange of DC voltage control
between the two converters is ensured. With this method, the DC over-voltages are
limited. In addition, the power flow to the terminal decreases rapidly and the power
recovery after the fault clearance is faster than in the frequency control method.
This occurs due to the full-scale converters of the turbines, which respond fast to
the change in the voltage, like current sources [3, 5, 88, 89].

4.3.7 Blocking of the converter

Another approach for limiting the current in the converter is the blocking of the
converter valves. The blocking process takes place for a temporary, pre-defined
period, which is equal for all types of faults. In this way, over-currents in the con-
verter are avoided. In addition, the wind turbines are allowed to remain connected
during and after the fault, which is a grid code requirement [90].

In many fault conditions this strategy achieves a satisfactory reduction of over-
currents. But in cases of more severe faults it is found to be not effective enough.
In these cases, over-currents are higher and therefore longer blocking periods are
required. If the applied blocking period is not long enough, over-currents are not
totally avoided, causing damages to cables and electronic devices of the converter,
leading to turbine trip-off and power quality problems at the AC host power system.
On the contrary, in the case of less severe faults, a longer blocking period than
required can cause additional fluctuations at the connected power system [90].

For dealing with this issue, [90] proposes a variable blocking period, as function of
the severity of each type of fault. Moreover, a special controller is suggested, which
is activated after the de-blocking of the valves, for alleviating the oscillations at the
power system caused by the blocking process. The suggested control strategy is
found to provide optimal confrontation of faults, by totally avoiding over-currents
and the tripping of the turbines. Thus, it helps the system to reach a steady state
quickly [90].

4.4 Dealing with faults in the wind farm network

In the case of offshore wind farms, where submarine cables are used, faults in the
wind farm area are quite rare. However, most of the faults in a stand-alone wind
farm will be difficult to clear. Following a severe fault, the system will trip off, until
maintenance takes place [5].

Nevertheless, in most cases, faults can be localised to an individual turbine or a
single feeder connecting a group of turbines. In the case that there are more than
one park transformers, each allocated to a certain number of feeders, the faulty
circuit can be isolated from the wind farm and a normal operation can be resumed
after a temporary disturbance. In this case, the offshore converter will either be
blocked temporarily, and energy will not be exported from the wind farm, or it
will go into current limit operation. In the latter control method, turbines will
respond to the voltage dip and limit the active current injection. This is one of the
advantages of the AC voltage control mode at the wind farm side.
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However, for making the control system of the offshore converter simpler, the inner
current controller is not usually implemented. Therefore, the offshore converter
can be over-loaded by the fault current. To prevent this issue, an indirect current
control is applied. In this technique, the fault current can be limited, by limiting
the voltage at the wind farm network. When the current through the offshore con-
verter exceeds a pre-defined upper threshold, the AC voltage limit is applied. The
AC voltage at the converter terminal is reduced to a level such that the current
through the converter is restricted within its maximum limit. There is always a
minimum voltage, based on the equivalent system impedance, which ensures that
the current does not exceed safe limits. When the fault is cleared by the corre-
sponding circuit breaker, the fault current will stop and the nominal AC voltage
will be re-established. This control approach during faults in the wind farm area
implies that there is no need to implement two different detection and control sys-
tems for faults in the main grid or in the offshore network. In both cases of fault
location, wind turbines respond to the change in the AC voltage of the wind farm
network [5, 10].

One important aspect is that the host power system remains unaffected, since the
DC voltage is maintained to its set value by the onshore converter. Only a power
loss occurs, due to the limited or totally cut-off of the active power injection from
the wind farm [5, 10].

In the case of a fault in the transmission cable, it is not possible usually to ride-
through the disturbance and the shut-down of the transmission system is necessary.
However, like disturbances in the wind farm area, such faults are very rare [5].
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Chapter 5
Frequency regulation

by VSC-HVDC grid-connected
wind farms

Nowadays, with the increase in wind power integration into the power system,
operators set regulations for the contribution of wind farms to frequency regulation.
In this chapter this capability of wind farms, which are grid-connected through
VSC-HVDC transmission systems, is analysed.

