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appears that several approaches are used in order to
model the power output of an individual wave energy
converter (WEC), either from a complete
hydrodynamic model [1-2], a simplified modelling
based on sine waves [3] or by assuming that the WEC
follows each wave perfectly and does not include any
storage element of significant energy capacity [4].
Modelling the power output of the entire wave farm
gives also rise to the emergence of several methods,
ranging from precise hydrodynamic calculations whose
high level of detail may be superfluous in the context of
power system studies to more simple methods
involving time delays between different generators’
power output [5-6]. Additional aspects, such as
different sea states and WEC technologies increase all
the more the level of diversity found in these studies.
However, although these aspects have a significant
influence on the power quality impact assessment of a
wave farm, the major criterion from this perspective
resides in the grid strength at the point of common
coupling (PCC) between the farm and the rest of the
power system. So far, studies have focused specifically
on different test sites whose characteristics represent
two extremes in terms of grid strength, either as being
performed for very weak grids [2,5] or extremely
strong points connected directly to high voltage
transmission system [1]. More generic, site independent
studies have themselves focussed on farms of small
power capacity [7].
This paper details a study intended to give an
insight into the potential grid impact of a medium-size
farm connected at distribution level to several fictive
points of connection presenting a wide range of values
in terms of short-circuit level SSC (MVA) and of
impedance angle Ψ (degrees). Weak grids, more prone
to be significantly affected by the power fluctuations
generated by a wave farm than stronger grid, are
usually characterised by both a low short-circuit level
SSC and grid impedance angle Ψ. For the sake of
illustration, the impact of a wave farm on the power
quality of five test sites presenting characteristics
covering the entire spectrum of typical test sites’ grid
strength was investigated. Simulations were performed
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1.

Introduction

Power fluctuations generated by most oscillating
wave energy converters without significant amounts of
energy storage may have a negative impact on the
power quality of the local grid to which they are
connected. Assessing the impact on power quality of
wave farms is hence an important step in the process of
selecting a suitable site.
However, site-specific grid impact assessment
studies are relatively time-consuming and require a
detailed model of both the farm network and of the
local grid to which it is connected. In addition, different
modelling approaches and aspects are generally
addressed in different studies, which makes difficult the
extrapolation or generalisation of their conclusions. It
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using DIgSILENT power system simulator “Power
Factory”.

2.

Modelling

The wave farm consists of oscillating water column
(OWC) devices. Input data in the form of electrical
power output time series were provided as an outcome
of the project CORES whose acronym stands for
“Components for Ocean Renewable Energy Systems”.
This FP7 European collaborative research project
focused on the development of new concepts and
components for power-take-off, control, moorings,
risers, data acquisition and instrumentation for floating
wave devices [8]. The project itself was based on a
floating OWC-type system and began in April 2008
and ended in December 2011. The quarter-scale OWC
prototype used in the project was deployed offshore
from March to May 2011.
The device was connected to a small on-board
island grid independent from the national electrical
network. Fig. 1 shows the on-board operating and
monitoring system. The on-board grid was maintained
by three dc inverters and generated power was used to
charge the on-board battery system, or dumped in
resistive load banks. A variable-frequency converter
and a diesel generator were also included. Fig. 2 shows
the OWC deployed offshore.

Figure 2 : OWC deployed in Galway Bay (Ireland)

Three time series, whose characteristics are shown
in Table 1, were selected in order to represent high,
medium and low energy sea-states. During these three
production periods, the generator was operated in
constant speed control mode. In this control mode,
unlike in variable speed operation, inertial energy
storage by means of speed control is not available. As a
result, mechanical power peaks are converted directly
into electrical power peaks, which is expected to
represent a worst case with respect to power quality
impact. Fig. 3 shows the full scale equivalent electrical
power time series for each production period.
The wave farm network model, inspired from the
concept design of the AMETS test site at Belmullet,
Ireland, presents characteristics typical of current and
planned test sites designs, such as the WaveHub,
EMEC and bimep test sites. The farm is supplied by
four subsea cables, two being 6.5 km long and the two
others being 16 km long. An onshore substation,
connected to the common point of coupling to the rest
of the network through a 5 km overhead line, steps the
voltage up from 10 kV to 20 kV. A series reactor
connected in series with an ac voltage source at 38 kV
represents the rest of the national/regional network,
whose short-circuit level and X/R ratio are modelled by
the reactor impedance modulus Z and angle Ψ.

