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EXECUTIVE SUMMARY
This report is about grid integration and power quality testing of Marine Energy Converters (MECs). The
particularities of the different MECs are investigated in the introduction. In the following grid codes of different
countries are introduced and compared to each other. The challenging grid codes are examined with a special focus
on Fault Ride Through (FRT) testing.
Regarding to power quality the root standard for MECs is the IEC 62600 “Marine Energy - Wave, tidal and other
water current converters” with its parts. Some of these parts are still under construction by the relevant IEC
technical committee TC114. IEC62600 is introduced with a link to the existing standard IEC 61400-21 for Wind
Turbines.
After introducing the standard roots the investigation emphasis on possibilities of power smoothing for MECs. The
aggregation of single turbines to a farm is investigated for wind, tidal and wave energy converters. It is shown that
the aggregation itself and the positioning of the turbines in the farm have a smoothing effect for the power output.
Additionally storage systems for long and short term fluctuations are investigated. The results show that it is not only
possible to smooth the power output but also offer the ability to supply small isolated grids in rural areas and
support the wide area electrical grid in the case of a major failure event, which require a FRT sequence or even a
system black start.
As grid code compliance of marine energy farms is strongly dependent on the farm control strategy and on the
coordination of different control levels, it is explained how the controller acts at farm level to adjust the set points
received from Transmission System Operator (TSO) into suitable active and reactive power references to be followed
by the individual MEC units, taking into consideration the actual 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) are
briefly reviewed.
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1 INTRODUCTION
One main objective of task T4.4 is doing research in the area of grid integration of marine energies regarding the
corresponding test procedures, which can be based on both simulation and lab testing. In fields like wind energy,
solar energy etc. grid integration technologies have been widely investigated and a lot of them are successfully
applied. Even though obviously a lot of issues according to grid integration of these renewable energies still exist, it
is assumed that the research in this work package should concentrate on the particularities of grid integration of
marine energies. This aims at approaching the current state-of-the-art of mature forms of renewable energies rather
than solving all issues combined with grid integration of renewable energies. In this approach, the focus is here on
Tidal and Wave energy.
In a first step it is necessary to identify the particularities of marine energy converters compared to other kinds of
renewable energies. The second step is than to decide, which particular grid integration issues can be addressed in
the given time frame.
The particularities of Tidal and Wave energy converters are discussed in this chapter. Chapter 2 starts with a
collation of European grid codes and focuses on grid code compliance. Chapter 3 is about increasing the power
quality of marine energy converters.

1.1 TIDAL ENERGY CONVERTERS (TECS)
On the one hand tidal energy devices are very similar to wind energy converters. On the other hand still some
differences in the working principle exists. In wind energy the quasi-standard design is a variable speed wind turbine,
which is connected to the grid by means of a full rated power back-to-back frequency converter (mainly for direct
driven generators) or (in case of a DFIG) with a partial load frequency converter. In case of high wind speeds the
turbine is pitched in order to limit the output power on a constant level at rated power. Looking at devices like
SeaGen, HS1000, etc. pretty much the same principle is found. The situation differs, if one looks at devices like the
OpenHydro (unpitched turbine) or the Kobold (vertical axis) device.
Another important difference is the predictability of the power output (4 cycles per day) of tidal current energy
device. Figure 1 shows a measured current profile at an example. Note that the Acoustic Doppler Current Profiler
(ADCP) that was used to measure the current speed was not able to measure the direction of the current. Those
profiles can be measured at potential installation sites for a certain period to have the influences of the tidal phases
at that particular site. With this information, the actual current speeds can be estimated quite well.
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Figure 1: Example current speed ADCP measurement in different depths

The following particularities of TECs in terms of grid integration should be identified and addressed:
•
•
•

Unpitched turbine: such turbines are controlled only by the generator torque. This will possibly lead to
fluctuations in the power delivered to the grid.
Cross-flow turbines: such turbines show an oscillating torque even at constant, turbulence free currents.
Again this should lead to power fluctuations.
The predictability of marine currents hold the chance to integrate these kind of systems in isolated grids
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1.2 WAVE ENERGY CONVERTERS (WECS)
Compared with other sources of electricity, wave energy is recognised for having high short-time variability in the
power output. This appears in two main forms:
•
•

Depending on the configuration of the WEC, the power output of a WEC can show important variations at
the frequency of the incident wave front and its harmonics.
Additionally, the intensity of power peaks is also fluctuating, with a peak-to-average power ratio typically of
up to a number of 10.