5.1 Frequency regulation by wind farms

Power plants should provide capabilities of frequency control, as specified by grid
codes. An over-frequency implies an excess of power production compared to the
load demand. Therefore, power plants should reduce their production. In the case
of wind farms, this can be achieved by controlling the pitch angle and the tip speed
ratio. On the other hand, dealing with under-frequency conditions requires the
increase of power production. However, this is not easily applicable in the case
of wind farms. If turbines operate already under maximum power point tracking
regime, they are not able to ramp up further their production. As a solution, de-
rated operation has been proposed, i.e. production of less than maximum available
wind power. Hence, a margin for possible frequency support in under-frequency
cases is provided. However, a de-rated operation implies undue loss of energy and
revenue in normal frequency conditions [3].

5.2 Frequency regulation requirements in the Danish
grid code

Figure 5.1 illustrates the requirement for frequency regulation derived from the
Danish grid code [3, 91]. There are two frequency control curves: according to
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Figure 5.1: Frequency control curves with and without margin
for upward regulation [3]

the first, only downward regulation is allowed, during over-frequency conditions;
according to the second curve, both upward and downward frequency regulation
is provided. In the case that a wind farm operates according to the first curve, it
produces the maximum available wind power under normal frequency conditions
and therefore it cannot contribute to upward regulation in under-frequency cases,
but only to downward regulation when over-frequency occurs. On the contrary,
if the wind farm operates according to the second frequency regulation curve, it
produces a de-rated amount of power, as given by the set-point value, under normal
conditions, and thus it can participate in both upward and downward frequency
regulation [3].

5.3 Frequency regulation strategies in VSC-HVDC
transmission systems

Since the frequency of the offshore network is decoupled from the onshore grid
frequency, the contribution of the wind farm to frequency regulation can only be
achieved if the onshore grid frequency is communicated to the offshore network. In
this way, the wind farm can adjust its production according to the onshore grid
frequency. There are three control schemes for accomplishing this task, which are
described in the followings.

5.3.1 Use of DC voltage

The reference value of the onshore DC voltage changes in proportion to the onshore
grid frequency, i.e. if the onshore grid frequency increases, the reference value of
the onshore DC voltage also increases. Consequently, the DC voltage value at
the offshore VSC-HVDC terminal increases too. The DC voltage at the offshore
terminal is measured and adjusted to compensate the voltage drop across the DC
link. Therefore the DC voltage at the onshore terminal is estimated and then
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compared to the nominal value. The error derived from the comparison is used to
adjust the frequency reference of the offshore network. In this way, if there is an
increase in the onshore grid frequency, the DC voltage rises and consequently the
offshore network frequency is raised. The turbine converters detect this frequency
increase and decrease their generation according to the droop characteristics of
their frequency regulation curves [3].

5.3.2 Communication of the onshore grid frequency to the offshore
HVDC converter

In this method, the onshore grid frequency is directly communicated to the off-
shore converter of the VSC-HVDC transmission system. Then, the offshore HVDC
converter changes accordingly the frequency of the offshore network, which is mon-
itored by the turbine converters for adjusting their production. In this way, the
onshore grid frequency is directly replicated in the offshore network and, hence,
change in the DC voltage is not needed [3].

5.3.3 Communication of the onshore grid frequency to the turbine
converters

In this technique, the onshore grid frequency is communicated directly to the tur-
bine converters, for regulating accordingly their production. Therefore, no change
in the DC voltage or the offshore network frequency are required. This is the most
suitable method, as the only delay is caused by the communication process, with-
out delays for calculations. It requires, of course, a reliable communication frame
available, as the previous strategy [3].

5.4 Frequency regulation strategies in multi-terminal
VSC-HVDC transmission systems

Appropriate control schemes should be developed in the multi-terminal VSC-HVDC
transmission systems for reducing frequency deviations in the connected AC grids.
These frequency deviations can be caused by disturbances in the AC power system,
e.g. by a loss of infeed power, as well as in the DC grid, e.g. by a loss of a converter
[92].

