3rd International Conference on Ocean Energy, 6 October, Bilbao

Grid Integration of Wave Energy Farms:
Basque Country Study
M. Santos1, D. Ben Haim1, F. Salcedo1, J.L. Villate1 and Y. Torre-Enciso2
1
Tecnalia,
Parque Tecnológico, E 202, 48170, Zamudio, Spain
E-mail: maider.santos@tecnalia.com
2

Ente Vasco de la Energía (EVE),
Plaza Bizkaia s/n Bilbao, Spain
E-mail: ytorre@eve.es

To assure that the energy is transported and
controlled with relative ease and with a high degree of
efficiency and reliability, some requirements must be
guaranteed (power quality). The impact of wave farms
on power quality depends on the strength of the grid. A
weaker grid will suffer larger voltage variations at the
coupling point than a stronger one; this is so, because
of the impedance of the grid. In a weak grid, this
impedance is high and under this consideration, a small
amount of generation can greatly affect the steady-state
voltage.
Taking into account that many of the wave energy
converters and farms will be connected to the
distribution system close to shore (i.e. usually high
impedance grids), many integration aspects should be
analysed to assess suitable and secure working of both
wave farm and grid.
Key aspects regarding resource intermittency and
variability are:
 Lack of dispatchability: to meet with power
demand, system operators need to know well
in advance how much generation can be
fetched from a generation station since, in the
absence of sufficient prior system, operators
find difficult to synchronise with present or
predicted load.
 Stress on the electrical network: sudden
increase in output power due to resource
variations may cause network to reach its
threshold of continuous operation.
 High penetration effects: when renewable
energy integration level is high, occasional
mismatch between load demand and
generation may provoke frequency variations
and loss of the system balance.
The impact of a time varying generation station,
such as wave can be studied through three time
domains [1].
 Regulation: Short-term (seconds-minutes)
balance management using methods such as
Automatic Generation Control (AGC).
 Load-Following: Mid-term (minutes-hours)
arrangement to follow the load variations,
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Introduction

Renewable energy systems convert the energy flux
from natural sources into useful forms. Therefore, the
stochastic and periodic nature of various environmental
elements affects the operation, output and availability
of such energy converters.
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such as morning peak-load and evening lightload conditions.
 Scheduling and Unit Commitment: Securing
sufficient generation in advance (hours or
days).
Wave energy resource, however, depends largely on
wind. Wind speed, duration of wind blow and fetch
define the amount of energy transferred. Moreover,
wave energy, is subject to cyclic fluctuation dominated
by wave periods and wave heights. This lets power
levels vary both on a daily and monthly basis, with
seasonal variations being less significant in more
temperate zones.
In this work power quality issues regarding wind
turbines have been used as reference since no specific
connection requirements have been yet clearly defined
for the wave energy sector.
This paper shows a case study with simulation
results of a wave farm connected to bimep (Biscay
Marine Energy Platform) regarding power quality
issues, such as voltage and frequency variations and
also grid faults.
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bimep
Figure 2: Simulated grid model.

The bimep (Biscay Marine Energy Platform) is an
offshore facility for testing and demonstrating wave
energy converters [2]. It will be sited in the Basque
Country (Northern Spain, South East of the Bay of
Biscay). The main aim of the infrastructure is the
research, demonstration and operation of real-scale
offshore wave energy converters.
The bimep project began in 2007 with a conceptual
design of the infrastructure and a complete survey of
the Basque coast to select the most suitable location.
The preliminary project, a detailed design of the
infrastructure and an environmental impact study were
completed in 2008, and the process of obtaining
licenses is now underway. The bimep is expected to be
in operation by the end of 2011. Fig.1 shows the
conceptual architecture for the infrastructure.

Each WEC (Wave Energy Converter) is connected
to shore through an offshore cable. The model of each
WEC includes a generator and a 0.69/13.2 kV
transformer. Generators and transformers are numbered
from left to right: 1, 2, 3, 4.
The subsea cables have different lengths to analyse
the effect of the cable itself, both in power flow and in
dynamic simulations (Table 1).
Cable

Length (km)

1

3.386

2

3.678

3

4.994

4

5.933

Table 1: Subsea cables lengths.

Once onshore, subsea cables are replaced with
overhead lines up to the substation. The four overhead
lines are identical. The substation consists of two
13.2/132 kV transformers. These transformers are
connected to the PCC (Point of Common Coupling).
The PCC is modelled considering its Scc (short-circuit
power) given by the DSO (Distributed System
Operator), in this case Iberdrola [3].
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WEC-s Modelling

To evaluate the importance of storage and power
electronics in improving power quality, generic devices
models have been implemented with the scope of
assessing how different technologies manage with
power quality issues. Note that specific technology
feasibility is not part of this analysis, since this work
has been oriented towards power flow studies and
dynamic simulations.

Figure 1: bimep architecture.