The research presented here therefore concentrates on those two phenomena. Figure 2 shows an example with a
measured power time series over 40 seconds of the CORES Oscillating Water Column (OWC) research platform [1].
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Figure 2: Power output of the CORES OWC [1]
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1.3 GENERAL HYPOTHESIS ASSUMED IN THIS WORK
Renewable energy from marine resources is an emergent resource option. In the long-term, marine renewable
energy has the potential to provide a significant share of global energy needs. Currently, some of the conversion
technologies for harnessing variable wave and tidal current energy resources are reaching commercial stage. Several
pilot projects, having size up to 1-2 MW, are operating in various parts of the world. Also multi-MW size wave & tidal
current energy farms are being developed. Nevertheless, Offshore Wind Turbines have the highest share of installed
capacity referring to Marine Energy Converters at the moment.
The experience from the installation of Onshore Wind Turbines was a key factor for the transition to Offshore Wind
Turbines, although there are a lot of challenging additional criterias. Once the pilot projects with Tidal and Wave
Energy Converters have been succesfull there will be a trend to higher rated power per unit as well. Because of that
the following investigations will be based on the assumption that the development of Wave and Tidal devices will be
similar to the development of Offshore Wind Turbines. Another reason for that assumption is that the need of
compliance with the grid code is based on the raising share of MECs which can only be achieved with higher rated
power of single units or higher numbers of MEC units in farms.
According to EWEA (The European Wind Energy Association) the cumulative total wind market in Europe is 6,562
MW with an average wind turbine size of 4 MW. Power converters for direct drive and geared machines are growing
following the offshore wind market where the turbines are bigger each year, to harness the resource available.
There are commercial 5 MW machines and 6-8 MW turbines in different certification stages.
In [1] it is shown, that Squirrel Cage Induction Generators (SCIG), Double Fed Induction Generators (DFIG) and
Permanent Magnet Synchronous Generator (PMSG) are the most popular generator concept in the present market.
Figure 3 shows the market share of the different generator concepts based on the installed capacity.

Figure 3: Generators in global operational offshore wind farms [1]

In [1] it is shown that there will be a future trend to PMSG technology but all three concepts include a frequency
conveter to connect the turbine to the grid. The connection via frequency converters has a couple of benefits which
will be discussed in this report. The following investigations are based on the assumption that most of the MEC units
will be connected to the grid via electronic frequency converters too. Another reason for that assumption is that an
MEC unit has to be connected via a frequency converter to be able to work with variable speed.
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1.3.1 Active/reactive power
It is understood that the fluctuation of active power still represent critical uncertainties for the grid integration of
marine energy converters. In comparison, reactive power looks much less critical due to the fact that such devices
are generally equipped with frequency converters. Therefore, focus is drawn on active power in the first place. In
opposite to direct grid connected generators, frequency converters will not have a strict correlation between
frequency/voltage and the power, which can be feed from the MEC unit into the grid. Therefore, the controller of
the MEC can work on its normal rated value set points even when those deviations occur. Related control strategies
are discussed in chapter 3.2.

1.3.2 Fault Ride Through and Black Start Abilities
A more complex task is to test the Fault Ride Through(FRT) abilities of an MEC unit. For those tests, a decoupling of
the device from the grid needs to be arranged to avoid interferences and irregular conditions of other MEC units in
the same grid. There are several solutions for having such test devices build in standard containers for wind turbines
and large photovoltaic generators, which can be brought close to the unit to be tested with standard transporters
(see [3] and [4] for examples). In case of offshore MEC units, including offshore wind turbines, new approaches with
respect to the logistics need to be investigated but the general results from the testing of Wind Turbines can be
used. A possible solution for the logistics could be to base such containers on a transport vessel and bring it close to
the unit.
Another interesting topic is the investigation of the black start abilities of MEC units and entire MEC farms. Especially
Tidal Energy Converters could be very attractive for black starts because of their well predictable power output
which could be further increased with the installation of a storage system. This fact also leads to the idea of using
MECs for the electrification of rural areas.
While FRT-Testing is discussed in chapter 2.3 with reference to grid compliance, black start abilities are treated in
chapter 3.3 with reference to power quality.
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2 GRID INTEGRATION INVESTIGATIONS
Whenever a generation unit connects to the grid, and especially, if the primary source is a renewable one, this
generation unit may affect the reliability and the proper operation of the grid. A key challenge for marine
renewables, with their intrinsically fluctuating power generation, are the Grid Codes and Distribution Codes for
electrical transmission and distribution systems. In order to ensure smooth operation of power systems with these
types of generations, grid codes address issues related to connection of renewable generation plants, particularly
Wind Power Plants (WPP), under normal and grid disturbance operating conditions. These requirements are similar
to requirements laid out for large conventional power plants.
The next chapter is a summary of the collation of european grid codes that have been carried out in Deliverable 2.26
of the MARINET project [5]. Because of the assupmtion that most of the MEC units will be connected to the grid via
electronic frequency the connection in compliance with the grid codes is shown by the investigation of the frequency
converters. The most complex task is the FRT-Testing which is discussed in an seperate chapter.

