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The goal of this paper is to assess the impact on the local power system of a wave farm based on point absorbers in heave; presented analyses can be easily compared and complemented by those included in a companion paper focusing on oscillating water column devices. Two real case studies are considered here; the first one refers to the BIscay Marine Energy Platform (bimep), located in Spain, which represents a relatively strong electric grid while the second one models the Atlantic Marine Energy Test Site (AMETS) of the Republic of Ireland, which is a relatively weak grid. Comparative analyses will be performed under unfaulted conditions, taking into consideration power quality issues such as voltage stability and flicker problems.

As a second step, the effects of the introduction of energy storage on the aforementioned issues will be analysed. Different storage ratings are studied. A simplified storage model has been implemented to keep the scope of the investigation as broad as possible. Simulation models are implemented in DIgSILENT PowerFactory.

Introduction

Wave energy provides a variable and intermittent source of electrical power with significant power fluctuations occurring over short time scales of seconds. Because of these inherent features, the electricity generated from wave power plants may have a negative impact on the power quality of a local electricity grid.

Several different Wave Energy Converters (WECs) are being studied and tested worldwide to prove their technological end economic viability. Among the most promising concepts there are point absorbers and oscillating water column (OWC) devices. In this paper the attention is focused on point absorbers in heave, when arranged in multi-MW arrays (wave farm). The corresponding OWC case is presented in a companion paper.

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 Spain a specific grid code has not been issued, unlike the wind energy case, for which the Transmission System Operator, REE, has defined grid code requirements for connection and operation to transmission grid.

The Spanish National Energy Commission (CNE) has issued a proposal for operation criteria in the distribution grid (POD 9 [START_REF]Propuesta de procedimiento de operación básico de las redes de distribución. POD9[END_REF]). 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 [START_REF]Voltage characteristics of electricity supplied by public electricity networks[END_REF].

In the case of Ireland, the Irish Distribution System Operator (ESB) also refers to standard EN 50160 for voltage disturbances in its Distribution Code.

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 indexes during a long period like one week.

Regarding power factor, according to Irish distribution grid code [START_REF]Distribution Code[END_REF], power plants connected to the distribution network must maintain power factor at their terminals lagging between 0.92 and 0.95. The purpose of this power factor range is to mitigate the voltage rise induced by the power flow direction reversal due to the connection of embedded generation in radial distribution network. A constant power factor equal to 0.93 lagging was selected for the Irish case study and a unity power factor for the Spanish one.

Description of case studies

Two real case studies are considered; the first one refers to the BIscay Marine Energy Platform (bimep), located in Spain, which represents a relatively strong electric grid while the second one models the Atlantic Marine Energy Test Site (AMETS) of the Republic of Ireland, which is a relatively weak grid.

WECs

The basic element of the considered wave farm is a cylindrical point absorber with a hemispherical bottom moving only in heave, which is schematically represented in Figure 1. Its main physical parameters are reported in Table 1. Under the assumption of incompressible inviscid fluid and incompressible and irrotational flow, the linear water wave theory is applied to solve the hydrodynamic problem. Thus, the radiated and diffracted components of the velocity potential can be computed by applying boundary element methods and hydrodynamic coefficients can be therefore determined. A time domain model of the system can be obtained from the Cummins equation [START_REF] Cummins | The Impulse Response Function and Ship Motions[END_REF], that in the case of a single body floating in heave, can be written as follows:

Quantity

In the above formula, m is the point absorber mass and a ∞ the corresponding added mass at infinite frequency; x represents the point absorber position and the dot sign indicates time derivation operation. K rad (t) is the radiation impulse response function, representing a memory effect due to the radiation forces originated by the past motion of the body. Furthermore, g is the gravity constant, ρ the water density and S the surface defined by the intersection between the free surface and the buoy. F ext , represents the external forces applied to the system due, for example, to the Power Take-Off (PTO) or to the moorings, while F e is the wave excitation force. Hydrodynamic parameters such as damping and added mass have been obtained by using a boundary element code (ANSYS-AQWA [5]), while the convolution integral accounting for the radiation force has been modelled as a transfer function derived by a frequency-domain identification procedure [START_REF] Perez | Time-domain vs. Frequency-domain Identification of Parametric Radiation Force Models for Marine Structures at Zero Speed[END_REF].

In the following analysis an array of 40 point absorbers with passive loading control and saturation effect is considered is considered [START_REF] Tedeschi | Control Strategies for the Grid Integration of Wave Energy Converters at the BIscay Marine Energy Platform[END_REF], each of them having a peak power rating of 500 kW.

The aggregation effect, due to the fact that the waves do not reach all the WECs at the same, has been implemented. For this, the delay between WECs is calculated on considering the distance among the devices and the peak period of the sea states studied, which are presented in the following section.