The project has allowed the ocean energy research
community to gain significant practical experience in
the deployment, operation, maintenance of offshore
ocean energy converters. It has also generated a
considerable amount of time series data on a number of
parameters, including electrical parameters at a high
resolution of 0.1 s. Contrary to most available data
which is averaged over a sea-state, a season or even a
year, the CORES electrical power time series data can
be scaled and used directly for grid impact studies.

Production
period

Hs (m)

Tz (s)

Energy level

A

5.7

9.0

High

B

2.4

6.0

Medium

C

1.3

7.5

Low

Table 1 : Sea-states characteristics
Figure 1 : On-board operating and monitoring system
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As mentioned previously, this study is meant to
cover the typical range of connection point
characteristics in term of strength. Hence, simulations
were performed for different series reactor impedance
modulus and angle values. Typical impedance values
range from 0.1 Ω to 25 Ω, which represent respectively
equivalent short-circuit levels of 14 GVA to 58 MVA
at 38 kV, the voltage level of the series reactor used in
the model. In addition to the generic study, compliance
tests with respect to power quality requirements was
performed for five different test sites, as shown in
Table 2.
Figure 3 : Electrical power time series for production periods
A, B and C

With the exception of the bimep test site whose
characteristics were provided by courtesy of the Basque
Energy Agency, Ente Vasco de la Energia, the shortcircuit level and impedance angle of the other sites
were estimated. This estimation was based on the shortcircuit level at the closest 110kV [10] or 400kV [15]
connection point for Ireland and the WaveHub
respectively, and on the impedance of the transformers
and overhead lines between this connection point and
the closest 38kV (Ireland) or 33kV (UK) distribution
level connection point. Impedances at the WaveHub
and bimep terminals were converted into equivalent
impedances at 38kV, the voltage level used in the
network model. This method is intended to estimate
approximately the short-circuit level at a given test site
and does not take into account the loads’ consumption,
this data being usually unavailable, between the point
of common coupling and the 110 kV or 400 kV
connection point. This may lead to a moderate
overestimation of the short-circuit level, and hence of
the grid strength, at the Irish and UK test sites.

3. Case study scenarios
The wave farm is modelled based on 22 individual
generators, leading to a rated power capacity of
19.4 MW. The power profile of each generator is based
on the individual electrical power time series presented
in Fig 3. A random time delay is applied to each
generator power profile in order to represent the effect
of device aggregation on the power output of the farm.
Five time delay sets are used in order to model different
scattering configurations of the devices within the farm.
The maximum and minimum voltage values are
defined as the maximum and minimum values obtained
over the five simulations respectively. In similar
fashion, the maximum flicker level retained for the
study is the maximum value over these five simulations
as well.
The influence of different parameters on power
quality was studied, including the orientation of the
farm with respect to the dominant wave direction.
Although it is relatively constant throughout the year,
wave direction may vary widely over shorter periods of
time that are yet long enough to give rise to power
quality issues. The map of wave power rose in Europe,
as shown in Fig. 4, illustrates this variability.
Two orientations were hence analysed, as shown by
Fig. 5. In orientation 2, a more important number of
generators output a similar power profile than in
orientation 1, leading to a greater impact on power
quality in the former case, as power fluctuations are
expected to be higher in amplitude.

