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EXECUTIVE SUMMARY
Marine renewable energy farms exploit renewable sources that are of variable and intermittent nature. This
conflicts with the power system need of controllable and dispatchable power generation. Thus, the grid integration
of marine energy farms is extremely challenging, especially considering that the installed capacity of these farms will
progressively increase in the next years.
As a consequence of this, distribution system operators and transmission system operators must set
appropriate grid codes to ensure stability and proper operation of the electricity grid under any working conditions.
Marine energy farms, in turn, need to adapt their layout and optimize their operations to ensure compliance with
these grid codes.
The goal of this document is to analyse the impact of grid code requirements on the structure, control and
operation of marine energy farms and evaluate the future trends and potential criticalities arising from their grid
integration, taking into account that both marine technologies and specific grid codes are under constant evolution.
In the first part of the document the typical structure of a marine energy farm will be described. Despite the
substantial differences among the marine energy converters extracting energy form different natural resources (i.e.
wind, waves, tides etc.) an attempt is made to describe them with a unifying perspective, but underlining the specific
differences whenever relevant. Such description includes all the aspects that can impact on the marine farm
integration into the grid, from the farm structure to its control. First, attention is focused on topological aspects,
such as the structure of each marine unit for the electro-mechanical conversion of energy, including the analysis of
the appropriate power electronics interfaces. Following, the possible internal layouts of the farm are discussed, with
a detailed analysis of the main alternatives for the power transmission to shore. HVAC and HVDC options are
discussed and compared. The opportunities and limits for their future development are also addressed.
Furthermore, the control schemes required for the feedback control of the main quantities of interest, such as grid
voltage and frequency, active and reactive power production are reviewed.
The second part of the document is focused on the grid codes regulating marine energy installations and on
the specific requirements that they set to ensure the proper operation of the main power system under both regular
operation and fault conditions. The main requirements introduced by distribution and transmission system
operators to limit and control the active and reactive power production in order to achieve proper regulation of grid
voltage and frequency are recalled. Thus, the required operation of the marine farm controller is discussed in the
perspective of grid code compliance. It is specifically analysed how marine energy farms can ensure prompt response
to any undesired variations of grid parameters and it is shown that this requires both suitable synchronization of the
farm with the main grid and an appropriate coordination of the different controllers operating in the marine farm,
both at centralized level and in each primary energy converter.
Finally, the future expected evolution of marine energy farms is outlined and the impact that this will have
on their grid integration and corresponding grid codes is discussed.
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LIST OF ACRONYMS
CSC = current source converter
DFIG = double fed induction generator
DSO = distribution system operator
EESG = electrically excited synchronous generator
GTO = gate turn-off thyristor
HVAC = high voltage alternating current
HVDC = high voltage direct current
IGBT = insulated-gate bipolar transistor
IGCT = integrated gate-commutated thyristor
LCC = line-commutated converter
MMC = modular multilevel converter
MEP = marine energy plants
MV = medium voltage
OTEC = ocean thermal energy conversion
OWF = offshore wind farms
PCC = point of common coupling
PLL = phase-locked loop
PMSG = permanent magnet synchronous generator
PSS = power system stabilizer
SCADA = supervisory control and data acquisition
SCIG = squirrel-cage induction generator
TSO = transmission system operator
VSC = voltage source converter
WF = wind farm
WT = wind turbine
XPLE = cross-linked polyethylene
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1 INTRODUCTION
Presently, marine renewable energy resources are gaining increasing attention due to their distributed
availability and untapped energy potential. Marine resources come from different primary sources, i.e. wind, waves,
tides, water temperature differential, and salinity gradient.
These resources have different theoretical global energy potentials. An indicative estimation, contained in [1], is
summarized in Table 1 .
Table 1 Theoretical global energy potential of marine resources, according to [1]

Type of resource
Wave energy
Tidal current energy
Osmotic energy
Ocean thermal energy

Extimated theoretical global energy potential
[TWh/year]
8000-80000
800
2000
10000

More recent studies [2] narrowed the range of wave energy theoretical potential to about 30000 TWh/yr. The global
theoretical potential for wind, as estimated by the global annual ﬂux, is 6000 EJ/yr (about 1666000 TWh/yr) [3], but
it is difficult to find separate resource assessment for the onshore and offshore case.
Quantification of the technical energy potential for the different marine energy technologies is strongly
dependent on the state of advancement of the corresponding energy conversion systems. On this respect it should
be considered that nowadays all marine energy technologies, except offshore wind farms in shallow-water, are
relatively immature but under constant development. Several different wave energy converters have been already
proposed and demonstrated [4] and are now in their commercial or pre-commercial stage. Energy converters
exploiting tidal and ocean currents are mostly in the conceptual stage of development, with two devices having been
tested in open seas up to now [4]. Osmotic energy converters and OTEC systems are also in their preliminary testing
phase. It is worth noting that recently new possibilities for the exploitation of offshore potential have been
proposed, such as the exploitation of offshore solar energy by the creation of artificial floating modules covered with
traditional solar panels [5].
Despite being much less developed compared to other renewables, the development of marine energy
extraction systems is anticipated to increase as experience is gained and new technologies are available.
According to the projection contained in [6] , an installed capacity of 150 GW can be expected for offshore wind by
2030, while the same amount of installed capacity can be reached by other ocean energies not earlier than 2040 and
provided that suitable support will be given to the marine sector.
Medium to large-scale exploitation of marine energy technologies for electricity production will rely on the
deployment of arrays comprising many primary energy converters1.
Considered the high variability of most marine energy resources, a smoothing effect of the extracted power is
required regardless the applied conversion technology, in order to make the integration of marine energy plants
(MEP) into the power system possible and maintain the security of power supply.
Grid codes, developed by the transmission system operators (TSO) have the general idea that MEP should behave as
much as possible in the same way as conventional synchronous-based generators in both normal operation or during
disturbances. Typical grid code requirements include steady-state and dynamic active and reactive power capability,
continuously acting frequency and voltage control and fault ride through capability. This report aims to analyse how
the layout and control aspects in marine energy farms are related with the grid code and evaluate the impact of
marine conversion technologies and grid codes on the respective evolution.

1

The lack of established solutions for marine energy arrays is reflected also in the variety of words used to define them: in technical literature several different
words, such as “marine/ocean (renewable)”, “farms/parks/plants” are often used with equivalent meaning.
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For this purpose, in Section 2, the different topologies for marine energy farms are presented. First, the
overall farm is described from the standpoint of both electrical layout and control architecture. Second, the electrical
layout and control architecture of the generator units are described. Section 3 contains an overview of the main
requirements set by relevant grid codes, related to both MEP regular operations and fault conditions. In Section 4
the impact of such grid codes on the electrical lay-out of the MEPs is briefly outlined. Finally in Section 5, it is
specifically analysed how grid code compliance mostly relies on coordinated and multi-level control actions to be
performed within each MEP. The required active and reactive power control capabilities are briefly recalled and the
interactions between control goals set at farm level and control actions actuated by each primary energy converter
are analysed.
The need of a continuous monitoring of main grid parameters and the promptness of response of the farm
control loops when deviations from normal operation are detected are discusses against the corresponding grid
code requirements.
It is worth noting, however, that due to the limited maturity and still small-scale deployment of several marine
energy technologies, the most advanced layouts and control architectures presented in the following sections have,
in some cases, limited application in present offshore marine farms. It is however expected that the increasing size
of marine energy farms, their higher distance from shore and the required compliance with more and more
demanding grid codes will push the marine energy sector towards a widespread adoption of the most flexible and
advanced control architectures, whose importance will grown in the next years.