Resource

In order to analyse the power quality impact of the array of point absorbers in various sea conditions, three different sea states have been considered: low, medium and high energy sea states, characterized by significant wave height H s and peak period T p as shown in Table 2 Assuming that the sea state can be modeled by a Bretschneider spectrum [START_REF] Michel | Sea Spectra Revisited[END_REF] at both the locations, three different 900 s time series have been generated from selected H s and T p to represent the required incident 
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wave profiles. From the shape and physical properties of the point absorbers in the array (described in the previous paragraph), also the excitation forces that the waves exert on the point absorbers have been derived as time domain series and used for the analyses.

Test Sites bimep

The bimep (Biscay Marine Energy Platform) is an offshore facility for research, demonstration and operation of real-scale WECs on the open sea [START_REF]bimep (BIscay Marine Energy Platform[END_REF]. It is located in Northern Spain, South East of the Bay of Biscay, and it is expected to be in operation in 2013-2014, the process of obtaining licences being underway.

Figure 2: bimep architecture

The facility comprises 4 offshore berths, rated at 5MW each, and composed of subsea cables of different lengths between 3 and 6 km. Once onshore, the subsea cables are replaced by four identical onshore land cables up to the substation. The substation consists of two 13.2/132 kV transformers, used for the wave farm connection to the PCC.

Each WEC is connected to shore through an umbilical cable and a subsea cable. The group of 10 point absorbers connected to each berth are equipped with a 0.69/13.2 kV transformer each.

Figure 3 shows the grid model considered.

The PCC is modelled considering its Ssc (shortcircuit power) given by the DSO (Distributed System Operator) as 4550 MVA. There is a static VAr compensator connected at the PCC in order to keep the power factor equal to one. 

AMETS

The AMETS test site is located off the north-west coast of Ireland. It is still under development and it is envisaged that this site will be used by developers for the final stages of device testing prior to commercial deployment. The grid model used in the current study for the test site is based on cabling design studies performed in conjunction with ESBI in the context of the grid connection application and is shown in Figure 4. The conceptual wave farm consists of two clusters each including up to 11 generators. Two clusters are connected to the shore by two ac subsea cables each, one being 6.5 km long, the other being 16 km long. The cluster located at a 6.5 km distance from the shore is referred to as Cluster 1, whereas the other cluster (16 km from the shore) is referred to as Cluster 2 as shown. Each cluster consists of two radial feeders (Feeder 1 and Feeder 2) to which wave energy converters are connected. Each feeder cable is connected to an offshore 0.4 kV/10 kV transformer. An onshore substation steps the voltage up to 20 kV. Then, the wave farm is connected to the rest of the national network of Ireland by a 5-km long, 20 kV overhead line.

The rest of the national network is modelled by a 20kV/38 kV transformer connected to a fixed voltage source in series with a reactor. The impedance of this reactor represents the short-circuit impedance at this node, which was estimated to be equal to 22.8 Ω based on the EirGrid Transmission Forecast Statement [START_REF] Eirgrid | Transmission Forecast Statement[END_REF], that gives a short-circuit power of 63 MVA. 

Energy Storage

In this study it is considered that the wave farm can be equipped with a generic energy storage device connected to the PCC. It acts at farm level and it is assumed to have the capability of smoothing the power profile and reducing the variability of the power injected into the electric system without affecting the power capture from the waves. It is modelled as a lowpass filter acting on the instantaneous active power extracted from the WECs, in a similar way to that described in [START_REF] Daratha | A First-Order Energy Storage Requirements Estimation for an Archimedes Wave Swing Park[END_REF] and [START_REF] Tedeschi | Control Strategies for the Grid Integration of Wave Energy Converters at the BIscay Marine Energy Platform[END_REF]. Three different cases are analysed, ideally corresponding to different storage capability. The considered options correspond to a power smoothing on a time scale of 5 s, 25 s and 50 s, respectively. These time constants represent different technology options from turbine inertia to hydraulic reservoirs as indicated in [START_REF] O' Sullivan | Dynamic characteristics of wave and tidal energy converters & a recommended structure for development of a generic model for grid connection[END_REF].

Results and outputs

Results for power fluctuation, voltage variation, flicker and contingency are given in the following sections.

Power fluctuation and voltage variation

Figure 5 shows the active power at the PCC for bimep and AMETS for low, medium and high energy sea states when no storage is considered. The effect of the active power oscillation can be observed in the voltage measured at the PCC (Figure 6). It can be noted how with the same excitation force profile the voltage variation for AMETS is higher than for bimep. This is due to the weakness of the grid. It is important to note the effect of the grid on the active power as well, since the generated power is lower in the case of AMETS (Figure 7), hence the importance of reducing the oscillations. Moreover There is also some higher losses in AMETS cables due to longer cable runs so it may be important to mention this also. This reduction on the generated power is not only due to a lower farm efficiency of AMETS, but there are some high losses due to longer cables comparing to bimep, it comes also from the devices voltage difference between bimep and AMETS. In both cases the devices are injecting the same active current but in AMETS the voltage is lower which affects the generated active power.