Figure 5 : Schematic overview of the wave farm showing
both orientations

Figure 4 : Annual wave power rose in Europe [9]
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Test site

Country

SSC (MVA)

Ψ (º)

Belmullet

Ireland

63

69

Achill Island

Ireland

57

67

Killard

Ireland

160

81

WaveHub

UK

626

78

bimep

Spain

4500

90

Code, standard or
recommendation
EN 50160 [12]

Table 2 : Short-level and impedance angle characteristics of
different test sites

Region/
Country
Europe

Min
(pu)
-10%

Max
(pu)
+10%

Distribution Code [13]

Ireland

-10%

+9%+13%

TAB 2008 [14]
Grid Code [15]
Quality requirements [16]
Regulation 3.2.5 [17]

Germany
GB
Poland
Denmark

-10%
-6%
-10%
-10%

+10%
+6 %
+5%
+10%

Nordic
Baltic

-10%
-10%

+5%
+12%

ENTSO-e grid code [18]

The location of Belmullet is envisaged for two
different projects by the Sustainable Energy Authority
of Ireland (SEAI) and by the WestWave consortium.
Achill Island and Killard are two other potential
locations which are investigated by the latter. Killard,
located relatively close to the largest power plant of
Ireland and to a 400kV connection point, has a higher
short-circuit level and impedance angle that the other
Irish sites, whose low short-circuit levels are typical of
the sparsely populated, rural areas of the north-west of
Ireland. The WaveHub is a test site currently in
operation in Cornwall, UK, and awaiting its first
devices. It is also located at a small distance from a
400kV connection point, which justifies its relatively
high short-circuit level. The Spanish Biscay Marine
Energy Platform (bimep) presents the strongest grid
both in terms of short-circuit level and impedance angle
and will be located in the Basque country. All of these
test sites are currently designed, or planned to be, for a
maximum power capacity of 20 MW.

Table 3 : Different requirements in terms of voltage limits

Code, standard or
recommendation

Region/
Country

Distribution Code
Grid Code

Ireland
GB

IEC 61000-3-7 [19]

N/A

Nordic Grid Code [20]

Nordel

Flicker
severity
Pst
0.35
1.0
0.35
0.8
1.0

Type
individual
total
individual
total
total

Table 4 : Different requirements in terms of maximum flicker
level

at this point, as both criteria are used.
Based on these observations, the most stringent and
the most permissive limits were selected as shown in
Table 5 and Table 6 in order to assess the grid
compliance of the wave farm in a way representative of
the different grid codes. Compliance with the most
stringent voltage limits implies that voltage remains
within 0.94 pu and 1.05 pu, whereas the most
permissive limits allow voltage to range between
0.90 pu and 1.12 pu.

4. Power quality requirements
Power plant managers must prove that their power
plant comply with a number of requirements, among
them power quality requirements, in order to be
allowed grid connection, as these requirements ensure
that power systems are operated in a safe and reliable
way. Extreme voltages, both maximum and minimum,
as well as flicker level constitute two major criteria in
the grid impact assessment of wave farm. Flicker is a
phenomenon caused by voltage variations on
incandescent lighting, which results in a varying light
intensity. This may induce significant disturbance to
electricity customers and may even provoke epilepsy
seizures to persons prone to this disease. In addition,
low flicker level is also required for the correct
operation and control of electronic equipment.
Voltage and flicker level limits may differ among
different grid connection codes. A survey on several
grid codes, recommendations and standards was
conducted in order to extract the most stringent as well
as the most permissive limits currently enforced. Table
3 shows the limits in terms of minimum and maximum
voltage, whereas Table 4 shows the limits in terms of
maximum allowed flicker level, either as the maximum
individual contribution of a single power plant to the
total flicker level at the PCC, or as the total flicker level

Vmin
Vmax

1st set
-6%
+5%

2nd set
-10%
+12 %

Table 5 : Voltage limits selected for the compliance test

In similar fashion, a wave farm can be considered
as compliant whatever the pre-connection flicker level
or the site to which it is connected if the flicker level it
induces at the PCC remains below 0.35. If on the
contrary the flicker level ranges between 0.35 and
unity, the farm is considered as potentially compliant
only. Its actual compliance depends on the preconnection flicker level or on the flicker emission limit
assigned to the wave farm. This limit is determined
based on the share of the individual wave farm power
capacity compared with the total power capacity
already connected at the PCC [19]. Successful
compliance with flicker requirements is hence strictly
site-dependent in this case. However, if flicker level
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exceeds 1.0, the wave farm can be considered as failing
to comply with the flicker requirements.

Pst max

ones, is not an issue for most networks, and in
particular not to the five test sites.