2 REFERENCE STRUCTURE FOR A MARINE RENEWABLE
GENERATION FARM
This section aims to define a reference structure for marine energy farms; both electrical layout and control
architecture will be addressed. In general, this report is about how the layout and controllers relate with the grid
code.

Impact
Generator unit level

System
wide

Electrical
disturbances

Power
Quality

Local

Load
mitigation

ms

Generation park level

Frequency
control
(primary)

Power system level

Frequency
control
(secundary)

forecast

Active
Voltage/
power
Reactive
power control
Wake and
turbulence

seconds

minutes

hours

Time

Figure 2-1 Common control objectives in different time scales and their impact [7]
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The marine energy farms are complex mix of different subsystems. The different events in marine energy
farms are in different time scales and have impact from the local level up to the whole system level as shown in
Figure 2-1.
As it can be seen from Figure 2-1, the most relevant aspects in the control are located in the generation units
and the generation farm or park. In order to facilitate the reading, this section is divided into: Marine Renewable
Generation Farm and Marine Renewable Generator Units.

2.1 MARINE RENEWABLE GENERATION FARM
2.1.1 Electrical layout
The size of the existing marine energy converter units rarely exceeds a few MW, so the large-scale
implementation requires the grouping together of many individual units. There are several possibilities for the
layout of marine energy farms which depend on factors such as profitability, energy efficiency or geographical
situation [8]. In this section the basic electrical layout of marine energy farms is discussed. Figure 2-2 shows a
generic layout of the marine energy farm, which consists of:
1.
2.
3.
4.
5.

Generation units
Clusters
Collecting points
Transmission system
Grid interface

1.
2.
3.

4.

5.

Figure 2-2 Generic layout of the marine energy farms
The following will give more detail of each component.

2.1.1.1 Generation units
The generation units include generators, mechanical and electrical interfaces. Generation units will be
addressed in more detail in the next section.
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2.1.1.2 Clusters
The cluster types refer to the manner in which the generating units are interconnected. Different cluster
topologies offer different possibilities regarding redundancy and availability. The following discuses different cluster
topologies:
1. Radial clusters. Generation units are connected in parallel along each feeder as shown in Figure 2-3 a). The
maximum number of units on each feeder is determined by cable rating. The required size of the cables
decreases as the distance from the substation increases. This means that cables that are closest to the
substation transformer have the biggest cross section while cables farthest from the offshore substation
have the smallest cross sections. Radial clusters have relatively poor reliability as a fault somewhere on the
feeder would lead to disconnection of the whole feeder or at least disconnection of the units located behind
the fault, depending on the location of the protection equipment.
2. Start clusters. In star clusters each unit is connected directly to a common node as shown in Figure 2-3 b).
Most of the cables in star topology have low capacity requirements; however the cables that connect the
common node to the MV collection bus have high capacity requirement. Furthermore, this type of layout has
high reliability as a fault on interconnection cable will only disconnect a single unit but if the main cable has a
fault the entire cluster is lost. Star layout is better for voltage regulation as the converter in each unit will
regulate their output voltage. It also involves a more time-consuming cable laying process, requiring more
turns and back-and-forth trips with the expensive installation vessel.
3. Ring clusters. In a ring topology, the generation units are connected in parallel along a closed loop
configuration as shown in Figure 2-3 c). In case of fault on the inter-unit cables, this redundant path will be
used to transfer power to the offshore substation, thereby increasing reliability. However, this arrangement
is costly compared with the radial configuration since there is a long additional cable in parallel with the
main feeder. In addition, there is higher cable rating requirement throughout the circuit compared with the
radial layout as the direction of power flow reverses during faulty conditions.

Substation
transformer

Substation
transformer

MV collection
bus

b)

a)

MV
collection
bus

Substation
transformer
Generation units

MV collection
bus

c)
Figure 2-3 Schematic for a) radial clusters b) start clusters c) ring clusters
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2.1.1.3 Collecting points
The power from the generator units is collected in an offshore substation which generally includes:








One or more collector transformers to step up voltage to transmission levels. The offshore transformer
can be either 2-winding or 3-winding. Moreover, the platform needs to be designed for the weight and
footprint restriction imposed by the transformer. If the high voltage AC (HVAC) is considered then only
collector transformers are needed but if high voltage DC (HVDC) is considered then the platform should
carry the collector transformers plus the converters [9].
Reactive power compensation devices. The cables which connect the generator unit arrays produce
reactive power due their high shunt capacitance. The reactive power raises the voltage levels; therefore
reactive power compensation is required. This compensation deals also with the power factor correction.
AC switchgear. Switchgears are needed to enable or disable the connection of the generator units to the
collect substation.
Instrumentation and protection systems.
Auxiliary backup diesel generator.
Neutral earthing resistors.

2.1.1.4 Transmission system
Existing transmission systems include: HVAC and HVDC
HVAC has been the most common choice in the bulk electrical power transmission over long distances and it is
depicted in Figure 2-4. Power transmission is done at high level voltages to reduce the current-dependent losses in
the transmission lines but shunt capacitive effect increases with the voltage. Moreover, as the transmission line
length increases, the shunt capacitance of the transmission line increases which imposes a surplus of reactive power
[10]. This disadvantage can be overcome using reactive power compensators, which are usually shunt reactors at
both extremities of the line. Additional compensating units may be required for high distances, which are a function
of the installed power capacity of the farm. The main components in HVAC are:
 AC collecting point. The collecting point is the main point of coupling of the entire farm, which is normally at
the offshore substation.
 Offshore transformers and reactive power compensators. The offshore transformer is needed to step up the
voltage to transmission levels.
 Three-phase cables. The main type of submarine cable used for power transmission is the cross-linked
polyethylene (XPLE) cable. XLPE cables have great continuous and short circuit current carrying capacity,
resulting from their excellent thermal characteristics. Moreover, these cables are environmental friendly
since they do not require oil supply, and they require less maintenance and they are easier to install [11]. AC
cables have their power transfer capability limited by the length. But this fact does not mean that wind
farms power transfer capability must be limited. If one three-phase connection cannot evacuate the rated
power to the required length, it is possible to use multiple three-phase connections. For example, Kriegers
flak offshore wind farms have planned a transmission system with multiple HVAC connections.
 Onshore transformers and reactive compensators. Usually an onshore transformer is used to adapt the
voltage level to that of the onshore grid to which the marine farm is connected.
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Turbines

Grid
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Figure 2-4 Grid integration of offshore wind farms using HVAC