2.1 SUMMARY OF DIFFERENT GRID CODES IN EUROPE
Connection requirements stated in grid codes from Transmission System Operators (TSOs) in eight different
countries are analyzed in [5]. The countries included are Denmark, Ireland, Germany, UK, Finland, Italy, Spain and
Norway. However, for the sake of readability, only the 4 most relevant cases for the peculiarity of requirements
(Spain, UK) or the high offshore penetration share (Denmark, Germany) are reported in the figures in this section.
The complete graphical comparison requirements from all studied grid codes can be found in [5].
Requirements for integration of large scale renewable generation sources are of particular interest here. Among
renewable generation, wind power is addressed by most of the grid codes in detail. Consequently, many of the
discussions are focused on connection requirements for wind power plants. However, very few comments are made
regarding marine renewables such as wave, tidal and offshore wind.
The nominal frequency for all the reviewed grid codes is 50 Hz. In general, in all reviewed codes continuous
operation is required below or above 50 Hz within some limited range. Figure 4 gives an overview of the Frequency
Operation ranges for different countries. Furthermore, a time limited operation is required beyond the continuous
operation range. Disconnection is allowed at frequency values outside the time-limited operation ranges or if the
frequency does not return to the continuous range after the limited time is over.
Germany has the widest frequency operation range (46.5 – 53.5 Hz) followed by Finland (47.5 – 53.0 Hz). However,
in Germany, operation in the ranges 51.5 – 53.5 Hz and 46.5 – 47.5 Hz is allowed only for offshore wind power plants
for a maximum of 10 seconds. Spain and Italy have the narrowest (overall) frequency operation ranges (47.5 – 51.5
Hz). But only less than 3 seconds of operation is allowed within 47.5 – 48 Hz in Spain. If transmission voltage levels
greater than 35 kV and lower than 150 kV are considered, then the Italian grid code allows the widest continuous
operation range (47.5 – 51.5 Hz), followed by the Spanish code (48 – 51.5 Hz), while the Danish grid code sets the
narrowest continuous operation range (49.5 – 50.2 Hz). Nevertheless, Denmark has a 5 hours minimum connection
requirement, which is quite a long period, for frequencies between 49 and 49.5 Hz. All countries require operation
for a limited period of time at frequencies outside the continuous operation range.
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Figure 4: Frequency Operation Ranges for different countries [6]

Frequency control in steady state operation is achieved by varying the output power of generation units depending
upon system frequency (primary control). UK grid code requires that power output remains constant at lower
frequencies to support system frequency while Irish and Italian grid codes restrict injecting more power at higher
frequencies. All studied grid codes, except Spain, require selected wind power plants to have frequency control
functions with dead-band and drop control ranges. Therefore different Control Strategies are discussed in chapter
3.2. The selection is based on generation capacity and/or agreement with TSOs. The power-frequency curves are
either given in the grid codes or are to be provided by TSOs.
WPPs in Denmark, Ireland, Germany, Finland, Spain and Norway are also expected to participate in secondary
control through constraint functions as discussed in chapter 3.2.
The voltage ranges under normal operation differ from country to country and transmission voltage level. But in
general, continuous operation is expected within the ±10% of rated voltage at connection point. Unless abnormal
conditions prevail, the voltage at connection points for different network voltages for Denmark, UK, Germany and
Spain shall be within the values shown in Table 1.
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Table 1: Voltage Variation ranges for different countries under normal operating conditions [6]

Denmark
UK
Nominal
Nominal
voltage
voltage
400 kV 0.95 - 1.05 pu
400 kV
150 kV
0.9 - 1.10 pu
275 kV
132 kV
0.9 - 1.1 pu
132 kV
0.90 - 1.10 pu

Germany

Spain

0.92 - 1.105 pu
0.877 - 1.113 pu

Nominal
voltage
380 kV
220 KV

0.903 - 1.097 pu

155 kV

0.873 - 1.118 pu

110 kV

Nominal
voltage
400 kV
220 kV
0.90 - 1.115 pu

150 kV
132 kV
110 kV

Voltage variation ranges are frequency dependent and the ranges above are for normal frequency ranges. Denmark,
Finland, Italy, Spain and Norway have the same pu operating range at different nominal voltage levels while Ireland,
UK and Germany have different pu operating ranges at different levels of nominal voltage in the transmission
system. Norway has the strictest voltage operation range with 0.93 pu and 1 pu as minimum and maximum
continuous operating voltages, respectively. The upper limit values can be exceeded for up to 30 minutes in
Germany.
Reactive power regulations requirements are defined based on active power (installed capacity or production level),
connection point voltage, or both. The regulations are used to achieve voltage, reactive power or power factor
control at connection point. A summary of reactive power requirements for selected countries is presented in Table
2.
Table 2: Reactive power regulation requirements in different countries [6]