To analyse the effect of reducing the oscillations three different level of energy storage have been considered for each farm for the worst case, i.e. high energy sea state. Figure 8 shows the active power at the PCC for bimep and AMETS for high energy sea state and energy storage with three storage time constant: 5 s, 25 s and 50 s. The mean value of the active power with or without storage is the same in each test site. However the ratio between the peak value and the mean value goes from 2.8 to 1.6 in the case of bimep and from 2.7 to 1.6 in AMETS (Figure 9). This ratio is lower than expected due to the saturation effect [START_REF] Tedeschi | Control Strategies for the Grid Integration of Wave Energy Converters at the BIscay Marine Energy Platform[END_REF]. Furthermore storage prevents active power output interruptions. The storage effect on the voltage at the PCC is illustrated in Figure 10. Whereas in bimep the effect is negligible as the voltage drop without energy storage was nearly zero, in AMETS the influence is of 6% in the case of a storage time constant of 50 s. 

Flicker

The effect of the storage on the flicker is also analysed both for bimep (Figure 11) and AMETS (Figure 12) at low, medium and high energy sea states. Obtained results show how again the strength of the grid makes a big difference.

Due to the strength of bimep the obtained flicker is very low independently of the storage time constant value. However the results are very different at AMETS where a maximum flicker level of 0.66 is obtained when no storage is considered in the case of a high energy sea state. The effect of the storage at the flicker is very high as even with a 5s energy storage time constant the value decreases up to 0.12.

Obtained results are really important as flicker coefficient limit for the Irish DSO is 0.35. 

Farm shutdown

Finally the effect of a farm shutdown at the PCC is evaluated. Regarding power quality consideration [START_REF]Wind turbines -Part 21: Measurement and assessment of power quality characteristics of grid connected wind turbines[END_REF] the transient excursion of the PCC voltage when connecting and disconnecting a farm is important. Considering the high variability of the active power generated by the farm a shutdown has been carried out when the generated active power is maximum so the effect is the worst expected for that sea state. In Figure 13 the active power profile can be observed when the shutdown occurs both at bimep and AMETS. The obtained results correspond to the high energy sea state and to the different levels of energy storage. Due to the shutdown of the farm a voltage step occurs at the PCC. Figure 14 illustrates this step both at bimep and AMETS. While at bimep the effect is negligible the step at AMETS goes from 2.2% up to 5.6% depending on the level of the energy storage. 

Conclusions

In this work the detailed model of an array of a point absorbers deployed at two test sites, bimep and AMETS, has been implemented in DIgSILENT simulation tool. The model includes dynamic behaviour of the WECs in irregular waves as well as a simplified storage model analysed in three different ratings. Both bimep and AMETS electric grid detailed models have also been used.

Dynamic simulations have been carried out to analyse voltage variations, flicker and behaviour under a farm shutdown.

Obtained results show the importance of the PCC strength to reduce the impact of the oscillations of the produced active power at the voltage.

Whereas the impact at bimep is quite low even without energy storage in the case of AMETS the energy storage has shown to be mandatory to reduce both voltage variations, in steady state and when a shutdown occurs, and the flicker level.

This study has laid the basis for importance of energy storage in a weak grid. Nevertheless, to evaluate the real effect more realistic energy storage system needs to be modelled.
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 1 Figure 1: Schematic model of the considered point absorber.
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 3 Figure 3: bimep grid model
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 4 Figure 4: AMETS grid model
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 5 Figure 5: Farm active power (MW) for bimep (top) and AMETS (bottom) without storage.
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 6 Figure 6: Voltage (pu) at the PCC for bimep (top) and AMETS (bottom) without storage.

Figure 7 :

 7 Figure 7: Mean value of the active power of the wave farm for bimep and AMETS.
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 8 Figure 8: Farm active power for bimep (top) and AMETS (bottom), at high energy sea state, for different levels of energy storage.
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 9 Figure 9: Maximum, minimum and peak to average ratio for the active power at bimep (top) and AMETS (bottom).
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 10 Figure 10: Voltage at PCC for bimep (top) and AMETS (bottom), at high energy sea state, for different level of energy storage.
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 11 Figure 11: Flicker at bimep for different levels of storage.
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 12 Figure 12: Flicker at AMETS for different levels of storage.
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 13 Figure 13: Farm active power for bimep (top) and AMETS (bottom), during farm shutdown.
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 14 Figure 14: Farm voltage level at PCC for bimep (top) and AMETS (bottom), during farm shutdown. .

Table 1 :

 1 Parameters of the point absorber WEC.

		Symbol	Unit	Value
	Buoy radius	r	[m]	5
	Buoy draught	d	[m]	5
	Buoy mass	m	[kg]	670140
	Buoy surface	S	[m2]	78.6
	Water density	ρ	[kg/m3]	1025

.

  It is worth noting that bimep and AMETS test site have a quite different natural resource potential. Average energy density is about 21 kW/m at bimep and 40-50 kW/m at AMETS. Considering all the three different sea states allows setting a common framework for the analyses at both sites, once taken into account that low energy sea states prevail at bimep, while high energy sea states have higher occurrence at AMETS.

	Sea State	H s (m) T p (s)
	Low energy	1.3	13.8
	Medium energy	2.4	11.0
	High energy	5.7	16.5

Table 2 : Sea states.
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