HVAC has been implemented in many projects for example Horns Revs 160 MW and Nysted 158 MW in
Denmark or Barrow 90 MW in the United Kingdom. The inter-turbine grid is extended from each wind turbine to the
collecting point, and is typically medium voltage 20-36 kV. In the above mentioned cases Horns Rev is 24 kV, Nysted
is 34 kV and Barrow is 33 kV. In the collecting point the voltage is increased to the required level in the transmission
system for instance Horns Rev 150 kV, Nysted 132 kV and Barrow 132 kV. The energy is then transmitted from the
wind farm to the grid interface (substation) over the transmission system.
The main limitation of the HVAC transmission is related with the cables. A submarine cable has a high
capacitance per length, so the capacitive current is fluctuating every half cycle. As a consequence of this reactive
current circulation in long HVAC cables, their total (active) current delivery capability is reduced. This reactive power
can be absorbed by using reactive shunt compensation, but this is at the expense of the investment and operating
costs.
HVDC is able to overcome the above-mentioned limitations of HVAC transmission for long-distance transmission.
In fact, HVDC is the most viable solution for grid Integration of marine energy farms which are located far from the
shore. In summary, HVDC transmission can provide the following benefits:




In HVDC transmission, the capacitive current only charges the cable once, so shunt reactive compensation is
not needed. In fact, HVDC the transmission distance is theoretically unlimited using long HVDC cables. The
practical limitations include the cost and the conduction losses of the cable.
For long distance transmission, power losses are lower in HVDC transmission than HVAC. The cable power
losses are lower in DC than AC, but power losses in the DC stations are higher than in the AC. Overall power
losses are lower in DC than AC with an increase in the cable length of the transmission line [7].
HVDC provides full power flow control [7].

According to the end-converter configuration, HVDC can be classified in two categories: current source converter
(CSC) and voltage source converter (VSC). Among the CSCs, the line-commutated converter (LCC)-based HVDC is the
most established and widespread technology around the world however is not used for offshore applications. While
VSC-based HVDC appears in most modern applications, for instance grid integration of renewable sources. The main
difference between these two technologies lies in semiconductors with which they are built. LCC uses thyristors,
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which are line commutated devices, and VSC generally uses insulate-gate bipolar gate transistors (IGBT), which are
self-commutated devices [7].
A brief description of each technology is presented as follows:

Line-commutated current source converter HVDC
LCC-based HVDC uses LCC which are a set of thyristor valves usually connected in a 6 pulse or 12 pulse
configurations as shown in Figure 2-5. A thyristor is a solid-state semiconductor device which is able to conduct the
current flow if the anode voltage is more positive than the cathode voltage, similar to a diode, but additionally
requires a positive voltage applied to the gate terminal. The conduction process cannot be initiated without a
current of proper polarity to the gate. It is important to remark, that the gate only is able to control the thyristor
turn-on. Once the conduction process has started, the valve will continue to conduct until the current through it
drops to zero and the reverse voltage bias appears across the thyristor. The use of LCC for grid integration of marine
energy farms has been neglected because of the large footprint, and the external commutation voltage needed for
its operation. However, LCC has the lowest power losses and the lowest cost among the converter for HVDC.
Moreover, LCC-based HVDC is very suitable for the transmission of bulk power, and its reliability and availability has
been demonstrated for many years.

AC

AC

6 pulse LCC

DC

AC
GRID

VOLTAGE

Figure 2-5 LCC-based HVDC

Self-commutated voltage source converter HVDC
VSC-based HVDC transmission uses self-commutated devices. The latest converters are built using series IGBT
with anti-parallel diodes; however they can be built using GTO or IGCT. A schematic is shown in Figure 2-6. The
commutation can be achieved independently of the AC system so the operation differs considerably from those
based on LCC. VSC has the following features:






External commutating source voltage is not required for the proper operation. Contrary to LCC-based HVDC
systems which are unable to operate without an AC voltage for the commutation.
IGBTs, or similar, work in a higher switching frequency range, so there is much lower harmonic distortion in
VSC-based than LCC-based HVDC systems, though with higher power losses.
The ability to have independent control of active and reactive power. LCCs need passive filters to supply the
reactive power demand intrinsic to their operation.
VSC is able to supply passive grids. This feature is important for the integration of OWF since it is related
with the start-up capability and the ability to establish an AC grid.
Reduced footprint compared with LCC-based HVDC systems. The large footprint in LCC systems is caused by
AC filtering that is needed for proper operation.
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A HVDC VSC system consists of the following main components:
 Transformers
 HVDC VSC converter substations (offshore and onshore, possibly hosting the transformer as well)
 Filters in both AC and DC sides
 DC voltage bus capacitors
 DC cable
Topologies for VSC HVDC can be classified into three types: (i) Two-level converters, (ii) Three-level converters
and (iii) Modular multilevel converters.
Two-level converters represent the simplest topology which offers a relative small DC capacitors and footprint.
Besides, the semiconductor devices have the same switch utilization. On the other hand, it is necessary to provide a
large blocking voltage and it has large power losses due to the high switching frequency. In addition, it has a squarer
AC waveform than other topologies.
Among three-level converters, there are two topologies that dominate the market today. These are the diode
clamped converter and floating capacitor converter. On the one hand, diode-clamped converter has a lower blocking
voltage, better AC waveform and relatively low switching losses compared with two-level converter. However, the
diode-clamped option has more devices and the switches work with different duty cycles. On the other hand,
floating capacitor converter has the same virtues as the previous option and additionally the devices work with the
same duties. However, the main disadvantage is the footprint which is in fact the largest among the abovementioned options [12].
Finally, among the multilevel topologies there is the recently introduced modular multilevel converter (MMC).
This topology stands out for its modular design. Besides that vendors and some works point it out as the topology
with the lowest power losses. However, the operational characteristics have not been completely analysed [13].
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Figure 2-6 VSC-based HVDC
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2.1.2 Control architecture
A marine renewable farm controller aims to provide all references to each of the generating unit in order to
fulfil the demands of the system operator. The farm controller behaves as a single centralized unit which takes as
inputs: available power from the marine resource, measurements from the point of common coupling (PCC), and
the demands from system operator [14].
A block diagram of the marine renewable farm controller is shown in Figure 2-7 with a wind farm as
example. Basically, the power may be limited by ramp rate, delta controller, or any other scheme that will be
explained in Section 5. The reference of the power may be reduced to less than the sum of the available power.
Therefore, the dispatch control can reduce the individual reference signal to each marine generator. If the power is
not limited, the marine generator will obtain the sum of the available power. The voltage control is also done by this
farm controller, which will determine the setpoints for the reactive power in each marine generator. The reactive
power control on the marine farm level is quite similar to the active power control, using available reactive power
from each marine generator in a dispatch block, which distributes the required reactive power among the marine
generators to obtain the required reactive power or voltage in the PCC.
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Figure 2-7 Marine energy farm controller [14]