2.1 Electrical Grid Model
Both the structure of grid and the parameters used
for simulation correspond to the current state of the
project. Fig. 2 shows grid model according to Fig. 1.
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linked to other independent variables that form a set of
ODEs [6].
The hydrodynamic parameters like added mass and
damping have been obtained using a boundary-element
code while the excitation force coefficients can also be
found through use of the Haskind relationship [7].
The convolution term has been represented as a
polynomial transfer function obtained through a
frequency-domain identification method [8].

Regarding storage issues two different generating
technologies have been modelled with and without
storage capacity.
 Attenuator: linear model of an attenuator
without storage. Only pitch degree has been
taken into account.
 Point absorber: linear model of a buoy with
hydraulic Power Take Off, PTO (storage
capacity). Only heave degree has been taken
into account.
To study how reactive power control affects power
quality issues two different models have been used with
and without power electronics.
 SC: Wave energy converters are modelled by
means of a direct-drive squirrel cage
generator.
 SG: Wave energy converters are modelled as
PQ nodes using StaticGen component of
DIgSILENT PF [4]. This component provides
three control types: power factor control,
voltage control and droop control.
The mechanical power generated by each WEC is
modelled as a torque input to the generator. These
torque values have been obtained in time domain
simulations, so that include dynamic behaviour of the
simulated WECs in irregular waves.
For the solution of the hydrodynamic problem, linear
water wave theory is adopted, based on the
assumptions of incompressible irrotational flow and
inviscid fluid. This allows to apply boundary element
methods and compute the velocity potential in its
components (radiated and diffracted wave fields) and
obtain the hydrodynamic coefficients
On a general approach the equation of motion for a
single body oscillating in heave is:
&& = Fe + Fr + Fh + FPTO
m
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Due to the small size of marine energy plants, and
other generation farms, connected to the distribution
system in Spain it has not been issued an specific grid
code for this, unlike wind energy where the
Transmission System Operator, REE, has definedgrid
code requirements for connection and operation to
transmission grid.
The Ministerial Order, OM 2225/1985 [9], is a
collection of technical and administrative details that
gives the conditions for the connection of small power
plants, which is nowadays still applicable. It also states
that the maximum power evacuated at each point of
connection to the system shall not exceed the 5% of the
minimum short-circuit power in the connection point.
This Ministerial Order is a rather old document
made when distributed generation was not extensive,
and it is expected to be replaced in the very near future.
For this purpose, the Spanish National Energy
Commission (CNE) has issued a proposal for operation
criteria in the distribution grid (POD 9 [10]). This
proposal states that the voltage of the nodes of the
distribution grid at all levels shall comply with the
limits and quality requirements set out in the rules,
therefore
accepting
voltage
variations
of
± 7% of the nominal voltage level.
From the point of view of power quality, Spanish
electrical installations, broadly, must cope with the
European Standard EN 50160 [11]. In general, EN
50160 defines the main characteristics of the voltage at
the customer’s supply terminals in public low voltage
and medium voltage distribution system. The nature of
the standard is to give limits for measured indices
during a long period like one week. In summary, the
following values are allowed:
 Voltage variations: for a week period, 95% of
rms values (averaged in 10 min intervals) in
the interval Un ± 10%. For every 10 min
period, average rms values must be in the
interval Un + 10% - 15% (only in LV
networks).
 Fast voltage variations: in normal operating
conditions fast variations are usually under 5%
of Un for LV networks and 4% for MV
networks.
Behaviour under disturbances is detailed in
operating procedure 12.3 issued by REE [12]. WECs
should remain connected whenever voltage stays within
the gray area regarding Fig. 3.

(1)

To take into account nonlinearities, particularly
when they can be modelled as time-varying coefficients
of a system of Ordinary Differential Equations (ODEs),
it is useful to apply a linear time-domain model based
on the Cummins equation [5], whose use is widespread
in seakeeping applications. This is based on a vector
integro-differential
equation
which
involves
convolution terms responsibles for the account of the
radiation forces.
For the case of a single body floating in heave, the
Cummins equation can be expressed in the form:
t

(m + A∞ ) &x&(t ) + ∫ K (t − τ )x& (τ )dτ + ρgSx(τ ) + Fext ( x, x&, t ) = Fe (t )

(2)

−∞

where A∞ is the added mass at infinite frequency, given
by:
A∞ = lim A(ω )
ω →∞

Grid codes

(3)

and K(t) is the radiation impulse response function,
also called memory function because it actually
represents a memory effect due to the radiation forces
originated by the past motion of the body.
In this formulation all the possible nonlinearities are
included in the term Fext, which represents the external
forces that are applied to the system due, for example,
to the PTO or to the moorings and could be possibly
3
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V (pu)

Nevertheless voltage oscillations within the bimep
system range from 4 to 7%. This is due to the fact that
Squirrel Cage Generators need reactive power. The
lowest voltage (0.93pu) is obtained at Generator 1 (Fig.
5). Yet, throughout the bimep grid the voltage remains
within allowed limits, as no value exceeds 10%.
Fig. 5 shows that the voltage profile depends on the
implemented reactive power control; when power
factor is set to 1 (reactive power equal to 0) a
maximum variation of 2% is produced, whereas this
variation remains under 1% when voltage control or
droop control is implemented. In all cases voltage at
PCC is maintained at 1pu.
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Figure 3: Fault ride-through capability.
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Power flow analysis

1.02

In power flow analysis the dynamic generation
profile is not taking into account. Only the effect of
reactive power control capacity is evaluated, namely
the effect of using a different generator and the use of
power electronics or not. Four different WECs have
been defined for this power flow analysis.
1. SC without reactive power control.
2. SG with power factor control (set to 1).
3. SG with voltage control (set to 1pu).
4. SG with droop control.
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Figure 6: Voltage profile from the WEC 4 to the PCC for SC
and SG.