Denmark

•
•
•

UK

•
•

Germany

•
•
•
•

Spain

•

11 - 25 kW: 0.95 < PF < 1 at 20% of rated power or more
25 kW - 1.5 MW: Between 0.995 leading and lagging but dependant on P production
>1.5 MW: 0.975 leading and 0.975 lagging for 20 – 100% of rated power, and the range
decreases for lower production levels
Between 0.95 leading and 0.95 lagging at 50 - 100% of rated power
Reactive power consumption (leading PF) requirement decreases linearly for power
outputs between 20 - 50% of rated power while 0.95 lagging limit remains constant
Between 0.95 leading and 0.925 lagging at rated power
Constant reactive power at 20 – 100% of rated power
Between 0.55 leading and 0.45 lagging at 0 – 20% of rated power
Minimum of 0.99 leading and lagging for all active power productions and nominal
voltages
For connections to 220 kV and 400 kV networks: Minimum of 0.95 leading and lagging at
maximum power production

All countries except Denmark require 0.95 leading and lagging power factor at rated production from WPPs with
large installed capacity or from WPPs connected to HV (High Voltage) networks. Below 20% of active power
production, participation in reactive power regulation is not expected in most countries. But large wind farms could
be expected to maintain reactive power exchange at connection point to zero even if they are not producing power.
Requirements from the grids codes take into account PQ capability and wind turbine technology. Exceptions can
exist in agreements with TSOs.
Fault Ride Trough (FRT) requirements can differ based on generation capacity, connection point voltage or dip
duration. Denmark has FRT requirements only for WPPs greater than 1.5 MW; while Finland has two FRT curves, one
for 0.5 – 10 MVA and another for WPPs greater than 10 MVA. Italy and Norway have different FRT curves for
different connection voltage levels, while UK FRT curves depend on dip duration. The strictest low voltage FRT
requirements for the selected countries are shown in Figure 5.
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Figure 5: Low voltage ride through curves for different countries [5]

Table 3 shows the maximum residual voltage and duration values in a table format to make it easier to understand
and compare for the reader. Germany, Finland, Italy and Norway require riding through complete short circuit at
connection point. Finland requires the longest duration for zero voltage ride through of 250 ms. Ireland, UK and
Spain require 15% voltage ride through, whereby Ireland has the longest duration of 625 ms. German and Spanish
grid codes require WPPs to give voltage support during voltage dips by injecting reactive current.
Table 3: Maximum residual voltage and duration values of the FRT curves

Country Residual voltage (%) Duration (ms)
Denmark
20
500
Ireland
15
625
Germany
0
150
UK
15
140
Finland
0
250
Italy
0
200
Spain
15
200
Norway
0
150
There have been several efforts to harmonize grid codes in different EU countries. [7], [8]. The most recent one is
the connection requirements from the Network Code on Requirements for Grid Connection applicable to all
Generators (RfG) developed by the European Network for Transmission System Operators for Electricity (ENTSO-E,
[9]).
It is expected that the grid code from ENTSO-E will be adopted by all 41 member TSOs of the association and used as
a framework while developing their own respective grid codes.
With the increase in penetration of intermittent power generation from renewable resources like wind and solar
energy, grid code requirements have constantly been updated to cope with the changes in the power system, and to
continue to ensure secure and stable operation. Reviewing and updating the grid codes will continue in the future as
there is a plan to increase the share of renewable energy resources and increase interconnections between
countries.
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2.2 GRID CODE COMPLIANCE
A feasible approach to assure the grid compatibility of MECs is to use standard components for the electrical
connection. Those components are available from the wind energy sector and can be used without major
modifications also for MEC units. Since wind turbines have to fulfil the same requirements with respect to the
frequency/voltage deviations, the active power frequency response, the TSO power output set point control and the
FRT behaviour, the components like frequency converter, main controller, operational supervision and
communication can be used. Those components are well tested for operation in electrical grids.
Especially the connection of the MECs via frequency conveters is an important benefit in relation to the grid code
copliance. Modern frequency converters can cope with a certain deviation of the grid frequency and voltage from
the rated values (in Europe, 50 Hz and 230/400/690V are the most relevant rated values for MECs). Differently to
direct grid connected generators, frequency converters will not have a strict correlation between frequency/voltage
and the power, which can be feed from the MEC unit into the grid. Therefore, the controller of the MEC can work on
its normal rated value set points even when those deviations occur. Frequency Converters used in WPPs have special
software configuration features to comply with the different grid codes.
As an example Siemens, which is according to EWEA the lead offshore wind turbine supplier in Europe with 60% of
total installed capacity, is using the NetConverter® system that is “compliant with even very demanding grid codes”
[10].
Similar software programs can be found for the other wind turbine or frequency converter suppliers.
Figure 6 shows the market share of different wind turbine suppliers.

Figure 6: Market share of wind turbine suppliers [11]

According to grid code compiance, the selected topology of power electronic converters as the grid interface is the
key factor for a single device. Another important factor for marine energy farms is the farm control strategie that is
discussed in chapter 3.1.