When the marine energy farm is connected through a VSC-based HVDC transmission system, the control
architecture is modified as shown in Figure 2-8. The basic controller is divided into two: offshore VSC station and
onshore VSC station.
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Figure 2-8 Marine energy farm controller using an HVDC

The main objective of the offshore VSC station is to collect the energy. All generating units with power
electronic interfaces are able to control their own power. The idea behind the control strategy is to control the
station such that it resembles an infinite voltage source with constant frequency. In this manner, when a wind farm
is connected to the station, the power generated by the units is automatically absorbed by the offshore station and
then transmitted to the grid via the onshore station [15]. The block diagram of the control strategy is shown in
Figure 2-9.
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Figure 2-9 Control of offshore HVDC station

The control of the onshore VSC station is the same of those systems connecting conventional grids. Basically,
the control is usually designed in a synchronous or d-q reference frame fixed to the grid voltage. Two loops are used
to control the converter, the inner loop controls the currents and the outer loop controls the DC voltage and the
reactive power or AC voltage. This controller structure is shown in Figure 2-10.
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Figure 2-10 Control of the onshore VSC-based HVDC station

When the marine farm is connected by HVDC to the onshore grid, this will result in a completely inertia-less
AC grid inside the marine farm itself. Due to this lack of energy storage, power production, losses and consumption
have to be balanced in real time. In such topology the marine farm grid frequency is solely determined by control of
the HVDC terminal it is connected to. In other words, the marine farm frequency is completely unrelated to the flow
of power in the marine farm grid due to lack of rotational machines directly connected to the marine farm grid.

Whenever it is required to provide frequency support to the main AC grids, the marine energy farm can
apply specific control strategies to emulate the inertia of traditional synchronous generators, as further explained in
Section 5.1.3.5. An example of utilization of inertia of the wind turbines for frequency support of the main AC grid
can be found in [16].
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2.2 MARINE RENEWABLE GENERATOR UNIT
2.2.1 Electrical layout
Although there are a great variety of converter concepts for marine renewable generation units, these can
be classified as shown in Figure 2-11. This classification refers to the rotation speed which is classified into fixed
speed, limited variable speed and variable speed. This classification is common for wind farms but it is also
convenient for all types of marine energy farms.
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Figure 2-11 Overview of the marine generation units

The following discussion presents a brief summary of the possible electric layout for marine generator units [17].

2.2.1.1 Type A
Fixed speed concept normally uses a multiple-stage gearbox and a squirrel-cage induction generator (SCIG)
directly connected to the AC grid trough a transformer as shown in Figure 2-11. This concept is considered fixed
speed because SCIG is unable to operate in a wide range speeds, it only operates around the synchronous speed.
This concept is usually equipped with capacitor bank for the reactive compensation purpose.
Advantages:
 This concept is robust, easy and cheap for mass production [17].
Disadvantages:
 This concept means that the natural resource fluctuations are directly reflected as electromagnetic torque
variations which may cause high mechanical stress [17] .
 Huge mechanical interfaces are needed. This interfaces represent large mass in the nacelle [17].
 This concept is unable to make the support grid voltage control [17].
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There are many facilities using this concept. For example in wind farms, this concept was used for many years by
many Danish wind turbine manufactures, in fact it is known as the Danish concept [17]. An example is illustrated in
Figure 2-12. Regarding the wave farms, this concept is used in the project called PelamisTM. This project consists of
several semi-submerged cylindrical sections which are linked by hinged joints subjected to vertical and lateral
motion as shown in Figure 2-13. The wave-induced motion is resisted by hydraulic cylinders. These cylinders feed a
set of hydraulic motors which are coupled to SCIG [18]. Fixed speed configuration has not been proposed for tidal
turbines, since the turbulence of the tidal resource will result in power variations which may affect the power quality
of the grid [19].

Figure 2-12 Fixed speed wind turbine (Source: Nordic wind power)

TM

Figure 2-13 Fixed speed wave generator (Source: Pelamis )
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2.2.1.2 Type B
Type B is the limited variable speed concept. This uses a wound rotor induction generator (WRIG) with
variable rotor resistance which are controlled using power electronic devices. The stator is directly connected to the
grid, whereas the rotor is connected to a controlled resistor[17].
Advantages
 It is a simple topology and there is an increase in the variable speed range [20].
Disadvantages
 The variable speed is achieved by controlling the power extracted from the rotor. A high slip means a high
power extracted from rotor and low efficiency.
This concept has been applied for wind turbines, mainly by the Danish manufacturers as Vestas.

2.2.1.3 Type C
This concept is known as the double fed induction generator (DFIG). In this concept, the stator of an
induction generator is directly connected to the grid, whereas the rotor is connected through a back-to-back
converter. The power converter aims to control the rotor frequency and thus the rotor speed [17].
Advantages
 This concept supports a wide speed range of operation around the synchronous speed.
 The rating of the power electronic converter is a fraction of the generator capacity [17]. For example if the
variable speed range is +/-30 % around the synchronous speed, the converter is about 25-30 % of the
generator capacity [17].
 This concept is able to perform reactive power compensation and smooth grid connection.
Disadvantages
 A mechanical interface and slip rings are needed, therefore regular maintenance is required [17].
 The control strategy in case of grid fault condition is complex [17].
There are many manufactures, such as Acciona, GE, Mitsubishi, Vestas, Gamesa, Repower, Nordex, using this
concept for wind turbines [21]. Figure 2-14 shows the largest being used. In the case of wave farms, an example of
this concept are used in Pico ocean wave pilot [22] plant and Neireida [23], which operate using the oscillating water
column system. Basically, the oscillating water column system is a chamber with its bottom open to the sea. The
wave motion inside the chamber compresses and decompresses the air. This air moves a turbine which is connected
using the DFIG configuration as shown in Figure 2-15 [23].

Figure 2-14 The Largest DFIG 6.15 MW manufactured by Repower (Source: www.repower.de)

Rev. 02, 14-Jan-2014
Page 20 of 37

D4.14 (Contributing Information)

Demand side grid compatibility

Figure 2-15 DFIG concept in wave generators [23]

2.2.1.4 Type D
This concept performs the variable speed operation using a direct-drive generator connected to the grid
through a full-scale power converter. This concept can employ different generator types. The direct-drive generator
can use an electrically excited synchronous generator (EESG) or a permanent magnet synchronous generator
(PMSG). In EESG, the rotor carries the field system using a DC excitation. PMSG do not need additional power supply
for the magnet field excitation [17].
Advantages





Compared with the DFIG, this concept can perform smooth grid connection with the grid and have better
controllability.
Simplified mechanical interface or even the possibility of omitting it.
High overall efficiency
High reliability

Disadvantages


The direct-drive rotates at a low speed, because the generator rotor is directly connected on the hub of the
motion unit rotor. To deliver power, a low speed implies high torque which directly demands a large
machine volume.