5.3 Power losses and efficiency
Power losses can be separated in two terms; no load
losses and load losses. For the cases studied Fig. 7.a
shows the total power losses.
No load losses are 10kW when SC generators are
used and in the case of SG generators these reach
20kW. However, when considering total losses, it can
be seen that with SC generators the losses are greater.
Similarly, power losses effect can be also analysed
through efficiency, as shown in Fig. 7.b. In the cases of
SG when power factor is set to 1, the efficiency is
higher since the reactive power is equal to 0.
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Figure 5: Voltage profile from the WEC 1 to the PCC for SC
and SG.
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5.1 Loading level
Loading level depends directly on the active power
generated by each WEC and on the reactive power
exchange.
For this study, the wave farm is supposed to be 20
MW rated, which is the maximum power allowed
according to grid codes. Under this assumption Fig. 4
shows the obtained results. It can be observed that
when reactive power is set to 0 (SG) the loading level
is lower than in the SC case. This comes from the effect
of reactive power consumption by SC generators.

SC

0.96

SG Droop

Offshore cables

Figure 4: Maximum loading level.

However none of electrical components are
overloaded as obtained values never exceeded 67%.
Total losses (MW)

97.80

5.2 Voltage variations
Voltage variations also depend on reactive power
control; for the studied cases Fig. 5 shows the
maximum voltage variation from the WEC 1 to the
PCC and Fig. 6 same results for WEC 4. .
As seen in Fig. 5 and Fig. 6 when SC generators are
used (i.e. without reactive control), the voltage
variation at the connection point is negligible.
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Figure 7: Total losses (MW) and Efficiency (%).
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Fig. 8 shows power generated by a wave farm based
on Attenuator with SC (a) and the voltage at the PCC
(b) with and without aggregation effect.
As can be seen the peak value, of both power and
voltage, decreases along the simulation due to the
smoothing effect. However the mean value is the same
in both simulations.
Notice that the aggregation reduces power zero
crossing improving the output variance.

Dynamic simulation

Dynamic simulations have been carried out with the
aim of assessing aggregation effect, due to the distance
among the devices, and fault-ride-through capability.
6.1 Aggregation effect
The main objective is to study the aggregation effect
due to the fact that the waves do not reach the four
WECs at the same time.

Power (MW) and Voltage (pu) for Attenuator with SC
Attenuator & SC
Attenuator aggregation & SC
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Figure 8: Power and Voltage variations.

Voltage at the PCC is nearly the same in the three
cases, this is because the distribution grid is strong
enough for the installed wave farm.

6.2 Fault ride-through
With the objective of analysing fault ride-through
capability of the wave farm a voltage dip of 80% has
applied at PCC.
Three different WECs have been evaluated to assess
the influence of reactive power control when a voltage
dip occurs.
1. Attenuator + SC: without reactive power
control.
2. Point absorber + SC: without reactive power
control.
3. Attenuator + SG: with power factor control
(set to 1).
When there is no reactive power control (1 and 2)
the value of the active power generated determines the
behaviour of the generators. As can be seen in Fig. 9,
within the dip a greater instantaneous power supposes a
lower voltage. Once the fault is cleared the recovering
time increased as the power generated is greater.
Notice that the harnessing principle, attenuator or
point absorber, does not affect the response.
However when a reactive power control is
implemented, power factor set to 1 in this case, neither
the harnessing principle nor the instantaneous active
power affect the response (Fig.9).
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Conclusion

In this work detailed model for different WEC have
been implemented in DIgSILENT simulation tool,
these models includes dynamic behaviour of the WECs
in irregular waves. Concerning bimep, detailed model
has also been used.
Power flow analysis and dynamic simulations have
been carried out. Obtained results show that in both
cases connection requirements regarding voltage
variations at PCC are achieved (±7%).
Nevertheless, the efficiency and the electrical
behaviour inside bimep depend directly on the reactive
power control strategy.
In this study the effects of the wave farm on the
connection point is not really significant since the
associated distribution grid is strong. However with an
increasing penetration level of marine renewable
energies the achievement of power quality issues will
be more complex and specific studies on reactive
power control and compensation (i.e. FACTS) will be
mandatory.
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Figure 9: Voltage profile (pu) when a voltage sag occurs at the PCC for different Wave farm power. (a) 7.5 MW (b) 1.1MW (c)
12 MW (d) 6MW.
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Figure 10: Voltage profile (pu) when a voltage sag occurs at the PCC for different Wave farm power. (a) 7.5 MW (b) 1.1MW.
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