In a case of a converter loss, without appropriate control systems, the entire bur-
den of the change in power flow would be undertaken by the slack converter. The
sudden change in power import/export of the slack converter will lead to frequency
deviations in the AC system which is connected to this converter. The droop con-
trol scheme which is described in 3.1.2.6 deals with this problem. The control
system is given again in Figure 5.2a. The voltage reference is modified according to
the droop coefficient βj of the jth converter and is introduced to the PI-controller,
which derives the d-axis current reference Idj for the inner current controller of the
corresponding converter. Normally, squared values of half reference and measured
DC voltages are used. Since local voltage feedback leads to a non-unique power
flow solution for the multi-terminal HVDC grid, a common voltage VDcomm at
any converter station is communicated as feedback signal to the control system of

81/103



5.4. Frequency regulation strategies in multi-terminal VSC-HVDC transmission
systems

 

(a) Autonomous power sharing

 

(b) Power sharing and frequency support
of adjacent AC system

Figure 5.2: DC voltage droop control in the jth converter of multi-terminal
VSC-HVDC grid [92]

the converters. With this control structure, power sharing between the remaining
converter stations is achieved and therefore none of them undertakes the entire bur-
den. This reduces the change in power import/export from the converter stations
to the connected AC systems; consequently, the frequency deviation is distributed
amongst different AC networks connected to different converters [92].

However, this autonomous droop control still leads to inappropriate frequency de-
viations in different AC systems due to the following reasons [92]:

• In the case of a disturbance in an AC system, the frequency of that power
system changes according to the equivalent governor droop function. This
means that the autonomous power sharing control system does not participate
in reducing the frequency deviation, since there is no change in the net power
exchange with the concerned AC system.

• Following a converter loss, the power deviation is distributed appropriately
amongst different converter stations. However, this power sharing might re-
sult in higher frequency deviations in some AC power systems, depending
on the number of stations that are connected to each AC system and the
governor droop coefficients of different AC grids.

• The autonomous power sharing takes place only between the converters in the
affected pole, i.e. in the pole where the lost converter was connected. The
converters in the other pole will keep on operating at their pre-contingency
conditions and therefore do not participate in power sharing. This means
that frequency deviation in some AC power systems could be large.

• With autonomous power sharing control, the frequency support cannot be
appropriately shared among the AC grids interconnected through the multi-
terminal VSC-HVDC transmission systems.

For dealing with these issues, the standard autonomous power sharing control
scheme is modified with the introduction of a frequency droop control loop. Indeed,
the power reference of the converter is adjusted by a supplementary frequency droop
control, as illustrated in Figure 5.2b. The frequency fj of the AC power system,
which is connected to the jth converter, is used as a feedback signal, to produce a
frequency error, which is then multiplied by the frequency droop coefficient βf j , to
regulate the power reference. Pj

∗ is considered positive for converter operation as
inverter. In the case of frequency decrease (increase), the active power injected to
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the AC system should be increased (decreased), by changing the power reference
accordingly. It should be noted that, with the modified control scheme, converters
at both poles participate in frequency support. The improved control scheme in
the multi-terminal VSC-HVDC transmission systems is found to be effective in re-
ducing the frequency deviation in the connected AC systems following disturbances
at both AC and DC grids [92].

83/103



5.4. Frequency regulation strategies in multi-terminal VSC-HVDC transmission
systems

84/103



Chapter 6
Requirements for the

grid connection of wind farms
through HVDC systems

In chapters 4-5 grid code requirements regarding LVRT and frequency regulation for
the grid connection of power plants were provided. In this chapter more specific grid
code requirements for the integration of offshore wind farms into the power system
are given. These requirements, [93], are supplementary to the general grid code
rules provided in [86]. In addition, they are enhanced by technical rules applied to
power plants connected to the grid through HVDC transmission systems, as defined
in [94]. The two grid codes should be combined in the case of offshore wind farms
grid-connected through HVDC systems, so that technical restrictions of wind farms
are taken into consideration but without limiting the capabilities provided by the
HVDC connection system.

6.1 Frequency range

The nominal frequency for the offshore network is 50 Hz. In contrast to the fre-
quency range as specified in [86], an extended range is applicable, as shown in
Figure 6.1:

• For an uninterrupted continuous operation within a limited duration of 10
minutes: 47.5 − 51.5 Hz.