In the wind industry, there are many manufactures using this concept as 7.5 MW from ENERCON [24], 6.5 MW
from Siemens [25], or 4.1 MW from GE[26] which is shown in Figure 2-16. The configuration based on PMSG is
widespread also in the wave energy industry, where it is used by Langlee Wave Power [27], Fred Olsen [28] and
Columbia Power Technologies [29] among others. As an example, in Figure 2-17 the Lifesaver concept developed by
Fred Olsen is shown [28]. It is composed of five point absorbers extracting power from both heaving and pitching
motion and connected by a toroid shape device. Each point absorber is equipped with an independent PMSG with a
high number of poles equipped with dedicated controlled rectifiers, but they all share a common DC-link.
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Figure 2-16 Direct-drive wind turbine (source: General Electric)

Figure 2-17 PMSG-based concept in wave generators (source: Fred Olsen [28] )

2.2.2 Control architecture and capabilities for grid support
2.2.2.1 Type A and B
Type A and B are not equipped with power converters, so control capabilities are limited, both for grid
support and machine control. Type A is directly connected to the grid so smooth grid connection may be achieved
only using soft-starters. These soft-starters contain two thyristors connected in antiparallel in each phase. The power
output at high wind conditions may be reduced using an aerodynamic torque reduction control which will be
presented in the next section. Type B only performs a limited variable speed operation using a controlled resistor in
the rotor winding. Since these two types are limited in their performance with the grid support, they will not be
detailed in this report.

2.2.2.2 Type C and D
This section deals with the types C and D for marine energy generators. As was mentioned, this configuration
has two converters: generator side converter and grid side converter. Each converter has different control
objectives which are listed as follows:
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Generator side converter
 Active power control
 Flux control
Grid side converter




DC voltage control
Power system stabilizer
Reactive power control

Non-converter control



Aerodynamic torque reduction control
Fault ride through control

Active power control
The generator side converter aims mainly to control the output power of the generator and the generator
voltage. For wind and tidal, the steady-state power output for any horizontal axis turbine is given by:

where P is the active power output,  is the density of the air or the water, Cp is the turbine efficiency which is a
function of the tip ratio and pitch angle and v is the wind speed or tidal speed.
As can be seen from above equation, the turbine efficiency is a function of the tip ratio and pitch angle. Tip
speed ratio is the ratio between the wind speed and the speed of tip of the turbine blades, i.e. rotational speed
times the rotor radius. Turbines must spin with optimal speed to get the maximum amount of power from the wind
or tide. Therefore, this implies that the active power output can be controlled by adjusting both the rotation speed
and the pitch angle.
In order to control the rotation speed, a typical control structure is shown in Figure 2-18. The controller
could be used for type C or type B with some modifications. Basically, the controller is divided into two loops: inner
and outer loops. Inner loop controls the currents and outer loop controls the output power. The reference of power
is set using the rotor speed-power characteristic of the wind or tidal turbine. For convenience this type of controller
is designed in a synchronous reference frame, notice the active power control is controlled using only one
coordinate; the other coordinate is set to zero to minimize the resistive losses [30].
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Figure 2-18 Outline of the control structure for an optimum power extraction

DC voltage control
For a proper operation of the back-to-back converter, the grid side converter must control the DC voltage.
The outline of the control structure is shown in Figure 2-19. The controller could be used for type C or type D with
some modifications. This controller uses the same vector controller described above. The reference DC voltage is
compared with the measured DC voltage at the DC link and the result is a reference for the inner loop.
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Figure 2-19 Outline of the DC-link controller including PSS

Reactive power
In addition to control the DC link voltage, the grid side converter is able to provide reactive power support.
An outline of the control is shown in Figure 2-20. The controller could be used for type C or type D with some
modifications.
This controller uses the same vector controller described above. The reference of the reactive power is
compared with the measured reactive power and the result is a reference for the inner loop. Here it is assumed that
the reactive power is controlled according to a given voltage droop function, so that the reactive output reference is
depending on the measured grid voltage. An alternative is to provide fixed values or to provide a fixed power factor.
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Figure 2-20 Outline of the reactive power control

Aero dynamical torque reduction control
This type of control is not located in the converter, here the measured rotational speed is compared with the
maximum permitted speed and the difference is fed into the PI controller giving a reference pitch angle as output.
The time constant of the servo pitch is included here to indicate that the pitch angle does not change
instantaneously. The rate of change is also limited, typically 5 or 20 deg/s.
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Figure 2-21 Outline of the aerodynamic torque reduction control

3 GENERAL GRID CODES REQUIREMENTS FOR INTEGRATION
OF RENEWABLE GENERATION
In order to smooth the effects of the integration of intermittent power generation from renewable resources
such as marine energy plants to the power systems, grid codes developed by the transmission system operators
(TSO) are constantly being reviewed and updated. The grid codes are important so that TSO can maintain secure and
reliable power supply regardless of the generation technology used. The general idea with the grid codes is that MEP
should behave as much as possible in the same way as conventional power plants in both normal operation and
during grid disturbances. Typical grid code requirements include steady-state and dynamic active and reactive power
capability, continuously acting frequency and voltage control and fault ride through capability.
Compared to wave and tidal power, wind power integration requirements are addressed in several grid codes. This is
because wind power currently constitutes a significant share of the power generation in many countries; especially
in Europe. However, as the technologies mature for the other MEP and they begin to be connected to the power
system in large scale, then requirements specific for them will surely be included in grid codes. Presently, UK and
German grid codes consider MEP and have requirements particularly for offshore grid connections.
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The detailed analysis and comparison of the grid codes which are relevant to MEP from eight different European
countries (Denmark, Ireland, Germany, UK, Finland, Italy, Spain and Norway), were presented in the deliverable
D.2.26 [31] of the MARINET project.
Thus, the following subsections will only summarise, as an example, the typical steady-state and dynamic
requirements for integration of renewable generations found, among other requirements, in grid codes. Further
details can be found in [31].

3.1 STEADY STATE
Under steady-state or normal grid operation conditions, renewable generators are expected to operate
continuously within certain ranges of voltage and frequency deviations from nominal values. Beyond the continuous
operation range, they are required to stay connected for a limited period of time with or without reducing their
production. If the frequency or voltage deviation is outside of the time-limited operation range, then they are
allowed to disconnect. Figure 3-1 shows an example of voltage and frequency deviation requirements for WFs from
the Denmark grid code. In general, many grid codes require continuous operation within ±10% voltage deviations. It
is difficult to come up with similar generalization for frequency deviations as it is very different from country to
country.