Rev. 2, 31-Mar-2014
Page 12 of 31

D4.3

Report on grid integration and power quality testing

2.3 FAULT RIGHT THROUGH (FRT) TESTING
A complex and the most critical aspect of the grid code compliance is testing the FRT abilities of an MEC unit, since it
stresses the system components quite a lot. For those tests, a decoupling of the device from the grid needs to be
arranged to avoid interferences and irregular conditions of other MEC units in the same grid. There are several
solutions for having such testing devices build in standard containers for wind turbines and large photovoltaic
generators, which can be brought close to the unit to be tested with standard transporters. Such a container is part
of the lab infrastructure at the SysTec(System Test Centre) at Fraunhofer IWES. This container is descriebd in detail
as an example for FRT- containers in general.
The mobile container is shown in Figure 7. For the testing of the dynamic requirements this container is connected in
series between the test device and the public medium voltage network. The container generates network faults
(voltage dips) on the medium voltage level without disturbing the public grid. To decouple the test device from the
public grid and to create definite values of short-circuit impedances twelve large coils (inductances) are installed in
the FRT container. It is possible to simulate two- or three-phase faults with the FRT container. Figure 8 shows the
simplified electrical schematic of the developed test system. Some data on technical details of the FRT container is
given in Table 4. [4]

Figure 7: Medium Voltage FRT container [4]

Figure 8: Simplified schematic of a FRT container [4]
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Table 4: Technical details of the FRT Container from Fraunhofer IWES [4]

Parameter
Nominal network voltage
Rated Power of the test device
Short-circuit power at the point of common coupling (PCC)
Ambient temperature
Aoperating temperature
Humidity
Test Bed assembly

Value
10/ 20 kV
0.25 to 6 MVA
80 to 350 MVA
-25 to +60 °C
0 to +50°C
< 70 % average per day
40-feet Maritime High Cube container

A testing sequence with the FRT container is performed as described in the following. The initial state of the switches
/ circuit breakers is “closed” for S1 and “open” for S2. In order to limit the short-circuit contribution from the public
grid and the magnitude of voltage dips for other units connected, initially the decoupling impedance Z1 is activated
by opening circuit breaker S1. Then the short-circuit impedance Z2 is energized by closing circuit breaker S2. Finally,
after expiration of a time span specified in the given grid code, the medium voltage switchgear returns to its initial
state. [4]
If the MEC is connected via a full-scale frequency converter the MEC will very likely pass the FRT. In [12] it has been
shown that for DFIG based wind turbine systems special FRT measures are necessary to guarantee grid conectivity
even with zero grid voltage.
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3 POWER QUALITY
In addition to the compliance of the grid code there are some other criterias to to describe the power quality of a
MEC. In [13], a description of the following parameters is given. Those parameters are, according to IEC 61400-21,
relevant for the characterizing of the power quality of a wind turbine:
•
•

rated data (Pn, Qn, Sn, Un and In);
maximum permitted power, Pmc (10-minute average);

•

maximum measured power, P60 (60-second average) and P0.2 (0.2-second average);

•

reactive power, Q, as 10-minute average values as a function of active power;

•

flicker coefficient c(k, va) for continuous operation as a function of the network impedance phase angle k and
annual average wind speed va;

•

maximum number of specified switching operations of the wind turbine within a 10-minute period, N10, and
a 2-hour period, N120;

•

flicker step factor, kf(k), and voltage change factor, ku(k), for specified switching operations of the wind

•

turbine as a function of the network impedance phase angle, k,. maximum harmonic currents, Ih, during
continuous operation given as 10-minute mean values
average data for each harmonic up to the 50th.

According to the power performance testing of MECs, there are currently several IEC standards under development,
which will describe the required measurement technologies, the measurement procedures, etc. The root standard
for MECs is the IEC 62600 “Marine Energy - Wave, tidal and other water current converters”. Most parts of this root
standard are still under progress but will very likely have similar criterias for MECs.
One of the major tasks to improve the power quality of MEC units and farms is the reduction of the fluctuations of
the output power, which therefore is in the focus of this report.
There are several approaches to reduce the power fluctuations with respect to a single MEC unit:
•

•
•
•

Optimizing the controller algorithms will lead to a smoothing of the fluctuations by cutting the peak power
output. For rotating Power-Take-Off (PTO) concepts, this can be done by increasing the speed of the
generator to store kinetic energy in the rotation. In OWC units, the torque curve of the turbine can be used to
optimize the pressure curve in the air chamber.
“Fly wheel” approaches, i. e. adding inertia to rotating PTOs.
Electrical storage: in the DC link of frequency converters or as external batteries.
In smaller isolated grids it would be beneficial for the grid stability and power quality, if the TSO can
remotely control the power output set point of individual MEC units.