• For operation within a limited duration up to 10 seconds: 46.5 − 53.5 Hz.
The following emergency control actions should be implemented in the wind farm
system:

• The offshore wind farm must be disconnected from the grid, when the fre-
quency at the offshore network reaches a level of less than 46.5 Hz or greater
than 53.5 Hz and after a time delay of 300 ms.
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Figure 6.1: Duration of operation of an offshore wind farm
in different frequency ranges [93]

• The offshore wind farm must be disconnected from the grid, when the fre-
quency at the offshore network reaches a level of less than 47.5 Hz or greater
than 51.5 Hz and after a time delay of 10 s.

The aforementioned system protection functions are associated with the basic re-
quirements for the duration of the wind farm’s operation, as illustrated in Figure
6.1. There are no requirements until the maximum time values of the respective
frequency regions are reached. Nevertheless, the maximum possible active power is
assumed to be available for delivery.

However, for power plants connected to the grid through HVDC links, the frequency
ranges and the maximum duration of operation could be defined according to Table
6.1. Wider frequency ranges or longer time periods for operation can be agreed
between the relevant TSO and the owner of the power plant, to allow the best use
of the technical capabilities of DC-connected power plant for preserving or restoring
the system security. Nevertheless, the DC-connected power plant should be able for
automatic disconnection at specified frequencies, if required by the relevant TSO.
In addition, the DC-connected power plant should be able to operate at rates of
frequency change up to 2 Hz/s based on a measurement of frequency over a 500 ms
window value.

Table 6.1: Time periods for operation of DC-connected power plant
for different frequency ranges

Frequency range Time period for operation

47.0 − 47.5 Hz 15 minutes
47.5 − 49.0 Hz 90 minutes
49.0 − 51.0 Hz Unlimited
51.0 − 51.5 Hz 90 minutes
51.5 − 52.0 Hz 15 minutes
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6.2 Active power controllability

With regard to the capability for controlling the transmitted active power, the
HVDC system should be able to adjust the transmitted active power in both di-
rections within its maximum capacity. The relevant TSO has the right to define a
minimum active power transmission capability for both directions and a maximum
delay within which the HVDC system should adjust the active power upon receipt
of request from the TSO. In case of disturbance in one of the connected AC net-
works, the HVDC system should be able to modify the transmitted active power in
accordance with pre-defined regulation sequences with an initial delay of maximum
1 s after receiving the triggering signal; time delays greater than this should be
justified by the relevant TSO.

In addition, the relevant TSO has the right to require from the HVDC system fast
active power reversal, from the maximum capacity in one direction to the maximum
capacity in the other direction, within 2 s; responses to this request after longer time
period than 2 s must be justified by the TSO.

In general, the TSO has the right to require that the control functions of the
HVDC system are able to take automatic remedial actions for active power control
and frequency regulation, when system’s reserve capacity is exhausted or reduced
under a critical level, defined by the TSO.

6.3 Frequency sensitive mode

The HVDC system should be able to operate in frequency sensitive mode, mean-
ing that it should be capable for adjustment of the active power transmission, for
responding to frequency deviations, as indicated in Figure 6.2, with frequency re-
sponse dead-band of 0−500 mHz and a minimum droop s1 of 0.1 %. In a frequency
step change, the HVDC system should start adjusting its active power output after
an initial delay of 0.5 s and achieve within 30 s full activation up to the limit of
active power range requested by the TSO.

 

Figure 6.2: Active power frequency response capability
of a HVDC connection system [94]
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6.3.1 Active power reduction during over-frequency

In a frequency range of 47.5−50.2 Hz, the wind farm should be able to unrestrictedly
feed active power into the grid. Under the frequency of 47.5 Hz, the active power
supply may be shortened due to founded technical restrictions. Over the frequency
of 50.2 Hz, a frequency dependent active power reduction is required. The reduction
of active power should be 40 % of the currently available power per Hz, as shown
in Figure 6.3. A maximum rate of the speed of power variation equal to 25 % of
the currently available power is permitted.