Figure 3-1: Active power production requirements at frequency/voltage variations for WF with power output > 25 kW [32]

Grid codes require control of grid frequency, active power, reactive power and voltage. Grid frequency
control is achieved by varying active power output in accordance to steady state frequency deviation for frequency
values outside of dead band range. Remote and/or local control of active power to a fixed level below the available
production (balance control), limited rate of change of power production in event of wind speed change or setpoint
change (ramp rate limitation) and reduced production by some value compared to what is possible (delta control)
are required by grid codes. The allowed range for power factor and voltage variations are given in grid codes and are
usually 0.95 leading to 0.95 lagging and 0.9 – 1.1 pu, respectively. Reactive power capability of the generation units
is dependent on the technology used and grid codes take this into account in their requirements. Active and reactive
power controls are discussed in detail in Section 5.1.3.
In addition to the different control requirements, generation units are expected to adhere to a set of power quality
requirements so that the inherent power generation variations from renewable generation sources do not disturb
the equipment performance and customers in the power system.
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3.2 DYNAMIC
Under grid disturbance conditions, most grid codes require wind power plants to remain connected during
and after voltage dip. The voltage dips could be as low as 0 pu (three-phase short circuit) at connection points and as
long as 0.25 seconds, or longer for higher voltage at connection points. The requirements are usually defined by fault
ride through curves which are voltage vs. time graphs. Figure 3-2 shows fault ride through curve for WFs in Ireland.
WFs are required to remain connected for voltage levels above the red line.
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Figure 3-2: Fault ride through capability curve for WFs in Ireland

Some grid codes require wind power plants not only to stay connected during the fault duration but also to
inject reactive current to support grid voltage and provide as much active power as possible. Active power
production is expected to return to pre-fault level within few seconds after the faulty situation is removed. Though
not set as a requirement, inertia and short term active power supply during grid disturbances are mentioned as
recommendations.

4 LAYOUT ASPECTS RELATED TO GRID CODES
In general, grid codes treat renewable power plants as a collection of generating units joined by cables with
single point of connection to transmission/distribution grid. The requirements set in the grid codes are for the
connection points and therefore, do not address the internal collection grid directly. However, power flow and short
circuit analysis are important parts of the internal collection layout design procedures. Power flow studies are used
to identify the maximum current, voltage variations and reactive power flow in the collection grid, while short circuit
analysis are used to identify the maximum short circuit current that will flow through components. Results from
these analyses are compared with requirements set in grid codes. In addition, protection and communication
requirements set in grid codes influence layout aspects.

5 CONTROL ASPECTS RELATED TO GRID CODES
The main variables of the electric grid are not constant, but they are affected by the connection/disconnection
of loads, the changes in the electricity production from dispatchable resources, and external eventualities as faults.
Marine renewable energy farms, especially when having a considerable power rating, can significantly impact on grid
parameters and this is the reason why the different grid codes intervene in regulating the interactions between such
energy farms and the main electric system. In order to comply with grid code requirements, marine energy farms
need to continuously monitor the main grid quantities, detect their variations from reference values and perform
corrective actions whenever required. This is what is implemented through the control of the marine energy farm,
which acts both at farm level and at the lower level of single generator units and which, as mentioned before, is
ultimately aimed at keeping grid voltage, frequency, active and reactive power at the point of connection within
specified limits.
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5.1 FARM CONTROL
As already mentioned, grid codes specify reference values for the main grid quantities with reference to the
point of grid connection of each marine renewable energy farm. The capability of the farm to comply with the given
requirements, however, relies on the coordination of several different control levels.
Control at farm level defines in a broad sense the (set of) quantities to be controlled and the appropriate control
schemes against the requirements imposed by grid codes. This implies the interaction and coordination of different
subsystems and control loops, as detailed in the following paragraphs.

5.1.1 Central management system
Marine renewable energy farms must provide ancillary services to the local power system for securing the
stability and quality of the energy delivery in a reliable manner. This imposes additional challenges to the farm
control. The central management system of a renewable farm needs, on one hand, to receive the requests of the
power system operator and, on the other hand, to know the power production availability of the farm and the status
of present power injection into the grid, based on P and Q measures at the PCC.
The central management system of a marine energy farm will be mainly treated in the following with
reference to wind farms, due to their higher diffusion. Anyway the same type of control structure can be
implemented for wave and tidal energy farms. The central management system of a wind farm includes a power
reference setting block, whose task is to receive the request from the system operator to implement specific control
functions (e.g. P, Q, V, power factor controls) and the values of the corresponding setpoints. The power reference
setting block turns these specifications into corresponding references of active and reactive power to be injected
into the PCC by the whole farm. Such reference signals are then elaborated by the main farm controller, where they
can be modified if automatic frequency or voltage controls impose a corrective action on the active and reactive
power to keep the frequency and voltage at the PCC within the specified limits. The modified active and reactive
power references are then compared to the corresponding actual values measured at the PCC and specific
controllers produce the active and reactive power references to be sent to the dispatch unit. The role of the dispatch
controller is to share the total active and reactive power production references among the different generation units
available, depending on their present production capability. The active and reactive power references are then
processed by lower level control units placed in each WT. Such local control level also collects the information about
the available local production to be sent back to the centralized farm controller.
A schematic representation of the central management system applied to a wind farm is reported in Figure 5-1

Figure 5-1: Architecture of the central management system
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5.1.2 Timing requirements
Specific requirements on the promptness of marine energy farms to react to grid variations by changing the
active or reactive power setpoints are generally imposed by different grid codes. They can be more or less strict in
specifying the response time (and in some cases also the reaction time) or the required rate of variation of relevant
quantities; presently, more demanding grid codes require a response time within 1 s for voltage control, while less
demanding grid code require a full response within 1 minute [33]. In the case of active power control to counteract
frequency variations, the start of the correction action is expected within seconds (2-10 s) in most demanding grid
codes [33].
To comply with such time requirements the time delays deriving from the different actions that need to be
performed within the marine energy farm should be taken into account.
Such time delays can be divided into three main groups, here mainly explained with reference to wind farms:
- Measurement time: it represents the time required by the field sensors to collect the required measures.
This kind of delay affects the measures of both the electrical quantities at the PCC (e.g. PCC voltage and
currents) and the mechanical (e.g. torque and speed), electrical (e.g. power output, generator currents) and
meteorological (e.g. wind speed and direction, ambient temperature) measures to be performed at wind
turbine level [34].
The different dynamics of the signals to be measured require sensors with different bandwidth, ranging from
0-5 Hz for power output and meteorological quantities up to tens of kHz for generators currents or
mechanical vibrations [35]. This, in turn, affects the sensor response time: the lower the bandwidth, the
higher the response time.
- Communication time: it is the time required for the exchange of information between different points of the
wind farm. It includes the time to communicate the relevant measures from the PCC and from the different
WTs to the main wind farm controller, as well as the time required for the communication between the wind
farm controller and the WTs. Such communication delays depend on the specific communication
technologies to be used, which, in turn, have different limits for the transmission distance, to be carefully
taken into account as long as marine energy farms are deployed further offshore. As an example,
considering Ethernet communication with different link types (i.e. 10 Base T – 1000 Base T), the average
delay ranges from 15 s to more than 1 ms [36].
- Control execution time: it refers to the time that is required to execute the appropriate control algorithm
once that the need of a control action is detected. SCADA systems are generally used for control and
supervision of wind farm [37] and the control execution delay. If a very fast response is required for control
actions, the farm controller can be run on a dedicated hardware instead of the SCADA server [34]. With
fastest control solutions the controller cycle time can be reduced up to 50 s [38].
It is worth noting that the knowledge of the delays in the three categories mentioned above allows the
evaluation of the reaction time of the system for example to a voltage or frequency variation in the main grid. In
order to quantify the consequent response time of the wind farm, however, the dynamic of the involved WTs (see
Section 5.2.1) must be also added.
Above presented considerations were mostly referred to wind farms, however they can be directly extended to
wave and tidal energy farms. The main differences are the different dynamics of the primary energy converters [39],
[40],[41] and the characteristics of the specific sensors required for each application [42],[43], while most of the
issues related to control and communication infrastructures are common.
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5.1.3 Active and reactive power control
System operators are imposing more and more strict requirements to marine energy farms, in order to have
them act as traditional power plants and contribute to the power system stability and control.
Such requirements can be divided into two main groups:
- Active power/frequency control capability, which includes both: primary control, for the automatic
regulation of the active power to the grid frequency (See sections 5.1.3.4 and 5.1.3.6) and the secondary
control, which adjusts the power production to the reference imposed by the system operator. Secondary
control can be automatic or manual and its action is slower than primary control. (See sections 5.1.3.1 to
5.1.3.3 and 5.1.3.6).
- Reactive power/voltage control capability, which is aimed at voltage regulation through reactive power
generation/absorption. (See section 5.1.3.6)
Additionally, marine energy farms are required to ensure proper dynamic stability by remaining connected to
the grid during specific grid faults according to low voltage ride through requirements.