Minimum Maximum
(individual)
(total)
0.35
1.0

Table 6 : Flicker limits selected for the compliance test

5.

Results
5.1 Voltage limits
Figure 7 : Maximum voltage versus SSC/Sfarm ratio under
worst case conditions at 0.92 power factor lagging

Fig. 6 shows the maximum voltage versus the shortcircuit level to farm power capacity ratio under worst
case conditions, namely for the high energy level
production period A and for orientation 2. The figure
highlights clearly that the most permissive limit can be
exceeded under worst case conditions for connection
points presenting a 30º impedance angle.

5.2 Flicker level
Power factor control at the PCC can also help
reduce flicker level to a certain extent. As shown in
Fig. 9, the maximum flicker obtained for the smallest
SSC/Sfarm ratio in this study under worst case
conditions shows a dramatic decrease for connection
points whose impedance angle ranges between 30 º and
50 º. This technique is not as efficient, not to say
harmful, for connection points with an impedance angle
higher than 70 º. It should be noticed that flicker level
in the 50 º case can be reduced down to 0.36, which is
extremely close to the most stringent limit, and can
render the farm grid compliant with the most
permissive limit unless the pre-connection flicker level
at a given point of common coupling is particularly
high.
However, flicker level cannot be reduced below
unity in the 30 º case, both due to the high value of
flicker in this case and the less important sensitivity of
highly resistive connection points to power factor
control.
Regarding the results of the different test sites to the
flicker compliance test, it is clear that relatively strong
grids only can comply with the most stringent limit,
flicker exceeding 0.35 at Belmullet and Achill Island.
However, it is possible to reduce flicker level
considerably for these test sites by applying a moderate
lagging power factor, for instance equal to 0.95. This
may render the wave farm compliant with the unity
flicker requirement provided that the pre-connection
flicker level is not too high, as the unity limit is not
exceeded in any of the considered sites.

Figure 6 : Maximum voltage versus SSC/Sfarm ratio under
worst case conditions

Although voltage is maintained within allowed
limits for 50 º connection points (provided that their
short-circuit level exceeds 135 MVA), this value is
greater than typical short-circuit levels at this
impedance angle in resources-rich areas such as the
north-west of Ireland and of Scotland. Overvoltage can
however be effectively reduced by applying a suitable
lagging power factor. In this case, the voltage drop
induced by reactive power absorption counteracts the
voltage rise due to the injection of the wave farm
power. Fig. 7 shows clearly that voltage remains below
the most stringent limit of 1.05 pu for an overwhelming
majority of short-circuit level/ impedance angle
combinations, overvoltage affecting extremely weak
grids only in this case.
Undervoltage is not an issue as voltage exceeds
0.96 pu in all cases when unity power factor is
maintained at the PCC, and remains above 0.96 pu as
well when power factor at the PCC is maintained at
0.92 lagging for connection points whose impedance
angle ranges between 30 º and 50 º. In conclusion,
exceeding the voltage limits, even the most stringent
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Figure 8 : Flicker level versus SSC/Sfarm under worst case
conditions

Figure 9 : Maximum flicker level at SSC/Sfarm=3 ratio for
different power factor values

6. Conclusion
This paper detailed the impact of a medium size
wave farm on its local network in terms of voltage and
flicker level limits. The study showed that power factor
control at the point of common coupling proved
sufficient for maintaining the voltage within the
allowed range, even the most stringent, for an
overwhelming majority of network types. This
technique proves efficient regarding flicker as well for
networks whose impedance angle ranges between 30 º
and 70 º, although it may not be sufficient in some
cases. This is the case in particular for low short-circuit
level networks whose impedance angle is as low as
30 º, as power factor control cannot reduce flicker level
below the most permissive limit. In addition, the flicker
contribution of a wave farm to a low to medium shortcircuit level point whose impedance angle is close to
70 º, as it is the case for two Irish test sites, might lead
the total flicker level at the point of common coupling
to exceed the limit, depending on the pre-connection
flicker level. Hence, additional mitigation means, such
as storage or power smoothing control strategies, may
be required to ensure that the impact a wave farm
exerts on its local network remains negligible.
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