 

Figure 6.3: Basic requirement for the active power output
of an offshore wind farm regarding the frequency [93]

Moreover, a HVDC system should have the capability for power reduction when
the frequency is above a threshold. The frequency threshold for activation of power
adjustment is laid between 50.2 − 50.5 Hz and is defined by the TSO. The droop
settings for the power reduction are also defined by the TSO, but they should be
at least 0.1 % regarding the maximum transmission capacity of the HVDC system.

6.3.2 Active power increase during under-frequency

Although grid codes for wind farms do not provide specific requirements for active
power increase as response to under-frequency cases, the grid codes for power plants
connected through DC links require the active power adjustment of the HVDC
system in such occasions. The HVDC system should be able to increase its power
transmission when the frequency falls under a threshold. The frequency threshold
is determined by the TSO and is laid in the range of 49.5 − 49.8 Hz. The power
increase should be achieved according to a droop factor of at least 0.1 %.

6.4 Voltage range

The nominal voltage at the grid connection point of an offshore wind farm (the end
of the connection cable at the side of the wind farm) is usually specified at 155 kV,
but other levels of nominal voltage are acceptable in single cases, after agreement
with the TSO.

In the case of power plants connected to the grid through HVDC systems, the
voltage ranges and the corresponding time durations of operation are given in Tables
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6.2 and 6.3, for nominal voltage values below 300 kV and between 300 − 400 kV,
respectively. Wider voltage ranges or longer time periods for operation can be
agreed between the relevant TSO and the owner of the power plant, to allow the
best use of the technical capabilities of DC-connected power plant for preserving or
restoring the system security. In addition, the TSO has the right to specify voltage
values at the connection point, at which the HVDC system should be capable for
automatic disconnection.

Table 6.2: Time periods for operation of DC-connected power plant
for different voltage ranges (nominal voltage below 300 kV)

Synchronous area Voltage range Time period for operation

Continental Europe
0.85 − 1.118 p.u. Unlimited

1.118 − 1.15 p.u. Decided by TSO
(not less than 20 minutes)

Nordic 0.90 − 1.05 p.u. Unlimited
1.05 − 1.10 p.u. 60 minutes

Great Britain 0.90 − 1.10 p.u. Unlimited
Ireland 0.90 − 1.118 p.u. Unlimited

Baltic 0.85 − 1.12 p.u. Unlimited
1.12 − 1.15 p.u. 20 minutes

Table 6.3: Time periods for operation of DC-connected power plant
for different voltage ranges (nominal voltage between 300−400 kV)

Synchronous area Voltage range Time period for operation

Continental Europe

0.85 − 1.05 p.u. Unlimited

1.05 − 1.0875 p.u. Decided by TSO
(not less than 60 minutes)

1.0875 − 1.10 p.u. 60 minutes

Nordic 0.90 − 1.05 p.u. Unlimited
1.05 − 1.10 p.u. 60 minutes

Great Britain 0.90 − 1.05 p.u. Unlimited
1.05 − 1.10 p.u. 15 minutes

Ireland 0.90 − 1.05 p.u. Unlimited

Baltic 0.88 − 1.10 p.u. Unlimited
1.10 − 1.15 p.u. 20 minutes

6.5 Reactive power exchange and voltage stability

In contrast to the voltage operating range given in [86], the allowed voltage oper-
ating levels at the grid connection point of an offshore wind farm, in dependency
to the power factor (at maximum capacity), are given by Figure 6.4.
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Figure 6.4: Voltage operating range of an offshore wind farm
according to power factor (with unrestricted active power) [93]

 