5.1.3.1 Maximum power generation
Under normal operation, i.e. when no specific power setpoints are imposed by the system operators, the
marine energy farm is controlled to maximize the power output, in order to fully exploit the available natural
resource and maximize the injection of active power into the local electric grid.
It is worth noting that when the farm is producing all the available power, any further action required by the system
operator to regulate the active power must be in term of power reduction, since no reserve is available to the farm.

5.1.3.2 Ramp rate limitation
The goal of ramp rate limitation is to avoid that the rate of increase of the marine farm output power
exceeds a predefined value. Thus, in the case the wind/wave/tidal conditions allow faster variations of the output
power, these must be prevented through the control of the ramp rate. This is shown in Figure 5-2, where the ramp
rate limitation is active starting from t1.

P

t1

t

Figure 5-2: Marine farm ramp rate limitation: principle of operation [44]

5.1.3.3 Balance control
Balance control consists in reducing the active power output of a farm based on a constant reference
externally set by the DSO or TSO. An example of balance control is given in Figure 5-3, where at t1 the farm is
ordered to decrease its power output to the value Pset. It should be noticed that the contemporary implementation
of a ramp rate limitation control (explained in Section 5.1.3.2) prevents the sudden variation of the output power
and the desired reduction is achieved at t2. Then in t3 the farm is allowed to restore its power production at the
maximum possible level, which is achieved in t4, again due to the ramp rate limitation.
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P

Pset
t3 t4 t

t1 t2

Figure 5-3: Marine farm ramp rate limitation: principle of operation [44]

5.1.3.4 Delta control
Delta control consists of reducing the output power production of the farm by a constant amount (D) with
respect to the available power, as shown in Figure 5-4. The advantage of such control, compared to other solutions
where the power is reduced to a fixed value (i.e. balance control), is that delta control allows having always a
constant reserve power that can be used for (primary) frequency control.

P
D

t1

t

Figure 5-4: Marine farm delta control: principle of operation [44]

5.1.3.5 Inertia emulation
In traditional power systems the frequency regulation is based on the capability of the connected
synchronous generators to store or release kinetic energy through the inertia of their rotating mass, to counteract
any power unbalance between generation and consumption, which is the cause of frequency variations.
The inertial power (associated to the kinetic energy variation) that is available from a synchronous machine can be
expressed as [45]:
dw
P  2H
w
dt

where P is the inertial power (normalized by the machine rated power, S) and w is the rotational speed
(normalized by the rated speed, w0). H is the inertia constant and it is defined as the ratio of kinetic energy stored in
the rotor at nominal speed to the nominal power of the electrical machine (H = Jw02/(2 S), with J effective inertia of
the rotating mass). Since in rotating synchronous generators the rotational speed is locked to the grid frequency,
the above formula can be rewritten in terms of the (normalized) grid frequency, f , and used as a basis for frequency
control implementation:
P  2H

df
f .
dt
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Unlike traditional synchronous generators that are directly connected to the grid, any wind turbine/wave or
tidal energy converter equipped with power electronics interface cannot automatically contribute to the frequency
regulation, since their inertia is decoupled from the grid by the power electronics converter. With the increasing
renewable energy penetration, and consequent decrease of available inertia, the frequency regulation may become
an issue and generally a certain amount of power plant capacity should be kept running as spinning reserve.
A possible way to overcome this problem is to require the primary energy converters to emulate and exploit
the virtual inertia stored as kinetic energy of the moving masses, by additional control functionality.
Based on the above equations, whenever a frequency variation is detected in the grid the primary energy
converter receives a corrective active power signal that is proportional to the rate of change of the system frequency
(df/dt).
Inertia emulation is a mechanism for frequency control, which is alternative to the P/f method presented in section
5.1.3.6.

5.1.3.6 V/Q and P/f characteristics
Automatic voltage control implies the support to the voltage level at the point of connection, by suitably
modifying the amount of reactive power that the marine farm absorbs/injects at the point of connection with the
grid. Automatic voltage control is based on the implementation of a V/Q curve, as the one shown in Figure 5-5. As
long as the grid voltage variations are smaller than the deadband the reactive power output from the farm is not
modified. But when a higher voltage increase is experienced, the farm needs to consume reactive power, whose
value depends linearly on the overvoltage, up to the maximum reactive power capability of the farm. Similarly, when
an under-voltage exceeding the deadband occurs in the grid, the farm needs to produce reactive power, up to a
predefined limit.

Q

droop

droop

deadband

V
Figure 5-5: Marine farm voltage control: Q/V curve [46]

Automatic frequency control requires controlling the active power output of the farm in order to
automatically respond to grid frequency variations. Such control is based on P/f characteristics as the one shown in
Figure 5-6.
The curve includes a dead-band, so that, when the frequency is kept within a certain range around the
nominal frequency, no action is taken. If, however, a frequency variation exceeding such range occurs in the grid, the
farm is required to linearly reduce (increase) its active power output, based on the over-frequency (underfrequency) value, according to the droop factor, upon reaching the farm minimum (maximum) output power limit.
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droop

deadband

f
Figure 5-6: Marine farm frequency control: P/f characteristic [46]