Nevertheless there is only limited potential to reduce the power fluctuations of MEC units themselves. This potential
is dependant on the possibilities to control the device itself, e. g. if it is a pitched or unpitched turbine. A more
effective way of reducing the power fluctuations is to connect several units of MECs in arrays.
Once again starting with an investigation of the experiences from Offshore Wind Turbines the following paragraphs
will give an overview how the intelligent combination of single MEC units to a farm, using optimised control
strategies and storage systems, can be used to reduce fluctuations and smooth the output power of a MEC farms.
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3.1 MARINE ENERGY FARMS
3.1.1 Offshore Wind Turbines
According to EWEA the average offshore wind turbine size is 4 MW and the average offshore wind farm size was 485
MW in 2013, 78% more than the previous year. Furthermore there will be a trend towards larger projects over the
coming years [11]. Experiences with wind farms have shown that the smoothing of the power output is significantly
improved by the number of turbines [14, 15]. Other important effects are the wind speed, the wind direction and
the wake effect impact, which have been analyzed in [14].
In [14] a detailed analysis has been made for following wind farms with 5 MW WTs:
•
•
•

small wind farm:
medium wind farm:
large wind farm:

4 x 5 WT – 100 MW
6 x 10 WT – 300 MW
10 x 20 WT – 1000 MW

In the wind farms the distance between the individual WTs was set to 700 m, which in case of the large wind farm
leads to the dimensions shown in Figure 9.

Figure 9: Large wind farm dimensions [14]

In the simulation the average wind speeds from 3 m/s up to 16 m/s was used to show for two different kinds of
fluctuations that the power fluctuation is higher for the small wind farm than for the medium and the large wind
farm:
•
•

large fluctuations with + 20 % speed variation from average wind speed
small fluctuations with + 7 % speed variation from average wind speed

It was also shown that the power fluctuations increase with the wind speed and that it is really important to align
the wind farm to the main wind direction at the installation site. Figure 10 shows that different angles lead to a
significant change in the power fluctuations. Additionally the alignment influences the wake effect, which also
increases with the size of the wind farm because more WTs are affected.
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Figure 10: Power output from 1000 MW wind farm for wind directions of 90°, 8° and 17° in case of vw_av=10 m/s with
large fluctuations [14]

3.1.2 Tidal Energy Converters (TECs)
Regarding tidal energy there are several similarities to offshore wind power plants and therefore there are some
similarities regarding the installation of TEC farms. Because of the existing differences a wholesale transfer of the
methododologies and modelling software tools that are used for wind farm simulation is not possible. At the
moment analysts are using general CFD flow packages to model the performance of TECs or assess the energy
extraction potential [20]. In [20] two scenarios were simulated to examine the power output and the variation in
flow in a TEC farm.
The simulation is based on a fictive horizontal axis turbine with a rotor diameter of d = 20 m. The models have been
simulated with the ANSYS: Fluent Software Package. An additional major assumption is that the turbines are
installed in 100 m depth on a flat seabed, so that the bathymetry and surface effects are not significant. The
examinations are base on the comparison with a single turbine. In the first scenario the single turbine is placed in the
middle of the simulated area and then subsequently surrounded by a varying number of turbines in different places.
The positions are shown in Figure 11. In the second scenario the influences of the latitudinal and longitudinal spacing
are examined. Figure 12 shows the different layouts. Figure 11 and Figure 12 are not exactly scaled because they are
only indicative for the layout configuration.

Figure 11: Scenario 1 configurations [20]
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Figure 12: Scenario 2 configurations [20]

In the simulations the TEC power was computed from the multiplication of the volume flow rate s and the pressure
drop. The results of the simulation are shown in Table 5 and Table 6. The results indicate that adding additional TECs
in a row does create a blockage effect which leads to the flow and power increase in scenario 2. The addition of a
second row behind the TEC in the center reduces this effect already and the addition of a row in front of the central
TEC leads to decreases in flow rate and power compared to the base case.
Table 5: Influence of surrounding TECs on central TEC performance [20]

Configuration
1
2
3
4

Base case
3d
3d x 10 d
3d x 10 d

No.
TECs
1
3
5
7

Variation in Flow
TEC Power
(%)
(%)
Base case simulation
2.0 %
7.0 %
1.8 %
6.4 %
-1.2 %
-1.4 %

The examination of the latitudinal and longitudinal spacing may appear counter intuitive, as one may have expected
that larger distances between the TECs would improve the TEC performance. It is important to note that all
examinations are only for the central TEC and not for the whole farm. For the larger width spacing arrays influence
of the upstream wake effects on the central TEC is lower, which leads to higher flow rates.
Table 6: Influence of spacing on central TEC performance [20]

Configuration
4
5
6
7

3d x 10 d
3d x 15 d
5d x 10 d
5d x 15 d

No.
TECs
7
7
7
7

Variation in Flow
TEC Power
(%)
(%)
Base case simulation
-0.8 %
-8.0 %
1.6 %
1.3 %
4.1 %
-7.4 %

From the presented examinations it can be shown that the array design of a tidal farm is as important as it is for a
wind farm, although there are differences between wind and tidal techniques.

3.1.3 Wave Energy Converters (WECs)
Ocean waves are variable and unpredictable, so that short and long term fluctuation of extractable power from
waves have to be considered when it comes to deliver this power to an electrical network. The aggregation of WECs
in a wave farm reduces the fluctuations, which has been shown for a wave farm with 64 uncorrelated devices in
typical sea state. The power variation was 3.6 to 1 [21]. In [21] a spatial averaging principle is introduced. It is very
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simple to implement and showed a significant smoothing of the output power. The simulations have been made
with WEC platforms that consist of single point absorbers (“eggs”). A single platform is shown in Figure 13.