Figure 6.5: P/Q operation range of an offshore wind farm
within the voltage range of ± 5 % UN [93]
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Figure 6.5 presents the minimum requirements regarding the reactive power supply
capability of the offshore wind farm. Capability for reactive power supply beyond
the range of these requirements is allowed, but is not defined or quantified in the
present grid code requirements. The wind park is expected to set any operating
point inside the boundary limits within maximum 30 s. In a frequency range of
47.5 − 51.5 Hz, the reactive power supply must be unrestrictedly possible. Beyond
this frequency range, the reactive power supply may be shortened, due to founded
technical restrictions at the wind farm. The P/Q operation range as illustrated
in Figure 6.5 applies for the static operation of the respective offshore wind farm.
The requirement is valid for voltage variation range of ± 5 % of the nominal voltage.
The active power, reactive power and voltage values of the requirement refer to the
under-voltage side of the transformer. Beyond the aforementioned voltage variation
range, shortening of the required levels of the reactive power supply is allowed,
in case of founded technical restrictions at the wind park. If the reactive power
delivery through the wind farm can not be totally fulfilled for a power generation
range above 90 % of the nominal power, the necessity of external complementary
reactive power sources or an extension of the requirement according to Figure 6.5
is to be decided in agreement with the TSO for each project specifically.

In the case of DC-connected power plants, the relevant TSO should define the
boundaries of a U-Q/Pmax profile, within which the HVDC system should provide
reactive power at its maximum capacity. This profile should not exceed the Q/Pmax
inner envelope, lying within the limits of the outer envelope, as illustrated in Figure
6.6. The dimensions of the profile, Q/Pmax range and voltage range, are determined
for various synchronous areas in Table 6.4. If the profile is not rectangular, the
voltage range values represent the highest and lowest voltage points.

 

Figure 6.6: Boundaries of U-Q/Pmax profile of a HVDC system
at the connection point [94]

If the HVDC system operates at active power output below its maximum capacity,
it should be able to operate in every possible operating point in the P-Q/Pmax
capability diagram defined by the TSO for various per unit voltages at the connec-
tion point. These voltage values should be within the inner envelope of the voltage
range defined in Table 6.4 and within the fixed outer envelope of Figure 6.6.
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Table 6.4: Parameters of U-Q/Pmax profile of a HVDC system
at the connection point

Synchronous area
Maximum range of Maximum range of

Q/Pmax steady-state voltage
in p.u.

Continental Europe 0.95 0.225
Nordic 0.95 0.150
Great Britain 0.95 0.100
Ireland 1.08 0.218
Baltic 1.0 0.220

6.6 Required reactive current during grid faults

The following characteristics of the wind farm’s operation should be applied:
• The voltage support of the wind farm is to be activated when a voltage

dip/rise of over 5 % of the RMS value of the generator voltage occurs, as
illustrated in Figure 6.7. The voltage support must start within 20 ms after
fault detection and the reactive current droop can be of 2 − 10 p.u..

• Within the dead-band, the wind farm should operate with constant power
factor, constant reactive power or constant voltage, as defined in [86], in
accordance with the follow-on contract.

 

Figure 6.7: Voltage support through an offshore wind farm
during grid faults [93]

Regarding HVDC connection systems, the converter station should be able to
achieve 90 % of the required change in reactive power output within a time pe-
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riod lying in the range of 0.1 − 5 s and settle at a pre-defined value within a time
period between 5 − 60 s.

In the case of symmetrical faults, the TSO has the right to require at least 2/3
of the nominal reactive short-circuit current within a time period defined by the
TSO. In case of asymmetrical faults, the TSO has the right to additionally require
asymmetrical current injection.

Figure 6.8 provides a voltage profile during a symmetrical fault, according to which
the HVDC substation should remain connected and in continuous operation. In
this Figure, Uret is the retained voltage at the connection point during the fault
and tclear is the duration of the fault. Urec and trec specify the lower accepted point
of voltage recovery following the fault clearance. Ublc is the blocking voltage at the
connection point at time tblc. The blocking mode of the HVDC system is allowed
within the boundary defined by the red solid line, tclear and tblc; tblc is the moment
when the HVDC system is deblocking. The system is allowed to trip within the
boundary defined by the red solid line, tblc and trec. The value ranges for these
parameters are given in Table 6.5.

 

Figure 6.8: Fault-Ride-Through profile of a HVDC substation [94]

Table 6.5: Parameters for Fault-Ride-Through capability
of a HVDC substation

Voltage parameters [p.u.] Time parameters [seconds]

Uret 0-0.30 tclear 0.14-0.25
Urec 0.85 trec 1.5-10.0
Ublc 0-0.75 tblc 0.1-0.5
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