5.1.4 Grid synchronization and islanding detection
Grid synchronization refers to the adaptive process implemented by power electronics converters
interfacing renewable energy sources to the local power system in order to continuously monitor the main variables
of the electric grid [47]. The synchronization action allows the converters to bring into line their internal reference
signals with a grid variable. The variables of interest are usually the amplitude and the phase-angle of the
fundamental frequency component of the grid voltage, and sometimes the detection of higher harmonic component
can be relevant to perform advanced control actions. The grid state must be detected in a quick and precise way,
since the power electronics interfaces are especially sensitive to grid disturbances and significant deviation from
ideal condition may trip the protection systems or provoke the converter loss of controllability, with potentially
destructive effects. Moreover, especially in the case of marine energy farms of considerable power rating, the
compliance with the dynamic requirements imposed by the local grid codes is required. Consequently the quality of
grid synchronization becomes fundamental both to decide when grid support actions must be undertaken and to trip
the disconnection procedure whenever the limits set by the grid codes are overpassed.
Traditional grid synchronization techniques include frequency-domain detection methods, based on discrete
implementation of Fourier analysis and time domain methods, based on adaptive loops leading an internal oscillator
to track the variable of interest (e.g. PLLs) [47].
It is worth nothing that compared to single phase systems, three phase systems pose additional challenges
for the grid synchronization, due to the particular relationships among the phase voltages in terms of phase shifting
and phase sequencing, which need to be taken into account. While in the case of voltage distortion due to highorder harmonics, the reduction of the bandwidth of the synchronization system may be an effective provision, in the
case of voltage unbalance a specific detection algorithm must be implemented, so that the main control systems can
counter-act also this voltage disturbance.
Obviously, the synchronization loops must prove their effectiveness within all the possible operating
conditions (i.e. regular operation and fault conditions) within the allowed range. The synchronization system should
be also capable of distinguishing simple perturbations on the main grid from the more critical condition occurring
when the main grid completely cease to energize the distribution line. Unlike low-power renewable generation
systems that are required to detect such condition (anti-islanding requirement) to disconnect from the main grid,
marine energy farms are required by the grid codes to have low-voltage ride-through capability and support the
main power system during similar events, through the coordinated action of different control levels (see section
5.1.1). Thus, if islanding detection can now be considered just an optional feature for marine energy farms, it may
become useful in view of the future evolution of the power system, where small micro-grids, usually connected to
the power grid may be required to switch to stand-alone operation in the event of faults on the main grid and then
to reconnect to the grid when this goes back to normal operation.
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5.2 GENERATOR UNIT CONTROL
The single generation units are the basic elements of each marine energy farm. They are subject to the lowest
level of control and they physically include the actuators that are required for the implementation of the control
action.
As it has been explained in Section 5, the regulation requirements imposed by the different grid codes can be
basically turned into specific requirements in terms of active and reactive power injection of the entire farm at the
point of grid connection. It is evident that such requirements are then reflected on each generation unit, through the
main farm controller and the dispatch controller.
For the wind energy case it has been already described in detail in Section 2 as it is possible to control the
active power at WT level, in order to maximize the power extracted from the wind (active power control), limit it
whenever the available resource exceeds the generator power limit (pitch control) or comply with different set
points externally set. Similar control actions could be performed also for wave and tidal energy converters. Then the
grid side converter of the generator unit ensures that the extracted active power is properly injected into the local
power system, by the DC voltage control, which ensures the constant balance between extracted power from the
primary resource and power delivered to the local electric grid.
The grid side converter is also in charge of reactive power control, according to the control strategy explained
in section 2.2.2.
It is worth noting, however, that, in order to ensure the compliance with local grid codes, the correct design of
control loops and tuning of control parameters are not sufficient, since the performance of the actuators included in
the primary energy converters are especially critical, especially from the standpoint of associated time delays.

5.2.1 Response time
From the grid code compliance standpoint the generator is the most important actuator: it can be forced to
impose a certain torque (load) by torque control, so that a consequent variation of the generator speed is obtained
for the same input primary resource.
The time response to speed reference variations, however, depends on the mechanical time constant of the
primary energy converter, which depends on the specific device considered. As an example, for the wind turbine
case it is in the range of seconds. As addressed in Section 5.1.3.5 this is also the time constant that rules the inertia
emulation control, which is used to counteract frequency variations through active power injection.
As regards active power control, it is worth noting that when active power limitation through pitch control is
required to WTs, the implementation of the control action depends on the pitch rate limitation (between 5 or 20
deg/s) and such action is delayed with respect to the reference with a delay in the order of hundreds of milliseconds
[48].
On the other hand, torque variations in the electrical generator can be obtained much quickly, since the
electrical time constant is of one order of magnitude lower than the mechanical one [48],[49].
As far as reactive power variations are concerned, they are also dependent of the electrical time constant of the
system and can consequently be actuated with short time delays.
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6 CONCLUSIONS
Due the substantial differences among the technologies to extract the marine resources, to define a unique
reference structure for a marine renewable generation farm is a very complicate task. However, an attempt to
describe them with a generic perspective is made in Section 2. Regardless the marine energy technology, the
electrical layout of any marine energy farm includes: generation units, clusters, collecting points, a transmission
system and a grid interface.
Regarding the control architecture of the marine renewable farm, two schemes were presented in Section 2.
The first scheme is based on the HVAC transmission. This is a centralized unit which is divided in three layers: 1.
generator unit controller, 2. farm controller and 3. the operator demands. Basically, the farm controller may reduce
the available power by reducing the individual reference signal to each marine generator unit controller according to
the operator requirements. The voltage control is also able to determine the set points for the reactive power in
each marine generator. The second scheme is based on the HVDC. In this case, the farm frequency is completely
unrelated to the flow of power in the grid due unsynchronized AC systems. In order to provide frequency support by
the marine energy farm to the main grid, the farm frequency and grid frequency are associated using a DC voltage
droop. The tendency of many marine renewable technologies is increasingly to go more offshore, so the new codes
must be developed taking into account the use of HVDC.

Regarding the marine renewable generation units, the different concepts may be classified based on the
rotation speed, i.e. fixed speed, limited variable speed and variable speed as was shown in Section 2. This
classification is common for wind farms but it is also convenient for the rest of marine renewable generation units.
Several examples have been provided to illustrate each type. The control strategies of the variable speed concepts
were discussed. These types of converters are equipped with a back-to-back converter, i.e. two power converters
connected to either the generator or the grid. Each converter has different objectives, for instance the generator
side converter regulates the active power and the grid side converter may regulate the DC voltage and reactive
power. Each of these control schemes was described in the document.
In section 3 the general grid code requirements for integration of renewable generation were discussed. It
was emphasized that typical grid code includes steady-state and dynamic-state requirements. Steady state
requirements refer to steady-state or normal operation, i.e. certain ranges of voltage and frequency deviations from
nominal values. Dynamic-state requirements refer to abnormal operation, i.e. fault ride through capability.
In Section 4 was pointed that the requirements set in the grid codes are for the connection points and therefore, do
not address the internal collection grid directly.
In Section 5 it was shown that grid code compliance of marine energy farms is strongly dependent on the farm
control strategy and on the coordination of different control levels. First it was explained how control acts at farm
level to turn the setpoints received from TSO into suitable active and reactive power references to be followed by
the marine generator units, taking into consideration present generating conditions. Different options for active and
reactive power control (such as balance and delta control and control based on P/f and V/Q characteristics) were
briefly reviewed. In was also highlighted how good synchronization with the main grid is necessary for a prompt farm
response to abnormal or faulty operations. Finally, it was explained how the application of different active and
reactive control strategies impacts on the primary energy generators and how their internal dynamics as actuators
affects the overall system response under varying operating conditions.
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