Figure 13: Geometry of the WEC [21]

The spatial averaging in [21] is achieved by placing the platforms like shown in Figure 14, where x=λ/n with the wave
length λ and n as the number of rows

Figure 14: Array of platforms based on the principal of spatial averaging [21]

This principle was examined for a WEC farm with seven WECs. In Figure 15 it is shown that the output power is much
smoother when the principle is used compared to the case that all seven platforms are in one row.
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Figure 15: Spatial averaging with seven platforms for a random sea [21]

The effect of the spatial averaging is of course dependent of the difference between the design wave length and the
wave length of the incoming wave, which was the same in Figure 15. In Figure 16 is shown that the fluctuations are
higher when the design wave length differs from the incoming wave length but even then a smoothing effect is
achieved.

Figure 16: Sensitivity of spatial averaging in a random sea [21]
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3.2 CONTROL STRATEGIES
The main goal of the farm control strategy is to keep the grid voltage, frequency, active and reactive power at the
point of connection within specified limits that are set in the appropriate grid codes. Such requirements act as an
input to the farm control system and they generally require the marine farm to have:
• Active power/frequency control capability, which includes primary control for the automatic regulation of
the active power to the grid frequency and secondary control, adjusting the power production to the
reference imposed by the system operator.
• Reactive power/voltage control capability, which is aimed at voltage regulation through reactive power
exchange.
Automatic frequency control requires regulating the active power output of the MEC farm to automatically respond
to frequency variations, based on a P/f characteristic, such as that shown in Figure 17.

Figure 17: P/f characteristic for the automatic frequency control of MEC farms [16]

The control algorithm is based on the "active power frequency response" mechanism. This means that if the load is
higher than the generation, the grid frequency will drop. This will then cause generators to increase the power feed
in and the frequency will rise again. If the frequency rises, there is more generation than load in the grid. In this case,
the power output of the generators will be reduced until the grid frequency is back to its rated value. The control
curve includes a dead-band, so that, while the frequency is kept within a certain range around the nominal
frequency, no action is taken.
Reactive power/voltage control is obtained by modifying the amount of reactive power that the marine farm
exchanges with the grid (at the PCC), based on the local voltage level. The control strategy is based on a Q/V curve
that closely resembles the one shown in Figure 17. for P/f.
Secondary control of active power requires the MEC unit’s controller to follow a specific power reference, set by the
TSO, which can reduce the available power of the farm. Several control algorithm alternatives can be implemented,
which are analyzed with higher detail in[17]. As an example, ramp rate limitation, which is shown in Figure 18 is
aimed at avoiding that the rate of increase of the MEC farm output power exceeds a predefined value.
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Figure 18: Ramp rate limitation control of MEC farms [16]

On the other hand, delta control, shown in Figure 19, consists of reducing the output power production of the farm
by a constant amount (∆) with respect to the available power to have always a constant reserve power to be used
for (primary) frequency control.

Figure 19: Delta (Δ) control of MEC farms [16]

The capability of the farm to control active and reactive power and other relevant quantities to comply with the
given requirements relies on the coordination of several different control levels [18],according to the specific control
architecture, which, in the most general case, can be divided into three different layers:
1. MEC unit controller,
2. farm controller and
3. system operator setpoint elaboration.
Based on the experience of offshore wind farms [16], [19] (being the only MEC farm already fully operative) it can be
expected that, when the system operator demands the implementation of specific control functions (e.g. P, Q, V,
power factor controls) and defines the values of the corresponding setpoints, the central management system of the
MEC farm will transfer these specifications into corresponding references of active and reactive power to be injected
into the Point of Common Coupling (PCC) by the entire farm. Such reference signals are then elaborated by the main
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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 shared by the dispatch controller
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 located in each MEC unit. Such unit
controllers also collect the information about the available local production to be sent back to the centralized farm
controller.
A scheme of principle of control architecture is exemplified in Figure 20 in the case of the active power control of an
offshore wind farm with HVAC transmission.

Figure 20: Possible control architecture of an offshore wind farm [5]

Ppcc* is the active power reference resulting from the system operator inputs (secondary control), which can be
modified by ∆Ppcc* if required by the primary frequency control, before being compared to the actual power
production, Ppcc, of the farm. Based on the information on the available power that the turbine can produce,
Pavail,turbine, the dispatch control is then in charge of sharing the appropriate control references, Pref,turbine, among all
the wind turbines, which have a local control system each, as explained in Section 3.
If HVDC transmission is considered, the main difference with the case exemplified in Figure 20 is that within the MEC
farm there will be a completely inertia-less AC grid. Thus, if no energy storage is considered, power production,
power consumption and losses will have to be balanced in real time. Moreover, the AC grid frequency will not be
automatically linked to the active power flow, as in conventional synchronous generator dominated grids.
Consequently, the control system will manage the frequency regulation through the AC/DC converters
independently from the active power flow control, which in turn, will be controlled by the DC voltage regulation.
One advantage of HVDC transmission is the possibility to interconnect AC systems operated at different frequencies.
It should be noted 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. Control timing requirements are critical to guarantee the prompt
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reaction of the MEC farm to grid variations. In addition to the time required by measurements, communication time
to exchange information among different points of the farm (e.g. by Ethernet communication) and control execution
time for the implementation of the appropriate control algorithm by the SCADA system (or a dedicated hardware)
should be carefully optimized. Moreover, the performance of the actuators included in the primary energy
converters is also highly critical from the standpoint of associated time delays to ensure grid code compliance.

3.3 STORAGE SYSTEMS
In connection with MECs a couple of different application for energy storage systems can be investigated. For wind,
tidal and wave energy converter short time fluctuations with a period of a few seconds resulting from gusts in the
case of wind turbines or irregularities in the sea in the case of tidal or wave energy converters. Another application is
the use of storage systems for long time fluctuations which have a period of a couple of hours. This application is
especially for TECs very interesting because of the high predictability and consistency of the fluctuations. For wind
energy systems there are also a lot of prediction tools available but these tools only predict the power output for
days or weeks. The wind speed is simply not as consistent as the current speed in the sea. For the evaluation of
waves there are now long time effects known to the authors that could be used to design an energy storage systems.
Regarding the design of the storage system the difference between long and short time fluctuations are particularly
the expected charge/discharge time and the energy rating of the storage system. The power is in both cases given by
the difference between the produced power and the grid power.
In [22] there have been investigations on energy storage technologies for MECs. Figure 21 summarizes different
energy storage systems with respect to their use in combination with MECs.

Figure 21: Summarizing of energy storage technologies
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In [22] the technologies are explained and compared to each other. It is shown that high energy batteries like flow
and NaS batteries can be used for smoothing the long time power fluctuations. For short time power fluctuations
super capacitors can be linked in the DC-link if the MEC is connected via a frequency converter and fly wheel
installations are an option for land-installation near the grid transmission line. Besides the general decision for the
use of an energy storage system it is also important to find the right control strategies for the energy storage
systems to achieve a maximum of the life time. Different control strategies based on the power and the state of
charge are presented in [23].
Regarding an MEC farm with its highly predictable and consistent power output it is possible to design the energy
storage system in a manner that long time fluctuations as well as short time fluctuations can be compensated. If this
combination is installed it is not only possible to supply bridging power but also to be part of the energy
management process in the grid. The reason for that is that the MEC farm would have a fully controllable output
power that could be used in case of black starts of a wide area electrical grid.
Another use case which will strongly benefit from using storages is the supply of small grids, e. g. to supply electricity
to villages at rural sites. Especially in countries where the electrical grid is not well developed or the connection with
the wide area grid is not economical, the electrification with renewable energy converters could be an economically
feasible alternative. For example, in the project as described in [24] it is planned to use an MEC for the electrification
of a village in Indonesia.
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4 CONCLUSIONS
After explaining the particularities of different marine energy converters (MECs) some basic assumptions have been
made for this work to investigate the grid integration and power quality testing of MECs. For the gird integration
investigations the grid codes from eight European countries, Denmark, Ireland, Germany, UK, Finland, Italy, Spain
and Norway have been reviewed. In addition, grid code developed by ENTSO-E has also been reviewed. The
requirements from each grid code have been compared with each other and comments on major similarities and
differences between them were given. The “Fault Ride Trough” (FRT) - Testing was highlighted as the most
challenging grid integration test for MECs and therefore the potential use of available FRT-test containers from the
wind and solar energy sector was analysed in detail. Based on the assumption that MECs will be connected via
frequency converters to the grid it was shown that the frequency converters used in wind power plants are even
compliant with challenging grid codes. Consequently, using state of the art technology from the wind power industry
for future MEC units and MEC farms will very likely lead to grid code compliant installations.
Regarding to power quality the root standard for MECs is the IEC 62600 “Marine Energy - Wave, tidal and other
water current converters”, that is still under progress. This root standard was introduced with a link to the existing
standard IEC 61400-21 for Wind Turbines. Because the root standard will contain information about the
measurement devices and methods, the discussion was focused on the smoothing of the power fluctuations from
MECs. For all kind of MECs it was shown that the aggregation of single MEC units in a farm and the positioning of the
MECs in the farm can result in a significant smoothing of the power output. The investigation of energy storage
systems showed that storage systems not only lead to power smoothing but also offer the ability to support the
electrical grid in the case of a black start or for the electricity supply for small isolated grids in rural areas.
As grid code compliance of MEC farms is strongly dependent on the farm control strategy and on the coordination of
different control levels, it has been explained how control algorithms act at farm level to modify the set points for P
and Q as demanded from TSO into suitable active and reactive power references to be followed by the MEC 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.
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